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Abstract

Felspathic inclusions in Gardar igneous rocks are found over an area 70-150 km
broad and at least 200 km long. This area is crossed by E~-W trending transcurrent
faults and contains the major Gardar alkali intrusive centres. The inclusions are of
two main types: anorthosite xenoliths and plagioclase megacrysts. Some minor
intrusions contain over 80 ¢/, of included felspathic material.

The xenoliths reach a maximum size of several thousand square metres in plan.
The majority are granular anorthosites, composed of labradorite (Ang), olivine
(Fagr0), Fe-Ti oxides, and rare ortho- and clinopyroxenes. Xenoliths of laminated
anorthosite, composed of labradorite (Ang), olivine (Fag,) and interstitial ilmenite
and clinopyroxene, are found in gabbros from a restricted area close to younger
syenite intrusions. Secondary anorthosite xenoliths, composed of derived fragments
of granular anorthosite, rare laminated anorthosite or plagioclase megacrysts, set
in a younger gabbroic host, are common. The interstitial host in the secondary
anorthosites may be reduced to a thin film of altered mafic material surrounding
closely packed felspathic fragments.

The plagioclase megacrysts, which reach 2 m in length, range in general from
labradorite to calcic oligoclase. Single examples of bytownite have been noted
in one Gardar dyke where they are found in small anorthositic aggregates with
orthopyroxene (Fsy,) and olivine (Fag). The megacrysts are commonly clear and
glassy; some are black and show a smoky discolouration in thin section. The coloura-
tion is thought to be due to the state of the iron in the felspar which is in turn related
to the amount of water present. No major chemical differences have been found
between black and clear felspar. Both varieties of megacrysts and many of the
felspars from the anorthosite xenoliths show abnormal structural properties when
examined using either the universal stage or X-ray techniques.

The type of inclusion is clearly related to the composition of the host rocks;
olivine gabbro hosts contain large anorthosite xenoliths and scattered calcic labra-
dorite megacrysts; less basic gabbroic hosts contain large sodic labradorite mega-
crysts and secondary anorthosites; while trachydoleritic hosts contain smaller an-
desine megacrysts.

The xenoliths and megacrysts are regarded as products of early crystallisation
of the same Gardar magmas as later gave rise to their hosts. The granular anortho-
sites are thought to be the brecciated remnants of a felspathic roof formed by the
flotation of plagioclase in a little-fractionated Gardar basalt magma at depth. It is
suggested that this magma may have become stratified while still in the liquid phase
so that there was an increase in the amounts of Na and K in the upper part of the
chamber. As the magma differentiated the density difference between magma and
felspar became less and the plagioclase crystals remained suspended. This resulted
in the formation of large sodic labradorite crystals which were never compacted
together to form solid anorthosite.

The early removal of a large amount of plagioclase-forming material and the
suggested upward concentration of alkalies are believed to be two of the major
processes controlling the formation of the Gardar alkali rocks.

/1*
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PREFACE

he premature death of W. T. HaArrY in 1964 was a great shock to
all those connected with geological research in Greenland. All who
worked with Harry will know the loss that geology in general, and in
particular that of the Greenland Precambrian suffered. He was one of
the increasingly rare geologists who are equally at home on both igneous
and metamorphic rocks, an extremely valuable accomplishment when
mapping the areas studied by Harry in South Greenland where, as his
papers record, some of the most spectacular igneous rocks in the world
were emplaced into a well-exposed and varied metamorphic basement.
When Harry originally put forward the idea that the felspathic
dykes should be treated as a whole and not lost in a multitude of regional
descriptions it was decided that he should be responsible for collecting
all the available field information and working them into a composite
picture while D. BRIDGWATER should carry out the laboratory work and
mineralogical descriptions. Both authors were to be responsible for the
comparisons and conclusions while Harry should act as general editor.
A preliminary draft was prepared in the spring of 1964 and only lacked
the completion of the laboratory work and the compilation of field
observations from the Kobberminebugt area. The new field observations
however changed the interpretation of the problem and as the laboratory
investigations were much more detailed than originally planned the
whole paper had to be recast and the conclusions completely revised.
It was decided to publish the paper in two parts in order to give HARRY
credit for his work without ascribing conclusions to him with which he
might have disagreed. The first part remains the joint responsibility of
both authors; the second is the sole responsibility of BRIDGwWATER.
HarrY’s original script remains in a few passages which can be
recognised by those who are familiar with his writing by their distinctive
style, clarity of expression and economy of words.

K. ELLITSGAARD-RASMUSSEN
Director

The Geological Survey of Greenland
1966



PART ONE
By D.BRIDGWATER anp W.T. HARRY

I. INTRODUCTION

a) Regional setting

The major events recognised in the history of the Precambrian of
South Greenland can be summarised as follows:

1. Pre-Ketilidian sedimentation, intrusion of a large layered
igneous complex with some resemblances to the Bushveld complex,
folding, metamorphism, granitisation and erosion. The pre-Ketilidian
may contain the relics of more than one cycle of sedimentation, meta-
morphism and subsequent denudation; however it is impossible to sub-
divide these in South Greenland.

2. Ketilidian geosynclinal sedimentation and basic lava extrusion,
preceeded and accompanied by the emplacement of a regional swarm
of basic dykes some of which carry large aggregates of plagioclase.
Ketilidian folding, metamorphism, and the formation of regional granitic
gneisses and granites (the Julianehdb Granite). Remobilisation of con-
siderable areas of pre-Ketilidian rock. Intermittent intrusion of basic
and ultrabasic rocks appears to have continued throughout the plutonic
activity of the Ketilidian.

3. Intrusion of a series of basic and intermediate dykes. These
dykes mark a change in the tectonic conditions and may be used at
least locally to separate the main Ketilidian plutonism from later events.
Some of the dykes carry scattered plagioclase megacrysts.

4. The Julianehdb Granite was subjected to a rise in thermal
conditions with a consequent reactivation and metamorphism. A series
of dominantly allochthonous granites associated with noritic and mon-
zonitic intrusions form a characteristic late plutonic suite resembling
the rapakivis of Scandinavia. These intrusive bodies have given isotopic
ages between 1600 m.y. and 1650 m.y. The high thermal conditions
appear to have lasted until approximately 1500 m.y. in the granites
close to Julianehab.

5. Gardar igneous activity and sedimentation. The end of plutonic
conditions in South Greenland was marked by the sedimentation of
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coarse arkosic sandstones, the extrusion of a thick series of basaltic
lavas, and the emplacement of several major alkalic intrusions together
with numerous dyke swarms. Reliable isotopic age determinations on
Garder rocks range from 1255 m.y. to 1020 m.y. (BripGwATER 1965).

The distribution of the alkali magmatism, the felspathic dykes, and
the original distribution of the Gardar continental series and lava ex-
trusion was controlled by a series of WNW-ESE trending faults. These
faults occur in a belt approximately 70-100 km wide (measured at
right angles to their trend) on the west coast of South Greenland. Iso-
lated reports of syenite dykes and felspathic inclusions in dolerites from
the east coast suggest that the belt may continue across Greenland under
the Inland Ice. Movement began along these faults before the last
plutonic activity in the area and continued intermittently throughout
the Gardar period (HEnmriksEN, 1960). The dominant movement direc-
tion was apparently a sinistral transcurrent dislocation, however, it is
probable that there was locally a vertical component of at least a kilo-
metre on some of the faults shown by the variation in the base of the
Gardar continental series in the Igaliko area. The fault system, alkali
magmatism, and type of sedimentation have broad resemblances to the
tectonic features and rock types found in modern rift valleys. Some of
the larger Gardar alkali intrusions straddle the transcurrent faults and
thus lie at least partly outside the main fault controlled block. The
faults themselves although generally showing considerable horizontal
displacement are probably not pure transcurrent faults, movement is
not constant along their trend and they are considerably more complex
than the diagrammatic representation shown on Plate 4.

The sequence of events within the Gardar period is complex. In
the area in which the felspathic dykes are most abundant the early
Gardar is characterised by WNW-ESE olivine dolerites, which run
parallel to the transcurrent faults. Several major alkaline intrusions in-
cluding the nepheline syenite-carbonatite complex of Grennedal-Tka
(EMELEUS, 1964) and possibly the earlier members of the Igaliko com-
plex were intruded during this time. In the Kobberminebugt and Tugtu-
t0q areas the WNW--ESE dolerites were followed by renewed movement
of the transcurrent faults and the emplacement of large olivine gabbro
dykes and plugs, some of which contain syenitic pods in their centre.
These dykes are among the earliest to be intruded in the ENE-WSW
direction which became dominant in the mid-Gardar. They are sheared
and displaced by movement along a series of faults trending in the
same general direction. Although the total movement was probably
small the faults appear to have controlled the topographic features of
South Greenland out of all proportion to their size. Many of the fjords
in the Kobberminebugt to Narssarssuaq region trend in the same ENE-—



11 Anorthosite Xenoliths and Plagioclase Megacrysts 11

WSW direction although there may only be small shear zones present
in the rocks at the fjord heads.

By the mid-Gardar dyke activity was pronounced and extensive
swarms were intruded between Ivigtut and Julianehdb. Mid-Gardar
magmatism resulted in a considerable variety of dyke rocks ranging
from olivine gabbros to comendites. Many areas show several genera-
tions of basic dykes which may be separated by intermediate or syenitic
dykes and no strict progression from less differentiated to more differ-
entiated magmas can be seen. However, there is an increase in the
proportion of alkali granite and syenite emplaced late in the mid-Gardar
and many areas show dyke swarms of closely related rock types which
show trends towards more differentiated members late in the succession.
Some differences are noted from west to east. In the Nunarssuit-Kobber-
minebugt area the alkali gabbros and syenites are all oversaturated and
there is a preponderance of potash micro-syenites; in the areas east of
Narssaq the majority of dykes are undersaturated and there is an in-
crease in the proportion of soda microsyenites.

Small syenitic and alkali granite intrusions are found in the mid-
Gardar, notably at Bangs Havn and Narssaq. Anorthosite xenoliths and
plagioclase megacrysts are particularly abundant in gabbroic dykes
associated with these mid-Gardar alkali intrusions.

Movement along the sinistral transcurrent faults diminished during
the mid-Gardar and there was a change in the tectonic control towards
the end of the period so that the late Gardar was marked by the em-
placement of major alkali intrusions which are approximately equi-
dimensional in plan. Anorthosite xenoliths are generally absent from
the late Gardar intrusions except for fragments obviously derived from
overlying earlier Gardar rocks though plagioclase megacrysts and felspar
aggregates occur in the marginal gabbros of the Igaliko and Klokken
intrusions. A few altered megacrysts are found in the late Gardar
camptonite dykes (Upton, 1965).

6. The final magmatic activity in the area gave rise to a series of
olivine dolerite dykes intruded approximately parallel to the present
coastline. These dykes post-date the majority of faults in South Green-
land and are thought to be post-Cambrian in age. No felspathic inclusi-
ons have been found in them.

b) Scope of paper

Various rather imprecise descriptions of porphyritic dolerites can
be found in the early geological accounts of South Greenland (see WEG-
MANN, 1938, for bibliography). Modern observation began in 1957 when
a Gardar dyke composed of anorthosite xenoliths and large plagioclase
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crystals in a subordinate dolerite matrix was found by K. ELLITsGAARD-
RasmusseN near Nyboes Kanal in east Alangorssuaq. The locality was
visited a few weeks later by one author (W.T.H.) and further work by
the Geological Survey of Greenland (G.G.U.) in South Greenland has
revealed widespread similar occurrences in Gardar dykes of various
generations. Initially attention was particularly attracted by the large
size of the plagioclase megacrysts (up to 2 m long). For this reason the
dykes became known during the field work as “Big Felspar Dykes”
(BFD) and have been referred to as such in recent literature, by Ayrron
(1963) for example. It is now apparent that the abundance rather than
the size of the plagioclase megacrysts is the feature of greatest signifi-
cance and the dykes might be more aptly termed ¢“Felspathic dykes”.
This name is used throughout the present paper as a general term
covering dykes with a noticeable proportion of anorthosite xenoliths,
plagioclase megacrysts or any combination of the two.

Although these intrusions represent only a fraction of all the Gardar
dyke activity in the area they are of considerable interest not merely
intrinsically but also for their wider implications-—their bearing on the
regional geology of South Greenland and, perhaps, the origin of fel-
spathic dolerite phases in other countries. As they therefore merit more
than a piecemeal description dispersed in numerous accounts of separate
areas they are collectively described and discussed in the present paper
together with related phenomena in the same region. The main purpose
in the laboratory studies was to provide a basis for a comparison of the
anorthosites with rocks of more certain origin, especially the Gardar
gabbros. In some respects the results only show our ignorance of the
properties of normal Gardar rocks rather than giving any firm answer
to the question of the origin of xenoliths.

The following have worked in the areas indicated on Plate 4 and
Figs. 19 and 35. In the interest of consistency of descriptions one of us
(D.B.) has visited many of the more accessible occurrences noted by
other workers.

J. H. ALLAART Igaliko peninsula and the area north of
Bredefjord.

STEEN ANDERSEN Jespersen Dal district to the east of
Igaliko.

S. A. AYrToN Qagssimiut and the area to the west of the
Tigssaluk Granite.

J. P. BERRANGE “Vatnahverfi”’, to the south of Igaliko.

E. BoNDESEN The islands of Tornirssuk and Sermerssiit

and the area close to the Inland Ice north
of Arsuk Fjord.
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D. BRIDGWATER

Inner Kobberminebugt and the area along
the margin of the Inland Ice north of

Kitsiaqg.

K. CoEx Kitsiaq.
K. ELLITSGAARD- Klokken intrusion.

RAsMUSSEN
C. H. EMELEUS Tigssaluk Granite and Grennedal-Ika.
C. H. EmMeLEUS and Igaliko complex.

W. T. Harry
J. FERGUSON Ilimaussaq intrusion.
W. T. Harry Aléngorssuaq.

S. Bax JENSEN

Outer Kobberminebugt and Kinalik.

T. C. R. PorvErtarr  Nunarssuit and the ground to the east.

H. G. SCHARBERT Area north and east of Narssaq peninsula.
J. W. STEWART Narssaq peninsula.

B. G. J. Upron Tugtutéq and Narssaq.

B. J. WaLToN Area north of Igaliko complex.

W. S. Warr Qaersuarssuk.

J. S. WATTERSON
M. WEIDMANN

Hlordleq (Kobberminebugt).
Area surrounding the Tigssaluk Granite.

In addition, information about inclusions in pre-Gardar intrusions
to the north of Ivigtut has been supplied by E. Bonpesen, N. HENRIK-
SEN, S. Bax JENsEN and W. S. Warr.

¢) Acknowledgements

The geologists listed above have contributed data and material from Gardar
intrusions in the areas which they studied or have provided us with detailed in-
structions allowing us to make our own observations and collections and we are
indebted for their generous cooperation.

Permission to publish this account is gratefully acknowledged from Mag. scient.
K. Erritscaarp-RasmusseN, director of the Geological Survey of Greenland (G.G.U.).
Special acknowledgements are due to B. G.J. Urron, T. C. R. PuLverTarT, C. H.
Bmereus, W. 8. Warr and B. F. WinpLeEY for helpful discussion of the origin of
anorthosites in Greenland and to J. P. BerrancE for discussion on the anorthosites
of the Canadian Shield. One author (D. B.) wishes to thank members of the Geological
Institute, Copenhagen for the first class facilities provided and for their help in
laboratory determinations; in particular the help given by M. Daxg and E. Krocu
ANDERSEN (X-ray determinations), H. BoLLINBERG (spectrographic determinations),
Aa. JEnseEn and A. C. R. KEreLaar (determinations of Fe-Ti oxides) and H. Mi-
CHEELSEN (optical studies), is acknowledged. Chemical analyses were carried out by
B. I. BorceEn and I. Serensen. A. E. Escrer kindly redrew Plate 3. The second
author (W.T.H.) wished to record his thanks to the Court of St. Andrews for leave
to pursue his studies in Greenland; to his senior colleague Professor C. F. Davipson,
for useful criticism and to J.E.RicreY and F. WavxEer for constructive conversation.



II. FIELD OCCURRENCE OF FELSPATHIC
MATERIAL IN GARDAR INTRUSIONS

a) Distribution

Anorthosite inclusions and plagioclase megacrysts occur at least
locally in the majority of rock types intruded during the Gardar igneous
activity. A few occur in the early Gardar dolerites and large masses are
found in the roof rocks of the late Gardar agpaites of the Ilimaussaq
intrusion; however, the greatest concentration is found in the mid-
Gardar ENE-WSW dyke swarms from which most of the material
described in this paper is taken.

The occurrences lie mainly in the 80 km wide tract of country be-
tween the Inland Ice and the sea from Kobberminebugt to the Igaliko
district (Plate 4). They are more sporadic in the Ivigtut area, where
felspathic dykes have been reported from the areas surrounding the
Tigssaluk Granite, close to the Gronnedal-ika alkali intrusion, and from
Kindlik on the north side of Kobberminebugt. Isolated occurrences have
been reported from Sermiligdrssuk, Midternzs and the islands of Ser-
merssiit and Térndrssuk. The exact limits of the area in which inclusions
derived from anorthosite are found in Gardar dykes are not easy to
define due to the fact that many presumed Gardar dykes both south and
north of the main area contain abundant plagioclase megacrysts which
might represent xenolithic material. However if the boundary is drawn
at the first dyke to carry abundant anorthosite xenoliths then it is
found that the inclusions are restricted to the same belt of country as
the Gardar alkali rocks, that is within the area cut by WNW-ESE
transcurrent faults. There is a significant increase in the abundance of
felspathic dykes close to the Gardar alkali intrusions.

The field diary of R. Beevap, made available to us through the
kindness of Professor A. NoE-NYGAARD, records observations made in
1932 of placioclase megacrysts in basic dykes on the east coast of Green-
land. The most interesting observation by Becvap is a description of a
megacryst-bearing dyke cut by an augite syenite dyke. The locality is
due east of the main Gardar activity seen on the west coast and suggests
that the Gardar rocks preserved in the area described in this paper may
only represent a fraction of the total. Even disregarding Bgcvap’s
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observations the area over which the felspathic dykes are found is quite
impressive, forming a strip 200 km long and a maximum width of
150 km. It seems unlikely that the present coast line which limits the
area to the west represents an original boundary.

Within the general area described above, there are two major
concentrations of felspathic dykes each forming ENE-WSW trending
belts between 10-15km wide. The first of these occurs on the south
side of Kobberminebugt while the second trends through the island of
Tugtutdq to the Inland Ice north of Narssarssuaq.

b) Age relationships between the felspathic dykes and other
Gardar intrusions

Relatively few felspathic inclusions are found in the early Gardar
intrusive rocks. The swarm of WNW-ESE olivine dolerites which ex-
tend throughout the area locally carry megacrysts of plagioclase up to
40 em in length which may be aggregated in clusters surrounded either
by the normal host rock or by large mafic minerals identical to those
found in the host. These are so scattered that little significance would
be attached to them were it not for the much greater development of
felspathic dykes later in the Gardar period. Occasional blocks of lami-
nated or massive anorthosite have been found in the early Gardar basic
dykes. The inclusions bear some resemblance to the larger masses
brought up in mid-Gardar dykes but the material is too sparse for
detailed comparison. Isolated felspathic inclusions have been noted in
the gabbroic margins of the early Gardar composite syeno-gabbro dyke
of Tugtutdq (Upron, 1962) and in the earliest olivine gabbro dykes
trending ENE-WSW in the Isortoq area. Plagioclase megacrysts are
also reported from NW-SE trending potash microsyenites north of
Narssarssuaq which Warron (1965) describes as early members of the
Gardar dykes in the area.

Intersections between the mid-Gardar dykes and the major intrusi-
ons provide some of the only evidence for dividing the period. The mid-
Gardar dykes are cut by the Nunarssuit complex (HArRrRY and PuLvEr-
TAFT, 1963), the Tugtutdq central complex (Upton, 1962) and the Ili-
maussaq intrusion (Fercuson, 1964). Some of the mid-Gardar dykes
cut the early members of the Igaliko nepheline syenites but are them-
selves cut by the youngest rocks found in the Igdlerfigssalik centre of
that complex. The Narssaq syenite and alkali granite intrusion cuts
many mid-Gardar dykes but is itself cut by a few dykes including some
felspathic rocks. In the Ivigtut area dykes probably belonging to the early
and mid-Gardar cut the Grennedal-Ikanepheline syenite-carbonatite intru-
sion (EMELEUS, 1964), while they are cut by the Ivigtut cryolite body
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(BERTHELSEN, 1962) and the late Gardar syenites of Kingnat (Upron,

1960).
Subdivision of the mid-Gardar dykes into different generations

traceable over a large area is more difficult due to the repetition of dyke
sequences within one area and the non-uniform distribution of individual
dyke types. However, the felspathic dykes themselves, which show the
same pattern of development in many parts of the area may ultimately
help to provide a basis for the division of the mid-Gardar.

Detailed local sequences

The mid-Gardar dykes of the Kobberminebugt area belong to several different
generations, the interrelations of which have not been fully worked out. The majority
of the early dykes are medium-grained, rather nondescript olivine dolerites, some of
which carry scattered felspathic material. These dykes trend in a general NE-SW
direction. They are followed by the main mid-Gardar gabbro swarm of the area
which contain less olivine and often show distinct alkali tendencies. In some places
the gabbros form anastomosing complexes in which individual dykes were emplaced
with little or no time interval between them. The general trend is ENE-WSW though
many dykes have a sinuous course. Many are felspathic and some contain very large
concentrations of xenolithic material. Several contain syenitic or alkali granite
centres. The gabbros are associated with thin felspathic potash microsyenite-trachy-
dolerite dykes with which they appear to be closely connected genetically. Intrusion
of the microsyenite-trachydolerite dykes continued after the emplacement of the
major gabbroic swarm; they are, however, cut and displaced by a few dolerite dykes
and the Isortoq giant syeno-gabbro dykes which mark the end of the mid-Gardar
igneous activity in the area. The Isortoq syeno-gabbros do not carry felspathic
inclusions, though occasional anorthosite fragments are found in the intrusion breccias
emplaced in a line southwest of the dykes.

The Gardar dykes of the Kobberminebugt area were affected by faults in four
main directions. The ENE-WSW sinistral transcurrent faults continued activity
after the end of igneous activity in the area and it is impossible to match individual
dykes across some of the fault zones. At Augiata tasia the movement on a group of
faults, thought to be associated with the main transcurrent faults, can be seen to
have been much greater in the early Gardar olivine dolerites and the first members
of the mid-Gardar swarm. The felspathic dykes are sheared but rarely show marked
movement. One distinctive felspathic dyke is displaced 200-300 m dextrally by a
NW-SE transcurrent fault, in the opposite direction to the displacement seen on
early Gardar dykes, suggesting that there was a change in movement direction at
some time in the mid-Gardar.

Some movement occurred along zones parallel to the general ENE-WSW direc-
tion of the mid-Gardar dyke swarm. This movement can be used, at least locally,
to distinguish between the early Gardar troctolitic ENE-WSW dykes and the mid-
(Gardar olivine dolerites; however, the movements appear to have taken place in
a series of small dislocations rather than as one main break which could be used as
a time marker. In some cases different generations of dykes have been displaced
in opposite directions. Most of the felspathic dykes post-date appreciable movement
along these faults although they may be crushed where they cross the fault plane.
Local, approximately E-W, transcurrent faulting in the Isortoq area displaced the
early Gardar dolerites and probably the first dykes of the mid-Gardar swarm. A
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thin felspathic unsheared dyke is found in part of the fault zone suggesting that it
was intruded after the main movement. However, a prominent microsyenite-trachy-
dolerite dyke (dyke 12, Plate 4), which is found on either side of the fault, is ap-
parently displaced sinistrally at least 1 km. The apparent displacement may be due
to en échelon emplacement.

With the exception of late movements on the WNW-ESE transcurrent faults,
the youngest faulting in the Kobberminebugt area is a series of approximately N-S
transcurrent faults. The majority of these show dextral displacement which affects
nearly all members of the mid-Gardar swarm but which apparently did not displace
the late mid-Gardar giant syeno-gabbros although shearing them.

The mid-Gardar swarm on Qaersuarssuk (WarTt, 1968) contains at least six
felspathic dykes with a general NE-SW trend. The south-west extension of the swarm
is lost under the sea and only one of the more northern members of the swarm can
be traced as far as the Qagssimiut archipelago. The number of dykes in the swarm
decreases towards the north-west. The felspathic dykes all belong to the microsyenite-
trachydolerite group and some of them may represent the same phase of dyke in-
jection as dykes of similar type in the Kobberminebugt area. Warr distinguishes
two, or possibly three generations of felspathic dykes which post-date both the early
Gardar dolerites in the area and several generations of microsyenite dykes. The first
generations of felspathic dykes occupy the same position in the local Gardar chronol-
ogy as NE-SW trending dolerites. They can be separated from the younger felspathic
dykes by sinistral movement on NNW-SSE faults, the emplacement of an olivine
dolerite and sinistral movement on WNW-ESE faults. The northernmost felspathic
dyke, which represents the youngest Gardar intrusive rocks of the area, is displaced
1500 m by a WNW sinistral fault which is thought to be the same as the main trans-
current fault in the Kobberminebugt area. The microsyenitic margins of the fel-
spathic dykes in the Qaersuarssuk swarm are generally considerably more sodic
than those seen in the Kobberminebugt area.

Further east, in the ground north of Bredefjord mapped by H.G.ScHARBERT
and J. H. ArraarT, mid-Gardar felspathic dykes are rather sporadically distributed.
They cut an earlier generation of ENE-trending dolerites but are cut by later micro-
syenites and dolerites sometimes intruded along the same fissure. The majority of
felspathic dykes in this area are microsyenite-trachydolerites.

The second large concentration of felspathic dykes occurs on the island of
Tugtutdq and extends in an ENE swarm along the Narssaq peninsula to the Inland
Ice north of Narssarssuaq. The chronology of this swarm is well established due to
the work of Urron (1962) and WarTton (1965). On Tugtutdy the felspathic dykes
can be divided clearly into two groups, the olivine gabbros which are used as a datum
for the beginning of the mid-Gardar, and a microsyenite-trachydolerite suite with
many characters in common with the younger felspathic dykes in the Kobbermine-
bugt area. The olivine gabbros, which form one of the major features of the island,
cut early Gardar olivine dolerite dykes and the Hviddal syeno-gabbro (Fig. 35). On
the western end of the Narssaq peninsula, where the gabbro forms a sheet-like body,
it is cut by the syenites and granites of the Narssag intrusion. The gabbros are not
found with certainty further east, but large masses of felspathic gabbro found as
inclusions in the lujavrites of Ilimaussaq may represent basic sills which were origin-
ally connected to the main gabbroic body at Narssaq. The olivine gabbros are cut
by a variety of later mid-Gardar dykes including several generations of microsyenite-
trachydolerites. Both potash- and soda-rich varieties have been noted; the time
relationship between them is unknown. Many are felspathic. The felspathic dykes
were succeeded by porphyritic alkali rhyolite dykes and a microsyenite to micro-

185 2
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granite suite. UpTon (1962} suggesis that some of the alkali dykes may represent
preliminary tappings of the magma source which was subsequently to produce the
rocks of the central ring complex. Some late porphyritic olivine dolerites trending
parallel to the main mid-Gardar swarm cut microsyenites in the Skovfjord area.

On the Narssaq peninsula most of the mid-Gardar dyke swarm is cut by the
Narssaq alkali intrusions. A few felspathic dykes, however, cut both the syenites
and alkali granites of this complex. J. W. STEwaRT (personal communication, 1960)
distinguished two types of felspathic dykes in the Narssaq area, the first carrying
a high proportion of xenoliths and cleavage fragments of felspar while the second
contains a much higher proportion of megacrysts and subhedral felspar fragments.
1t seems probable that these represent the gabbroic and microsyenite-trachydolerite
hosts noted elsewhere. Felspathic sills, thought to be the lateral equivalents of some
of the mid-Gardar dyke swarm, are found in the early Gardar lavas surrounding the
Ilimaussaq intrusion. The mid-Gardar dykes and apparently the Narssaq intrusion
are cut and displaced by the WNW-ESE transcurrent faults. These can be followed
throught the late Gardar Ilimaussaq intrusion as a shear belt but do not seem to have
caused a major displacement of the intrusion.

According to WavrtoN (1965) felspar megacrysts or aggregates of felspar occur
in practically all generations of Gardar dolerites and microsyenites in the area north
of Narssarssuaq. However, the most characteristic hosts are soda microsyenites.
These post-date mid-Gardar NE-SW dolerites and potash microsyenites. They are
approximately contemporaneous with a second generation of NE-SW dolerite dykes.
They are followed by dykes bearing plagioclase inclusions surrounded by overgrowths
of alkali felspar. E-W mylonites, presumably representing the transcurrent faults
seen elsewhere in the Gardar period, cut the mid-Gardar swarm.

The Gardar dyke chronology worked out by J. H. ALLaart on the Igaliko
peninsula is highly complex. A single laminated anorthosite xenolith has been found
in an early Gardar dolerite. The early Gardar dolerites are followed by two genera-
tions of microsyenite and a persistant swarm of ENE mid-Gardar dolerites. The
microsyenites are just saturated augite-hornblende bearing rocks the first generation
of which trends E-W, the second ENE. The younger generation contains scattered
megacrysts of sericitised plagioclase. The main concentration of felspathic inclusions
occurs in the dolerites, both anorthosite xenoliths and plagioclase megacrysts are
locally abundant. The microsyenites and the dolerites have both been displaced by
movement along the E-W transcurrent faults which belong to the same fault system
as the one which displaces the dykes to the east of Kobberminebugt. On the Igaliko
peninsula the displacement appears to be up to 4 km although measurement is com-
plicated by the fact that many of the dykes swing into the fault fissures but are
dislocated by late movement.

Following the faulting and the emplacement of a series of hedrumite dykes
there were two generations of porphyritic syenites trending NE and ENE. Both
generations carry felspathic material which is especially abundant in the younger
ENE dykes. The foreign material is mainly found as small altered plagioclase mega-
crysts averaging 0.5 cm in the older generation, 1 cm or above in the younger.
Occasional blocks of granular anorthosite are seen. Several of the dykes show mul-
tiple injection offen with late felspathic centres intruded into fissures occupied by an
early non-felspathic phase. Late dolerite is locally intruded into the same dyke
fissure.

The youngest igneous activity on the Igaliko peninsula includes several genera-
tions of alkali dykes some of which are probably contemporaneous with the major
intrusions of Ilimaussaq and Igaliko. Several of the dykes contain large masses of
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felspathic material which is seen under the microscope to be perthitic. This may
have been derived from anorthosite blocks which were replaced by interaction with
the dyke material.

The majority of the mid-Gardar dyke swarm on Igaliko peninsula are truncated
by the Igaliko syenite (Ussing, 1912, p. 267), and the metamorphic effect can be
seen in the dykes for some distance along their strike.

The Igaliko syenite complex, mapped by one of us (W.T.H.) in cooperation
with C. H. EmeLEUS, comprises four main intrusion centres, each of which is made
up of several generations of syenite emplacement. These intrusive centres in order
of probable age are: the Motzfeldt centre, the North Qoroq centre, the South Qdroq
centre, and the Igdlerfigssalik centre. These are shown on Plate 4. There are also
several satellite bodies associated with the main centres, the most notable of which
is the Klokken intrusion (mapped by K. Erritscaarp-Rasmussen). Felspathic
dykes cut the first three centres although they are not numerous enough to be cer-
tain that they cut all the component syenites. The fourth (Igdlerfigssalik) centre
which occurs between Igaliko village and the mouth of Qdroq was emplaced in two
phases, the older phase, preserved on the south coast of Qdroq, is cut by felspathic
dykes, while the younger phase which makes up the major part of the centre is
younger than nearly all the dykes in this area, including those bearing felspathic
inclusions.

In the ground between Narssarssuaq and Qoroq there are approximately five
felspathic dykes cutting the syenites of the North and South Qéroq centres and the
western extension of the Motzfeldt centre. In the south of the area, where the dykes
cut the South Qdéroq centre, the felspathic dykes have a rather irregular trend which
varies between N-S and NNE-SSW. North of the major E-W transcurrent fault
which bisects the South Qéroq centre the dykes swing towards ENE~-WSW. There
is a general decrease in the number of dykes north of this fault.

The felspathic dykes are generally under 20 m wide in this area, one of them
locally reaching 25 m where it cuts the North Q6roq syenites. They are remarkably
persistent along their strike although it is sometimes difficult to trace individual
dykes due to a series of dislocations along E-W faults. One of the felspathic dykes
is sinistrally displaced 2 km by the E-W transcurrent fault.

The felspathic dykes are among the oldest of the minor intrusives cutting the
Qoroq syenites; they are followed by several generations of trachytic dykes. One
felspathic dyke is seen chilled against an earlier trachytic dyke. The trachytic dykes
show the same change in trend towards the north and appear to have been displaced
approximately the same distance by the E-W transcurrent fault.

The younger rocks of the Igdlerfigssalik centre themselves locally contain
abundant felspathic inclusions especially on the eastern margin of the intrusion at
the well-known rare mineral locality of Narssarssuk (locality 22, Plate %).

In the “Vatnahverfi” area south of Igaliko (BeErrawcE, 1966 a) felspathic
insets are found as isolated inclusions in a variety of Gardar rocks. The oldest of
these, designated as “Old dolerites’” by BerraNGE, is a group of irregular basic
bodies and vertical dykes up to 40 m wide trending between NE and ENE. These
may correspond to both the early Gardar and early mid-Gardar dykes seen in other
areas further north. They are severely faulted and epidotised by later activity in
the Gardar.

In the north-east of the “Vatnahverfi” area two of the NE-trending dykes
belonging to the mid-Gardar swarm contain felspathic inclusions. One of the dykes
is a microsyenite-trachydolerite resembling many of the hosts found in the areas
to the north and west, the second is a nepheline syenite.

9%
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The relationship between the dyke chronology of the main belt of
Gardar activity in the Nunarssuit-Narssarssuaq area and the dyke chronology north
of Kobberminebugt is not yet clear. The early Gardar WNW-ESE olivine dolerites
can be traced from one area to the other. They show a change in trend further north,
where they become E-W or ENE-WSW. The early Gardar olivine dolerites which
contain sporadic felspar inclusions cut the Grennedal-fka complex and several gen-
erations of lamprophyric dykes. They are cut by at least two younger generations
of dolerite and a variety of trachytic dykes. Many are severely faulted. The felspathic
dykes are generally described as early in the sequence, cutting early generations of
lamprophyre and a few of the early olivine dolerites, but older than nearly all other dy-
kes in the area. In the Tigssaluk Granite area a felspathic dyke apparently cuts and
displaces a phonolitic dyke but elsewhere they are earlier than the alkali dykes and
the NE-SW olivine dolerites. Petrologically the majority of felspathic dykes north of °
Kobberminebugt appear similar to the microsyenite-trachydolerite swarms further
south. If they belong to the same period of emplacement then it appears that there
is a considerable difference in the subsequent magmatic history of the areas north
and south of Kobberminebugt. A few anorthositic inclusions are found in the NE-
SW olivine dolerites which are later than the typical felspathic dykes in the Ivigtut
area. One particular occurrence, from a dyke on the eastern end of Térnarssuk, is

described on p. 33.

c) Types of inclusion and their distribution in Gardar hosts

There are two main types of felspathic inclusion found in Gardar
igneous rocks; anorthositic xenoliths and plagioclase megacrysts. The
majority of host dykes carry both; although the proportions may vary
so that in one locality the inclusions are nearly all xenoliths while either
along the strike or at a different distance from the contact the inclu-
sions may be mainly megacrysts. It is taken as a fundamental assump-
tion in this paper that the intimate association of the two types of
inclusion throughout the Gardar is due to a close genetic connection
between them.

i) Anorthosite xenoliths

The xenoliths show considerable textural variation ranging from
massive granular anorthosite to layered olivine-gabbro inclusions. These
are described in detail below as it seems probable that the textures give
a more complete record of the geological history of the inclusions than
any other feature. The textures may be sub-divided into those which
appear to be primary, that is formed before inclusion in Gardar hosts,
and secondary, formed by the interaction of felspathic material and
either the host itself or an earlier Gardar magma.

Buppingron (1939, p. 19) defines anorthosite, gabbroic anorthosite
and anorthositic gabbro as rocks with 0-10, 10-22.5 and 22.5-30 units
per cent of mafic minerals respectively. Following this classification the
primary xenoliths are mainly anorthosites although some may range
into gabbro anorthosite. Secondary xenoliths are generally more mafic
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Fig.1. Layering in anorthosite xenolith from a gabbroic host dyke at locality 2
at the eastern end of Kobberminebugt. Note the laminated subhedral plagioclase
tabulae in the more mafic layer at the top of the picture. The compass is 6.4 cm broad.

Fig. 2. Layering in anorthosite block from alkali-gabbro host (dyke 6) at Eqalugssuit
taserssuat. Note lack of preferred orientation of plagioclase crystals. The pencil is

0.75 cm wide,

and in places become anorthositic gabbro as the felspar content is
diluted with other material.

Primary xenoliths belong to two groups. The first group, the
most typical examples of which are anorthosites with a granular texture,



22 D. BrincwaTer and W. T. Harry I1

Fig. 3. Texture of hypersthene-bearing anorthosite block from an olivine gabbro
host at locality 7, 5 km along the ice margin to the east of Kobberminebugt. The
hypersthene is concentrated in pockets between the felspar crystals.

are found throughout the whole area in which the felspathic hosts occur;
the second, which are practically confined to the area around Narssaq
and the eastern end of Tugtutdq, are laminated anorthositic olivine
gabbros.

Granular anorthosites. Massive, almost pure anorthosite, comprising
randomly orientated, approximately equant anhedral plagioclase crys-
tals occasionally more than 20 em, but generally 3-5cm in diameter,
form the bulk of the large xenoliths found in Gardar dykes. They are
particularly abundant in gabbroic hosts from the eastern end of Kobber-
minebugt. Some lithological layering may be present due to changes in
the local content of mafic minerals (Figs. 1 and 2). The dark minerals
may be restricted to films surrounding plagioclase anhedra or they may
be concentrated in pockets or distinct layers within the anorthosite.
The felspars in the relatively mafic layers show a more euhedral, com-
monly slightly tabular, form. The segregation of dark minerals into
pockets is similar to that described by Kraxck (1961, p. 304) from the
Canadian Shield except that the commonest mineral in the Greenland
granular anorthosite xenoliths is olivine. The texture seen in the block
from which one of the few samples of hypersthene has been collected
is shown in Fig. 3. Many of the granular anorthosite xenoliths show
considerable variation in grain size and compound block structures re-
sembling those described by Barx (1931) are quite common. They arise
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Fig. 4. Euhedral megacryst set in groundmass of anhedral plagioclase and a little
mafic material. Anorthosite xenolith from alkali-gabbro host (dyke 6) at Eqalugssuit
taserssuat.

where one textural or compositional variant of anorthositic rock encloses
another. Often the earliest rock is coarser grained and less mafic than
the surrounding material. Porphyritic varieties are moderately common
in which large euhedral or subhedral plagioclase megacrysts are enclosed
in a groundmass of smaller equant plagioclase grains (Plate la and
Fig. 4). There is a tendency for the more basic xenoliths to be finer
grained than the pure anorthosites.

Many of the fragments have a slightly deformed appearance which
appears to have been formed earlier than the inclusion of the anortho-
sites in their present hosts. This deformation only exceeds the amount
which could be explained by compaction of a large igneous body in a
few cases. A block from the Bangs Havn complex (p. 39) approximately
1 m? in size has been sheared to such an extent that it resembles a
fine-grained saccharoidal limestone with a slightly vellow colour and a
pronounced impressed foliation. The surrounding xenoliths were com-
pletely unaffected. Other isolated fragments of deformed rock, especially
of the more mafic varieties of anorthosite such as the olivine plagioclase
rock illustrated in Fig. 5, have been found suggesting that some of the
anorthosites were subjected to mechanical stress before their inclusion.
However, the majority of fragments show no convincing evidence to
suggest that they passed through a prolonged regional period of de-
formation between their formation as anorthosites and their inclusion
as xenoliths.
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Fig. 5. Olivine-plagioclase xenolith with texture suggesting slight crushing. Xenolith
from doleritic host, SE side of Eqalugssuit taserssuat. Specimen figured measures
11 em in width.

Laminated anorthosites. The largest and best described inclusion of
laminated anorthosite is well-exposed on the Assorutit peninsula (Fig.
35) at the eastern end of Tugtutoq (Upron, 1961, 1962 and 1964). The
block consists of alternating units of anorthosite with a well-defined
lamination of the individual plagioclase tabulae separated by thinner
units of gabbro anorthosite in which olivine, the principal mafic mineral,
encloses plagioclase tabulae with a much less marked lamination. The
laminated anorthosites are not deformed. They occur within a restricted
area, they enclose blocks of granular anorthosite and may be completely
fresh while granular anorthosite blocks and plagioclase megacrysts in
the same host dyke are sericitised. They appear to have passed through
a much less complex history than the granular rocks and may have
little bearing on the origin of the majority of anorthosite inclusions in
the Gardar hosts except that they are basic rocks found in the same
province.

Secondary xenoliths. The distinction between primary features
developed before the inclusion of the anorthosite xenoliths in Gardar
magmas, and features developed by subsequent interaction between
xenolithic material and the surrounding host is often difficult to define
and in fact may be artificial if the anorthosites themselves are an early-
formed phase of Gardar basic rock. However, since much of the discus-
sion of the origin of the felspathic inclusions depends on comparison
with massive anorthosites in other parts of the world it is necessary to
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Fig. 6. Secondary anorthosite xenoliths composed of granular anorthosite, plagioclase

megacrysts, and rare gabbro blocks set in gabbroic host itself included in a younger

gabbroic phase of the Bangs Havn complex. The gabbroic host to the felspathic

material was only partly consolidated when broken up by the second gabbroic

intrusion resulting in the sporadic release of plagioclase insets seen in the top right
of the photograph (photograph, T. C. R. PULVERTAFT).

try to separate those properties that are original from those resulting
from later processes.

A large number of the larger xenoliths are made up of two compo-
nents; older inclusions of felspathic material set in a younger, often
gabbroic matrix. In many cases the secondary origin is clear; the gab-
broic matrix to the compound xenolith, although itself an inclusion in
a younger dyke, may be so close in texture and mineralogy to its host
that there is little doubt that it is an early phase of the same intrusion.
However, there is every gradation between this type of secondary in-
clusion and the block structure described as a primary feature on p. 22
where the matrix of a compound inclusion is much closer in character
to the blocks it surrounds than to the host dyke. Although the boundary
between primary and secondary features is arbitrary, there are several
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Fig. 7. Laboratory photograph of a secondary anorthosite xenolith from Bangs
Havn, 1.5 x natural size. Note the rounded and sometimes broken plagioclase mega-
crysts set in a younger gabbroic matrix.

types of compound xenoliths the characters of which are clearly second-
ary and which have considerable bearing on the history of the xenoliths.

Types of secondary xenolith

Gabbro anorthosite aggregates. lLarge xenoliths composed of inclusi-
ons of granular anorthosite, plagioclase megacrysts and, in the Narssaq-
Tugtutéq area, occasional laminated anorthosite blocks, all set in a
gabbroic matrix are moderately common (Figs. 6 & 7). In some examples
large single crystals of augite, olivine, and Fe-Ti oxides from the gab-
broic component of the compound xenolith enclose older felspathic ma-
terial ophitically.

Felspathic aggregates. Compound xenoliths of crushed granular
anorthosite and plagioclase megacrysts set in a fine matrix of com-
minuted plagioclase are one of the commonest types of anorthosite in-
clusions found in Gardar dykes. Mafic material is often reduced to a
film of indeterminate dark green coating surrounding some of the larger
felspars. These aggregates are found throughout the felspathic dykes in
the area between Kobberminebugt and Narssarssuaq. Typical examples
from the Kobberminebugt area are illustrated in Figs. 8 and 9 and may
be compared to the anorthosite xenolith shown by Warron (1965,
fig. 34).
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Fig. 8. Packed felspar crystals in anorthosite xenolith from dyke 8. Note the anhedral
form of the felspars and the scarcity of mafic material. The revolver bullet is 9 mm
in diameter,

Fig. 9. Detail of polished surface of packed felspar megacrysts from xenolith in dyke
8. Note the gabbroic host material which is found both interstitially and along
crystallographic planes within individual megacrysts. 0.7 » natural size.
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Fig. 10. Overgrowth of euhedral plagioclase surrounding an aggregate of closely
packed plagioclase fragments, The megacryst is 15 em long. Dyke 12, west shore of
Isortoq fjord.

Fig. 11. Overgrowth of plagioclase megacrysts on a block of granular anorthosite,

The granular anorthosite has a slight lamination parallel to the pen. Dolerite from

the host fills the interstices between the plagioclase megacrysts to form a pseudo-
ophitic texture. Locality 13, ice margin 18 km east of Kobberminebugt.

Rimmed aggregates. Several xenoliths have been noted consisting
of a central core of either granular anorthosite or comminuted fragments,
similar to the aggregates described above, surrounded by an overgrowth
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Fig. 12. A 38 cm long plagioclase megacryst in a trachydolerite from Qaersuarssuk

(photo. W. S. Warr). Note the nearly euhedral outline, the persistent 010 cleavage

plane and the inclusions within the megacryst of anorthositic material (bottom left-
hand corner).

of plagioclase. This overgrowth may occur as a single subhedral crystal
(Fig. 10) or it may consist of several large crystals growing out from the
early centre (Fig. 11).

ii) Plagioclase megacrysts
The plagioclase megacrysts probably form about 75/, of the total
felspathic material found in the Gardar rocks. Some of them are cer-
tainly derived from the mechanical and chemical breakdown ol anortho-
site xenoliths, However, the proportion of material which can be shown
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Fig. 13. A large anorthosite block in a dolerite dyke at head of Kobberminebugt
(locality 2). The inclusion-free margin of the dyke is seen at top left-hand corner of
photograph. The large anorthosite block is composed almost entirely of plagioclase
with scattered pockets of olivine. Throughout much of the mass the plagioclase
shows a persistent orientation parallel with the straight margin of the xenolith.

to have been formed from early solid anorthosite is remarkably small.
The majority of megacrysts found as single crystals in Gardar hosts
show several properties not seen in the constituent felspars of either
the granular or the laminated anorthosites and their formation is treated
as a separate problem allied to the formation of the anorthosites. The
most spectacular feature shown by the megacrysts is their size. Clear,
glassy, euhedral or subhedral plagioclase crystals and cleavage frag-
ments up to 1 m long have been reported from several localities (Fig.12),
while large anorthositic blocks having the general outline of plagioclase
crystals and a consistent crystallographic orientation throughout the
mass have been noted up to 5m long (Fig. 13). Apart from size the
megacrysts show several other distinctive features. They are quite
commonly black, or at least contain relic black material now surrounded
by a clear rim (Plate 1b). They frequently contain inclusions of either
gabbroic material or mafic minerals similar to those found in the sur-
rounding host rock. These inclusions may occur throughout the mega-
crysts or may be concentrated within a marginal zone surrounding an
inclusion-free centre. The megacrysts occasionally enclose small areas
of less well organised felspathic material with textures and mineralogy
similar to the granular anorthosite.
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Fig. 14. Pseudo-ophitic aggregate of felspar megacrysts in a trachydolerite host,
Qaersuarssuk (photo. W, S, Warr). Note the normal host rock between the crystals.

The megacrysts may be packed together to form a variety of sec-
ondary anorthosites. Compound xenoliths of granular anorthosite and
broken megacrysts are quite common and in some dykes the mega-
crysts may form a loose texture in which ralls of randomly orientated
plagioclase crystals are set in the host rock or in mixtures of host and
large single crystals of augite, olivine or Fe-Ti oxide. This texture is
termed pseudo-ophitic (Fig. 14).

iii) Distribution of xenoliths and megacrysts in Gardar hosts

Although the majority of Gardar hosts contain a mixture of xeno-
liths and megacrysts there is a general correlation between the petrology
of the host and the relative abundance of xenoliths and xenocrysts.
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Tig. 15. Packed felspathic fragments (mainly megacrysts) in trachydolerite dyke,

Narssarssuaq. The lens cap measures 4.5 em in diameter. This dyke has inclusion-

free microsyenite margins. A poor lamination is seen in the tabular felspars parallel
to the dyke margins.

The felspathic early mid-Gardar olivine dolerites are characterised
by a high proportion of large xenoliths. These are often highly irregu-
larly distributed and are commonly found either along the margins of
the dyke or in small early apophyses which may be completely choked
by inclusions. Megacrysts may also be present, however, the majority
are fairly small and would generally be regarded as phenocrysts were it
not for the presence of larger masses of felspathic material. Local ac-
cumulations of granular anorthosite, plagioclase megacrysts, laminated
anorthosites and secondary anorthosites oceur and may reach spectacu-
lar proportions (for example at Narssaq) but these are the exceptions
rather than the general rule. Where this does occur it seems probable
that the inclusions are concentrated near the roof of their host.

The alkali gabbros which form the commonest host rocks in the
Kobberminebugt area contain an almost complete range of primary
anorthosites, giant megacrysts, black megacrysts and many different
types of secondary anorthosite. The more alkali members of the swarm
show a marked increase in the numbers of large, clear, glassy megacrysts
and secondary anorthosites formed from megacryst fragments.

The microsyenite-trachydolerite host dykes are characterised by a
high proportion of moderate sized megacrysts and small xenoliths.
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Pseudo-ophitic intergrowths between megacrysts and host rock are com-
moner in this group of dykes than any other. The felspathic inclusions
show a typical distribution pattern in this group of dykes, with rela-
tively few inclusions in the more alkali margins and increase in both
the size and proportion of the insets, towards the basic centres. The
felspars are frequently subhedral and may show a rough flow orientation
and sorting according to size. A high proportion of the plagioclase insets
are altered and show white against the dark background of the host.
A typical felspar-rich member of the group is shown in Fig. 15.

d) Description of selected localities

The complete description of all the field occurrences of felspathic
dykes visited by G.G.U. geologists during the last 10 years is beyond
the scope of this paper. Many of the features are repetitive and the
descriptions given in the following selection apply in all important
respects to other areas. Most of the localities described are situated
south of Kobberminebugt, in the region around Narssaq or within the
Igaliko intrusion; areas of which we have first hand knowledge.

i) Localities north of Kobberminebugt

The most interesting anorthositic material found in Gardar intrusions north of
Kobberminebugt was collected by E. Bonpesen from an olivine dolerite at the east
end of the island of Térndrssuk. The host belongs to one of the younger Gardar dyke
swarms in the area, probably corresponding to the mid-Gardar south of Kobber-
minebugt. Most of the dyke, which trends NE-SW and reaches a maximum width
of 50 m, is free from inclusions, but where the dyke branches and sends out thin
apophyses into the surrounding gneisses there is an accumulation of small anorthosite
xenoliths (averaging 5 cm in diameter) and megacrysts of olivine and hypersthene
which may reach 3 cm in length. The mineralogy of the xenoliths and the megacrysts
differs markedly from that of the host. The anorthosite xenoliths are considerably
more mafic than the majority seen in the dykes further south; they contain between
25-85 ¢/, of olivine and a little orthopyroxene. The texture is sub-ophitic with the
majority of plagioclase grains surrounded by olivine and orthopyroxene. Apart from
their high content of mafic minerals the inclusions contain a much more calcic
plagioclase than is normally found in the anorthosite xenoliths (see Table 2, p. 75).
A few of the other Gardar dykes on Toérnarssuk and the neighbouring island of
Sermerssht contain felspathic material which may be concentrated near the margins
or where the dykes die out in a ‘“horsetail” of small apophyses.

ii) Localities between Nunarssuit and Sioraq

The belt of country south of Kobberminebugt contains one of the main con-
centrations of felspathic-bearing dykes in the Gardar. The principal localities de-
scribed are numbered on Plate 4. If the locality refers to a major dyke the same
number applies to the dyke along its complete course. There are between eight and
ten major felspathic dykes in the area (depending on correlation of individual dykes
across faults) and a large number of smaller occurrences.

185 3
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Locality 1. The two dykes which trend approximately E-W along the length
of Kobberminebugt may be described together, Both show considerable variation
along their length. The majority of exposures at the western end of the dykes com-
prise medium-grained dolerite with rounded anorthosite xenoliths, usuaily 0.5-2 m
but sometimes up to 6 m in diameter, distributed across the entire width of the
dyke and composing from 5-80 °/, of the area of individual large outcrops. Plagio-
clase megacrysts are scanty and occasionally are clearly seen to be derived from
adjacent anorthosite xenoliths. The fine-grained anorthosite xenoliths disintegrate
much more readily than the coarse-grained ones. Rare secondary xenoliths are
found in the westernmost exposures of the southern dyke. Black felspar megacrysts
with a vitreous lustre are found at the western end of the dykes. Sample 758 AT/59
(supplied by courtesy of the Kryorit SeLskap JrEsunp) illustrated in Plate 1b,
is taken from the southern dyke. Some of the plagioclases in the host rock are dusty
and resemble the megacrysts.

For much of their length, however, the dykes show a well-marked division into
marginal alkali dolerite zones almost devoid of foreign felspathic inclusions and
central zones with abundant inclusions. The different zones lie in sharp planar
contact but no chilling of one zone against another has been observed. At any one
place the marginal zones are equal in width and together compose about one fifth
of the total width of the dyke. Occasionally a plagioclase megacryst lies across the
boundary between them and the central zone.

The marginal zones are fine- to medium-grained dolerite. Plagioclase megacrysts
are very sparse, the largest seen is 20 cn long. Only one anorthosite xenolith was
observed, a rounded block 20 cm wide.

The central zones are of alkali dolerite with plagioclase megacrysts from a few
centimetres to 50 cm long. The megacrysts compose more than 50 °/, of the volume
of the zones and, although often small, are distinct in size from the felspar crystals
of their dolerite host. Often they are elongate and aligned parallel to the length of
the dyke, especially near the margins of the zone. Some anorthosite xenoliths
occur. These are usually rounded and less than 0.5 m in diameter. Other xenoliths

are rare,

Locality 2. The felspathic dykes found at the eastern end of Kobbermine-
bugt may be the continuation of the two dykes described from locality 1. However,
glacial drift, the presence of a large transcurrent fault, and the en échelon emplace-
ment of the dykes themselves makes this uncertain. The northern dyke at locality 2
is well-exposed on the cliff face of the nunatak forming the northern shore of inner
Kobberminebugt. The dyke is approximately 100 m wide, and the host rock con-
sists of a rather altered gabbro. In some places the contact between the dyke rock
and the local country rock (a hornblende-rich diorite} is very difficult to define
exactly. There is commonly a marginal zone to the dyke which is comparatively free
of felspathic inclusions.

The host rock is unusually coarse-grained, resembling the matrix of typical
secondary anorthosites. This coarse texture is especially noticeable along the borders
of some of the xenoliths where the host rock has the characters of a gabbro pegmatite.
Some of the insets are surrounded by a mafic rim. The dyke shows multiple injection;
blocks of the coarse gabbro host together with felspathic inclusions are surrounded
by a fresh dolerite comparatively free of felspathic material. The inclusions show a
crude sorting averaging 10-15 cm at the centre and 2-5 cm at the margin. Cleavage
fragments from large single crystals of plagioclase and xenoliths of granular anortho-
site are both abundant. Many of the xenoliths have a slightly rounded outline or
show fissures filled with host material suggesting that they were subjected to con-
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Fig. 16. Packed anorthosite blocks in dolerite (locality 2, east end of Kobbermine-
bugt). Note the small proportion of host to inclusion.

siderable brecciation before their inclusion. Both inclusions and host rock have been
subjected to considerable alteration which appears to have been the result of accu-
mulation of volatiles during the crystallisation of the host.

The southern dyke at locality 2 consists of three en échelon members which
outcrop for small distances on the greenschist islands at the end of Kobberminebugt.
The two eastern members contain one of the most spectacular accumulations of
anorthositic material seen in South Greenland. The dykes themselves are not par-
ticularly prominent, reaching a maximum width of approximately 15 m. The centres
of the dykes are choked with large anorthosite masses sometimes in blocks over 15 m
long. Foreign material forms between 75-80 °/; of the total area of dyke exposed
(Fig. 16). In some places there is a marginal zone with little or no included material;
in other places the fragments have been thrust against the wall rock and commonly
show signs of crushing and mechanical abrasion. Some of the fragmenls appear to
have been broken by physical impact against each other within the dyke releasing
clouds of felspar cleavage fragments in the process. Generally the blocks show no
preferential alignment but some of the largest xenoliths have a tabular form, the
long axis of which lies parallel to the trend of the dyke. Late veins of dolerite com-
paratively free from felspathic inclusions cut some of the xenoliths and their sur-
rounding host rock. Nearly all the foreign felspathic material in these dykes is a
coarse-grained massive granular anorthosile or felspar cleavage fragments directly
derived from the larger blocks.

Locality 3. The most important felspathic dyke found in Aléingorssuaq
varies between 2-10 m in width. The host, an ophitic dolerite, is chilled slightly
against the Julianehab Granite country rocks but not against the felspathic inclusions.
The inclusions occur throughout the width of the dyke, and are not confined fo a
central zone. Laterally their distribution varies; they average about half the total
visible area of the dyke, but may locally reach 80 ¢/, of the rock exposed. The in-
clusions (Fig. 17) vary from blocks of coarse-grained anorthosite from a few centi-
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Fig. 17. Fragments of granular anorthosite in 10 m dolerite from eastern Alangor-
ssuaq (photo. W. T. Harry).

metres up to 4 m long, plagioclase megacrysts up to 1 m long and plagioclase cleavage
fragments which show a range in size from lens of centimetres down to material
barely distinguishable from the plagioclases of the host. Xenoliths and megacrysts
are attacked by the dolerite, which sends small apophyses into them, but their
instability in the dolerite seems physical rather than chemical; reaction rims around
them are lacking.

Both host and inclusions have been affected by a late alteration which has
saussuritised the felspar and uralitised the mafic minerals in the host. This altera-
tion is common in the gabbroic rocks east of the Nunarssuit intrusion. Most of the
included material weathers to a chalky white and is pale gray or white with a dull
lustre on fresh fracture. Some large megacrysts, however, (e.g. those nearly 1 km
south of Rinks Havn) contain irregular, vaguely defined patches of dark gray or black
plagioclase with a highly vitreous lustre. This dark plagioclase is translucent, dis-
plays pronounced undeformed polysynthetic twin lamellae and is in crystallographic
continuity with the rest of the plagioclase crystal in which it occurs.

Dyke % is one of the most complicated of felspathic dykes in the area as the
rock types forming the host change fairly rapidly along the strike. The dyke can be
traced 35 km from the sea inlet just south of Nyboes Kanal to the ice margin at
Eqalugssuit taserssuat.

For 6 ki along its western extent dyke & has dolerite or syenite marginal
zones 20-40 m wide on either side of an amphibole granite centre 50-100 m wide.
The edge of the granite is rarely seen but where it is visible a hybrid rock separates
the granite from the marginal basic zone. The granite sends veins into the marginal
zones and the Julianehdb Granite country rock. The marginal zones sometimes
contain felspalhic inclusions, which at some localities comprise abundant plagioclase
megacrysts and at other localities comprise anorthosite xenoliths. At one place
numerous Julianehdb Granite xenoliths occur in the dolerite marginal zone of the
dyke. These xenoliths show all stages of digestion by their host. Comparable phe-
nomena are described below from dyke 6. At another locality the composite dyke
has altered the Julianehdb Granite for many metres by partial melting of the older
rock and subsequent contamination of the dolerite. An older, metamorphosed am-
phibolite dyke close to the composite dyke is penetrated by veins of the remobilised
basement granile,
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Fig. 18. Rounded and altered megacrysts of plagioclase in larvikite host of dyke 4
at Eqalugssuit taserssual. The megacrysts are concentrated within 50 cm of the
contact between the syenite and the gabbroic margin of the dyke.

The granite centre of the composite dyke thins out eastwards and the dyke
then consists wholly of syenite without changing notably in thickness. This syenite
continues eastwards for aboul 1.5 km and contains a central lens of granite about
200 m long. For the next 6 km of ils course the dyke is contaminated by assimilation
of Julianehdb Granite xenoliths, which are abundant; a few anorthosite xenoliths
also occur. On the western side of Augiata tasia the dyke is an alkali gabbro relatively
uncontaminated by granitic material, bul on the east side of the lake there are
numerous inclusions of Julianehab Granite in a heavily conlaminated groundmass.
The presence of large amounts of granitic material within the dyke appears to pre-
clude the inclusion of significant amounts of anorthosite. Those parts of the dyke
which contain large numbers of granite inclusions are often difficult to (race in the
drift covered areas to the east.

3 km east of Augidta tasia dvke 4 is again seen as a normal felspathic dyke
with an alkali gabbro matrix. The dyke culs several generations of NE-trending
dolerites but is itself affected by the intrusion of a composite syeno-gabbro. Local
pods of a larvikitic syenite are found in Lhe centre of the dyke: this syvenile is char-
acterised by the development of felspar rhombs up to 2 em long which often weather
out of the more basic matrix. The dyke has not been traced with cerlainty across

_the lake running north-west from the head of Isortoq because of lack of exposure,
however, in the high ground approaching the ice margin, 3 km north-easl of Isortoq,
a broad composite dyke with 2-3 m gabbroic margins and a rhombic larvikitic
syenite centre is found directly along the strike. The gabbroic sheath contains scat-
tered megacrysts and a few anorthosite fragments. In the syenitic centre the inclu-
sions are rare and those found have been severely attacked by the alkali host. On
the ice cleaned margin of the north shore of Eqalugssuit taserssuat the larvikite dyvke
broadens out to approximately 600 m wide. The gabbroic margins to the larvikite
dyke are often severely allered by the emplacemenl of the alkali rocks. In places
there appears to have been some mixing and locally the svenite contains many
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rounded and heavily sericitised plagioclase megacrysts within a metre or so from
the contact (Fig. 18). In other places the syenite breaks through the gabbroic margin.
It appears that the two rock types were emplaced with little time interval between
them; the best evidence for this is the way in which the gabbro follows the irregu-
larities of the dyke form, suggesting that it was still plastic when the larger mass of
syenite was intruded into the fissure. The last phase of intrusion of the dyke was
the formation of a series of thin alkali granite veins and a single small dyke of
plagioclase, chlorite, Fe-Ti oxide rock with a bulk composition close to an alkali
gabbro. Three chemical analyses of the main rock types are given in Table 4, p. 124,
Nos 8, 9 and 10.

The dyke cuts several earlier generations of Gardar rocks in the area, including
one of the other major felspathic dykes (dyke 6) see Fig. 22, p. 42. It is cut by the
east-west transcurrent fault which crosses Eqalugssuit taserssuat. The continua-
tion of the larvikite dyke to the east has not been found although a rather brecciated
mass of dykes containing some anorthosite fragments occurs on the south side of
Eqalugssuit taserssuat close to the Inland Ice.

A dyke which, although devoid of xenoliths, might be the westward continua-
tion of dyke 4 forms the south coast of the island Qeqertarssuanguaq near SE Alan-
gorssuaq. It trends ENE, is about 70 m wide and contains a centre of quartz por-
phyry that in places passes rapidly into syenite. The margins of the dyke are ural-
itised ophitic dolerite locally felspathised by the syenite. The porphyry centre en-
closed blocks of the dolerite and lies in irregular contact with. the latter, without
evidence of chilling.

~ocality 5. The Bangs Havn complex, seen at Bangs Havn in Nunarssuit
and on the mainland to the north-east, provides interesting data. This complex,
about 1 km wide, is a lenticular congeries of anastomosing gabbroic dykes enclosing
areas of syenite and amphibole granite (Fig. 19). On the mainland felspathic inclu-
sions are most abundant in the gabbro surrounding the western area of syenite,
sporadic and less common in the gabbro round the eastern syenite. The syenite
grades into granite over several metres but has a relatively sharp contact with the
gabbro, which develops marginal pegmatite and is highly uralitised whilst the other
rocks are unaltered. Spectacular trough banding is developed in the mafic eastern
syenite.

The felspathic inclusions in the gabbroic rocks are gray or white plagioclase
insets and, perhaps to a lesser extent, anorthosite xenoliths. A large proportion of
the felspars locally show a purple tinge thought to be the result of the breakdown
of an original black pigmentation. The insets measure up to 35 cm long and present
a broken or corroded outline. Many are cleavage fragments. The corners of some
have been rounded so that they present a roughly oval shape. A sorting according
to size is often evident, the insets within one outcrop then being roughly of the same
dimensions. Inclusions of mafic or doleritic material can occur in the insets, frequently
in trains parallel to the (010) cleavage.

The rocks richest in plagioclase insets form fairly well defined areas from less
than 1 m up to more than 50 m wide surrounded by gabbro either poorer in, or devoid
of, foreign felspar. These areas may be sharply bounded or, more commonly, pass
gradually over distances of up to a few metres into the surrounding gabbro. The
latter occasionally becomes finer grained close to the felspathic areas (Fig. 20).

In general the felspathic rocks comprise about 759/, by volume of broken
plagioclase crystals set in an uralitised mafic ground, but felspathic material can be
even more abundant and rocks of all compositions in the range felspathic gabbro
to anorthosite are present. Some difficulty can arise in distinguishing anorthositic
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Fig. 20. Secondary anorthosite xenolith from the Bangs Havn complex. The xenolith

consists of a moderately well-sorted aggregate of felspar fragments set in a gabbroic

groundmass. This in turn is included in a younger gabbro. In places, for example

along the upper right-hand margin of the xenolith, the second gabbroic phase is
chilled against the older rock.

Fig. 21. Inclusion of granular anorthosite with chilled gabbroic rim set in a fel-
spathic secondary anorthosite.
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members of this series (which is clearly a secondary series formed by incorporation of
fragments of anorthosite in basic magma) from xenoliths of the original anorthosite.
Such secondary anorthositic rocks, however, can contain some gabbroic xenoliths
and thin mafic rims may occur round their component fragments (Fig. 21). A thin
mafic zone can occasionally also occur at the contact between normal gabbro and
the secondary anorthosite xenoliths themselves.

The gabbro immediately surrounding the larger fragments within the secondary
anorthositic areas is commonly finer grained than that around the other felspathic
fragments in the xenolith-rich rock.

Dyke 6 can be traced from the north-east shore of the sea inlet Tarajornitsoq,
2 km to the east of Bangs Havn, to the ice margin at Eqalugssuit taserssuat, 30 km
to the north-east. It varies between 10-100 m wide, averaging 50-70 m. It probably
contains a greater volume of felspathic material than any other dyke mapped so
far in South Greenland, and a high proportion of the detailed petrological and min-
eralogical studies described later have been carried out on samples collected from this
dyke. No definite connection can be established between dyke 6 and any particular
member of the plexus of Gardar dykes forming the easternmost extension of the
Bangs Havn complex as the distribution of insets in these is sporadic and no other
petrological peculiarities can be used. The general strike, and the fact that the Bangs
Havn complex contains many inclusions of a similar nature to those in dyke 6,
suggests however that a connection exists at depth.

The dyke is fairly constant in rock type with none of the lithological variation
which characterises dyke 4 and which is described below from dyke 8, 200 m to the
south. The host is a rather alkaline gabbro occasionally with narrow anorthosite-free
margins. In some places thin dykes of fine-grained microsyenite with rhombic felspar
phenocrysts occur near the margins of the main dyke. These alkali rocks show a
variable relationship to the main dyke; in places they cut across the gabbroic host
and the anorthosite inclusions but generally they appear to be a slightly earlier phase
of intrusion in the same dyke fissure. Similar features are described in more detail
from dyke 8 from the nunatak, 10 km to the east of Kobberminebugt. In some local-
ities the dyke is chilled against the country granite, in others considerable rheomor-
phism has taken place with veins of remobilised granite back-veining the dyke.

The dyke has several en échelon breaks and locally shows sudden changes in
thickness. It is cut by the gabbro margin and syenite centre of dyke 4.

At several points along its length the dyke runs parallel to and abutting dolerites
with little or no included felspathic material. It is commonly difficult to decide
whether these represent non-felspathic components of the dyke intruded essentially
at the same time as the felspathic dyke or whether there are two or more dyke
generations in the same fissure. Probably both occur. The relationship is further com-
plicated in areas, such as at the head of Isortoq, where the dyke splits into two, one
arm being comparatively free of inclusions at the junction but regaining its felspathic
nature along the strike. In this respect the dyke resembles the anastomosing dolerites
of Bangs Havn where there is a sporadic distribution of anorthosite not restricted
to any one member of the complex. The best exposed example of this phenomenon
occurs in the ice-polished slabs directly to the south of the intersection between
dykes 4 and 6 (Fig. 22). At this point dyke 6 consists of three components each of
which may become independent of the others and chill along both margins against
the local gneiss. The largest of these three units is an inclusion-rich southern com-
ponent, approximately 50 m wide with a chilled but highly irregular joint controlled
contact against the local dioritic gneiss. The dyke host rock is a hornblende gabbro
which does not appear particularly fresh in the field, probably due to autometa-



42 D. BrRipcwaTter and W. T. Harry 11

200 m
Larvikite centre, dyke 4 2
Gabbro margin, dyke 4
Microsyenite - trachydolerite
Non-felspathic gabbro,dyke 6

Felspathic gabbro, dyke 6

Eqalugssuit taserssuat

Fig. 22. Sketch map of dykes 4 and 6 at Eqalugssuit taserssuat.
morphism caused by the late accumulation of volatiles in the dyke fissure. Following
the emplacement of the felspathic gabbro there was the intrusion of a 20 m wide
gabbroic dyke. This may be traced westwards for several kilometres as an independent
dyke but where it meets the felspathic dyke there is considerable difficulty in separ-
ating the two units. The contact between the two rock types is highly complex and
it appears that the older inclusion-rich component of the dyke was still plastic when
the second pulse of magma was introduced. The inclusion-free unit intrudes into the
older rock without chilling against it; the contacts are generally non-planar and are
very difficult to follow even on the ice-polished surfaces.

Closely associated with the two main components there was the intrusion of
a microsyenite-trachydolerite dyke which reaches a maximum width of 5 m. This

Fig. 23. Inclusion-rich area in dyke 4 at Eqalugssuit taserssuat. Note the good
size-sorting and the sharp though not chilled boundaries to the inclusion-rich area.
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Fig. 24. Detail from the accumulation of felspathic material seen in Fig. 23. Most
of the insets are either fragments of large felspar crystals or aggregates of felspar
fragments. The compass is 6.4 cm in width.

chills against the country rock. It shows a distinct zoned sltructure with margins
of fine-grained microsyenite containing rhombs of alkali felspar; an intermediate
zone of alkali gabbro containing a few, rather altered, plagioclase megacrysts and
a few alkali felspar rhombs; and a central zone with many black plagioclase mega-
crysts but no alkali felspar rhombs., The marginal syenitic zones are not constant
along the length of the dyke. The age relationships between the microsyenite-trachy-
dolerite and the main components of dyke 6 are not clear. Thin late veins of a dense
almost glassy green-black material apparently connecled with the microsyenite-
trachydolerite cut the main felspathic component but have irregular contacts with
the slightly later non-felspathic dyke. It appears that all three components were
emplaced within a short time interval.

The felspathic component of dyke 6 contains a very large variety of fragments.
Both xenoliths and megacrysts occur. There is a high proportion of large megacrysts,
cleavage fragments, and secondary anorthosites formed from slightly crushed
megacrysts surrounded by thin films of mafic material. Locally the dyke contains
large amounts of clear, glassy megacrysts which make excellent museum specimens.
The felspathic inclusions show an unequal distribution in the dyke, the margins
may be free and the centre crowded or the inclusions may be concentrated in trains
either near the centre or at one margin. There is frequently a good sorting of the
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Fig. 25. Irregular distribution of insels in an alkali-gabbro. The large xenolith seen

on the extreme right appears to have acted as some form of barrier so that there is

a comparatively inclusion-poor zone behind it. The hammer-shaft lies parallel with

the margin of the dyke. There is a slight preferred orientation of the more tabula

plagioclase crystals parallel with the margin. The suggested direction of flow is
towards the NE. Dyke 6, Eqalugssuit taserssuat.

fragments which is purely dependent on their size and not their textural variety
(Fig. 24). This may lead to the larger fragments being concentrated near the centre
and the smaller near the margin but frequently there appear to have been several
phases of injection and the distribution of a particular size of inclusion in the dyke
may be complex. No internal chilling has been noted between the different fractions
found in the dyke, although many changes either between felspathic and non-
felspathic or between hosts bearing one size of inclusion and hosls bearing another
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Fig. 26. Anorthosite inclusions in olivine gabbro apophysis, locality 7, east of Kob-
berminebugt. Note the apparent attack by the host on the xenoliths releasing irregu-
lar inclusions (bottom right-hand corner of photograph). The attack seems to be
concentrated on the interstitial mafic material in the xenoliths. Late xenolith-free
dolerite apophysis cut the inclusions and their host. The pencil is 7 mm wide.

size of inclusion may be sharp and planar. Frequently particularly dense accumula-
tions of inclusions occur in patches surrounded by comparatively inclusion-poor
host rock (Fig. 23). Most of the fragments are approximately equidimensional and
therefore show no preferred orientation, though there is some local evidence that
lateral movement took place within the fissure. Fig. 25 shows a large xenolith which
has apparently acted as a barrier round which small fragments have streamed. The
sense of movement of the small fragments relative to the large appears Lo have been
towards the north-east.

Locality 7 is from one of a small group of felspathic dykes which outcrop
along the ice margin belween the eastern end of Kobberminebugt and Eqalugssuil
taserssuat. It is of particular note as it is one of the few places from which hypersthene
has been found in a primary anorthosite xenolith. The sample (G.G.U. 61080) was
taken from the mafic interstitial material found in a granular anorthosite the plagio-
clases of which show a poorly developed laminated texture (Fig. 3, p.22). The
mafic material occurs in pockets and consists dominantly of hypersthene, olivine,
a little Fe-Ti oxide and possibly some clinopyroxene. The xenoliths are concentrated
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Fig. 27. Sketfch to show the distribution of rock types found in dyke 8, NE corner

of the nunatak 10 km east of Kobberminebugt. Note the early discontinuous margin

of trachydolerite, the inclusion-rich centre of the dyke chilled against the trachy-

dolerite margin, and the late inclusion-poor veins which can be followed out from
the centre of the intrusion into the country rock.

in a 2 m apophysis of an olivine gabbro thought to have been intruded earlier than
the majority of felspathic dykes in the area. There are few felspathic inclusions in
the main dyke while the apophysis is choked with an ill-assorted mass of anorthosite
xenoliths, plagioclase megacrysts, and occasional blocks of Julianehdb Granite. Many
of the megacrysts are black or mauve while the xenoliths are white. Thin inclusion-
free dolerite veins from the main dyke cut and chill against the apophysis suggesting
that the felspar-bearing part of the dyke was intruded early. Some of the xenoliths
show signs of chemical attack by the host. This is particularly strong in the vicinity
of the granite inchisions suggesting that the host possessed greater power to attack
anorthosite inclusions when it was contaminated by less basic material. Away from
the granite inclusions the anorthosite xenoliths are generally fresh although the
interstitial mafic material may be attacked by the host, releasing some plagioclase
xenocrysts (Fig. 26). An analysis of an uncontaminated part of the apophysis is
given in Table %4, No. 2. It is the most basic host analysed from the Kobberminebugt
area.

Dyke 8 is composed of three en échelon dykes cutting the granite on the north-
ern margins of the nunatak 10 km to the east of Kobberminebugt. It shows many
features in common with dyke 6 although it is unlikely that there was ever direct
connection between them, at least at the level of the present surface. Movement
along the E-W transcurrent fault, separating the rocks on the nunatak from those
further south, has destroyed the exact relationship between the two dykes.

Dyke 8 reaches a maximum width of approximately 80 m tapering out to 1 or
2 m at the end of each of the three en échelon components. Each component dyke
has a discontinuous margin of microsyenite-trachydolerite with rhombs of alkali
felspar and some plagioclase megacrysts. These margins vary between 2 m to a few
centimetres. They are especially well developed where the main dykes thin out at
the en échelon breaks. In a few places the rhomb-porphyry forms independent dykes
close to the margins of the main body. The central gabbroic zones of the rock are
demonstrably younger than the marginal porphyry as the basic rock sends out veins
through the more alkali rock into the surrounding granite. In many exposures it
appears that the rhomb-porphyry was partially stoped away when the main dyke
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Fig. 28. Anorthosite xenolith from dyke
8 composed of an aggregate of crushed
fragments. Some of the crushing appears
to have taken place since the fragments

Fig. 29. Rounded xenoliths of an early
non-felspathic phase of an olivine dole-
rite surrounded by the late felspathic
phase found in the centre of the dyke.

Note the protruding augite crystals in
the triangular block. The outcrop shown
measures 50 cm across.

were compacted together since there is a

cleavage direction common to many of

the fragments which does not follow a

rational crystallographic plane in indi-
vidual felspars.

was emplaced. A diagram of the relationships seen at the eastern end of the central
unit is shown in Fig. 27. Three analyses of this dyke are given in Table 4, Nos. 3,
4 and 5.

Much of the outcrop of the dyke is covered in rubble of broken down host rock.
The felspathic fragments tend to be less affected and large blocks of felspar are
scattered along the strike of the dyke. They form between 20 and 50 ¢/, of the area
of most fresh outcrops. Many of these felspars are the clear, glassy type described
from dyke 6; other blocks show a variety of secondary anorthositic textures. Blocks
composed of large, glassy felspar with a very small amount of gabbroic material
between the individual plagioclases are common. Many show some signs of crushing
(Fig. 28). Compacted fragments of felspathic material apparently derived by the
mechanical breakdown of large plagioclase megacrysts are common (I'ig. 8, p. 27).

Approximately 200 m north of dyke 8, close to the north-west corner of the
nunatak, there is a series of thin dolerite dykes which contain scattered plagioclase
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Fig. 30. 60 cm dolerite dyke (the photograph is taken looking along the trend of the

dyke) in which there is a sharp junction between an inclusion-poor rock in the fore-

ground and an inclusion-rich area further away in the picture. No chilling is seen

between the two rock types which interfinger and which were apparently emplaced
in the dyke fissure at the same time.

megacrysts. The main interest of the dykes lies in their mechanics of intrusion which
appears to have been complex. The main dyke is approximately 5 m wide. It consists
of a chilled, trachydoleritic, glassy contact zone 10-20 cm wide with a local spherulitic
texture and some flow alignment of microlites. From 20 ¢cm up to about 1.5 m from
the margin the dyke is a moderately fine-grained olivine dolerite. The centre consists
of a 2-3 m zone rich in plagioclase megacrysts. The felspathic part of the dyke has
sharp contacts with the outer zones although no chilling is seen. In the central zone
there are numerous rounded fragments of dolerite which resemble the surrounding
non-felspathic part of the dyke except that they contain prominent augite crystals
which protrude from the weathered surface (Fig. 29).

Surrounding the main dyke there is a swarm of thinner dykelets most of which
are glassy and resemble the margins of the main dyke. One of the dykelets, which
is approximately 0.6 m wide, contains chilled dolerite along half of its length and
porphyritic dolerite along the other half. The junction between the two rock types
is shown in Fig. 30. Neither rock type is chilled against the other and it seems that
the most plausible explanation is that they were both introduced into the fissure at
the same time but at slightly different places. Where they met the two magmas were
only slightly miscible and interdigitated in the manner seen in the photograph.

Dyke 9 runs parallel and 200 m to the south of the western end of dyke 6.
It seems highly likely that it was intruded during the same phase of dyke activity
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as where it has not been contaminated by the assimilation of granitic material it
shows many of the same feature as dyke 6. It is probable that the dyke represents
one of the dolerites running north-eastwards from the Bangs Havn complex. The
dyke varies from 50-100 m wide in the west to a maximum of 500 m in the east.
Felspathic inclusions are rare in the western half of the dyke {mapped by J.S.
WarrersoN) but Julianehdb Granite xenoliths are abundant and differ from the
basement granite seen adjacent to the dyke. Since all the granite xenoliths in the
dykes described by Warrterson from the Ilordlog area are similar in type they have
probably been derived from one extensive deep-seated mass. In dyke 6 they are
usually 20-50 cm wide and rounded in outline. They comprise about 10-20 °/, of
the dyke, are leucocratic, medium- to coarse-grained and seldom foliated, although
some are highly foliated and presumably derived from mylonite zones.

The granite xenoliths show various degrees of assimilation by the dolerite,
which preferentially attacked the felspar of the granite. Quartz, forming 20-40 9/,
of the granite, has not been dissolved significantly —if at all—by the dolerite magma.
Where assimilation was most intense the dolerite is comparatively pale in colour.

An inclusion of anorthosite occurs in this assimilation zone but, in contrast to
those described on p. 46, shows no marked evidence of reaction with its host.

The various types of felspathic inclusion are haphazardly distributed and all
can be closely associated. The majority of xenoliths are even-grained and massive
with felspar forming about 95 ¢/, of the volume of the rocks. A few xenoliths occur
with tabular felspars 5-8 cm long, 0.5 cm thick, aligned in parallelism. In two blocks
the mafic minerals were aligned in trains giving a pronounced banding to the xenoliths.
Secondary anorthosites, similar to those described from Bangs Havn, have been
noted and a few xenoliths in which magnetite forms over 20 ¢/, of the rock may be
of secondary origin. Some xenoliths contain plagioclase crystals up to 40 cm long;
these are thought to be of the same type as the aggregates of large megacrysts de-
scribed from dyke 8.

At the eastern end of the ground mapped by Warterson the dyke broadens
out to approximately 150 m. As the dyke widens there is a gradual increase in the
size and volume of felspathic inclusions, and an increase in the proportion of xeno-
liths to megacrysts. WATTERsoN has estimated that in places the xenolithic content
exceeds 85 ¢/, of the dyke volume with some of the xenoliths measuring 25 m long.
Felspathic inclusions may occur throughout the width of the dyke or be confined to
a central zone abruptly separated from a marginal zone of dolerite almost devoid
of inclusions.

Directly west of the neck of land separating Augidta tasia from the arm of the
sea the dyke contains a central granite zone 80 m wide intruding the gabbro. The
granite can be followed for 50 m along the strike of the dyke then, after a concealed
tract of 40 m, dolerite is seen for 20 m highly contaminated by assimilation of felspar
from granite xenoliths.

East of the sea inlet Augia the dyke broadens out gradually until it reaches a
maximum of 450-500 m after which it decreases rapidly, finally disappearing beneath
a lake. Unlike the major felspathic dykes described in the preceeding paragraphs it
does not continue eastwards, the shape is thus roughly that of a match stick. The
bulbous north-east end of the dyke, which measures approximately 3 km by 450 m,
appears to have formed by the choking of a gabbro with large xenoliths so that
further lateral extension of the dyke was impossible.

The relationship between the host dyke and the anorthositic xenoliths in the
bulbous end of the dyke is complex. The core consists mainly of massive granular
anorthosite composed of closely packed 2-3 cm plagioclase grains with a negligible

185 4
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mafic content. The margins consist of a fresh gabbro which often shows some lamina-
tion in the host felspars. This lamination dips at a low angle inwards from the margins
of the dyke. The gabbroic margins vein into the centre. Detached fragments from the
anorthosite core occur within the host and form the normal xenolithic material seen
in the westerly extension of the body. In some places the anorthositic core has been
thrust against the country rock, in others there is a gabbroic mantle which may
locally be free of xenolithic felspar. Evidence for the method of emplacement of this
body is scanty; the anorthosite appears to have been brought up as one or two
massive “plugs” which have broken down during transport. There is nothing to
suggest that the present relationships are due to an accumulation of smaller frag-
ments within the host itself.

Like many other of the felspathic dykes, dyke 9 is associated with several
fine-grained microsyenites or fine-grained alkali trachydolerites which contain rhombs
of heavily zoned alkali felspar. These are seen close to the northern contact of the
bulbous mass; their exact field relationships are unexposed.

The only other xenolith approaching the size of the blocks of anorthosite from
Augiata tasia occurs in a dyke approximately 5 km to the east (locality 10, Plate 4).
Here a single block of fresh granular anorthosite measuring approximately 20 by 30 m
is found in an uralitised dolerite belonging to the mid-Gardar swarm. The occurrence
is unusual as the dyke contains no other felspathic xenoliths (apart from small
fragments obviously derived from the large block). The block resembles the masses
from dyke 9 both in texture and composition. The dyke sends anastomosing veins
into the anorthosite block, apparently assisted by a chemical attack on the inter-
stitial mafic material.

Dyke 11 outcrops for 17 km in the areas on either side of Isortoq. It may
continue further to the west than shown on Plate 4 but it loses its characteristic
plagioclase megacrysts in the west of its outcrop and cannot be traced with certainty
across the sea inlet Augia. It contains a smaller proportion of felspathic material
than many dykes and is only used as an example of one of the many transitional
dykes between the felspathic rocks and Gardar intrusions with no insets. If it were
not for the presence of the more spectacular felspathic rocks packed with inclusions,
the megacrysts could be regarded as phenocrysts without discussion.

Where it is typically exposed on the shores of Isortoq the dyke is 20 m wide.
It chills against an older gabbro. It contains scattered plagioclase megacrysts up to
30 cm long, often with a moderately well-developed tabular form. The outer 2 m of
the dyke are free of felspar insets. At the margins of the central zone the insets are
generally less than 1-2 ¢cm in length and form about 1 ¢/, of the dyke rock, nearer
the centre the insets increase in size and total volume until they average about 5 ¢/,
of the rock. Many of the felspars show a distinct alignment with the dyke margins
suggesting that their distribution is controlled by flow within the dyke fissure. Most
of the felspars are clear but scattered examples show glassy, black cores rimmed by
clear material. The majority of the felspar insets are megacrysts or cleavage frag-
ments, which often contain mafic inclusions along the (010) plane. A few of the
felspathic inclusions are anorthosite xenoliths; these average about the same size
as the megacrysts while their constituent plagioclase grains are considerably smaller
than the megacrysts.

Dyke 12 is the only major microsyenite-trachydolerite dyke mapped in the
ground between Kobberminebugt and Qaersuarssuk. The field relations are described
in some detail as it appears that it can be used as a type example for the numerous
occurrences of this group of felspathic rocks which occur further east. It extends for
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Fig. 31. A megacryst of plagioclase in a trachydolerite dyke. Note the fresh labra-
doritic centre and the altered rim. The bullet is 6 mm in diameter.

30 km from Usua to the east of Kutsiaq where it disappears under the Inland Ice.
Several en échelon breaks have been mapped. However, the petrology of the host
rock is so distinctive that it may be treated as one unit.

The host consists of two main components; an ouler marginal facies of fine-
grained gray-green to black microsyenite set with scattered white or pink rhombs
of alkali felspar and very few felspathic inclusions; and a central zone generally
occupying at least 80 ¢/, of the dyke fissure consisting of a felspathic, highly alkaline
gabbro. No chilling is seen between the two components although the boundary
between them is generally abrupt. The marginal microsyenites are generally equal
in width on either side of the central zone; their width shows no fixed relationship
to the total width of the dyke, so that in the west where the dyke thins to under
10 m they occupy a third or more of the fissure while they are often only 1-2 m wide
where the dyke reaches its maximum width of 35 m to the west of Isortoq. The
marginal microsyenile sends veins and apophyses into the surrounding granites and
may continue for some way into the country rock without a central felspathic core
where the dyke thins at en échelon breaks. Although there is no chilling between the
two components it is clear that the margins solidified before the emplacement of the
dyke centres, Occasionally the centre intruded through the margins and chills against
the country rock and there are some inclusions of the marginal facies in the more
basic centre. At a few localities the marginal rocks appear slightly sheared before
the intrusion of the centre; this is thought to be due to effects during the emplace-
ment of the dyke material rather than due to a regional movement affecting the early
part of the dyke. Chemical analyses of the margins and the central parts of the dyke

4%




52 D. BripgwATER and W, T. Harry 11

Fig. 32. A sample of trachydolerite with altered plagioclase megacrysts (light) and
alkali felspar rhombs (dark, fretted crystals with light margins). Loose block, ice-
margin near dyke 12. The bullet is 6 mm in diameter.

are given in Table 4, Nos. 12-21 inclusive. A block diagram, based on the relation-
ships seen in this dyke is shown in Plate 3.

The distribution pattern of felspathic inclusions within dyke 12 is moderately
constant along its strike although both the average size and total volume of the
inclusions vary from place to place. Typically the marginal zones are between 1 and
2 m wide although in places they may reach 4 m. They are free of felspathic material,
except for a few scattered patches of plagioclase crystals which are often larger and
differ in general appearance from the inclusions in the central zone.

The central zone shows a gradual increase in the amount and size of the inclu-
sions away from the margins; there is commonly a moderate preferred orientation
of the fragments so that the tabular megacrysts are aligned parallel to the dyke
walls. The average size of the inclusions in the central zone varies along the strike;
there is a tendency for larger, fresher inclusion in the centre of the dyke where il
reaches its maximum width. In the areas where the average size of inclusion is greater
than 10 cm there is a larger proportion of xenoliths to megacrysts than elsewhere.

The felspathic inclusions from dyke 12 have a characteristic appearance which
distinguishes them from the inclusions in other dykes from the same area. Compared
to the wide range of xenoliths from basic hosts the inclusions from microsyenite-
trachydolerite dykes tend to be smaller, better sorted, and to contain a higher pro-
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Fig. 33. Loosely-packed plagioclase megacrysts forming a pseudo-ophitic aggregate.

The interstices between the plagioclase crystals are filled with material from the

host dyke, augite, olivine, and Fe-Ti oxides. Localily 13, ice margin 15 km east of
Kobberminebugt.

portion of megacrysts to xenoliths. Many of the fragments are altered to a chalky
white sericitised plagioclase which stands out against the host rock. This is particu-
larly noticeable if the felspars have non-altered centres (Fig. 31). Although alteration
is common in inclusions from basic hosts it is rarely so distinct as that seen in the
microsyenite-trachydolerite hosts. The alteration is particularly marked in the small
subhedral plagioclase megacrysts characteristic of the outer parts of the central zone.
Rhombs of alkali felspar, some of them with centres of sericitised plagioclase are
often found in the outer parts of the central felspathic component of the dyke
(Fig. 32).

Two felspathic dykes are found in close proximity at locality 13. These trend
parallel to each other WSW from the ice margin at the head of Kitsiaq. The northern
dyke of the pair is a normal dolerite with one large mass of anorthosite over 10 m
long and few other xenoliths. The dyke is heavily sheared in a NE-SW fault zone
along the ice margin.

The southern dyke runs south of the fault zone; il possesses a very distinctive
appearance over much of ils north-eastern outcrop due to the partial or complete
assimilation of blocks of Julianehdb Granite which have conlaminated the dolerite.
To the south-west the dyke can be followed through the ground mapped by K. Coe
as a normal dolerite without inclusions of either granite or anorthosite. At the mouth
of Isortoq the dyke runs in close proximity lo a giant syeno-gabbro dyke which
sends alkali veins into il. It cuts an early Gardar NW-lrending dolerite and both
dykes were sheared by a NE fault before the intrusion of the syeno-gabbro. Anortho-
site fragments are concentrated in two sections of the dyke; within 200 m of the ice
margin and 1.5 km to the south-west. In both these sections the contamination of
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Fig. 34. Detail of pseudo-ophitic texture, locality 13. A single interstice is filled with
host dyke rock, sub-ophitic olivines and Fe-Ti oxides moulded onto the plagioclase.
Note the inclusions of host dyke and dark minerals along the 010 plane of the felspars.

the host rock with inclusions of Julianehdb Granite is lower than in the surrounding
anorthosite-free sections of the dyke. This would suggest that the dyke picked up
either anorthosite or granite but not both at any particular point along its strike.
Near the ice margin felspathic inclusions account for approximately 30 °/, of the
exposed dyke. These felspathic inclusions show complicated relationships with the
host rock which have an important bearing on the interpretation of textures seen in
the inclusions from other dykes. The felspathic material occurs as loosely compacted
subhedral plagioclase grains between which the normal dolerite of the host has
solidified giving a coarse-grained ‘‘pseudo-ophitic” texture (Fig. 33). Some of the
interstices between the grains contain large crystals of ilmeno-magnetite, olivine and
augite all of which may surround the plagioclases ophitically or subophitically. In
many instances a single interstice is filled partly with a single large grain of one of
the above minerals and partly by the host dolerite (Fig. 34). The mafic minerals
may show signs of instability in their host. The plagioclase grains contain trains of
mafic mineral or dolerite aligned parallel to the (010) twin plane.

The formation of this texture from the granular anorthosites, which are re-
garded as representing the nearesl approach to the original anorthosite preserved in
the xenoliths, can be seen in Fig. 11, p. 28. This photographs show a slightly lamin-
aled granular anorthosile block composed almost entirely of tabular plagioclase
crystals averaging approximalely 0.3x1 cm aligned approximately parallel to the
pen. The granular anorthosite is overgrown by subhedral plagioclase crystals pro-
jecting into the host dolerite. There seems little doubt that these crystals have grown
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Main felspathic localities in the Narssaq area
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A
TUGTUTOQ &
Ly
.
\
el Assorutit
\ 15
16
Old harbour
. o . &

clspathic locality (diagramatic :
(@ Jrclspachic locality {diag ) T8
_Fclspz\(hic locality described Mid-Gardar gabbro NARSSAQ

In texe i] Early Gardar
mLﬂtC Gardar intrusion yenite and gabbro

Mid-Gardar sycnites and - Felspathic dyke
alkali anitcsy ‘ (diagramatic) 3K

h 2

Fig. 35. Sketch map of the important anorthosite-bearing rocks in the Narssaq area.

outwards from the earlier block due to the precipitation of new material from the
host dyke. Some of the overgrowth crystals project back into the laminated block
which may suggest either a partial recrystallisation of the earlier texture or that
some individuals have acted as preferential sites of plagioclase crystallisation in the
new environment.

iii) Localities between Tugtutdq and Ilimaussaq

A sketch map of the important localities in the Narssaq-Tugtutdq area is
shown in Fig. 35, compiled from maps drawn by B. G. J. Urron and J. W. STEWART
with a few extra observations made by one of us (D.B.). The regional geology is
described by Upron (1961, 1962 and 1964). The most important locality described
by Urron is at Assorutit on the eastern end of Tugtutdq (locality 15, Fig. 35). This
has already been described on p. 24 as it is the type locality of the laminated anortho-
sites. Further information is to be found in the petrological section of this paper and
in the papers by Upron cited above.

The swarm of microsyenite-trachydolerite dykes which pass through Tugtutdq
on to the Narssaq peninsula provide considerable information about the mode of
emplacement of these dykes and the relationship between the anorthosites and their
hosts. One of them, a 16 m ENE-WSW dyke is described on p. 141 in the section on the
petrology of the Gardar hosts (loeality 16, Fig. 35). The second, a small dyke on an
island to the south of Tugtutéq (loeality 17, Fig. 35), is of particular interest because
of the large variety of felspathic fragments included in the central zone. These are
illustrated in Fig. 36 and by Urton (1962, fig. 12, p. 34; 1964, fig. 12, p. 32). The
host consists of a 10 m wide central zone of trachydolerite choked with inclusions
and a narrow disconfinuous marginal zone of microsyenite set with alkali felspar
rhombs. The central zone is more clearly divided from the margin than in most
members of this group of dykes and has broken through the margin to chill against
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Fig. 36. Accumulation of felspathic fragments in a trachydoleritic matrix, locality 17,

Fig. 35. Note the variable textures shown by the xenoliths. Above the hammer fo

the left there is an irregular accumulation of plagioclase-rich granular fragments

surrounded by a slightly more mafic anorthosite. Above the hammer to the right
there is an overgrowth of megacrysts on a loosely-packed aggregate.

the country rock in several places. The inclusions range from xenoliths of fresh
laminated anorthosite similar to those seen at Assorutit, masses of granular anortho-
site, single megacrysts up to 20 em long with inclusions of gabbroic material along
the (010) plane, and compound blocks made up of comminuted felspar grains set in
an indeterminate matrix. Blocks made up of loosely packed megacrysts sel pseudo-
ophitically in the host gabbro are quite common. Some instances of large felspars
radiating from a finer grained inclusion of earlier anorthosite of the type described
from locality 13 have been noted. The majority of fragments, with the exception of
the scattered xenoliths of laminated anorthosite, have been severely altered. Fresh
centres are found in some of the megacrysts.

The Narssaq gabbro (locality 18, Fig. 35) contains a vast amount of felspathic
material varying from the almost ubiquitous plagioclase megacrysts to masses of
granular anorthosite measuring tens of metres in diameter similar to those de-
scribed from Kobberminebugt. In many places the smaller fragments have been
incorporated into the fabric of the host and it becomes very difficult to be certain
whether some of the felspars are derived from the breakdown of anorthosite or
whether they are true phenocrysts separated from the host magma. In many cases
the megacrysts and blocks of granular anorthosite are surrounded by a rim of chlorite
believed to have been derived by the alteration of olivine (Upron, 1964, plate 3,
fig. 2).
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The distribution of felspathic material within the Narssaq gabbro is highly
irregular. Between Narssaq old harbour and the southern contact of the body there
is a general concentration of material while to the north-west there is comparatively
little. The south-east contact of the gabbro against the over-lying Gardar sandstones
shows a 8 m marginal facies in which there is a fairly high percentage of megacrysts,
the actual contact of the dyke is rather sheared and apparently devoid of felspathic
material.

One of the commonest features seen within the gabbro is the formation of
secondary anorthosites similar to those described from Bangs Havn (p. 39). A
particularly well-preserved example of this phenomena is seen on the north shore
of Narssaq old harbour where a large anorthositic gabbro mass is surrounded by
gabbro with few other xenoliths. The block is made up of two components: broken
masses of plagioclase megacrysts and xenoliths, and a surrounding host of very
coarse-grained gabbro in which the felspars are distinctly tabular and show local
lamination similar to that seen in the Assorutit mass. An analysis of this composite
block is given in Table 1, p. 72, sample 49320. Similar secondary blocks are found in
many places in the gabbro and there is every gradation between blocks made of
granular anorthosite fragments compacted together with little or no interstitial
host material and more mafic “anorthositic gabbros” in which megacrysts and blocks
of granular anorthosite are incorporated into a secondary host. In the latter case it
is quite common to see augite and olivine enclose a derived plagioclase megacryst
subophitically. In many places the coarse gabbro forming the host in these secondary
xenoliths resembles the coarser grained felspathic areas within the Narssaq gabbro
itself. Some of the composite blocks are surrounded by a fine-grained variety of the
host suggesting that they were cold when they were included; other blocks show
gradational contacts in which the inclusions from the secondary anorthosite are
released into their new host rock. Many of the composite blocks show signs of plastic
deformation. It appears that the matrix of the secondary anorthosite was formed as
an early phase of the Narssaq gabbro and was locally in an unconsolidated state
before it was included in the main mass of the intrusion. It is reasonable to suggest
that the two rocks are closely connected genetically; however, this does not neces-
sarily imply that the granular anorthosites themselves are likewise closely related
to their present host.

In addition to the Narssaq gabbros there are several other significant localities
of felspathic rocks in the area mapped by J. W. STEwarT on the western end of the
Narssaq peninsula. The most prominent of these is a group of outliers of inclusion-
rich gabbroic rocks capping the hills to the east of Narssaq (locality 19, Fig. 35).
Ussing (1912, p. 206) noted the presence of these rocks which he termed the Qaqar-
ssuaq (Kakarsuak) essexite-porphyrite. Ussine’s analysis of a sample from one of
these masses is given in Table 1, p. 72. The relationship between the anorthosite-
bearing rocks and the nearby basalts of the Gardar continental series is obscure
although it is generally presumed that the felspathic gabbros are later as they are
not conformable with the regional dip of the basalts.

The main outcrop of the felspathic rock occurs on the 681 m peak east of Nar-
ssaq. The exact inclination of the body, which appears to be a sheet, is unknown as
the top has been removed while the base forms the roof of the Narssaq intrusion.
The present outcrop suggests that the body dips to the north-west at approximately
30°. It has a minimum thickness of 100 m. The base of the body has been heavily
attacked by the syenite and alkali granite and blocks of anorthosite and plagioclase
megacrysts are found for a few tens of metres within the younger rocks. The younger
rocks develop a porphyritic marginal facies close to the contact which might be
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Fig. 87. Texture of an anorthosite block from Kvanefjeld (locality 20, Fig. 35). The

anorthosite is clearly a secondary accumulation of megacrysts and derived fragments

in an altered gabbroic matrix. It resembles the secondarv anorthosites at Bangs
Havn (Fig. 21) and Narssaq. The lens cap measures 5 cm in diameter.

caused by the partial assimilation of plagioclase and the seeding of rhombic felspars
round small xenocrysts of plagioclase, or might reflect the low density of the alkali
felspars which rose to the top of the syenite before it solidified. Similar features are
found in the microsyenite-trachydolerite dykes.

It seems quite likely that the present boundary with the younger rocks is close
to the original base of the sill as there is a characteristic basal facies developed. This
consists of closely packed plagioclase megacrysts generally less than 1 cm in dia-
meter. Away from the contact the megacrysts are larger and there is a gradual
increase in the proportion of xenoliths of granular anorthosite upwards. At the top
of the present exposure the rock consists of large masses of granular anorthosite
and secondary anorthosite similar to those described from the Narssaq gabbro. The
ratio of groundmass to included material does not change appreciably from bottom
to top suggesting that the sorting is due to segregation of the coarse material towards
the centre of the original sheet rather than gravily flotation of felspars. The ground-
mass has been altered too much to be certain of the original composition; Ussing’s
analysis suggests that it might have been fairly alkaline although this could be due
to late contamination. The secondary anorthosites contain prominent crystals of
augite, and olivine now generally altered Lo chlorite.

Two smaller occurrences of xenolith-rich material similar lo the Qagarssuaq
sheet are found as rafts wilthin the lujavrites on Kvanefjeld where lujavrite pene-
trates the augite syenite margin of the late Gardar Ilimaussaq intrusion and invades
the overlying basalts (locality 20, Fig. 35).

The felspathic material in the rafts resembles the inclusions in the Narssaq
gabbro and it seems quite likely that the rafts and the “sill” at Qaqgarssuaq represent
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Fig. 38. Felspathic fragments in the lujavrites on Kvanefjeld. The majority of

fragments are broken megacrysts, apparently derived from an anorthosite block of

the same type as illustrated in Fig. 37. The gabbroic matrix has been completely

replaced and the megacrysts have been aligned by movement in the lujavrites. The

megacrysts are strongly sericitised. The largest crystal measures approximately
6x2 ecm.

easterly extensions of the gabbro which may have lost its dyke form completely
further east. However, Lhe later intrusions have so broken up the early, and early
mid-Gardar rocks in this region that strict correlations are not possible. Secondary
anorthosites, laminated anorthosites, and a few blocks of granular anorthosite have
all been noted; however, the majority of fragments are single broken plagioclase
megacrysts averaging 5x2 cm set in an altered gabbroic matrix (Fig. 37). The
Iujavrites below the rafl contain numerous plagioclase xenocrysts frequently to-
gether with other inclusions from older rocks in the Ilimaussaq complex (for ex-
ample, the augite syenite and naujaite). The plagioclase xenocrysts appear to be
relatively stable physically and characteristic fragments are found at a considerable
distance away from the raft from which they were probably derived. Chemically,
however, the xenocrysts show a complex sequence of proe 5 in which they are
gradually replaced by albite. Close to Lhe margin of the Ilimaussaq intrusion the
plagioclase xenocrysts are frequently involved in the late movements which affect
the lujavrile apparently while it was still in a semi-magmatic state (see FErcuson,
1964). The first effect is seen in Fig. 38; the xenocrysts are aligned so that they are
approximately parallel with the local schistosity in the lujavrites. This is followed
by a stretching out of the fragments (Figs. 39 & 40) so that they resemble augen
in augen gneiss. The final stage is the production of a rock resembling a banded
gneiss in which material derived from plagioclase xenocrysts forms layers within the
lujavrite.

Isolated fragments of anorthosite are found within the augile syenite margin
of the Ilimaussaq intrusion (Hawieron, 1964, p. 20) and in the lujavrites down fo
400 m below the roof of the intrusion. It is possible that some of these fragments
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Fig. 39. An adjacent outcrop to Fig. 38 showing the progressive mechanical break-
down of felspar fragments in the lujavrites. The largest fragment measures 10 x 3 cm.

Fig. 40. A further stage in the mechanical breakdown of plagioclase megacrysts in
lujavrite. About 0.5 x natural size.
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may have been brought up from depth by the alkaline rocks. STEwART suggests
(1961, personal communication) that the rafts found on Kvanefjeld represent stoped
roof blocks or pendants which have only been transported a short way within their
present host and this seems the most likely explanation for the position of these
large blocks since they are relatively unaffected by their host compared to xenoliths
found further away from the contacts of the Ilimaussaq intrusion. A similar ex-
planation is used by Hamirton (1964) for inclusions close to the margin of the augite
syenite.

iv) Localities in the vicinity of the Igaliko complex

At Narssirssuk (locality 22, Plate 4) considerable felspathic material is found
in the marginal rocks of the youngest phase of the Igdlerfigssalik centre, the most
westerly of the four intrusion centres comprising the Igaliko syenite. The felspathic
inclusions are concentrated in the marginal, dark, biotite-rich variety of the syenite;
in a locally developed layered syenite outcropping on the shores of Tunugdliarfik;
and especially in a porphyritic microsyenite sheet which intrudes most of the other
marginal rocks.

The inclusions in the marginal, dark, biotite-rich syenite are mainly plagio-
clase megacrysts which average 3-5x2-3 cm and may reach 10 cm long. In com-
mon with the plagioclase megacrysts in the nearby syenites and in the marginal
alkali gabbro of the Klokken intrusion these felspars show very regular albite and
Carlsbad-albite twinning which may die out towards the edges of the crystal. In
some cases the plagioclase megacrysts are included direct in the biotite-rich syenite
while in other cases they were first included in a gabbroic rock which was itself
caught up in the syenite. The gabbroic host retains its texture although all the
plagioclases are strongly altered and contain no anorthite. Occasionally the felspar
crystals in the altered gabbro show lamella twinning. It is possible that a gabbroic
marginal facies was developed at Narssarssuk which contained copious plagioclase
megacrysts similar to that described below from the Klokken intrusion. The altered
gabbro commonly contains copious epidote presumably derived from the break-
down of calcic plagioclase. The plagioclase megacrysts appear to have been more
resistant to alteration than the surrounding rock. Many of the crystals show a zoned
structure with a centre of mat black felspar surrounded in turn by glassy black and
white felspar mantles and a rim of altered white sericitised material in which the
twinning of the original plagioclase persists although all the calcium has been re-
moved. Most of the smaller megacrysts of plagioclase in the syenite itself are glassy
and black. Some are apparently unaffected by their host while others are surrounded
by a rim of nepheline and alkali felspar which appears to be replacing the earlier
material. Large blocks have a mat black lustre, a feature which is peculiar to the
locality and the felspars collected from the marginal facies of the Klokken intrusion.

The layered and laminated syenite in the cliff overlooking Tunugdliarfik con-
tains a xenolith of anorthosite over 6 m long round which the host felspars are
aligned. Smaller inclusions consisting, among other rocks, of anorthosite and material
derived from felspathic dykes, are found in the same syenite variety at the mouth
of Qoroq where they disturb layering in the host rock below them but are overlain
by undisturbed material.

The porphyritic microsyenite, which intruded the slightly earlier syenites at
Narssarssuk, contains copious inclusions of anorthosite and plagioclase megacrysts.
The largest anorthosite mass, which measures 50 m long by 20-30 m wide, lies with
its long axis parallel to the trend of the microsyenite sheet although the exposures
are not sufficient to show whether it is an inclusion in the latter. It consists of un-
deformed rectangular white to pale gray plagioclase crystals 1x0.2 to 7x2 cm oc-
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casionally 10x 3 cm in size, sometimes with cores of black felspar with a vitreous
lustre. The gravel covered surface which surrounds Narssarssuk is scattered with
many large blocks of plagioclase apparently released by preferential weathering of
their syenitic host. Individual fragments of single crystals measure up to 30x10x10
cm. Many of the plagioclase crystals show signs of brecciation before their inclusion
into the syenite host. Although they cannot be regarded as cognate inclusions in
the syenite there is the possibility that they are not from the same source as the
plagioclase-rich rocks brought up by the felspathic dykes and may be closely ge-
netically connected with their host.

A further large block of felspathic material has been found more centrally in
the younger syenites of the Igdlerfigssalik centre. Here, rounded or oval inclusions
of coarse-grained rock composed largely of white plagioclase crystals are found in
syenite surrounded by plagioclase megacrysts apparently derived from the larger
masses. Some of these megacrysts are black with a dull lustre.

The spectacular layered syenite intrusion of Klokken (Plate 4, locality 23) lies
approximately 5 km south-west of the margin of the Igdlerfigssalik intrusion centre.
It contains a considerable amount of megacrystic plagioclase which closely resembles
the material seen in the syenitic marginal members of the Igdlerfigssalik centre at
Narssarssuk.

The plagioclase insets are almost entirely confined to the marginal alkali gabbro
in the south and west exposures of the body where they form an arcuate mass
parallel to the contact. Within this mass the plagioclase insets may exceed 80 9/,
of the total rock set in a subsidiary gabbroic groundmass. Individual insets average
10-20 cm long although a few measure up to 1 m. Most of the insets are cleavage
fragments which show local signs of brecciation or straining. Typically the plagio-
clase is dark gray or black with a mat lustre and evenly spaced regular albite
twinning. Many of the fragments are surrounded by white material; in some cases
this is due to bleaching without much effect on the composition of the mineral, in
other cases it is due to the formation of secondary products.

K. ErLitscasrp-Rasmussen, who mapped the Klokken intrusion, has also
noted the presence of large blocks of anorthositic material which show good lamina-
tion of the felspars and a distinct layering included in the margin gabbro. These
xenoliths have many characters in common with the laminated anorthosite from
Assorutit. A few anorthosite inclusions and plagioclase insets are found towards the
outer contact of the syenite centre of the intrusion; these are generally more altered
than those found in the gabbro.

In common with the material described from the Igdlerfigssalik centre it is
not known whether the plagioclase insets in the Klokken intrusion have any genetic
connection with the felspar xenoliths in the Gardar dykes.

On the south-east coast of Qéroq (Plate 4, locality 24) one of the early members
of the Igdlerfigssalik centre is cut by a felspathic dyke trending 005°. The dyke is
8 m wide at fjord level but narrows upwards. The margins are aphyric while the
centre of the dyke contains an assortment of felspathic material including anortho-
site xenoliths and occasional large plagioclase crystals up to 0.5 m in length. There
are also loose aggregates of moderately euhedral 5-10 cm plagioclase crystals set
pseudo-ophitically in material indistinguishable from the surrounding dyke.

The majority of felspathic dykes cutting the older centres of the Igaliko syenite
belong to the microsyenite-trachydolerite group. Several of the dykes cutting the
Qdroq syenites (Plate 4, localities 25 & 26) show changes in the type of felspathic
material at different places along their strike. Megacrysts are commoner than xeno-
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Fig. 41. Polished specimen of megacrysts in a trachydolerite host from Jespersen

Dal (locality 29, Plate 4). Note the pseudo-ophitic texture with the host chilling

locally against megacryst and the inclusions of fine-grained host rock with the
megacryst. The sample figured measures 12 em across.

liths although rounded felspar aggregates with little interstitial mafic material may
be quile common. One sample of a felspathic inclusion from this group of dykes is
illustrated in Fig. 55, p. 97.

One of the two felspathic dykes cutting the weslern end of the Motzfeldt
centre (Plate 4, locality 27) is composite. It has a total width of 12 m consisling of a
3 m central zone of felspathic, contaminated olivine dolerite surrounded by sym-
metrical margins of fine-grained porphyritic syenite. The contact between the two
rocks is sharp but with no chilling and with no xenoliths of one rock type in the other.
The number of alkali felspar phenocrysts in the marginal zone increases inwards.

Two felspathic dykes striking parallel with the regional trend at 050° cut the
syenites north of Motzfeldt iptasia (Plate 4, loecality 28). One of these, which is
approximately 7 m wide, is composite with 1 m dark gray-green trachylic margins
symmetrically surrounding a felspathic centre composed of contaminated olivine
dolerite. The felspathic material is almost entirely composed of plagioclase mega-
crysts averaging 3-5 cmn long with occasional crystals reaching 15 em. Alkali felspar
rhombs showing violent zoning, and resembling the phenocrysts found in the lar-
vikite syenite dyke (Fig. 66, p.131) are found in the central contaminated olivine
dolerite.

South of the Igaliko complex, in the ground surrounding Jespersen Dal mapped
by Steen Anxpersen, many of the dykes carry inclusions of felspathic malerial.
The dyke swarm trends in general NE, most of the dykes are microsyenites or
trachydolerites. Many are probably the continuation of the swarm mapped by J. H.
Arraart on the Igaliko peninsula.



64 D. BrincwaTer and W, T. HARRY II

Fig. 42. Microsyenite dyke from Narssarssuaq. The dyke contains alkali felspar

rhombs and scattered sericitised plagioclase megacrysts rimmed by fresh alkali

felspar. This is a typical example of the least-felspathic end members of the dykes
described in this paper. The megacryst measures 2x1 cm.

Fig. 43. Felspathic trachydolerite Narssarssuaq. Note the good flow orientation of
the megacrysts. The outcrop figured measures approximately 25 em across.

The most interesting of the dykes is a 3 m wide trachydolerite member of the
NE swarm (Plate 4. loeality 29). This dvke contains numerous inclusions of several
rocks among which xenoliths of an older rhomb-porphyry dyke, a fine-grained
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trachytic rock, and anorthosite fragments are particularly abundant. The anortho-
site is composed mainly of 10-20 cm subhedral crystals of altered plagioclase forming
loose aggregates up to 1 x1.5 m diameter set pseudo-ophitically in a trachydolerite
groundmass. The felspars commonly contain inclusions of host rock sub-parallel
with the (010) cleavage direction (Fig. 41). In some cases these inclusions of host
rock are in continuity with the surrounding dyke material, in others they appear to
have been completely enclosed in plagioclase. The plagioclase megacrysts occasion-
ally show dark centres with vitreous lustre. The glassy felspar is generally surrounded
by a rim of sericitised material.

Several other more alkali members of the same dyke suite carry small plagio-
clase megacrysts often crowded together near the centre of the dykes and the dis-
tinction between a felspathic dyke and a porphyritic dyke is arbitrary. This is also
true of the series of trachydolerites and microsyenites which were emplaced following
the main group of felspathic dykes in the area north of Narssarssuaq. Many of the
dykes carry either small inclusions of foreign material rimmed by a younger over-
growth of felspar (Fig. 42) or are packed with phenocrysts which are only distin-
guishable from megacrysts in felspathic dykes by their more euhedral form and
smaller size (Fig. 43).



II1I. PRE-GARDAR FELSPATHIC DYKES

Several periods of basic dyking earlier than the Gardar activity
are recognised in South Greenland. The youngest of these is the swarm
which separates the main formation of the Julianehdb Granite from its
later reactivation (WarTERsoON, 1965). This period of dyking is known
to be older than granites which were emplaced around 1630 m.y. and
it has been suggested by one of us that the dykes were probably em-
placed between 1700 and 1650 m.y. (BrIDGWATER, 1965).

A few of these dykes contain plagioclase megacrysts resembling the
scattered insets found in the early Gardar dolerites. These megacrysts
measure up to 5x3 cm, are moderately euhedral, and contain inclusions
of basic material parallel to the (010) face. They have never been found
sufficiently fresh for determinative work.

North of Ivigtut a larger group of dykes cut the gneisses but are
apparently affected by Ketilidian folding near to the base of the Ketil-
idian supracrustal rocks. These dykes show a progressive decrease in
metamorphism north-westwards so that in the Neria region some are
fresh olivine dolerites and can only be distinguished from Gardar dykes
by their correlation with metadolerites cutting the Ivigtut gneisses.
Most geologists now working in the region north of Sermiligarssuk regard
these dykes as older than the Ketilidian plutonism and thus not con-
temporaneous with the metadolerites cutting the Julianeh&b Granite
further south (in contrast to the relationship shown by BrRIDGWATER,
1965, fig. 1). One particular dyke described in detail by BoNDESEN and
HeNRIKSEN (1965) can be followed for 40 km ESE from Térnérssuk to
Arsuk Fjord. It varies in width between 25-100 m and frequently con-
tains a well-defined zone bearing plagioclase megacrysts and locally
glomeroporphyritic aggregates of plagioclase resembling the pseudo-
ophitic texture described from Gardar dykes. This zone may be confined
to one margin or it may occur centrally in the dyke. Glomeroporphyritic
aggregates are reported in a dyke belonging to the same group found
north of Sermiligirssuk.

On Neria island and the nearby mainland fresh olivine dolerites
belonging to this group of dykes contain megacrysts of plagioclase.
Some of these megacrysts are shiny, black felspars indistinguishable in
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the field from those in the Gardar dykes further south. These mega-
crysts have been studied in the same way as the Gardar inclusions and
the results are given later under the appropriate headings. In general
the megacrysts from the dykes in the Neria region are slightly more
calcic than the corresponding inclusions in Gardar rocks, ranging from
Ang, to Ang;. They often show extreme zoning against the host rocks
and the strontium and barium content is generally lower than that in
Gardar xenoliths. The optical determinations and X-ray powder dia-
grams suggest that they do not show the same marked anomalous
properties as the inclusions in Gardar dykes although they do not fall
exactly onto the standard determinative curves.

Plagioclase insets occur in other dykes along the west coast of
Greenland, for example the Blaber dyke of the Fiskefjord area (BEr-
THELSEN and BrIDGwATER, 1960). This dyke contains felspar with black
centres provisionally identified as zoisite in the field. However, the
abundance of black felspar in the dykes further south suggested that
these should be re-examined and they have now been found to contain
black felspar similar to that described on p. 109.

5*



PART TWO
By D. BRIDGWATER

IV. PETROLOGY AND MINERALOGY OF
FELSPATHIC INCLUSIONS IN GARDAR DYKES

a) Petrology

The xenoliths consist essentially of plagioclase, olivine and Fe-Ti
oxides. Orthopyroxene has been noted in samples from three localities
and may form a widespread minor constituent which has been over-
looked because sampling was concentrated on the larger grains of mafic
material. Clinopyroxene has only been found as scattered grains of
doubtful primary origin in the typical granular anorthosite xenoliths.
One sample, from the extreme limits of the occurrence of felspathic in-
clusions, has been found to contain clinopyroxene as an abundant pri-
mary mineral. Potash felspar, hornblende, clinopyroxene and apatite
have been reported by Upton (1964) from the Assorutit laminated
anorthosite. Secondary xenoliths, composed partly of derived felspar
and partly of mineral derived from the host rock or an early phase of
the host contain a variety of minerals, especially augite, olivine, and
Fe-Ti oxides, which are indistinguishable from those in Gardar gabbroic
rocks. Alteration product minerals such as hornblende, biotite, chlorite,
sphene, epidote, haematite and sericite are common. In some samples
the alteration occurred before the inclusion of the xenoliths in their
present hosts, in others it appears to be due to the interaction between
host and inclusion. In many areas, particularly in the vicinity of the
Nunarssuit and Ilimaussaq intrusions, both the host rock and the in-
clusions have been heavily attacked by later processes.

The plagioclase megacrysts include thin lamellae of olivine, mag-
netite, ilmenite, and occasionally gabbroic material. Many of the mega-
crysts are black in hand specimen, resembling obsidian. This is seen as
a faint smoky discolouration in thin section. The colouration is often
restricted to relic areas surrounded by white, clear or pale yellow plagio-
clase. Many xenoliths and megacrysts which appeared sericitised in the
field were found to be fresh in thin section. The lack of vitreous lustre
proved no guide to the amount of alteration suffered by the felspars.
It is thought that minute fractures in many of the insets caused them
to appear chalky white in the field.
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Fig. 44. Photomicrograph of granular anorthosite from Augiata tasia (dyke 9).

Crossed nicols 5 x. G.G.U. 25226. Note the closely spaced albite and pericline

twinning which are almost equally developed, the irregular grain boundaries, and
the slight distortion of some of the twin lamellae.

The main textural features of the anorthosites have been described
in Section IT (p. 20 to p. 29) as these rocks are so coarse-grained that
their dominant characters can be seen in the field.

Under the microscope the granular anorthosites are seen to be com-
posed of randomly orientated, generally equant plagioclase grains aver-
aging less than 5 em in diameter (Fig. 44). Identifiable mafic minerals
have only been seen in thin sections [rom two localities; most of the
material studied was collected from interstices between the plagioclase
crystals by using a hammer and chisel.

Several of the larger blocks of granular anorthosite show slightly
distorted plagioclase lamellae which might suggest deformation prior to
their inclusion in Gardar hosts. However, no granulation is seen round
the plagioclase crystals and the amount of deformation appears to have
been small.

The small gabbro anorthositic xenoliths from Térndrssuk (32028)
contain considerable olivine and a little hypersthene. No clinopyroxene
was noted in the xenoliths although it is common in the surrounding
dyke rock. Some hypersthene grains were enclosed by olivine, others
enclosed small olivine crystals; both partly enclose plagioclase crystals.
Although the grain size and mineralogy of the xenoliths differs markedly
from the surrounding rock the margins are often indistinct; large plagio-
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Fig. 45. Macrophotograph of the margin of an olivine-hypersthene-bytownite xeno-
lith from an olivine dolerite on Térnarssuk (p. 33). Crossed nicols 10 x. G.G.U.
38028. Note the way that the host dyke material interfingers with the inclusion.

clase and olivine crystals forming an integral part of the xenolith may
enclose small islands of host dyke (Fig. 45), and veins of finer grained
host penetrate between crystals in the xenolith. This suggests that al-
though the xenoliths were already solid when included in their hosts they
may have been rather loosely packed accumulations of early formed
minerals.

The second gabbro anorthositic sample examined (57264) from an
E-W, probably early Gardar, dolerite on Akia south of Julianehab
consists of plagioclase crystals set subophitically in orthopyroxene. This
mineral forms approximately 30 °/, of the total inclusion (Fig. 46). Oc-
casional larger plagioclase fragments are seen in the xenolith and the
slightly broken nature of many of the plagioclase grains suggests that
the rock is composed of a loosely packed aggregate of plagioclase round
which orthopyroxene crystallised. Veins of dyke material cut the xeno-
lith and it is difficult to decide whether small crystals of altered olivine
and a few clinopyroxene rims round the orthopyroxene are part of the
original inclusion or whether they are derived from the host.

In thin section the laminated anorthosites from Assorutit resemble
normal olivine dolerites more closely than they resemble the granular
anorthosites. Part of this resemblance is due to the twin pattern of the
plagioclases which is indistinguishable from the twin pattern of plagio-
clases taken from any normal gabbroic dyke. The Assorutit block is
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Fig. 46. Close up of a polished block of norite from a gabbroic host dyke on the
island of Akia south of Julianehdb. 1.5 x natural size. G.G.U. 57264,

coarse-grained, the felspars average between 5-10 cm long and 2 em in
width. The interstitial olivine is correspondingly coarse and local pockets
may reach ten or more centimetres across. The felspars show a distinct
zoning in contrast to the almost complete lack of compositional varia-
tion in the granular anorthosites. Olivine which fills the major part of
the interstices between the plagioclase is generally fresh, however, the
olivine is cracked and contains minute magnetite grains where it is found
close to the small pockets of biotite, ilmenite, augite, hornblende, and
alkali felspar which apparently crystallised from material trapped be-
tween the olivine and the plagioclase. In the vicinity of these late crys-
tallisation products the plagioclase grains may show a mottled zoning
due to the partial replacement of the labradorite by alkali felspar with
the formation of small grains of clinozoisite. Some chlorite is formed
surrounding the margins of the olivine.

Two analyses of the Assorutit anorthosite (kindly supplied by B. G.
J. Upron) are given in Table 1. Uptox suggests, (1961, p. 20) that the
anorthosites were formed as an accumulative rock from a magma tem-
porarily precipitating labradorite alone. The lamination was caused by
periodic currents which orientated the felspar tabulae parallel to the
direction of flow. The mafic units represent periods of quiescence in
which the percentage of intercumulus olivine is higher due to the less
well-developed packing of the felspar.
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Table 1. Arorthosite analyses.

Primary Secondary
Assorutit (B.G.J. Upton) (I?:s??vt;s,slilg;g) Narssaq
50221 40523 20 49320
SiOp. oot 52.78 52.54 50.98 481
TiOg.cvvvvviinant, 0.42 0.49 1.38 24
AlOg. oo, 27.08 25.20 29.15 21.9
FesOge oo, 0.64 0.79 1.04 8.5+
FeO.............o0 1.35 2.49 4.25
MnO ............... 0.03 0.05 tr
MgO................ 1.03 1.60 0.79 2.6
CaO ...t 10.77 10.45 7.90 8.5
NaO.oovvivvvnennt 4£.50 4£.50 6.84 4.4
KO....onviivniin 0.64 0.64 2.71 1.3
120 M 0.23 0.25 0.38 0.64
COp v — — tr
HoOF oo 0.47 0.72 1.22
HoO oo * * 0.12
Cl........ ..ot — — tr
99.94 99.72 99.76 Partial
analysis
Qoo 0.06 — —
[ 3.94 3.8 16.0
ab.......... .o 3719 3.8 251
Al 52.24 46.64 21.7
Ne...vvnvivnnnennns —_ — 17.7
G 0.21 — —
(5 — 4.3 12.8
DY o 3.97 0.8 —
ol ..ol — 3.1 0.1
mt................. 0.94 1.1 1.5
1 0.77 0.9 2.6
=1+ T 0.68 —_ —
Norms WATT (1966)
Analyst B.I. Borcen B.I. Borecen C.WintHER B.I. BorGEN

* Sample dried at 110° for 2 hrs.
+ Total iron as Fe,O,.

The commonest texture found in the felspathic xenoliths from
alkali gabbro and trachydoleritic hosts is an aggregate of closely packed
plagioclase fragments with little or no interstitial material. However, a
second type of felspar aggregate in which subhedral plagioclase grains
are intergrown together to form solid plagioclase masses up to 50 cm
across is quite common. In the field these intergrowths appear simple;
neighbouring plagioclase crystals with approximately plane faces are
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seen packed together with a little mafic material trapped between them.
However, under the microscope the relationship is seen to be more com-
plex; inclusions of one plagioclase are found in the neighbouring crystal
and when the optical directions of a set of twin lamellae in one crystal
are plotted on a stereogram with the optical directions of a corresponding
set in the other crystal it is found that the ‘“‘individual” plagioclases
forming the intergrowth have a logical crystallographic relationship to
each other. Commonly the two are found to be albite-pericline twins.
It is not known how these aggregates form; they appear to be a special
case of the giant felspars, which are common in the same dykes but
which normally show a more regular crystal outline. A particular ex-
ample of plagioclase intergrowth is described in the section on felspar
twinning (p. 96).

b) The mafic minerals associated with the felspathic inclusions
in Gardar dykes

Comparatively little work has been done on the non-felspathic com-
ponents of the inclusions in Gardar dykes as fresh mafic material has
only been collected from a few localities. This is partly because the
anorthosites themselves consist dominantly of felspar, with the mafic
material as interstitial pockets, and partly because the mafic minerals
are more subject to alteration. A further complication is added because
it is often difficult to decide whether the non-felspathic minerals are
derived from the original anorthosite or whether they were precipitated
from later Gardar magmas which surrounded the felspathic fragments.

i) Olivine

Olivine is the most common of the mafic minerals found as primary
constituents of the anorthosites. It is particularly abundant in the
Assorutit laminated anorthosite and in the large masses of granular
anorthosite from Kobberminebugt. Many of the larger plagioclase mega-
crysts contain thin olivine strips parallel to the (010) twin plane. These
are generally altered. In most xenoliths the olivine is restricted to small
interstitial pockets where it is moulded ophitically onto the terminations
of the plagioclase crystals. Since the mineral lacks a persistent cleavage,
the size attained by individual crystals cannot be measured in the field.
However, interstitial masses up to 20-30 cm in diameter have been seen
in the Kobberminebugt anorthosites and slightly smaller masses in the
Assorutit xenolith, and there is no reason to suppose that these are
made of many individual olivine crystals.

Isolated megacrysts of olivine have been noted in several Gardar
dykes. Some of these are found in association with plagioclase mega-
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crysts or anorthosite xenoliths. On Térnarssuk they are found together
with large hypersthene megacrysts. They are thought to represent basic
material formed at the same time as the associated plagioclase mega-
crysts, their comparative rareness being due to their high specific gravity
which leads them to sink in the majority of hosts. The compositions of
three olivine megacrysts from different hosts are given in Table 2. It
appears that the composition of both the olivine and the plagioclase
megacrysts (p. 81) is related to the composition of the host.

Olivine also occurs in the secondary anorthosites, often as rims sur-
rounding plagioclase megacrysts. In some instances, such as that illus-
trated in Figs. 33 & 34, p. 53, the olivine surrounds euhedral plagloclase
subophitically.

Apparent twinning is seen in many of the olivine crystals from the Assorutit
xenoliths and is a moderately common feature in olivines from Gardar gabbroic
rocks. Apparent twinning occurs where two or more olivine crystals develop in the
same interstice between plagioclase crystals. The common surface dividing the
crystals is often planar and may correspond approximately to either the {110}, the
{001}, or the {010} crystal planes of olivine. There is generally a slight angular
discrepancy between the observed position of the face and its theoretical position
with respect to the principal optical directions determined with a universal stage.
It seems probable that the apparent twinning is a similar feature to the imperfect
twins described from plagioclase (p. 94) which formed when two unrelated crystals
set together separated by a common plane.

The composition of the olivine ranges from Fa,, in a sample of
granular anorthosite to Fa,, in a megacryst from a trachydolerite. The
majority of olivines from the secondary anorthosites contain more iron
than those from primary anorthosites and resemble the olivines from
the Gardar gabbros. Olivines from lamellae in giant felspars and material
trapped between felspar aggregates in alkali gabbroic hosts is inter-
mediate between the two, ranging from Fay to Fagy,. Olivine composi-
tions from different types of anorthosites and megacrysts, together with
the composition of the co-existing pyroxenes and felspar is given in
Table 2.

ii) Orthopyroxene

Orthopyroxene has been identified as forming the principal mafic
mineral in inclusions from two localities, one from an olivine gabbro
dyke 5 km to the east of Kobberminebugt (61080, locality 7, Plate 4),
and the second in one of the rare xenoliths found in an early Gardar
dolerite cutting the granite on Akia south of Julianehab (57264). It is
found as a major constituent in the xenoliths and as megacrysts in the
felspathic dyke on the east of Térnarssuk (32028). Neither the grains
from 61080 nor the orthopyroxene seen in thin sections from 32028 and
57264 contained exsolution lamellae of other pyroxenes. In thin section
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Table 2. Composition of co-existing minerals (mol. /).

G.G.U.  Type of . Olivine Felspar Pyroxene
No.  Anorthosite Locality oy Fa 9/, An composition
49324 Layered Assorutit 29-33 58 Cagg.sMgzoFesy.5

61071 Granular Kobberminebugt 34-38 61 —
Locality 2
61121 Crushed 10 km E of 28 altered —
granular Kobberminebugt
61080 Granular- 3.5km E of 27 60 Fspg-30
laminated Kobberminebugt
57264 Gabbro Akia — 56%* Fsye
anorthosite
25171 Giant Isortoq (dykes) 32+ 3t 57 —
felspar
55209 Comminuted Narssarssuaq 40 56 —
aggregate
61135 Secondary 18 km E of 3742 49 {Caas.sMg37.5Fe24
Kobberminebugt to | CazMg,sFe,,
49323 Secondary Narssaq 48 56 CagzoMgsy-sFege.s
61014 Secondary Bangs Havn -— 58 Cags.s Mggg.5F €08
61023 Secondary Bangs Havn — 58 CagsMgss.sFeqy.5
61183 Secondary 18 km E of — L7% {Caa,Mg%Fegs
Kobberminebugt to | Cags.sMgsg.sFesq
Mean of Megacrysts Eqaloqarfia 29-30  58-64ft
several (majority
samples Ang)
32028 Gabbro - Térnarssuk 27 65-80 Fs,,
anorthosite
32028 Megacrysts Tornarssuk 27 — Fs3,8
in olivine
gabbro
49331 Megacrysts Narssarssuaq 57 52 —
in trachy-
dolerite

1 Composition determined optically.

* Felspar altered.
11 Universal stage measurement (PULVERTAFT, 1963).

§ Partial chemical analysis. The pyroxene contained no detectable Ca.

the orthopyroxene was practically colourless although it showed mod-
erate pleochroism as small grains. The fresh minerals co-existing with the
orthopyroxenes are among the most basic found in the anorthosite in-
clusions (Table 2). The composition was determined using measurements
of N, (Hess, 1960). A partial chemical analysis of a single crystal from
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Tornarssuk gave the following results: FeO 13.34 9/, MgO 27.75 9/,
MnO 0.30 °/,, TiO, 0.57 0/, Al,04 2.30 9/, Na,O 0.23 ¢/, and P,0; 0.059/,.
No calcium was detected. This analysis corresponds to an orthopyroxene
with a composition of Fsy ;. The lack of calcium and the high alumina
content suggest a deep-seated origin.

iii) Clinopyroxene

The only anorthosite xenolith collected which contains clinopyrox-
ene in appreciable amounts was found by A. K. HiceiNs in a small
ENE-trending dolerite on Midternees (71724). This is one of the most
northerly of the felspathic dykes noted. The xenolith has a subophitic
texture resembling the orthopyroxene-bearing anorthosite illustrated in
Fig. 46. The plagioclases are slightly altered while the clinopyroxene is
fresh; some of the plagioclases are slightly crushed. It appears probable
that the rock formed as an accumulation of small plagioclase grains
later surrounded by clinopyroxene. The composition of the pyroxene is
approximately Caz Mg, Fe,; (determined optically from 2V 47; and Ny
1.703, using the curves published by Hess, 1949).

Single grains of a mineral thought to be clinopyroxene occur in the sample
of orthopyroxene-bearing anorthosite (61080). This has a well-developed cleavage,
oblique extinction and lacks the pleochroism seen in the orthopyroxene from the
same sample. Refractive index measurements gave Ny’ 1.700 and N,” 1.719; universal
stage measurements were impossible.

The Assorutit laminated anorthosite contains one of the few clino-
pyroxenes positively identified from a primary xenolith. The mineral
forms less than 19/, of the rock and is restricted to groups of small
grains in the interstices between plagioclase crystals. In thin section
the grains show some zoning. Grains extracted for refractive index
determinations show a moderately pronounced mushroom colour with
slight pleochroism similar to clinopyroxene from many of the alkali
basic rocks of the Gardar province. Optical determination of the com-
position (2V 52°, Ny 1.706) gave Ca o ;MgsoFess.5- As the material occurs
in such small amounts the results can only be regarded as approximate.
However, it is worth noting that the pyroxenes co-existing with Fag,
olivine and Ang, plagioclase in other Gardar gabbros are less rich in Ca
and Fe than the Assorutit examples. This is thought to be due to the
comparatively late formation of the Assorutit pyroxene in the crystallisa-
tion sequence of the xenolith.

In contrast to the rare occurrence of clinopyroxene within the
primary xenoliths this mineral is the commonest coloured constituent
of the secondary anorthosites. Generally the clinopyroxene encloses or
partially encloses plagioclase. In many cases the individual pyroxene
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crystals exceed 10 cm in diameter. It is quite common for the pyroxene
to be intergrown symplectically with Fe-Ti oxides. All the pyroxenes
from secondary anorthosites studied in thin section show a marked
purple colouration with weak pleochroism suggesting a high Ti content.
Ny measurements varied between 1.699 and 1.703 while 2V measure-
ments varied between 41° and 48°. This corresponds to a fairly narrow
range in composition in the augite range which is rather surprising since
the host rocks in contact with the clinopyroxenes vary considerably. Some
of the clinopyroxenes show a slight patchy zoning and appear unstable
in their hosts.

iv) Iron-titanium oxides

Opaque oxides form a relatively minor constituent of both primary
and secondary anorthosites. Fresh samples of oxides from primary an-
orthosites have only been collected from the Assorutit xenolith and from
a xenolith in a nepheline syenite dyke south of Igaliko Fjord (p. 142).
Many large masses from Kobberminebugt contain Fe-Ti oxides forming
on average between 1 and 2 /, of the rock but in places exceeding 20°9/,.
These opaque minerals are generally too altered to determine their
original mineralogy. In the secondary anorthosites the opaque minerals
are fresh and form quite large grains partially enclosing plagioclase.

The scarcity of samples from the primary anorthosites allied to the
fact that the oxide grains appear to have accomodated themselves, at
least partially, to the changes in environment which the xenoliths passed
through, means that the characters of the oxides cannot be used to sup-
port any particular theory of anorthosite formation.

1) Oxides from granular anorthosites. The oxides from gran-
ular anorthosites are only represented by one fresh sample (48318) col-
lected by J. P. BErraNGE from ‘“Vatnahverfi” and by several altered
samples from Kobberminebugt. However, although the material is lim-
ited it can be seen that the original characters of the Fe-Ti oxides from
the granular anorthosites differ significantly from those of the lamin-
ated rocks. Magnetite is the main mineral present accompanied by an
exsolution trellis of several generations of ilmenite lamellae. Both the
fresh sample from “Vatnahverfi” and the altered samples from Kobber-
minebugt show a much more complex history than the ilmenite from
Assorutit described below; involving crystallisation of magnetite, ex-
solution of ilmenite, alteration under oxidation conditions with the
formation of rutile and haematite, and recrystallisation under high
temperature, more reducing conditions. Local late alteration at lower
temperature took place probably during the cooling of the host rock.
A detailed description of the mineralogy and probable sequence of
mineral formation is given in the Appendix (p. 200).
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2) Oxides from laminated anorthosites. The Assorutit lami-
nated xenolith contains less than 1 °/, of opaque minerals as independent
grains, generally smaller than 1 mm in diameter, in the interstices be-
tween the plagioclases. The relationships between these grains and the
other minerals forming the xenolith suggest that the opaque minerals
were formed later than the plagioclase and olivine but before the final
interstitial crystallisation of alkali felspar and the fibrous chloritic min-
erals. Many of the opaque grains are intergrown with biotite which
appears to have continued growth after their formation. In polished
section the opaque minerals are seen to consist almost entirely of ilmenite
as elongate infillings between the plagioclases and occasionally as strips
along the (010) felspar twin planes. Some fine twinning is visible in the
ilmenite when examined under high magnification (x 600 or above). The
ilmenite grains contain minute inclusions of poorly-reflecting material
and a few crystals of late opaque minerals which appear to be replacing
the ilmenite. These secondary minerals are developed to a more marked
degree from ilmenite grains in contact with the interstitial alkali felspar,
suggesting that ilmenite was no longer stable in the last stages of crys-
tallisation of the anorthosite. There are a few sulphide grains associated
with the alteration products of ilmenite; these are too small for complete
identification.

Olivine crystals in the Assorutit anorthosite have small crystals of magnetite
developed along cracks and near crystal margins.

3) Oxides from secondary anorthosites and oxide mega-
crysts in Gardar hosts. These two categories may be treated to-
gether as they show similar features in polished section. Some of the
oxide grains in both the secondary anorthosites and among the scattered
megacrysts may have originated as constituents of primary anorthosites
but their present properties appear to be dominated by the effects of
a later host. The majority of grains studied are magnetite with a vari-
able amount of ilmenite exsolved as a {111} trellis or as separate grains
surrounded by, or more rarely on the margin of, the magnetite. The
relations between magnetite and ilmenite in these oxides show progres-
sive changes in character which were apparently controlled by the effect
of the surrounding host rock. A summary of these is given below; details
are described in the Appendix. A few independent grains of ilmenite
are found in the secondary anorthosites from Narssaq; these are regarded
as being more closely related to the host than the original xenoliths.

Oxide grains from the pseudo-ophitic xenoliths (locality 18, Plate 4; Fig. 34,
p. 54) consist of subhedral magnetite grains up to 5 cm in diameter which appear
slightly unstable in their present host. The magnetite shows the exsolution of three

generations of ilmenite controlled by the {111} crystallographic direction of the
magnetite (Fig. 47). This exsolution pattern resembles that found in magnetite
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Fig. 47. Pholomicrograph of a polished sample of a Fe-Ti oxide crystal from dyke 13.

Partially crossed nicols 50 x . (:.G.U. 61184. Nole the three generations of ilmenile

lamellae. The large primary lamellae (mainly dark in this photograph) are the site

of incipient alteration. The secondary lamellae (particularly well developed in the

area at the top of the photograph) are irregularly distributed. The tertiary lamellae
cause the patchwork effect seen in the lower half of the photograph.

crystallising direct from gabbroic magma and is the simplest relationship seen be-
tween the two minerals in the secondary anorthosites. The three generations of
ilmenite are thought to represent different stages in the exsolution of this mineral
from a magnetite-ulvospinel solid solution which became progressively more un-
stable during the cooling history of the oxides. The two earliest generations of ilmenite
form characteristic lamellae parallel to {111} in the magnetite while the third genera-
tion consists of an almost submicroscopic {111} controlled dendritic intergrowth
between magnetite and ilmenite in the groundmass of the oxide grains. A fourth
stage in the exsolution of ilmenite is seen in which strings of ilmenite grains cut
across the magnetite crystal along irregular cracks. This phase of exsolution was
accompanied by the formation of scattered ilmenite grains along the margins of the
magnetite crystals and by renewed growth of ilmenite along the margins of the
larger primary lamellae. The magnetite appears to have been less stable than the
ilmenite in the present host resulting in the local preservation of the exsolution
trellis in an indeterminate groundmass of iron hydroxides.

Oxide megacrysts from the trachydolerite centre of dyke 12 show many of the
features seen in the oxides from pseudo-ophitic anorthosites. However, there is a
noticeable increase in the number of ilmenite grains formed along the margins of
the magnelite crystals and the dendritic groundmass exsolution of ilmenite is much
more pronounced. Many grains of ilmenite within the magnetite are surrounded by
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Fig. 48. Fe-Ti oxide grain from secondary anorthosite xenolith at Narssaq. Parti-

ally crossed nicols 50 x. G.G.U. 49323. The main part of the grain is a magnetite

crystal with two directions of ilmenite lamellae visible in the photograph. This

intergrowth has been broken and veined by a new generation of ilmenite (light
coloured in the photograph).

a coarser development of the dendritic intergrowth suggesting that the formation
of the ilmenite grains within the magnetite is due to segregation of the two minerals
into separate patches. Some of the earlier lamellae have been partly replaced by rutile.

Oxide grains from the secondary anorthosites at Bangs Havn show a further
development of the same features; there is a marked segregation of ilmenite along
the margins of the magnetite grains and the groundmass is composed of a patchy
graphic intergrowth of ilmenite and magnetite which becomes quite coarse in the
neighbourhood of the ilmenite segregations.

The oxides examined from the secondary anorthosites at Narssaq differ slightly
from those seen elsewhere. The majority of grains occur as rather irregular magnetite
crystals which appear to have been broken prior to their inclusion in their present
host. These show two distinct sizes of ilmenile lamellae suggesting that at least two
generations of ilmenite exsolution took place similar to those seen in the oxides
from the pseudo-ophitic anorthosites. However, the lamellae in the Narssaq oxides
have coalesced so that they appear to have formed at one time. There is no sign of
exsolution of ilmenite from the groundmass. It is thought that the coalescence of
the ilmenile lamellae and the lack of groundmass exsolution reflect a secondary
segregation of ilmenite onto a pre-existing trellis of ilmenite. In several places the
lamellae have been severely distorted. A new generation of lamellae has formed after
the distortion of the original oxide grains and veins the magnetite (Fig. 48). This
younger ilmenite shows a higher reflectivity than the lamellae and resembles in-
dependent ilmenite grains in the secondary anorthosite which are regarded as crys-
tallised from the host. The higher reflectivity may possibly be due to a higher content
of unexsolved magnetite in Lthe younger ilmenite.



V. MINERALOGY OF THE FELSPARS

The mineralogy of the plagioclase felspars, which form the dominant
mineral in the anorthosite xenoliths, was examined in some detail in
the hope that some indication of the origin of the xenoliths might be
suggested. Many of the investigations raised mineralogical questions of
considerable interest and these are described in this paper. However,
the studies were not carried through to completion as it became ap-
parent that they would not lead to further information about the genesis
of the original rock:

a) Composition

The composition of the plagioclase in the xenoliths and megacrysts
varies between albite and bytownite with the majority between An,
and Ang,. Preliminary work showed that there was considerable differ-
ence between the results obtained by universal stage extinction methods
and those obtained by refractive index measurements. It also became
apparent that the range in composition in plagioclases from different
textural types was so small that precise measurements were necessary
if any significance was to be placed on the results. The refractive index
measurement method, described in the Appendix of this paper, was
therefore devised in order that moderately rapid accurate determina-
tions were possible. Fig. 49 shows the range of composition found in
plagioclases from anorthosites with different textural features and plagio-
clase megacrysts from different hosts.

The two main factors influencing the anorthite content of the
smaller anorthosite inclusions and the plagioclase insets are the degree
of sericitisation of the felspars and the composition of the host.

It is commonly difficult to be certain when a particular xenolith
or megacryst was sericitised as in some places this process occurred
earlier than inclusion in the present Gardar host while in others at
least part of the alteration is due to chemical instability of the inclusion
in the host rock. In a few areas alteration of both host and inclusion
took place at a late stage either as a result of autometamorphism or due
to nearby intrusion of a major Gardar intrusion. However, there is

185 6
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Fig. 49. Composition of plagioclases taken from various felspathic inclusions in

intrusive rocks from South Greenland. The width of the line gives an impression of

the frequency of plagioclases determined with a particular composition. No statis-
tical accuracy is implied.

considerable evidence that the anorthosites were subjected to a wide-
spread, if somewhat patchy, metamorphism which caused a sericitisa-
tion of the felspars, a general breakdown of the coloured minerals and
oxidation of the Fe-Ti oxides. The best examples of this alteration are
seen at Kobberminebugt and Augidta tasia where sericitised felspar
masses are found in fresh Gardar dykes the mineralogical composition
of which is not very different to that of the fresh anorthosites. The effect
of this alteration on the bulk composition of the anorthosite is unknown,
however, a local loss of anorthite is often seen surrounding patchy
sericitisation in some of the plagioclase crystals.

The effect of the Gardar host rocks on this partially altered material
is complex. In some cases there appears to have been a recrystallisation
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of the material so that the fragments approach their original composi-
tion, in others, especially in the less basic host rocks, there has been an
increase in the amount of sericitisation, followed by some recrystallisa-
tion near the margins of the felspar so that it is more in equilibrium with
the host.

The only material which can be used to determine the composition
of the plagioclase in the granular anorthosite are the large blocks which
occur in dykes to the south and east of Kobberminebugt. Fresh felspars
from these granular anorthosites showed no zoning and a composition
range between Ang and Ang,. No difference was detected between the
composition of the coarser grained blocks within the anorthosite and
the surrounding granular material.

Felspars from the gabbro anorthosite xenoliths from Tornirssuk
are fresh and glassy. They range from Ang to Angy; single crystals show
moderate zoning. The majority of fragments examined from the felspar
centres were approximately Ang. This is considerably more calcic than
any other felspars examined from the anorthosite inclusions in South
Greenland and is the most calcic felspar found in the Gardar igneous
province. The difference in plagioclase composition, allied to the rela-
tively high mafic content of these xenoliths may suggest that they were
not formed at the same time as the other felspathic inclusions and their
relationship with other anorthosite xenoliths and the Gardar gabbroic
rocks is discussed later (p. 188). There is no evidence to suggest that
these xenoliths were derived from the local gneisses some of which
contain relics of an old anorthositic complex which has passed through
several metamorphic episodes (WINDLEY, 1965). The twin pattern and
general texture shown in Fig. 45 suggest an igneous origin with no his-
tory of metamorphism between initial formation and inclusion.

Felspars from the Assorutit xenolith show moderate compositional
zoning which is quite marked close to the interstitial pockets of alkali
felspar. There also appears to have been some replacement of the plagio-
clase by the alkali felspar which forms irregular intergrowths cutting
across the primary twinning. This zoning makes optical determination
of the plagioclases rather less certain than in the more homogeneous
granular anorthosites. Fragments taken from the centres of the plagio-
clases average Ang,.q;, one fragment reaching Ang,. Marginal fragments
averaged Ang, .., although this need not reflect the total range of plagio-
clase composition in the rock. The average composition of the plagioclase
appears to be between Any, and Ang,, slightly less calcic than that found
in the granular anorthosite.

With the exception of the insets described below from Tornarssuk
the composition of the plagioclase megacrysts and the smaller xenoliths
in gabbroic hosts varies between An,, and Ang with the majority be-

6*
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tween Ang, and Ang. Occasionally there is some variation between
granular anorthosite xenoliths and plagioclase megacrysts in the same
sample. Where this occurs the xenoliths are generally about Ang, while
the megacrysts are less calcic and approach the composition of the
groundmass felspars of the host rock. These may be as low in anorthite
as Angg-g reflecting the alkali affinities of many of the Gardar gabbros.

Sporadic megacrysts in relatively undifferentiated gabbroic host are occasion-
ally found to be more calcic than the plagioclases from the granular anorthosite
xenoliths. For example, megacrysts collected by T.C.R.PuLvErTAFT from an
olivine gabbro on Nunarssuit had an average composition of Ang, while the centre
of some of the megacrysts collected from the Eqaloqarfia dyke (PurLverTtart, 1965)
reach Ang, although they average Ang,.

Megacrysts from the olivine dolerite host dykes on Tornérssuk are
the most calcic found in Gardar dykes (Angg.s). The majority are
slightly less calcic than the plagioclases from the xenoliths in one of the
felspathic dykes from the same locality. Apart from their composition
they appear identical with megacrysts from other Gardar gabbro hosts,
they are moderate in size, averaging between 3-5 cm, they are often
slightly rounded, and they contain inclusions of mafic material parallel
to the (010) cleavage direction.

The large glassy megacrysts and the black felspars are less calcic
than the granular anorthosites, ranging between An, and Ang,. Samples
taken from adjacent megacrysts are usually remarkably similar in com-
position (within 3-4 %/, An). They are generally fairly close to the com-
position of the centres of felspars in the groundmass of the host. The
large crystals enclose pockets of rock in which the host felspar is con-
siderably more sodic than in the main dyke mass. The megacrysts zone
violently against this interstitial material although they are otherwise
homogeneous.

The black felspars show a very similar composition from all the
dykes from which they have been collected, ranging between An,, and
Angg. The black felspars from the margin of the Klokken intrusion and
the Igdlerfigssalik centre of the Igaliko syenite are similar although some
in the last named intrusion reach Ang. There is a slight but persistent
difference between black and white felspar from the same crystal: the
white felspar, which is formed at the expense of the black at a slightly
later stage, is consistently 3—4 °/, lower in anorthite. Anorthosite xeno-
liths composed of comminuted fragments derived from plagioclase mega-
crysts show the same anorthite content as the whole megacrysts from
the same host.

The plagioclase megacrysts collected from host gabbros which have been con-

taminated by the assimilation of granitic material (see for example locality 13, p. 53)
are often sericitised and show signs of chemical instability in their host. Relic areas
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of fresh material are rather variable in composition, commonly between An, and
Ang,. This variability is presumably due to different degrees of sericitisation and
adjustment to a new chemical environment.

A similar but even more marked variation is seen in the felspathic
_inclusions from less basic dykes, for example the microsyenite-trachy-
dolerite group of minor intrusions. The majority of insets in these rather
alkali hosts are sericitised subhedral megacrysts and small altered an-
orthosite xenoliths. They show a range in composition from An,;-Ang.
Individual megacrysts are generally uniform in composition, apart from
heavy marginal zoning against the host and the patchy loss of anorthite
surrounding sericitised areas. Adjacent insets may vary by 10-20 °/,
anorthite.

As a rule the smaller fragments are less calcic than the larger and
it is difficult to decide whether some of the subhedral grains in the
groundmass originated as comminuted fragments or whether they crys-
tallised direct from the host rock. Recognisable plagioclase inclusions
sometimes form the centre to rhombic alkali felspars which zone out-
wards to albite-oligoclase often with a perthitic alkali felspar inter-
growth. Similar overgrowths derived from the host are found surrounding
larger megacrysts; in some cases they are especially prominent as they
form clear margins to sericitised centres. No megacrysts with a com-
position lower in calcium than Ang have been found in alkali dyke
hosts; the albite-oligoclase rims are clearly derived from the surrounding
rock. The lower anorthite content of megacrysts from the more alkali
hosts is thought, at least in part, to be an original feature. Evidence
from the twin patterns developed by these megacrysts (p. 99) suggests
that they have not recrystallised to any great extent, at least in their
centres. The change in composition seen in megacrysts from different
hosts suggests that there may be a genetic link between the host and
the felspathic inclusions. Some hosts show an apparent loss of calcium
and aluminium in the groundmass which suggests that part of the
material making up the plagioclase inclusions may have been derived
from the host magma. It is impossible to draw a sharp boundary be-
tween felspathic dykes with a large percentage of “‘foreign plagioclase”
and some of the syenitic dykes which contain a variable content of small
plagioclase phenocrysts rimmed by alkali felspar.

There are relatively few occurrences of anorthosite inclusions or
plagioclase megacrysts in the major Gardar intrusions. This may be in
part due to the greater assimilation of foreign material in the slower
cooling plutons and it may be in part due to the sinking of plagioclase
insets in the syenitic magmas which formed most of the larger bodies.

The porphyritic syenite of the Narssaq intrusion contains fragments derived
from the overlying anorthosite-bearing sills. The inclusions become smaller and less
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Fig. 50. Photomicrograph of small plagioclase megacrysts in an alkaline matrix

(dyke 12, north-east end). Crossed nicols 45 x, G.G.U. 61173. In one individual

the plagioclase has been sericitised ; in the second it is fresh. The andesine-labradorite

cores are rimmed by oligoclase and alkali felspar. The rims may take on a rhombic
form.

calcic away from the contact with the original host and commonly form centres to
alkali felspar rhombs. Similar twinning to that seen in fragments in alkali dykes is
developed (Fig. 50). The fragments range from Ang,_ 4, (the composition of xenoliths
in the secondary anorthosite of the overlying sill) down to Angsy.

Although the black felspars found in the marginal gabbro of the Klokken
intrusion differ in many important respects from those found in dyke rocks, they
have compositions (between An,, and Ang,) corresponding to black insels in the
alkali gabbro dykes. Similar black felspars (Ang,.s,) are found in the marginal syenites
of the Igdlerfigssalik centre of the Igaliko complex. The reaction between host and
insel is more marked at this locality than in the majority of dykes. Some of the
megacrysts show practically no effect of the surrounding rock apart from the devel-
opment of a vitreous lustre and a tendency for concoidal fracture. Other megacrysts
show successive zones from a mat black centre surrounded by vitreous black and
translucent colourless mantles to rims of white sericitised felspar. The sericitised
rims are often intergrown with nepheline or potash felspar and appear to have lost
all their original anorthite; the primary labradorite composition can only be sug-
gested by the composition of the centre of the crystals and the presence of the
original plagioclase twinning which can be traced across the changes in felspar type.
The field relationships suggest that the inclusions at Narssarssuk were already part
of a solid rock before they were enclosed in syenite.

The plagioclase insets derived from the rafts of secondary anorthosite capping
the lujavrites on Kvanefjeld show a much more complele reaclion with their host
rocks. Apart from the mechanical breakdown described on p. 59 the felspars have
also been completely recrystallised. The first stage in this process was a thorough
sericitisation in which most of the calcium was lost. This was followed by formation
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Fig. 51. Photomicrograph of albilised felspathic material found as inclusions in the
lujavrites on Kvanefjeld. Crossed nicols 40 x, G.G.U. 61400. The plagioclase inclu-
sions give the impression of being single crystals with (010) twinning; however each
“twin lamella” is in fact a separate albite crystal. The plane separating the albite
crystals probably corresponds to the (010) plane in the original labradorite before
replacement. A mica-like calcium sodium silicate of the pectolite group is found as
small grains within the plagioclase, presumably derived from the breakdown of
labradorite in a highly sodic environment.

of albite (An;) within the boundaries of the old plagioclase crystals. The albite may
occur as single crystals but generally it forms distinctive granular masses in which
the orientation of the new material is controlled by the erystallography and twinning
of the original plagioclase (Fig. 51).

The correlation between the composition of the insets and the
composition of the host masks any more subtle variation which might
have been present in the anorthosites before their inclusion. The mega-
erysts found in the pre-Gardar and early Gardar olivine dolerites tend
to be slightly more caleic than those found in the later hosts, but this
agrees with the general rule that the inclusions in less differentiated
hosts are more basic than those in alkali hosts. Similarly, with exception
of the inclusions from Tornérssuk, there is little evidence to suggest a
regional variation in the original anorthite content ol the presumed
anorthosite parent at depth. Samples described by Weinmany (1964,
p- 96), Ayrrox (1963, p. 90) and C. H. EmELEUS (personal communica-
tion) from the Tigssaluk area north of Ivigtut have compositions which
are relatively low in calcium (oligoclase-andesine). However, according
to information supplied by EmMerEus, and the descriptions published by
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WEIDMANN, the host dykes cannot be regarded as normal dolerites and
appear allied to the microsyenite-trachydolerite group of hosts. Speci-
mens of plagioclase megacrysts from gabbro dykes collected by R. Bos-
vAD (p. 14) have compositions ranging from Ang, to Ang indistinguish-
able from megacrysts in comparable hosts of known Gardar age.

b) Spectrographic strontium and barium analyses

Recent work, for example that of BurLErR and SkiBAa (1962), has
suggested that plagioclases taken from a series of consanguineous rocks
may contain a characteristic amount of strontium which can be used
to separate them from similar rocks which do not form part of the same
sequence. Further, in one intrusion this element often shows a system-
atic variation with the calcium content of the felspars. The same authors
(Sk1BA and BUTLER, 1963) suggest that in the rocks they have examined
the strontium content of felspars remains fairly constant although the
rocks containing the felspar may have passed through moderate to
severe metamorphism. It was therefore thought possible that if the
felspathic material was derived from a pre-Gardar source with no genetic
connection to the province, the strontium content of the inclusions and
plagioclases taken from the host dykes might show a significant differ-
ence. The barium content of the felspars was determined at the same
time, mainly to provide background information on the distribution of
this element in plagioclase from Greenland intrusions.

Fig. 52 shows a simplified diagram of the distribution of strontium
in samples of felspar separated from anorthosite xenoliths, plagioclase
megacrysts and a veriety of host rocks and basic dykes found in South
Greenland. The full results are tabulated in the Appendix. Exchange of
material with Dr. J. R. BurrLer (Imperial College, London) and deter-
mination of identical samples using X-ray fluorescence suggests that the
spectrographic determinations described here are reasonably close to the
absolute values. Determinations of plagioclases with 100-1500 p.p.m.
strontium agree with the determinations using other methods. Spectro-
graphic results over 2000 p.p.m. are up to 25 °/, above the values obtained
by other methods, and can only be treated as relative amounts.

Summary and interpretation of results

The most important inference to be drawn from the results is that
- felspars from the anorthosites and Gardar gabbros contain similar
amounts of strontium and thus the distribution of this element cannot
be used to separate them. Results from megacrysts from the pre-Gardar
dykes north of Ivigtut (p. 66) are in some cases lower than comparable
megacrysts from Gardar gabbros although there is considerable overlap
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Fig. 52. Strontium content of plagioclases taken from a variety of inclusions and
basic igneous rocks in South Greenland.



90 D. BripcwaTER and W. T. HARRY I1

between them. Plagioclases separated from the post-Gardar dykes fall
into the same range as those from Gardar basic rocks. Determinations
on the calcic plagioclases from concordant anorthosite layers in the
gneisses north of Ivigtut show that these contain less strontium.

The plagioclases separated from Gardar gabbros and the anorthosite
inclusions may be divided into two groups using their strontium content.
Plagioclases from the majority of Gardar gabbro dykes show strontium
contents between 800 and 1800 p.p.m. which are identical to those of the
inclusions of felspathic material in them. Plagioclases from the marginal
gabbro of Klokken and the felspar megacrysts found in the margins of
Klokken and Igaliko show a higher strontium content (between 2100
and 3400 p.p.m.). A similar high strontium content was found in the
Assorutit layered anorthosite (1700-2700 p.p.m.). This gives some sup-
port to the idea that the felspathic inclusions are not all derived from
the same source. Plagioclase insets from trachydoleritic hosts show a
high strontium content (1600-2500 p.p.m.) throughout the area while
felspar separated from the host rocks shows less than 1000 p.p.m. The
bytownitic felspar from the gabbro anorthosite inclusions from Térnér-
ssuk contains less strontium (400 p.p.m.) than other plagioclases from
Gardar basic intrusions.

In general there was no simple correlation between the anorthite
content of the plagioclase and the amount of strontium they contained;
adjacent fragments with identical compositions showed the full range
of strontium determined from inclusions from that particular environ-
ment. Samples were taken at intervals across one large crystal from dyke
8 (p. 46) and out into the interstitial host rock surrounding the crystal.
Further samples were taken of the normal host rock of the dyke, which
is slightly more basic than the material in contact with the large felspars.
Strontium determinations of these samples showed no significant varia-
tion although there was a considerable difference between the plagio-
clase megacryst (Ang) and the felspars from the interstitial material
(approximately Ang;. ). The lack of a consistent variation of strontium
with changes in anorthite content precluded the use of Sr/Ca ratios in
this account.

A similar study was carried out on specimens from Narssarssuk and Klokken.
A series of fragments from two large megacrysts set in a groundmass believed to
have been formed by the “syenitisation” of earlier gabbro, were analysed from
Narssarssuk. These showed no significant differences in strontium although the fel-
spars changed in character from fresh, glassy, black labradorite in their centres to a
sericitised mixture of altered plagioclase and alkali felspar at their margins and in
the host rock. The high strontium content of the host-rock felspars supports the idea
that the felspathic rocks along the margins of the Igdlerfigssalik centre may once
have been gabbros, resembling those of Klokken, which were later altered by suc-
cessive phases of syenite emplacement. A sample of fresh biotite syenite from
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Narssarssuk contains 1500 p.p.m. strontium. This is higher than the strontium con-
tents found in other Gardar alkali rocks and may be due to heavy contamination
by partly replaced gabbroic material. A series of samples from the centre of plagio-
clase megacrysts out into the host gabbro of the Klokken intrusion showed no
significant changes in strontium content.

The lack of variation in the strontium content of these megacrysts in spite of
heavy marginal alteration and local complete loss of the original anorthite com-
ponent of the plagioclases from Igdlerfigssalik, suggests that the values obtained
from other crystals may be close to the original figure. If the strontium content of
the felspathic inclusions is regarded as a secondary phenomena due to the effect
of the host rock then recrystallisation must have been so complete that little can
be left of other original features.

The close correlation between the strontium content of the inclusi-
ons and plagioclases from their hosts suggests that there may also be a
close genetic connection. It appears significant that the highest strontium
values were obtained from plagioclases thought to represent the first
formed minerals of a moderately highly differentiated alkali magma (for
example the plagioclases from the gabbroic margin to Klokken) while
the granular anorthosites and megacrysts from less differentiated Gardar
dolerites contain a relatively low strontium content. Ultimately it may
be possible to use strontium as an indicator of the stage of differentiation
reached in a particular basic rock when the plagioclases were precipitated,
however, considerable more information is needed about the distribution
of this element in the Gardar basic rocks before this can be attempted.
It should be noted that plagioclases from the two gabbroic dykes which
are regarded as the least fractionated of the Gardar gabbros (the Eqaloqg-
arfia dyke and the Thgtutoq giant gabbro; Table 4, nos 1 and 33) both
contain plagioclases with a fairly high strontium content (1500-1800

p.p.m.).

Comparison between the strontium content of the felspathic inclusions with
that of anorthosites and related gabbros in other parts of the world can only be
tentative due to the lack of an absolute standard. However, it is worth noting that
the values of 900-1500 p.p.m. given by Emmons (1953) from the Duluth gabbro
and their associated felspathic inclusions correspond remarkably well with the
granular anorthosites and their host gabbros.

Comparisons with the anorthosites of the Canadian Shield, which in the end
may provide the best method of determining the origin of the anorthosites in Gardar
rocks, is hampered because of lack of published material. Fortunately Papezix (1965)
has summarised the geochemistry of many of the plutons and gives the results of a
series of strontium determinations both on complete rocks and plagioclases separated
from anorthosite. The average values for strontium in 25 anorthosites is 750 p.p.m.
while those of 11 plagioclases separated from the Morin anorthosite is 913 p.p.m.
These results are fairly close to the values found in the granular anorthosites al-
though they are considerably lower than the average values found in the felspathic
inclusions in Gardar rocks. However, it should be noted that the majority of the
plagioclases analysed by Parezik are more sodic than the inclusions in Gardar rocks



92 D. BripcwATER and W. T. Harry 11

PLAGIOCLASES FROM
INCLUSIONS

Massive granular anorthosites

Bytownite megacrysts from
Tornarssuk

Glassy megacrysts in gabbroic - —
hosts

Xenoliths and megacrysts in mi-
crosyenite-trachydolerite hosts

Laminated anorthosite, Assorutit -_—

Megacrysts from marginal gabbro,
Klokken -

Centres of megacrysts from mar-
ginal rocks of the Igaliko intrusion e
at Narssarssuk (altered gabbro
host)

Sericitised margins of megacrysis
from Narssarssuk (altered gabbro i
host)

Centre of glassy megacryst in con-
taminated syenite host, Narssars- ___ (felspar from the host.
suk) contains approximately 1, Ba)

Megacrysts from pre-Gardar .
gabbros, Neria Bt

PLAGIOCLASES FROM
HOST ROCKS

Gabbro dykes in Kobberminebugt <
area

Least fractionated Gardar gabbros —_——
Alkali gabbro hosts 4l

Marginal gabbro, Klokken -_—

Trachydolerite hosts (60037,
analysis 31, Table &)

p.p.m.

1000 +
3000 ¢

(@}

s)

Q

N

Fig. 53. Barium content of plagioclases taken from a variety of inclusions and basic
igneous rocks in South Greenland.
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and the strontium wvalues for labradorite-bearing anorthosites from Canada are
significantly lower than those obtained from Gardar rocks.

The strontium content of plagioclases from basic bodies in Somalia described
by Butier and SkiBa (1962) fall into two ranges, 1000-1850 p.p.m. and 1650-2350
p-.p.m. These authors conclude that the four masses were not part of the same
layered intrusion on the basis of the strontium analyses. Similar arguments in the
Gardar would certainly divide the granular anorthosites from the layered Assorutit
block and the inclusions in the marginal rocks of the Igaliko complex.

The barium content of the felspars from the inclusions and
their Gardar hosts (Fig. 53) followed the strontium fairly closely with a
mean value of 300 p.p.m. in the granular anorthosites and megacrysts
from the Kobberminebugt gabbros, and reaching 1700 p.p.m. in stron-
tium-rich samples from Narssdrssuk. However, there is a marked differ-
ence between the barium content of the insets and many of their host
dykes and it is possible to trace a progressive increase of this element
from the centre of glassy megacrysts outwards into the host rocks. This
is particularly well seen in the series of samples from dyke 8 where the
centre of the megacrysts show a low (200 p.p.m.) barium content while
the alkali gabbro host shows an eightfold increase in this element (1700
p.p.m.). In contrast to the strontium content barium increases outwards
into syenitic hosts presumably reflecting the increase in alkali felspar.
This is well seen in the samples from Narssirssuk.

¢) Plagioclase twinning

The study of twinning in plagioclase has received some emphasis
in recent years due to the possibility that the type of twins developed
gives some indication of the environment in which the plagioclase was
originally formed or the processes through which it has subsequently
passed (see, for example, Gorar, 1951; TurnER, 1951; EmMons, 1953;
Tosi, 1961; Vance, 1961; Rao, 1964). At present the uncertainties
attached to the interpretation of twinning patterns are too great to
allow much weight to be put on them as the main criteria for the origin
of particular rocks. However, they can be useful as secondary evidence
to be used in conjunction with more reliable criteria.

In the study of the twin laws in the plagioclase from Gardar dykes
it became obvious that in any one thin section twinning was the result
of a variety of causes. Without definite criteria for distinguishing be-
tween different generations of twinning a statistical study of the twin
laws is of doubtful value. The dominant types of twin were identified
using the recent modification of Reinhard’s method (SLEMMoNs, 1962).
Approximately 250 stereographic plots were made on thin sections of
over a hundred samples. The sections were searched for unusual twin
laws which were generally apparent due to their effect on polysynthetic
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albite and pericline twinning. In some cases the twins were difficult to
identify with certainty due to the anomalous optical properties of the
plagioclase.

The twinning seen in the felspathic inclusions varies according to
the textural type of the xenolith and the composition of the plagioclase.
Four main types have been recognised, corresponding to the laminated
anorthosites, granular anorthosites, labradorite megacrysts and andesine-
oligoclase megacrysts. Although there is some overlap between the
groups the general features are sufficiently distinct to treat each type
separately.

1) Twinning in the plagioclase from the Assorutit laminated anor-
thosite. Plagioclase from these anorthosites shows a twinning pattern indistin-
guishable from that in other Gardar gabbroic rocks. The (010) plane is dominant,
with albite as the commonest twin law associated with some twinning on the Carlsbad
and the Carlsbad-albite twin laws. Fine albite lamellae offen alternate with broad
albite lamellae across the crystal. There is frequently an abrupt change in the abun-
dance of fine lamellae on either side of a particularly prominent (010) twin plane
which may give the spurious impression of a Carlsbad or Carlsbad-albite twin, how-
ever, when plotted the majority of these are found to be albite twins. The majority
of Carlsbad, or Carlsbad-albite twins determined occur as thin wedges separating
broad albite lamellae. Rare simple twins on the Ala B law have been identified.
Local subordinate patches of pericline inhibit the formation of the fine twins on
(010). The pericline twins are often exceedingly fine and the boundaries of the areas
in which they develop are indistinct.

Twinning on other laws is rarely seen. It is always simple, and may not be
easy to identify even using the full plotting technique described by Sremmons.
Some of the simple twins on a plane at right angles to (010) may be acline instead of
pericline but in the composition range of these felspars it is not possible to dis-
tinguish the two with certainty. Rare apparent (010) twins do not show a twin axis
when plotted while others show a large triangle of error. This may be caused by
two different tabular felspars settling together on their (010) faces and being cemented
by an overgrowth.

Some of the twinning is primary according to the criteria outlined by Vance
(1961). Occasionally it is possible to show that broad primary twinning was formed
before the plagioclase was completely crystallised. This is best seen where the com-
positional zoning is controlled by the original re-enfrant form of the crystal (Fig. 54).
Most of the finer twins are secondary according to Vance’s criteria and may have
developed either contemporaneous with the elimination of original zoning (Emmons,
1953), or are due to small internal stresses associated with crystal settling or contrac-
tions during the cooling of the rock. The final stage was the formation of fine tapering
albite and pericline twins developed locally in response to external pressure or
chemical attack on the crystals. These are seen where the plagioclase shows slight
bending or dislocation, or where the margins of the crystals have been leached in
contact with interstitial alteration products and alkali felspar.

2) Twinning in plagioclase from the massive granular anorthosites.
The felspars in the massive anorthosites differ considerably in appearance from those
in the layered rocks. They form an interlocking mass of anhedral grains with no
preferred orientation. This difference in texture is emphasised by a different twinning
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pattern. The (010) plane is no longer dominant and pericline and albite twins occur
in approximately equal amounts. Cross-hatching is common with the pericline and
albite lamellae showing the same variation in size. Twinning varies from one crystal
to the next; in some crystals all the lamellae have approximately the same width,
in the next thin albite and pericline twins are imposed on an untwinned background.
Commonly one set of twins (either albite of pericline) is broad and rather irregular

Fig. 54. Drawing of the relationship between twinning and zoning in a specimen

(G.G.U. 25229) of a megacryst in the marginal gabbro surrounding the granular

anorthosite block at Augiata tasia. It can be clearly seen that the (010) twinning in

this crystal controls the outer form of the crystal shown by the zoning. The twinning

is therefore regarded as primary. The field of view illustrated is approximately
3.5 mm in diameter.

with a general spindle shape in section, while the set approximately at right angles
is regular and has parallel sides. In general the irregular twins are the earlier.

Distortion of the twin lamellae is quite common in some thin sections and the
twinning may show a sygmoidal form in the crystal. This distortion rarely reaches
proportions suggesting that the granular anorthosites have been heavily deformed by
external forces. Undeformed twin lamellae cutting the (presumably) earlier deformed
lamellae are seen. In some crystals albite twins formed first, in others pericline.
One set of twins may cut the thinner members of the other set, but where they meet
wider lamellae of the second set there is commonly a diffuse area in the centre in
which the orientation of the plagioclase cannot be resolved.
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The twin pattern seen in plagioclase from the granular anorthosites shows some
variation from xenolith to xenolith, apparently dependent on the crystal form of
the constituent plagioclase grains. In the xenoliths composed almost entirely of
interlocking anhedral felspars the twinning is almost equally developed on the albite
and pericline laws. However, in samples taken from the partly laminated anorthosite
from some of the blocks from Kobberminebugt the twinning is predominantly on
the (010) plane and approaches the pattern seen in the Assorutit rocks. It would
therefore seem unwise to place any genetic significance on twinning alone in these
rocks. Twin laws other than albite and pericline are rare in the granular anortho-
sites; a few examples of Carlsbad-albite twinning and one of Manebach have been
plotted.

3) Twinning in labradorite megacrysts. Twinning in the labradorite
megacrysts and cleavage fragments is variable and where closely spaced can often
be seen to be the result of local causes, such as strain, induced by the inclusion of
foreign material with the crystals, or post-crystallisation distortion. Typically the
twinning in the undistorted giant felspars is very simple with albite and pericline
approximately equally developed. Other twin laws are virtually absent. A single
case of albite-Ala A twinning has been noted and a few crystals show a blocky
development of albite-pericline in which the composition plane corresponds to (010)
in one lamella and the rhombic section in the next. Most of the giant crystals show
only a few twin lamellae and extreme cases occur in which sections cut at right
angles to (010) have shown no twinning. Generally narrow albite or pericline lamellae
are found widely spaced on an otherwise untwinned background. The relative lack
of complicated twinning may be one of the reasons why the giant crystals are often
glassy clear and it is worth noting that glassy felspar megacrysts brought up in the
recent volcanic activity south of Iceland (Surtsey) show similar widely spaced,
narrow polysynthetic twins (material kindly supplied by S. Jakossson). The ab-
sorbtion of light by heavily twinned plagioclase may be partly explained by the fact
that the twin planes are commonly the site for slight alteration or the inclusion
of foreign material. However, in some cases it may also be caused by internal re-
flection within the crystal itself due to the refraction of light at each twin plane.

Some of the giant crystals have developed close-set polysynthetic twinning
which, in a few examples, appears to be due to strain. The individual twin lamellae
may show distortion with thickening where they bend and the development of an
intricate pattern of minute albite and pericline twins in the area surrounding the
distorted lamellae. :

Closely set polysynthetic twinning is characteristic of the felspar intergrowth
texture seen in some megacrysts from alkali gabbro hosts. The intergrowth may
take the form of two apparently separate plagioclase crystals each with its own
polysynthetic twinning on either side of a single twin plane (commonly (010} for
one individual and the rhombic section for the other). In other examples the inter-
growth consists of an “inclusion” of one individual within a larger crystal so that
the “inclusion” shows polysynthetic twins approximately at right angles to those
in the host. The boundary between the two is frequently marked by small inclusions
of olivine, chlorite, or in a few cases, gabbroic material. As the felspar on either side
of the boundary are crystallographically related the intergrowth should be regarded
as a single crystal. However, the appearance, both in hand sample and under the
microscope, is of two interlocking individuals. A special case of this phenomena is
seen in sample 58332 from the gabbroic centre of a member of the microsyenite-
trachydolerite dyke suite cutting the South Qoéroq centre of the Igaliko complex.
The sample consists of a single crystal of plagioclase (Angs) which is composed of
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Fig. 55. Twinning in a megacryst from a trachydolerite dyke cutting the South
Qoroq centre of the Igaliko complex. Crossed nicols 10 x, G.G.U. 58332. The twin
planes separating adjacent lamellae correspond to the (010) direction in one individual
and the rhombic section in the next. The megacryst is divided into approximately
square-sided areas defined by the (010) and pericline twin planes. Some areas in the
crystal show signs of strain presumably related to the unusual type of twinning.

closely spaced twin lamellae arranged in blocks set at right angles to each other
(Fig. 55). Some of the lamellae are distorted. The most remarkable feature of this
crystal is not the block texture but the relalionship between individual lamellae
within the block. The composition face between two adjacent lamellae is the (010)
face for one individual and the rhombic section for the next, This is repeated through-
out the crystal.

In some of the large crystals with broader lamellae than normal the lamellae
of one set of twins (either albile or pericline) are slightly spindle shaped in thin
section, while the twin lamellae of the other, generally younger, set have planar
composition planes. Associated with the broad lamellae there is often a later genera-
tion of fine twin lamellae parallel to the early spindle shaped set along the borders
of the second set.

The twinning of the black felspar is identical with that of the white felspar
from the same host and twin planes cut across the patches of black and white ma-
terial indiscriminately.

Local distortion of the plagioclase crystals has resulted in the production of
considerable secondary twinning. Although some of this may be due to crushing
during transport it can often be shown to have developed comparalively early in the
history of the megacrysts. This is best seen in Lhose crystals that have developed late

185 7
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Fig. 56. A block of plagioclase (G.G.U. 61073) which formed part of a single crystal
measuring at least 50x40 cm. The crystal consists of dark-brown albite lamellae
(approximately 1 mm wide) alternating with white lamellae which are generally less
than 1 mm wide. White veins cut both the dark and the light felspar. These are
composed of fresh plagioclase which does not disrupt the twin pattern.

fracture planes cutting across the crystal, often at irrational angles to the crystallo-
graphic directions. The fracturing may be so intense that the crystals break pre-
ferentially along the fracture plane instead of the cleavage plane. The crushing itself
may be fairly early in the history of the crystal as it sometimes controls the sericilisa-
tion of the plagioclase or conlains veinlets of material from the host dyke. However,
in spite of the intenseness of this mechanical action no secondary twinning has been
noted resulting from it. It seems possible that secondary twinning can only develop
above a certain temperature, or when the plagioclase is recrystallised by severe
chemical action. This may give some support to the ideas pul forward by Laves
(1965), who suggested that secondary twinning could only take place if the plagio-
clase was in a partially disordered state. The disorder in the case of the plagioclase
megacrysts might be an original feature representing the state of the plagioclase
soon after crystallisation, or it might be due to secondary effects of heating by the
host dyke during transport.

The relatively stability of the plagioclase twin pattern is seen in some of the
black felspars described in a following section (p.109). Many of the crystals appear
once Lo have been black throughout but have lost their colouration in patches.
This loss in colouration took place without any change in the twin pattern. A par-
ticularly good example of this phenomena is shown in Fig. 56 where late veins of
white felspar cut a single crystal of plagioclase without apparently disrupting the
twinning. The crystal consists of alternating brown and white albite lamellae, the
brown averaging two to three times the thickness of the white. The brown twins
contain extremely closely spaced pericline twins throughout their length (Fig. 57).
These pericline twins persist in the areas where the white veins “cut” the crystal
but are completely absent from the white twins. Pericline {winning is so inlense
that the lamellae will not extinguish but show anomalous blue interference colours.
While the cause of the dark colouration in many of the anorthosite felspars is not
known it seems possible that the colouration in this crystal may be due to peculiar
optical effects caused by the close-set pericline twins.
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Fig. 57. Photomicrograph of a thin section of the sample shown in Fig. 56. Crossed
nicols 25 x, G.G.U. 61073. Nole Lhe exceedingly fine pericline twinning in one set
of albite twins. This sel corresponds to the dark lamellae seen in Fig. 56.

Small inclusions of plagioclase in Gardar dolerite dykes show similar twin
patterns to the plagioclase of their hosts although there is every gradalion between
the comparatively simple twinning of the giant felspar and the complex albite,
Carlsbad-albite and pericline twinning found in the smaller crystals.

Twinning in the large plagioclase megacrysts from the margins of the Klokken
and Igaliko syenite complexes is generally extremely simple, consisting of regularly
spaced albite twins alternating as broad and narrow lamellae. Some fine pericline
twinning may be present.

The twinning seen in the felspar megacrysts from the pre-Gardar dykes of the
Neria region resembles that of the giant felspars in Gardar dykes; fine albite and
pericline lamellae in a generally untwinned “groundmass™ are the commonesl. Some
of the crystals in the pre-Gardar dykes are violently zoned against their host.

4) Twinning in andesine-oligoclase megacrysts. Virtually all the fresh
megacrysts with a lower anorthite content than Ang, are from the basic centres of
the microsyenite-trachydolerite host dykes. These dykes also contain some sodic
labradorite megacrysls and there is no sharp boundary belween the type of twin-
ning found in, for example the giant labradorite megacrysts, and the type of twin-
ning found in the smaller and less calcic megacrysts. As the anorthite conlent falls,
however, there are certain characteristic changes in the twin pattern. The most
noticeable of these is an increase in the number of twins per millimelre with de-
crease in anorthite content. The majorily of large labradorite megacrysts show rela-
tively few polysynthetic twins per millimetre while the smaller andesine-oligoclase
crystals show the development of close-set albite twinning. This reaches its maximum
development in the plagioclase centres to alkali felspar rhombs where the polysyn-
thetic twinning is so fine that it is barely resolvable. Typical andesine megacrysts
show properties halfway between these extremes.
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In the andesine megacrysts polysynthetic twinning is well developed, especially
on the (010} plane; the crystals may be divided into broad segments either by Carls-
bad, Carlsbad-albite or simple albite twins and the broad segments each contain
finer albite twins set;_in an untwinned groundmass. The broad twins can be shown
to be primary as they often coincide with changes in the outer form of the crystal
(VAncE, 1961). They frequently end abruptly. In thin section many of the andesine
megacrysts can be seen to contain polysynthetically twinned insets of plagioclase
with approximately rectangular boundaries. These insets are identical in composition
with the surrounding “host” crystal. When plotted on a stereogram it is found that
the (010) plane of the insets is parallel to the rhombic section of the “host” and they
are thus a special type of albite-pericline twin. A few broad, simple, pericline twins
and a single albite-Ala A twin pair have been noted. The broad (010) lamellae, the
larger pericline twins, and the inset structure all appear to be primary and formed
before the sericitisation of the plagioclases which often accompanied their inclusion
in the host dykes. The majority of inclusions in the less basic hosts show marked
zoning round the margins. In many cases this appears to be a secondary feature as
the zoning can be seen following the fractured margins of incomplete megacrysts.
The zoning is presumably due to the loss of calcium during the reaction between the
megacrysts and their hosts. This loss in calcium is frequently marked by an increase
in the number of albite and pericline twins, which are thus clearly secondary in
origin.

Most of the fine polysynthetic twinning found in the andesine megacrysts
appears to be secondary according to the criteria outlined by Vawnce (1961). How-
ever, it is not known at what stage it developed, and it could either represent twin-
ning which formed soon after the crystallisation of the plagioclase, or it might reflect
a later process such as inclusion in the Gardar dykes. Most of the secondary twinning
appears to have developed before the sericitisation of the plagioclase, although in a
few crystals closely spaced secondary albite twinning developed in recrystallised,
less calcic, plagioclase surrounding cores of sericitised plagioclase with a simpler
twin pattern. Some of the secondary twinning can be seen to have formed as the
result of mechanical strain, there being an increase in the number of secondary
lamellae where primary lamellae have been bent or disrupted. Other crystals show a
series of dislocations later than the secondary twinning.

Secondary pericline twinning is also common in the andesine megacrysts. In
some cases it may be restricted to one set of primary albite twins, and it may locally
inhibit the development of secondary albite twinning. In other crystals patches of
secondary albite and pericline twinning alternate.

d) Relationship between composition, optical orientation. and the
structural state of the plagioclase

The plagioclase from the felspathic inclusions should provide ideal
material for a study of the relationship between optical orientation and
chemical composition. Crystals with broad simple twin lamellae and
homogeneous composition are common and it is comparatively easy to
prepare thin sections in any desired plane.

The exceptional coarse grain size and the lack of compositional
zoning suggests that the felspars were formed slowly under conditions
of local equilibrium. It would therefore be expected that they show
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Fig. 59. The angle between Y and the albite twin axis plotted against composition.

consistent plutonic structural states (in the sense used by SrEMMONS,
1962).

Large discrepancies were found between the composition of indi-
vidual plagioclase crystals determined using standard curves relating
optical orientation and anorthite content and the composition of the
same felspars using refractive index measurements. The variation be-
tween the angles of X and Y to the albite twin sxis for plagioclase
crystals of similar compositions may be seen in Figs. 58 & 59. Similar
results were obtained for Z, and for other twin laws. The discrepancies
are outside the range of instrumental and personal error and resemble
those found by Emmons ef al. (1960) in their study of less basic plagio-
clases from granitic rocks. W. S. WarT, working independently on mega-
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crysts collected from Gardar dykes in the Qaersuarssuk area, obtained
similar results to those described in this paper.
The most noteable features are described below:

1) The anorthite content obtained by plotting optical directions
differed by as much as 25 °/, An from that obtained by refractive index
determinations. 2V measurements agreed with the compositions ob-
tained by refractive index determinations and gave consistent results
on the curves for plutonic plagioclase. The An/(An + Ab) ratios of three
felspars partially analysed were within 2 ¢/, of the An content of the
same felspars given by the refractive index determinations. This is
within the experimental error of the analytical method used. (The
analyses suggested that the plagioclases contained approximately 3 °/,
of the potash felspar molecule. As this is not determinable by optical
methods it has not been allowed for in the anorthite percentages quoted.
However, it is most unlikely that the potash felspar contained in the
felspar could account for the marked discrepancies described here).
Identical samples of plagioclase to those determined by refractive index
measurements were analysed for sodium using neutron activation by
J. R. ButLEr (Imperial College, Liondon). The results are all within 1 ¢/,
of those obtained using refractive index measurements.

2) Some crystals showed a constant discrepancy between the re-
sults obtained by refractive index determinations and those from uni-
versal stage measurements; other crystals showed no such consistancy,
the optical directions in one set of twins showing a markedly different
orientation to the next. In one example, a stereogram of which is shown
in Fig. 60, the orientation of the optical directions with respect to the
twin axis remained constant in one albite twin lamella. while in the
second lamella the position of X and Z varied by 26° and Y remained
constant at different positions along the length of the twin. Refractive
index measurements of fragments from the same crystal showed that
the composition remained constant. Adjacent erystals with similar com-
positions commonly show completely different optical orientations with
respect to their twin axes.

3) Some crystals showed a consistently large triangle of error when
the results of several measurements were compiled onto one stereogram,
other crystals were variable and still others gave consistently small
triangles of error. The divergence between the results obtained by re-
fractive index and optical orientation determinations showed no relation-
ship to the size of the triangle of error; many stereograms in which the
triangle of error was negligable gave angles of X and Y to the twin axis
which did not lie near to any of the standard curves. In a few cases it
was impossible to identify the type of twinning present using Slemmons’
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Fig. 60. The change in the position of the optical indicatrix with respect to the albite
twin axis in one unzoned albite lamella from a megacryst.

method as the points lay far outside the areas enclosed by the standard
curves.

4y Many of the albite twins showed marked differences (up to 10°)
in the maximum extinction angle on either side of the vertical twin
plane although plotting showed no particular abnormalities present and
the refractive indices of the adjacent twins were constant.

5) The structural state (plutonic, intermediate or volcanic), as de-
termined by optical measurements, was highly variable and showed little
correlation with the field setting of the xenoliths. Samples taken from
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the centre of coarse-grained anorthosite inclusions several tens of metres
in diameter showed structural states varying from “more plutonic”’ than
plutonic to “more volcanic” than volcanic on the standard graphs. This
variation occurs from grain to grain and from twin pair to twin pair.
Measurements of the structural state of felspars from the Assorutit
laminated anorthosite inclusion showed more consistent results than
those from granular anorthosites or megacrysts. However, even in the
Assorutit felspars occasional twin pairs gave readings suggesting a vol-
canic structural state.

6) Both primary and secondary twins showed the same dis-
crepancies.

7) X-ray powder diagrams and single crystal photographs (p.107)
also suggest that the structure of the felspathic inclusions is abnormal.

8) The comparatively simply twinned, giant, glassy felspars which
should provide the most suitable material for this work were among
those felspars with the highest discrepancies.

9) The discrepancies were not limited to particular twin laws:
albite, Carlsbad-albite, Carlsbad and pericline could all show similar
departures from normal curves.

10) Several pseudo-twins were found, especially in the Assorutit
anorthosite. These are apparent twins in which one unit shows no ra-
tional relationship to the twin plane. Other apparent twins showed so
large a triangle of error that it was impossible to identify the twin axis.

11) As a check glassy felspar from Surtsey was determined using
the same techniques and instruments. The results given by SrEMMoNs’
curves and the refractive index measurements were within 1 °/; of each
other. As might be expected from their environment the felspars from
Surtsey showed volcanic optics. Preliminary work on the Gardar gabbros
suggests that some of these contain felspars with normal plutonic optics.
However, some resemble the plagioclase inclusions and a thorough study
would be worthwhile.

The above results suggest that the orientation of the principal
optical directions of the felspar inclusions is controlled by several fac-
tors other than chemical composition, and plutonic or volcanic origin.
Unless these factors are known the optical orientation can only be used
as an approximate guide to composition and gives little direct informa-
tion about the conditions under which the felspars crystallised. This is
in agreement with the results published by Emmons et al. (1960) and
not with more recent work (for example, NosLE, 1965). Plagioclases
from some groups of rocks, for example the volcanic xenocrysts from
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Surtsey and the calcic plagioclases found in the regionally metamor-
phosed gabbro anorthosites north of Ivigtut, show no discrepancies be-
tween the composition determined by refractive index measurements
and those obtained by measurements of the optical orientation. In
other plagioclases, such as those described here, the discrepancy is so
large that the position of the principal optical directions may give little
idea of the composition or structural state of the felspar. The differences
are real and reflect fundamental properties of plagioclases from different
geological settings.

The most interesting work on similar discrepancies is that described by VoeeL
(1964) as optical-crystallographic scatter. Vocexn divides his observations into two
groups: scatter seen in individual grains (internal scatter) and those seen in different
grains in the same sample (external scatter). VoL ascribes internal scatter to the
formation of imperfect twins and states that it is found in plagioclases taken from
all geological environments. It is generally restricted to a few grains per slide. Ex-
ternal scatter, VogeL believes, is due to the twinning developing at any time during
the cooling process and thus plots from the different grains may show a spread
between high and low structural states. He notes that external scatter is especially
common in ‘“‘coarse-grained, igneous-appearing rocks such as gabbro, anorthosite, no-
rite and pyroxenite”. This description fits the felspathic inclusions in the Gardar rocks.
However, VocEL’s results cannot be applied in toto to the Greenland felspathic
inclusions partly because using his definition most of the scatter observed in the
Greenland inclusions is internal, as the majority of samples are single crystals and
partly because the Greenland rocks appear to have passed through a more complex
history.

In order to make comparisons between VoGEL’s results and those
from the Greenland inclusions more useful it is necessary to restrict the
term internal scatter to the scatter of plots from obviously imperfect
twins, for example those with large triangles of error or the ‘“pseudo-
twins”’ deseribed under (10) above, while external scatter may be used
for changes in apparent structural state between different ‘‘perfect”
twin pairs from different places in the same grain. With this slight
modification the following points seem of interest: Internal scatter is
particularly common in the Assorutit laminated anorthosite and in
samples of granular anorthosite which have moderately elongate plagio-
clase crystals with well-developed (010) faces. This suggests that internal
scatter may be due to the combination of two crystals which settled
together on their (010) faces. Although VoaGEL associates internal scatter
with no particular geological environment it would seem probable that it
might be common in igneous rocks with platey plagioclase.

External scatter is very common throughout the inclusions. It is
well marked in the giant felspars. “Perfect” twins, i.e. those in which
the adjacent lamellae show identical relationships to the twin plane and
which do not give appreciable friangles of error, may show a scatter
outside the limits of the high and low structural curves. This applies to
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all types of twinning and differs from the results published by VoceL
who found that secondary twinning and Carlsbad and Carlsbad-albite
twins showed little external scatter, at least within the same sample.

Part of the explanation is probably to be found in the complex
history of the felspathic inclusions. Many formed a solid rock later
broken up and included in fresh gabbroic magma, which may well have
led to secondary twinning forming at higher, local temperatures than
the original primary twinning. Similarly, local heating effects on plagio-
clase lamellae forming part of primary Carlsbad twinning may have
altered the structural state of the felspar in one part of the crystal but
not in another. The fact that many “perfect” twins show a scatter out-
side the limits of the normal curves may be due to strain in the structure.
These anomalies are commoner in samples taken from inclusions in the
dyke rocks than they are in samples from the margins of the Klokken
and Igaliko intrusions. This may be partly due to the relative speed of
cooling of the two types of host. Inclusions in the dykes may have been
in equilibrium at depth, either as massive rocks formed slowly under
plutonic conditions, or as megacrysts suspended in a deep seated magma
chamber. When brought up in the Gardar dykes they may have been
reheated and then cooled too quickly to allow them to adjust fully to
their new environment. In contrast, the megacrysts in the margins of the
larger bodies may have either crystallised direct from a magma closely
related to their present host, or they may have had longer to adjust to
the new conditions. However the common occurrence of defects of this
type from coarse-grained igneous rocks suggests that some of the an-
omalies may be original features formed at the same time as the original
crystallisation of the plagioclase. (In the next section of this paper (on
X-ray investigations) it is suggested that the defects are not due to
twinning, at least on the microscopic scale, but are lattice defects.) A
possible explanation would seem to be that the first formed centres on
which the plagioclases crystallised were high temperature forms. These
were followed by the crystallisation of low temperature plagioclase with
different crystal constants resulting in severe strain in the structure.

Although the high incidence of external scatter found in felspathic
inclusions resembles that found by VogEL in basic rocks of igneous
aspect it cannot be used to prove the igneous origin of the felspars since
many of the more marked features might be the result of later effects
on already crystallised material. However, none of the xenoliths show
the lack of scatter seen in regionally metamorphosed rocks.
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e) X-ray investigations on the structural state of the felspar

The angular separations /" and B (SmitH and Gay, 1958) were
measured on X-ray powder patterns of 36 felspar samples. Single crystal
X-ray photographs were made on samples of black and clear felspar
from the same megacryst. The detailed results of both studies are given
in the Appendix (p. 211).

Discussion of the results.

There were two main reasons for studying the felspar using X-ray
techniques; firstly to see if there was any evidence that the black coloura-
tion of some of the felspars was due to a structural defect which was
not present in the clear felspar, and secondly to see whether the variation
in properties found using universal stage measurements could also be
detected by techniques which did not rely on the presence or absence of
perfect twins.

Direct comparisons between the abnormal properties found by uni-
versal stage measurements and the X-ray powder patterns is impossible
since most of the crystals examined optically show different properties
from one twin pair to another. These might be expected to average out
when a powder pattern is taken of felspar from many different twin
lamellae. However, powder patterns taken of samples separated from
different parts of the same megacrysts show similar variations to those
found using optical methods. Powder patterns showed little difference
between black and clear felspar; if there are any differences in structure
between the two types of felspar these are masked by a much stronger
scatter of properties seen in apparently identical samples from the same
megacrysts. However, as shown in Fig. 76b in the Appendix, some of
the black felspars show a clear separation of peaks in the 20 range
23°-24°. This separation is lost in heated samples and in the clear rims
surrounding the black megacrysts.

Individual samples, in some cases taken from apparently untwinned
felspar, show a remarkable spread in the 131 reflection which leads to
considerable imprecision in /" measurements. In some samples there are
apparently two 131 reflections which give values of I falling respectively
near the plutonic and volcanic curves drawn by Smite and Gay; in
other samples the 131 peak is broad and diffuse suggesting that the
crystals possess a complete spread in properties between the volcanic
and plutonic forms. The values of I obtained had little connection with
the properties which might be predicted on geological grounds. Samples
from the massive granular anorthosites, which could be expected to be
slow cooling and “well ordered” often gave values of I' close to the
volcanic curve of SmiTH and Gay. This suggests that the variation in
the position of the 131 reflection may be controlled by other factors
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than thermal state and chemical composition. However, it can be noted
that samples of plagioclase from the Assorutit anorthosite and mega-
crysts from Klokken, both of which are thought to have passed through
simpler histories than the majority of inclusions, showed X-ray powder
patterns with well defined double 131 peaks, giving values of I" very
close to the plutonic and volcanic curves of SmiTH and Gay. As a control
samples from the regionally metamorphosed anorthosites found as con-
cordant layers in the gneiss north of Ivigtut and a clear glassy mega-
erysts from the recent volecanic activity on Surtsey were examined using
the same instruments and techniques. These gave single 131 reflections
and values of I" which fall respectively on the plutonic and volcanic
curves drawn by Smite and Gay. Optical measurements on the same
samples gave a similar lack of anomalous properties.

When a sample of black felspar was heated until it lost its colour
(between 800 and 1000°C) the original value of I" changed until it ap-
proached the volcanic curve. However, a complete disordering of the
original crystal did not take place at the temperatures used and a weak
double 131 reflection persisted.

The structural state indicated by the separation B was generally
fairly close to that indicated by I In contrast to I" only one value of B
was measurable. This is probably due to the relatively small separation
between the two reflections used in obtaining B.

The main conclusion to be drawn from the X-ray powder diagrams
is that the anomalies found by the universal stage measurements are
not due solely to imperfect twinning but reflect a more fundamental
property of the crystals. Some of the results are probably due to a
spread between high and low temperature forms of plagioclase but the
problem would appear to be considerably more complex than previously
suggested. In many respects the results resemble those suggested by
VoaEer’s (1964) optical work on gabbroic rocks. However, the fact that
high temperature forms of plagioclase can be seen at all by X-ray powder
determinations suggests that the original structural state is locally pre-
served within the crystal and is not only reflected by the optical orienta-
tion with respect to the primary twin planes.

It seems likely that both the optical crystallographic scatter and
the X-ray crystallographic scatter may be due in part to the com-
plicated history through which the fragments have passed. In the
Assorutit and Klokken felspathic inclusions the scatter may be due
to changes between high and low temperature forms which occur
in a coarse-grained gabbroic body while cooling. However, many of
the smaller xenoliths and megacrysts have a more complex pattern
which:may be partly derived from original, possibly igneous features,
and partly derived from their history as inclusions in gabbroic rocks.
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The single crystal X-ray photographs (Appendix, p.220) showed
that both the black and clear varieties of felspar were structurally
abnormal and provided no proof that the colouration of the black
felspars was due to structural defects. It appears that only the most
refined techniques which can measure the amount of any dislocation
in the felspar structure would be useful in solving the origin of the
colour.

The most striking result of the single crystal studies was obtained
from the black fragment (Ang;) which gave a measured angle f* of
64°50°. This is approximately 1° larger than that given by Hinrzr (1897)
for sodic labradorite and is outside the range for this angle recorded for
plagioclase. The white fragment studied did not give §* by direct meas-
urement; the average value calculated, 63°17°, is significantly lower than
the angle normally found in labradorite.

f) Black felspar

Glassy, black felspar megacrysts resembling obsidian are found
unequally distributed in the felspathic rocks throughout the area de-
scribed in this paper. They are especially abundant in Gardar dykes near
the mouth of Kobberminebugt and in the marginal facies of the Klokken
and Igaliko syenite intrusions. They occur in both the gabbroic and
trachydoleritic host dykes and examples have been noted as mega-
crysts in the unmetamorphosed pre-Gardar olivine dolerite dykes of
the Neria area.

Typically the black felspars are found in the same hosts as the large
megacrysts of clear, glassy felspar which they resemble closely except
for colour. In the majority of dykes the dark colouration appears to be
unstable and the black felspars are rimmed by clear material. However,
in a few examples all the megacrysts and the majority of host rock
plagioclases are black and the colouration appears to have been stable
during the crystallisation of the host dykes. These dykes also contain
_considerable primary hornblende instead of augite and olivine, a fact
which may have some bearing on the genesis of the colouration. The
black crystals generally occur as single megacrysts or occasionally in
coarse, loosely packed aggregates forming the pseudo-ophitic texture
described on p. 31. There are no records of black felspar forming major
constituents of any of the granular anorthosite blocks, although rafts of
plagioclase-rich material in the margins of the Igdlerfigssalik centre of
the Igaliko syenite complex contain occasional fragments of dull, dark
coloured felspar. The large black crystals occurring as megacrysts in the
Igdlerfigssalik centre are generally less glassy in appearance than the
black felspar seen elsewhere. A considerable proportion of the plagio-
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clase megacrysts forming components of the secondary anorthosites at
Bangs Havn and Narssaq are gray; this is thought to indicate that they
may have passed through a black stage.

Most specimens of black felspar contain trains of coloured minerals
parallel to either the (010) face or the rhombic section. Although these
inclusions may have been formed at the same time as the black colour,
they are not the direct cause of the colouration as they occur to approx-
imately the same extent in the clear felspar megacrysts. Many of the
black felspars are veined and rimmed by clear, colourless felspar which
may follow definite crystallographic planes (especially those containing
inclusions of coloured minerals) or which may form irregular anastomos-
ing networks replacing the darker material. In some examples the younger
material is clear and glassy, and it mantles the broken black megacrysts
in a manner that suggests that the clear material has formed from the
black felspar under the influence of the surrounding host rock (Plate 1b).

Under the microscope the colour is only faint in thin sections of
normal thickness; with the naked eye a pale smoky appearance is
visible when the thin sections are held up against a white card. This
smokiness is quite pronounced in small fragments used for refractive
index determination. Using an oil immersion lens and a total magnifica-
tion of 1500 diameters the mat felspars from the Igdlerfigssalik centre
and Klokken show minute rod-like and dendritic inclusions aligned
parallel to (010) resembling those described in cloudy olivine (BERTHEL-
sEN and BRIDGWATER, 1960, fig. 25). These are too small for identifica-
tion but may contain both opaque and non-opaque phases (cf. Wircox
and PoLpervaart, 1958). But the black glassy material from Gardar
and pre-Gardar dykes contains nothing which can be resolved as a
separate mineral phase. The black felspars were found to be almost
completely homogeneous when examined using phase contrast and dark
field microscopy.

Preliminary investigation using electron microscopy on replicas of
a fracture surface at magnifications up to x 8000 has not shown a second
mineral phase, but has revealed the presence of areas within the black
felspar with an abnormal structure. This is seen in Fig. 61; the area to
the right of the photograph is typical of the (001) surface of a normal
felspar when seen under high magnification. The confused area on the
left of the photograph is abnormal and according to H. MICHEELSEN
(personal communication) is typical of crystals with closely spaced lattice
defects.

i) Properties of the black felspar

In spite of the very obvious difference in colour between the black
megacrysts and clear megacrysts from the same host there are remark-
ably few differences between the two types of felspar. Fresh samples of
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Fig. 61. Electron micrograph (carbon replica) of an (001) fracture surface of a black

felspar. (Photograph H. Micurersen). Approximately 8000 x, G.G.U. 49332. The

area on the right of the figure is typical of a normal felspar, while the area to the

left is abnormal and resembles electron micrographs of crystals with closely spaced

lattice defects. The irregular dark areas are probably small felspar fragments on Lhe
surface of the specimen.

both felspars show the same glassy surface and commonly develop a
conchoidal fracture which may cross the boundary between the two types
without sign of a break. During manufacture of thin sections it appeared,
however, that the dark felspar was considerably more liable to “plucking”
than the clear felspar in the same section. This suggests that the black
felspar is more brittle than the clear felspar; a property possibly allied
to the presence ol lattice defects.

1) Refractive index determinations. Refractive index meas-
urements of X, Y and Z (p. 221) on a large number of samples of black
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felspar and the colourless rims surrounding them showed that the black
felspar had a composition in the range An, to Ang with most between
Ang, and Ang. The colourless rims were generally 2-4 9/, less calcic than
the black material. This might reflect original zoning.

2) Chemical composition. Partial chemical analyses of black
and colourless material from single crystals showed no significant differ-
ence in major elements and gave anorthite contents within one percent
of those deduced by refractive index measurements. In the four samples
analysed, K,O varied between 0.6 and 0.7 9/, equivalent to between 3
and 4 °/, of the potash felspar molecule in the felspar. The total iron
shown by standard chemical methods varied between 0.4 and 0.45 ¢/,
Fe in both the black and the white felspar. No difference was detectable
in the oxidation states of the iron in the two types of felspar but at this
low concentration it is doubtful whether the methods are reliable.

X-ray fluorescence trace element analyses of two pairs of black
and colourless felspar showed no significant difference between the black
and colourless material. The black felspar, its colourless rim and a clear
felspar megacryst that was used as a standard showed an identical iron
content (approx. 0.5 %/, Fe). A slight change was noted in the Ti content
ranging from approximately 0.03 °/, Ti in the black felspar. 0.025 9/, in
the colourless rim and 0.015 %/, in the control glassy felspar. Optical
spectrographic determinations on several sample pairs of black and clear
felspar taken from individual crystals showed no significant differences
between the two types of felspar. The iron content of the felspars is not
unusually high (cf. labradorite analyses published by DEEr, HowIe and
ZussMAN, 1962-1963).

C. H. EmerLeus (personal communication) reports that preliminary results
using a microprobe suggest that turbid areas within the black felspars show a signifi-
cant increase in iron. This is thought to be due to inclusions of optically resolvable
iron-bearing minerals which are found along some of the twin planes in these felspars.
In most of the samples examined optically the areas which are turbid in thin section
are generally white and not glassy when seen in hand sample and appear to have
been formed by secondary alteration.

The water content as determined by loss on ignition and PeNFiELD’s method
on 10 mg of material is less than 0.25 ¢/, in both black and clear felspar. This means
that any difference between the two is within the margin of error of the analytical
methods used. Further investigations on the water content of the felspars using
thermogravimetric methods are described in detail later.

3) Structural states of the black and clear felspars. The
black felspars commonly plot closer to the plutonic curves than do the
clear felspars from the same megacrysts. This is seen both in the X-ray
powder data and in universal stage measurements of the relationship
between the principal optical directions and twin axes. The felspars
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from the pre-Gardar dykes and the felspars from the Igaliko and Klokken
mtrusions show this property particularly strongly. However, not all
the black felspars show plutonic optics, and since the majority of felspars
either from the anorthosite xenoliths or the plagioclase megacrysts show
structural abnormalities it seems unwise to place any interpretation on
this ill-defined difference between the two felspar types.

4) Twinning. In the majority of black crystals the twinning was
identical to that found in the clear plagioclase megacrysts from the same
environment. Where clear felspar rimmed black material the twin
pattern crossed the boundary between the two varieties of felspar
without a break. As described on p. 96 the twinning in the large mega-
crysts is generally limited to thin lamellae on either the albite or pericline
twin laws set in untwinned plagioclase. The relative lack of twinning
was confirmed by the single crystal X-ray photographs which showed
its complete absence on a submicroscopic scale in the black and clear
samples examined. The only exception to this rule is the crystal de-
scribed on p. 98 and illustrated in Figs. 56 and 57. It is tentatively
suggested that the close-set pericline twinning in this crystal may be an
allied phenomena to the H,O-bearing stacking faults in untwinned
material, the presence of which is suggested by the thermogravimetric
results described below. Late veins of chalky white fresh plagioclase cut
the megacryst without disrupting the twin pattern.

5) Magnetic properties. It proved remarkably easy to separate
black and colourless portions of the same plagioclase crystal using a
magnetic separator. The black felspar has about the same susceptability
as augite while the clear was, for all practical purposes, non-magnetic.
Generally it was possible to separate any crystal into three fractions:
a highly magnetitic portion consisting of small grains of included mag-
netite, olivine and felspar with inclusions; a clean fraction of fresh black
felspar with no inclusions; and a clean fraction of clear non-magnetic
felspar. Similar separation of black felspar has been described by Herz
(1951, p. 885); however, it should be emphasised that in the felspars
described by Herz the magnetic fraction contained optically resolvable
inclusions.

Measurement of the magnetic properties of the felspars was attempted by
R. Girprer (University of Newcastle) using a sensitive magnetometer. This gave
satisfactory results for the colourless material, but was unsuitable for measuring the
black felspar due to the fact that fragments of crystals large enough for determination
are quite likely to contain inclusions of magnetite or olivine. In order to eliminate
this source of error a second series of determinations were carried out using a mag-
netic separator, in the way described by McANprREW (1957), to measure the suscep-
tability of powdered material from which all resolvable inclusions had been removed.
This method proved quite sensitive enough to show the difference between black

185 8
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Table 3. Susceptability of black and clear felspar

a) Using a sensitive magnetometer

49332a Black felspar (with some inclusions)........... 3x10~*e.m.u./cm?
49332b Clear felspar surrounding 49332a ............. 1 x10~%e.m.u./cm?
25171  Clear glassy felspar.......... ... ... ... . ... 1 %x10~%.m.u./cm?
b) Using a magnetic separator
49332¢ Powdered black felspar ...................... 9x10~%.m.u./cm?
49332d Powdered clear felspar....................... 5x10-%.m.u./cm?
49332e¢ Heated and powdered black felspar ........... 4x10-%.m.u./cm?
758 %P Powdered black felspar ......... ... ... ..., 6 x10~%.m.u./cm?
55464¢c Gray felspar (from Klokken intrusion)......... 1x10~%.m.u./cm?

and colourless felspar although the values obtained for the clear felspar are probably
not as precise as those obtained by GirpiLeRr. The results given by the two methods
(Table 38) are in reasonable agreement with each other; the high value obtained by
GiepLER for a fragment of black felspar is probably due to resolvable inclusions in
the crystal measured.

6) Effect of heating. A powdered sample of black felspar, to-
gether with a few small fragments of black felspar, were heated in a
furnace to 800°C for 336 hours. No change was apparent. The tempera-
ture was increased to 1000°C and heating continued for another 336
hours. At the end of this time the felspar was found to have become
colourless. It remained glassy and showed no signs of fusion. The heated
felspar showed a faint but distinet reddish colour, apparently due to
ferric oxide. When placed in a magnetic separator the heated felspar
proved to have lost its original magnetic properties and resembled the
clear felspar from the same sample (Table 3). The effect of heating on
the X-ray powder pattern is shown in Fig. 75 and discussed on p. 108.
When heated moderately rapidly to 1200°C during the thermogravi-
metric studies the black felspar only lost part of its colour by the end of
the experiment, the fine powder and material nearest to the walls of
the crucible becoming white while the larger grains remained a dirty
brown. This suggests that the reaction is fairly slow. Clear felspar
heated to 1200°C during the same experiment took on a distinct red
colouration. Both felspars became slightly fused at these temperatures
forming a loose cake.

Specimens of gray felspar from Klokken, which might be regarded as black
felspar which has been modified by natural heating, show a magnetic susceptability
about half way between the values obtained from black and completely clear felspar.

7) Over-exposed X-ray Guinier films. X-ray Guinier films
were taken of powders of black and clear material from the same felspar
crystal. These were grossly over-exposed to X-rays in order to see
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Fig. 62. Thermogravimetric curves of 10 g of black and clear felspar taken from the

same crystal (759 %—), illustrated in Plate 1 b.

whether characteristic patterns other than felspar could be detected.
Although faint lines occurred which could possibly be interpreted as
magnetite, they were equally developed in both the black and clear
material, and are not thought to show the presence of any second min-
eral phase which could cause the difference in properties between black
and clear felspar.

8) Thermogravimetric analyses. Two thermogravimetric an-
alyses were carried out using the method described by MICHEELSEN
(1966, p. 294) on 10 g of black and 10 g of clear felspar separated from
the same crystal with an electromagnetic separator. The samples were
heated at the rate of 4°C per minute. They were weighed at 5 minute
intervals during a rise in temperature from 20°C to 1200°C. The re-
sulting changes in weight can be seen in Fig. 62. Results below 75°C
are omitted since, in this range, the rate of change in the correction curve

8%
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used for correcting the effects of convection currents in the furnace is
considerably greater than the rate of change in weight of the sample.
At higher temperatures the rate of change of the correction curve is
much smaller.

Interpretation of results. The total corrected loss of weight on heating
10 g of black felspar to 900°C was 22.3 mg, that of clear felspar 7.9 mg.
This loss in weight is attributed solely to loss in water from the felspar,
thus it is apparent that the black felspar holds approximately three
times as much water as the clear. ‘

Both felspars showed a slight gain in weight above 900°C which
is ascribed to the oxidation of iron. This explanation is supported by
reddening of the samples after heating. In the black felspar the gain in
weight 1s small (0.4 mg), while in the clear it is three to four times larger.
Assuming that at the temperatures at which the oxidation of iron took
place the rate of loss of water from the two samples was negligible, this
suggests that three times as much oxygen was added to the white felspar
as was added to the black, in order to oxidise the available iron. As it
has been shown that the iron content is approximately the same in the
black and the clear felspar in this crystal, this result suggests that the
iron in the black felspar was in a different state to that in the clear
felspar. It may be noted that the loss in colour in the black felspar took
place above 800°C, that is after the majority of the water had been
given off but within the temperature range in which the oxidation of
iron takes place. It seems probable that the iron was not fully oxidised
in either the black or the clear felspar at the time the experiment was
stopped. Neither curve shows sign of flattening out at 1200°, and the
black felspar was still brown when removed from the furnace.

Assuming that the total iron contents of the 10 g samples of black and clear
felspar were identical, the 1.4 mg increase in weight in the clear felspar corresponds
to an oxidation of approximately 0.1 9/, iron contained as FeO, while the 0.4 mg
weight gain in the black felspar corresponds to oxidation of the same amount of
iron were it Fe,O,. This does not imply that magnetite is present in the black felspar
but suggests that the iron present may have the same structural state as the iron
in magnetite. '

The temperature at which water is lost from a mineral can give
some idea of the way in which the water is held in the mineral structure
and possibly some information about the structure of the mineral itself.
MicHEELSEN (1966) has given a detailed account of the loss of water
from flint during heating. It may be taken as a reasonable assumption
that the water in felspar behaves in an analogous way to the water in
flint. According to MIcHEELSEN a low temperature reaction occurs in
the range 20° to 250°C due to the loss of H,0 molecules. Overlapping
this reaction a second reaction takes place in the range 150° to 700°C
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due to the break down of Si-OH groups. From the shape of the curves
shown in Fig. 62 it would appear that in felspar the major part of the
reaction was complete at 550°C.

The curves suggest that the two felspars contain fairly similar amounts of water
as H,0 which they lose at similar rates in the range 20° to 200°. The loss in water
as H,O can be estimated to be approximately 450 p.p.m. in the case of the black
felspar and 400 p.p.m. in the case of the clear felspar. Above 250° the two curves
diverge markedly, the black felspar loses a further 1790 p.p.m. of water, possibly
during the break down of 8i-OH groups, while the clear felspar loses approximately
400 p.p.m. The great ‘width of the thermogravimetric analysis reaction indicates
that the H,0 is likely to be found on a lattice defect in the felspars. If it is assumed
that these defects are similar to those described by MicureLsen (1966) for the
Brazil law twin boundary on (0001) of quartz, and if they are parallel, then the water
molecules will have a spacing of approximately 0.22 ym in the black felspar and
approximately 0.25 ym in the clear felspar (see MicHEELSEN, 1966, pp. 310-312 for
details of calculation).!) It seems unlikely that these interfaces correspond to sub-
microscopic twin planes; the specimen selected for thermogravimetric studies was
typical of the large black megacrysts and showed broad simple twin planes under
the microscope. Precession photographs of an optically and chemically similar mega-
cryst showed well defined reflections suggesting that submicroscopic twinning is not
present in these felspars. According to MickeeLsEN the type of defect suggested will
demand that the same weight of water is lost from Si-OH groups as is lost as H,0.
Thus, all the water lost from the clear felspar could possibly be accounted for by
water which was present along a stacking fault system or similar structural defect.
It is hoped that more refined thermogravimetric experiments will show whether any
water exists within the structure of the clear felspar itself which might account for
the anomalous properties found by optical and X-ray studies.

The black felspar, however, gives an additional weight loss of 1790 —450 =
1340 p.p.m. If this is assumed to derive from Si-OH groups found along a boundary
similar to that described by Micueersew for the Dauphiné twin boundary of quartz,
then the mean spacing of Si-OH bearing interfaces would be 0.037 ym or 37 nm
(870 A). Such an interface density would in all probability make the X-ray re-
flections diffuse, but would be unlikely to change the lattice constants of the black
felspar. However, the black felspar gives perfectly sharp X-ray diffraction patterns
while the lattice constants are highly anomalous. The hypothesis of an Si-OH con-
taining structure similar to that of the Dauphiné law must therefore be rejected
and a hypothesis which accounts for a perfect, regular, spatial distribution of the
hydrogen found in the thermogravimetric analysis is to be preferred. In the black
felspar 1340 p.p.m. H,O and ca. 0.1 ¢/, Fe correspond approximately to 6 H and
1 Fe in four of the “ideal unit cells” of Mecaw (1961). These impurities might, for
instance, be located in a misfit subcell between intersecting stacking faults with non-
parallel displacement vectors.

1) I am greatly indebted to H. MicueELSEN for help in interpreting the results
of the thermogravimetric studies. By analogy with his studies of the distribution
of water in flint (MicreeLsen, 1966) the H,0 in the black felspar will occupy an
interface arca of approximately 450 x 10™* x 102 m?/cm3, which means 4.6 x 10?
interfaces per cm or 1 per ca. 0.22 um. Similarly the 1340 p.p.m. water thought
to occur as Si-OH groups in the black felspar would occupy an interface area of
0.134 x 10*cm?/cm?® = 27.2 x 10*cm?/cm?® if they occured along a boundary similar
to that found for the Dauphiné twin boundary of quartz.
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ii) Cause of the black colouration

The black felspars possess five main characteristics apart from colour
which separate them from the majority of labradorites described as
components of basic rocks. These are large grain size, structural defects,
relatively high water contents, high paramagnetic properties and the
presence of iron in a different state to that normally found in colourless
felspar. Clear felspars from the same geological setting are also found as
abnormally large crystals and show striking structural abnormalities
and it can be argued from this that although both properties may play
an important role in the formation of the colouration they are not its
direct cause. The third property, high water content, is apparently con-
fined to the black felspars and as this character has already been noted
in other black felspars (Burns, 1966) it seems likely that it is a very
important factor in the formation of the colour. However, the water is
given off 300-400°C below the temperature at which the colour is lost
during heating and it is therefore clear the water can only act as an
agent in the formation of the colour. The total iron content in the black
felspars is no higher than that found in many labradorites separated from
igneous rocks, and there is no difference between the total iron in the
black and clear felspar. However, it is thought significant that the
black felspar loses its colour and magnetic properties in the same tem-
perature range that the felspars showed an increase in weight due to an
oxidation taking place. Further, it is also thought to be significant that
the black felspar took on approximately a third of the weight of that
taken on by a similar amount of clear felspar. This suggests that what-
ever substance in the felspar was oxidised controls both the colour and
the magnetic properties, and that it is in a different state in the clear
and black felspar. The most reasonable suggestion seems to be iron, a
suggestion supported by the presence of ferric oxide at the end of heating
experiments. A possible explanation of the properties seen in the black
felspars would be that iron existed in the clear felspar as Fe substituting
for Ca, while in the black felspar it was oxidised in the presence of water
to Fe;0,. This suggestion has the advantage that it could be used to
explain both the magnetic properties of the felspar and its dark colour.
However, it is not thought to be the correct answer in the dark felspar
described here since it has proved completely impossible to show the
presence of magnetite as a separate mineral phase using several tech-
niques. It is thought to be more correct to simply regard the iron in the
two felspars as iron in different structural states which are themselves
controlled by, or control the water content. Prolonged heating, either in
the laboratory or in anhydrous conditions in the host dykes, removed
the water and changed the iron to its more normal state.
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iii) Comparisons between the black megacrysts and dark coloured
felspars from other areas

Black colouration in felspars is generally attributed to the presence
of small inclusions within the felspar whether formed by exsolution of
iron-bearing material from the felspar or formed by the introduction of
iron into the felspar at temperatures close to the melting point of plagio-
clase (PoLpERvAART and GiikEeYy, 1954; Wircox and POLDERVAART,
1958). The phenomenon is often called clouding and is commonly thought
to be caused by thermal metamorphism (MacGrEGor, 1931). PoLDER-
vaarT and GILKEY showed, however, that clouding could occur in a
variety of geological environments, including felspars from unmetamor-
phosed gabbroic rocks, and felspars from anorthositic layers in major
layered intrusions. Using the strict definition given by MacGRrEGoOR, and
adopted by PorpeErvaarr and GiLkey, the Greenland megacrysts are
not truly clouded since, with the exception of the felspars from the
Igaliko and Klokken intrusions, they do not contain resolvable inclusi-
ons. However, it is apparent in the papers by MoAcGrEGOR, and PoLDER-
vAART and GILKEY that these authors meant the definition to cover the
presence of “submicroscopic” or “ultrafine’ inclusions. Many of the ex-
amples of clouding given in fact resemble the Greenland megacrysts
closely, the clouding being described in thin section as a vague brown
discolouration caused by barely discernable or submicroscopic inclusions.
It is reasonable to suggest that in at least some of these examples the
clouding is not caused by the presence of a second mineral phase, but is
similar to the phenomenon described in this paper. As it is thought that
the colour is not due to a second mineral it cannot properly be regarded
as exsolution.

One example which appears to resemble the Greenland felspars
closely is the clouding in the felspars from the Scourie dykes. MacGrEGOR
(1931, pp. 528-530) states that much of the clouding in the felspars from
these dykes is “of the ultra-fine brown variety”. Burns (1966) has con-
firmed MacGREGOR’s description and has made the important discovery
that the clouded felspars from these dykes contain up to 1.2 ¢/, water,
considerably higher than the water found in the unclouded felspar from
the same dykes.

The presence of black felsparformed bylate stage alteration in the Scou-
rie dykes might suggest a similar secondary origin for the black colouration
of the megacrysts in Gardar rocks. However black felspars, the colour of
which is undoubtedly original, occur in the post-Cambrian dolerites of
South Sweden.

Aa. JENSEN, (personal communication) has noted black tabullae in a dolerite

from Hunneberg. The black felspars are three to four times the size of clear felspars
from the same sample. In thin section they show no resolvable inclusions and are
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indistinguishable from the normal plagioclase apart from their size. The black fel-
spars are often concentrated in the coarse pegmatite fractions of the dyke, where
they are associated with quartz-felspar intergrowths and a significant increase in
the amount of opaque minerals. This suggests that they were formed under late
stage conditions with high concentrations of iron and water. JENseN reports that
the dark felspars are commonly intergrown symplectically with Fe-Ti oxides, in
contrast to the normal dyke rock where the oxides are intergrown with pyroxenes.

Comparisons with felspars in which the clouding is due to resolvable
inclusions of a second mineral phase are of less significance as it is ap-
parent that inclusions may be found in plagioclase for a variety of re-
asons. However, it is of interest that the general conditions which
PoLpervaArT and GILKEY suggest are necessary for the development
of clouding in felspars; slow crystallisation, high water content and
availability of iron, are very similar to those which are thought to have
given rise to the colouration in the Greenland megacrysts. POLDERVAART
and GILKEY also suggest that the clouded felspars may possess “Minute
surfaces of physical discontinuity” which they believe may play a role
in the migration of iron into the plagioclase. It seems unlikely that
migration of iron into the felspar played a large role in the development
of colour in the Greenland megacrysts; they probably belong to the
group of lightly clouded felspars including many examples from un-
metamorphosed igneous rocks in which Porpervaart and GILKEY
believe the iron causing the colouration to be derived internally. How-
ever, it seems quite possible that migration of iron along stacking faults
or similar discontinuities may account for the resolvable inclusions of
Fe-Ti oxides and olivine which occur along the (010) and pericline twin
planes in both the black and clear megacrysts.

The clouding seen in plagioclases from the Canadian Shield anorthosites is
generally attributed to resolvable inclusions of iron- or titanium-bearing minerals,
and is thus not strictly comparable to the colouration found in the Greenland mega-
crysts. However, the total amounts of iron held by the Canadian felspars is moder-
ately similar to that found in the Greenland megacrysts although resolvable Fe-Ti
oxides may be present in apparently large amounts. PuiLrorrs (1966) states that
the felspars from the Morin anorthosites never contain more than 0.3 ¢/, total iron
(as Fe,O;). During granulation of the clouded felspar iron apparently migrates out
of the felspar to form interstitial coatings of ilmenite and magnetite, in contrast to the
process seen in the Greenland megacrysts where iron remains within the felspars
when it becomes clear. It seems likely that more information about the type of
inclusions within the felspars from the Canadian anorthosites and when they formed
might throw some light on the problem whether the anorthosites crystallised from
a water-rich magma (Buppineron, 1960) or a water-poor magma (PurLpoTTs, 1966).

iv) Petrogenetic significance of the black colouration

The following points seem to be of interest in interpreting the
geological condition under which the black felspars formed: 1) The
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black colour appears to be primary; there is no evidence that the colour
formed as the result of a secondary process affecting older material.
2) The black colour is restricted to a particular type of felspar; it is
not found in the constituent felspars from the granular anorthosites,
nor in the small megacrysts from the most alkaline hosts. 3) The black
felspars show a restricted range in composition, they are unzoned, and
apart from their colour are practically identical to the clear megacrysts
of sodic labradorite found in similar hosts throughout the Gardar prov-
ince. 4) They contain a relatively high amount of water and the dark
colouration is apparently stable in host dykes which themselves contain
considerable water. 5) The colour disappears when the felspars were
included in normal, relatively anhydrous gabbroic hosts.

From these points it is suggested that the black felspars crystallised
from a relatively highly differentiated gabbroic magma in which there
was a high water content. Their large size and lack of zoning suggest
relatively stable conditions. The significance of these suggestions to the
genesis of the megacrysts in Gardar dykes in general is discussed in the
concluding sections of this paper.



VI. PETROLOGY OF
GARDAR FELSPATHIC DYKES

Most of the rock types intruded during the igneous activity of the
Gardar period contain anorthositic inclusions, at least locally, and a
petrographic description of hosts ranging from olivine gabbros to
nepheline syenites is out of place in this paper. Further details can
be found in the regional accounts cited in Section 1I. All the analyses
available of felspathic intrusions (with the exception of Ilimaussaq) are
given in Table 4. No overall difference has been detected between these
analyses and analyses of other Gardar intrusions, a complete list of
which is found in Wart (1966). The felspathic intrusions generally
show similar differentiation trends to other Gardar bodies, at least on
2’ Fe-Mg-alk diagrams (Figs. 63 & 64), and show no abnormalities which
could be expected if the bulk of the included plagioclases was derived
from the host magma. However, too little is known at present of the
chemistry of the non-felspathic Gardar dykes to be certain that there
has not been some loss in calcium and aluminium in the host rock of
some of the dykes. It is also often extremely difficult to decide when
sampling for analysis which megacrysts are derived from the dyke and
which are xenocrysts.

" a least fractionated
Gardar gabbro

Alk[Na} v v v v Mg [C4]

Fig. 63. Z'Fe-Mg-alk and Ca-K-Na diagrams for analyses of samples from dykes 4
and 8 compared to the differentiation trends found in the Isortoq syeno-gabbro. The
numbers on the diagram refer to analyses in Table 4.
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Possible composition of
dyke 12 host without megacryst \

A
Alk [Na] 1\_(') 20 30 40 50 svo Mg[Ca)
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Fig. 64. Detail from the ZFe-Mg-alk and Ca-K-Na diagrams for analyses of samples

from dykes 12, 16 and 21, (microsyenites-trachydolerites) compared to the Isortoq

syeno-gabbro trends. The arrows on the trend lines indicate the order of crystallisa-

tion in the four series of samples taken across the strike of the microsyenite-trachy-

dolerite dykes. These are in the opposite direction to the sequence seen in the syeno-
gabbro dyke. The numbers refer to analyses given in Table 4.

Plagioclase-rich insets are particularly abundant in two widespread
groups of dykes emplaced during the first half of the mid-Gardar period.
Some members of the first group, the ENE-trending gabbro dykes
which are widespread in the area from Nunarssuit to Narssaq, have
already been described by Upron (1964) and are only dealt with briefly
in this paper. The second group of dykes, which follow the olivine
gabbros in the Tugtutdq area and apparently overlap with them in
time further to the west, consist of a variety of transitional rocks be-
tween gabbro and microsyenite. These dykes show complex intrusion
mechanics which are discussed in Section VII.

a) Gabbros

The gabbros belong to several different generations of dykes dominantly in-
truded in the mid-Gardar. The giant olivine gabbro dykes from Tugtutdq (analysis 1,
Table 4) are the most basic hosts in the Gardar to contain abundant anorthosite
xenoliths and Upron (personal communication) regards them as having crystallised
from one of the least fractionated magmas postulated from the province.

The presence of both laminated anorthosites of the Assorutit type and some
granular fragments is therefore of considerable interest as these rocks must have
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Table 4. Host Rock Analyses
Analysis 1 2 3 & 5 6 7 8 9 10 11
[ 40452
GGU No. | 30765 61055 61114 61102 61112 61109 61109§ 25352 25365 25350 25183
Si0, 435.03 46.04 47.65 51.01 50.43 52.96  52.41 49.38 56.7 58.13 58.07
TiO, 2.48 2.24 2.48 2.00 2.40 1.62 1.98 1.1 1.3 1.28  1.30
Al,O, 19.02 15.85 16.30  16.27 15.25 17.40 1514 18.85 171 16.70 16.34
Fe,04 2.51 5.87 3.03 2.57 2.97 413 540 245 [ 7.9t 222 2.70
FeO 10.74 8.91 10.00 8.36 9.35 - 4.06 £.96 7.56 1 4.51 4.27
MnO 0.16 019 0.18 0.16 0.16 0.15 0.19 013 — 0.14 0.16
MgO 6.46 6.04 5.29 4£.03 b4 2.59 3.13 5.86 2.4 1.72 1.42
CaO 8.10 8.57 7.33 6.71 6.51 5.85 495 840 46 4.5  3.53
Na,O 3.36 3.50 3.97 4.31 4.29 4.39 408 3.5& 4.7 499  4.58
K,O 0.83 0.62 1.66 2.28 2.29 3.22 3.92 0.97 3.4 3.84 5.62
P,04 0.56 0.39 0.60 0.56 0.65 0.64 0.79 0.23 0.44 0.39 0.58
CO, n.d. nil nil nil nil nil — nil — nil n.d.
H,0* 0.69 2.09 0.60 0.80 1.36 2.60 3.18 1.50 — 0.94 0.79
H,0- 0.06 * * * * * — * — * 0.08
7r0, — — — —— — — — — — — 0.06
Total 100.00 99.81 99.09 99.06 99.80 99.45 100.13 99.68 Partial 99.40 99.50
+ Total iron as Fe,O; * Sample dried at 110°C for 2 hours § Recalculated analyses
NORMS (taken from Wart, 1966)
Q — — — — —_ 1.2 1.6 — — 2.9 1.6
or 4.9 3.7 9.8 18.5 13.6 1941 23.2 5.7 — 22.7  33.3
ab 25.8 29.6 30.6 36.% 36.3 371 345  29.9 — 422 387
an 34.3 25.7 21.7 18.3 15.5 18.2  11.3  32.6 — 118 7.4
ne 1.4 — 1.6 — — — — — — — —
C — _ _ _ _ . — — _ — —
di 1.9 11.4 8.9 9.5 10.4 5.3 6.4 7.4 — 6.9 5.3
WO — e — - — — — — — — —
hy — &1 — 1.2 1.4 5.6 6.5 5.1 — 5.4 4.7
ol 21.3 10.1 15.4 10.6 11.0 — — 118 — — —
mt 3.6 7.8 44 3.7 4.3 6.0 7.8 3.1 — 3.2 3.9
il 4.7 4.3 4.7 3.8 4.6 3.1 3.8 21 — 2.4 2.5
ap 1.3 0.9 1.4 1.3 1.6 1.5 1.9 —_ — 0.9 1.4

Analysed samples

Analysis No:
1. Mean of two analyses of Tugtutdq and Narssaq gabbro (Urrown, 1964, p. 24).

Analyst: R. SoLl.

2. Chilled anorthosite-bearing apophysis of gabbroic dyke (locality 7, Plate 4,

p. 45 and p. 128).

3. Chill of basic centre of dyke 8 (Plate 4, p. 46 and p.128). Eastern end of middle

unit of dyke. Analyst: B. I. Borcen.

(continued)
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Table 4 (cont.)

Analysis 12 13 14 15 16 17 18 19 20 21 22
GGU No. 33013 383012 33011 61172 61171 614170 44116 44116§ 44898 38186 45458

S8i0, 50.44  56.20  57.93  52.20 53.75  58.04 52.98 52.18 57.57 58.85 49.40
TiO, 2.32 1.66 1.37 2.25 2.06 1.2  1.82 2.66 1.50 1.25  2.80
Al O, 15.51 1548  14.75 1540 1495 15.27 17.35 13.54 1461 15.05 1410
Fe,0, { 11.60% { 9.581 [ 9.10% {11.59” 10.98% { 918t 3.74 5.07 153 2.81  4.30

FeO 5.23 7.09 7.49 5.72 8.50
MnO — — — — — — 0.14 0.17 0.23 0.16 0.30
MgO 2.48 1.60 0.82 2.51 2.18 1.06 2.38 3.5 1.33 1.13 3.00
CaO 6.07 £.32 3.56 6.07 5.46 3.61 5.81 4£.29 3.35 2.92 6.00
Na,O 4.68 518 3.87 4.48 4.79 4£.86 4£.73 4.51 4£.54 4.35 4£.20
K,O 2.36 £.69 6.03 3.10 3.10 5.12 3.10 4.16 £.92 5.55 2.90
P,0; 0.85 0.78 0.53 0.92 0.96 0.53 0.73 0.98 0.53 0.39 1.50
CO, — — — — — —_ nil nil n.d. n.d. nil

H,0t — — — — — — 1.78 2.40 1.50 1.01 2.20
H,0- — — — — — — * — 032 044  *

ZrO, — — — C- — — — — 0.05 007 —

Total Partial Partial Partial Partial Partial Partial 99.79 100.20 99.47 99.40 99.20

+ Total iron as Fe,O3  * Sample dried at 110°C for 2 hours § Recalculated analyses

NORMS (taken from WartT, 1966)

Q . _ _ . — — — — 1.8 40  —
or _ — — — — — 184 246 294 328 17.2
ab — — — — — — 400 384 384 368 355
an — — — — — — 169 &4 49 54 110
ne - - - - -
C — — _ — — — — — — — —
di — — — — — — 59 86 74 59 74
wo — — — — — — — — — — —
hy _ — — — — — 50 49 104 63 8.4
ol _ . — — — — 1.3 26  — — 2.5
mt - — — — — — 54 74 22 44 6.2
il — — — — — — 35 51 29 24 53
ap — _ — — — — 1.7 238 1.2 09 3.6

4. Centre of dyke 8, 50 m north of (3). Analyst: B. I. BorGEN.

Late inclusion-poor basic dykelet cutting dyke 8, same locality as (3).

6. Early trachydoleritic margins of dyke 8 containing 49°/, (by volume) of plagio-
clase megacrysts with an average composition of An,s, 2 km west of (3).

7. Recalculated analysis from (6) above after subtracting the chemical equivalent
of 19°/, (by volume) of plagioclase megacrysts.

8. Basic margin of larvikitic syeno-gabbro (dyke 4, Plate 4, p. 36 and p. 130).
Shore of Eqalugssuit taserssuat.

(233

(continued)
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Table 4 (cont.)
Analysis 23 24 25 26 27 28 29 30 31 32 33
GGU No. 42658 42656 42655 42654 80005 80004 80003 80002 60037 48317 20632
Si0, 49.04 49.88 51.43 51.40 48.16 60.42 61.21 66.64 51.77 56.07 44.60
TiO, 2.68 2.69 2.35 2.20 2.99 1.28 0.95 0.71 2.43 0.68 1.49
ALO, 15.10 14.95 15.73 15.85 14.70 15.55 14.32 13.08 15.35 17.50 16.46
Fe, O, 4.24 3.59 { 10.58t 2.6 [ 12.57t( 8.36% 8.961 [8.18f 3.95 3.89 2.28
FeO 6.72  7.3& | 743 { { { 6.25  3.57  9.44
MnO 0.20 0.12 — 0.12 —_ — — — 0.19 0.18 0.16
MgO 3.39 3.20 2.44 2.43 3.56 0.86 0.30 0.20 2.49 0.60 9.77
CaO 6.29 6.12 5.03 5.19 7.08 3.04 2.86 1.50 6.16 2.77 8.68
Na,O 3.80 3.99 4.53 6.24 4.66 8.59 8.08 7.70 5.02 6.93 2.50
K,O 3.83 4.19 4.58 211 2.92 1.02 2.18 1.39 3.89 5.37 0.85
PO, 1.85 1.69 1.25 1.11 1.62 0.40 0.18 0.08 0.99 0.22 0.32
CO, nil nil — 2.20 — — — — nil nil nil
H,O+ 2.38 2.19 — 2.11 — — —_ — 1.68 2.21 2.06
H,0— * * _ * __ . __ __ * * *
ZrO, — — — — — — — — — — —
Total 99.52  99.95 Partial 99.95 Partial Partial Partial Partial 100.47 99.99 98.61
T Total iron as Fe,0; * Sample dried at 110°C for 2 hours § Recalculated analyses
NORMS (taken from Watr, 1966)

Q — — — _ — _ — — — — —
or 22.6 24.8 — 12.5 — — — — 230 318 5.0
ab 32.1 32.6 — 59.7 — — — — 341  36.8 209
an 12.8 10.5 — 4.6 — — — — 7.8 0.8 31.2
ne — 0.6 — — — — — 4.5 11.8 0.1
C — — — 1.1 — — — — —_— — —
di 5.2 7.3 — — — — — — 13.3 8.0 8.0
wo — — — — — — — — — 1.4
hy 4.0 — — 6.0 — — —_ — — —_ —
ol 4.9 7.7 — 5.7 — — — — 3.1 0.1 25.5
mt 6.2 5.2 — 3.1 —_ — — —_ 5.7 5.6 3.3
il 5.1 5.1 — 4.2 — — — — 4.6 1.3 2.8
ap 4.4 4.0 — 2.6 — — — — 2.4 —_ 0.8

9. Intermediate rock type from dyke %4, 2 km west of Eqalugssuit taserssuat.

- Analyst: B. I. BorGEN.
10. Alkali centre of dyke, 200 m north of (8). Analyst: B. 1. BorGEN.
11. Chilled margin of microsyenite-trachydolerite dyke forming part of the dyke 6
complex at Eqalugssuit taserssuat (Fig. 22, p. £2). Analyst: B. I. BorGEN.
12. Sample & m from contact of microsyenite-trachydolerite dyke (dyke 12, Plate 4,
p. 50 and p. 137) 3 km west of mouth of Isortoq.
13. 3 m from contact, same locality as (12).

(continued)
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14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.

30.
31.

32.

33.
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Table 4 (cont.)

50 cm from contact, same locality as (12).

Dyke 12 at ice margin, 18 km north-east of (12) above. Sample from centre of
dyke.

Dyke 12, same locality as (15), approximately 50 cm from contact.

Dyke 12, same locality as (15), contact sample.

Dyke 12, centre of dyke, 11 km north-east of (12} above. Sample analysed con-
tains 319/, (by volume) of plagioclase megacrysts with an average composition
of Ang. Collector: K. Cos.

Recalculated analysis from (18) above after subtracting the chemical equivalent
of 31°/, (by volume) of plagioclase.

Chilled contact of dyke 12, eastern shore of Isortoq. Collector: K. Cok. Analyst:
B. I. BorGEN.

Chilled contact of dyke 12, western end, 11 km west of (12) above. Analyst
B. I. BorGEnN.

Probable centre of felspathic dyke from south side Patdlit, N.E. Qaersuarssuk
(locality 14, Plate 4, p.140). Collector: W. S. WaTT. Analyst: B. I. BorGEN.
11 m felspathic dyke on south coast of Tunugdliarfik (locality 21, Plate 4, p. 141).
Sample 1.9 m from contact. Collector J. H. ArraarT.

Same locality as {23), 1.3 m from contact. Collector: J. H. ALLAART.

Same locality as (23), 80 cm from contact. Collector: J. H. ALLAART.

Same locality as (23), 5 cm from contact. Collector: J. H. ALLAART.
Felspathic dyke cutting southern giant gabbro, east coast of Tugtutdéq, 5 m
from contact (locality 16, Fig. 85, p. 55 and p. 140).

Same locality as (27) above, 1 m from contact. Sample analysed without pheno-
crysts of alkali felspar seen in hand specimen.

Same locality as (27), above, 20 cm from contact.

Same locality as (27), 5 cm from contact.

Trachydolerite felspathic dyke approximately 1 km up river on north side of
Akuliaruseq, Igaliko Fjord (locality 29, Plate 4, p. 63 and p. 142). Collector:
STEEN ANDERSEN.

Nepheline trachyte with anorthosite inclusions and plagioclase megacrysts,
0.5 km east of “Heste Spor Sg”’, south side of Kujatdleq, Igaliko Fjord (locality
30, Plate &, p. 142). Collector: J. P. BERRANGE.

Most basic Gardar gabbro falling on the general Gardar line on XFe-Mg-alk
variation diagrams. Contains plagioclase and olivine megacrysts. S. W. Eqalo-
qarfia dyke (PuLvERTAFT, 1965). Analyst: B. I. BorgEN.

Analyst: IB SorENSEN, unless otherwise stated. All analyses except No. 1 were

carried out in the geochemical laboratory of the Geological Survey of Greenland
using the methods described by BorGeEn (1967).

solidified before the intrusion of their host. In his description of the olivine gabbros
of Tugtutéq and Narssaq, Upron (1964) suggest that the western end represents a
lower level in the dyke than the rocks exposed around Narssaq, possibly due to
subsequent tilting. The anorthosite fragments are concentrated in the more differ-
entiated upper parts of the body, especially where it loses its dyke form at the eastern
extremity. Mineralogically the dyke shows considerable differences along its trend.
The earliest plagioclases at the western end are approximately An,,, while in the
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east they are Ang.,.. Olivines show a range from Fa,, to Fa,; but are normally be-
tween Fa,, and Fa,,, while the augites, which surround both olivine and plagioclase,
show a composition of Ca,;.sMgs;.;Fe ;. None of these minerals correspond closely
to those in the inclusions in the dyke; the anorthosites containing generally a more
magnesium-rich olivine and a more sodium-rich plagioclase. The olivine in the second-
ary anorthosite from Narssaq resembles that in the surrounding gabbro (Fa,s) while
the pyroxene is more iron-rich than that normally seen in the gabbro (Ca;yMgs.s
Fegg.s).

Compared to the Tugtutéq gabbro the host rocks from further west are all less
basic in composition and are generally less aluminous. Many contain quartz in the
mode. Sample 61055 (analysis 2, Table 4), from an aphanitic, chilled apophysis of a
35m NE-trending olivine dolerite (locality 7, p.45), is the most basic
host rock analysed from the Kobberminebugt area. The centre of the dyke is a fresh
ophitic olivine-pyroxene gabbro which differs from most of the other host rocks in
the area in the fact that olivine exceeds clinopyroxene in the mode and there is
practically no interstitial quartz or alkali felspar.

The olivine gabbro dykes from Térnirssuk with scattered gabbro anorthosite
xenoliths are among the most basic hosts examined although no chemical analyses
are available. They contain more olivine and a more calcic plagioclase than the
majority of felspathic dykes from either Kobberminebugt or the Ivigtut region.

Analyses 3, 4, 5, 6 and 7 are of samples collected from dyke 8 (p. 46) which
show the complex intrusion history summarised below: (see Plate 3)

1) Early, discontinuous trachydoleritic margins with alkali felspar phenocrysts
and sericitised plagioclase megacrysts.

2) The main body of the dyke, an alkali gabbro which breaks through the early
trachydoleritic margin. The alkali dolerite centre locally develops a chilled contact
against the country rock or against the trachydolerite margins. The centre contains
large masses of clear glassy plagioclase megacrysts and a few anorthosite fragments.

3) An inclusion-poor, medium-grained olivine dolerite which occurs in thin
dykes with clean-cut, non-chilled contacts against the earlier components. These
thin dykes may vein the surrounding country rock.

The early trachydoleritic margin of the dyke is chilled against the country
rock. Sample 61109, analysis 6, is a fine-grained (0.03 mm) bluish-black rock con-
taining 19 ¢/, (by volume) of plagioclase megacrysts with an average composition
of Ang. A photograph of the analysed sample is shown in Fig. 65. The rock also con-
tains alkali felspar rhombs which total approximately 6 ¢/, of the volume. These are
occasionally intergrown with augite and are frequently rounded and show a hollow
centre filled with groundmass material with inward pointing lobes of felspar. The
phenocrysts show fire polysynthetic albite twinning and in a few cases albite-
pericline cross-hatching. Optical properties (2Vx 50°-70°, and a refractive index
close to balsam) suggest that they are potash-rich oligoclase.

The groundmass of the marginal part of the dyke consists of a fine-grained
mixture of Fe-Ti oxides, felspar, and considerable indeterminate material. Away
from the contact the rock is medium- to fine-grained (0.3 mm), with felspar as the
main mineral forming an interlocking granitiod texture. Biotite, Fe-Ti oxide grains,
elongate clinopyroxenes with indented margins and irregular masses of chlorite
form the main mafic minerals. There is a little interstitial quartz. The felspars show
marked zoning from labradorite centres with polysynthetic albite twinning to simple
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. Laboratory photograph (2 x natural size) of one surface of the sample
G.U. 61109 analysis 6 Table 4) analysed of the marginal trachydolerite of dyvke 8.

The sample conlains 19 °/, by volume of plagioclase megacrysts. Note the irregular
rhombs of oligoclase-alkali felspar which partially enclose fine grained matrix.
Photograph S. E. BExDIX-ALMGREEN,

albite-twinned oligoclase mantles and margins of alkali felspar. In many cases the
alkali margins have replaced plagioclase, often leaving partially digested relics with
heavily zoned contacts between the two types of felspar.

The analysis of the megacryst-bearing intermediate margin of the dyke (an-
alysis 6), after the subtraction of the plagioclase megacrysts (analysis 7) resembles
several of the megacryst-bearing centres of the microsyenile-trachydolerite group of
dykes described later in this section. It is possible that the relatively low anorthite
content seen in the norm may be due to some of the plagioclase-forming constituents
heing taken from the dyke magma at an early stage in its crystallisation, either to
form Lhe megacrysts, or to form plagioclase rims round original xenolithic material.
There is at least no evidence that there has been addition of anorthite to a normal
doleritic magma by the partial resorption of felspalhic material. Only the large
plagioclase megacrysts were included in the volumetric analysis used for the calcula-
tion of analysis 7. Some of the felspar in the groundmass is certainly of derived
origin which suggests that the host magma at the time of crystallisation of the dyke
contained an even lower percentage of plagioclase-forming material than shown by
analysis 7.

The partly chilled basic margin of the cenlral part of the dyke (analysis 3) is
a medium-grained (0.3-1.0 mm), homogeneous augite-olivine dolerite. The felspars
show smooth, non-oscillatory zoning from polysynthetically twinned labradorite
centres to simple twinned oligoclase margins locally overgrown with alkali felspar.
Slightly irregular grains of Fe-Ti oxides sometimes partially rimmed with biotite
form about 5 °/, of the rock.

185 9
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The alkali gabbro forming the centre of the dyke (analysis 4) is considerably
less homogeneous than its partially chilled basic margins with irregular patches of
fine-grained (0.1-0.5 mm), olivine-rich rock with stellate plagioclase crystals sur-
rounded by coarser (up to 2 mmy}, ophitic augite-olivine gabbro. Locally there are
areas consisting almost entirely of felspar with a little Fe-Ti oxide. The variation
in grain size and constituents suggests that the rock did not reach equilibrium during
crystallisation. Felspars show intense zoning from labradorite centres to alkali
margins; the more calcic centres commonly show strong oscillatory zoning in contrast
to the felspars in the marginal rocks. Alkali felspar rims most of the plagioclase
and is especially noticeable in the coarser grained areas where it is intergrown with
quartz. Some of the larger felspars in the groundmass (which may have been mega-
crysts) show strong zoning near to their margins commonly accompanied by an
increase in the number of polysynthetic albite twins. Locally these large felspars
are intergrown with augite. The material trapped between the giant felspar mega-
crysts (Fig. 9, p. 27) is considerably more differentiated than the normal dyke rock
and consists mainly of andesine, some clinopyroxene, Fe-Ti oxides and chloritic
material.

The late stage, megacryst-poor, part of the dyke (analysis 5) consists of olivine,
and plagioclase phenocrysts up to 2 mm x0.25 mm with violent oscillatory zoning,
set in a groundmass the average grain size of which is less than 0.1 mm. The olivine
phenocrysts show strong resorption. The groundmass contains strongly zoned plagio-
clase with andesine-labradorite centres and untwinned alkali margins. Pyroxene,
granular Fe-Ti oxides, and a little biotite are the main mafic minerals in the ground-
mass contrasting with the more noticeable olivine phenocrysts.

When plotted on ZFe-Mg-alk and Na-K-Ca variation diagrams the differentia-
tion trends seen in dyke 8 are found to resemble the normal Gardar trends as ex-
emplified by the Isortoq syeno-gabbro dyke (Fig. 63). However, although analyses
from dyke 6 plot on moderately smooth curves in the variation diagram the relation-
ship between composition and order of crystallisation is complex. The earliest rock
emplaced is the trachydoleritic margin to the dyke (analyses 6 and 7) which falls
at the alkali end of the differentiation curves. This is followed by the chilled margin
of the main body of the dyke (analysis 3) which falls at the basic end of the curves.
The coarse-grained centre of the dyke is an alkali gabbro (analysis 4) with a composi-
tion approximately half way between the early trachydolerite and its own chill. The
final inclusion-poor fraction is very similar in composition to the centre apart from
a slight iron enrichment. It is suggested that differentiation in the dyke was con-
trolled by two processes, an early segregation of the more alkali components in the
same manner as described in detail from the microsyenite-trachydolerite dykes
(p. 133) and a second, more normal differentiation process after the main bulk of the
dyke was emplaced which led to the basic margin and more alkali centre in a
manner comparable to the other syeno-gabbro dykes seen in the Gardar.

Analyses 8, 9 and 10 are of samples taken from the eastern end of dyke 4
(p. 36) and show stages between the early olivine dolerite margin and the larvikitic
centre. Two other analyses from minor intrusions connected with this dyke are given
in WaTT (1966, Nos. 15 & 119). The petrology of the dyke is complex and can only
briefly be summarised here; the olivine gabbro margins are considerably less basic
than the Tugtutéq giant dykes, although the relatively high alumina content suggests
that it may be chemically closer to the Tugtutdéq rocks than other dykes in the
Kobberminebugt area. The marginal gabbro (analysis 8) contains ophitic augite,
subophitic to granular olivine and tabular plagioclase. It is relatively coarse-grained
(up to 1 cm) although locally it contains small granular aggregates of olivine which
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Fig. 66. Rhombs of oligoclase-alkali felspar in dyke 4. Crossed nicols x 9, G.G.U.
25365. Note the patchy intergrowth in the centre of the rhombs (albite, oligoclase
and potash felspar), the intensely zoned mantle (in extinction) and the clear alkali
felspar margin. The rhombs include small crystals of angite and occasionally olivine.

average less than 1 mm. The centres of Lhe plagioclase crystals zone from Anggg;
to approximately An,, al the margins. There is commonly a break marked by a
change from the polysynthetic twinning in the centre to simple or untwinned
felspar near the margin, this break taking place between Ang, and Ang,. Large
felspar grains with a composition of Ang and little zoning near their centres are seen
in many of the thin sections of the marginal gabbro. These are thought to be mega-
crysts. They are commonly inlergrown with either olivine or augite which is identical
in composition to the mafic minerals in the surrounding rock. Olivine ranges from
Fa to Fag,: the more magnesium-rich examples are not always found with the most
basic plagioclase suggesting that conditions varied from one part of the dyke to
another. Augite has a composition of about Ca,Mg4Fe,, (based on 2V and refractive
index measurements). Several of the gabbro samples close to the central syenitic
part of the dyvke show considerable development of alkali felspar and quartz.
Samples from the western outcrops of the part of the dyke exposed near
Eqalugssuit taserssuat are mainly composed of a rock intermediate between gabbro
and syenite both in appearance and chemistry (analysis 9). The groundmass consists
of stellate clusters of plagioclase (An,,_;5), with olivine (Fage.,o), pyroxene and inter-
stitial masses of sodic plagioclase, and alkali felspars. Many of the felspars in the
stellate masses zone oulwards to untwinned oligoclase margins. The rock contains
up to 30 9/, of its volume of large felspar cryslals with a distinctive form elongated
parallel to the @ axis, thus appearing as rhombs in thin section. These felspars,
which are found in many of the felspathic dykes with an intermediate composition,
are extremely complex intergrowths of three or more varieties of felspar arranged
in a characteristic pattern (Fig. 66). The centres consisl largely of untwinned felspar
with a refractive index approximately equal to oligoclase and a 2Vy of 70-75°. The
untwinned felspar in the rhomb centres contains irregular patches of andesine with
g%
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extremely closely spaced polysynthetic albite twins and separate patches of alkali
felspar. The central zone is surrounded by a rim of andesine-oligoclase characterised
by closely spaced polysynthetic twinning often showing a ‘“block structure”. The
twinned mantle often shows the typical rhomb form better than the actual edges of
the crystal which tend to be intergrown either with the groundmass or with other
rhombs. The mantle generally shows extremely marked zoning. The outer parts of
the crystals are made up of untwinned felspar resembling that in the centre with a
refractive index close to oligoclase. The optic angle changes progressively outwards
from 2V 72° to 2V 52°. Patches of potash felspar with fine, cross-hatched micro-
cline twinning and quartz intergrowths are found surrounding the rhombs. Internally
they are often intergrown graphically with augite, and sometimes Fe-Ti oxides and
olivine. These are identical to those in the groundmass and some of the augites
can be seen to be in optical continuity with the material in the centre of the felspar
rhombs.

The larvikitic centre of the dyke (analysis 10, Table 4) contains up to 30-40 9/,
of the rhombs described above with a medium-grained groundmass of heavily zoned
oligoclase-albite felspar, augite, potash felspar, and a little quartz. Biotite, Fe-Ti
oxides and a little alkali amphibole are sometimes present. Occasional rectangular
masses of andesine with block pericline-albite twinning are intergrown with augite.
These are thought to represent the less basic megacrysts.

The differentiation trends seen when the results of analyses 8, 9 and 10 are
plotted on X'Fe-Mg-alk and Na-K-Ca variation diagrams resemble the trends seen
in other major syeno-gabbro dykes from the Gardar province (Fig. 63).

The gabbros surrounding the large anorthosite mass at Augidta tasia (p. 49) re-
semble the Narssaq gabbros in the field with large well-laminated plagioclase tabulae
and ophitic mafic minerals. However, petrographically they have more in common with
the other gabbroic hosts from the area south of Kobberminebugt. Olivine is rarely
seen and its presence can only be suggested by masses of chloritic material now
surrounded by plagioclase and augite grains. Typically there is considerable inter-
stitial quartz and alkali felspar present. The alkali felspar is thought to be pre-
dominantly albite which shows characteristic chequer-board twinning. The host
felspar zones outwards from Ang to An,; and is thus less calcic than the anorthosites
they enclose. Most of the felspars show oscillatory zoning in the range An;, to Ang
followed by smooth zoning to the oligoclase margins. There is often a change in twin
pattern which coincides with the break between the labrodorite centres and more
sodic margins; in some cases the sodic plagioclase has attacked the central zone.
The clinopyroxene is very pale mushroom to colourless, it is generally fresh and
shows slight patchy zoning. It surrounds the plagioclases ophitically but not the
interstitial alkali felspar and quartz. Fe-Ti oxides form less than 3 9/, of the rock
and vary between well-formed magnetite grains and interstitial ilmenite. In most
thin sections the magnetite has been replaced by a non-opaque amorphous substance
leaving the crystal outlined by two generations of ilmenite lamellae.

Dyke 11 from the shores of Isortoq may be regarded as typical of the Gardar
gabbros in the area which contain scattered, well-formed, plagioclase megacrysts.
Petrologically it resembles the host rock at Augidta tasia fairly closely apart from
grain size (in this case plagioclase crystals are up to 2 mm and ophitic augite up to
5 mm).

Olivine is rarely preserved, the plagioclases show wide outer zones of oligoclase
and alkali felspar, while the ophitic augite is found in contact with the plagioclases
zoned from An,, centres to An,; margins but not in contact with the interstitial
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alkali material. In some cases the plagioclase of the host is replaced by a sericite,
sodic plagioclase, alkali felspar mass, and biotite surrounds Fe-Ti oxide grains.
Clinopyroxene is left completely fresh. This process is thought to be due to a form
of autometamorphism as it does not affect the older olivine gabbro which dyke 11
cuts. It resembles the “syenitisation” seen in the mixed rock between the gabbro
margins and the syenite centres of the giant dykes found at the mouth of Isortoq
fjord.

The two dykes from locality 1 (p.34) at the mouth of Kobberminebugt and
the majority of megacryst-bearing dykes from the Ivigtut region show enough
petrological features in common to allow them to be described together although
they may not be of the same age. They show many features similar to those seen in
the less basic felspathic dykes south of Kobberminebugt and are petrographically
closer to the microsyenite-trachydolerite host rocks than the Tugtutdq olivine
gabbros.

Plagioclase in these dykes is generally found as stellate aggregates up to 2 mm
in diameter but averaging 0.5 mm. Some variation is seen from dyke to dyke;
centres of plagioclase grains from the Kobberminebugt dykes average An;, zoning
outwards to approximately An,, while the rocks described by WEIDMANN (1964)
and C. H. EmeLeus (personal communication) from further north have less calcic
plagioclases. Some of the felspars are dark and appear smoky in thin section re-
sembling the black megacrysts. The dark felspars are particularly noticeable in
rocks containing primary hornblende. Rims of alkali felspar intergrown with quartz
are almost ubiquitous round the plagioclases and in some of the rocks pockets of
chequer-board twinned albite, quartz and potash felspar have segregated out and
formed slightly coarser grained areas.

Clinopyroxene is subophitic to granular, often showing marked zoning from
reddish brown centres to colourless margins. In one dyke cutting the Grennedal
complex, EmerLEeUs reports hypersthene as well as the more typical clinopyroxene.
This mineral has been reported from very few Gardar dykes. Fe-Ti oxides, biotite
and indeterminate masses of chlorite, fibrous amphibole, calcite, epidote and irregular
grains of interstitial quartz make up the bulk of the groundmass surrounding the
felspar grains.

b) Microsyenite-trachydolerite dykes

The rocks which make up the second group of megacryst-bearing
dykes show a range from quartz microsyenite to alkali gabbro. The
majority of dykes are less than 20 m wide and as the gradation between
quartz syenite to gabbro takes place in the first 5 m from the contact
in most dykes, samples collected within a few centimetres of each other
may differ significantly in composition. The rocks are generally rather
fine grained and contain considerable amounts of chlorite and un-
determined micaceous minerals which makes them rather unsuitable
for study in thin section, and a large number of analyses are necessary
to give an impression of their petrology. These analyses are listed in
Table 4, 2’Fe-Mg-alk and Na-K-Ca variation diagrams are shown in
Fig. 64.

Chemically the dykes show considerable differences and do not
belong to exactly the same suite. In general the syenitic portions of the
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majority of the dykes in the area west of Tugtutéq are potassic while
the syenitic parts of the dykes east of Tugtutéq are sodic. In areas
where there is more than one generation of the microsyenite-trachy-
dolerite dykes the later dykes are generally the most sodic. In spite of
these chemical difference it is convenient to treat the dykes as one group
since they show several characters which separate them from other
dykes described from the Gardar.

The main distinguishing feature possessed by this group of dykes
is their characteristic mode of emplacement with early alkali margins
and late megacryst-rich basic centres (Plate 3). The mechanics of em-
placement are discussed later (p. 144), however, it can be noted at this
juncture that although the sequence of emplacement of syenitic and
gabbroic rocks is the opposite to that normally expected there is con-
siderable evidence to suggest that both are differentiated from the same
basaltic magma. Thin sections from individual samples show normal
crystallisation sequences with alkali felspar following plagioclase and
iron-rich pyroxenes following more magnesic pyroxenes and occasionally
olivines. The chemical variations between contact and centre of each
dyke are most accurately seen in the analyses given in Table 4 and the

Table 5. Changes in physical and chemical properties of samples taken
. from margins to centres of microsyenite-trachydolerite host dykes.

Dyke 12, Isortoq (35 m broad at this point)

Distance from contact Specific gravity Si0, content 100 Fe/Fe + Mg
O 2.69 — —
50cm ... oL 2.72 57.9 85
3m .. 2.77 56.2 75
L/ 1 1 2.85 50.5 70

Dyke 12, Ice margin (20 m wide at this point)

O — 58 81
50cm ... — 53.8 1
10m ..o e 52.2 70
Locality 16, Tugtutdy, 15 m microsyenite-trachydolerite

SCM .ovvve e — 66.5 95
20em ... — 61.2 93
1m ..., e 60.4 98
S oo — 48.1 64
Loeality 21, Tunugdliarfik, 11 m microsyenite-trachydolerite

Sem ... — 51.5 69
80cm .................... — 51.4 68
13m....ooooiiiiiii... — 50.0 66

19m............... ... — 49.0 65
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Fig. 67. Diagram showing the relative proportion of calcium in the analyses of the

felspathic dykes compared to that found in the Isertoq syeno-gabbro using the

100 ZFe/ XFe + Mg ratio as a standard. The results support the idea that the host
rocks may be impoverished in calcium.

variation diagrams in Fig. 64; however, they are perhaps more readily
appreciated in Table 5 in which the specific gravity, silica content, and
2 Fe/(XFe + Mg) ratios are listed against the distance from the contact
for four series of samples taken at right angles across the trends of three
of the dykes.

Chemically the microsyenite-trachydolerite dykes, in common with
the other megacryst-bearing hosts analysed (dykes 4 and 6), are all
slightly less calcic than the majority of Gardar rocks. This is best illus-
trated by plotting the calcium content against the XFe/(XFe +Mg)
ratios which can be used as an approximate index of the stage of differ-
entitation a particular rock has reached. It can be seen that the mega-
cryst-bearing dykes contain about 1.5°/, less CaO than comparable
rocks from the Isortoq syeno-gabbro used as a standard (Fig. 67). On
the other hand, the sample analysed from the olivine dolerite at locality
7 (p. 4b), which contains anorthosite xenoliths and no plagioclase mega-
crysts, falls on the same curve as samples from the Isortoq dyke. The
relative lack in calcium in the megacryst-bearing dykes could possibly
be ascribed to the removal of calcium to form labradoritic plagioclase
megacrysts early in the crystallisation of the rocks. However, there
are so many other variables present that it cannot be taken as proof
of the close genetic link between host and inclusion. There is at least
no evidence that the host rocks have been contaminated by resorp-
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tion of plagioclase derived from a source unconnected to the dyke
magma.

X Fe-Mg-alk variation diagrams (Fig. 64) show that although the
sequence of formation of the different rock types is the reverse to that
normally found in syeno-gabbro intrusions, the actual differentiation
trends are remarkably similar to the Isortoq giant dyke. It can also
be seen that apart from a very small variation in iron content the
trends from the three dykes studied are virtually identical.

In contrast, the trends shown by the Na-K-Ca plots are highly
variable, even within one dyke. Normal trends from the Gardar show
a fairly constant decrease in calcium and a small increase in the K/Na
ratio as differentiation proceeds from gabbro to syenite. The trends
shown by the microsyenite-trachydolerite dykes show no such con-
sistency, there is an overall decrease in calcium from the more basic
to the more alkali rocks, but the ratio of K/Na wvaries considerably
within comparable samples taken from different traverses across a
single dyke. The precise reason for this divergence in differentiation
trends is uncertain, though it seems probable that the mechanics of
differentiation play a large part in determining the shape of the
curves.

In the majority of Gardar igneous bodies studied the dominant
mechanism of differentiation is crystal fractionation which results in
differentiation trends such as those illustrated from the Isortoq dykes.
This mechanism probably plays the dominant role in determining the
relative proportions of most of the major elements in the microsyenite-
trachydolerite dykes and results in similar differentiation trends to those
normally found in the Gardar rocks. However, in the case of the alkalies
it is suggested that a second process, diffusion within the magma, plays
the dominant role in determining the distribution of these elements.
In some cases this may lead to trends which resemble normal differentia-
tion trends; in other cases, particularly where there is a high water
content in the original magma, there may be a marked increase in the
proportion of sodium to potassium in the rocks formed from the magma
which was furthest away from the original source at the time of crys-
tallisation.

The interaction between the two processes, crystal fractionation
and alkali diffusion, is thought to be a reasonable explanation of the
marked changes in the differentiation trends found on Na-K-Ca varia-
tion diagrams. The role of alkali diffusion in determining the mechanics
of differentiation of the microsyenite-trachydolerite dykes is discussed
in a later section (p.147). If the megacrysts are derived from the same
original magma as the host rocks, this process may play a subsidiary role in
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determining the irregular differentiation trends and account for the
relatively small decrease in calcium from the gabbroic centres of the
dykes to the alkali margins.

Individual dykes

Dyke 12 (p. 50) is the only independent member of the group described from
west of Qagssimiut. The megacryst-free margins are chilled against the country
rocks forming a dark blue-black cryptocrystalline border set with pink irregular
alkali felspar phenocrysts. There is no sign of preferred orientation of the pheno-
crysts which make up between 3-5 ¢/, of the rock. In thin section the rock shows a
slightly patchy development of crystalline material often centred around small
(0.05 mm) quartz grains. A slight layering is sometimes developed parallel to the
contact caused by alternating units of cryptocrystalline and fine-grained material.
Sample 38186 (analysis 21), taken approximately 5 cm away from the margin of
the dyke at its western end, is fine-grained (0.05 mm), homogeneous, and contains
39/, by volume of the alkali felspar phenocrysts. These are rounded and sometimes
show a rhombic shape in thin section. They locally form aggregates which have
interlocking, irregular grain boundaries. Some of the centres of the phenocrysts
show fine polysynthetic twinning, generally on the albite law but occasionally cross-
hatched pericline and albite. There is generally an untwinned area near the borders
of the phenocrysts. Their optical properties (2Vy 70° and average refractive index
slightly less than balsam) suggest that they are similar to the rhombs described from
dyke & (p. 131), only in this case complete exsolution of the different components has
not taken place. Under high magnification plagioclase, biotite, pink clinopyroxene,
amphibole, Fe-Ti oxides, and a few irregular grains of quartz may be distinguished
in the groundmass. The plagioclases are zoned with polysynthetically twinned centres
and untwinned alkali felspar margins.

No significant differences can be seen between sample 38186 (analysis 21) and
the three other samples taken close to the contacts (analyses 14, 17 and 20). Scattered
phenocrysts up to 1 mm in size of amphibole, clinopyroxene, Fe-Ti oxide and a few
composite grains of quartz, biotite, amphibole and calcite occur in samples taken
within 10 cm of the margin. Finely disseminated pyrite is found in several of the
contact samples. It appears to have a rather irregular distribution.

Away from the contacts the alkali rocks become coarser grained, in some ex-
amples reaching an average of 0.5 mm. Local poorly-developed trachytic textures
are found 20-30 cm in from the contact but most of the groundmass consists of
equidimentional felspar grains with irregular, slightly poikilitic, elongate clinopyrox-
ene, prominant apatite needles and finer grained rather irregular masses of Fe-Ti
oxide, biotite, quartz and amphibole. There are occasional vesicular areas of chlorite.
The groundmass felspars are heavily zoned and the plagioclase centres are more promi-
nent in samples taken close to the inner margin of the megacryst-free zone of the
dyke. The clinopyroxenes frequently form symplectic intergrowths either with other
minerals in the groundmass or more occasionally with the alkali felspar phenocrysts.

Alkali felspar phenocrysts locally form rafts in the dyke between the chilled
margin and the megacryst-rich centre. There is a progressive increase in the degree
of exsolution seen in the phenocrysts from margin to centre of the dykes; those
collected close to the dyke contacts are virtually unexsolved while the rarer alkali
felspar phenocrysts from the basic centre of the dyke appear identical to the rhombs
seen in the larger larvikitic dykes (p. 131).
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Analyses 12, 13 and 16, which are of samples taken from the inner part of the
inclusion-free zone in the dyke, show less Si0O, and total alkalies, a smaller ZFe/
XFe -+ Mg ratio and more CaO than samples taken nearer to the contacts at the
same localities.

The petrography and chemistry of the basic centre of dyke 12 is more difficult
to study than that of the marginal rocks because of the large amount of included
material. The matrix of the host is medium-grained and may be classified as a
trachydolerite or trachyandesite. It is made up of similar minerals to those seen in
the marginal rocks except that plagioclase forms a greater proportion of the total
groundmass felspars. In thin section the host rock plagioclases are usually subhedral
approximately equant rhombs with extreme zoning from andesine-labradorite cores
to alkali felspar margins. The plagioclase cores frequently show oscillatory zoning.
In places the marginal alkali felspar has partially replaced the plagioclase cores,
veining into the zoned labradoritic centres. The plagioclase megacrysts are frequently
surrounded by a clear rim of untwinned felspar with refractive indices similar to
oligoclase and a 2V, changing from approximately 70° in the centres to 50° at the
margins. These are regarded as potassic oligoclase zoning towards a less calcic alkali
felspar. The rims are probably close in composition to the alkali felspar rhombs
described earlier from this dyke and dyke 4 (p. 131). Where these rims form onto large
broken megacrysts or the rare anorthosite fragments it is easy to distinguish in-
cluded material from crystals formed from the dyke magma itself. However, there is
a complete gradation between recognisable megacrysts with homogeneous centres
and fiercely zoned late margins and the groundmass felspars. The majority of the
groundmass felspars have a core of andesitic or labradoritic plagioclase which may
either represent finely comminuted xenolithic or xenocrystic material, or which may
have formed as early crystallisation products of the dyke itself. Detailed optical
and chemical studies on the pyroxenes and other iron- and magnesium-bearing
minerals has not been made due to their relatively fine grain size and heavy zoning.
The pyroxenes show a general increase in 2V from the centre towards their margins
and a slight change in colour from mushroom to pale pink.

The inability to distinguish host rock felspar from foreign felspathic material
leads to considerable difficulties in selecting material for analysis and interpreting
the final results. Where the dyke narrows close to the Inland Ice the centre contains
comparatively little included material and it is possible to select samples with no
demonstrable ‘“foreign’ material. An analysis of one of these samples (analysis 15)
confirms the trachydoleritic nature of the host and shows that the trend from syenite
towards gabbro continues in to the centre of the dyke. However, it has been noted
throughout the microsyenite-trachydolerite group of dykes that there is a close
correlation between the amount of foreign material held and the basisity of the host.
It could be expected that where the dyke reaches its maximum width towards the
south-west that the host would be more basic than that shown by analysis 15. As
it is impossible .to separate host and megacrysts a total rock sample was analysed
(analysis 18) after making an estimate of the amount of included material in the
actual block analysed (Fig. 68). By defining included material as all felspars which
were twice or more the average grain size of the groundmass it was shown that at
least 31 ¢/, by volume of the sample was foreign. This is almost certainly an under-
estimate of the true amount as it neglects all the small labradoritic centres to the
groundmass felspars some of which can clearly be seen in thin section to be of derived
origin. The mean value for the anorthite content of the plagioclase megacrysts from
the sample was An, and from partial analyses of similar felspars it was estimated
that the megacrysts contained approximately 0.7 ¢/, K,O. By subtracting the ap-
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Fig. 68. Laboratory photograph x 2 natural size of one surface of Lhe analysed

sample (G.G.U. 44116 analysis 18) of the alkali gabbro centre of dyke 12. The sample

contained 31 °/, by volume of plagioclase megacrysts. Photograph S. E. BExpix-
ALMGREEN.

propriate amount of Na,O, CaO, K,O, Al,O, and SiO, and recalculating to 100 °/,
(analysis 19) il is possible to get an approximate value for the host withoul foreign
material. The XFe/XFe + Mg ratio given by this analysis (which is almost unaffected
by errors in estimaling the amount of included felspathic material) confirms the
idea that the most basic part of the dyke contains the highest proportion of included
material; however, when analysis 19 is plotted on a ZFe-Mg-alk diagram it falls
slightly to the iron-poor side of the trend found for other samples from the same dyke
and between analysis 15 and the marginal samples. As all other analyses from this
dyke fall on a single curve it would appear that this is due to an underestimate of
the amount of included material and a truer value would be in the region of 40 9/,
of foreign andesine-labradorite. Even with the conservative estimate used in cal-
culating analysis 19 it can be seen that the host rock is poor in CaO compared to
normal Gardar alkali gabbros, and in fact shows a smaller amount of normative
anorthite than the syenitic samples from the same dyke. This peculiarity gives some
support to the suggestion that some of the megacrysts may have been derived from
the dyke magma at an early stage. A similar depletion in sodium is not apparent,
however, it has already been noted that the distribution of the alkalies is abnormal
in these dvkes,

The thin alkali dykes found close to the margins of many of the
large anorthosite-bearing gabbros are clearly related to the major dykes
they accompany. However, many of them show considerable similarity
with the microsyenite-trachydolerites and it seems likely that in the
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area west of Tugtutéq the major anorthosite-bearing gabbros and the
dykes of the same type as dyke 12 are closely related. In the Kobber-
minebugt area the two groups of felspathic dyke are approximately
contemporaneous and members of the microsyenite-trachydolerite suite
are generally associated with major felspathic gabbros. The felspathic
gabbros themselves petrologically resemble the basic components of the
microsyenite-trachydolerite suite: they contain appreciable quartz and
alkali felspar in the mode and often appear to have crystallised from
rather water-rich magmas. It seems possible that the main difference
between the two groups is the level at which the present erosion surface
cuts individual bodies; the microsyenites-trachydolerites represent cross-
sections close to the top of major bodies which are more gabbroic at depth
but which still locally possess microsyenite or trachydolerite margins.

On Tugtutdq, and in the area to the east, the mixed dykes are
clearly later than the anorthosite-bearing gabbros and there is a similar
clear cut difference in the petrology of the two groups.

The similarity between alkali rocks associated with the large gabbro and the
mixed group of dykes is best seen at Eqalugssuit taserssuit (p. 42). Sample 25183
(analysis 11) from the chilled margin of the small microsyenite dyke belonging to
the dyke 6 complex resembles the marginal rocks of dyke 12, both chemically and
petrographically. It contains the same characteristic alkali felspar phenocrysts and
occasional rounded clinopyroxenes set in a fine-grained (0.02 mm) groundmass of
predominantly alkali felspar with a poorly developed trachytic texture. Away from
the margins the dyke shows a progressive increase in plagioclase megacrysts and a
decrease in the alkali felspar rhombs. This is accompanied by a change in the ground-
mass felspar so that in the centre of the dyke alkali felspar rims and andesine-
labradorite centres are approximately equal in amount.

The microsyenite margins of the majority of felspathic dykes from Qaersuar-
ssuk (locality 14, Plate 4, see also Warr, 1968} are generally more sodic than those
described from the felspathic dykes further to the west. However, a few of the
samples collected by Warr resemble the potassic microsyenite margins of felspathic
dykes south of Kobberminebugt and it appears that both potassic and sodic varieties
are present in the area. Many of the marginal rocks show well-developed trachytic
textures. Alkali felspar rhombs of the same type as seen in dyke 12 are common.
The coarser-grained rocks towards the centres of the dykes contain soda amphibole,
aegerine and considerable albite which may show chequer-board twinning. Samples
from the inclusion-bearing centres of the dykes show a general resemblance to
samples from the centre of dyke 12 (compare analyses 12 and 22). A few of the dyke
centres are more basic than the centres of microsyenite-trachydolerite dykes from
further west and contain granular olivine and ophitic pyroxene. A partial analysis
of felspar separated from the margin of one of the dykes showed a composition of
Orge.5ADbgs. s which is more sodic than suggested by the norms of marginal rocks from
dyke 12. ’

Urton (1962, p. 32) has given a brief description of the petrology of some of
the miecrosyenite-trachydolerite host dykes from Tugtutdq. He suggests that the
dykes are dominantly olivine dolerites subjected to a varying degree of alkali con-
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tamination. Olivine is usually pseudomorphed and much of the groundmass is un-
resolvable. Biotite, augite and apatite have been noted while the groundmass felspar
is generally oligoclase zoned outwards to antiperthite. The only material examined
for the present study is from a 070°, 16 m dyke cutting the olivine gabbro at the
eastern end of Tugtutdq (locality 16, Fig. 35, samples 80002-80005, analyses 27-30).
This dyke has an early, fine-grained marginal facies approximately 1 m wide of
a moderately soda-rich microsyenite (analyses 29-30). This is followed by 2-3 m
of coarser grained soda microsyenite with inclusions of the marginal rock enclosed
in it (analysis 28). No chilling is seen. The coarser grained microsyenite contains
abundant alkali felspar phenocrysts often accumulated in irregular masses. Soda
amphibole is the dominant mafic mineral. The 10 m central facies of the dyke
(analysis 27) shows gradational contact with the margins and there is commonly
a transition zone marked by abundant vesicles between the two rock types. The
centre contains abundant glassy plagioclase megacrysts (An,;s;) and rare alkali
felspar phenocrysts near the borders. The host rock is composed of a sodic plagio-
clase zoned from basic oligoclase to albite, augite as pink elongated crystals inter-
grown with the other groundmass minerals, Fe-Ti oxides, and considerable inde-
terminate chloritic material.

The analyses show that the dyke possesses the same gradation from early
marginal alkali rocks to late central gabbroic rocks as other members of this group,
only in this particular dyke the variation is extreme, ranging from a quartz-syenite
with a silica content of approximately 66.5 %/, to a central gabbro with 48 ¢/, SiO,.
Samples are not available for the complete range, however, those analysed show a
differentiation trend which coincides closely with X Fe-Mg-alk variation curves from
other dykes in the same suite. The marginal rocks are among the most sodic samples
analysed from this suite of dykes and it is interesting to note that in the marginal
syenites an amphibole is the dominant mafic mineral instead of the pyroxenes seen
in the centre of this dyke and in the marginal syenites of dyke 12. This gives some
support to the suggestion that there is a relative enrichment of sodium in the marginal
rocks of those dykes which contained a high water content in the original magma.

Analyses 23, 24, 25 and 26 are of samples taken respectively 1,9 m, 1.3 m,
70 cm and 5 cm from the contact of a 055° microsyenite-trachydolerite dyke on the
south coast of Tunugdliarfik, 5 km east of the Ilimaussaq intrusion (locality 21,
Plate 4). The dyke is 10.2 m wide at this point; it shows an olive-green microsyenite
megacryst-free margin approximately 1 m wide and a centre of trachydolerite with
a gradual increase in plagioclase megacrysts towards the centre. The contact be-
tween the alkali margins and the more basic centre is gradational; megacrysts are
first found in a rock which is already fairly basic (42656, analysis 24).

The margin of the dyke is fine-grained (0.05-0.1 mm) set with occasional ir-
regular alkali felspar phenocrysts. The groundmass consists of simple twinned plagio-
clase-alkali felspar laths with some zoning, Fe-Ti oxide grains, calcite and biotite.
There are occasional phenocrysts of subhedral Fe-Ti oxides. Towards the centre of
the dyke the groundmass felspars are more calcic, zoning from labradorite-andesine
centres to alkali felspar margins. The norms (Table 4) suggest that the felspar in
the marginal rocks is predominantly sodic. This is far less marked in the centre of
the dyke and in fact the analyses show an increase in potash away from the margin
although the total alkali content falls. The mafic minerals from the dyke centre
consist dominantly of Fe-Ti oxides and pink to colourless ophitic augite. Pseudo-
morphs after olivines are relatively common.

The XFe-Mg-alk variation curve (Fig. 64) is parallel to other dykes in this
group and resembles the normal Gardar trend. However, the Na/K ratio increases
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rapidly in the syenitic marginal rocks in a similar manner to the dyke described
from Tugtutdq. It is interesting to note that the mafic minerals in the marginal
syenites are micaceous suggesting that the syenitic magma was water-rich compared
to the gabbroic centre of the dyke where clinopyroxene and some olivine formed.
It seems possible that both potash and soda microsyenite-trachydolerite dykes
originated from the same magma at depth, the soda-rich group which are generally
slightly later in local dyke chronologies may represent a regional upward migration
of soda in a large magma chamber due to a gradual accumulation of water.

The most easterly sample analysed is 60037 (analysis 20, Table 4) from a 3 m
NE-SW trending trachydolerite from Jespersen Dal on the south-west of the Igaliko
intrusion (locality 29, Plate 4). The dyke is a fine-grained dark-brown rock with
irregular masses of large glassy plagioclase megacrysts with black centres and white
sericitised margins. The aggregates sometimes show a pseudo-ophitic texture with
the interstices between the large felspars filled with normal dyke material. Locally
the host is slightly coarser grained and felspathic around the megacrysts. In thin
section the dyke is seen to consist dominantly of stubby felspar crystals with no
preferred orientation. Thin needles of pale pink clinopyroxene are the most common
mafic mineral. These may show a good crystal form in cross-section but a rather
fretted outline when seen in sections parallel to their length. There are occasional
groups of heavily resorbed olivine or pseudomorphs after olivine, in one case ac-
companied by a subhedral crystal of orthopyroxene which is larger than the other
mafic grains in the slide. The felspars show some zoning from an andesine centre to
alkaline margins. This is emphasised by incipient alteration of the cores. No sharp
break can be seen between zones in the felspars; sodic and potash felspar do not
form separate crystals. The felspars show simple Carlsbad or albite twins in the
centre of most of the crystals. Fine, almost submicroscopic chequer-board twinning
is seen nearer the margins. No nepheline was noted in thin section although the rock
is moderately undersaturated. The spaces between felspars commonly contain
chlorite. Under high magnification rods and skeletal crystals of Fe-Ti oxide are
found to be fairly abundant. These are often surrounded by biotite. The presence
of orthopyroxene in this dyke and in some other felspathic dykes is of considerable
interest since this mineral is otherwise unknown from the Gardar intrusions. It
is tentatively suggested that the formation of orthopyroxene instead of the normal
augitic pyroxenes may be due to the comparative lack of calcium in the felspathic
dykes after the formation of plagioclase megacrysts.

The two main megacryst-bearing dykes described by BeErrancE (1966a) from
the “Vatnahverfi’’ area (locality 32, Plate 4) show considerable differences in petro-
graphy. The trachydolerite at Sendre Igaliko contains megacrysts across the entire
width of the dyke. The margins are less basic than the centre of the dyke, con-
taining a rather sodic plagioclase, biotite, Fe-Ti oxides, thin needles of apatite and
small patches of calcite and chloritic material. The centre of the dyke, which holds
a greater abundance of foreign material than the margin, contains considerable
zoned pink clinopyroxene and large apatite crystals set in a groundmass of altered
basic plagioclase. Some well-formed pseudomorphs after olivine are found surrounded
by clinopyroxene.

The second dyke (sample 48317, analysis 32) is a nepheline trachyte with ir-
regular patches of xenoliths and megacrysts surrounded by inclusion-free material.
Sample 48317 contains no megacrysts although Berrancg’s field notes state that the
rock is the same as that immediately surrounding the inclusions. It is a microsyenite
containing phenocrysts of alkali felspar and nepheline set in a fine-grained gray
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groundmass. The groundmass consists of approximately equal proportions of potash
and sodic alkali felspar laths with a sub-trachytic texture, small pyroxene pheno-
crysts mantled by aegirine, and interstitial nepheline and biotite. There are a few
euhedral biotite phenocrysts visible in hand sample. The analysis shows that this
dyke is interesting from two points of view: firstly, it is considerably more under-
saturated than any other host rock analysed, and secondly, in spite of its undersatu-
rated nature the dyke contains more silica than samples taken from the megacryst-
bearing zones in any other of the host dykes. The fact that it is the only thoroughly
undersaturated host may reflect the availability of samples rather than a particular
affinity between saturated rocks and the anorthosites; the majority of the analysed
samples were taken from the Kobberminebugt—Nunarssuit area where both major
and minor Gardar intrusions belong to a saturated suite. The high silica and the high
ZFe/XZFe+ Mg ratios suggest that the material surrounding the xenoliths had re-
ached a more advanced stage of differentiation than the megacryst-bearing zones in
other host dykes. The irregular distribution of megacrysts and xenoliths as patches
and clumps surrounded by normal dyke matrix suggests that this dyke shows a
different method of intrusion and differentiation to the majority of microsyenite-
trachydolerite dykes where the insets are generally small and graded from margin
to centre.



VII. EMPLACEMENT OF GARDAR
FELSPATHIC DYKES

a) The mechanics of intrusion and differentiation of the micro-
syenite-trachydolerite dykes

The dykes are characterised by several unusual features which
suggest that their method of emplacement and differentiation was ab-
normal and requires explanation. The main points from the field and
laboratory observations are summarised below:

1) Dykes with the same general features occur over a large area
and are locally extremely abundant. No record has been kept of the
exact number in different regions but the total can be estimated in
hundreds rather than in tens.

2) Dykes with the same general pattern of intrusion and crystallisa-
tion show a considerable range in petrography. This paper is only con-
cerned with felspathic dykes; however, it appears that many of the
features are also present in the large swarms of trachytic dykes in the
area north of Narssarssuaq and probably in some of the intermediate
dykes in the Ivigtut region.

3) The dykes consist of early, generally symmetrically arranged
alkali-rich margins with few megacrysts, enclosing a more basic centre
with abundant megacrysts. Where the dykes thin out the margins
continue for some way after the basic centres end. The width of the
alkali margins is independent of the total width of the dyke (a block dia-
gram of the probable form of a typical dyke is shown in Plate 3). The con-
tact between the two units is generally gradational; in a few cases there
is a sharp break sometimes marked by chilling of the centre against the
margin. Inclusions of the early marginal rocks within the centre can
be found in most dykes. Even in the dykes which show one or more
sharp breaks suggesting different phases of intrusion, margin and centre
each show a gradual change in petrology inwards with a decrease in
silica and total alkalies and a rise in magnesia away from the margins.
The change in total composition of the host rock can be seen from
density measurements which range in a typical dyke from 2.70 g/em?
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at the chilled contact to 2.85 g/em? in the centre. The change is grada-
tional; even where there has been a break in the intrusion of the dykes
the change in properties from alkali to basic is moderately smooth.

4) In contrast to the intrusion sequence (i.e. alkali followed by
basic) in the dykes as a whole, individual thin sections show normal
trends, with early crystallisation of relatively calcic plagioclase and
magnesium pyroxene, and later crystallisation of alkali felspar and more
iron-rich pyroxene. The alkali-rich rocks can therefore be regarded as
more differentiated than the basic rocks.

5) The foreign material shows a characteristic distribution pattern
within the dykes. There are rare irregular masses of anorthosite and
rather sericitised megacrysts within the marginal syenites of a few dykes.
Nearer the centre the more basic rocks carry both megacrysts and a
few scattered xenoliths. There is frequently a well-developed grading
with small megacrysts on the outside of the central zone and an increase
in size and total amount towards the centres. Some of the centres carry
a moderately high proportion of xenoliths. The average composition of
the foreign material becomes more calcic towards the centre of the
dykes as both the larger megacrysts and the xenoliths have a higher
anorthite content than the small fragments nearer the margins. There
is local evidence that the megacrysts have rafted together but none
that they have been packed together. Many dykes show a moderate
flow orientation of the megacrysts with their long axes parallel to the
dyke margins. The host rocks appear to have crystallised in place and
there is no evidence of the accumulation of early mineral phases in the
centre of the dykes except for the megacrysts. The contacts are often
aphanitic and show no preferred orientation of microlites; away from
the contact the lath-shaped alkali felspars rarely show well-developed
trachytic flow texture and are often grouped together in radiating
clusters.

6) The composition of the first rock to carry abundant megacrysts
varies from dyke to dyke. However, the early marginal megacryst-free
phases in all the dykes analysed had a silica content exceeding 53 °/,
while the megacryst-rich late centres all contained less than 539/,
silica. The first appearance of the megacrysts is often marked by a zone
of vesicular rock.

7) Alkali felspar phenocrysts show a distribution pattern somewhat
similar to that seen in the megacrysts. They are rare in the most highly
differentiated marginal syenites, reach a maximum concentration in the
basic syenites approaching the plagioclase megacryst-bearing centres
and overlap slightly with the smaller megacrysts. They may locally raft
together in sieve-like masses.

185 10
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8) The mineralogy of the dykes suggests that the magma contained
considerable water and probably some carbon dioxide and sulphur. The
dominant mafic minerals in the marginal syenites are biotite and amphi-
bole. Pyroxene is found in the centre of the dykes but interstitial
chlorite, amphibole and biotite are more abundant. Some of the aphanitic
contact samples contain iron sulphides forming up to 2 °/, of the total
rock. These may be concentrated along cooling cracks suggesting that
the sulphides were formed slightly later than the chill itself. Larger
crystals of pyrite are found within the microsyenite margins but are less
common in the centres.

Interpretation

Minor intrusions in which a central body of rock containing ac-
cumulated xenoliths is enclosed by earlier more differentiated margins,
or in which the chilled contacts do not represent the bulk composition
of the body, have been described from several other igneous provinces.
The main reasons put forward for the non-uniform distributions of
material may be summarised under the following headings:

1) Flowage differentiation
2) Multiple intrusion
3) Liquid fractionation

1) Flowage differentiation. This idea, demonstrated experi-
mentally by BrATTACHARIT and SmitH (1964), suggests that early
crystallised material together with any xenolithic material will be con-
centrated in the centre of moving columns of magma by the differential
flow between the wall and the centre. It has been used by BARAGER
(1960) and Prinz (1964) to explain the distribution of the felspar mega-
crysts in the Leopard rock dykes of the Canadian Shield. While this
mechanism may play a subsidiary role in the accumulation and sorting
of the megacrysts within the centre of the microsyenite-trachydolerites
it is not the main cause of differentiation as it can be demonstrated
conclusively that the margins were emplaced before the centres and
crystallisation began at the margins and progressed inwards.

2) Multiple intrusion. Upron (1962, p. 31-35) gives a brief
factual account of the microsyenite-trachydolerite dykes on Tugtutoq
which is similar in all important points to the description in the present
study. In his interpretation of the phenomena Upton suggests that the
dykes were formed by multiple intrusion in which basic magma took
advantage of a pre-existing fissure filled by partly consolidated micro-
syenites. The various transitional rocks can therefore be interpreted as
hybrids between the two magmas some of which formed in situ and
some of which may be due to alkali contamination at depth. Upron
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further explains the concentration of megacrysts in the basic centres
by suggesting that the gabbro was derived from below an original
anorthositic source rock while the syenites were derived above this level.
There is no doubt that the microsyenite-trachydolerite dykes are the
result of multiple intrusion, the occasional fragment of the margins
within the centre and the local chills between centre and margin show
that in some dykes there was a time lapse between the solidification of
the microsyenite and the intrusion of the more basic centres. However,
Upron’s interpretation needs modification before it can explain three
important points: the common and widespread occurrence of the fea-
tures described in this section and the fact that they occur in dykes
belonging to different generations; the gradational changes in the mar-
ginal microsyenites which apparently occurred before the intrusion of
the central basic masses; the presence of occasional megacrysts in the
chilled microsyenite zone. A fourth point, the presence of a high propor-
tion of megacrysts rather than anorthosite xenoliths, is discussed in a
later section (p. 179). It is therefore suggested that a third mechanism,
differentiation of the magma either within the dyke fissure or in a
chamber feeding the dyke is the principal factor controlling the way
in which these dykes developed and the distribution of megacrysts
within them. :

3) Liquid fractionation. The common occurrence of syenite
closely followed by gabbro within the same dyke fissure suggests that
the two rocks are closely related. If the features described were limited
to one dyke or even a single generation of dykes of the same composition,
then the intrusion of gabbro into partly consolidated syenite might be
regarded as a coincidence. However, when this phenomenon is seen
over a wide area in dykes formed at different times and showing a con-
siderable range in their bulk compositions it is reasonable to suggest
that the relationships are due to the same fundamental process affecting
the differentiation of a series of parent magmas within separate intru-
sions. The parent magmas are thought to have had the composition of
alkali gabbros and ranged from under- to slightly over-saturated, with
possibly some initial variation in the relative proportions of potassium
and sodium.

Most accounts of the production of syenitic magma from a more
basic parent rely on the well-used mechanism of crystal fractionation
to produce an alkali-rich residue with a relatively low melting point.
However, crystal fractionation involves the progressive removal of
material as solids, thus a series of magmas tapped from a chamber
differentiated by this mechanism must always follow the same sequence
from least differentiated to most highly differentiated. In the micro-

10*
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syenite-trachydolerite dykes, and also some of the major Gardar in-
trusions, however, the sequence is reversed. In the absence of any
evidence suggesting that the later more basic rocks were intruded as
a mush, crystal fractionation cannot be regarded as the main mechanism
of differentiation. If the magmas are genetically related then they must
have separated while both were in the liquid phase.

The idea that magmas can differentiate while still in the liquid
is far from new in geological thought although until recently it has
been overshadowed by BoweN’s views on the complete miscibility of
silicate melts and his championship of crystal fractionation as the
dominant mechanism of differentiation. In the last few years consider-
able field evidence has been presented to show that two magmas in-
timately associated in the same intrusion may possess such different
properties that they remain immiscible (for example, the ‘“‘emulsion
rock”, shown in BLAKE et al., 1965, plate 19b), or that differentiation
can take place within a magma chamber by such processes as alkali
diffusion while the magma is still liquid. A good summary of recent
literature is given by Hamirton (1965) and the same author has given
the process the useful term liquid fractionation which can be used
without having too many implications about the actual method by
which the suite of liquids separate. It is interesting to note that the
ideas of liquid fractionation have often been applied to provinces with
some resemblences to the Gardar, for example the peralkaline rocks of
Oslo (SETHER, 1950), and the alkaline suites of the Scottish Midland
Valley, Oslo and the Kola peninsula (ToMkEIEFF, 1937, 1961).

The ideas which have the most application to the processes seen
in the microsyenite-trachydolerite dykes are those published by KENNEDY
(1955). He suggests that the upward diffusion of alkalies and sulphides
in the presence of water might be expected to produce moderate differ-
entiation in a chamber several miles high.

It can be seen from the mineralogy of the microsyenite-trachydole-
rite dykes that the original magma from which they formed was fairly
rich in water and probably other volatiles. Biotite, and chlorite are
common in both the marginal syenites and the central gabbroic rocks
while calcite and fibrous amphibole fill many of the vesicles which occur
in the transitional zone between margin and centre. Plagioclase insets
are commonly heavily sericitised. Sulphides occur in the marginal
alkali-rich parts of the dykes.

Differentiation of the type proposed by KeNNEDY could occur
either in a chamber feeding the dykes, in which the change in composi-
tion from early margins to late centre would represent the successive
tapping of lower levels in a fractionated magma at depth, or it could
take place within the dykes themselves. In either case the results during
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the injection of the dykes would be similar: before solidification the
fissures would be filled with a column of magma graded from syenite
at the top to alkali gabbro at the bottom. Some crystal fractionation
could be expected in the column which might assist the differentiation
process already started by liquid fractionation but there is no evidence
that it became the dominant mechanism for the separation of the two
end products. As more material was added from below, or as the dykes
moved upward the alkali fractions at the top of the fissures chilled
against the country rock leaving margins of syenite. Continued move-
ment in the centre of the dykes brought up successively more basic
material which chilled against the already solidified contact zones. In
some dykes the emplacement appears to have progressed smoothly and
there is a complete transition from margin to centre, in others movement
was probably in a series of pulses and there may be several breaks in
the change from syenite to alkali gabbro.

The theory that the dykes differentiated by liquid fractionation
does not depend on any fixed ideas about where this process took place.
However, there are several reasons to suggest that at least some differ-
entiation could have occurred within the dyke fissures themselves
whether or not there was any change in the magma type introduced
into the dyke fissure from a hypothetical chamber at depth. Dyke
fissures are practically the ideal form put forward by Kennepy; they
probably extend to a considerable depth, and their narrowness pre-
cludes any strong circulatory movements of the magma which might
counteract the considerable changes in temperature and pressure from
top to bottom of the chamber. It is therefore rather surprising that
the features found in the microsyenite-trachydolerite dykes are not
more common in other dyke swarms. A possible explanation may be
found in the relative rate of alkali diffusion compared with the speed of
dyke emplacement; a rapid forceful injection of basic magma into a
dyke fissure would have little chance to differentiate before solidifying
while a slowly moving column may differentiate as it ascends. The rate
at which alkali diffusion takes place is probably controlled by the amount
of volatiles present in the original magma; the mineralogy suggests that
this was high in the microsyenite-trachydolerite dykes. Several features
suggest that the rate of flow was small in the microsyenite-trachydolerite
dykes. The most important of these is the fact that the margins are
preserved at all, for if a large quantity of fast-moving basic magma was
introduced into a narrow fissure with partly consolidated syenite along
the margins it is unlikely that the earlier rock would survive. Some of
the dykes appear to have been injected in pulses, in which case, although
the actual speed at which the magma moved may have been relatively
fast, there was probably a chance for differentiation to take place during
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the pauses between successive pulses. The alkali felspar laths of the
marginal rocks show a poorly developed alignment and although the
felspar megacrysts in the centres of most of the dykes show some pre-
ferential orientation it is not enough to suggest violent streaming of
material.

One point of interest which can be seen in the analyses listed in
Table 4 is that many of the microsyenite-trachydolerites and some of
the other anorthosite-bearing dykes have silica contents in the range
48-54 9/, Si0O,. Upron (1964, p.45) notes that ‘“in spite of the large
number of variegated intrusions on and around Tugtutdoq there would
appear to be a gap between rocks with a silica content 40-48 °/, and
those with silica 54-75 9/,”". It can be seen from the analyses listed in
Table 4 that the microsyenite-trachydolerite dykes show a less well
defined separation into gabbroic and syenitic fractions. In some cases
the gradation found could be explained by hybridisation of two distinet
magma types. However, it appears more likely, in view of the common
occurrence of the phenomena, that a different mechanism controllied
differentiation in the dykes, or at least if the same processes were in-
volved they did not reach completion.

WATTERSON (1968) describes a series of dykes intruded under
plutonic conditions in which the emplacement of basic magma was
preceeded by a streaming of alkalies along the same fissures which later
controlled the dyke emplacement. The alkalies replace the surrounding
country rock and form adinoles. The method by which the alkali material
differentiated from the basic magma in these dykes probably differs
considerably from the method suggested in the microsyenite-trachy-
dolerite dykes; however, they provide a useful illustration of the fact
that alkali material can in some cases migrate at a greater rate than
that of the intrusion of basic magma along a fissure. It is interesting to
record that one particular group of the plutonic dykes from the mouth
of Isortoq has very similar features to the microsyenite-trachydolerite
dykes. The dykes show a central accumulation of oligoclase-andesine
phenocrysts and fine-grained margins significantly richer in silica and
alkalies than the groundmass of the centres of the dykes.

b) The distribution of the plagioclase insets within the micro-
syenite-trachydolerite dykes

If it is accepted that these dykes were formed by differentiation of
a single parent magma, whether in the dyke fissure itself or in a single
chamber at depth, then the concentration of the megacrysts in the
centres cannot be due to the derivation of the basic and syenitic com-
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ponents from different levels. However, a more attractive theory can be
suggested by considering the relative densities of the plagioclase mega-
crysts and those of syenitic and gabbroic magma.

According to PuLVERTAFT (1965) the density of a basic Gardar
olivine gabbro magma (the Eqaloqarfia dyke) was approximately 2.65
g/em?® at 1150°, its temperature of crystallisation. That of the gabbroic
hybrids and the syenites seen in the present dykes cannot be calculated
with any precision because they are highly variable rocks and are
thought to have contained considerable volatile material. The mean
values for density determinations on a series of samples across dyke 8
are given in Table 5 (p. 134). These show a consistent increase in density
from 2.70 g/cm? at the margin to 2.85 in the centre of the dyke. From
these it can be estimated that the gabbroic end of the series could be
expected to have had a density between 2.55 gfcm?® and 2.65 at its
melting point, while the syenites and intermediate rocks probably ranged
between 2.40 g/ecm?® and 2.55 depending on the stage of differentiation
reached and the amount of volatiles present in solution. The density of
the plagioclase megacrysts (Ang) may be calculated to be 2.60 g/cm3
at 1160° and slightly higher if they were included in a magma with
a lower temperature. Although these figures can only be rough approxi-
mations it can be seen that sodic labradorite crystals should sink in a
syenite magma. They would probably remain suspended in a moderately
differentiated alkali gabbro magma and rise in a basic gabbro magma.
If some allowance is made for the buoyancy effect of an upward moving
magma stream, labradorite crystals may be expected to have remained
suspended in magmas which had a density between 2.55 and 2.60 g/em?3.

A corresponding argument can be used for the alkali felspar rhombs
found in the dykes. These probably had a density of about 2.52 g/cm?
while in the magma. They would therefore be expected to sink in the
most differentiated of the syenites but to have remained suspended or
risen in the other magmas. This idea agrees well with the distribution
of the rhombs in the microsyenite-trachydolerite dykes; they form a
very small part of the most differentiated marginal rocks, rise to a max-
imum in zones of moderately basic syenites and become progressively
rarer towards the centre of the megacryst-bearing alkali gabbroic parts
of the dykes. Some overlap between plagioclase megacrysts and alkali
felspar phenocrysts is to be expected especially in the smaller dykes where
a complete sorting probably could not take place before solidification.

It has been shown that the microsyenite-trachydolerite dykes crys-
tallised from the margins inwards and that material continued to move
up the centre of the fissure after the margins had solidified. Thus, a
series of samples taken from margin to centre at the present erosion
surface represent successively deeper levels in the original magma
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column. The distribution of the alkali felspar phenocrysts, the plagio-
clase megacrysts and the anorthosite xenoliths in these dykes can thus
be explained as the result of settling of solid particles in a density graded
column. This mechanism neglects the effects of a difference in rate of
flow between margin and centre, as it has been suggested earlier that this
plays only a minor role in the differentiation of the dykes. However, it
can be noted that if the mechanism suggested by BrAaTTACHARII and
Smrtn (1964) is at all applicable to the microsyenite-trachydolerite
dykes then it will provide an additional reason for the segregation of the
megacrysts away from the margins. The few fragments caught up in
the margins can be explained as foreign material which was carried up
by the early phases of the dyke and trapped in the solidifying syenites
before they could sink to their own density level. This is supported by
the observation that the fragments in the marginal syenites are often
larger than those in the graded centre of the dykes and are commonly
xenoliths, not megacrysts.

c) The emplacement of dykes with a high proportion
of foreign material

The formation of the fractures filled by the dyke presents a tectonic
problem. Many appear to be simple tensional openings into which
magma was emplaced, often in more than one phase. Several dykes,
especially those in the Nunarssuit-Kobberminebugt area (see, for ex-
ample, HArRrRY and PuLvERTAFT, 1963) show signs that the dykes were
emplaced along fractures in which horizontal movement was effective.

If, during dyke intrusion, the dyke fissures were not simply enlarged
by tension normal to their walls they might conceivably have fluctuated
in width and this could explain a puzzling fact. Some relatively thin
dykes (dyke 2, p. 34, for example) are in places so choked from wall
to wall with large anorthosite xenoliths that their emplacement can
hardly be envisaged. It is tempting to accept this impression at its face
value and to suppose that the assemblage could not have been intruded
in its present state. Then the only logical course is to assume that after
initial expansion the dyke fissure contracted before the dyke consoli-
dated and the xenoliths thus were concentrated by expression of in-
terstitial magma. Conceivably some monomineralic dykes described in
geological literature might be explained by such filter-press action.

d) Incorporation of anorthositic material in Gardar intrusions

Highly xenolithic minor intrusions have been described from vari-
ous countries. ELpERs (1957) has described from Norway a dyke with
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abundant inclusions of metamorphic rocks not seen in situ near the
dyke and has referred to other minor intrusions which contain so many
xenoliths that they resemble conglomerates. The problem of emplace-
ment of these dykes may not be unrelated to that of the xenolithic dykes
in Greenland, but a striking feature of the latter is that although most
of them intrude Julianehdb Granite their inclusions are almost wholly
anorthositic. Granite xenoliths are virtually confined to certain tracts
of a few dykes and these tracts often lack anorthositic fragments.

The general absence of granitic xenoliths can hardly be due merely
to their chemical instability in the basic dyke magmas. Nor does it
seem likely that granite fragments were in fact incorporated in the
dykes and then swept upwards, to levels now eroded, in advance of
xenolithic material of deeper origin. For some reason anorthositic rocks
were preferentially brecciated and incorporated in the intrusions.

Perhaps this simply reflects their physical properties. GrouT and
ScawarTz (1939, p. 6) cite PowERrs’ (1915) suggestion that an unusual
amount of shattering of that very compact rock anorthosite accounts
for the presence of many anorthosite fragments, but few others, in a
dyke that has probably crossed several formations in Minnesota.

However, more precise reasons might be sought for the strikingly
wholesale disintegration of anorthosite to blocks, crystals, and crystal
cleavage fragments in the South Greenland dykes. DaLy (1933) has
invoked strain due to heating of country rocks as a possible factor in
overhead stoping by plutons. Could strain due to heating in magma have
assisted disintegration of the anorthosites in Greenland? From the
thermal expansion coefficients of felspar, it would seem to have been an
unimportant factor.

Did the anorthosite disintegrate because it was incoherent? It
might have been invaded by Gardar magmas after the consolidation of
the massive granular anorthosite which forms shattered irregular xeno-
liths in the Gardar hosts, but before the complete consolidation of the
later parts of the body. This would suggest a close genetic connection
between the inclusions and the Gardar gabbros. The preferential inclusion
of anorthosite in the Gardar dykes could then easily be explained by
suggesting that the anorthosites formed a partially consolidated roof to
the developing gabbros. The gradation seen between the slightly more
calcic and magnesic granular anorthosites, through the many varieties
of secondary anorthosite to the andesine megacrysts in the trachydoleri-
tes, might be regarded as the result of the same differentiation which
gave rise to the range of Gardar rocks from gabbro to syenite.

It could be argued that the anorthosite series is due to the shattering
of an earlier body and that all the gradational characters are due to
secondary processes impressed on the insets by the Gardar magmas.
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Hess (1960) has suggested that resorption of plagioclase may have been
important in the formation of anorthosites, and Yonkr and TiLLEY
(1962) do not dismiss the possibility of the extensive resorption of
plagioclase in basic melts. However, such a process, if it were the main
cause in producing the series from granular anorthosite to megacrysts,
was so extensive that the original character of the majority of insets
would have been completely destroyed and any argument about their
original characters must be pure speculation. Resorption can be seen
in many fragments but it is generally limited to the replacement of
felspathic and mafic material which had become altered to sericite and
uralite before the rocks were included in their present host. Recrystallisa-
tion of single blocks detached from an earlier body and suspended in a
deep Gardar magma chamber is an obvious mechanism for producing
some of the features seen in the giant crystals with their gradational
properties between laminated blocks and single megacrysts. However,
there is considerable evidence that many of the fragments have retained
earlier features although suspended in magmas with which they were
markedly out of equilibrium. It seems reasonable therefore to suggest
that although resorption and partial recrystallisation may have pro-
duced many of the minor features seen in the insets, they are unlikely
to have been the dominant processes linking the characters of the insets
with their hosts.

The break-up of the granular anorthosites could be ascribed simply
to the same, predominantly tensional, stresses that controlled the in-
trusion of the main swarms of mid-Gardar dykes. However, it appears
quite likely that many of the anorthosites were already fractured for
some time before they were included in their present hosts, and many
of the larger xenoliths show signs of several stages starting with a
granular anorthosite which was broken up, included in fresh gabbroic
material, and then broken up again in some cases several times before
their final inclusion in the dykes. This suggests that some process was
already operating at depth before the intrusion of the mid-Gardar dyke
swarms. A possible explanation is that suggested by Hicas (1954) for
the San Gabriel anorthosite in which he suggests that the cataclastic
textures are due to the release of high vapour pressures built up in
anorthosite just consolidated from anorthositic gabbro magma. There
is certainly considerable evidence to suggest that the anorthosites were
affected by considerable action of volatiles prior to their inclusion in the
Gardar host; many of the xenoliths are heavily sericitised and the mafic
minerals in the inclusions are often uralitised while those in their hosts
are fresh. However, it is not necessary to postulate that volatiles which
caused the alteration of the anorthosites and possibly their brecciation
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were derived internally. If the idea that the anorthosite formed a layer
over developing Gardar magma is correct, then they may have formed
an impervious cap which was periodically brecciated. It may be noted
in this context that many of the host dykes, especially in the Kobber-
minebugt area, show signs of crystallising from a water-rich magma and
it is possible that the release of dyke magma into the fissure may have
been initiated by explosive disruption of an anorthosite cover. It has
also been suggested (p. 120) that the formation of black felspar is linked
to the accumulation of water. This apparently took place during the
main phase of megacryst formation which occurred later than the
formation of the granular anorthosites (p. 179).

e) Evidence of lateral flow in Gardar dykes provided
by the felspathic inclusions

The main direction of magmatic flow during the intrusion of the
dykes appears to have been vertically upwards but it seems that some
lateral movement of material may also have taken place. Ayrron (per-
sonal communication) has observed that a dyke from the Tigssaluk area
which changes course in plan contains a concentration of plagioclase
insets along the outer margin of the bend just as shingle piles up at
bends in rivers. East of Kobberminebugt a horizontal section through
a felspathic dyke shows a narrow zone relatively free of felspathic
material terminating at a large anorthosite xenolith as if the latter had
deflected inclusions moving relative to the xenolith in a horizontal
direction (Fig. 33). Several dykes in the Nunarssuit-Kobberminebugt
area show a decrease in the size and abundance of fragments towards
the north-east suggestive of flow in that direction, while in the giant
dyke of Tugtutdq the inclusions decrease in size and abundance towards
the south-west. An interesting change in the abundance of megacrysts is
seen in an early Gardar dolerite which can be traced east from the
islands just south of Julianehab to Unartoq Fjord, a total distance of
about 60 km. In the west the dyke overlaps with the area intruded by
later Gardar dykes containing abundant xenoliths. In this area it con-
tains a moderately high proportion of felspathic matter, some of which
has accumulated as glomero-porphyritic masses. Eastwards the fragments
become smaller and less abundant although they continue outside the
area in which plagioclase insets are normally found. WinbpLEY (1963)
reports that at one place, where the dyke forks into a main eastward
trending branch and two smaller apophyses which die out a short dis-
tance from the fork, the megacrysts are concentrated in the apophyses,
suggesting that they were packed by lateral movement from the west.



156 D. BripgwaTeER and W. T. Harry Il

Where the dyke is last seen on the shores of Unartoq Fjord it is com-
pletely free of xenolithic material.

_ The observations on lateral movement in the dykes are too scattered
to draw any firm conclusion about the size or shape of the parent anor-
thosite body. However, it should be noted that in the examples cited
from the mid-Gardar dyke swarms, the dominant movement was away
from the areas later intruded by syenite. This observation coupled to
the fact that the anorthosites show a distinct concentration in dykes
close to the syenite centres may have considerable genetic significance.



VIII. DISCUSSION AND COMPARISONS

a) The “foreign™ origin of the inclusions

For several reasons the anorthosite inclusions cannot have formed
directly by crystallisation of basic magma in the dykes themselves. In
the first place the amount of dolerite and gabbro in the dykes is too
small in relation to the volume of inclusions. Some of the dykes are so
rich in felspathic inclusions that their total composition is that of a
gabbroic anorthosite or anorthositic gabbro. However, the composition
of the host itself does not differ significantly from nearby dykes of the
same generation with no inclusions. It might be argued that this is due
to the level of erosion and that all the dykes in South Greenland con-
tained masses of felspar either at depth or now eroded. There is no
direct method of proving this statement incorrect. The analyses listed
by Warr (1966) do not suggest that the Gardar rocks are in any way
unique. Further, most of the large xenoliths show features which suggest
that they were solid at the time of incorporation into their present
hosts and must therefore be regarded as xenoliths whether or not they
are genetically connected with their hosts. The minority of xenoliths
which show local gradational contacts with their hosts, such as those
seen at Narssaq and Bangs Havn, have already been explained as
secondary anorthosites, formed by a mixture of derived fragments and
an early phase of the host magma (p. 20).

Although the anorthosites may be regarded as xenoliths it is ap-
parent from the descriptions in the earlier sections that a complete
gradation exists between the obviously ‘“foreign” masses of granular
anorthosite choking the Kobberminebugt gabbros and the single felspar
megacrysts which are present in a large variety of Gardar hosts. This
series could either represent a reworking of disintegrated anorthosite
fragments derived from an older source, or it might represent a series
of rocks genetically connected with the Gardar igneous activity, some
of which formed solid anorthosite before their inclusion in their present
hosts and some of which were unconsolidated or partially consolidated
plagioclase-rich masses at depth.

The origin of the felspar megacrysts is clearly closely connected to
the anorthosites. They occur together in all proportions and combina-
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tions and their mineralogical characters are similar. However, the foreign
origin of the megacrysts is much more difficult to establish. Some are
derived from the break down of coarse-grained anorthosite but the
majority show characters which are intermediate between the felspars
from the granular anorthosite and the felspars from the host rocks, and
would be regarded as cognate were it not for their association with
demonstrable xenoliths. Warr (1968) uses the term ‘‘cognate xeno-
cryst” to describe the large felspars found in the microsyenite-trachy-
dolerite dykes from the Qaersuarssuk area and the term appears highly
suitable. ‘

b) Extent, structure and age of the parental anorthositic mass
i) Extent and structure

The area in which the inclusions occur in appreciable amounts is
knawn to be at least 200 km long and up to 150 km wide and may
well prove to be larger. Moreover, this area is bounded on one side
by the sea, on the other by the Inland Ice. It would be a surprising
coincidence if these geographical boundaries were also the limits of the
area in which the inclusions occur. Thus, even allowing for some lateral
transport in the dykes, the parental anorthositic mass must be of con-
siderable size: 250-300 km long does not seem excessive as a minimum
estimate and this would be greatly increased if the occurrences noted
by R. Boavap (unpublished diaries) on the east coast of Greenland are
pertinent. The area over which the anorthosite fragments occur appears
fairly closely limited to the part of South Greenland affected by the
E-W system of transcurrent faulting which forms a prominent feature
of the Gardar. Ussing (1912) drew attention to the graben-like nature
of the Gardar faulting and more recently several attempts have been
made to compare the Gardar alkali magmatism with that found in rift
valleys in other parts of the world (see, for example, BRIDGWATER and
Warron, 1964; SoreNSEN, 1966). Whether the faulting marks the ap-
proximate margins of the parental anorthosite mass or whether the
distribution of the xenoliths within this block is due to the brecciation
of a larger body within the faulted zone is unknown.

There is no evidence to show whether the parental anorthosite is
made up of a series of unconnected bodies at depth or whether it forms
a more or less continuous layer. There is a marked concentration of
xenolith-bearing dykes close to the major alkali intrusions which might
suggest that the parental anorthosite forms a series of disconnected
bodies each of which is genetically connected to a syenite centre. How-
ever, this could also be explained by suggesting that the syenites were
intruded in areas of crustal weakness round which an earlier continuous
mass of anorthosite had been brecciated at depth.
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The parental mass is completely concealed, for its fragments cannot
be matched with any other anorthosites outcroping along the western
coast of Greenland (see Section V (b)). Since it is nowhere exposed and
yet has great extent there is reason to suppose that, in places at least, it
lies at considerable depth. The general lack of other inclusions in the
felspathic dykes suggests that the parental mass may have lain fairly
close to the source of the dyke rocks. It has been argued by Upton
(1964) from his work on Tugtutoq that the relative absence of anorthosite
xenoliths in the syenitic rocks on that island suggests that the parental
mass lies at a level between that of the source of the basic dykes and
that of the syenitic rocks. However, it has been suggested on p. 151 that
the anorthosites probably occurred above the level at which the syenites
differentiated and that their absence in syenites is largely controlled by
the relative densities of labradorite and syenite magma. The intimate
association of gabbro, syenite and felspathic fragments in a large num-
ber of dykes and the rarity of other inclusions suggests that anorthositic
material occurred in the roof of the magma chambers from which Gardar
magmas were released. This need not, however, mean that the original
anorthosite lay at this level as it is possible that the unfractionated
Gardar magmas carried large masses of anorthosite with them. These
may have remained as rafts at the top of the chambers in which the
syenites and other rocks were evolved until they were brought up by
successive pulses of material released from the differentiating magma.

Compositional banding or preferred orientation of felspar crystals
in a few xenoliths might suggest that the parental mass was layered.
But such evidence is rather scanty. Moreover, xenoliths that could re-
present ultrabasic differentiates (peridotite, pyroxenite) complementary
to anorthosite in a layered complex are lacking. The large xenoliths lie
solely within the range anorthosite-felspathic gabbro, and many of the
less felspathic members of this series are “secondary” rocks formed by
mixture of basic Gardar magma with anorthosite. Biotite pyroxenites
do occur at Narssaq (Ussing 1912, Uprox 1966) but belong to a mon-
chiquite-carbonatite suite and are only relevant as an example of a
highly fractionated Gardar rock crystallising from a volatile-rich magma.
A few isolated “phenocrysts” of olivine and occasionally hypersthene
and magnetite occur in Gardar dykes and it is possible that these may
represent the mafic equivalent of the plagioclase megacrysts. DarLy
(1933) suggests that the rate of sinking of solids in a magma depends on
their size, and thus larger fragments of ultrabasic layers, detached from
an original layered body above the source of the Gardar host rocks,
would be expected to sink while single crystals might remain suspended.
However, it is equally probable that if the formation of the anorthosites
is related to Gardar magmatism then a mafic counterpart of the fel-
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spathic rocks did not develop above the source of the present hosts but
was formed at a greater depth, at the bottom of the (hypothetical)
magma chamber from which the Gardar rocks were emplaced.

ii) Age

Most, if not all the parental mass must be older than mid-Gardar
for the majority of the xenoliths occur in the mid-Gardar dyke swarm.
From the available age determinations (BrRIDGWATER, 1965) it seems
likely that the mid-Gardar dykes were emplaced at about 1200 m.y. at
a time of considerable crustal tension in South Greenland. A secondary
anorthosite xenolith found in the early mid-Gardar gabbro at Narssaq
(Upron, 1964), has been dated by Geochron Laboratories as 1025+ 70
m.y. (biotite) using potassium-argon methods. Presumably this date
reflects the nearby Ilimaussaq intrusion (1020 m.y., modified from
MooreaTH, WEBSTER and MorGan, 1960).

A lower limit to the age of the anorthosites is less easy to establish;
a few fragments resembling the main anorthosite xenoliths are found
in early Gardar dykes suggesting that the felspathic material was avail-
able from the beginning of the Gardar onwards. This need not however
imply that the whole parent body formed prior to the early Gardar
dolerite intrusions as it is perfectly feasible that a gradual accumulation
and solidification of felspathic rock took place at some level above the
ultimate source of the Gardar magma at the same time as dykes were
intruded. Sporadic felspathic inclusions also occur in the pre-Gardar
dykes north of Ivigtut (see Section III) overlapping the northern ex-
tension of the Gardar occurrences. These dykes are demonstrably older
than the plutonic episode dated between 1500 and 1650 m.y. and are
generally regarded as either contemporaneous with or older than the
Ketilidian lavas. For these to be genetically connected with the in-
clusions in Gardar rocks necessitates the existence of a felspathic body
at depth under South Greenland throughout at least one mountain-
building episode. The relatively undeformed nature of the fragments
found in Gardar dykes is most easily explained by suggesting that they
were formed after the last orogenic activity in South Greenland which
would link them closely with the Gardar. Alternative suggestions based
on ideas either that the fragments were derived from a source at such
a depth that they escaped strong deformation while the overlying less
plastic rocks were folded, or that they represent earlier material re-
worked and recrystallised at least partly as magmatic rocks in Gardar
magmas at depth, are imaginable but would seem almost impossible to
prove using techniques available at the moment.
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c) Review of the main varieties of anorthosite found
in the crust

The abundance and size of the anorthosite xenoliths described per-
mits some comparison between them and other anorthositic bodies. To
do this, a brief general review of anorthosites would seem useful.

The anorthosites of the world can be classified using a modification
of the schemes proposed by Bouranger (1957, 1959) and Harpum
(1957). As this classification is essentially descriptive, one particular
body may belong to two of the groups described below. depending
whether primary features, formed when the anorthosite first crystallised,
or secondary features, formed during subsequent events, are emphasised.

i) Sakeny-type: (pre-tectonic conformable anorthosites interstratified
with metamorphic rocks)

These rocks are characterised by metamorphic textures. Where they
are associated with high-grade gneisses, for example at the type locality
in Madagascar, the conformable anorthosites contain anorthite or by-
townitic plagioclase; however where they are associated with lower grade
surrounding rocks, for example in the Bergen region of Norway (KoLpE-
rur and Korperup, 1940), the felspars are commonly less calcic. The
origin of the Sakeny-type anorthosites is controversial. Most of the
larger complexes, for example the Bergen arcs and the Sittampundi
complex (SuBRAMANIAM, 1956), and some of the smaller bodies, such as
those of South Harris (Davipson, 1943), have been interpreted as original
stratified igneous bodies subsequently folded and metamorphosed so that
their original features have been destroyed. A second school of
thought, for example Lacroix (1939) and BouLANGER (1959), has sug-
gested that many of the Sakeny-type anorthosites are derived by the
recrystallisation of marly sediments. Other authors, for example BERTEL-
SEN (1957), have invoked ‘“‘anorthositisation” a metamorphic migration
of material leaving some layers in the gneiss complex enriched in calcic
plagioclase. Part of the difficulty in explaining this type of anorthosite
undoubtably lies in the inability of many workers to distinguish between
primary characters and those which may have formed at a later date.
In particular it should be noted that the present conformable nature of
these bodies in a highly folded gneiss terrain is no evidence of their
original attitude and cannot be used to prove their sedimentary origin.

Sakeny-type anorthosites are known to occur in considerable
amounts along the west coast of Greenland and have been used by
BerTHELSEN (1961) as stratigraphic marker horizons. These rocks were
originally described as metamorphic in origin and have been used by
several authors discussing the origin of the intercalated anorthositic

185 11
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horizons in gneisses as evidence of the general metamorphic origin of
the Sakeny-type. However, recent work by WINDLEY (1965), shows that
they are derived from an immense igneous body, comparable in size and
mineralogy to the Bushveld complex. Descriptions of these rocks have
been published from four localities:

1) Ivigtut region. Gabbro anorthosites in the Ivigtut region have been
described by, among others, Boxpam (1955), BoNDESEN (1960), BERTHELSEN (1960a)
and Ayrton (1963). They form disrupted bands conformable in the gneisses and
comprise plagioclase (An,;s) hornblende and minor amounts of sphene and apatite.
They generally exhibit a crude augen structure: small plagioclase augen in a network
of hornblende. The presence of plagioclase more sodic than that typical of Sakeny
type anorthosites has been explained by Bonpam (1955) as a result of retrograde
metamorphism. The general retrograde nature of the metamorphism of the Ivigtut
gneisses has been confirmed by O~ (1962).

2) Tovqussap nuni. In this complexly folded region gabbro anorthosites
form conspicuous, continuous layers up to 200 m wide with boudins and disrupted
layers resembling those described from the Ivigtut gneisses. They have been de-
scribed by BErRTHELSEN (1957 and 1960b) who suggests that they were either formed
by anorthitisation in situ or were of magmatic origin representing former flows and
ash bands. Some pass laterally into skarns interpreted by BERTHELSEN as meta-
morphosed limestones.

3) Buksefjorden. Anorthosite occurs in this region as a synform layer con-
formably enclosed by amphibolite facies paragneiss. SeRENSEN (1955) suggests that
these rocks originally belonged to the granulite facies but have undergone retrograde
metamorphism. This is true of many of the Sakeny-type anorthosites so far described
from West Greenland and suggests that they are older than the migmatisation which
affected this area. A date of 2700 & 130 m.y. (ArmMsTRONG, 1963) from biotite gneiss
at Godthdb therefore suggests that the anorthosites may be even older.

The anorthosite varies in composition from almost pure plagioclase (labradorite
to bytownite) rock to types transitional to hornblende diorite. Calcium expelled
from felspar during metamorphism has been incorporated in clinozoisite.

4) Qaqortorssuaq, Sendre Stromfjord. Here a mass of anorthosite, with
an estimated volume of at least three cubic kilometres, occurs in gneisses belonging
to the amphibolite facies (ErLiTscaarp-Rasmussen and Mouritzen, 1954). The
body consists almost wholly of bytownite; there is a little clinozoisite. Its contacts
with the surrounding gneisses are gradational. This body is of unknown origin.

ii) Adirondack-type (plutonic) anorthosites

Much of the recent information about the anorthosites of the
Canadian Shield, where plutonic anorthosites reach their most impres-
sive proportions, is unfortunately not readily available. The writer is
therefore particularly indebted to J. P. BErrangE for access to his
(1962) thesis on one of these massifs and for mutually valuable discussion
on the 1964 draft of this paper.

General features of large anorthosite masses in the Adirondacks
and similar bodies elsewhere are as follows: '
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1) The bodies vary in size from small to very large. Kranck’s
(1961) map of anorthosites in eastern Canada indicates their extent.
Some bodies have been termed batholiths by several authors, a term
that conveys the magnitude of their outcrop though, like many granitic
so-called batholiths, many are probably thick sheets rather than stocks.

2) Adirondack-type anorthosites are only exposed in deeply eroded
terrain. Thus they are almost completely confined to Precambrian
areas.

3) They can generally be referred to either high amphibolite facies
or granulite facies like the high grade gneisses that surround them.
BouLANGER (1959) suggests that Madagascan anorthosites can be clas-
sified as a special type of enderbite and several writers have noted the
conjunction of anorthosite and charnockite in high metamorphic terrains.
GorpscHMIDT (1922) suggested a magmatic series from anorthosite to
charnockite.

4) Many of them show features regarded as igneous in origin e.g.
ophitic texture, flow banding, autoxenoliths—‘“block structure” —and
sometimes igneous layering and intrusive contacts. Several of the fea-
tures suggest an accumulation of plagioclase by flotation rather than by
settling.

5) They are often very coarse-grained.

6) Most of them have been highly deformed. Evidence of crushing
is generally present and the margins of the bodies often display a folia-
tion in parallelism with that of adjacent gneisses. Many felspar crystals
show deformed secondary albite twinning. It is controversial whether
the plutonic anorthosites were deformed during or after emplacement.
Kranck (1961) and Bourancer (1959) conclude that the plutonic
anorthosites were formed prior to their deformation, while MicHoT
(1960), BERRANGE (1962) and PuirrorTs (1966) suggest that at least
some plutonic anorthosites were emplaced synkinematically. Whatever
the exact relationship between the anorthosites and the tectonic pro-
cesses in the surrounding rocks it is generally clear that they are associ-
ated with considerable plutonic metamorphism such as found in the
centre of fold belts.

7) There is often an age sequence: anorthosite — gabbro-anorthosite
— norite — pyroxenite. This is seen, for example, in the enclosure of
anorthosite by anorthosite gabbro, while mafic, later rocks are generally
concentrated near the margins of the bodies as in the Whiteface facies
of the Adirondacks (Bunpincron, 1939).

8) The plutonic anorthosites are generally associated with pyroxene-
bearing salic rocks of the enderbite-mangerite-charnockite suite, which
11*
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are usually marginal and present features suggesting that they were
formed during the last stages of consolidation of the anorthosite mass.
The charnockites may in turn be followed by rapakivi granites. The
whole suite from anorthosite to granite may be termed calc-alkaline.
In less eroded terrains, for example the Andes and the ‘‘Rockies”, only
the more volcanic members are normally exposed (andesitic and rhy-
olitic lavas).

9) Cryptic variation and compositional banding are rare. Over large
areas crystals of one mineral species vary but slightly in composition.
In some individual bodies felspar compositions vary by no more than
10 °/, anorthite.

10) Although the plagioclase can range from Ang; to Ang, in com-
position, it is remarkable how often it lies solely within the range An q-;,.
It is often clouded. Antiperthite is common, especially in the less calcic
plagioclase. Hypersthene is the typical dark mineral, clinopyroxene is
subordinate and olivine is a possible minor constituent. Garnet is com-
mon in the marginal facies of the bodies. Ilmenite frequently forms
agsociated ore bodies.

11) Major associated bodies of mafic rock that could represent
complementary differentiates of anorthosite derived from basaltic magma
are not exposed. Moreover geophysical surveys of anorthositic areas have
revealed negative gravity anomalies suggesting that such mafic rocks are
lacking at depth (Simmons, 1964).

12) Some of the plutonic anorthosites are associated with younger
post-tectonic layered intrusions (Morsg, 1964) with some similarities to
the alkali gabbro-syenite intrusions of the Gardar.

The origin of plutonic anorthosites is highly controversial and
discussion of the problem in this paper will be limited to the points
which might have relevance to the origin of the inclusions in Gardar
rocks. Most of the theories are based on observations on the anorthosites
in the Canadian Shield. However, there appears to be some confusion
in North American papers about what constitutes a plutonic anorthosite.
The confusion springs from the attempt to place all the anorthositic
bodies from the Adirondacks to the Labrador coast in one category; in-
spite of the considerable evidence that they were formed over a considerable
time span under different geological conditions and have subsequently
passed through widely different histories. In the descriptive classifica-
tion used in this paper the term plutonic implies either that the anortho-
sites formed under plutonic conditions (corresponding to the plutonic-
orogenic anorthosites of BERrRANGE, 1966) or that they have passed
through a plutonic phase subsequent to their initial formation. The
plutonic anorthosites thus include the Adirondack anorthosite (Bup-
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DINGTON, 1939, the Morin anorthosite (PrILporTs, 1966), the Saquenay
anorthosite (BERRANGE, 1962, 1963) and the Allard Lake anorthosite
(HarGraves, 1962); all of which were affected by the Grenville plutonic
episode. The Nain anorthosite (WHEELER, 1960; Morsg, 1964), which
predates Grenville plutonism by 300-400 m.y., has several features in
common with other Canadian plutonic anorthosites and may represent
rocks formed in the dying phases of the Hudsonian plutonic episode.
However, it is apparently related to an undeformed layered suite of
intrusive rocks (the Kiglapait intrusion) which must be regarded as
essentially post-tectonic in origin. The Michikamau intrusion (EMSLIE,
1965) was intruded at approximately the same time as the Kiglapait
intrusion and shows the same post-tectonic features.

Many of the features of plutonic anorthosites, particularly where
they are relatively unaffected by later movements, suggest crystallisa-
tion from a magma. The origin and chemistry of this magma is con-
troversial: it could be derived from the mantle, for example as a primary
basalt; it could be derived by the mobilisation of a deep seated crustal
layer such as might be left after a granitic fraction had migrated (Ram-
BERG, 1952, pp. 262 and 264); or it could have formed by anatexis of
crustal rocks involved in deep-seated metamorphism during the forma-
tion of a fold belt (Micmor, 1955). Accepting the magmatic origin of
plutonic anorthosites there are two main schools of thought: the first,
who suggest that the plutonic anorthosites were differentiated from a
highly aluminous basic magma approximating to a water-rich gabbro
anorthosite melt (Buppingron, 1939, 1960); and a second who suggest
that the anorthosites and the surrounding pyroxene-bearing salic rocks
were both differentiated from acid dioritic magma (Bark, 1931; PHiL-
porTs, 1966). According to PHIiLPOTTS this magma was probably water-
poor, accounting for differentiation trends which approach those of
tholeiitic suites. A variant of the Buppincgron school of thought is put
forward by HarGravVEs (1962) and BErRrANGE (1962) who suggest that
the salic rocks associated with the anorthosites formed by anatexis of
the surrounding gneisses when a hydrous gabbro anorthositic magma
was emplaced under regional metamorphic conditions.

The main drawback to the gabbro anorthosite magma hypothesis
is the exceedingly high temperature needed to keep a rock consisting of
approximately 90 °/, labradorite in a molten state. Bunpinaron (1960)
attempted to minimise this difficulty by postulating a water-rich magma.
The evidence for a water-rich magma is slight in the Adirondacks and
non-existent in the Morin area described by Puirporrs. It might be
suggested that the clouding seen in the felspars could be ascribed to
their formation under water-rich conditions (see p. 120), however little
is known about the time at which the clouding took place or the actual
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minerals present, and it may be noted that charnockitic rocks in general
show clouded felspars without positive evidence of a high water content
at the time of crystallisation. Furthermore the formation of the anortho-
site — gabbro-anorthosite — iron-rich norite series characteristic of plu-
tonic anorthosites requires the early crystallisation of a large percentage
of the plagioclase. The writer knows of no experimental work which has
demonstrated that the presence of a high percentage of water in a
labradorite-orthopyroxene-ilmenite-water melt would give rise to this
sequence and in fact the work described by Yoner and TiLLey (1962)
on natural basalt melts shows that the crystallisation of plagioclase is
delayed with increasing water content.

The main objection against the idea that the rocks are derived from
a dioritic magma is that in many bodies the genetic link between anortho-
site and norites on the one hand and the pyroxene-bearing salic rocks
on the other, is far from distinct. The basic rocks are clearly derived
from a magma while the charnockitic members of the suite are often
intercalated with gneisses. Apart from local areas of mixed rock they
often appear unrelated to the main anorthositic mass. PaiLporrs (1966)
has shown a clear transition between anorthosite through matfic diorite
to pyroxene syenite exists in the Morin rocks and has used considerable
ingenuity in explaining the foliated nature of the late, more acid mem-
bers of the series. However, chemical trends such as those given by
PaiLporTs cannot be used without supporting field evidence to prove
that a particular series of rock types was derived from a common magma.
Similar sequences could equally well form as a mixture of an original
basic magma with material derived from salic country rocks. In fact
there is considerable field evidence to support the second idea; the
charnockitic members of the series are found on the margins of the
anorthosite intrusions where they commonly show a mineralogical and
structural gradation into the surrounding country rocks. Anatexis and
mixing of the kind suggested could give rise to a whole series of secondary
magmas ranging from alumina-rich basalts to granodiorites. Each of
these secondary magmas might be capable of considerable movement so
that in some instances evidence for their origin would be lost. Perhaps
the most significant point in this discussion is the fact that the char-
nockitic suite is associated with anorthosites thought to have been
emplaced during the formation of a fold belt or in the period immedi-
ately following tectonism. In these conditions the country rocks could
be expected to be at a moderately high temperature and the introduc-
tion of a comparatively small amount of primary basic magma could be
expected to give rise to a disproportionate mobilisation of the country
rocks.
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iii) Anorthosites in layered intrusions (volcanic anorthosites)

These anorthosites have been termed Bushveld-type. Other layered
intrusions are more typical of the class than the Bushveld complex and
the term seems therefore unsatisfactory. The majority of major layered
bodies were formed under cratogenic conditions and following KENNEDY
and AxpersoN’s (1938) distinction between plutonic and volcanic as-
sociations could be regarded as volcanic in origin in contrast to the
anorthosite-charnockite suite which appears essentially plutonic.

Pertinent features of layered intrusions are as follows:

1) As their name implies layered intrusions are characterised by
the alternation of different rock types generally in well-defined units.
They are generally formed by some form of crystal fractionation, for
example crystal settling under relatively stable tectonic conditions.

2) The rock types formed embrace a wide compositional range.
Adjacent units frequently consist of contrasting practically monominer-
alic rocks. Delicate structures ascribed to crystal settling resemble fea-
tures seen in sedimentary rocks.

3) The intrusions may lie conformably within their country rocks,
but they were formed under conditions quite different from those re-
sponsible for the metamorphism of their country rocks. Any similarity
in metamorphic facies between an intrusion and its surroundings is
either coincidental or due to processes affecting both the country rocks
and the intrusion after the emplacement of the latter.

4) Zoned crystals are common. The late products of crystallisation
may differ markedly from the main constituents suggesting that the
rocks were formed over considerable ranges in temperature and pressure.

5) Anorthosites are only minor components of the complexes, and,
if they accumulated from a normal basaltic parent magma, basic and
ultrabasic rocks are complementary to them. Even complexes ascribed
to a highly aluminous basalt parent magma contain such cumulates
complementary to anorthosite.

6) The anorthosites vary with the composition of the initial magma
and the stage reached by this magma when they were precipitated. In
most of them plagioclase lies in the labradorite-bytownite range; ortho-
pyroxene is common but not essential. The parent magmas of most of
the largest layered intrusions in which anorthosites occur appear to have
been tholeiitic basalts. BArrr (1962, p. 224) points out that plagioclase
in accummulative anorthosite is commonly more calcic than Ang,,
whereas in the large plutonic anorthosite bodies it is more sodic
than Ang;. :

7) Layered anorthosites are not confined to the Precambrian.
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The sharp division of anorthosites into groups is artificial and there
are many examples of transitional types. Anorthosites emplaced towards
the end of major orogenic periods may show features of both volcanic
and plutonic types, while volcanic anorthosites intruded at great depth
may possess original features resembling those found in plutonic anortho-
sites. For the purposes of this paper the classification is descriptive;
however, the differences between the different types, particularly be-
tween plutonic and volecanic anorthosites, suggests that there are im-
portant differences in the mode of origin of these rocks. In the writer’s
opinion the most important factor influencing the type of anorthosite
formed is the relative density of the plagioclase and the magma from
which it forms. In layered anorthosites the plagioclases form alternating
layers with the mafic minerals and both must have accumulated at the
bottom of a magma chamber. It appears that plagioclases more calcic
than An,, sink in basaltic magmas. On the other hand the less calcic
plagioclases of plutonic anorthosites often show features suggesting that
they formed a top cumulate or at least hung suspended in their parent
magma as this was emplaced. Plagioclases more sodic than Ang, appear
less dense than the majority of magmas from which they are precipitated.
This provides an attractive explanation of the apparent lack of mafic
counterparts to the large quantities of plagioclase found in the plutonic
anorthosites. It is possible to imagine their presence at considerable
depth under the bodies of plutonic anorthosite. In the cases where
gravity surveys suggest the complete absence of the mafic rocks it is
possible that the plagioclase-rich fractions became separated either as
crystal-charged fractions intruded at a higher level in the crust or at a
later stage during tectonic activity. Once formed a large accumulate of
plagioclase of the size found in the Canadian Shield might be expected
to act very differently to less homogeneous mafic rocks if both were
subjected to a later orogeny. It would seem probable that these large
plagioclase masses would be virtually indestructable. The fact that con-
siderable plagioclase forms in the composition range An,gs, suggests
that the parent magma must differ from that which normally gives rise
to layered anorthosites. This may suggest large scale contamination of
original basaltic magma under orogenic conditions or perhaps partial
remelting of crustal material.

d) Comparisons between the parental anorthosite underlying
South Greenland and major anorthosites in
other parts of the world
The three fold classification given above can be used as a starting
point when comparing the xenoliths in Gardar rocks with major anor-
thosites in situ in other parts of the world. The xenoliths are obviously
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not of Sakeny-type. They cannot be matched with any of the anorthosites
described from the west coast of Greenland. Relics of gabbro anorthosite
do exist in the granites and gneisses of the Julianeh&b area (ALLAART,
1967), but these have been so broken down by three or more plutonic
episodes that any original features they may have had in common with
the xenoliths in Gardar rocks have been destroyed. In the Ivigtut region,
where the gabbro anorthosite layers are better preserved, their textures,
mineralogy and composition are so different to anything seen in the
xenoliths that they cannot be regarded as a source rock unless they
were completely destroyed and reconstituted in Gardar magmas. If the
xenoliths were derived from concordant layers in gneisses then there
would seem no reason why amphibolitic bands derived from the same
complex should not form xenoliths in the Gardar dykes. These have
never been observed.

On the other hand the xenoliths show many features of both plutonic
(Adirondack-type) and volcanic (Bushveld-type) anorthosites. The com-
position of the unaltered granular xenoliths is intermediate between
typical plutonic and layered volcanic anorthosites. Their plagioclase lies
in the range An,;—Ang. Most of the plagioclase in Adirondack-type
anorthosites is somewhat less basic and in the Adirondacks themselves
lies typically in the range Ang,—An,, (BuppinaTon, 1939). Plagioclase
in volcanic anorthosites tends to be more basic than the xenoliths of
South Greenland, but some of the xenoliths, chiefly those in Tugtutoq,
texturally resemble volcanic anorthosites. The Assorutit felspars are
euhedral, thinly tabular, often well-laminated, and ophitically enclosed
by olivine. A twin pattern characteristic of magmatic crystallisation is
developed and deformation is absent or slight. In contrast the felspars
from granular xenoliths form roughly equant xenomorphic grains with
simple albite and pericline twinning while some evidence of strain is
generally present. These are common features of plutonic anorthosites
and it might be suggested that there are two distinet types of inclusion
in Gardar rocks: the first derived from an older plutonic anorthosite
underlying South Greenland with no close genetic connection to Gardar
magmatism; the second a younger layered anorthosite of volcanic type
developed on a relatively small scale. However the detailed petrology
of the granular blocks shows a closer resemblance to Gardar gabbroic
rocks than it does to any plutonic anorthosite described from the Can-
adian Shield. The minerals found in the granular anorthosites are prac-
jically identical in composition to the minerals of the more basic
Gardar rocks, and the plagioclases in particular show many peculiarities,
such as abnormal structural properties, which they have in common
with plagioclases from other coarse-grained Gardar rocks and which have
not been described from rocks affected by regional metamorphic condi-
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tions. It has been noted that the plagioclases are less calcic than nor-
mally found in volcanic anorthosites; however, this is also true of the
plagioclases in the Gardar gabbros in general and reflects one of the
overall chemical characteristics of the province. The texture of the
granular anorthosite xenoliths resembles that of the plutonic anorthosites;
however, this feature is not confined to rocks involved in the formation
of fold belts and appears to reflect the mechanics of plagioclase accumula-
tion rather than the effects of external forces.

Upton (1964) has suggested that the South Greenland anorthosite
may resemble the body described by Simpson and Orro (1960) from
Angola. South of the Kunene river this complex consists of a basement
of granular anorthosite with a variable coarse-grained texture and consi-
sting dominantly of labradorite-bytownite and alittle orthopyroxene, over-
lain by an olivine-bearing layered series. UpTon’s original comparison
was based entirely on the similarities between the Assorutit layered
anorthosite and the upper series in Angola. The comparison becomes
more applicable now that it is shown that most of the Gardar xenoliths
are granular anorthosite and that these had already solidified before
the formation of the layered rocks.

The lower granular anorthosites are generally concordant with the
surrounding gneisses. SiMpsoN and Otto describe concordant layers of
“calcareous chert” within the anorthosites and attach considerable
genetic significance to them; however, more recent work by D. K.
ToEerIEN (personal communication, 1963) has shown these layers to be
a late feature. The surrounding gneisses show a local granulite facies
metamorphism apparently connected to the intrusion of the anorthosites.
Veins of mangerite, thought to be formed by rheomorphism, cut the
contact zone of the granular anorthosite in a manner which is reminiscent
of the high grade rocks surrounding the plutonic anorthosites of the
Canadian Shield. The plagioclases in the granular anorthosite may reach
20 cm or more in size; they are often chalky-white and have been mod-
erately severely saussuritised. Hypersthene is the dominant mafic mineral
while olivine is typically absent.

In contrast, the overlying layered olivine-bearing anorthosite series
is characterised by tabular laminated plagioclase crystals which do not
reach the extreme grain size found in the granular rocks. Many of the
felspars are dark, a feature ascribed by Simpson and OrTo to “meta-
morphic clouding” although they give no other information which might
suggest that the rocks have been affected by secondary processes. The
minerals are otherwise fresh and do not show the alteration seen in the
granular rocks. The olivine-bearing anorthosites show large scale layered
structures which are markedly discordant to the structures in the sur-
rounding gneisses while the granular anorthosites show structures concor-
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dant to those in the country rocks. This might suggest that the granular
rocks belong to an earlier, pretectonic, phase of emplacement than the
overlying layered rocks, however, SiMpsoN (personal communication)
reports that in some areas north of the Kunene river the two types are
interlayered.

Chemically the Angola anorthosites are considerably more basic
than the Greenland xenoliths although there is some overlap. Plagioclases
range from Ang, in the most basic granular anorthosites to An;, in the
more highly fractionated layered rocks. Olivines range from Fag to Fa,;
(the An content quoted by Simpson and Otro, p. 225 should be reversed
so that sample ZM.56 reads Ang, E.S.Simpson, personal communica-
tion). It seems quite probable that the Angola anorthosites are linked
genetically with an alkali province but this relationship is not as clear
as that found in the Gardar igneous province.

By using the Angola complex as a model Uprron (1964) suggested
that the anorthosite complex underlying the Gardar province in South
Greenland might be elongate in form, perhaps resembling the giant dyke
of Rhodesia. This idea has some support in the distribution of both the
anothosite-bearing dykes and the alkali intrusions. These are confined
to a relatively narrow elongate strip associated with wrench faulting. It
agrees with the suggestion by BErTHELSEN and Nor-Nycaarp (1965)
that Gardar differentiation may have taken place in a series of elongate
chambers of considerable vertical extent controlled by the E-W trans-
current faulting.

The Greenland rocks are probably closer chemically and mineralogi-
cally to the anorthosites of the Dzugdzhursk massif which are thought to
extend for 250 km and occupy an area of 5000 sq. km. This body has
been referred to the plutonic anorthosites by LeBEDpEV and Paviov
(1957) who compare it with the Adirondacks and the Pribaikal complex.
In contrast to most anorthosites of this group the Dzugdzhursk massif
occurs in medium to low-grade metamorphic rocks and has been little
if at all affected by later deformation. It consists almost wholly of anor-
thositic rocks ranging from pure labradorite rock to gabbroic anorthosites
(“gabbro norites” of LEBEDEV and Pavrov) with about 80 ?/, plagioclase
and a chemical composition somewhat comparable to that of the an-
alysed secondary anorthosite from Narssaq (Table 1). Large bodies of
gabbroic or ultrabasic composition are lacking. The anorthositic rocks
are coarse-grained (average grain size of plagioclase 1-4 cm) and either
even-grained or containing megacrysts up to 20 cm. Some pegmatitic
anorthosite rocks are present locally. The plagioclase crystals are similar
in composition to most of those in the Greenland xenoliths. They
tend to be equant and anhedral; albite twinning is dominant. Both
rhombic and monoclinic pyroxenes occur. Minerals of the epidote
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group, biotite, alkali felspar, apatite, chlorite and Fe-Ti oxides can be
present.

The alkali complexes of the Kola peninsula show many similarities
to those of South Greenland. One complex, the Gremyakha-Vyrmes
pluton (PorLkanxov and Eriserv, 1941), is of particular interest since
it contains layers of both laminated and granular anorthosite which
resemble the two textural types of anorthosite xenolith found in Gardar
rocks. The Gremyakha-Vyrmes pluton is an oval body, approximately
20x6 km in diameter, 45 km SSW of Murmansk. It was emplaced in an
active fault zone approximately 1500 m.y. ago during the second phase
of alkali activity in the eastern Scandinavian-Karelian Shield. This
period of magmatism also includes the carbonatitic rocks of Alnd in
Sweden.

Three intrusive phases are recognised in the Gremyakha-Vyrmes
pluton: 1) Hortonalitites, peridotites, anorthosites, gabbros, alkali gab-
bros, syenites and alkali granites. 2) A jacupirangite-urtite series, with
some rock types in common with the carbonatitic suite found at the
eastern end of the Narssaq peninsula, accompanied by various syenites
such as malignites and foyaites locally resembling the rocks of the
Ilimaussaq intrusion. 3) A nordmarkite-alkali granite series similar to
the rocks found in the Narssaq intrusion. The gabbroic rocks of the
oldest intrusive phase are the most important for comparisons with the
anorthosite xenoliths and their Gardar hosts. This intrusive phase has
been subdivided into three associations of rock types: a) A layered
andesine gabbroic body consisting of alternating units of hortonolite,
peridotite, pyroxenite, gabbro anorthosite, troctolite and anorthosite
(see PoLkanov and ELIsEEv, fig. b, p. 30). The layered units wedge out
into leucocratic gabbro. b) A layered oligoclase gabbroic body grading
into akerites and pulaskites. ¢) A series of syenitic and pegmatitic veins
cutting other rocks in the first intrusion phase.

The relationship between a) and b) is unknown. PorLkaNov and
Eriseev suggest that the two groups differentiated respectively from
gabbroic and oligoclase gabbroic magma which were intruded inde-
pendently.

Both the gabbroic series and the oligoclase gabbro-pulaskite series
show excellent layered structures with laminated minerals suggesting
that the layering was formed by crystal settling. The mineralogical com-
position from contrasting melanocratic and leucocratic layers from the
same series are essentially the same. In the gabbroic series the felspars
average approximately An, (occasionally showing zoning from Ang, to
Ang, or less). The co-existing olivine is fairly iron-rich (Fa,;¢), it is
accompanied by magnetite-ilmenite, titan-augite (2V 44°-51°), kaersutite
and what PorLkanov and ELisEEv term diopside. This mineral is pale
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green, slightly pleochroic, and has a 2V of 56°-68° and Z ¢ of 47°. It
has properties resembling iron-rich clinopyroxenes in Gardar rocks. Some
hypersthene replaces olivine while apatite is a common accessory. The
felspars in the gabbroic rocks are commonly clouded with an indetermi-
nate, evenly distributed, fine dust which disappears in felspars which
have been subject to cataclasis.

The basic members of the oligoclase gabbro — pulaskite series con-
tain less calcic plagioclase (Any,.,;), antiperthite, and iron-rich olivine
(Fag).

Two leucocratic rock types in the gabbroic series are of interest for
comparison with the xenoliths in Gardar rocks. Firstly the gabbroic
anorthosites and troctolites described by PoLkaNov and ELISEEV appear
remarkably similar to the laminated anorthosite block from Assorutit.
The felspars are platey and show a good lamination parallel to the
layering. The mafic minerals are found in the interstices between the
felspar plates where they partially enclose the subhedral felspars. Sec-
ondly the coarse-grained anorthosites figured by PoLkanov and ELISEEV
in plate 2, no. 9, show textures which are identical with the granular
anorthosites described in this paper (Fig. 44, p. 69). When fresh the
granular anorthosite in the Gremyakha-Vyrmes pluton contains practi-
cally no other mineral than plagioclase (An,). It is found as concordant
layers, lenses and irregular masses in the layered gabbroic sequence. Its
oceurrence as a primary igneous rock in a gabbroic series which also
contains laminated anorthosites is of considerable interest and supports
the idea that the granular anorthosite xenoliths in Gardar rocks are a
primary plagioclase accumulation from similar magmas to those which
gave rise to the laminated rocks. The association of both leucocratic
types with ultrabasic layers is also of interest since it may suggest that
such rocks were formed from Gardar gabbroic magmas at depth but
have never been brought up as inclusions.

In their conclusions PoLkxanov and ELISEEV suggest that crystal
fractionation was the main process controlling the formation of the
main rock types found in the Gremyakha-Vyrmes pluton. They conclude
that the layered structures were undoubtedly formed by gravity settling.
However, while PoLkanov and ELISEEV accept crystal fractionation as
the main process controlling differentiation they find considerable dif-
ficulty in accepting it as the sole mechanism and they state (§ 403,
p- 231) “‘this forced us to admit a separation not only of the solid phases
from the liquid but also migration of the liquids heavy as well as light”.
As has already been mentioned on p. 147 liquid fractionation is thought
to occur in scme Gardar dykes. The application of this mechanism to
differentiation on a much larger scale is briefly mentioned in the con-
cluding remarks of the present paper.
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As the Precambrian of Greenland is clearly an extension of the
Canadian Shield the most satisfactory anorthosites with which to com-
pare the Greenland rocks are probably those which occur in the belt
of country between the Adirondacks and the Labrador coast. However,
as noted earlier, although the Canadian anorthosites have been worked
on for over a century there is still considerable doubt about their origin.

AxpERsoN and Morin (1964) divide the anorthosites into three
groups which contain the following mineral assemblages: 1) Lac St.
Jean; labradorite, clinopyroxene, olivine, ilmeno-magnetite and ilmenite.
2) St. Urbain; sodic andesine, antiperthite, clinopyroxene, orthopyrox-
ene, apatite, haemo-ilmenite, ilmeno-magnetite, biotite, and zircon.
3) Unnamed; calcic labradorite — sodic andesine, antiperthite, clinopyrox-
ene, orthopyroxene, olivine, ilmenite, ilmeno-magnetite, and allanite.
Unfortunately these assemblages are not diagnostic enough to classify
the granular xenoliths from South Greenland which resemble the first
group in the lack of antiperthite but which contain some orthopyroxene
and probably more olivine in proportion to the other mafic minerals
than any of the groups.

AxpERsON and Morin (1964) suggest that one group of the Gren-
ville anorthosites, represented by the Lac St. Jean body, may represent
“local primordial crust”. This is of considerable interest for any discus-
sion on the ultimate origin of plagioclase-rich xenoliths in igneous rocks.
However, it transfers the setting of the problem of the genetic relation-
ship between host and inclusion to regions not likely to be subject to
direct observation either in South Greenland or in any of the bodies with
characters resembling the xenoliths.

The two areas in the Canadian Shield which contain rocks with
the closest similarites to the anorthosite xenoliths and their Gardar
hosts are those of Michikamau (EmstiE, 1964, 1965) and Nain (WHEELER,
1960, MorsEg, 1962, 1963, 1964). In both areas, which lie to the north of
the Greenville fold belt, the anorthosites were emplaced at about 1400-
1500 m.y., that is later than the main Hudsonian— Ketilidian plutonic
activity of the Canadian—Greenlandic Shield but earlier than the date
now suggested for the first Gardar igneous activity (approximately 1250~
1300 m.y.). Both areas are within the belt of country ascribed to the
Elsonian “orogeny” by the Canadian Survey. It appears from the general
descriptions of the rocks dated that this “orogeny” is probably a local
late plutonic phase of the Hudsonian with the intrusion of large post-
tectonic granites and basic rocks, rather than a full-scale independant
fold belt. The anorthosites found in the Elsonian confirm this impression;
the Nain anorthosite itself possesses many of the characters found in
the typical plutonic anorthosites, though the closely related Kiglapait
layered intrusion is a characteristic cratogenic body. The Michikamau
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intrusion shows features which belong to both groups; in the main
the characters are those of a cratogenic intrusion, however, many
of the felspars are chatoyant, a feature generally ascribed to for-
mation under plutonic conditions. It seems probable that the pe-
riod of emplacement of these rocks coincided with the change from
plutonic to cratogenic conditions in that part of the Canadian
Shield.

The Michikamau intrusion covers an area of approximately 800
square miles (2250 km?), that is about the size of one of the larger Gardar
intrusivns. Anorthosites themselves account for approximately 25 °/, of
the intrusion at its present exposure level. The intrusion consists of a
gabbroic border zone with chilled contacts surrounding a troctolitic and
anorthositic core. A suite of ferrogranodioritic rocks of small areal extent
form the last phase of the intrusion. The rocks grade into one another
and appear to be comagmatic. The early rocks as shown by analyses 1-4
(Emsrig, table II, p.394) are close to the least fractionated Gardar
gabbros in composition. They show neither strong alkali nor strong
tholeiitic tendencies. They are moderately high in alumina. The anortho-
sitic rocks are remarkably similar in composition and textures to the
Assorutit block (analyses 1 and 2, Table 1, p. 72). In spite of these simil-
arities the differentiation trends shown by the late rocks in the Michika-
mau intrusion are completely different to those seen in the Gardar in-
trusions and show a closer resemblance to the final trends seen in the
Skaergaard intrusion (Wacer and DxER, 1939).

One of the most interesting features recorded by Emsrie is the
fact that the contact rocks are less basic than the slightly younger
troctolitic group. The transition is apparently gradational and can be
seen in the composition of the constituent minerals which vary from an
average of Ang ;o and Fa,,.,, in the border facies, to Ang.q, and Fa,g,,
in the troctolites. EMsLIE ascribes at least part of this change to thermal
gradients. However, as the transition takes place over 300-1000 m it
would seem that a more plausable explanation might be to suggest that
the magma itself was partially differentiated at the time of emplacement.
In the absence of evidence suggesting the emplacement of a crystal-
mush, at least during the early part of the intrusion, it seems reasonable
to suggest that liquid fractionation took place in the magma before in-
trusion in the same way as suggested for the microsyenite-trachydolerite
dykes described in the present paper. If this suggestion is correct, and
appreciable differentiation can take place before intrusion in magma
chambers large enough to form an intrusion of this size, then it is possible
that similar arguments may also be applied in the Gardar igneous prov-
ince, a factor which has considerable bearing on the origin of both the
anorthosites and the syenites.
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Ewmsviie produces good textural evidence to show that the dominant
mechanism of felspar accumulation was one of crystal settling which
produced layered and laminated rocks similar to the Assorutit rocks. It
is interesting to contrast this to the majority of examples seen in the
Gardar where plagioclases of similar composition to those described by
EmsLIiE have risen, apparently in magmas closely resembling those once
present in the Michikamau intrusion. EMsLIE notes that if the plagio-
clases accumulated by settling then their concentration in the youngest
major rock type found in the intrusion is anomalous; however this dif-
ficulty is removed if the differentiation is thought to have taken place at
least partly before the injection of the magma. The last major phase of
intrusion would represent the lowest magma in the hypothetical chamber
feeding the intrusion. This magma could be expected to be highly
charged with plagioclases which had settled from higher levels.

In many respects the sequence of events seen in the Michikamau
intrusion resembles that described from dyke 8 (p.128): an early, rela-
tively differentiated border phase, a basic second phase and a third phase
of more differentiated rock probably produced more or less in situ by
crystal fractionation. In both cases “ideal” differentiation trends are
difficult to draw because differentiation is controlled by two partly
opposing mechanism: liquid and crystal fractionation. In the Michikamau
intrusion a third factor, crystal accumulation, also played an important
role.

Upron (1964) has already called attention to the similarity between
the Gardar rocks and the igneous bodies found in the Nain region of
Canada (WHEELER, 1960; Morsg, 1962, 1963, 1964). The anorthosites
of this region, consist of two main units: an older massive anorthosite of
plutonic aspect (The Nain anorthosite), intruded by a younger complex
of layered rocks varying from troctolites to larvikites (the Kiglapait
intrusion). According to Morsk the Nain anorthosite was still mobile
in some areas when the younger intrusion was emplaced although there
are abundant inclusions of the massive anorthosite in the layered se-
quence. From the descriptions given it seems likely that the Nain
anorthosite resembles the majority of the plutonic anorthosites of the
Canadian Shield. It is mainly comprised of a chatoyant, intermediate to
sodic labradorite and shows some layering especially near to the contacts.
The country rocks are medium- to high-grade gneisses, the formation of
which may in part be connected with the emplacement of the anorthosite.
Younger adamellites are associated with the anorthosite and there
appears locally to be some gradation between the rock types. The dark
facies described by WHEELER (p. 1757 and analysis 1, p. 1758) resembles
the granular anorthosite xenoliths closely. It contains 82.7 ¢/, (by vol-
ume) plagioclase (An;,), 11.5 9/, olivine (Fay,), 0.8 ¢/, orthopyroxene and
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0.6 ¢/, clinopyroxene. The anorthosites are typically coarse to extremely
coarse in grain size with protoclastic textures.

The basal rocks of the layered Kiglapait intrusion bear a striking
resemblance to the Assorutit layered xenolith. Plagioclases range from
Ang, to Any, while the olivines range from Fay to Fage which is remark-
ably close to the Assorutit rocks.

The most important feature for comparison with the Greenland
xenoliths found in both the Angola and Nain complexes is the presence
of an anorthositic basement resembling the major plutonic anorthosites
which are either overlain or intruded by a layered series. The genetic
relationships between the two types has not been worked out in either
of the complexes; however, it appears to be more than a chance associa-
tion and may ultimately provide the most satisfactory evidence to ex-
plain the association of granular and layered xenoliths in the Gardar
rocks.

Comparison between the Greenland xenoliths and anorthosites in
major layered igneous intrusions such as the Stillwater, Bushveld and
Freetown complexes are less satisfactory since although anorthosite
layers in these bodies may be several hundred of metres thick they still
only form a small percentage of the total. It is of course possible that
the granular anorthosites are themselves underlain by considerable ultra-
basic or basic material but as little has been brought up as inclusions
in Gardar dykes they cannot be used for comparison. Most of the anortho-
site layers found in the layered gabbroic complexes are considerably
more calcic than the xenoliths, with the exception of those described
from Freetown (WELLs, 1964). The structure of the Freetown body
however, does not resemble anything seen in the Gardar.

e) The origin of the megacrysts

Many of the small fragments found in Gardar dykes are obviously
derived from larger masses of granular felspathic material by a combina-
tion of mechanical and chemical breakdown. However, a significant
number of single plagioclase crystals show distinctive characters. These
characters are transitional between those of felspars seen in the massive
anorthosites and felspars from the Gardar hosts. The megacrysts are
found closely associated with fragments of granular anorthosite and it
seems most unlikely that this relationship is fortuitous. The most reason-
able explanation is that the two are genetically connected but have
passed through different histories.

Many dykes, particularly the more alkaline gabbros, contain a pre-
ponderance of large megacrysts which may be grouped together to form

185 12
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loosely compacted masses of secondary anorthosite cemented with ma-
terial derived from the host. The interstitial material may either be
gabbroic or single “ophitic” crystals of augite, olivine or Fe-Ti oxides.
In many instances this mafic material forms lamellae within the large
felspars controlled by the plagioclase crystallography.

The megacrysts show considerable variation in their physical and
chemical properties which appears in part to be related to the composi-
tion of the surrounding host. For example, the most basic gabbros
contain a high proportion of xenoliths and cleavage fragments directly
derived from xenoliths together with a few medium sized megacrysts
with a composition close to the granular anorthosite and showing twin-
ning similar to that seen in the host’s plagioclase. The proportion of
megacrysts to xenoliths increases in the more alkali gabbros and some
reach exceptional sizes. They are generally less calcic than the granular
anorthosites, with compositions between Any, and Ang. They show
simple twinning and may clump together in rafts. The megacrysts of
black felspar show a narrow compositional range and are only stable in
hosts with a high water content. The megacrysts from the microsyenite-
trachydolerite hosts are smaller, frequently sericitised, and show com-
plex twinning. They generally have an anorthite content between An,,
and Ang,.

The variation in chemical properties seen in the plagioclase mega-
crysts from hosts with different compositions suggests that host and
inclusion may be closely connected genetically and the crystals should
be termed phenocrysts. This is especially true in the microsyenite-
trachydolerite group of host dykes, the groundmass of some of which
appear to contain lower amounts of calcium than might normally be
expected. However, the term megacryst is preferred in this paper as a
general term since some at least of the crystals may be shown to be
derived and nearly all were out of equilibrium with the magma surround-
ing them at the time of solidification of their hosts. In a few places,
for example the giant crystals from the marginal gabbro at Klokken,
the megacrysts show so close a resemblance to the felspars in their
host that they can be regarded as true phenocrysts. However, it would
seem unnecessarily pedantic to use the term phenocryst for the plagio-
clases from Klokken and the term megacrysts for the identical plagio-
clases from Narssirssuk where the host has been altered by late
syenitisation.

The genetic relationship between the giant megacrysts and the
granular anorthosites is one of the most important subjects for discus-
sion since In many respects the megacrysts show transitional characters
between the xenoliths and the plagioclases in the Gardar hosts. Occa-
sional large crystals are found within the granular anorthosites and these
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have previously been taken as evidence that the megacrysts were derived
by breakdown of massive rock. However, the fact that the megacrysts
are coarser grained than the associated granular rocks suggests that few
originated in this way. Although there appears to have been some over-
lap, the majority of megacrysts are thought to have formed later than
the granular rocks. The best direct evidence for this suggestion is seen in
dyke 13 (Fig. 11 p. 28) where large megacrysts may be seen growing out
from a granular block and in dyke 12 (Fig. 10 p. 28) where an euhedral
rim surrounds a granular mass at the centre of a megacryst. Their less
calcic composition makes it extremely unlikely that the megacrysts in
general represent an early uncompacted phase of the granular anortho-
site. The majority of large megacrysts show no evidence of forming part
of an earlier massive rock, at least in their present form, and they appear
to have been free-floating crystals until the solidification of the sur-
rounding host rock. Their chemical uniformity, general sparsity of
twinning and giant size suggest that they must have formed under
remarkably stable physical and chemical conditions which extended for
a considerable distance at depth under South Greenland. These con-
ditions were modified when the felspars were carried up in their hosts
resulting in fierce marginal zoning and in some cases loss of the black
colouration. The cause of the structural abnormalities found in the
megacrysts is unknown but it appears more likely to be an original
feature than one caused during the complete recrystallisation of earlier
material.

The relationships seen between the xenoliths and megacrysts can
be explained by suggesting either that the large glassy crystals represent
younger anorthositic material which never consolidated to form a mas-
sive rock or that they were formed by the recrystallisation of xenoliths
of granular anorthosite suspended in Gardar magma at depth. The
majority of megacrysts show no features which might suggest they formed
by recrystallisation of earlier material; they are clear, homogeneous,
simple twinned crystals which resemble phenocrysts formed under re-
markably stable conditions. If recrystallisation has taken place then it
has been so thorough that all traces of an earlier history have been
obliterated. The presence of occasional large crystals of plagioclase in the
granular anorthosites, apparently as an original magmatic feature,
(Fig. 4 p. 23) suggests that at least some of the megacrysts are primary
and that a few were formed at the same time as the granular rocks. The
majority of observations, however, suggest that the megacrysts con-
tinued formation after the granular rocks; some contain inclusions of
granular rock surrounded by an overgrowth of euhedral felspar. When
“rimmed aggregates” of this kind are found in gabbroic rocks there is
little difference in the composition of the granular centre and the mar-
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I'ig. 69. Laboratory photograph of a fragment of felspar from the centre of a large
megacryst x 3 natural size, G.G.U. 38137. Note the euhedral faces.

ginal plagioclase. However, in the more alkali gabbroic hosts there may
be a significant fall in the anorthite content from centre to margin.
In several instances it is difficult to decide whether particular inclusions
are aggregates made up of several grains with a common orientation or
whether they are single crystals. In one example the centre of a 1.5 m
felspathic inclusion was seen to consist of closely packed plagioclase
crystals with a common orientation which had intergrown with each
other in a complex dove-tailed pattern. The (010) crystal planes were
orientated in the same direction throughout the centre, individual crys-
tals being separated by thin films of chloritic material. When broken the
individual crystals were found to be euhedral (Fig.69). Towards the
margins the mass became much more homogeneous and it was impossible
to distinguish individual crystals. The (010) plane remained in a constant
position. In this example it is very difficult to decide whether the in-
clusion should be called a xenolith or a megacryst; individual grains can
be seen in some places but the texture differs very little from the felspar
intergrowth described on p. 96 where plagioclase grains separated by
chloritic and gabbroic material are found to be twin pairs. Some of
these complex textures, particularly the rimmed aggregates, appear
to have formed when early blocks of granular anorthosite were su-

spended in a magma from which plagioclase megacrysts were cry-
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stallising. Others, for example the interlocking twin pairs, are probably
an original feature.

It appears from the textural and compositional evidence that the
granular anorthosites and the megacrysts form a series. The oldest and
most calcic are the massive granular anorthosites which are generally
found in basic hosts. Next there are the granular anorthosites with
scattered plagioclase megacrysts set in a finer grained matrix. These
are followed by ‘“‘rimmed aggregates” and overgrowths of megacrysts
on cores of granular anorthosite. These are less calcic and are generally
found in alkali gabbro hosts. Finally, there are the range of simple
megacrysts which appear to have crystallised direct from magmas re-
lated to their present hosts. The significance of this series is discussed
in the final section.

f) Comparison between the inclusions in the Gardar and
felspathic inclusions in other igneous provinces

Plagioclase megacrysts, glomeroporphyritic aggregates and, more
rarely, anorthosite xenoliths are reported from a large number of igneous
provinces, ranging from the modern Hawaiian and Icelandic basaltic
lavas to Precambrian dykes, lavas and major intrusions of several con-
trasting igneous suites. Porphyritic minor intrusions are one of the
commonest rock types found in many igneous provinces and while in
many cases the phenocrysts are clearly related to the host, in others the
insets should properly be called megacrysts.

There are two reasons for comparing members of this rather hetero-
geneous group of rocks with the Gardar felspathic intrusions. Firstly
felspathic inclusions in igneous provinces which are structurally and
petrologically similar to the Gardar province may show genetic links
between the host and inclusions which are not apparent in the Gardar
rocks. Secondly examples from the more diverse group without close
petrological affinities to the Gardar may illustrate particular points in
common with the inclusions in Gardar rocks and thus give some ideas
about the mechanies of formation of the felspathic insets.

The most suitable felspathic rocks for comparison with the Gardar
are those from other alkali basaltic suites, for example those of
Oslo and possibly the rocks in the Carboniferous igneous suite of the
Scottish Midland Valley (Ricuey and TrHoMas, 1930; TomkEeIerF, 1937).
The Oslo province does not show the same concentration of anorthositic
material as that found in Gardar rocks and the few xenoliths found
(OrTEDAHL, 1953) are so problematical that they can be of little help in
understanding the Greenland rocks. Anorthositic inclusions have not
been described in the Scottish rocks although local concentrations of
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“phenocrysts” may pack together towards the upper margins of some
trachydolerite sills. These resemble the felspathic aggregates found in
host rocks of comparable composition in the Gardar but have never
been described in sufficient detail to allow more than a superficial com-
parison. The main interest of these occurrences in the present context
is to note the association of felspathic inclusions with provinces showing
trends from gabbro to syenite. This may support the idea that there is
a genetic link between insets and hosts in Gardar rocks.

Anorthosite xenoliths and plagioclase megacrysts are found abun-
dantly in the Duluth gabbro and associated rocks and in the Precambrian
intrusions of central Sweden. Both provinces were formed at approxi-
mately the same time as the Gardar (c. 1100 m.y.). However, petro-
graphically they are not particularly close to the South Greenland rocks
as they are both less alkaline, trending from calcic gabbroic rocks to
granophyres. In both areas, however, alkali rocks occur with some re-
semblances to the Gardar, for example the syeno-gabbro dyke of central
Sweden (EckerMANN, 1936) and the Coldwell gabbro-larvikite-nepheline
syenite complex on the northern shores of Lake Superior (FAIrBaAIN,
BurrwinkeL, Pinson and Hurrey, 1959; and H. V. ToUuMINEN, per-
sonal communication).

The Eskilstuna dykes from central Sweden (GorBaTscHEV, 1961)
vary from olivine-augite-hypersthene dolerites with calcic plagioclase
and moderately iron-rich olivines to granophyric quartz dolerites. Plagio-
clase insets are found in both olivine and non-olivine bearing host rocks.
They are often confined to one part of the dyke similar to the distribu-
tion seen in the Gardar dykes. GorBaTscHEV distinguishes three types of
inset in the dykes, anorthosite fragments, plagioclase phenocrysts and
glomeroporphyritic plagioclase accumulations. Although the terminology
used differs slightly with the present paper the features described by
GorBATSCHEV correspond closely to many noted in the Greenland fel-
spathic dykes and several of his ideas may apply equally well to both
provinces. Texturally the anorthosite fragments illustrated by Gorsar-
scHEV 1961, (fig. 18) are indistinguishable from the aggregates of crushed
plagioclase described from dyke 8, p. 46, while the “dolerite porphyrite”
(fig. 14) and the “glomeroporphyritic rock” (fig. 16) could be matched
with many of the megacryst-bearing Gardar dykes. Many of the plagio-
clases from the Eskilstuna insets show inclusions of olivine and pyroxene
parallel with the main twin directions, similar to the mafic lamellae in
Gardar inclusions.

The first plagioclase to crystallise from the olivine dolerites in the
Eskilstuna dykes was approximately Ang, while in the majority of
‘““dolerite porphyrites” the groundmass plagioclase averages Angs go.
The xenoliths range from Ang,,; and the megacrysts between Ang, ,;



I1 Anorthosite Xenoliths and Plagioclase Megacrysts {183

disregarding the sharply zoned outer zones which are close to the felspar
seen in the host rock. Although the composition range differs the com-
positional relationship between host and insets is the same as in the
Gardar.

GorBATSCHEV regards the anorthosites as comagmatic with their
hosts, representing a top accumulation of early plagioclase by flotation
in deep-seated magma chambers under tranquil conditions. These were
then broken up when the residual magma was injected into dykes. The
origin of the “phenocrysts” is less explicity stated although GorBATSCHEV
implies that they may represent the unconsolidated stages in the forma-
tion of the anorthosites. He notes that in some ‘“phenocryst’-bearing
dykes there is a marked impoverishment in plagioclase in the ground-
mass compared with normal dolerites suggesting a direct genetic link
between host and inset. This feature has never been observed in indi-
vidual Gardar dykes although it is quite possible that the apparent low
calcium contents found in all the analyses of megacryst-bearing dykes
may be due to similar causes.

A second group of anorthosites and associated rocks in the Swedish
Precambrian has been described by BersTrOM (1963). The anorthosites
occur as large inclusions in norites intruded during Dalslandian (= Gren-
ville) plutonic episode at approximately 1000 m.y. The basic suite of
rocks show calc-alkaline affinities and are characteristic late orogenic
intrusions. Petrologically they show little resemblance to the Gardar
rocks, the plagioclases are less calcic and the dominant mafic mineral
is hypersthene. According to BEresTROM the anorthosites were formed
by upward accumulation of plagioclase so that they formed a solid roof
over the developing noritic magma chamber. Local movements broke
up the roof and crushed the anorthosites so that they developed a
slightly strained texture. The broken blocks of anorthosite were included
in the norite which was released from the chamber during the move-
ments. Large phenocrysts of plagioclase are found within the norite,
these may aggregate together to form anorthositic clumps and all stages
are seen between single phenocrysts and the formation of solid anortho-
sites. The phenocrysts show approximately the same composition as the
felspar in the anorthosite and the felspars in the noritic rocks. In spite
of the difference in geological setting and chemistry the rocks described
by BerasTrOM show several features which are remarkably similar to
those in the Gardar; for example the gradation between solid anorthosite
and free-floating megacrysts and the upward accumulation of anorthosite
blocks and felspar crystals in a basic magma.

The Duluth Gabbro and the associated lavas and minor intrusions
on the north-west shore of Lake Superior are among the most widely
cited basic suites of rocks from the Precambrian. Anorthosite xenoliths
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and plagioclase megacrysts occur in the main gabbro at Duluth and more
sporadically in both the lavas and some of the minor intrusions along
the coast of the lake to the north-east of Duluth. The large plagioclase
megacrysts have been used as chemical and crystallographic standards
due to the purity of the felspar and the extremely coarse grain size.

The Keweenawan igneous rocks, to which the Duluth Gabbro
belongs, are generally less alkaline than the Gardar and were emplaced
during a period of tectonic activity (TayLor, 1956). The earliest rocks
are a series of basic and rhyolitic flows forming a series up to 21,000 ft
(6500 m) thick which form the main country rock into which the later
intrusions were emplaced. The largest body, the Duluth Gabbro itself,
is a lopolith up to 20,000 ft thick consisting of two main units, an older
anorthositic gabbro which forms the roof of the body (Tayror, 1964)
and a younger layered intrusion ranging from troctolite to syeno-gabbro.
There is a late series of ferrogranodiorites and granophyres which are
thought to be genetically connected with the layered series.

The anorthositic gabbro is texturally almost identical with the
secondary anorthosites described from Bangs Havn and Narssaq. It
consists of a gabbroic host with inclusions of a large number of different
textural types of anorthosite ranging from crudely layered blocks with
some mafic minerals to xenoliths of pure felspar with fluxion laminated
felspar or massive anorthosite made up of brecciated plagioclase frag-
ments. Several of the blocks described are surrounded by rims of augite
in coarsely crystalline masses believed, by TAYLOR, to be the result of
additions from the surrounding magma. The main difference between
the rocks illustrated by Tayror and those in the Gardar is that there
seems to be a higher proportion of partly consolidated anorthositic
material present in the Duluth Gabbro. It is therefore important to note
that Tavror (1964, p. 11-12) states that “True anorthosite with more
than 95 9/, plagioclase occurs only as discrete inclusions”. This suggests
a similar process to that put forward at Narssaq and Bangs Havn where
rigid blocks of primary anorthosite were included in early gabbro, itself
found as partially consolidated inclusions in the xenolith-free late stages
of the complexes. At both Duluth, and at Narssaq and Bangs Havn,
the anorthosite fragments have accumulated close to the roof of the bodies
suggesting that they rose in gabbroic magma.

The anorthosites were originally regarded as an early phase of the
Duluth Gabbro (see for example Grour and ScHwartz, 1939) with a
similar relationship between the main body and the inclusions as that
proposed by Upton (1964) between the Tugtutdq gabbros and the
Assorutit xenoliths. However, more recent papers are more cautious.
Tayror (1965) states that although most of the inclusions are cognate
the origin of the rounded anorthosite xenoliths is unknown. One of the
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main lines of evidence suggesting that anorthosite may have formed an
early mass at depth is the presence of occasional xenoliths in the lavas
(GrouT, SHARP and ScEwARTZ, 1959) and in the pre-Gabbro Logan sill.
It seems probable that the structure of the Duluth area at depth may
resemble the Angola and Nain bodies with an early granular anorthosite
overlain by a later complex of dominantly layered rocks.

Apart from the main Duluth Gabbro anorthosites occur in many
of the smaller Keweenawan intrusions of the Lake Superior region. The
largest inclusions described by Grour and Scawartz (1939) reach 0,25
miles (0.4 km) across, other fragments range down to single megacrysts
little larger than the felspars in the host rocks. They are sometimes
found in association with inclusions of gabbro. Texturally all the types
described from the Gardar occur, varying from granular granitiod tex-
tures and crude layering seen in the large blocks to single, glassy crystals
and glomeroporphyritic accumulations of megacrysts. GrouTr and
ScawaARTZ note that the crystals in the larger masses are commonly
coarser grained than those seen in the anorthositic facies of the Duluth
Gabbro and suggest that this may be due to recrystallisation of the
anorthosite. Now that it is thought that the anorthosites at Duluth are
secondary it would seem more likely that it reflects different stages in
brecciation. However, it is also apparent that the single felspar mega-
crysts found at such localities as Beaver Bay and Grand Marais, which
have become famous because of their size and purity, are larger than the
majority of crystals found in the anorthositic masses. This is similar to
the relationship seen in the Gardar and it is possible that the Keweenawan
megacrysts may represent slightly younger unconsolidated anorthositic
material which remained suspended in a gabbroic magma for a consider-
able time. Results of X-ray powder determinations (SmiTeH and YoDER,
1956) and optical-crystallographic scatter measurements (VoGeL, 1964)
on some of these large glassy megacrysts show similar anomalous proper-
ties to those of the Gardar megacrysts.

Mineralogically both the primary and secondary anorthosites from
Minnesota are fairly close to their Gardar equivalents although the
plagioclases are on average approximately 5 to 10 ¢/, higher in anorthite.
The primary anorthosites consist (in order of abundance) of labradorite,
augite, olivine, magnetite and rarely orthopyroxene. Some of the plagio-
clase crystals are dark. Grour and ScawarTz note that the augite is
late crystallising and it seems possible that some may be formed by
addition from the host similar to the Greenland secondary anorthosites.
No information is available on the composition of the plagioclase from
different textural types of anorthosite and they cannot be directly com-
pared with the xenoliths and megacrysts in Gardar rocks. The inclusions
are more calcic than the felspar in their hosts but they are less calcic
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on average than the first felspars to crystallise from the more basic
members of the province. The composition of the Duluth anorthositic
gabbro given by TayrLor (1964, table 2) is remarkably close both in
bulk composition and in mineralogy to the secondary anorthosites from
Narssaq and Bangs Havn though the general chemistry of the rocks
found in Minnesota is not particularly close to the Gardar. Of the gab-
broic rocks analysed the olivine gabbro from Bardon Peak (TayLor,
1964, table 8, p. 29) is perhaps the closest to a normal Gardar gabbro.
The differentiation trends shown by Tavror differ significantly from
Gardar rocks, resembling those described by Emsrir (1965).

The suggestion by Powers (1915) that the comparative lack of
other xenoliths in the Minnesota rocks is due to the peculiar physical
properties of anorthosite has already been mentioned (p. 153). It seems
more likely that the association basic intrusion—anorthosite xenoliths—
plagioclase megacrysts reflects a more fundamental genetic relationship.

The most plausible explanation would seem to be that the original
anorthosite formed a roof to the zone in which the host magmas and
megacrysts were developed. This could either be in the mantle itself or
at some intermediate level below which the magmas differentiated.



IX. CONCLUSIONS

The form and origin of the parental anorthosite mass, and the
relationship between the anorthosites, the plagioclase megacrysts
and the Gardar igneous rocks

The South Greenland anorthosites appear only as fragments which
have often been modified by their Gardar hosts. Discussion of their
origin can therefore be little more than speculation or argument by
analogy, but it seems justified since it raises issues of magnitude. Any
final statement about the relationship of the anorthosites and the Gardar
igneous rocks must wait until considerably more is known about the
province as a whole and particularly the chemistry and evolution of
the parent magma (or parent magmas). This, however, presents a para-
dox because it is unwise to discuss the evolution of the Gardar igneous
rocks without knowing the origin of the anorthosites which probably
form one of the major rocks types at depth.

The present distribution of anorthosite fragments suggests that the
parent body is an elongate mass in the order of 250-500 km long, and
50-100 km broad, comparable in form to the Angola anorthosite. It is
not known whether there is more than one body present or whether the
mass forms a continuous layer under South Greenland. The main rock
type is a granular anorthosite with a slightly crushed texture, composed
of labradorite (Ang) anhedra with a considerable range in grain size but
remarkably uniform composition. The main mafic minerals (in order of
abundance) are olivine (Fay.,), Fe-Ti oxides, a little orthopyroxene
(Fsge-40) and a little clinopyroxene.

The mafic minerals generally form interstitial patches between the
felspars. There is no evidence to suggest the presence of massive ultra-
basic or gabbroic counterparts to the granular anorthosite. A few frag-
ments of olivine- or Fe-Ti oxide-rich xenoliths with a strong foliation
have been found which might suggest the local presence of a dark
sheared border facies corresponding to the marginal rocks of some of the
plutonic anorthosites of the Canadian Shield. The significance of the
rare basic inclusions of bytownite, hypersthene and olivine found in a
Gardar olivine gabbro from Térndrssuk is uncertain. It seems possible
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that they represent a lower level in the hypothetical parent body.
There are no signs of strong cryptic variation in the large anorthosite
fragments — the felspars show a uniform composition — and while there
is some variation in the olivine composition it is probable that the iron-
rich members are derived from later host rocks. Some slight variation
in texture is found with local changes in the form of the felspars and the
total content of mafic minerals which may lead to a crude layering.
The most common variant of the normal granular rock is a poorly
laminated gabbro anorthosite with subhedral plagioclase crystals sur-
rounded by olivine or Fe-Ti oxides.

The granular anorthosite is locally associated with a group of
layered anorthositic gabbros (the Assorutit anorthosite) which show a
superficial mineralogical similarity to the granular rocks. However, the
differences in texture suggest that the two rocks were formed by different
mechanisms; the layered anorthosites appear to have resulted from a
felspar cumulate at the bottom of a magma chamber (Upton, 1961)
while the granular rocks appear to have been the result of the upward
flotation of plagioclase. The first-formed felspar in the layered anortho-
sites is more basic than the felspars found in the granular rocks and the
dominant Fe-Ti oxide is ilmenite, not magnetite. The genetic relation-
ship between the two is uncertain. The layered anorthosites contain
numerous inclusions of granular rock and do not appear to have passed
through so complex a history. Layered anorthosite xenoliths show a
much more restricted distribution than the granular rocks and are
practically confined within a 10 km radius of Narssaq, though there are
possibly a few examples close to the Klokken and Igaliko intrusions.
By analogy with the bodies described from Nain and Angola it seems
likely that the Assorutit type of xenoliths represents a layered gabbroic
body overlying a granular massive anorthosite. Upron (1961 and 1964)
has shown that there is in all likelihood a close genetic link between the
layered anorthosites and the associated Gardar gabbros and syenites
and it seems significant that there is a close spacial association between
the layered anorthosite xenoliths and the mid-Gardar syenites of Narssaq
and the east of Tugtutdq. If the comparison with the Kiglapait intrusion
is valid then the layered anorthosites probably represent the basic
part of a syeno-gabbro layered intrusion. The large felspars found in the
margin of Klokken and Igaliko, which show several chemical resem-
blances to the Assorutit rocks, could then be regarded as true pheno-
crysts.

The relationship between the granular anorthosites and the re-
maining Gardar igneous activity is much more difficult to define. The
following points seem pertinent:
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1) The anorthosite xenoliths are found within the same fault-con-
trolled zone as the major and minor alkali intrusions. Two particularly
marked concentrations of anorthosite-bearing dykes occur north-east of
Nunarssuit and in the area between Tugtutdq and Igaliko. Both areas
show considerable alkali magmatic activity.

2) Xenoliths of granular anorthosite are practically confined to
mid-Gardar dykes. Megacrysts and glomeroporphyritic aggregates of
plagioclase are found in pre-Gardar and early Gardar dolerites but may
not, necessarily belong to the same story.

3) The Gardar rocks exposed at the present erosion level show a
marked preponderance of syenites and alkali granites compared to gabbro
(see WaTT, 1966), recalling the Oslo province.

4) There appears to be little or no direct genetic connection between
the host dykes and the xenoliths. The large plagioclase megacrysts
associated with the anorthosites are, however, particularly abundant in
the more alkali gabbros and show a range of properties which are in
part dependent on the composition of their hosts. A few of the megacrysts
appear to have formed by recrystallisation of detached blocks of granular
anorthosite; the majority are thought never to have formed solid rock
prior to inclusion in their present hosts and appear to have crystallised
slowly. The majority of megacrysts are less calcic than the granular
rock and are thus unlikely to represent early stages in its formation.
They might however represent later partly unconsolidated material. The
formation of at least some of the megacrysts appears to have taken place
in water-rich surroundings.

5) The majority of fragments show textures which suggest accumu-
lation by flotation rather than accumulation at the bottom of magma
chambers. The xenoliths appear to have been less dense than Gardar
gabbro magmas but were probably denser than the syenites.

6) The xenoliths form a wvariety of secondary anorthosites with
Gardar hosts which solidified at depth but which were themselves
broken up by later pulses of basic magma.

7) The mineralogy of the xenoliths is moderately close to that of
the least fractionated gabbros exposed at the present surface (the
Eqaloqarfia dyke, analysis 33, Table 4; the giant gabbro of Tugtutdq,
analysis 1, Table 4). The olivine in the anorthosites is more magnesium-
rich than those in the gabbros, while the felspar is more sodic than the
first formed plagioclase in the gabbros (An,,) but more calcic than the
bulk composition (approximately Ang,) of the felspar in the majority
of these rocks. There is a marked difference between the amounts of
strontium and barium found in the granular anorthosites and the less
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alkali Gardar rocks compared with the amounts found in the layered
anorthosites and gabbros associated with syenites.

8) Inclusions of granular anorthosite, layered anorthosite and mega-
crysts are found mixed together in the same dykes. There are very few
dykes containing mixtures of anorthosite with non-felspathic inclusions.

9) Rare inclusions of gabbroic material with a much more basic
plagioclase than that normally found in Gardar gabbros have been found.
There seems no doubt that these inclusions are cognate.

10) Liquid fractionation has been shown to be a feasible process in
Gardar intrusions.

Associations of syenite with anorthosite are well known from other
provinces and are often taken as genetic. Two theories have been used
to explain this relationship; the first suggests that the syenites are the
result of regional anatexis round large intrusive anorthosites emplaced
under plutonic conditions, the second more orthodox viewpoint suggests
that the two rock types are derived by magmatic differentiation from the
same primary magma.

The Canadian Shield has provided most of the evidence for the large
scale anatexis of older gneisses surrounding plutonic anorthosites. Sye-
nites and related rocks have long been recognised as late intrusive rocks
surrounding the Adirondacks although their genetic relationship to the
older anorthosites is controversial (BuppincTow, 1939). Similar associa-
tions have been noted surrounding the Saqueney and Allard Lake
anorthosites and both Berrane® (1962) and Hareraves (1962) have
suggested that there has been large-scale mobilisation of the country
rocks giving rise to a charnockite-magnerite-enderbite series. The ulti-
mate origin of the anorthosite itself is unimportant in explaining this
association; it can either be derived from a gabbro-anorthositic magma
as suggested by BuppineToN, it may have formed by some ultrameta-
morphic process as put forward by Micror (1955), or it may represent a
plagioclase-rich differentiate from a gabbroic or dioritic magma. How-
ever it was formed, it provided a large enough heat source to mobilise
the surrounding rocks. The dominance of the syenites seen in the Gardar
and Oslo provinces could certainly be explained if it is assumed that a
large part of the felsic material was derived in some way from the crust
(see, for example, BArRTH, 1954). Some of the rocks surrounding the
plutonic anorthosites in the Canadian Shield resemble the Greenland
larvikites in gross chemical composition. However, it is dangerous to
take the comparison too far; the term ‘‘syenite” has been used in the
Canadian Shield to cover a whole group of rocks in the plutonic char-
nockite-mangerite-enderbite series, few of which resemble the rock types
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found in the cratogenic Gardar province. The geological setting of the
Gardar igneous rocks is completely different to that of the major anortho-
sites in the Canadian Shield and unless it is believed that the Gardar
syenites are the final products of anatexis which began in the plutonic
episode 3-500 m.y. before their intrusion there seems little point in
pursuing the comparison.

Strontium isotope studies on Greenland intrusions, which may in
the end give direct evidence of the origin of the felsic members of the
Gardar magmatic province, are limited to preliminary work on the
Ivigtut granite (MoorBATH and PauLy, 1962). So far there is no evidence
that substantial amounts of crustal material were involved in the forma-
tion of the granite, although the isotopic composition of the associated
lead mineralisation suggests that it has been reworked from a much
older source. It may also be noted that the agpaites from Ilimaussaq
contain a concentration of rare earths, zirconium and niobium which
Heier and Tayror (1964) suggest may be diagnostic of igneous rocks
differentiated from a magma heavily contaminated by crustal material.

The chief reason for suggesting an anatectic origin for the Gardar
syenites is the low proportion of basic rocks seen at the present erosion
surface. In order to provide the large heat source required to produce
the Gardar syenitic magmas by anatexis in the absence of regional
metamorphism it is necessary to suggest the presence of a large igneous
body at depth. The anorthosite xenoliths might be regarded as evidence
of the existance of such a body. However, if a large basic body is present
at depth then the predominance of syenite over gabbro seen at the surface
is no reflection of the volumetric relations between the two rock types
in the crust. If this is the case the main argument in favour of an anatec
tic origin of the syenites is no longer valid.

The alternative idea — that the syenites and anorthosites are associ-
ated together because they are derived from the same parent magma —
has a long history. Bowen (1917) postulated the formation of anortho-
sitic plutons by gravitative accumulation of plagioclase crystals in basic
magmas which yielded granitic or syenitic rest liquids. More recently a
number of intrusive complexes containing large gabbroic masses that
gave rise to syenitic rocks have been described, and several of these
contain anorthositic or gabbro anorthositic layers. Examples are the
Kizir pluton (LeBepEv and Bocarixov, 1963) the Gremyakha-Vyrmes
pluton (Porkanov and Eviseev, 1941) and the Kiglapait™ intrusion.
Bowen’s ideas, or some modification of them, might therefore be appli-
cable to the anorthosites and syenites of South Greenland, and Uptoxn
(1961, 1962, 1964) has explained the Assorutit block as the result of
the settling of plagioclase tablets in a basic or dioritic magma developed
from an initial aluminous alkali basalt magma. The larvikitic syenites
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which Upton suggests played a parental role to many of the other more
highly differentiated alkali rocks are thought of as residual fractions
produced by extensive crystal fractionation of large bodies of high
alumina alkali basalt (Upron, 1964, p. 45).

A second theory which might have considerable application in the
Gardar to explain the preponderance of syenitic material is that given
by BaiLey and ScHAIRER (1966). These authors suggest that the dis-
parity in the relative volume of syenite and gabbro could be explainep
in terms of partial melting of basaltic material in the mantle or lower
crust and not to the concentration of residuals from an original olivine
basalt magma. Although this theory may help in explaining the Gardar
syenites alone, it makes it more difficult to explain the relationship
between syenite and anorthosite. If it is accepted that the anorthosites
represent a large basic body at depth then the apparent disparity in the
ratio of syenite to basic rocks exposed at the present erosion surface is
probably misleading and does not reflect the volumetric relationship
throughout the crust. Warr (1966) has shown that the majority of the
analyses of single Gardar intrusions fall on smooth curves when plotted on
X' Fe-Mg-alk and Na-K-Ca variation diagrams, and while this is no proof
that the various rock types are genetically related it at least makes such
an idea reasonable. In many individual intrusions, for example the
Isortoq syeno-gabbro dykes, the differentiation trends of which are shown
in Fig. 63, there is an almost complete gradation between olivine gabbro
and quartz syenite. As there is no sign of large scale mixture of two
separate magmas or extensive contamination by country rocks it is
reasonable to suggest that the rock types found in the dykes are the
result of differentiation from a common magma. If orthodox ideas of
magmatic differentiation are followed the gabbros would certainly be
regarded as more primitive than the alkali rocks and there are thus good
grounds to suggest that at least some of the Gardar syenites are formed
by the differentiation of an alkali basalt magma.

Although from the broad theoretical point of view it can be argued
that the gabbros (and therefore the anorthosites) could be genetically
related to the Gardar syenites there are several difficulties to be ex-
plained before the idea can be accepted with any confidence. The out-
standing anomaly is the composition of the anorthosites themselves. If
it is suggested that the Gardar developed from a normal basaltic or
alkali basaltic parent liquid then an enormous volume of ultrabasic or
at least very mafic material must have been generated at the same time.
With the exception of the xenoliths from Toérnéarssuk no evidence for
this exists in the blocks brought up in Gardar dykes and their absence
can only be explained in one of two ways: by assuming that the primary
magma was abnormal in some way, or by suggesting that the basic
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components of an original stratified body were never brought up in
Gardar dykes because of some factor such as density or depth provenance
of the hosts. The second idea is convenient since it removes research
beyond the reach of direct observation. However, it cannot be dismissed
out of hand. Many of the blocks of anorthosite show signs of suspension
at depth in Gardar magmas for a considerable time and it would be
quite reasonable to suggest that only the lighter blocks would accumulate
in the top portion of a magma chamber feeding the dykes. Again, if
granular anorthosites are regarded as top accumulates in a differentiating
primary Gardar magma, either at extremely deep levels in the crust or
in the mantle itself, it could be suggested that the Gardar gabbro hosts
represent partly residual liquids formed in the chamber between the top
accumulation of plagioclase and a hypothetical basic fraction. In this
case the Gardar dykes would not be expected to carry fragments of the
chamber floor.

If it is specifically postulated that the Gardar parent magma was
a high alumina basalt (Uprow, 1961), quantitative difficulties are min-
imised but not eliminated. The Gardar basic rocks are commonly
alkalic. Yoper and TiLLey (1962, p. 419) believe that high alumina
basalts are members of both the tholeiitic and alkali basalt suites and
attribute their high alumina to their plagioclase. Removal of 229/,
plagioclase (Ang,) from high alumina basalt (Warner flow) would yield
“normal” basalt (op.cit.). There is no proof that the primitive Gardar
basalts were particularly aluminous. Upron (personal communication)
regards the composite analysis of the Tugtutoq giant dyke (analysis 1,
Table 4) as representing a little fractionated Gardar basalt composition
and this is certainly rich in alumina (19.02 °/,). However, the analysis
of the Eqaloqarfia dyke (analysis 33, Table 4) is not so markedly rich
in alumina (16.46 °/, Al,0;) and this applies even more to many of the
analyses of early Gardar gabbros quoted by Wart (1966). It might be
expected that dykes derived from magmas from which at least some
plagioclase had been extracted to form the anorthosites or the megacrysts
might show a low alumina content. This may be true in the case of
some of the analyses of host rocks given in Table 4. However, insufficient
1s known at present about the relationships of the inclusions to individual
host dykes, or how the analyses listed in Table 4 compare with non-
xenolith bearing dyke rocks at comparable stages of differentiation.

An even more marked deviation from a normal basaltic magma,
such as the highly aluminous gabbro-anorthositic magma postulated by
Bubpinarow (1939, 1960) to produce the massive anorthosites of the
Canadian Shield, seems unlikely in the Gardar. The formation of such
a magma is not easy to envisage in cratogenic conditions and in any
case would not explain the relationship between the syenites, gabbros,
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and anorthosites found in South Greenland. The role of water and other
volatiles which BuppingTon suggested played an important part in the
formation of the North American anorthosites is unknown in Greenland.
Uepron (1961, p. 20) argues that the plagioclase in the Assorutit block
crystallised early from an olivine-plagioclase melt when the water
vapour pressure was reduced, thus extending the anorthite field (see
Yooer and TiLrey, 1962, fig. 28). However in the Equaloqarfia dyke
the water content was apparently high and resulted in the formation of
considerable hornblende.

Whatever the water content of the magma during the actual con-
solidation of the anorthosites there is considerable evidence that there
was a marked accumulation of water and other volatile material close
to the anorthosites before their inclusion in- Gardar dykes. This caused
the extensive sericitisation of the felspar and oxidation of the Fe-Ti
oxides, which are common features of many of the larger xenoliths. It
may also account for the brecciation and block structures seen in the
larger xenoliths in a comparable manner to that suggested by Hices
(1954) for the anorthosites of the San Gabriel Mountains, California.
The most likely explanation for the accumulation of volatiles is that
they were trapped by a roof of solid anorthosite overlying differentiating
Gardar magma at depth.

Assuming that the anorthosites and the Gardar province are derived
from a common basaltic magma (without being too specific about its
chemiétry), and further, assuming that Gardar rocks followed established
differentiation trends so that high Mg/Fe, Ca/Na + K ratios are indicative
of the more primitive rocks, there are several problems which need to be
discussed.

First, the relationship between the two textural types of anorthosite
and the differentiation sequence which gave rise to the rest of the rock
types found in the Gardar. As the anorthosites ocecur as inclusions in
Gardar rocks varying from some of the most primitive Gardar gabbros
to highly differentiated syenites it can be assumed that they formed
early in the differentiation sequence. The olivines found in the anortho-
sites (Fag-Fa,,) are among the most magnesian found in the Gardar con-
taining about 5 °/, more of the forsterite molecule than the olivines
found in the Tugtutdq giant dyke gabbros (Fa,) and the normative
olivine (Fay;.4.5) given by PuLverrarr (1965, table 1) from the ground-
mass of the Eqaloqarfia dyke. On the other hand the plagioclases from
the anorthosites are less calcic than the first formed felspars in many of
the Gardar gabbros which may be as basic as An,.;;. This might suggest
that the anorthosites were formed from a Gardar magma which has
already undergone considerable differentiation. Host dykes such as the
giant gabbro on Tugtutéq which contain more basic felspar than is
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found in the anorthosites would then represent a new influx of relatively
undifferentiated magma introduced after the anorthosites first crystal-
lised. However, if the conditions under which the anorthosites and
gabbro dykes crystallised are compared it can be seen that the initial
composition of the dyke plagioclase need have little bearing on the
relative position of the anorthosites and gabbros in the differentiation
sequence. Considerable evidence suggests that the anorthosites crystal-
lised slowly under deep-seated conditions, and that, although the felspars
represent some form of crystal cumulate, they were in direct contact
with the magma from which they formed for a long period. This is born
out by the coarse-grained, unzoned, simple-twinned nature of the plagio-
clases themselves and by the remarkable lack in chemical variation be-
tween different xenoliths. Under these conditions it could be suggested
that the composition of the first felspars to solidify was modified by solid
diffusion and resorption so that they remained in equilibrium with the
liquid surrounding them. In contrast, the felspars in the dykes crystal-
lised in a much more “volcanic” environment are moderately to heavily
zoned and did not keep in equilibrium with the surrounding magma
during crystallisation. Accepting these arguments the only valid com-
parison which can be made between the anorthosite plagioclase and
those of the dyke rocks is one of bulk composition. This is, like the
olivines, more basic in the anorthosites than in the dykes. It is therefore
possible that the anorthosites began crystallisation from a more primitive
Gardar magma than any which reached the present surface as dykes.

* However, it has been seen in the section on the petrology of the
microsyenite-trachydolerite host dykes that liquid fractionation may
take place in Gardar magmas. This means that the characters generally
taken as indicating that a rock crystallised from a primitive or relatively
undifferentiated magma may no longer be valid. If the magma from
which the anorthosites accumulated was already stratified while still
liquid then it is perfectly possible that labradorite formed in the sodic
upper parts of the chamber while the felspar in equilibrium with the
magma lower in the chamber was bytownite. Subsequent release of
magma from different levels in the hypothetical chamber would lead to
a variety of hosts ranging from the “more primitive” olivine gabbros
derived from lower levels to the “highly differentiated’” magmas trapped
beneath the anorthositic roof. Although local conditions might lead to
the intrusion of a suite ranging from gabbro to syenite, apparently in
the order produced by normal crystal fractionation, there is no reason —
given liquid fractionation as a mechanism — why the same chamber should
not yield a variety of rock types in an almost random order. This is in
fact what is seen in the Gardar dykes; although their characters generally
conform to a differentiation trend, suggesting derivation from a common

13*
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basaltic magma, the order of their intrusion suggests that quite com-
monly the gabbros remained liquid after the differentiation of the sye-
nitic magmas. This is impossible if the rocks are comagmatic and crystal
fractionation is the only differentiation mechanism. The possibility that
labradorite formed at the top of the chamber while any plagioclase
forming at a lower level would be more basic may explain the derivation
of the bytownite-bearing xenoliths from Tornarssuk. These may now be
regarded as forming contemporaneously with the normal anorthosites
from the roof zone but at a deeper more calcic level in the magma
chamber.

The possibility that liquid fractionation could have played a large
role in the derivation of the different magma types found in the
Gardar has a significance far outside that of the present problem. Firstly
another variable is added to phase relationships. Trend lines on theoretical
phase diagrams are drawn on the assumption that crystal fractionation
is the main mechanism of differentiation. This is valid on the small scale
used in the laboratory but becomes much more questionable when
applied to intrusions which have crystallised over a long period of time
from a magma column several kilometres in vertical extent. Secondly,
liquid fractionation may help to explain the great preponderance of
alkali rocks seen in the Gardar and similar provinces. If the syenitic
fractions of a section of molten mantle rose to the top of the immense
magma chamber formed either in the lower crust or upper mantle then
it is reasonable to suggest that these would form major intrusions in the
upper crust out of proportion to the actual volume of syenite and gab-
broic magma produced at depth. On the other hand minor intrusions,
the emplacement of which does not require the bodily removal or dis-
placement of large amounts of crustal material, may be expected to
represent magmas taken from a variety of levels in the primary magma
chamber, and would therefore be expected to contain a higher proportion
of basic rocks. This is in fact what is found in the Gardar, the major
intrusions contain little gabbro while the minor intrusions and the lavas
are dominantly gabbroic.

The relationship between the layered anorthosites and the rest of
the Gardar is perhaps more complex. Mineralogically they resemble the
granular anorthosites although they show less well developed plutonic
features and it could be argued that since they occur in the same dykes
as the granular rocks they are local late variants. However, the
textural differences between the two types suggest that they formed
under widely different conditions and that the magmas from which they
crystallised must have possessed different properties. The granular
anorthosites all appear to have formed by top accumulation; thus the
magma from which they crystallised probably had a specific gravity
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greater than 2.63 at 1000°C. This suggests a gabbroic mother liquid.
On the other hand Upron (1961) argues convincingly that the textures
in the Assorutit block are due to settling of plagioclase. Even allowing
for some mechanical aid to plagioclase settling, such as downward
sweeping magma currents, it seems doubtful that the magma would
have been denser than 2.60-2.63 at 1000°C. This suggests a dioritic or
dioritic-gabbro magma which may also have given rise to the closely
associated syenites. However, the host gabbro surrounding the Assorutit
block is believed to represent one of the more primitive gabbros in the
Gardar. This could be used as good evidence that there was more than
one pulse of little differentiated magma in the area. The possibility that
liquid fractionation has taken place in a primary Gardar magma
chamber may simplify the history slightly. It is no longer necessary to
postulate repeated pulses of primary magma derived over a considerable
period of time from the mantle. The “‘more primitive” hosts like the giant
dykes of Tugtutdq can just be regarded as more gabbroic differentiates
of the same primary magma from a lower level in the same chamber
from which the anorthosites had already crystallised. The structures
seen in the Assorutit anorthosite suggest that a floor may have been
present between the still molten basic magmas at depth and the crystal-
lising layered anorthosite syenite complexes nearer the surface.

Perhaps the main bulk of the Gardar gabbroic magma was trapped
beneath a granular anorthosite cover. Small amounts of partly differ-
entiated material escaped carrying with them inclusions of granular
anorthosite and differentiated further to form layered bodies with
labradorite-olivine cumulates at the bottom and syenite at the top.
While these were developing (for example in the Narssag and Klok-
ken areas) a further pulse of material from a lower level was released
carrying with it blocks of the original granular anorthosite roof, and the
solidified Iower portions of the layered bodies. In the case of the Giant
dyke—anorthosite—syenite complex found on the Assorutit peninsula
the syenite appears to have been in a liquid state when the body was
broken up by the intrusion of a new phase of olivine gabbro. However,
in the Klokken intrusion, where troctolitic rocks containing anorthosite
form the lowest member of a layered syenite intrusion, the magma cham-
ber was not disrupted by a later pulse of olivine gabbro and the resulting
rocks may represent the crystallisation of an alkaline fraction which
escaped from the top of an earlier Gardar chamber at depth.

If the idea that the granular anorthosites formed a roof over a
large differentiating magma chamber is accepted then the relationship
between the megacrysts and their host can perhaps best be understood
by regarding them as unconsolidated roof material, some of which may
have been derived by blocks detached from the overlying granular
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anorthosite, but the majority of which probably formed free-floating
crystals until they were included in dykes given off from the chamber.
As the magma beneath the granular anorthosite roof became less basic
the flotation of felspars became a less efficient mechanism for the accu-
mulation of anorthosite and the single crystals hung suspended. Some
of them rafted together to form loose aggregates and there appears to
have been a complete gradation between solid granular rock and single
crystals. The megacrysts, however, are generally larger and slightly less
basic than those in the granular rocks reflecting perhaps a longer period
of suspension in the progressively more differentiated magma. It is
possible that the formation of plagioclase megacrysts at the top of a
large chamber of this type and the corresponding sinking of the mafic
minerals is one of the chief processes giving rise to the syenites as a
residual magma in the Gardar, although liquid fractionation on a large
scale cannot be ruled out. Because of their high density the mafic miner-
als are rarely brought up in Gardar host dykes unless they are trapped
by felspar.

When the stage of differentiation at the top of the primary magma
chamber had reached a point at which the megacrysts in suspension were
between Angy, and Ang, the water content of the magma reached a con-
centration high enough to change the state of the iron held within the
felspar lattice. This resulted in the formation of black felspars. When
these were carried upwards in hosts which themselves contained con-
siderable water they remained in equilibrium with their hosts and re-
tained their colour; however, when the black megacrysts were included
in more anhydrous magmas, derived from a slightly lower level in the
chamber, the colouration became unstable and the black felspars devel-
oped a clear rim.

If differentiation continued, a point was presumably reached at
which the large plagioclase crystals would no longer hang in suspension
but would sink. From the analyses of the dykes given in Table 4 it
appears that this limit was reached when the silica content was around
53 °/,. Few more differentiated Gardar rocks carry anorthosite as xeno-
lithic material, and the few cases which do can be explained as frag-
ments brought up from the granular mass by strong flow.

The differentiating magma was tapped from time to time and gave
rise to a series of intrusions, the most basic of which were probably
fairly close to the magma from which the granular anorthosites were
precipitated, while the final alkali residues may have resulted in some of
the major late Gardar syenites released from under the anorthosite
capping by block faulting. As the type of magma released from the
chamber changed so did the typical inclusions of anorthosite. The more
basic hosts are characterised by large irregular masses of granular
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anorthosite. As the hosts become more alkaline so the typical inclusions
changed, first to a mixture of smaller granular anorthosite masses and
large glassy megacrysts, and finally to medium to small megacrysts
with a lower anorthite content (An,,s) and a characteristic close-set
twin pattern.

The ideas suggested in the final section of this paper are only an
hypothesis built on the major features seen in the anorthosites and their
hosts. Even if they are correct in general they can only be a gross over-
simplification of the actual processes which took place. Although it has
been suggested that some of the syenites in the Gardar may have de-
veloped by the removal of anorthosite from an earlier basic magma no
ready explanation can be given for the early Gardar alkali rocks which
were intruded before the majority of anorthosite-bearing dykes. Perhaps
the anorthosites were formed throughout the early and mid-Gardar and
their relatively sudden appearance in large amounts in the mid-Gardar
is due to some change in tectonic conditions which brecciated the anor-
thosites at depth. It seems quite conceivable that the formation of a
massive anorthosite roof over the developing Gardar magma might take
a considerable time to form, with several stages of growth corresponding
to the influx of new, undifferentiated material from depth. Whatever
the actual mechanics of their formation it seems likely that the formation
of anorthosites played a decisive role in the production of syenites in
the Gardar and possibly in other alkali provinces. It can be seen that
instead of being mineralogical curiosities the xenoliths and plagioclase
megacrysts give valuable information about the mechanics and stages
of differentiation of the Gardar province as a whole.



X. APPENDIX

a) Detailed description of textural relationships seen in Fe-Ti
oxides from the anorthosites

i) Textures of Fe-Ti oxides from primary granular anorthosites.

The only fresh sample of Fe-Ti oxides from a xenolith of granular anorthosite
was collected by J. P. BErRraNcE (48318). In this sample the oxides occur as single
grains up to 3 mm median diameter grouped together in a groundmass of crushed
sericitised plagioclase. The larger oxide grains are subhedral with embayed margins,
smaller grains tend to be more euhedral showing the magnetite octahedral form
well developed. A small amount of sulphide is found in the embayments of the
larger grains and in small cracks crossing the oxides.

The opaque minerals consist of several components: magnetite, ilmenite, spinel,
and a series of other iron oxides (probably hydrated) which have formed from the
magnetite. The relationship between the various components suggests that the
minerals have passed through a multistage history involving original crystallisation,
alteration under oxidising conditions, and recrystallisation under elevated temper-
atures. Late alteration at lower temperatures probably took place during the cooling
history of the host rock, although this is not always divisable from the first phase
of alteration. These stages agree with the history of the anorthosite fragments sug-
gested from the field setting although the evidence is too small to make a firm corre-
lation between the two.

The dominant mineral present is magnetite showing a pale pinkish-buff coloura-
tion in reflected light which becomes quite pronounced using oil immersion objectives.

The first phase in the history of the mineral was the exsolution of spinel in
minute quantities parallel to the {111} planes in the magnetite. This presumably
took place early in the crystallisation history of the anorthosites.

The exsolution of spinel was followed by that of ilmenite. The temperature for
this exsolution is unknown and in view of recent work on the relationship between
magnetite, ulvospinel and ilmenite it would be unwise to make any suggestions
without an accurate knowledge of the oxidation and reduction history of the rock.

The {111} trellis formed by these ilmenite lamellae is moderately uniform. In
some areas one or two of the lamellae directions may be dominant leading to a
slightly patchy appearance under partially crossed nicols and the development of
a diamond trellis instead of the more usual equilateral triangles. Individual ilmenite
lamellae measure in the order of 1 um x10 nm and thus their detailed structure is
too small to be resolved optically. It seems possible that the pink colouration of
ilmenite lamellae on a sub-microscopic scale. There is no evidence from the directions
of the ilmenite lamellae that ulvospinel developed as an independent phase at any
stage although it presumably was present in solid solution with the magnetite before
the formation of the ilmenite lamellae. In some of the smaller grains the exsolution
of ilmenite is on a larger scale than normal and forms a complex intergrowth with
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altered magnetite. This intergrowth is in the form of diamond shaped dendritic
individuals of ilmenite with {111} control of the dendrites making up each ilmenite
crystal. These dendrites may have formed by the coalescence of independent ilmenite
lamellae which took place after the original exsolution.

The second stage in the development of the Fe-Ti minerals was an oxidation
and possibly hydration of the magnetite and ilmenite. This gave rise to a patchy
development of a second iron oxide which differs from the magnetite by being silver
-gray in reflected light. The reflectivity is slightly higher than magnetite and there
is a fairly pronounced orange-yellow internal reflection. The mineral appears to be
isotropic which suggests that it is not haematite, however, this may be due to the
sub-microscopic division of the material which masks the properties of individual
grains. The second-stage mineral is clearly later than the magnetite forming the
groundmass of the Fe-Ti oxide crystals as it fills in cracks and fissures cutting the
early exsolution textures. Ghosts of the original ilmenite trellis are left undisturbed
within the second-stage oxide. Most of the larger grains are embayed and show signs
of considerable chemical attack. Some of this undoubtedly took place at a late stage
in the history of the grains, however, it is reasonable to suggest that the main em-
bayment took place as a result of the same process which caused the widespread
formation of the second stage Fe-Ti oxides. The embayment of the crystals was
accompanied by the formation of discordant veins and patches of non-isotropic,
poorly reflecting material believed to be an iron hydroxide.

The oxidation and possible hydration of the Fe-Ti oxides under moderately
low temperature conditions, which occurred during the second stage of their devel-
opment, probably correspond to the widespread alteration of the anorthosites which
took place before their inclusion into their host dykes. This process is more com-
monly seen as sericitisation of the felspars and the breakdown of the original col-
oured minerals.

A third stage in the development of the Fe-Ti oxides is recognised by the
regeneration of magnetite at the expense of the second-stage oxides. The new mag-
netite forms veins cutting both the first and second stage minerals and as rims sur-
rounding and partially replacing isolated areas of the second-stage oxides. This new
generation of magnetite is slightly paler in colour than the early magnetite, possibly
due to a more complete exsolution of Ti oxides. The formation of the second genera-
tion of magnetite was also accompanied by the exsolution of a poorly-reflecting spinel
seen as dark centres to ilmenite lamellae within the new magnetite. This second
phase of spinel exsolution suggests that the anorthosite xenolith was heated strongly,
presumably during its inclusion in its present host. The ilmenite and spinel lamellae
within the second generation of magnetite were exsolved in the normal {111} trellis,
however, there is commonly an angular discrepancy of up to 20° between the new
trellis and the original exsolution pattern in the surrounding early magnetite. This
change of direction shows that the orientation of the new magnetite is not the same
as the first generation and may have been controlled by the crystallography of the
minerals formed during the second stage in the development of the Fe-Ti oxides.

The last process which affected the Fe-Ti oxides was a late alteration and the
precipitation of small quantities of sulphide. The sulphide grains are closely associ-
ated with the embayments seen in the outlines of the main oxide crystals and some
of them may have been formed during the earlier phase of alteration. However, some
sulphide grains are undoubtedly later than the regeneration of magnetite described
above as they are found in cracks and fissures cutting all the earlier structures.

Most of the sulphide grains are too small for optical determination; among
those identified are grains of pyrrhotite and pentlandite. Limonite commonly sur-
rounds the sulphides.
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Two samples (61071 and 30816) were collected from the primary granular
anorthosite blocks found in dyke 2 at the head of Kobberminebugt. Both have
been heavily altered, presumably before their inclusions in their present host. How-
ever, the earliest structures preserved in the specimens suggest that the main opaque
mineral of the granular anorthosite was magnetite with ilmenite exsolved along the
characteristic {111} planes. This early structure is seen in various stages of destruc-
tion and recrystallisation. In 61071 the former presence of magnetite and ilmenite
can only by recognised as amorphous masses of hydrated iron oxides containing a
ghost ilmenite trellis. Within these masses there are strings of fresh rounded mag-
netite grains often distributed along lines suggesting control by the original trellis
pattern in the opaque mass.

30816 shows a more complex history which is probably due to recrystallisation
of the sample under the influence of the surrounding dolerite host. As the sample
was collected close to the margin of an anorthosite block some of the opaque minerals
may have been derived from the host. The Fe-Ti oxides in this sample can be divided
into two main categories. The first consists of irregular broken and corroded masses
of intergrown magnetite, ilmenite and rutile (Fig. 70). The second consists of rounded
grains of fresh magnetite with exsolved ilmenite forming an exceedingly fine trellis
in the groundmass. The grains may coalesce to form irregular patches of magnetite.
The large, broken grains show complex relationships between the component min-
erals which suggest that the grains have passed through a multistage history. In
the centre the grains consist of a rather altered magnetite with ilmenite lamellae
along the {111} planes. Rutile forms thin spearing plates which are generally aligned
parallel to the ilmenite lamellae but which locally cut the earlier trellis discordantly.
In some cases ilmenite lamellae are seen to have been altered to rutile along
their length, the new material containing small relics of the older near to the
boundary. It seems probable that most of the rutile was formed in place by
replacement of ilmenite, limited migration of material taking place to form the
discordant plates.

The complex intergrowth of magnetite, ilmenite and rutile forming the centres
of the grains is surrounded by a clear rim of magnetife against which the older
rutile and ilmenite often end abruptly. In contrast to the rather altered appearance
of the centres of the grains this rim is clear and appears to have been formed by
recrystallisation or addition of new material. A fine trellis of exsolved ilmenite is
seen in the rimming magnetite. In some cases small irregular patches of ilmenite
are found within the central parts of the crystal suggesting that there has been
some recrystallisation of this mineral at the expense of rutile. In one crystal a
new generation of ilmenite has formed across the centre cutting rutile and older
ilmenite.

Many of the larger crystals show signs of mechanical disruption. This may be
seen by the breaking and cracking of the crystals with the formation of small frag-
ments surrounding the main mass or it may be seen in the distortion of the ilmenite
and rutile lamellae within the magnetite (Fig. 71). The fact that the rutile is appar-
ently broken as well as the ilmenite suggests that the disruption took place at a late
stage in the history of the oxides; it is however possible that rutile replaced distorted
ilmenite and retained its form.

There is no direct evidence in the relative time of formation of the outer clear
rim of magnetite and the disruption of the crystals. In general the clear rims appear
late but some crystals have been broken apparently after the formation of the rim.
This may suggest that both disruption and recrystallisation took place during trans-
port of the anorthosites in their Gardar host.
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Fig. 70. Photomicrograph of Fe-Ti oxides in a polished sample of the margin of a
granular anorthosite xenolith in a dolerite host (locality 2 Kobberminebugt). Partially
crossed nicols, x 50, G.G.U. 30816. The oxide grain has passed through a complex

history of alteration and regeneration. The centre consists of magnetite with {111}
ilmenite lamellae. In many places the magnetile has been replaced by an undeter-
mined poorly-reflecting substance while the ilmenite has been replaced by rutile
(white on photograph). At a later stage both ilmenite and magnetile have been
regenerated. This is particularly noticeable on the margins of the grain where the
ilmenite forms irregular rod-like segregations in clear magnetite.

Photograph P. Epwarps, Danmarks Tekniske Heojskole,

The rounded grains of magnetite, which form the second type of Fe-Ti oxide
seen in the sample, may have been formed as the result of addition of new material
from the host or they may be due to a more complete recrystallisation of the mag-
netite-rutile-ilmenite grains in which the rutile has been converted back to ilmenite
under the influence of the high temperature of the host dyke. In either case they
would presumably correspond to the rim of clear magnetite surrounding the first
tvpe of oxide grain.

The last stage in the history of the opaque minerals from the Kobberminebugt
anorthosites was the deposition of small amounts of pyrite and pyrrhotite along
cracks in the magnetite. This affects both types of Fe-Ti oxide grains.
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Fig. 71. Photomicrograph of a second field of view of the same polished sample shown

in Fig. 70. Partially crossed nicols, x 100, G.G.U. 30816. Margin of a magnetite

grain showing small detached fragments and distortion of ilmenite lamellae. The

ilmenite has been partially replaced by rutile (white on photograph). A new genera-

tion of ilmenite formed as irregular grains is seen in the magnetite near the margin
of the grain. Photograph P. Epwarps, Danmarks Tekniske Hajskole.

ii) Textures of Fe-Ti oxides from secondary anorthosites and oxide
megacrysts in Gardar hosts.

The simplest textures are found in samples (61134 and 61183) of the large
oxide grains which surround the plagioclase megacrysts found in Dyke 13, p. 54,
Fig. 34. These are believed to represent primary crystallisation features of the oxides
very little effected by secondary recrystallisation. The oxides themselves are thought
to have crystallised slightly later than the megacrysts they surrounded and possibly
considerably later than the granular anorthosites. The oxide grains are moderately
well developed crystals up to 5 cm in diameter; they partially enclose plagioclase
crystals and show euhedral or subhedral outlines against the host rocks. Many of
the crystals are embayed along the contacts with the host rocks. These embayments
cul across the internal structures of the grains suggesting that the grains were no
longer stable in the host dyke at the time of ils final crystallisation. Several of the
crystals show cracks which have acted as the loci for late alteration of the magnetite.
In many cases embayments of host material in the oxide crystals contain fragments
of magnetite and ilmenite which appear to have been mechanically detached from
the larger grains. A few grains of sulphide are present either in the host rock or
along cracks cutting the oxide grains. These sulphide grains are often surrounded
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by an indeterminate mass of poorly reflecting material. Pyrite, chalcopyrite and
pentlandite have been identified among the sulphides.

The oxide minerals consist mainly of magnetite with ilmenite lamellae exsolved
within them. There are few independent ilmenite grains within the host rock but
most of these appear to have been derived from larger composite oxide crystals.
Ilmenite also occurs within the magnetite crystals as small irregular grains which
may be joined into veins and stringers. Incipient oxidation of the magnetite is quite
common, forming irregular areas with a higher reflectivity than the surrounding
magnetite and showing local red internal reflections. This oxidation is particularly
noticeable at the edge of the crystals and along the larger ilmenite lamellae. The
mineral formed does not show the characteristic anisotropic properties of haematite;
this may be due to the grain size of the new mineral which is replacing the magnetite
in exceeding fine scale intergrowth with ilmenite (cf. p. 201). Some oxide crystals have
been further altered to a substance which shows poor reflecting properties but strong
red internal reflection. This is probably an iron hydroxide.

The ilmenite lamellae are parallel to the {111} planes in the magnetite; they
range in size from sub-microscopic to 0.1 mm wide and several centimetres long.
Individual magnetite crystals may contain up to three different generations of ilmenite
lamellae (primary, secondary and tertiary), the initial exsolution of which is thought
to represent different stages in the early thermal history of the oxides. Some of the
primary lamellae have features thought to have been formed by a later stage of
growth and thus the inter-relationships between the different ilmenite lamellae
generations are variable.

It is impossible to estimate the proportions of ilmenite and magnetite present
in a polished sample as the development of a particular generation of lamellae varies
within wide limits from one part of a crystal to another and because the smallest
ilmenite lamellae are beyond the resolving power of the microscope.

Primary lamellae. The primary ilmenite lamellae divide the oxide crystals up
into large triangular areas. The spacing between the primary lamellae varies con-
siderably and there is no general correlation between their thickness and their
abundance at any one part of an oxide grain. In some fields of view they occupy
over 30 9/, of the area, generally they form less than 5 ¢/, of the total oxide. Primary
lamellae range between 5-100 ym wide and may be over 1 cm long, most are at
least fifty times as long as they are wide although a few crystals develop short stubby
primary lamellae which run en échelon across the mineral. The primary lamellae
may be developed parallel to any of the {111} planes in the magnetite. However, at
any one point the ilmenite lamellae are generally exsolved preferentially in one partic-
ular plane and are therefore parallel to each other. This dominant direction is not
constant throughout the crystals and need not agree with the main direction of other
generations of ilmenite lamellae at the same place. The primary lamellae are straight,
they show a slight thickening and thinning. Thinning is especially common where
two lamellae intersect. Many of the lamellae are zoned with a straight sided, clear,
central zone and marginal areas which contain minute inclusions of a poorly re-
flecting substance, probably a spinel. These inclusions are generally parallel to {111}
and are often in a direct line with secondary ilmenite lamellae in the surrounding
magnetite. The outer margins of the primary lamellae are often slightly irregular
while the central zone of clear ilmenite remains fairly constant in thickness (Fig. 72).
It seems probable that the marginal zones were formed by a secondary addition of
ilmenite after the general exsolution pattern had been established. The presence of
spinel in these late overgrowths may point to elevated temperatures when the oxides
were included in their present hosts. Most of the primary lamellae show tapering
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Fig. 72. Polished sample of Fe-Ti oxide showing {111} controlled primary ilmenite
lamellae with a secondary overgrowlh containing inclusions of an unidentified sub-
stance (?spinel). Partially crossed nicols, = 150, G.G.U. 61135.

ends and it is quite common for several primary lamellae to end simultaneously
within the magnetite. Some of the ilmenite lamellae, especially those which have a
pronounced zoned structure, show forked and irregular endings. This is thought to
have developed at a later stage than the initial formation of the primary lamellae.

The centre of the larger primary lamellae are frequently full of alteration pro-
ducts, including a little sulphide and possibly some haematite. This is presumably
due to the lamellae acting as a structural weakness, at the margins of the oxide
grains; ilmenite is almost always more stable than the surrounding magnetite. Some
of the larger ilmenile lamellae contain thin magnetite veins either centrally or to
one side of the ilmenite. These veins were formed after the exsolution of ilmenite as
may be seen by their cross-cutting relationship to the secondary and tertiary ilmenite
lamellae. They occasionally branch and displace the margins of the primary lamellae.
The late magnetite is lighter in colour than that seen in the general groundmass but
is distinctly buff when compared to areas of late oxidation.

Secondary lamellae. Secondary lamellae occur within the triangular trellis
defined by the primary lamellae. In places where only one set of primary lamellae
was developed the secondary lamellae generally formed along one of the other {111}
planes resulting in a ladder-like texture. The secondary lamellae show a wide size
range and it is only possible to distinguish them from tertiary lamellae with certainty
when all three generations are developed in the same crystal. Typical secondary
lamellae measure 1-5 gm wide and up to 100 gm long; the length is at least twenty
times the breadth. The ends of the secondary lamellae commonly taper on approach-
ing primary lamellae. The distribution of secondary lamellae is very irregular, ad-
jacent interstices belween primary lamellae may show a widely differing develop-
ment of secondary lamellae. In some of the interstices between primary lamellae,
secondary lamellae form a subsidiary trellis, in other inferstices the secondary
lammela show a local preferred orientation with development of a patchwork texture.
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The relationship between the primary and secondary lamellae is complex, many
primary interstices show an increase in the size of secondary lamellae towards the
centre of the triangle. In a few instances the secondary lamellae are formed parallel
and in close proximity to the nearest primary lamella. Other primary interstices are
filled with a fine-grained tertiary exsolution intergrowth in which small secondary
lamellae have developed. A few secondary lamellae show a zoned structure similar
to that described from the primary lamellae. There is occasionally a marked devel-
opment "of secondary lamellae close to cracks and late ilmenite veins. In these cases
the secondary lamellae themselves may form a grid of coalescing irregular veins still
controlled by {111}. This appears to be caused by the growth of ilmenite at a late
stage onto the pre-existing trellis of exsolution lamellae.

Tertiary lamellae (groundmass exsolution). Under low magnification the ground-
mass in which the primary and secondary ilmenite lamellae are developed appears
to be isotropic-and formed of pure magnetite. However, when examined under a
magnification of 500x or more the groundmass is seen to be composed either of
magnetite with ilmenite needles less than 10 um in length or of an interlocking patch-
work of diamond shaped areas with a slightly different extinction position. This
patchwork, which is most noticeable under partially crossed nicols, is made up of
rectangular blocks measuring approximately 2x8 um, the long axes of which are
parallel to {111}. The internal structure of the majority of these small areas is not
resolvable, however, by analogy with the distribution of some of the larger secondary
and tertiary lamellae it seems likely that they are composed of an intergrowth of
magnetite and sub-microscopic ilmenite dendrites with a preferred orientation within
each area. The small scale intergrowth of magnetite and ilmenite which makes up
the groundmass of the oxide grains is much more evenly distributed than either
primary or secondary ilmenite exsolution lamellae and is only absent in areas where
there has been exceptionally strong exsolution of early ilmenite lamellae or where
there has been some recrystallisation. There is commonly some local decrease in the
size of the tertiary intergrowth close to primary or secondary lamellae.

Most of the magnetite crystals are cut by irregular veins of ilmenite made up
of strings of separate grains. Independent ilmenite grains are also found within the
magnetite groundmass. The outlines of both the independent grains and the con-
stituent grains in the veins are commonly controlled-by the {111} direction of the
magnetite. Both are often in optical continuity with primary lamellae which appear
to have acted as a focus for further exsolution of ilmenite. Like the primary lamellae
the veins commonly show a zoned nature with {111} orientated inclusions of a poorly
reflecting substance concentrated near the border. The junction between the primary
lamellae and the grains is sometimes complex, the primary lamellae may pass through
the grain or it may pass through the contact at either side but not continue through
the grain centre. In some crystals the formation of late ilmenite grains appears to
accompany the oxidation of magnetite, in other grains it appears to accompany the
formation of areas of magnetite free from ilmenite exsolution lamellae.

There is a slight tendency for the ilmenite to be concentrated near the margins
of the magnetite as irregular grains. Some of these irregular grains appear to have
been derived by the segregation of ilmenite from the exsolution lamellae while others
appear to have crystallised from the surrounding dyke magma and form symplectic
intergrowths with the silicate minerals. The grains of ilmenite thought to have been
derived from the dyke magma are paler in colour than those which have exsolved
from the magnetite. This may be due to haematite in solid solution. The pale ilmenite
frequently shows no logical relationship to the trellis pattern within the magnetite
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‘and cuts the early exsolved ilmenite discordantly. Many of the oxide grains are
surrounded by a sheath of alteration products containing various oxides and hydrox-
ides of iron. Haematite occasionally occurs as thin wisps within this altered mass.

Independent oxide megacrysts which are presumed to have been formed at
approximately the same time as the plagioclase megacrysts have been noted as
inclusions in some of the felspathic microsyenite-trachydolerite dykes and in the
secondary anorthosite xenolith from Narssaq. They may occur in other gabbroic
hosts but they have not been observed presumably because they would only be
distinguishable from the host’s opaque minerals by careful observations on polished
samples.

Most of the Fe-Ti oxides found as inclusions in microsyenite-trachydolerite
hosts have a broad rim of indeterminable alteration products. A polished sample
(38186) from the western end of dyke 12 (p. 50) shows many features in common
with the large grains surrounding the plagioclase megacrysts in dyke 13 which are
described above. These include three generations of ilmenite exsolution as lamellae,
followed by the formation of grains of ilmenite within the magnetite. However, the
formation of ilmenite as separate grains concentrated at the edge of the magnetite
crystals is more pronounced. The most noticeable differences between the oxide
grains found in the microsyenite-trachydolerite hosts and those from dyke 13 are
the formation of rutile at the expense of ilmenite and the almost complete alteration
of magnetite in some grains so that ilmenite and rutile are left as a comparatively
stable trellis surrounded by an indeterminable mass of iron hydroxides.

The primary lamellae have rather irregular margins and partially enclose areas
showing groundmass exsolution textures which suggests there has been some segrega-
tion of ilmenite after the initial crystallisation of the mineral. The zoned structure
described on p. 205 is not seen. Secondary and tertiary lamellae are also developed,
the secondary lamellae commonly control the exsolution pattern in the groundmass.
The tertiary exsolution is developed on a larger scale than that described earlier and
consists of a graphic intergrowth of ilmenite and magnetite. The ilmenite dendrites
are controlled by {111}, commonly with one direction better developed within a
small area. This produces a patchwork affect when seen under partially crossed nicols.
The size of the two components increases close to independent grains of ilmenite
within the magnetite so that there are commonly quite large areas of magnetite
with no ilmenite lamellae surrounding ilmenite grains. The ilmenite grains appear
to have formed by a separation and segregation of the ilmenite and magnetite nor-
mally found intergrown in the groundmass.

The secondary anorthosite xenoliths from Narssaq and Bangs Havn are com-
posed of a gabbroic host together with plagioclase megacrysts. The gabbroic hosts
contain plentiful Fe-Ti oxides some of which have been derived from the original
anorthosite at depth but which have become so recrystallised that they are miner-
alogically difficult to distinguish from the opaque minerals of the host rock. In the
specimens from Bangs Havn the oxide grains form symplectic intergrowths with
large augite crystals which also enclose plagioclase megacrysts. In polished samples
the oxides are seen to have been attacked either prior to or during the formation of
the surrounding augite. This suggests that they may be derived megacrysts. The
internal relationship between ilmenite and magnetite shows a further development
of the processes described in the samples from microsyenite-trachydolerite hosts in
which ilmenite is gradually separated as independent grains (Fig. 73). Ilmenite
forms up to 80 o/, of the oxides as pure grains within the magnetite crystal boundaries
(Fig. 74). The ilmenite grains are commonly controlled by the {111} direction in the
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Fig. 73. Segregation of ilmenite to form irregular grains within magnetite. Note that

the magnetite surrounding the ilmenite grain is comparatively free from the fine
exsolution lamellae of ilmenite seen in the magnetite further away. Partially crossed
nicols, x 240, G.G.U. 61014. Photograph P. Epwarps, Danmarks Tekniske Hajskole.

magnelite, the grains may reach 2-3 mm across and be made up of several ilmenite
individuals with a slight difference in optical orientation. The texture shown is
similar to large quartz grains which have been subjected to slight strain. Many of
the ilmenite grains show thin twin lamellae which taper al either end. The ilmenite
contains minute inclusions of an unidentified mineral with moderate reflectivily
which shows a consistent orientation within one ilmenile grain. This orientation
changes in the twin lamellae. Many of the ilmenite grains are surrounded by a coarse
intergrowth of ilmenite and magnetite and in some areas within the magnetite
incipient formation of ilmenite grains is shown by coarse segregation of ilmenite
from magnetite free of ilmenite lamellae. Primary and secondary lamellae exist but
they often coalesce and show irregular margins with the groundmass texture. There
are no independent tertiary ilmenite lamellae, the groundmass is formed of graphic
intergrowth of the two minerals controlled by the {111} magnetite planes. This
intergrowth shows the patchy preferred direction of ilmenile exsolution described
earlier., It is thought to have been formed as a result of recrystallisation of original
tertiary ilmenite lamellae. During the recrystallisation process the ilmenite has re-

185 1%



210 D. BrinewaTer and W. T, Harry 11

Fig. 74. Polished sample of Fe-Ti oxides from a secondary anorthosite at Bangs Havn,
Segregation of ilmenite to form large masses near the margins of Fe-Ti oxide grains.
Partially crossed nicols, x 45, G.G.U. 61014,

tained its original orientation so that ilmenite dendrites within one patch of inter-
growth shows three distinct positions of maximum reflectivity.

The opaque minerals from Bangs Havn show an appreciable amount of sul-
phides including pyrite, calcopyrite and pyrrhotite. Some of the sulphides form
complex intergrowths with the oxides.

Sample 49320 from the Narssaq anorthosite shows magnetite crystals with a
comparatively simple trellis of primary and secondary ilmenite lamellae in a mag-
netite groundmass completely clear of tertiary lamellae or intergrowth between
magnetite and ilmenite. The ilmenite forming the primary and secondary lamellae
both show the addition of new material since their original exsolution which can
be seen by the irregular margins and local coalescence of the two generations. It
seems probable that the segregation of ilmenite from the magnetite groundmass
took place when the xenoliths were included into their host to form the secondary
gabbroic anorthosite. Apart from grains of magnetite with exsolved ilmenite the
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Narssaq anorthosites contain independent grains of ilmenite which appear to have
been precipitated during the crystallisation of the secondary host. This ilmenite is
distinctly paler than the exsolution lamellae in the magnetite. One of the magnetite
crystals shows considerable signs of mechanical deformation before the solidification
of the surrounding material suggesting that it has been derived from an earlier
source in a similar manner to the felspar insets. This deformation is clearly seen
distorting the ilmenite trellis within the magnetite and in places completely dis-
locating the crystal. After this dislocation took place a new generation of ilmenite
was formed which veins the older magnetite and ilmenite along the planes of disloca-
tion. The veining ilmenite is the same colour as the independent ilmenite grains in the
surrounding gabbroic matrix of the secondary anorthosite. There seems no reason
to doubt that the early generation of magnetite and exsolved ilmenite represents
partly recrystallised textures developed in the original anorthosite while the ilmenite
grains and vein fillings were derived from their host.

b) Methods and results of strontium and barium
spectrographic studies

Strontium and barium were determined by H. BorrineBERe, using a Hilger
“large Quartz-spectrograph’ focussed onto plates set in the range 2800 A to 5000 A.
The specimen was powdered and mixed with analytical carbon containing 0.02 ¢/, Pd
as an internal standard. The intensities of the Sr line at 4607 A and the Ba line at
4934 A were compared to the Pd line at 3404 A. Strontium and barium standards
were prepared artificially to cover the total range from 1--0.001 ¢/, in a synthetic
mixture of 55 ¢/, SiO,, 809/, Al,O,; and 15 ¢/, NaCO,.

The detailed results are listed in Table 6 together with the results of determinations
of identical samples using other methods (J. R. BuTLERr, Imperial College London).

¢) Methods and results of X-ray powder and single crystals studies

i) X-ray powder patterns.

X-ray powder patterns of 36 felspar samples were made by M. Dang and
E. Kroca AnpErsEN using a diffractometer. CuKe« radiation was used in the 2 6
range from 21° to 36°. 33 of the samples examined were taken from the natural
anorthositic rocks and plagioclase megacrysts described in this paper and one of
the samples was re-examined after heating (p. 414). Samples of the concordant anor-
thositic layers in the gneisses of the Neria district and a labradorite phenocryst
from an olivine basalt lava extruded during the 1964 eruption on Surtsey were used
as standards of plutonic and volcanic origin respectively. The angular separations
26 (131)+ 26 (220) — 46 (131), (I") and 26 (111) — 26 (201), (B), (SmrTH and Gay, 1958)
were determined and are listed in Table 7. Fig. 75 shows the result of plotting the
angles I" and B against the felspar composition obtained by refractive index measure-
ments using a variety of symbols to indicate the different types of inclusion examined.
The refractive index measurements were made on the same powder as the material
used for X-ray determinations before final crushing and there is no reason why
there should be a compositional difference of more than 2 °/; An between the samples
used for X-ray studies and the fraction separated for refractive index measurements.
Universal stage determinations of the twinning and “structural state’ of the felspars
(p. 100) were carried out as far as possible on material from an adjacent slice to that
X-rayed.

Since one of the peculiarities of the felspars described in this paper is the ap-
parent lack of well defined peaks in the X-ray powder patterns (especially notice-

14*



Table 6. Strontium and Barium analyses.

4

Anorthite Sr content Ba content

G.G.U. No. Type of rock Locality (Mol. %) (p.p.m.)  (p.p.m.) Remarks
25226 Granular massive anorthosite Augiata tasia, Isortoq 59 1500 250
61071 h Granular massive anorthosite Inner Kobberminebugt 60 800 200
610711 Granular massive anorthosite Inner Kobberminebugt 59 900 200
61071j Granular massive anorthosite Inner Kobberminebugt 59 1200 200
32028 Clear subhedral bytownite Térnarssuk 78 400 70
megacryst in olivine gabbro
758 AT/591 Black megacryst in alkali West Kobberminehugt, 54 1000 300 X-ray fluorescence gives 1000
dolerite p-p.m. Sr
758 AT/59 2 White margin to above West Kobberminebugt 53 1100 700 X-ray fluorescence gives 1000
p.-p.-m. Sr
61073 1 Black megacryst Inner Kobberminebugt 55 1000 600
61073 2 White veins in above Inner Kobberminebugt 53 1000 300
27411 Black megacryst in alkali West Kobberminebugt 54 1100 400
gabbro
61086 2a Centre of white megacryst in  Nunatak 10 km east of
alkali gabbro Kobberminebugt 58 1000 200
61086 2b Margin of megacryst in alkali Nunatak 10 km east of
gabbro Kobberminebugt ca.bh 1600 400
61086 2¢ Interstitial felspar between Nunatak 10 km east of
megacrysts Kobberminebugt 35 1000 1700
61086 8 Centre of megacryst Nunatak 10 km east of
Kobberminebugt 58.5 1000 200
61102 Host gabbro to 61086 Nunatak 10 km east of
T7 L Lo ton alian ke ae ANnnn ALON
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Lol/1d

25171b

25214

61001

61066

48307

48319

60037(1)

49324

49324 1

43749
55464 ¢
55464 ¢ 1

Uldbsy cleavage lragluens 11

gabbro

Glassy cleavage fragment in
gabbro

Megacryst in gabbroic second-
ary anorthosite

Megacryst in gabbroic second-
ary anorthosite

Black felspar megacryst from
trachy-dolerite

Glassy megacryst from trachy-
dolerite

Black megacryst from micro-
nepheline-syenite dyke

Black megacryst from micro-
syenite dyke

Interstitial host rock sur-
rounding 60037

Glomeroporphyritic mass in
trachydolerite

Plagioclase from Assorutit
layered anorthosite

Plagioclase from Assorutit
layered anorthosite

Megacryst in marginal gabbro
Megacryst in marginal gabbro

Megacryst in marginal gabbro

neaua vl 1sorvoy
Head of Isortoq
Inner Kobberminebugt
Mainland east of Bangs

Havn
5 km east of Kobber-

minebugt
“Vatnahverfi”’
“Vatnahverfi”
Igaliko fjord
Igaliko fjord
Narssarssuaq
Assorutit

Assorutit

Klokken
Klokken
Klokken

o/

57

62

53
52

49

53

26

56

56

48
52
52

100V

1200

1000

1200

1600
1800

2000

2500

900

2100

2700

1700

2200
2000
2500

ZoV

280

400

700
800

800

700

900

800

400

900
700
800

l Isotope dilution gives 2108
p.p.m. Sr on similarspecimen

X-ray fluorescence gives 2200
p.p-m. Sr

(continued)
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Table 6 (cont.).

Anorthite Srcontent Ba content

G.G.U. No. Type of rocks Locality (Mol. /) (p.p.m.) (p.p.m.) Remarks
55466 2 Megacryst in marginal gabbro Klokken 53 2800 1000 X-ray fluorescence gives 2200
p.p.m. Sr
55466 1 Megacryst in marginal gabbro Klokken 51 2100 800
43751 Plagioclase separated from Klokken 52 2100 1800
marginal gabbro
56954 a Centre of glassy black mega- Narssarssuk 54 2500 700
cryst in marginal syenite
56954 a1 Centre of black megacryst Narssarssuk 54 2800 1000
56954 a 2 Clear mantle to black mega- Narssarssuk 54 3000 1000
cryst
56954 a 3 Sericitised margin to black  Narssarssuk — 3200 2300
megacryst
56954 c1 Black centre to megacryst Narssarssuk 54 3200 1000
56954 ¢ 2 White margin to megacryst Narssarssuk 54 3300 2800
56954 Felspar from host rock. Narssarssuk — 3000 2400
{altered gabbro)
56961 Black felspar in syenitic host Narssarssuk 54 3000 1700
56961 a Syenitic host (probably con- Narssarssuk — 1500 ca. 1%, Syenite highly contaminated
taminated) by anorthosite
68824 Black megacryst in pre- Neria 62 500 70
Gardar-dyke
68824 a Black megacryst in pre- Neria 59 1000 200 X-ray fluorescence gives 1000
Gardar dyke p.p.m. Sr
68824 b Black megacryst in pre- Neria 61.5 1000 200

Gardar dvke
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VIV/D

68508

25295
25232
25176
25194
25209
31213
25238
38639

31272
38142
20632

77993

7799

25266
25267

AUA HITEAUTYDdL 1l Pro- iNTI11a

Gardar dyke

Concordant anorthosite layer Fiskenssset district
in gneisses (B. WINDLEY)

Plagioclase from other Gardar dykes

110° early Gardar dolerite Isortoq
110° early Gardar dolerite Isortoq
Early Gardar gabbroic plug Isortoq

70° early Gardar gabbro dyke Inner Kobberminebugt
70° early Gardar gabbro dyke Inner Kobberminebugt

70° early Gardar gabbro dyke Isortoq
70° early Gardar gabbro dyke Isortoq

Inclusion of layered gabbro
in mid-Gardar dolerite

60° mid-Gardar dolerite Isortoq
60° mid-Gardar dolerite Isortoq
Total plagioclase separated Eqaloqarfia

from unfractionated gabbro

Total plagioclase from fel-
spathic layer in Tugtutoq
gabbro

S.E. Tugtutoq

Total plagioclase from ‘“nor- S.E. Tugtutdq
mal” gabbro, Tugtutoq
gabbro

 Plagioclase from post-Gardar dolerites

150° post-Gardar dolerite
150° post-Gardar dolerite

Augiata tasia, Isortoq
Augiata tasia, Isortoq

Inner Kobberminebugt

vu

85

46
53
60
56
59
42
46
59

48
46
72.5

45

55

46.5
40

Lvuv

140

1000
1000
1000

800

800
1200
1300
1100

1500
1400
1500

1800

1500

1000
1400

500
300
300
260
300
700
600
300

1000
600
400

1500

1000

800
700

Mean of several determina-
tions, X-ray fluorescence
gives 130 p.p.m.

All plagioclases separated
from dyke rocks determined
by fusing felspar to glass
and determining the refrac-
tive index
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Table 7. B and I' value

N Compo- B I' (main I {second- T f inclusi

~NO- sition peaks) ary peaks) ype ol inclusion
49324 58 0.84 0.59 0.89 Assorutit layered anorthosite
61070 60 0.84 0.90 — Kobberminebugt, massive granular anorthosite
61047 58 0.90 0.83 0.45 Granular aggregate, Bangs Havn gabbro
61099 58 0.83 0.74 0.97 Granular aggregate in alkali gabbro
61001 a 60 0.87 0.42 — Broken megacryst, Bangs Havn gabbro
61001b 55 0.93 0.25 0.55 Broken megacryst, Bangs Havn gabbro
61086, 58.5 0.86 0.60 0.87 Glomeroporphyritic aggregate in alkali gabbro
61086, 59 0.86 0.60 0.78 Large single clear megacryst in alkali gabbro
61086, 54.5 0.88 0.56 0.91 Breccia of small fragments in alkali gabbro
610864 58.5 0.82 0.76 0.94 Large glassy megacryst in alkali gabbro
25171 58 0.86 0.74 0.98 Large glassy megacryst in alkali gabbro
61073 w 53 0.91 0.48 — Clear lamellae from large megacryst
61073b 55 0.88 50 — Dark lamellae from large megacryst
49332w 50 0.87 0.49 — Clear part of black and clear megacryst
49332b 51 0.92 0.29 0.75 Black part of same megacryst
49332b, 51 0.91 0.36 0.68 Second sample of black felspar from same megacry
49332h 51 0.83 0.81 o 42332Db after heating for 28 days (p. 114)
758%9'I~‘w 49 0.88 0.26 — Clear rim to black felspar (Plate 1b)

T . L .

758‘%?1) 53 0.93 0.30 — Large black felspar inclusion in alkali gabbro
27411 54 0.88 0.22 0.58 Large black megacryst in hormblende gabbro
61066 52.5 0.88 0.58 0.85 Black megacryst in trachydolerite host
60037, 52.5 0.93 0.33 0.65 Black megacryst in trachydolerite host
60037, 52 0.91 0.29 0.59 Black megacryst in trachydolerite host
48307 52 0.87 0.66 0.99 Glassy clear megacryst in alkali dolerite
48319 49 0.89 0.65 0.95 Glassy clear felspar in nepheline trachyte
43749 48 0.92 0.32 0.69 Megacryst in margin of Klokken intrusion
55464 49 0.89 0.42 — Black megacryst in margin of Klokken intrusion
55464, 53 0.9 0.24 0.54 Gray megacryst in margin of Klokken intrusion
55466, 51 0.91 0.38 0.73 Black megacryst in margin of Klokken intrusion
55466, 54 0.90 0.37 0.77 Black megacryst in margin of Klokken intrusion
68824 62 0.86 0.63 0.88 Black megacryst from pre-Gardar olivine gabbro
688244 59 0.88 0.37 0.60 Black megacryst from pre-Gardar olivine gabbro
68824b 61.5 0.88 0.46 0.76 Black megacryst from pre-Gardar olivine gabbro
69675 65 0.90 0.41 0.71 Black megacryst from pre-Gardar olivine gabbro
69625a 60 0.87 0.64 — Plagioclase from anorthositic layer in gneiss, Neria
Surtsey 62 0.78 1.04 — Phenocryst from 1964 eruption, Surtsey
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rom plagioclase inclusions.
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111 & 130 peaks

Structural state and composition from universal stage
measurements
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Clear separation

Clear separation
Compound
Broad compound
Broad compound
Compound
Compound
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Separable
Compound
Broad compound
Separable

Broad compound
Separable

Broad compound
Broad compound
Compound
Sharp single

Mainly intermediate or volcanic, gives Ang;_; consistently

Very large scatter from below plutonic to above volcanic
curves

On plutonic curve at Angg

Considerable scatter. Y to twin axis 74° instead of ~62°
expected

Extreme scatter Y to twin axis 41° instead of ~60°
expected

Considerable scatter. An determinations vary by up to

20°/,, most of optical measurements closer to volcanic

curves

Very large scatter from plutonic to volcanic. Up to 259/,
variation in An determinations

Fairly constant results close to volcanic curve at An,,

Constant results close to plutonic curve at Ang,

Twinning too fine for accurate determinations

Give fairly consistent volcanic optics with Ang, compo-
sition

Consistent volcanic optics at Ang,

Close to plutonic curve at An,,

Close to plutonic curve at Ang,

Close to plutonic curve at Ang, and Ang, (some scatter)
Below plutonic curve at An,,

Plutonic optics on curve at Ang,
Volcanic optics on curve at Ang,
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Fig. 75. Diagram to show the relationship between I and B, and the anorthite
content of various plagioclases found as inclusions in Greenlandic intrusions. A
sample from Surtsey and a plagioclase from a metamorphic rock were used as volcanic
and plutonic standards.
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4
7
6
5 M and -
130 m
1 1 1
290 24 23 22

Fig. 76. Powder patterns from 7 plagioclases the properties of which are given in
Table 7. All peaks are on the same scale.

Fig. 76 a. Powder patterns in the range 26 29°-32° to show different types of 131

reflections:

1) G.G.U. 69625a: Ang, plagioclase from gneisses of Neria district, single 131
reflection.

2) G.G.U. 48319: An,, glassy megacryst with moderately developed double 131
reflection.

3) Ang, volcanic plagioclase from Surtsey, single sharp reflections.
4) G.G.U. 49324: An;, Assorutit laminated anorthosite, clear double 131 and 131
reflections.

Fig. 76b. The effect of artificial and natural heating on 110 and 130 reflections.

5) G.G.U. 49332w: natural clear felspar rimming black megacryst. Note slight double
peak at approximately 23.7°.

6) G.G.U. 49332b,: black megacryst, note pronounced double peak at 23.7°.

7) G.G.U. 49332h: heated black megacryst, note single peak (presumably compound
of 111 and 130).
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able in 131 reflections) the values of I" given in Table 7 were obtained by selecting
the main reflection in the 26 range 81° to 32°. The values are qualified in Table 6
by a description of the type of 131 peaks seen in the powder pattern. Where possible
2 values of I" are given, the weakest is always given second irrespective of the size
of the separation. Typical examples of powder pattern tracings are shown in Fig. 76a.
Double values were not obtained for B, presumably because the separation between
111 and 201 is small. In general the values obtained for B fall at approximately the
same position between the volcanic and plutonic curves as the main value obtained
for I', however, in a few examples the differences are larger than could reasonably
be expected as experimental error. This may suggest that the B values obtained are
averages corresponding to intermediate values of I" between the two listed in Table 7.
The large discrepancy in f* noted below was not reflected in the values of B ob-
tained from the powder patterns. This is presumably due to the fact that B does
not depend on B* alone and a relatively large difference in f* need not cause a
corresponding large difference in B.

Both I' and B commonly lie outside the limits drawn by Smita and Gay,
especially on the plutonic side of the standard curves. Apparently identical samples
of felspar from the same large crystal did not give the same value of I" and B. This
confirms the suggestion from optical studies that although the plagioclase crystals
are chemically homogeneous they show considerable differences in crystallographic
properties from one part of a crystal to another. For comparison with the X-ray
data the dominant characteristics found from universal stage measurements are
given in the last column of Table 7. In general the optical results show a far greater
scatter than the powder patterns. This can be expected because of the averaging
nature of powder samples contrasting with the point determinations using a universal
stage. If the universal stage measurements showed consistant values for the angles
between X, Y and Z, and the twin axis within any one plagioclase crystal the values
of I and B obtained generally fell on the plutonic curves at the same composition
as given by the optical orientation. This however did not always correspond to the
composition given by refractive index studies.

Powder patterns from several of the large megacrysts show a clear double peak
in the 20 range 23.5°-24°, Fig. 76b. This is particularly prevalent in the large black
megacrysts although it may also be present in samples from large xenoliths, for
example, the Assorutit block. The double peak is characteristically absent from the
clear rims surrounding black felspars, the Surtsey felspar, and the heated sample
of black felspar (49332h). According to Smite (1956) sodic felspars show reflections
in the 26 range 23.5°-24.5° corresponding to the 111, 130, and 130 faces. When the
felspars are heated the 111 and 130 peaks become inseparable. In the intermediate
felspars the 2 6 value for 130 is over 24° and while no 2§ values are given for 111 and
130 they can be presumed to lie close together between 23° and 24°. The clear double
peaks in the 26 range 23.5-24 seen in the powder patierns of some of the felspars
used in the present study may correspond to reflections from 111 and 130 faces.
The fact that these double peaks are inseparable in the powder pattern of artificially
heated black felspar and that they are also inseparable in the powder patterns of
the clear rims to the black megacrysts gives some support to the idea that the clear
felspar formed from the black felspar when the latter was heated naturally in its
host dyke.

ii) Single crystal X-ray photographs.
Single crystal X-ray photographs were taken of small fragments of black and

clear felspar separated from the same plagioclase crystal (49332). The hol and okl
planes of the reciprocal lattice of the black felspar were photographed using CuKa
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radiation. On these two photographs (Plate 2) all the reciprocal constants could be
measured directly and the following values were calculated for the unit cell:

a= 8172 A « = 93°277
= 12.84 A B = 115°07"
c = 1409 A y = 90°00/

Partial analysis of the crystal together with refractive index determinations
gave a composition of An,, with a maximum variation of = 2 9/, anorthite in the
black felspar.

According to Hintze (1897) p* is 63°38” for andesine, 63°54” for labradorite
and 63°57° for anorthite. The angle measured (64°50") is approximately 1° larger
than would be expected in a felspar of the composition quoted. A corresponding
discrepancy is found in the calculated angle g (115°07°) which HintzEe gives as
116°28” for andesine and 116°03” for labradorite. The angles o and ¢ agree closely
with those given by HinTtzE.

A similar set of precession photographs were taken of clear material from the
crystal. Unfortunately the initial orientation of the fragment was not ideal and
p* could not be measured directly. Calculated values varied between 62°15” and
63°40” according to the method used. The average value for §* was 63°17" which
differs significantly from the black felspar and is lower than the angles for andesine
and labrodorite given by Hinrtze. It was decided that further studies were unlikely
to increase our knowledge on the origin of the anorthosite. Copious material is
available should further work be of interest from a crystallographic point of view.

d) Method used in plagioclase determination

At present refractive index measurements appear to be the only widely accepted
optical method of determining the composition of plagioclase. Provided that a
permanent laboratory is set up for refractive index work the method is approxi-
mately as fast as universal stage determinations. Refractive index measurements
are obviously ideal for the large unzoned crystals described in this paper especially
as methods relying on the orientation of the optical indicatrix proved extremely
unreliable. Determination of zoned plagioclase is more time consuming, however,
with practice at least the outer and inner parts of a plagioclase can be taken out
of a thin section using a needle and determined in the normal manner.

The method described below has been developed from the work of Tsusorl
(1923) and MicueeLsenN (1957). It relies on the use of a monochromotor. This instru-
ment considerably reduces the time taken for each determination and provided that
measurements are made in the range 6000 A-5000 A it is thought to be more accurate
than several recently described procedures.

TsuBor’s classic work on the determination of plagioclase using cleavage flakes
is widely known but his equally important work on the dispersion of plagioclase is
neglected. MiceeEeLsEN has developed an elegant immersion method of measuring
the refractive indices of a mineral using optical glass as an internal standard. This
has considerably increased the accuracy of refractive index determinations and has
provided a rapid technique by which mineral dispersion curves can be drawn with
considerable accuracy.

i) Summary of the MicueeLsen glass method.

The most significant feature of the MicrEELsEN glass method is that the re-
fractive index of the immersion liquid is determined at the same time as the refractive
index of the mineral studied. This eliminates many of the errors inherent in refrac-
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Standard liquid
dispersion curve

L

Standard mineral
dispersion curve

|m
© 1" Mounting liquid
= ~ dispersion curve
o i .
Wrz‘-/‘ — Unknown mineral
| n* dispersion curve
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m _de—-- s
______ 7 l
7
7 |
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I
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7000 A 5893 A "4500 A
Wavelength
Fig. 77. Diagram to illustrate the MicueeLsen glass method of refractive index
determination.

tive index determinations due to such factors as local heating of the mount while
on the microscope stage.

The mineral powder is mixed with a standard optical glass powder of known
dispersion and with a refractive index close to that of the mineral. Both are im-
mersed in a liquid in the series paraffin oil-monobromo-napthalene and are examined
using light from a variable monochromatic light source. The refractive indices of
the liquid and mineral are determined by noting the wavelengths at which the
Becke line disappears, first between standard glass and liquid and second between
liquid and mineral. Knowing these two wavelengths and the dispersion of the stand-
ard glass, the dispersion of the mounting liquid and the dispersion of a mineral
similar to the mineral studied (called the standard mineral below), the refractive
index of the unknown mineral can be found graphically (Fig. 77, modified from
MicHesLsSEN, 1957, fig. 1, p. 180).

Procedure

1) W, is marked on the standard glass dispersion curve at the wavelength
W, at which standard glass and the mounting liquid have the same refractive index.

2) The dispersion curve of the mounting liquid (k1") is constructed through
W, parallel to the dispersion curve of the nearest standard (k I). The intersection
(point p) of the curve k’l” with the D line gives the refractive index of the mounting
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liquid. (1f the difference between the refractive index of the mounting liquid and that
of the standard liquid is more than 0.005 then the curve k'Y should be interpolated
between two standard curves. This is because the slope of the dispersion curves of
the liquids increases as their refractive index at D increases).

3) The point W’, is marked on the k’l’ curve at the wavelength W, at which
mounting liquid and the mineral to be determined have the same refractive index.

4) The dispersion curve of the mineral to be determined (m'n’) is drawn through
W', parallel to the dispersion curve of the standard mineral (m n). The intersection
of the curve m’n’ with the D line at point q gives the refractive index for D light
of the mineral to be determined.

If the dispersion of the mineral is unknown this may be found simply by
determining the wavelengths W, and W, several times using the same mixture of
glass and mineral and a series of liquids. This is most conveniently carried out by
using a heating cell, a slight rise in temperature will lower the refractive index of
the liquid appreciably without affecting those of the mineral and glass significantly.
The dispersion curve of the mineral and its refractive index can be determined by
drawing a curve through the points W', found for each combination of glass, liquid
and mineral.

The following practical details may prevent a considerable waste of time:

1) If the refractive index of the mineral is completely unknown an approxi-
mate determination should be made in white light. The mounting liquid used in
the final determination shoule have a refractive index no more than 0.001 above or
0.005 below that of the mineral.

2) The optical directions in the mineral can either be selected from cleavage
fragments or by orientation of a grain on the universal stage. If the second method
is used it is generally necessary to mount the minerals in a suitable medium before
placing on the universal stage. In the present study a mixture of shellac and alcohol
was allowed to dry on a microscope slide. While still sticky plagioclase grains plus
glass were shaken onto the surface. Sufficient grains remained mounted to allow
manipulation on the universal stage. If a three or four axis stage is used it is vital
to check that the lower polarisor is parallel to the E-W axis of the stage when the
determination is made.

ii} Modification of the Micuerisen method applied to plagioclase
determination.

If a large number of plagioclase determinations are to be made using glass and
liquid within a narrow range of refractive indices the graphical method outlined
above can be simplified so that the refractive index of the liquid can be read directly
knowing the wavelength W, (see Plate 5). On Plate 6 the refractive index of the
mineral can be determined if the wavelength W, and the refractive index of the
liquid determined from Plate 5 are known.

From MicueeLsen’s method described above it can be seen that when the
wavelength W, is known for any combination of a standard glass and a member of
the paraffin oil-monobromo-napthline series then the refractive index of the liquid
is also known. Plate 5 shows curves relating W, with the refractive index of the
mounting oil using the dispersion curves of five standard glasses given by the manu-
facturers and the dispersion curves of 5 standard liquids.

Construction of Plate 5.

Fig. 78 shows the relationship between the dispersion curves of two standard
liquids and a standard glass. The dispersion curve of the liquid that has the same
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/ Upper standard liquid dispersion curve

b - Mounting liquid dispersion curve

- Glass dispersion curve

/Lower standard liquid dispersion curve

Refractive index

D Wi 1
7000 A 5893 A 4500 A
Wavelength

Fig. 78. Diagram to illustrate the method of construction of Plate 3.

refractive index as the standard glass at a given wavelength W, intersects the D
line (5893 A) at P. The refractive index of P may be expressed as R+ X where R
is the refractive index of the lower standard liquid at D and X is the distance R to P.
The value of X can be calculated at varying values of W, from the relationship

c
X = aB,
liquid at W,, b is the difference between the standard liquid dispersion curves at
W; and c is the difference between the standard liquid curves at D.

Plagioclase-liquid curves.

Similar curves can be constructed relating the wavelength at which the mineral
to be identified and the now determined mounting liquid have the same refractive
index (W,) with the refractive index of the mineral at D. Plate 6 shows the result
of constructing these curves using four standard liquid dispersion curves and the
data publishing by Tsusor for the dispersion of labradorite. According to Tsumror
the dispersion of X, Y and Z are not significantly different, therefore only the data
for X were used to construct the curves. For convenience a range of curves corre-
sponding to liquids at 0,001 intervals have been interpolated from the four original
curves drawn with slightly heavier lines in Plate 6.

where a is the difference between the standard glass and lower standard

To determine the refractive index of plagioclase from Plate 6.

1) Using the result determined from Plate 5 chose the appropriate curve which
cuts the D line at the refractive index of the mounting liquid.

2) The intersection of this curve with the wavelength (W,) at which plagioclase
and mineral have the same refractive index gives the refractive index of the mineral
in sodium light.
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Refractive index

Refractive index
of liquid at D

An 75

5893 A 4500 A Composition
Wavelength

Fig. 79. Diagram to explain the use of Plate 6.

If standard glasses are not available to measure the refractive index of the
liquid during the mineral determination Plate 6 can still be used with values for the
refractive index of the liquid obtained by other methods. This, however, reduces
the potential accuracy of the method.

Hgess’ curves for the determination of anorthite content are represented on
the right side of Plate 6. All the felspars from the anorthosites in South Greenland
produced well formed cleavage fragments when crushed by percussion and Tsusor’s
cleavage fragment method was perfectly satisfactory for rapid determinations. In
order to maintain consistency in the results obtained by measuring X and X’ Tsusor’s
original curve has been modified in Plate 6 so that the X refractive index quoted by
Tsusoi for a felspar used in constructing his curves is assumed to have the same
composition as a felspar with an identical X refractive index on Hgss’ curves.

Accuracy of the method.

The refractive index of a given grain can be determined within limits of - 0.0002.
This is equivalent to a relative change of less than 1 ¢/, anorthite and is well within
the graphical accuracy of most determinative curves. Absolute error in the determina-
tion of anorthite content is probably in the region of + 2 ¢/, An, due to the differ-
ences in refractive indices shown by felspars with identical chemical compositions
and the effect of other constituents, notably potash felspar. In the present study
there seems no reason why there should be a relative error of more than 19/, An
between different samples.

185 15
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Table 8a. Dispersion curves of 2 labradorite felspar specimens
(determined by T. JorGarT).

G.G.U. 25171
Wavelength (A)  R.I. X’ R.I. 7/
6070............ 1.5547 ..
5710. . .......... .. 1.5623
5540 .. ... 1.5576 .
5260 ... ... ..., . 1.5640
GOGO0. ... i, . 1.5664

Clear margin to black felspar
G.G.U. 49322

Wavelength (A) R.I. X’ RI 7

6440..... ... ... 1.5571
5740..... .. ..., 1.5589
5360............ 1.5611 .
5230............ .. 1.5669
5130............ 1.5628 ..
5020..........., .. 1.5684
5910............ 1.5646 ..
4660............ .. 1.5713
A540. ... ... ... . 1.5726

Table 8b. Dispersion curves of plagioclase glass.

G.G.U. 49324
Wavelength (A) R.L
6500.............. 1.5320
5890.............. 1.5343
9150, ... .. ... ... 1.5381
4680. ... ... ...... 1.5415

Data used.

1) Felspars.

The dispersion curves for labradorite were taken from Tsuso:r (1923, p. 102).
As Tsusor’s original work showed that the dispersion curves of X, Y and Z are
essentially parallel in felspar only the figures for X were used. As the optical prop-
erties of the plagioclase from the South Greenland anorthosites are anomalous
measurements of the dispersion of two specimens were carried out. The results
(kindly determined by T.Jorecart) are given above (Table 8a). No significant
difference can be seen between these results and those of Tsusor.

The dispersion curves of a series of plagioclase glasses (ScuAIRER, SmiTH and
CHAYES, 1956) were determined and a set of typical results is given in Table 8b.
The plagioclase glasses were made by heating powdered felspar wrapped in platinum
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foil in an air-gas burner. In most cases the dispersion curves obtained for the plagio-
clase glass was similar to the dispersion curves of plagioclase crystal grains but a
few single glass grains showed variable properties from one part of the grain to an-
other so that it was impossible to obtain an accurate refractive index using a mono-
chromator. This variability in properties within one grain is thought to be caused
by the rapid cooling necessary to obtain a felspar glass. Quenching of this kind
frequently leads to optical inhomogeneities in glasses caused by strain. The lack of
consistency in the dispersion curves of plagioclase glass suggests that the method
cannot be used for the most precise determination of plagioclase composition.

2} Liquids.

The dispersion curves of the paraffin oil-monobromo-napthaline series of liquids
were kindly supplied by H. MicueeLsEn. He obtained the curves using a hollow
prism and a precision goniometer and the results are believed to be accurate to
+ 0.00002. A paper describing the method and the results is in preparation by
MICHEELSEN.

3) Glasses.

The dispersion curves of the standard glasses were given by their makers. The
following glasses were used:
VEB CARL ZEiss JENA.
PSK 3 70337, nd 1.55284; BAK 5 73641, nd 1.55616; SK 20 Pt 59350, nd 1.55867;
BAK 7 Pt 510297, nd 1.56366.
Cuance-Piringron. Optical works, St. Asaph, Flintshire. NBC 569558, nd 1.56760.

The dispersion curves were plotted on a Hartmann dispersion net No. 397 1/2
supplied by Schleicher & Schiill, Einbeck Hannover. Permission to reproduce part
of this net in Plates 5 and 6 is gratefully acknowledged. I would also like to thank
Crr. Harkier (Geological Institute, Copenhagen) for his advice during the pre-
paration of Plates 5 and 6.

15%



DANSK RESUME

Anorthosit-xenoliter og plagioklas-megakryster optreder 1 intrusive
Gardar-bjergarter (1000-1250 millioner ar) i Sydgrenland mellem 60°30°
og 61°30’ nordlig bredde (Plate 4). De feldspatrige inklusioner er koncen-
treret i gange, der findes i et ca. 70-150 km bredt ost-vestgdende belte,
som fra kysten neer Nunarssuit strekker sig ca. 200 km mod ast til
Indlandsisen. Endvidere er sporadiske forekomster kendt fra Greonlands
ostkyst. Enkelte isolerede fund af feldspatrige inklusioner kendes fra
storre Gardar-plutoner f.eks. fra lujavriterne i Ilimaussaq og fra greense-
zonebjergarter i Igalikokomplekset. Alle hovedforekomster af feldspat-
rige inklusioner, findes inden for et omride, der pdvirkes af nogle store
ost-vestgdende forkastninger med horisontale forssetninger. Disse for-
kastninger kontrollerer formodentligt ogsa tilstedeverelsen og fordelin-
gen af de storre alkaline Gardar-komplekser. ‘

Storstedelen af de feldspatrige inklusioner findes i gabbroide gange,
der er intruderet i en tidlig fase af mellemste-Gardar. Inklusionerne er
iser almindelige 1 @NJ-gdende gabbroer syd for Kobberminebugt, og
1 en gabbroid gangsverm der med ONO-retning kan falges fra Tugtutdq
til Indlandsisen nord for Igaliko-syenitkomplekset. T begge omrader
efterfolges gabbrogangene af mere alkaline trakydolerit- og mikrosyenit-
gange. Disse igen folges af de store plutoniske alkaline intrusioner, der
er dannet i sen-Gardar.

I gangene findes en distinkt sammenhseng mellem inklusionstyper
og veertsbjergarter (se Fig. 49, side 82). Olivingabbro indeholder store
anorthosit-xenoliter og spredte sma basiske labrador-megakryster.
Mindre basiske alkaligabbrogange indeholder store Na-rige labrador-
megakryster samt aggregater bestdende af megakryster og fragmenter
af anorthosit-xenoliter. Trakydoleriter indeholder mindre andesin- mega-
kryster og smé& omdannede anorthositstykker. 1 syenitiske gange er kun
fundet fa inklusioner.

Blandt anorthosit-xenoliterne findes 3 hovedvarieteter: granular
anorthosit, lamineret anorthosit og breccieagtige aggregater kaldet se-
kundeer anorthosit.

De granulare anorthosit-xenoliter er de mest udbredte. De er iser
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almindelige 1 omradet syd for Kobberminebugt, hvor enkelte inklusioner
kan né sterrelser pd adskillige tusinde kvadratmeter. De er grovkornede
med anhedrale plagioklaskorn og indeholder interstitielt mafisk materiale
(Plate 1). Stedvis kan xenoliterne indeholde lagdelte partier, og i de
mindre feldspatholdige lag har feldspaten ofte en tabular form. Sammen-
satte inklusioner, der viser en sdkaldt blokstruktur, er hyppige. Disse
bestar af plagioklasrige aggregater indesluttet i en xenolitvarietet, der
har et lidt sterre indhold af mafiske bestanddele. De mafiske mineraler
udger sjeldent mere end 10 ¢/, af det granulare anorthositmateriale i
xenoliterne. Uomdannede xenoliter er sammensat af labrador (Ang),
olivin (Fag.,), magnetit med ilmenitlameller, sjeldne ortopyroxen-
individer (F'sy.40) 0g enkelte klinopyroxenkorn.

De laminerede anorthosit-xenoliter har en mere begraenset udbre-
delse. De er s@rligt hyppige i den nordligste af de meget brede gabbro-
gange pa Assorutit pd gstkysten af Tugtutdq, i gabbrointrusionen ved
Narssaq og i marginalbjergarter i Igalikointrusionen. De formodes at
reprasentere tidligere lagdelte dannelser, der er associeret med de gabbro-
syenitkomplekser, der findes pd de samme lokaliteter. De laminerede
anorthositer er tydeligt lagdelte med feldspatrige band bestéende af vel-
laminerede tabulare plagioklaskrystaller alternerende med mere mafiske
band, hvori plagioklaslamineringen ikke er serligt godt udviklet. Plagio-
klaserne er moderat zonare fra ca. Ang,.gs til ca. An,g.;,. Interstitiel
alkalifeldspat er normalt til stede. Det dominerende mafiske mineral er
olivin (Fag.5), 0g endvidere findes lidt klinopyroxen (Ca,MgsFes,) og
interstitiel ilmenit.

De sekundeere anorthositinklusioner er almindelige i store gabbro-
gange. Serlig tydeligt ses de ved Bangs Havn pd det ostlige Nunarssuit
og ved Narssaq (Fig. 6, side 25). Begge steder er xenoliterne dannet ved
akkumulation af 1) itubrudte dele af granular anorthosit, 2) noget lami-
neret anorthosit og 3) et stort antal plagioklas-megakryster fra en tidlig
gabbroid fase af inklusionernes veertsbjergart. Xenolitkomponenterne
blev herefter braekket i stykker i en yngre gabbroid fase, hvori de nu
danner de ‘“‘sammensatte xenoliter”, der akkumuleredes i den gverste
del af de gangformede gabbrointrusioner.

Plagioklas-megakrysterne varierer 1 storrelse fra fa centimeter til
ca. 2 meter i lengde. De er almindeligvis euhedrale (Fig. 12, side 29).
Deres gennemsnitlige kornsterrelse overstiger storrelsen af de plagio-
klasindivider, der findes i savel den granulare som den laminerede anor-
thosit, og der er intet tegn p4, at de skulle veere dannet ved en mekanisk
nedknusning af tidligere dannede bjergarter. De fleste af megakrysterne
er mindre basiske end den plagioklas, der findes i xenoliterne; imidlertid
kendes en undtagelse herfra, idet en Gardar-gabbro fra Térnéarssuk inde-
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holder subhedrale bytownit-megakryster (Ang;.g,), olivin.megakryster
(Fay,) og ortopyroxen-megakryster (I's,;). Disse mineraler er stedvis
samlet sdledes, at de danner smé aggregatiske anorthosit-xenoliter.

De storste megakryster er fundet i alkalirige gabbroer, hvori plagio-
klas-megakrysternes sammensetning spender fra Ang, til Ang,. Normalt
er de ikke zonare, nar der ses bort fra en meget tynd rand af feldspat-
materiale (Angs.,,), der stammer fra vertsbjergarten. Megakrysterne i
trakydoleriterne er almindeligvis mindre, idet de i gennemsnit kun er f&
centimeter lange. De er ofte steerkt sericitiserede og omgivet af en rand
af oligoklas og alkalifeldspat, der stammer fra veertsbjergarten. 1 nogle
tilfeelde danner de kerner i rhombeformede alkalifeldspatstrokorn. Deres
oprindelige sammensaetning nar fra Ang, til Ang, og almindeligvis er de
smé krystaller de mindst basiske.

De fleste megakryster er lyse og enten gennemsigtige eller sericiti-
serede, men pa nogle lokaliteter er megakrysterne sorte. Dette gelder
iseer i alkaligabbrogangene i Kobberminebugt og i randzonebjergarter i
Igalikointrusionerne. I hovedparten af gangene synes den sortfarvede
feldspat at have veret ustabil, da den er omkranset af en lysfarvet
feldspatrand (Plate 1b), men i veertsbjergarter, der indeholder primeer
hornblende, er den sortfarvede feldspat stabil. Det antages, pa grundlag
af resultaterne fra magnetiske og thermogravimetriske undersggelser, at
farvningen skyldes den tilstand, hvori jern findes i feldspaten. Denne
tilstand tenkes at veere kontrolleret af den vandmseengde, der var til
stede i magmaet da plagioklasen krystalliserede.

Spektrografiske strontium- og bariumanalyser af feldspatinklusio-
nerne viser ingen signifikante forskelle mellem xenoliterne, megakrysterne
eller andre plagioklaser af lignende sammensatning fra gabbroide Gardar-
bjergarter (Fig. 52 & 53, side 89). Feldspat fra de granulare anorthositer
indeholdt mellem 800-1500 p.p.m. Sr og 200-250 p.p.m. Ba. Megakryster
fra gabbroide veartsbjergarter viste lignende strontium- og bariumind-
hold, medens de der fandtes i trakydoleritiske veertsbhjergarter indeholdt
mellem 1600-2500 p.p.m. Sr og 800-900 p.p.m. Ba. Den laminerede
anorthosit-xenolit fra Assorutit og megakryster fra randzonebjergarter i
Igalikointrusionerne indeholder noget storre mengder af disse elementer,
idet Sr-indholdet udger fra 1700-3300 p.p.m., og Ba findes i 800-2800
p.p-m. Lignende verdier for feldspaternes Sr- og Ba-indhold fandtes i
disse inklusioners veertsbjergarter. Strontiumindholdet holder sig kon-
stant ud gennem omdannelseszoner 1 megakrysterne, medens barium-
indholdet viser en markant stigning neer megakrysternes kontakter til
den alkalibetonede veertsbjergart.

Béde megakryster og feldspaten fra anorthosit-xenoliterne udviser
anomale egenskaber, nir de optiske orienteringer maéles pa drejebord
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og ved anvendelse af reontgenpulveranalyser. Enkeltkrystal presession-
fotografier af bade klar og sort feldspat fra samme megakryst viste ano-
maliteter. Dette var serlig tydeligt i en preve af sort feldspat, 1 hvilken
malingen af f* gav 64°54’, hvilket er udenfor det interval, der ellers er
beskrevet for plagioklas. Det er umuligt at bestemme feldspaternes
sammens®tning ved hjelp af seedvanlige méalinger af de optiske orien-
teringer.

Vartsbjergarterne udviser ingen markante kemiske forskelle fra
andre Gardar-bjergarter. De megakrystholdige ganges Ca-indhold er en
lille smule mindre end andre Gardar-bjergarters, hvilket kan antyde, at
megakrysterne 1 det mindste delvis er dannet 1 vaertsbjergartens magma.
En serlig gruppe gange, i hvilke der findes gradvise overgange mellem
de tidligt dannede inklusionsfri mikrosyenitiske randzoner og de inklu-
sionsrige sent dannede trakydoleritiske og gabbroide centrale dele (Plate
3), tenkes at veere udskilt ved differentiation fra et almindeligt basaltisk
magma. Differentieringen antages at vare fremkommet ved en separa-
tion af de mere alkalirige bestanddele i magmaet, endnu medens dette
var flydende. Fordelingen af inklusionerne i disse gange forklares ved
at antage, at den labradoritiske feldspat ville synke i et syenitmagma,
men forblive flydende i et gabbroidt magma.

Anorthositerne sammenlignes med en raekke storre anorthositiege-
mer i den gvrige verden. Selvom det kan vises, at mange af xenoliterne
har egenskaber, der ligner de man kender fra anorthosit i preekambriske
orogene balter, si er der alligevel ingen grund til at antage, at xenoliterne
stammer fra en pree-Gardar anorthositmasse i dybet under Sydgrenland.
Xenoliterne betragtes som breccierede fragmenter af et anorthositisk
differentiat, der samledes som et neesten monomineralt tagdekke over
Gardar-magmaet. Anorthositerne teenkes at veere krystalliseret i et ba-
saltisk magma, der i kemisk sammensetning star neer en udifferentieret
Gardar-basalt. De udkrystalliserede labradorstrgkorn vil flyde op i det
basaltiske magma, hvilket vil fordrsage den omtalte plagioklasakkumula-
tion neer magmaets top. En tilsvarende dannelse af mafiskbetonede lag
kan have fundet sted, men i s& fald ma denne have resulteret i en an-
samling af de mafiske bestanddele under det niveau, hvorfra senere
Gardar-magma frigeres. Det foreslds, at Gardar-magmaet i dybet kunne
have veret lagdelt, endnu medens det var flydende, med koncentration
af alkalier i den gvre del. Dette kunne forklare den overveegt af alkali-
bjergarter, som findes i forhold til basiske bjergarter i hovedintrusionerne
1 Gardar-provinsen.

Ved den fremadskridende differentiation i Gardar-magmaet bliver
veegtfyldeforskellen mellem magma og feldspat mindre, og pd et tids-
punkt forbliver plagioklaskrystallerne blot svaevende i stedet for at flyde
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opad. Dette resulterede i dannelsen af store Na-rige labradorkrystaller,
der aldrig blev pakket sammen til en fast anorthotitisk bjergart. Dan-
nelsen af sort feldspat tenkes at indikere forhold, hvor anselige
mengder H,O er blevet tilbageholdt i Gardar-magmaet under anortosit-
tagdeekket.

I et appendix preesenteres et seet kurver (Plate 5 og 6) til bestem-
melse af plagioklas, ved hjwlp af preecise lysbrydningsmdlinger baseret
pa “MicHEELSENs glasmetode”.



PESIOME

lapmapckuit naTpysuBHHN Kommaerce IO:xmoit 'pemmammum (1000-
1250 mam. mer), saseratomuit MesEgy 60°30" u 61°30" ceBepHoil mmpoTHL,
XapaKTepUsyeTcHd BKIIOYCHUAMI KCEHOJUTOB AHOPTOBHTA ¥ MeTraKpHC-
rajmoB Iiaruoxaasa. OCHOBHASA Macca BHRIIOYEHWIT IPUYypodeHA K
o0JlacTH CABUrOB BOCTOYHO-3AIAJTHOTO HANIPABIeHWsd, IO Beell Bepod-
THOCTH IOBJIMABIIMX HA PACIPOCTPAHEHHE IVIABHBIX INMETOYHBIX KOM-
IUIEKCOB rapAaapcKoit MarmMarudeckoii cepuu. OcHOBHAA Macca I0JIEBOII-
IATOBHIX BRJIIOYEHHII cocpefoTodeHa B Jalikax, o0pasywommx uosc
mupuaoit ot 70 mo 150 kM. m mporsmenHocThio okOMO 200 EM. oT
samajHoro rmobepesxpsa (paiton Hymapccyur) ma BocTOK J0 Marepmko-
Boro Jsepguuia . CIOpajuyecKy OHH BCTPEYAIOTCA B HIOPOAAX BOCTOYHOIO
noGepessbs I'peHIIaHMUM ¥ B IJIaBHEIX IApRApPCKAX MHTPY3HUAX, HAIPH-
Mep, B JyABpPHTaxX IMeJ0YHOro Maccwsa Mimmayccak u B KpaeBHIX
nopogax komintexca Wrammeo.

l'aG6possie maiikim, cofepsxalue IVIABHYI MAaCCYy IIOJEeBOIIIATOBLIX
BRJIIOUEHNH, cOpMHPOBAINCE B TedeHUe pPAaHHUX (a3 cepefiUHHL Trap-
mapckoit mMarmarmueckoit gmesrembHocTi. U3 mHmx mHamGomee Gorarw
BrynoyeHusMu paitkn BCB mpocrmpamusa (k tory or Ho66epmunGyrT)
u cepusa ra0OpOBEIX JaeK TOTO ke HANPABIEHUA, NPOTAHYBIIAACA IIO
Beell mamHE OcTpoBa TYITyTOK 70 MeTepMKOBOTO JIefJHUKA, K ceBepy
OT cueHHTOBOro kKommrexkca Mramuxo. Ha ofemx Teppuropusax paHHue
cpefHerapfapckue OJHBHH-ra00pOBEe [AailKN COIPOBOKKAIOTCA Ooee
I{EJIOYHEIMI TPAXYUAOJEPATOBEIME U MUKPOCHEHWTOBHIMU [gaifkaMu, 3a
KOTOPHIME CJEIYIOT IJIaBHEE IIeJIoYHbIe WHTPY3HM IosnHero l'apmapa.

Mesxgy cocraBoM BMeIIAOIMUX [aeK U THIOM ITOJIEBOIIIIATOBBIX
BRIIOYEHUH CyIiecTBYeT 4eTHas cBasb (fur. 49). OmuBunHOBHE radlpo
cOflepsRAaT KPYIHEIE KCEHOJUTH AHOPTO3NTA H MeJKMe pasépOCaHHEIe
MeraKpHCTAIIE KadbIueBoro Jabpajopa. MeHee OCHOBHEIE IIeJIOYHEIE
rab6posrie [malikm comep:karT KPYIHBE MeraKpHeTaiIe HaTpOBOTO
Jabpajopa W arperarsl MeraKpHCTAIIOB, & Tawme (QparMeHTH
QHOPTOBUTOBBIX KCEHOJUTOB. [JJIA TPaxXmA0JdepUTOBHIX BMeINAIOIIX
MOPOJ XapaKTePHHl MeTaKPUCTAJUIL AHAE3WHA CpefHeidl BeJIWYUHBI W
HeOOJbIINEe M3MEHEeHHBIE MACCHL aHOpTo3uTa. HeckoJbko moIeBOIINA-
TOBHX BHKJIIOYEHWH OTMEUEHHI B CHEHMTAX.
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AHOpPTOSHTOBEIE KCEHOJWUTH BCTPEYANOTCH B TpeX IVIABHEIX pas-
HOBUJJHOCTAX : 3€PHUCTBIe AHOPTOBMTHI, CJIOHMCTHIE AHOPTOBMTH U Ope-
KYnenono0Hble arperaTsl, MMeHyeMble BTOPHMYHBIMU QHOPTOBUTAMH.

HawuGomee pacupocTpaHeHHHMH SBIAITCA KCEHOJUTHL 36PHUCTHIX
anoprosuroB. OcobenHo yacro oHM Berpevaiored K ory or Kob6Gepmum-
6yI‘T, rjae OANHOYHEIE KCEHOJUTH JOCTUraloT HECHKOJBKUX THICAY KBa-
ApaTHEIX METPOB. OTO TpyGO3ePHUCTHE TMOPONEI, GOCTOAIIME U3 A¥re-
APAIbHBEIX KpPHUCTAJIOB IUIATMOKIA3a M TEMHOTO Me30CTATHYeCKOro
marepnaia. Vspenka Habaogaerca caoucToCTh, IPUYEM, CIIOW HECKOJIb-
KO o0eJHEHHEIe IIOJIEBHIM IINATOM OGEIYHO CcoONeps;KaT TabJImTIATHIL
MJIArNoKaas. BiaoxoBas cTpyHTypa XapakrepHa JJIs MOPOX ¢ BECOKUM
coMlepsRaHueM ILTATHOKIA32 M HECKOJBKO IMOBHIICHHBIM COJEPIRAHIEM
TEMHOT'0 Me30CTaTH3ecKoro Marepuaia. CofepsraHue TEMHBIX MUHEPAJIOB
penro mpesoimaer 10°/, cocraBa KCEeHOJIWTOB B3EPHUCTHIX AHOPTOSHTOB.
Cpessue KCEHOJHWTH CJ0keHH JabpamopoM (Amg), oxmBuuOM (Fay, ),
MATHETHTOM € YKCOJBEHTHHIMU IUIACTHMHKAMU WIBMEHWTA W pesse poMOu-
qecKUM (FSy5.49) M MOHOKJIMHHHIM TUPOKCEHOM.

Heenonursr caoucroro amoprosmra mnMewT OoJsee OrpaHUYEHHOE
pacupocrparenre. OHE Berpedaioresi TJIABHEIM 06pasoM B paiione
Accopytur B Gostee ceBepHOH U3 JBYX TWraHTCKUX raG0poBEIX Jaek,
HA BOCTOYHOM HoGepestbe 0cTpoBa Tyrryrok, B raGOpOBEIX MHTPYBUAX
paiiona Hapecar u B Kpaesnx nmopogax maTpysuii Kioxken n Wrasmeo.
INMoBupumomy, OHM IHpeRcTaBIAIT CcOGOH paHO PACCIOSHHEE IIOPOMH,
CBASAHHBIE ¢ TaG6po-CHEHUTOBLHIMM KOMILIEKCAMM, S3aJIETAIUME HA
Tex ke yuacrkax. llpekpacHad cJOmCTOCTH BTUX ITOPOJ 00YCIOBIIEHA
4epelOBAHUEM CJ0eB ¢ HANPABIEHHBLIM IIOJIOeHHEM KPHUCTALIOB ILIa-
CTHHYATOTO INIATHOKIA8a ¢ 60jlee TEMHEIMU CJIOSMH, B KOTOPHIX KpH-
CTAJIBI IJIATHOKJIA33 MeHee YIOpAxodeHsl. lliaruokias yMepeHHO
BOHAJIEH OT NPUGINSUTENBHO Algygs X0 ANg.ge. I[IpucyTerByer Tam:e
Me30CTATHUeCKNH KauueBwil moaepoit mmar. V8 TemMHBIX MuUHEpadoB
npeobaagaer oqusul (Fa,, 5), 3areM 0TMeUeHBE MOHOKJUHHEIN MHPOKCEH
(Cagos MgsoFess) 1 MeBocTaTHUeCKUIT WIBMEHHT.

Bropuunile amOpPTO3UTH IIMPOKO PACHPOCTPAHEHH B KPYIHBIX
rab6poBeix maiikax. OcobeHHO 4YacTO OHU BCTPEUAOTCA B paiioHax
Banrc Xasu (Bocrounas dacrs Hymapceywra) u Hapecar (¢ur. 6).
Ha ofoux yuacrkax KCeHOJUTH 00PasOBAHEL CHOMJEHMEM B PAHHMX
rab0poBEeIx mopomax OOJOMKOB Mac¢ BEpPHHCTOTO0 AHOPTOBUTA W, B
MeHbIIlelf CTeIeHn, NMIACTHHYATOTO AHOPTOBUTA M GOJBIHOTO KOJIAIECTBA
MeTaKpPUCTAIIIOB IJIArvoKJIasa. Bece aro B ¢BO0 ouepens obpasyer
00JIOMKHN CJIOMKHBIX KCEHOJIUTOB B Gosee Mogopeix raG0po, cocpe-
JI0TOYeHHBIe OJIM3 KPOBJIN BMEINAIONMX MHTPYBWUIl.

Beamunna MerakpucrajioB INIArMOKJIA3a BAPBEPYET OT HECKOJIBKIIX
CAaHTHMeTPOB Jo 2 Merpos B mimmyy (dur. 12). Ilpeobmapatomas se-
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JHYUHA BepeH OOJIbIle BEJIWYMHBL OT/eJbHBIX KPUCTAJJIOB TIJIATHOKJIA3a
B BEPHUCTHIX HJIM B CJOMCTHX aHOPTO3UTaX. Merakpucrasuisl OGBIYHO
UHOMOPOHEL U He COlepsKaT IPHU3HAKOB, YKA3HBAKIMX Ha UX 00paso-
BaHMe B pesylbTaTe MeXAHWYECKOI'0 PAa3pYIIeHHsA PAHHUX IOPOJ.
BoJbmIMHETBO MEraKpucTaIIOB OTINYAETCH MEHBINNM  COJfep RaHueM
KaJUbIUA, 4YeM IIarHoKia3 KeeHoJuuToB. Mcewmwodenme cocrasiser
rapgapckoe rabopo ms TopHapccyka, KOTOpPOe COREPHUT Merakpiu-
eTaLIE  THNEAMOMOpdHOTo OuTOBHWTA (Ang.g,), ommeuHa (Fa,,) u
pombudeckoro nuporceHa (Fs,,). CHOINIEHUA 5THX MUHEDAJOB MeCTaMHU
obpasyior HeGoxbLIMe aHOpTO3UTOBBEe KeeHOJuMTH. Camele GoasImme
METaKpPUCTAIIH Halifenst B 0Orarsx IMedouamy raGOpOBHIX HOPOAAX.
Ux cocraB coorBercTBYeT Angg.ss. [iIA HUX XapakTepHO OTCYCTTBUE
BOHAJIBHOCTH, 34 WCKJIIOYCHNEM OYeHb TOHHKOW KaeMKH, nMelomei
COCTAB TMOJIEBHIX IIMATOB BMEHAIOINUX IOPOX (Ang;.,.,). Merakpucrasis
TPAXUKOMEPUTOBEX BMEIAOMINX IIOPOJN OOBYHO MeHbLINero pasMmepa I
MOCTHTAOT B CPERHEM HECHKOJIBKNX CAHTUMETpOB B mmHy. OHEH 9acTo
CIJTPHO CEePUIUTHBUPOBAHN ¥ OOpaMIeHBl OJMTOKIA30M H IeJIOYHBIM
[OJIeBHIM IIIATOM BMEINAIONIMX IOPOX. B HeKoTOpHX caydasx Mera-
KPUCTAJIEL CJYJKAT IeHTpaMu B pom0Oax IeJOYHBEIX IOJIEBEIX INITATOB.
Vx mepBoHagwaJbHEIL coCTaB BapbUpyeT 0T Ang 70 Angg, KpUCTAJLIE
MeHBIIEF0 pasMepa B OCHOBHOM MeHee KaJIbI[HeBEHIE.

BoabmunerB0 Merakpueralaiaos aub0 Ipo3padHile, CTERIOBUIHELE,
au60 CepUIUTHBNPOBAHHEE, XOTA HNHOIAA BCTPEUYAOTCA U 4YepDHEe
merakpucraJiinl. Ilocaemrume ocoGeHHIO XapakrepHB A IMETOYHBIX
rab0poBex naek saiamea Ko00epMuHOYIT M AJIA KpaeBHX IOPOJ MHTPY-
suit Knokren w Urammwo. YepHsiii nper, moBugnMoMy, HemOCTOAHEH,
KaK ABCTBYeT W3 OOJBIIMHCTBA [aeK, IJe YepHHIH II0JeBOH Imar
oKpys:eH mnpospauyueM (taba. 1B). Opmako, B pmaiikax, cofep:xamlqux
OEPBUYHYI0 POTOBYI0 0OOMAHKY, YEPHSIH IIBeT IIOJEeBOINIATOBHIX Mera-
rpucrasios yeroiuns. Ha ocHoBammm MarHmTHOTO M TEPMOIpaBUME-
TPUIECKOTO AHAJINB0B MOFKHO IPEAIIOJN0RUTE, YT0 OKpacKa 06ycioBieHa
CTPYKTYPHBIM COCTOSTHUEM 3KeJesa, COfepiKalmerocsi B IIOJIEBOM LIIIaTe.
B ¢BoI0 ouepenb 9TO COCTOSAHHE BABUCUT OT KOJIMYECTBA BOABI BO BpeMs
KPUCTAIIH3AAY [IIIATHOKIABA .

CrpoHunyessiii ¥ 6apueBHil COEKTPaJbHbIE AHAINUBE! IOJIEBOIIIATOBBIX
BRIIOYEHNH He BEIABMIN SHAUUTEJbHON pPasHUIEL B COCTABAX KCEHOJN-
TOB, METAKPUCTAIIIOB WM INIATHOKJIAB0B CXONHON KOMIIOSHITMH, BBATHIX
n3 rappaperux raboposmx umopox (¢ur 52 um 53). Comeps:xanue cTpO-
HUMA B IOJIEBOM IIIIATé 36PHUCTHX AHOPTOSUTOB KoJehiercs B Ipefesax
or 800 mo 1500 w.H.mM., a Gapua — 200-250 u.H.M. Cogmepxanue oGoux
3JIeMEHTOB B METarpucTasiax rab6poBEHX IOpOJ IPUMEpHO TaKoe ke,
a B MErakpuCTAJIax TPaXUJOJEPUTOB COMEpyKaHUEe CTPOHIUA KoIeO-
aerea or 1600 mo 2500 w.m.M. m Gapus — or 800 mo 900 w.m.m. B
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KCEHOJHTe CJOHCTOTO AaHOPTOSUTA W3 ACCOPYTHTA W B METaAKPUCTAIIIAX
KpaeBsix mopon uHrtpysuit Haokwken u Hramuko copepstanue »Tux
saementoB Boime: 1700-3300 w.m.M. crpoumma u 800-2800 w.m.M.
fapua. AHaamss BMeITAOIUX IIOPOJ HAMM CXORHBIE PEBYJILTATH.
CopepswaHne CTPOHNUA B MEraKPHCTAMIAX OCTAETCA HENBMEHHBIM depes
BCe BOHLI M3MeHEHHA, TOTAA KAK COAep:KaHMe Gapus BaMETHO YBeJINdm-
BaeTcAd 0JIM3 KOHTAKTOB METAKPHCTAJLIOB € INeJOYHBIMH BMEINAONIMIE
TOPOJAMIE .

Kar wmerakpucTaliibl, TaKk ¥ II0JeBble LINATH AHOPTOBUTOBHEIX
KCEHOJUTOB IIOKA3aJIM aHOMaJbHEIE CBoiicTBA Ha AefaerpaMmax u mpu
onpeJiesleHNy ONTUIeCKOll OPUEHTMPOBKN HA YHUBEPCAJBHOM CTOJUKE
Depoposa. CulpHag aHOMAJIBLHOCTH IPOSBJIEHA Tak:ke Ha (ororpadusax
Hpereccuy KPUCTAJIIMYCCKON peIIeTKY eSUHUYHbIX KPHCTAIIIOB TpPO3-
PAYHOr0 W YEPHOTO II0JEBOI'0 IUHATA, B3ATHIX U3 ORHOTO M TOTO 3Ke
meraxpucraigia. OIpefeseHne COCTAaBa IIOJEBHIX LIIATOB ¢ IOMOLIHIO
OOBIYHEIX MeETONIOB W3MepeHHA OITHYeCKON OpPHEeHTHPOBKU OKAa3aI0Ch
HEBOBMOKHEIM .

B cpapHeHHM ¢ [PYrUMH TapAapCKUMH IOPORAMU OIMCHBAEMEIE
BMeMIAINIe IOPOMAE He UPOABIAIOT 3aMETHHIX XUMHYECKUX AHOMAIIMIL,
38 HCKJIOYEHUEeM [aeK ¢ BRINYEHWAMH MeraKpPHCTAII0B, KOTOpHIE
XapaKTepusyIoTcs HECKOJbKO TOHWKEHHEIM COJep:RAHIEM KaJIbIHUA.
Hocaennee, BO3MOMHO, 00BsACHAeTCA TEM, YTO MeTaKpUCTAIIB (XOTA
OBl uyacTHYHO) 06pAasoBAJNMCh M3 TOU Ke MATMBI, YTO ¥ BMEINAIOIINe
mopomsl. B wacrTHOCTH, HNA OHON TIpyIIBl BMEMIAIOIINX TaeK Xapak-
TepeH Iepexojl OT PAaHHMX, CBOGONHBEIX OT BRIKNYEHWNR MMKPOCHEHY-
TOBBIX KDAeBHX TOPOJ K GOraTHM BKIIOUEHHAMUI IIOBJHUM TPaXU0IIe-
puTOBRIM ¥ Tab0pOBEIM IleHTpam. MOMKHO NpeAmoIoMRUTL, YTO BTA
nuddepeHnmanya MPOU3ONLIA U3 OOBYHON 0a3aIbTOBOM MATMBI IyTeM
ormesienua sEUAKMX (as (raba. 3). Pacnmpemeienue BRIOYeHuit B
5THX falKaxX MOMHO OO0BACHUTH IPEAINOJNOMKEHUEeM, YTO Jafpagop
0Ceflall B CHEHHTOBONH Marme, HO OCTaBAJCA B3BElIEHHHIM B rabGpoBoit
MarMe.

OnucriBaeMble aHOPTOBHTHL IOJOGHBI AHOPTOBHTAM IIEHTPOB [0-
KeMOPUHCKAX OPOTeHUYeCKUX II0SCOB Bcero mumpa. Ho HecMorpa Ha
cX0cTBO, 00pasoBaHue AaHOPTOBUTOB B PA3NAUYHEIX MECTAX MOTJIO
IpoTeKaThs I10-pasHoMy. Her ocHoBaHmMA cuMTATB, YTO PACCMATPH-
BaeMEle IOPOAEl ORI IepeHeceHLH W3 FOTrapRapCKOf aHOPTOBUTOBOH
Maccsl u3 rayoun 0smuoit Ipennangnu. B nacrosmeit paGore KcenoauTsr
paceMaTpuBaloTCA KaK OpeRYNpoBaHHEIE 00JI0MKY AHOPTOBUTOBOM KPHIIIN,
ofpasoBapmieiica Ha ray6uHe 1oBepX (paruUOHMpYIOMel Taphapckoi
marmet. Beposrtno, camu amoprosmTel o0pasoBasmch u3 0asalbToBOM
MarMsl TOBOJBHO OJUBKON IO COCTABY K HEPACHICILIEHHEIM TapfapcKuM
Gasaxbram. CHOIUIEHWE IJIATMOKIIA32 IPOMCXOMMII0 IyTeM (uoranuu
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mabpamopa k Bepxy 6asansToBoit MarMei. BosmommOo, uro o6paso-
BaHWe TEMHOOKDAIeHHBIX CJI0eB ABUJIOCH Pe3yIbTATOM JOIMOJHUTEIE-
HOro IIpoIiecca, IPOTeKABINero HIMKe YPOBHA, 0T KOTOPOIO BHIIEIUIIUCH
Gosee mosmume (assl rapgapckoit Marmel. MoOHO IPEAMOIOMUTH, YTO
rapgapckas marma Geia crparuduimpoBaHa Ha rIyGuxe, eme OyAydw
B JRUAKON (ase, IyTeM HAIPaBIEHHON BBePX KOHUEHTPAUUYW LIEJIOIHOTO
KOMIIOHEHTA I, BOBMOMKHO, 3KeJjieda. OTHUM MOMKHO 00BAcHUTH upeobia-
mamume INeJOYHEX IOPOX HAK OCHOBHHIMH B TVIAaBHHIX HHTpPy3usax ['ap-
TapCKOM ITPOBUHINN .

Bo Bpemsa pudpdepeHmuanmuu rapAapcRON MarMbl, IPOHCXORUBIIE
Ha ray0uHe, PAsHUIA B INIOTHOCTH MEKAY MArMON M IIOJIeBEIM IIIATOM
YMEHBINAJACH, ¥ IOTOMY KpPHCTAJIH ILIATHOKJIA3a OCTABAIHCH BO
B3BEOIIIEHHOM COCTOAHMM. B pesyubrare o6pasoBainch KpPYIHEE KpH-
CTAJLIEL HATPOBOrO Jaldpajjopa He YIJOTHEHHHE B CINIOMIHYI0 AHOP-
To3uTOByl0 Maccy. (O0OpasoBanme 4YepHOTO IOJEBOTO INNMATA MOMKET
VKasHBATh HA IPUCYTCTBUE BHAYMTEIHHOTO KOJMYECTBA BONBI, BARIIIO-
4eHHON MeAy aHOPTOSHTOBOR KpHIIEH U pasBuBaoelicad rapaapcroi
MarMoi.

B mpumossenum ® Hacrosameil pabore (tabx. 5 u 6) mpeAcTaBIeHE
PUrypsl KPUBLIX MO ONpeeJIeHHI0 COCTABA INIATHOKIA30B HA OCHOBAHMH
TOYHOTO WBMepPEHHs IIOKazarejiell IIPeJOMIIEHUA II0 MeTORY CTeKIa
Murenabcena.
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Plate 1a

Anorthosite block from dyke 6 at Eqalugssuit taserssuat. Packed plagioclase
crystals with marked preferred orientation. Note the subhedral larger crystals set in
a groundmass of anhedral plagioclase.

Plate 1b

Plagioclase megacryst set in a doleritic groundmass crowded with smaller
felspar fragments. The megacryst is composed of black felspar rimmed and veined

AT
by clear material. Natural size. Sample 758 9"
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Plate 1a.




Plate 2

Precession camera photographs of a cleavage fragment of black felspar (sample
49332). CuKo radiation.

a) a* c¢* Dialaxe 89°15

b) b* c¢* Dialaxe 179°10’
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Plate 3

Block diagram to show relations between various components in a microsyenite-
trachydolerite dyke. Note the early margins of microsyenite which are proportionally
wider as the dyke thins and the concentration of included material in the basic
centre of the dyke.
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Refractive index of liquid at D (5893)
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