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Preface

The Mesoproterozoic Ilimaussaq alkaline complex lo-
cated near the town of Narsaq in South Greenland is
the type locality for agpaitic nepheline syenites and
represents an enormous concentration of a number
of rare elements, particularly Li, Be, Nb, Zr, REE, Y, U
and Th. This explains the presence of about 220 min-
erals, 27 of these discovered in and first described
from the complex, and nine only found there.

In 1965 it was decided to collate papers on the
mineralogy (in a broad sense) of the complex pub-
lished in various scientific journals into a consecu-
tively numbered series: Contributions to the mineralogy
of llimaussaq. The first issue appeared in 1965, no.
102 in 1999, and the series has now reached no. 113.
Issue no. 100 was reserved for the anniversary vol-
ume presented here. This volume contains a brief ac-
count of the geology of the complex and the history
of exploration, a list of the minerals identified so far
in the complex, and papers which review selected
topics and present new information on the mineral-
ogy and geochemistry of Ilimaussaq. A companion
report, Danmarks og Gronlands Geologiske Underso-
gelse Rapport 2001/102, compiled by J. Rose-Hansen,
H. Sgrensen and W.S. Watt, presents an inventory of
the literature of the complex, collated from an unusu-
ally wide variety of sources and containing about 750
entries, together with a list of the series Contributions
to the mineralogy of Ilimaussaq. The report brings
these both in print and on a CD-ROM, accessible for
electronic searching.

We hope that this collection of papers on Ilimaus-
saq will be received in the same positive way as was
its predecessor, ‘The Ilimaussaq intrusion, South Green-
land. A progress report on geology, mineralogy, geo-
chemistry and economic geology’, published as
Contribution to the mineralogy of Ilimaussaq no. 63
in Rapport Gronlands Geologiske Undersogelse 103 ed-
ited by J.C. Bailey, L.M. Larsen & H. Sgrensen in 1981.

Contribution no. 63 was compiled after more than
ten years of intensive field activity and presented new
information on the geology and geochemistry of the
[limaussaq complex together with papers on mineral-
ogy, fluid inclusions and economic geology. Since then
there has only been limited field activity in the com-
plex. Contribution no. 100 (this volume) therefore
presents results of the continued laboratory investi-
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gations of material collected during the earlier field
work and drilling programmes together with discus-
sions of a few selected topics in the light of new de-
velopments in the study of agpaitic rocks and their
minerals.

The paper by J.C. Bailey, R. Gwozdz, J. Rose-Hansen
and H. Segrensen contains the first general discussion
of the geochemistry of the complex since V.I. Gerasi-
movsky’s 1969 memoir on this subject. This overview
of the geochemistry is based on the on-going detailed
analysis of 120 large samples of the major rock types
collected by blasting in order to obtain fresh material.
Mineral separates have been prepared of many of the
samples with the aim of analysing the rock-forming
and accessory minerals, together with the bulk rocks,
for more than 50 elements. The ultimate purpose is to
evaluate the composition of the agpaitic melts and
the distribution of a number of elements between min-
erals and the melt and fluid phases in order to better
understand the conditions of formation of agpaitic
mineral associations. The following paper by J.C. Bai-
ley illustrates this by describing the distribution of
germanium in the rocks and minerals of the complex.

Eudialyte may be called the typomorphic mineral
of agpaitic rocks sensu stricto and is one of the miner-
als first found and described from Ilimaussaq. The
nomenclature of the mineral has, however, been rather
confusing. Based on the optical properties three vari-
eties, eudialyte, mesodialyte and eucolite, have been
distinguished, but it has been impossible to relate these
differences to chemical properties. In recent years it
has been demonstrated that eudialyte comprises a
group of minerals. It was therefore felt timely to in-
clude a review of this mineral group in the anniver-
sary volume (the paper by O. Johnsen, ]J.D. Grice and
R.A. Gaulp).

The most highly evolved agpaitic rocks and min-
eral associations have been called hyper-agpaitic by
Russian colleagues working in the Khibina and Lov-
ozero complexes of the Kola Peninsula. Hyper-agpaitic
rocks are extremely rich in rare minerals, a result of
crystallisation of peralkaline, volatile-rich, low-viscos-
ity melts over a broad temperature interval, ending at
low temperatures. This results in long-range ordering
of the crystal structures and the predominance of
triclinic minerals (paper by A.P. Khomyakov). In Ili-



maussaq, hyper-agpaitic mineral associations are found
not only in pegmatites and hydrothermal mineralisa-
tions as in the Kola complexes but also in the most
evolved lujavrites; a review is presented in the paper
by H. Sgrensen and L.M. Larsen.

The mineral naujakasite presents an enigmatic prob-
lem. It is composed of the most common elements,
Na, Al, Fe, Mn and Si, but has nevertheless until now
only been known from the Ilimaussaq complex, where
it is sometimes a rock-forming mineral which may con-
stitute more than 75 vol.% of some lujavrites. The re-
cent discovery of a Mn-rich naujakasite, manganon-
aujakasite, in a pegmatite from the Lovozero complex
of the Kola Peninsula is reported in the paper by A.P.
Khomyakov, H. Sgrensen, O.V. Petersen and J.C. Bai-
ley. This paper also reviews the occurrence of nauja-
kasite in hyper-agpaitic lujavrites of the Ilimaussaq
complex and examines why this mineral is common
in Ilimaussaq, very rare in Lovozero and absent in the
Khibina complex of the Kola Peninsula.

Steenstrupine is a very important rock-forming min-
eral in the hyper-agpaitic mineral associations of Ili-
maussaq and is the main radioactive mineral in the
Kvanefjeld uranium deposit. The mineral is generally
metamict. Varieties with marginal anisotropic zones
have, however, been known for a long time, but their
origin was not well understood. New microprobe
analyses of zoned steenstrupine crystals have demon-
strated chemical differences which can explain the co-
existence of metamict and crystalline steenstrupine
(paper by A.P. Khomyakov and H. Sgrensen).

Some rare minerals, as for instance steenstrupine,
rinkite, epistolite and ussingite, are found in consid-
erable quantities throughout the Ilimaussaq complex.
Others like semenovite and chalcothallite have only
been found in a few places as isolated grains. Until
recently, leucophanite was considered to belong to
the last-named group but is now known to occur in a
number of localities within the complex (paper by H.
Bohse, O.V. Petersen and G. Niedermayr).

In E.I. Semenov’s pre-microprobe 1969 memoir on
the mineralogy of Ilimaussaq, a number of minerals
were described under preliminary names. E.I.
Semenov’s paper in the present volume reports the
status of some of these minerals, including the occur-
rence of a new mineral, Na-komarovite.

In spite of a low average content of 1.9 ppm thal-
lium in the complex, four minerals having Tl as a ma-
jor component have been found. The paper by S.
Karup-Mgller and E. Makovicky reports the discovery
of a new occurrence of thalcusite and discusses the
tarnishing of polished sections of this mineral.

Brown prismatic crystals of rinkite are of widespread
occurrence in Ilimaussaq. It was therefore a surprise
that rinkite-looking crystals in a naujaite pegmatite
were found to be hiortdahlite (the paper by E.R.
Robles, F. Fontan, P. Monchoux, H. Sgrensen and P.
de Parseval). This brings important information about
a stage of reduced alkalinity, in conformity with the
occurrence of fayalite and hedenbergite in the adja-
cent naujaite.

More than 80 water-soluble minerals are known
from the Khibina and Lovozero complexes. Until re-
cently only three such minerals were known from Ili-
maussaq: villiaumite, trona and thermonatrite.
Water-soluble minerals have been looked for in drill
cores and the material from the Kvanefjeld adit, but
unfortunately not immediately after drilling and blast-
ing. Therefore only two additional water-soluble min-
erals have been found: the discovery of
natrophosphate is reported in the paper by O.V.
Petersen, A.P. Khomyakov and H. Sgrensen.

Nacareniobsite-(Ce) and vitusite are additional ex-
amples of minerals considered to be rare at Ilimaus-
saq. The paper by L.V. Pekov and [.A. Ekimenkova
shows that these minerals are of more widespread
occurrence, and provides examples of new types of
rare-earth mineralisation in the complex.

Agpaitic and hyper-agpaitic nepheline syenites con-
tain a number of rare Na—Be-minerals such as chkalo-
vite and tugtupite, whereas common Be minerals such
as beryl, euclase and chrysoberyl are absent. The pa-
per by G. Markl examines the stability relations of the
various Be minerals and explains why the agpaitic
rocks contain Na—Be minerals and the order of forma-
tion of the minerals.

The fluid phase of agpaitic nepheline syenites is
rich in hydrocarbons, especially methane. The paper
by J. Konnerup-Madsen reviews the evolution of the
fluids and brings new isotopic evidence in support of
the non-biogenic origin of these hydrocarbons.

Henning Sorensen



Brief introduction to the geology of the llimaussaq alkaline
complex, South Greenland, and its exploration history

Henning Serensen

The Tlimaussaq alkaline complex, the type locality of agpaitic nepheline syenites, is made up
of three intrusive phases, (1) augite syenite, (2) alkali acid rocks and (3) agpaitic nepheline
syenites which occupy the major part of the complex. The agpaitic phase comprises a roof
series, a floor series and an intermediate sequence of rocks. The roof series crystallised from
the roof downwards beginning with non-agpaitic pulaskite and ending with distinctly agpaitic
naujaite. The exposed part of the floor series is made up of the layered agpaitic nepheline
syenite kakortokite. The intermediate sequence consists of several types of distinctly agpaitic
lujavrites which are accompanied by occurrences of uranium and other rare elements.

The complex was first visited by K.L. Giesecke in 1806 and 1809. The first detailed mapping
of the complex was carried out by N.V. Ussing in 1900 and 1908. He presented a precise
description of the major rock types and an illuminating discussion of the petrology of the
complex in his 1912 memoir. In the period 1912-1955 there was very limited activity in the
complex. Exploration for radioactive minerals in Ilimaussaq was initiated in 1955 and in sub-
sequent years followed by geological mapping carried out by the Geological Survey of Green-
land. This led to a series of detailed studies of the occurrences of not only U, but also Be, Nb,
REE and Zr, and to mineralogical, geochemical and petrological studies as well as commercial
evaluation and drilling.

Geological Institute, University of Copenbagen, Oster Voldgade 10, DK-1350 Copenhagen K,
Denmark. E-mail: hennings@geo.geol.ku.dk

Keywords: agpaite, alkaline complex, Ilimaussaq, nepheline syenites, South Greenland, ura-

nium deposit

The Ilimaussaq alkaline complex (Fig. 1) is one of a
number of intrusive complexes in the Gardar igneous
province, a mid-Proterozoic rift zone in South Green-
land (Allaart 1973; Upton & Emeleus 1987; Kalsbeek
et al. 1990; Macdonald & Upton 1993). The first de-
tailed description, with a geological map and a dis-
cussion of the petrogenesis of the complex, was pre-
sented by Ussing (1912), who introduced the term
agpaitic nepheline syenite. According to the recom-
mendations of the IUGS Subcommission on the No-
menclature and Classification of Igneous Rocks (Le
Maitre 1989), the term agpaitic should be restricted to
peralkaline nepheline syenites having complex Zr-Ti
silicate minerals such as eudialyte and rinkite instead
of the more common minerals zircon, titanite and
ilmenite. Since the appearance of Ussing’s memoir
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numerous papers on the geology, mineralogy, petrol-
ogy, geochemistry and economic geology of the com-
plex have been published as is apparent from the bib-
liography presented in a companion report
(Rose-Hansen et al. 2001). The most recent presenta-
tions of the general geology and petrology of the com-
plex are those of Larsen & Sgrensen (1987) and Sg-
rensen & Larsen (1987).

The complex has been dated at 1143 + 21 Ma (re-
calculated from Blaxland et al. 1976), 1130 + 50 Ma
(Paslick et al. 1993), 1160 + 5 Ma (U-Pb, G. Markl,
Tubingen University, personal communication 2000),
1160.7 + 3.4 Ma and 1161.8 + 3.4 Ma (Rb-Sr, T. Waight,
Danish Lithosphere Centre, personal communication
2000).

The complex measures 17 x 8 km, and the exposed
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Fig. 2. The contact between the agpaitic
rocks (on the right) and the augite syenite
(on the left). The augite syenite is pen-
etrated by fractures parallel to the con-
tact, and rafts of augite syenite are en-
closed in the agpaitic rock. Lakse-tveerelv
in the southernmost part of the complex.

vertical thickness is about 1700 m. It is estimated that
the complex was emplaced 3—4 km below the con-
temporary surface at the discontinuity between the
Ketilidian crystalline basement (¢.1800 Ma, e.g. Chad-
wick & Garde 1996) and the overlying Eriksfjord For-
mation made up of continental sandstones and lavas
of mainly basaltic composition. The basement and the
overlying sandstones and lavas are intruded by nu-
merous mainly basaltic dykes. The Eriksfjord Forma-
tion is the surface expression of Gardar activity and is
preserved only in down-faulted blocks. Gardar activi-
ties embrace the period 1350 to ¢. 1120 Ma (Paslick et
al. 1993); the ITlimaussaq complex is thus an expres-
sion of young Gardar activity.

Three intrusive phases may be distinguished in the
formation of the Tlimaussaq complex (Fig. 1). The first
phase is made up of augite syenite which is preserv-
ed only as a partial marginal shell and in the roof (Fig.
2). The second phase consists of alkali granite and
quartz syenite which are found in the roof and as
blocks engulfed by rocks of the third intrusive phase
(Steenfelt 1981). The third intrusive phase occupies the
major part of the complex. It is made up of a roof series,
a floor series, and an intermediate sequence (Fig. 3).

The major rock types of the complex are presented
in Table 1.

The roof series crystallised from the top downwards,
forming the succession pulaskite, foyaite, sodalite

Fig. 1. Simplified geological map of the Ilimaussaq alkaline com-
plex. The area to the north of Tunulliarfik is based on Ferguson
(1964), the area to the south of this fjord on Andersen ef al.
(1988), with minor modifications. Index map with names of
Gardar complexes mentioned in the text. M-C lujavrite: me-
dium- to coarse-grained. For further explanation see Table 1.

foyaite and naujaite (Figs 3, 4). The contacts of these
rocks grade into each other, but blocks of the upper-
most rocks were loosened from the temporary roof of
the magma chamber and engulfed by the underlying
crystallising rocks. Larsen (1976) demonstrated that
there is a gradual evolution in mineralogy from pu-

laskite to naujaite. The primary mineral association
alkali feldspar, nepheline, fayalite, hedenbergite, apa-
tite and titanomagnetite is substituted downwards by
sodalite, nepheline, alkali feldspar, aegirine, arfved-
sonite, eudialyte and aenigmatite. Sodalite is an inter-
stitial mineral in the early stages of formation of the
sodalite foyaite, but gradually becomes a liquidus
phase and is a flotation cumulus phase in the naujaite.
This rock is poikilitic and made up of crystals of
sodalite, up to 1 cm across, enclosed in grains of al-
kali feldspar, aegirine, arfvedsonite and eudialyte,
which may measure 10 cm or more. The sodalite foyaite
and naujaite are agpaitic nepheline syenites.

The floor series is made up of a layered and lami-
nated series of kakortokite, that is an agpaitic nephe-
line syenite with the major minerals alkali feldspar,
nepheline, aegirine, arfvedsonite and eudialyte. The
bottom of the series is unknown. The lowermost vis-
ible part is made up of centimetre-thick layers with
varying contents of mafic minerals, feldspar and eudi-
alyte. Tt displays trough structures and cross-bedding
and is overlain by a series made up of 29 three-layer
units, each about 10 m thick and made up of a lower
black layer rich in arfvedsonite and an upper much
thicker white layer rich in alkali feldspar (Fig. 5). Be-
tween these layers, there is often a thin red layer rich
in eudialyte (Bohse et al. 1971). The black, red and
white layers pass gradually into each other, whereas
the black layers are separated from the underlying



Table 1. The major rock types of the llimaussaq alkaline complex

Rock type

Texture

Essential minerals*

Minor minerals

Augite syenite

Pulaskite and
foyaite

Sodalite foyaite

hypidiomorphic to xenomorphic
granular, massive or layered,
medium to coarse

massive, medium to coarse,
platy feldspars

foyaitic, coarse

alkali feldspar, hedenbergite,
titanomagnetite, ferropargasite,
olivine, biotite

alkali feldspar, nepheline,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

alkali feldspar, nepheline, sodalite,

aegirine-augite to aegirine,
katophorite, arfvedsonite

sodalite, alkali feldspar,
nepheline, aegirine,
arfvedsonite, eudialyte

alkali feldspar, nepheline,
aegirine, arfvedsonite, eudialyte

microcline, albite, nepheline,
sodalite, analcime, naujakasite,
aegirine, arfvedsonite,eudialyte,

ternary feldspar, apatite,
pyrrhotite, nepheline

titanomagnetite, apatite,
aenigmatite, biotite, fluorite,
eudialyte

fayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudialyte,
rinkite, fluorite, biotite

aenigmatite, hedenbergite,
aegirine-augite, fayalite, apatite,
katophorite, rinkite, polylithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
titanomagnetite

sodalite, aenigmatite, magnetite,
rinkite, fluorite, [6llingite,
sphalerite, galena

monazite, britholite, villiaumite,
sphalerite, pectolite,
steenstrupine, lovozerite, vitusite,

Naujaite poikilitic, coarse to
pegmatitic

Kakortokite laminated, layered,
medium to coarse

LujavriteJr laminated, fine-grained;
sometimes layered or massive,
medium to coarse

Alkali granite, hypidiomorphic granular,

quartz syenite medium to coarse

alkali feldspar, quartz, aegirine,
arfvedsonite

polylithionite, ussingite, lueshite,
neptunite

aenigmatite, elpidite, zircon,
iimenite, pyrochlore, neptunite,
fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.

1 There are several types of lujavrites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine being
the dominant mafic mineral; arfvedsonite or black lujavrite, fine-grained, often laminated with arfvedsonite as the dominant
mafic mineral; medium- to coarse-grained lujavrite (M-C lujavrite) with arfvedsonite as the dominant mafic mineral and
generally showing foyaitic textures. Naujakasite lujavrite is a variety of arfvedsonite lujavrite containing naujakasite instead of

nepheline and with steenstrupine instead of eudialyte.

white layers by sharp contacts. Bohse et al. (1971)
have numbered the layered units, the lower part from
unit no. =11 to unit 0, the upper part from units 0 to
+17. The most recent discussions of the origin of the
layering are given by Larsen & Sgrensen (1987) and
Bailey (1995); see also Upton et al. (1990).

The lowermost part of the naujaite and the lower-
most sodalite-bearing part of the kakortokite may be
contemporaneous (Sgrensen & Larsen 1987), but the
floor sequence which formed simultaneously with the
greater part of the roof zone is unexposed.

The kakortokite and in places the naujaite are sepa-

10

rated from the augite syenite rim by a marginal pegmatite
zone (cf. Bohse et al. 1971; Bohse & Andersen 1981).

The layered series of kakortokite passes gradually
upwards into a thin unit of transitional layered kako-
rtokite which again passes gradually into the interme-
diate sequence of lujavrites. These are agpaitic meso-
to melanocratic nepheline syenites which are gener-
ally fine-grained, laminated and occasionally layered
(Sgrensen & Larsen 1987).

The lowermost part of the lujavrite sequence is made
up of green rocks rich in aegirine and in places also
in eudialyte. Bohse & Andersen (1981) distinguish a



Fig. 3. A section through the complex
viewed from Kringlerne plateau towards
the north. Foreground layered kakortokites
(K), the dark rocks in the middle ground
belong to the intermediate sequence of lu-
javrites (L). The light grey rocks in the wall
facing south towards the fjord Kangerluar-
suk (Kang) are made up of the roof series
with pulaskite-foyaite (P) and sodalite
foyaite (SF) in the upper part, naujaite (N)
in the lower part bordering the augite sy-
enite shell (A). The contact between the
roof zone and the basement granite and

basement

granite

its overlying sandstone (S) with intercalated
basalt (B) on the mountain Nunasarnaasaq
(1442 m, on the left) is very sharp. The
high mountains in the far distance (to the
north of Tunulliarfik, see Fig. 1) have rem-
nants of the volcanic roof (B) on top of
the roof series (cf. Fig. 4). The distance to
Kangerluarsuk is about 2 km.

lower aegirine lujavrite I zone which gradually passes
into the overlying aegirine lujavrite II. The upper part
of the intermediate sequence is made up of black ar-
fvedsonite-rich, fine-grained laminated rocks. Dykes
and sheets of lujavrite intersect the rocks of the roof
zone; in places the naujaite in the immediately over-
lying roof is brecciated and strongly altered by the
lujavrite. On the Kvanefjeld plateau in the northern-
most part of the complex (Fig. 6), lujavrites are in
contact with the volcanic roof of the complex, which
is strongly fenitised adjacent to the lujavrites (Serensen
et al. 1969, 1974). There are several generations of
lujavrite. One of the latest phases consists of naujakasite
lujavrite rich in steenstrupine (Serensen et al. 1974;
Serensen 1997a). It is an important feature that
steenstrupine substitutes for eudialyte in the most
evolved lujavrites. This represents the hyper-agpaitic
stage of development characterised by naujakasite,
steenstrupine, ussingite, vitusite and other minerals
(Sgrensen & Larsen 2001, this volume). The youngest
lujavrites are the so-called medium- to coarse-grained
lujavrites (M-C lujavrites); they are accompanied by
pegmatites and hydrothermal veins containing
steenstrupine, pyrochlore, Be and Cu minerals, and
by fenitisation of the volcanic roof. The Kvanefjeld
uranium deposit is made up of steenstrupine lujavrites
and fenitised roof rocks rich in steenstrupine.

Fig. 4. Schematic section through the c¢. 1700 m of exposed
stratigraphy of the Ilimaussaq alkaline complex.

-

Volcanic roof

Augite syenite

Foyaite, sodalite foyaite

Naujaite Agpaitic
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Kakortokite syenites
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The arfvedsonite lujavrites and the M-C lujavrites
have the highest contents of Li, Rb, Be, REE, Zn, U,
Th, etc. of all the rocks of the complex, whereas the
kakortokites have the highest contents of Nb, Ta, Zr,
Hf and Y (Gerasimovsky 1969; Kunzendorf ef al. 1982;
Sgrensen 1992; Bailey et al. 2001, this volume).

Fluid inclusions in the minerals of the agpaitic rocks
of the complex are rich in methane and other hydro-
carbons (cf. Konnerup-Madsen 2001, this volume).

The basalts in the part of the Gardar rift zone which
contains the Ilimaussaq and Tugtutdq igneous com-
plexes (Fig. 1) are richer in alkalis, P, Ba, Sr, Nb and
LREE than the basic rocks in other parts of the Gardar
province. This indicates an origin in a mantle source
enriched in incompatible elements, perhaps because

Fig. 5. The lowermost exposed part of the
complex, made up of thin layers of kako-
rtokite with trough layering displaced by
a minor fault (arrow, lower left). In the
background the main series of kakortokite
made up of a repetition of three-layer
units, in which the black and white layers
can be distinguished. The faulted white
trough band is approximately 5 m wide
and 15 cm thick.

of metasomatism (Macdonald & Upton 1993, Upton
1996). The agpaitic nepheline syenites of the Ilimaus-
saq complex are considered to be products of extended
fractionation of transitional to alkali basaltic melts in
deep magma chambers combined with some crustal
contamination (Larsen & Sgrensen 1987; Stevenson et
al. 1997; Bailey et al. 2001, this volume). The Tugtutdg—
Ilimaussaq zone is underlain by a gravity high which
may represent cumulates of olivine and other mafic
minerals accumulated during the fractionation proces-
ses (Blundell 1978). In this connection it is of interest
to note that the Ilimaussaq complex is marked as a
magnetic low on the aeromagnetic map of the region
(Thorning & Stemp 1997).

The eudialyte-rich parts of the naujaites, kakor-

Fig. 6. The Narsaq Elv valley. The moun-
tain on the left is Kvanefjeld (685 m) made
up of volcanic rocks in the upper part and
lujavrites, naujaites, etc. in the lower part.
The Ilimmaasaq mountain (1390 m, cen-
tre) is made up of basaltic rocks under-
lain by lujavrites. The mountain on the
right is Nakkaalaaq 1334 m) made up of
the roof series; the slope below, the Taseq
slope, is made up of naujaite. The distance
between Kvanefjeld and ITlimmaasaq is
approximately 4 km.



Fig. 7. Layered pegmatite, 0.8 m thick, in
naujaite located on the small island in the
inner part of Kangerluarsuk. The cave was
made by Steenstrup when he collected

- A g
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large samples of eudialyte for the Cryolite
Company in 1888. The cave, about 1 m
high at the time of photographing in 1964,
has since been considerably enlarged by
mineral collectors. An attempt is being
made to protect the island.

tokites and lujavrites represent an enormous resource
of Zr, Nb and REE, especially HREE (Bohse et al. 1971,
Sorensen 1992). These rock types are accompanied
by pegmatites and hydrothermal mineralisations. Ex-
amples are ussingite veins rich in chkalovite and other
Be minerals (Semenov 1969; Engell er al. 1971), oc-
currences of pyrochlore and other Nb minerals
(Hansen 1968), and the above-mentioned Kvanefjeld
uranium deposit (Serensen et al. 1974).

History of exploration

Various aspects of the history of exploration of the
Ilimaussaq complex have been presented by Sgren-
sen (1967) who considered the history up to 1966, by
Nielsen (1981) who described the exploration history
of the Kvanefjeld uranium deposit, and by Bondam
(1995) who compiled an overview of exploratory ac-
tivities and environmental studies based on the ar-
chives of the Geological Survey of Greenland. In the
following a survey of the history of exploration will
be presented with emphasis on the period after 1964.

The period 1806-1912

The first scientific study of the complex was carried
out by K.L. Giesecke (1761-1833) who made exten-
sive collections of minerals in 1806 and 1809 resulting
in the discovery of the minerals arfvedsonite, eudi-
alyte and sodalite.

K.J.V. Steenstrup (1842-1913) visited the complex

several times on behalf of the Commission for the
Direction of Geological and Geographical Investiga-
tions in Greenland and Kryolith-Mine- og Handels-
Selskabet (hereafter referred to as the Cryolite
Company) and collected numerous mineral and rock
samples (Fig. 7). The minerals were examined by J.
Lorenzen (1855-1884) who described the new miner-
als polylithionite, rinkite and steenstrupine.

G. Flink (1849-1932) visited the complex in 1883.
His mineral collections from Ilimaussaq were studied
by O.B. Beggild (1872-1956) and C. Winther (1873—
1968), who established the new minerals britholite,
epistolite and naujakasite, the last-named mineral as
late as 1933.

The first thorough geological mapping and petro-
logical investigation of the complex was by N.V. Ussing
(1864-1911) in 1900 and 1908 (Fig. 8). His memoir on
the geology and petrology of the complex and neigh-
bouring areas was published in 1912 after his untimely
death. The memoir gives a detailed interpretation of
the petrology of the complex, which by and large still
stands today. It introduced the term agpaitic and dis-
cussed processes such as overhead stoping, magmatic
differentiation, igneous layering, assimilation and feld-
spar solid solution series. The memoir is one of the
corner stones of igneous petrology. Beggild (1913),
who assisted Ussing in the field work, discovered and
named the mineral ussingite.

The period 1912-1955

Research activities in the Ilimaussaq complex were
very limited from the time of Ussing’s memoir in 1912
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until mineral exploration commenced in 1955. The
main events are mentioned below:

S.M. Gordon visited the complex in 1923 and pub-
lished three papers about his examination of mineral
localities in South Greenland (Gordon 1924).

C.E. Wegmann (1938) studied the geological chro-
nology of South Greenland and introduced the term
Gardar period. He interpreted the rocks of the Tlimaus-
saq complex as the results of metasomatic processes.

The Cryolite Company (Kryolitselskabet @resund
A/S)undertook investigation of eudialyte-rich naujaite
and kakortokite in 1939 and 1946 (Bggvad 1950a, b),
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Fig. 8. N.V. Ussing (left) and O.B. Boggild
(right) and their Greenlandic assistants at
the cryolite mine at Ivittuut (Ivigtut),
Greenland 1900. Photo: Geological Mu-
seum archive, Copenhagen.

but concluded that exploitation of the eudialyte was
not feasible at that time.

The Geological Survey of Greenland (GGU), which
was established in 1946, made reconnaissance visits
to the complex in 1946 and 1951.

The period 19551964

In 1955 the Danish government, on the recommenda-
tions of Professor Niels Bohr, the President of the Dan-
ish Atomic Energy Commission (AEK), initiated
prospecting for uranium deposits in Greenland (Fig.

Fig. 9. Professor Niels Bohr expressing his
thanks for the honorary citizenship of Nar-
saq in 1957.



Fig. 10. The team from the University of
Copenhagen which in 1964 initiated the
university-directed Ilimaussaq project, and
its Russian partners. From left to right: B.
Leth Nielsen, J. Rose-Hansen, O.V. Peter-
sen, H. Sgrensen, E. Frantzen, V.I. Gerasi-
movsky, T. @stergaard, E.I. Semenov, K.
Hansen and behind her E. Bondesen and
S. Andersen. In the background from left
to right Kvanefjeld, Ilimmaasaq, Narsaq
Brae, Nakkaalaaq with the Taseq plateau
and slope, and the mountain Talut.

9). GGU recommended that prospecting for uranium
should begin in the Ilimaussaq complex, the only
known occurrence of radioactive minerals in Green-
land at that time, apart from allanite in pegmatites. A
primitive Geiger counter survey was carried out by
military personnel. The southern half of the complex
was covered in 1955, the northern half in 1956, in
which year the Kvanefjeld deposit was discovered
(Nielsen 1981; Sorensen 1981; Bondam 1995). In 1957
additional detailed studies of the Kvanefjeld deposit
were made with chemical assays of the uranium ore
and the first attempts at developing a method of ex-
tracting the uranium from the ore. The ore was found
to be refractory and impossible to treat with conven-
tional acid or carbonate leaching methods.

The first drilling programme was carried out in 1958
resulting in 36 holes and a total core length of 3728
m. The extraction experiments were continued in the
following years and a method of sulphatising roast-
ing of the ore was designed. In 1962 180 t of ore were
taken out in a 20 m long adit in the most radioactive
part of the deposit for testing the method of
sulphatising roasting. In the same year two of the
Kvanefjeld drill holes were deepened with an addi-
tional core length of 270 m and seven holes with a
total core length of 1400 m were drilled in lujavrites
in other parts of the complex.

AEK constructed a base camp at Dyrnazes in con-
nection with the drilling operations in 1958. Dyrnaes
is the site of a former Norse settlement located about

W : M‘. ﬁ

5 km to the north of the town Narsaq. This camp was
transferred to GGU and served as the base for the
geological mapping of the whole complex and for
the regional geological mapping of South Greenland.
The regional mapping programme was concluded in
1963 after which most of the camp was moved to the
site for the next regional mapping programme further
to the north. Some of the houses, however, remained
in Dyrnzes to serve as the base camp for the follow-up
geological investigations of the Ilimaussaq complex,
which were entrusted to staff and students from the
Geological Institute and Museum of the University of
Copenhagen, in co-operation with and with logistic
and economic support from GGU and AEK.

A geological map of the Tlimaussaq complex at 1:20
000 was published in 1964 (Ferguson 1964). Hamil-
ton (1964) presented the first geochemical investiga-
tion of the northern part of the complex and Ferguson
(1970) presented a detailed examination of the geo-
chemistry of the kakortokites.

A number of mineralogical papers were published
in the period 1955-1964. Examples are: notes about
several minerals (Dang & Sorensen 1959), the discov-
ery of the beryllium minerals chkalovite and tugtupite
(Serensen 1960, 1963), the first description of
villiaumite from the complex (Bondam & Ferguson
1962), a detailed examination of the occurrence of
steenstrupine (Buchwald & Segrensen 1961; Sgrensen
1962) and the discovery of a number of opaque min-
erals (Oen & Sgrensen 1964).
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The period 1964-1977

Staff and students from the University of Copenhagen
were, as mentioned above, entrusted with the detailed
follow-up investigations in the Ilimaussaq complex.
This activity was directed by H. Sgrensen, J. Rose-
Hansen and in the last phase of the project by B.L.
Nielsen (Fig. 10). Field teams worked every summer
from 1964 to 1977. About 25 persons took part in the
field work and were supported by about 15 more in
the follow-up laboratory studies and publication of
results. A large number of field assistants and techni-
cians took part in this work. Hydrogeologists, ecolo-
gists and geochemists were involved in the
accompanying environmental studies.

From the early stages of this activity it was clear
that much could be gained if Russian scientists be-
came involved in the work. The Ilimaussaq complex
bears a close resemblance to the Khibina and Lovozero
complexes of the Kola Peninsula, two complexes
which have been examined in great detail by Russian
scientists resulting, among other things, in the dis-
covery of a number of new minerals. Two Russian
mineralogists, Professors V.I. Gerasimovsky and E.I.
Semenov, who had made impressive contributions to
the study of the mineralogy and geochemistry of the
two Kola complexes, were therefore invited to take
part in the Greenland field work in 1964. This gave a
significant impetus to the new research programme.
Gerasimovsky (1969) produced chemical analyses for
major and trace elements of 23 rock samples repre-
senting the main rock types of the complex and
Semenov (1969) described 120 minerals from the com-
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Fig. 11. Diamond drilling on the Kvane-
fjeld plateau in 1969. A fine view of the
upper part of Narsaq Elv valley with the
Narsaq Brae in centre. The thin zone of
light-coloured rock above the glacier is
naujaite intruding the roof of volcanic
rocks in the upper part of Nakkaalaaq
mountain.

plex, among them five new minerals: chalcothallite,
cuprostibite, ilimaussite, tundrite-(Nd) and sorensenite.

Major activities in the research programme of the uni-
versity geologists were:

1. Geological mapping of the Kvanefjeld area (So-
rensen et al. 1969, 1974). In connection with this
work six exploratory holes totalling 1621 m were
drilled in 1969 (Fig. 11), two of these in the luja-
vrites in the northern part of the plateau which
had not been investigated in the earlier phases of
uranium exploration. The reasonably assured ura-
nium reserves were estimated to be 5800 metric t
U, average grade 310 ppm U; additional reason-
ably assured ore with a grade of 292 ppm U was
estimated to 8700 metric t U. In order to facilitate
the geological supervision of the drilling pro-
gramme and as a general support of the geologi-
cal investigations in the Kvanefjeld area, a hut was
set up in 1968.

2. Mapping of the kakortokites in the southern part
of the complex with unravelling of the layered
sequence. The resources of Zr and Nb were esti-
mated to 51.6 x 10° metric t ZrO, and 5.4 x 10°
metric t Nb,O; in the examined part of the com-
plex (Bohse et al. 1971).

3. Geological mapping and detailed examination of
veins containing beryllium minerals in the north-



ern part of the complex (Semenov 1969; Engell et
al. 197D).

. Examination of the occurrences of U, Zr, Nb and
Be minerals was carried out in close co-operation
with scientists from the Danish Atomic Energy
Commission Research Establishment Risg (now
Risp National Laboratory) and resulted in devel-
opment of apparatus to be used in the field and
in the laboratory. Examples are: portable beryl-
lium prospecting instruments (Lovborg et al. 1968a;
Engell et al. 1971), portable X-ray fluorescence
equipment for quantitative determination of Zr and
Nb in the field (Bohse et al. 1971; Kunzendorf
1971, 1973), and gamma-spectrometers for use in
the field, for assaying drill holes and drill cores
and for laboratory determination of contents of
U, Th and K in minerals and rocks (e.g. Lovborg
et al. 1968b, 1972, 1980).

. From 1968 to 1976, the Danish company Superfos
A/S explored the eudialyte-rich kakortokites and
naujaites in the southern half of the complex and
developed methods to extract Zr, Nb, REE and Y
from eudialyte concentrates, but found no mar-
kets for the products. To support the bulk sam-
pling undertaken in 1968, a house was constructed
at the mouth of Lakseelv in Kangerluarsuk. In sub-
sequent years this house served as the base for
many field teams working in this part of the com-
plex.

. A new geological map over the southern half of
the complex in the scale of 1:20 000 (Andersen et
al. 1988).

. Collection of 120 samples for detailed geochemi-
cal analysis of contents of about 50 elements in
whole rocks and separated mineral fractions (work
still in progress, see Bailey et al. 2001, this vol-
ume).

. Many studies of minerals and rocks collected in
the series Contributions to the mineralogy of Ili-
maussaq (updated in Rose-Hansen et al. 2001).
The following new minerals were described in the
period 1964-1977: sorensenite, chalcothallite,
ilimaussite, tetranatrolite (described under the
name tetragonal natrolite), tundrite-(Nd),
semenovite, skinnerite, cuprostibite and rohaite
(see list of minerals in Petersen 2001, this volume).

9. A study of fluid inclusions in the minerals of the
complex initiated in co-operation with Russian col-
leagues (Petersilie & Sgrensen 1970; Sobolev et
al. 1970) demonstrated that fluid inclusions of the
agpaitic rocks, like the rocks of the Khibina and
Lovozero complexes of the Kola Peninsula, are
rich in hydrocarbons. This discovery was followed
by detailed studies of the rocks of the complex,
e.g. Konnerup-Madsen et al. (1979, 1988),
Konnerup-Madsen & Rose-Hansen (1982),
Konnerup-Madsen (2001, this volume).

10. An investigation of the water balance in the Nar-
saq Elv valley, which intersects the northern part
of the complex, was carried out as one of the Dan-
ish contributions to the International Hydrologi-
cal Decade (Hansen & Pulawski 1966; Larsen 1972,
1973).

11. An ecological and environmental geochemical pro-
gramme, the Narsaq Project, supported by the Dan-
ish Natural Science Research Council was carried
out 1974-1977 (Larsen 1977; Rose-Hansen & So-
rensen 1977; Rose-Hansen et al. 1977; Nielsen
1979). The project was initiated at a time when
exploitation of the Kvanefjeld uranium deposit was
considered possible within a few years. The pur-
pose of the project was to describe the natural
state of the environment around the Ilimaussaq
complex before the opening of a uranium mine.
The project also had the aim to study the distribu-
tion of rare elements, including uranium, around the
complex, which may be considered a marked geo-
chemical anomaly (Rose-Hansen et a/. 1986). As de-
scribed in a later paragraph, uranium mining in
the area was given up for political reasons, which
meant that the Narsaq Project was also discontin-
ued.

1977 to the present

The 1977 field season marked the termination of the
field activities in Ilimaussaq by staff and students from
the University of Copenhagen. The Dyrnaes base camp
was thereafter used to support other activities such as
the Kvanefjeld Uranium Project and the Syduran Project
(see below). The base was abandoned in 1983 with
the termination of the Kvanefjeld Uranium Project.
This reduced the logistic support of field work in the
complex, but minor operations have nevertheless con-
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tinued. One example is mineralogical studies includ-
ing examination of material from the tunnelling and
drilling of the Kvanefjeld uranium deposit mentioned
below. This resulted in the discovery of the new min-
erals vitusite, kvanefjeldite and tuperssuatsiaite. A
progress report bringing results of field and labora-
tory studies up to 1980 was published in 1981 (Bailey
et al. 1981).

The Kvanefjeld Uranium Project was carried out
from 1978 to 1983 with the aim of examining the eco-
nomic potential of the Kvanefjeld uranium deposit. In
1977, this project was preceded by a drilling pro-
gramme comprising 27 holes with a total core length
of 5103 m in the lujavrites in the northern part of the
Kvanefjeld plateau and to the east of Kvanefjeld
(Nyegaard et al. 1977). It was found that the method
of sulphatising roasting applied to the steenstrupine-
bearing lujavrites in the northern part of the Kvanefjeld
plateau gave a low recovery of uranium, whereas pres-
surised carbonate leaching gave a satisfactory recov-
ery. In order to test this method in a pilot plant
established at Risp National Laboratory, 20 000 metric
t of ore were extracted from a 960 m long horizontal
adit driven through the deposit (Nyegaard 1980). The
opening of the adit was in the slope above the Narsaq
Elv valley 100-150 m below the surface of the plateau
(Nyegaard 1979). In total 4700 metric t of ore were
shipped to Risg and treated in the pilot plant. It was
found that the method gave a recovery of more than
80% of the uranium content of the different varieties
of ore (Forspgsanleg Risp 1984; Sgrensen & Jensen
1985; Sgrensen et al. 1990). The reasonably assured
resources were estimated to 20 440 metric t U in ore
with an average concentration of 365 ppm U
(Forspgsanlag Risp 1984). Detailed mineralogical stud-
ies of the uranium ore were carried out in connection
with this project (Makovicky et al. 1980).

The Kvanefjeld Uranium Project also presented pro-
posals for the planning of the mine and the ore dress-
ing facilities and energy supply, as well as studies of
radiation exposure and the environmental impact of
the mining activity, including the effects of leaching
of tailing products (Pilegaard 1990). Overviews of the
many internal reports of this project are found in the
report on the project (Forsggsanlaeg Risg 1984) and in
Bondam (1995).

In the years 1979-1982, the Syduran Project carried
out a regional exploration for uranium in South Green-
land by means of airborne radiometric surveying and
stream sediment geochemistry. This work confirmed
the anomalous character of the complex and its sur-
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roundings (Armour-Brown et al. 1983, 1984; Thorning
et al. 1994; Schjoth et al. 2000).

Exploration of the zirconium-rich kakortokites con-
tinued in 1985, when the Danish company A/S Carl
Nielsen obtained an exclusive licence to carry out ex-
ploration centred around the exposed kakortokites
and the adjacent marginal pegmatite in the southern
part of the complex. The thickest layer of red
kakortokite, layer +16, was examined in two drill holes
in 1986. During 1987, potentially economic eudialyte-
rich parts of the marginal pegmatite, kakortokites and
naujaites within the concession area were mapped and
sampled, and samples of the marginal pegmatite were
metallurgically tested.

In 1987, the Canadian company Highwood Re-
sources Ltd. obtained permission to explore areas be-
tween the fjords Tunulliarfik and Kangerluarsuk and
carried out bulk sampling and drilling in order to test
the feasibility of exploitation of eudialyte-rich rocks.
This company was joined by Platinova Resources Ltd.
and Aber Resources Ltd. In 1988 this group and A/S
Carl Nielsen formed a joint venture, combining their
mineral licences. The main target was the exposed
kakortokites, minor targets were the marginal pegma-
tites in the southern part of the complex. The joint
venture co-operation was continued in 1990 with an
extensive drilling programme and metallurgical test-
ing of potential ores from the southern part of the
complex. At the end of this activity the Canadian part-
ners and the Danish participants went through a pe-
riod of restructuring resulting in Highwood Resources
taking over all interests in the prospect at the end of
1992.

In 1992 the Danish company Mineral Development
International A/S (MDI) obtained the exclusive right
to explore the sodalite-rich naujaites in the northern
part of the complex. The aim was to investigate the
possibilities of using sodalite as raw material for the
production of synthetic zeolites.

None of the above-mentioned activities have so far
been able to demonstrate with certainty that benefi-
ciation of eudialyte and sodalite can be economically
viable.

A number of research projects involving colleagues
from other countries have been supported by various
foundations. The Danish Natural Science Research
Council supported a Canadian—-Danish project aiming
at a comparison of the mineralogy of Mont Saint-
Hilaire, Quebec, with the Narssarssuk mineral occur-
rence associated with the Igaliko Complex, South
Greenland, and the Tlimaussaq complex.



Fig. 12. Destruction of one of the tugtupite
localities by mineral collectors’ excessive
use of blasting. The Kvanefjeld plateau July
1974. Scale: Professor Brian Mason, Wash-
ington DC, USA, one of the many scien-
tists who have visited the Ilimaussaq com-
plex. Since the photograph was taken this
site has been transformed into a veritable
crater, about 20 m in diameter and a few
metres deep, as a result of the hunt for
deeper-lying tugtupite veins.

The Danish company First Development Interna-
tional A/S in 1993 supported a Danish—Russian project
consisting of an examination of the drill cores from
the 1977 drilling programme kept at the Risg National
Laboratory. The aim was to find some of the water
soluble minerals discovered in the Khibina and Lov-
ozero complexes (Khomyakov 1995). The drill cores
are rich in villiaumite, but holes in the samples indi-
cate that other water soluble minerals have been dis-
solved during and after drilling. Only one of the Kola
minerals was discovered, natrophosphate (Petersen
et al. 2001, this volume).

In 1994-1997 INTAS (International Association for
the Promotion of Co-operation with Scientists from
the Independent States of the Former Soviet Union)
supported a Danish-French—Russian—Spanish research
co-operation with the purpose of promoting compara-
tive studies of the mineralogy of agpaitic nepheline
syenites in Ilimaussaq, the Khibina and Lovozero com-
plexes of the Kola Peninsula, and the Tamazeght com-
plex, Morocco. Field work was carried out in
limaussaq in 1994, in Khibina and Lovozero in 1997
and in Tamazeght in 1999. One of the outcomes of
this work is the paper on hiortdahlite in this volume
(Robles et al. 2001).

The Danish Natural Science Research Council in
1997 supported an Austrian—Danish research project
with the purpose of studying pegmatites and hydro-
thermal veins and the relations to their country rocks
in the Ilimaussaq complex and at the Narssarssuk min-
eral locality associated with the Igaliko Complex in
South Greenland.

A number of excursions, workshops and summer

schools have taken place in the Ilimaussaq complex
since 1981:

1981, excursion arranged for the directors of the Eu-
ropean geological surveys.

1982, excursion for Société Minéralogique de la
France.

1984, summer school on environmental geology spon-
sored by the Nordic Council of Ministers
(Nordisk Ministerrad 1984).

1986, NATO Advanced Research Workshop on Igne-
ous Layering (Parsons 1987).

1989, excursion for colleagues from Naturhistorisches
Museum and Osterreichisches Mineralogische
Gesellschaft.

1990, Nordic summer school on igneous petrology.

1992, ABC Mines from Ecole des Mines, Paris, an ex-
cursion to Iceland and the Igaliko and Tlimaus-
saq complexes.

A number of mineral collectors and societies of min-
eral collectors have visited the complex resulting in
the discovery of the minerals bavenite, dorfmannite,
fersmite, nacareniobsite-(Ce) and turkestanite. This
activity has put heavy pressure on many of the min-
eral localities in the complex resulting in transforma-
tion of many of them into heaps of boulders (Fig. 12).

A significant part of the research carried out in the
complex has resulted in the awarding of academic
degrees in mineralogy and geology by universities in
Denmark and abroad. The Danish awards comprise:
three degrees of dr.scient., six lic.scient. and Ph.D.
degrees, 18 cand.scient. degrees in geology, five cand.
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scient. and four Ph.D. degrees in biology and ecol-
ogy as a spin-off of the Narsaq Project; three scientific
papers have been awarded the gold medal of the Uni-
versity of Copenhagen. The number of degrees
awarded in other countries is not known with cer-
tainty.

Concluding remarks

An impressive number of papers have been published
on the geology, mineralogy, petrology and geochem-
istry of the Ilimaussaq alkaline complex (Rose-Hansen
et al. 2001). Major exploration programmes have in-
vestigated the economic potential of rocks rich in ura-
nium, zirconium, niobium and beryllium and the
technical use of sodalite. Much remains, however, to
be investigated and published.

The southern half of the complex has been mapped
in the scale of 1:20 000; the northern half should be
mapped in the same detail.

In order to gain a fuller understanding of the petro-
genesis of the complex a number of drill holes are
required, first of all in the deepest part of the kakor-
tokites to explore the hidden layered floor series, and
through the roof series to give access to the sheets of
augite syenite, alkali granite, etc. occurring in a to-
pography which makes access difficult. Many aspects
of the geology of the complex have not yet been stud-
ied in detail, this applies for instance to the spectacu-
lar layering of some of the arfvedsonite lujavrites.
Future drilling programmes and quarrying activities
should take special measures to safeguard the water-
soluble minerals because these must be collected
immediately on exposure to the atmosphere.

The agpaitic nepheline syenites are among the most
evolved igneous rocks known. Petrological studies of
the rocks of the complex can therefore bring impor-
tant knowledge about many natural petrological pro-
cesses.

The Ilimaussaq complex contains a treasure of rare
elements and minerals. Future developments in mate-
rial sciences and the need for rare elements in new
applications should therefore be followed closely in
order to be ready when new opportunities become
apparent for use of elements abundant in the com-
plex.

The Ilimaussaq complex is vulnerable if exposed
to invasions of mineral collectors, local as well as for-
eign visitors (Fig. 12). Some mineral occurrences have
already been exhausted, others destroyed; an exam-

20

ple is the tugtupite occurrence in the south-western
part of the Kvanefjeld plateau (Sgrensen 1997b). It
may be necessary to regulate the collection of miner-
als in the complex. On the other hand, the complex
elucidates many geological processes in a very clear
and informative way and should therefore be open
for excursions, summer schools, etc. and be a show
window for the geological sciences.
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List of all minerals identified in the llimaussaq alkaline

complex, South Greenland

OleV. Petersen

About 220 minerals have been described from the Ilimaussaq alkaline complex. A list of all
minerals, for which proper documentation exists, is presented with formulae and references
to original publications. The Ilimaussaq alkaline complex is the type locality for 27 minerals

including important rock-forming minerals such as aenigmatite, arfvedsonite, eudialyte, poly-
lithionite, rinkite and sodalite. Nine minerals, chalcothallite, karupmgllerite-Ca, kvanefjeldite,
nabesite, nacareniobsite-(Ce), naujakasite, rohaite, semenovite and sorensenite appear to be

unique to the Ilimaussaq complex.

Geological Museum, University of Copenhbagen, Oster Voldgade 57, DK-1350 Copenhagen K,
Denmark. E-mail: ovp@savik.geomuis.kui.dk

Keywords: agpaite, Ilimaussaq, mineral inventory, minerals type locality

The agpaitic complexes [limaussaq (South Greenland),
Khibina and Lovozero (Kola Peninsula, Russia), and
Mont Saint-Hilaire (Quebec, Canada) are among the
areas in the world which are richest in rare minerals.
About 700 minerals have been found in these com-
plexes which hold the type localities for about 200
minerals.

About 220 minerals have been found in the Ilimaus-
saq complex of which 27 have their type localities
within the complex. In comparison Khibina and Lov-
ozero hold the type localities for 127 minerals (Pekov
1998) and Mont Saint-Hilaire holds the type localities
for 38 minerals (R.A. Gault, personal communication
1999).

The existence of a locality in South Greenland rich
in rare minerals has been known since the beginning
of the 19th century when K.L. Giesecke in 1806 and
1809 visited the Kangerluarsuk and Tunulliarfik fjords
in the area now known as the Ilimaussaq alkaline com-
plex (Giesecke 1910). Minerals collected by him were
examined by European mineralogists resulting in the
discovery of the then new minerals sodalite (1810),
eudialyte (1819) and arfvedsonite (1823). Since then
the complex has been visited by many mineralogists
and mineral collectors. This has resulted in the dis-
covery of additional new minerals and a number of
minerals known from very few other localities in the

Geology of Greenland Survey Bulletin 190, 25-33 (2001) © GEUS 2001

world. Most of the minerals for which Ilimaussaq is
the type locality have later been found in other com-
plexes of agpaitic rocks.

Two minerals were described simultaneously from
Ilimaussaq and the Kola Peninsula, tugtupite and vi-
tusite. Tugtupite was published from the Lovozero
complex by Semenov & Bykova (1960) under the name
beryllosodalite and from Ilimaussaq by Serensen (1960)
under the preliminary name beryllium sodalite which
was changed to tugtupite in later publications (Sgren-
sen 1962, 1963). Vitusite from the Ilimaussaq and Lov-
ozero complexes was described in a joint Danish—
Russian publication (Rgnsbo et al. 1979). A tetragonal
form of natrolite was described from Ilimaussaq (An-
dersen et al. 1969) and later found at Mont Saint-Hilaire
and given the name tetranatrolite (Chen & Chao 1980).
This name has since been discredited by I.M.A. The
approved name is gonnardite (Grice 2001).

Nine minerals to our knowledge have not been iden-
tified at other localities: chalcothallite, karupmgllerite-
Ca, kvanefjeldite, nabesite, nacareniobsite-(Ce), nau-
jakasite, rohaite, semenovite and sorensenite. There
is, however, a specimen in the collections of the Geo-
logical Museum, University of Copenhagen, labelled
chalcothallite from Kazakhstan but the provenance of
this specimen is dubious.

Boggild (1905, 1953) described all the then known
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Table 1. The major rock types of the llimaussaq alkaline complex

Rock type

Texture

Essential minerals*

Minor minerals

Augite syenite

Pulaskite and
foyaite

Sodalite foyaite

Naujaite

Kakortokite

LujavriteJr

Alkali granite,
quartz syenite

hypidiomorphic to xenomorphic
granular, massive or layered,
medium to coarse

massive, medium to coarse,
platy feldspars

foyaitic, coarse

poikilitic, coarse to
pegmatitic

laminated, layered,
medium to coarse

laminated, fine-grained;
sometimes layered or massive,
medium to coarse

hypidiomorphic granular,
medium to coarse

alkali feldspar, hedenbergite,
titanomagnetite, ferropargasite,
olivine, biotite

alkali feldspar, nepheline,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

alkali feldspar, nepheline, sodalite,
aegirine-augite to aegirine,
katophorite, arfvedsonite

sodalite, alkali feldspar,
nepheline, aegirine,
arfvedsonite, eudialyte

alkali feldspar, nepheline,
aegirine, arfvedsonite, eudialyte

microcline, albite, nepheline,
sodalite, analcime, naujakasite,
aegirine, arfvedsonite,eudialyte,

alkali feldspar, quartz, aegirine,
arfvedsonite

ternary feldspar, apatite,
pyrrhotite, nepheline

titanomagnetite, apatite,
aenigmatite, bictite, fluorite,
eudialyte

fayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudialyte,
rinkite, fluorite, biotite

aenigmatite, hedenbergite,
aegirine-augite, fayalite, apatite,
katophorite, rinkite, polyiithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
titanomagnetite

sodalite, aenigmatite, magnetite,
rinkite, fluorite, l6llingite,
sphalerite, galena

monazite, britholite, villiaumite,
sphalerite, pectolite,
steenstrupine, lovozerite, vitusite,
polylithionite, ussingite, lueshite,
neptunite

aenigmatite, elpidite, zircon,
ilmenite, pyrochlore, neptunite,
fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.
t There are several types of lujavrites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine
being the dominant mafic mineral; arfvedsonite or black lujavrite, fine grained, often laminated with arfvedsonite as the
dominant mafic mineral; medium- to coarse-grained lujavrite (M-C lujavrite) with arfvedsonite as the dominant mafic mineral
and generally showing foyaitic textures. Naujakasite lujavrite is a variety of arfvedsonite lujavrite containing naujakasite instead
of nepheline and with steensirupine instead of eudialyte.

26



Table 1 (continued)

Mineral Formula Reference

Cuprite Cu,0O Lopez-Soler et al. (1975)
Cuprostibite Cu,(Sb,Tl) Serensen et al. (1969)
Dabhllite, see carbonate-hydroxylapatite

Diaspore AIO(OH) Ussing (1894)

Digenite Cu, S Lépez-Soler et al. (1975)
Djerfisherite K¢(Na,Li)(Fe,Cu,Ni},,S,.Cl Karup-Mgller (1978b)
Djurleite * Cu, S Karup-Mgller et al. (1978)
Dorfmanite Na,(PO,0H)-2H,0 Petersen et al. (1993)
Dyscrasite Ag,Sb Lopez-Soler et al. (1975)
Elpidite Na,ZrSi;0,5;3H,0 Ussing (1912)

Ephesite NaLiAl(Si,AlL)O,,(OH), Semenov (2001)

Epididymite NaBeSi,0,{OH) Hamilton (1964)

Epidote Ca,FeAl,(Si,0,)(Si0,)(O,0H), Flink (1898)

Epistolite Na,TiNb,(Si,0,),(O,F),5H,0 Baggild (1899)

Erikite £ Boggild (1903), Pekov et al. (1997a)
Eudialyte Na,,Ca,Fe,Zr,Si(Si,0,,)(0,0H,H,0),(Cl,OH), Stromeyer (1819)
Eudidymite Na,Be,Si;0,5H,0 Semenov & Serensen (1966)
Evenkite * 1 C,H,

Famatinite Cu,Sbs, Karup-Mgller (1974)

Fayalite Fe,SiO, Ussing (1912)

Ferrosalite Ca,Fe,Mg(Si,04)s Larsen (1976)
Ferropargasite NaCa,(Fe,Mg,Al);(Si;Al,)O,,(OH), Larsen (1976)

Fersmite (Ca,Ce,Na)(Nb,Ta,Ti),(O,0H,F), Petersen et al. (1998)
Fluorite CaF, 1809 (Giesecke)tt

Galena PbS 1809 (Giesecke)it

Garnet (group) Flink (1898)

Gelbertrandite * Semenov (1969)

Genthelvite Be,Zn,(SiO,),S Bollingberg & Petersen (1967)
Gerasimovskite (Mn,Ca)(Nb,Ti);O,,-9H,0(?) Semenov et al. (1967a)
Gmelinite Na,(Al,Sig)0,,11H,0 Karup-Mgller (1976)
Goethite (limonite) FeO(OH) 1806 (Giesecke)it

Gold Au Davison (1989), Bohse & Frederiksen

Gonnardite (formerly tetranatrolite)
Gudmundite
Halite
Halloysite
Hastingsite
Hedenbergite
Helvite
Hematite
Hemimorphite
Herschelite
Hisingerite
Hiortdahlite

Hydrargitlite (gibbsite)
Hydrocerussite
Hydronephelite £
llimaussite

lImenite

livaite
Joaquinite-(Ce)
Katophorite
Karupmollerite-Ca 1
Kvanefjeldite

(Na,K),(Si,Al);0,,2H,0

FeSbS

NaCl

Al,Si,O4(OH),
NaCa,(Fe,Mg):(Si;Al,)O,,(OH,Cl),
Ca(Fe,Mg)Si, 0,

Be,Mn,(SiO,),S

Fe,O,

Zn,Si,0,(OH),'H,0O
(Na,Ca,K)(AlISi,)O43H,0
Fe,Si,0,(0OH),2H,0
Na,CagZr,(Nb,Mn,Ti,Fe,Mg,Al),(Si,0,),0,F

AI(OH),
Pb,(CO,),(CH),

Na,Ba,CeFeNb,Si;0,45H,0

FeTiO,

CaFe®*(Fe®"),0(Si,0,)(OH)
NaBa,FeTi,Ce,(SiO,),0,(OH)-H,O
(Na,Ca),(Mg,Fe,Al)s(Si,Al)O,,(F,OH),

Na,(Ca,Mn)Si,O,,(OH),

(2001)
Grice (2001)
Oen & Sgrensen (1964)
Sobolev et al. (1970)
Semenov (1969)
Larsen (1976)
Semenov (1969)
Johnsen & Bohse (1981)
Ussing (1894)
Sgrensen (1962)
Karup-Mgller (1976)
Semenov (1969)
Larsen & Steenfelt (1974), Robles
et al. (2001)
Semenov (1969)
Karup-Mgller (1975)
Ussing (1894)
Semenov et al. (1968)
Ussing (1912)
Lorenzen (1881)
Semenov (1969)
Ussing (1912)
Name accepted by IMA 2001
Johnsen et al. (1983), Petersen et
al. (1984)
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Table 3. Analyses of rocks representing llimaussagq liquids

1 2 3 4 5 6 7 8
augite evolved Cl-poor Fe-rich Fe-rich aegirine  arfvedsonite medium- to
syenite, augite sodalite phonolite phonolite  lujavrite [ujavrite coarse-grained
chilled syenite, foyaite, dyke dyke av. of 3 av. of 2 lujavrite
margin av. of 3 av. of 3 weighted av.

3i0, (Wi%)  53.24 62.33 51.01 51.83 52.27 52.38 52.25 52.71
i0, 2.44 0.50 0.34 0.55 0.46 0.22 0.23 0.35
o, 0.04 0.11 0.36 0.55 0.78 0.95 0.25 0.13
\,0, 14,79 15.65 17.38 14.57 14.09 13.20 12.23 13.29
‘2,0, 2.64 212 4.73 7.56 11.03 10.90 6.06 4.04
‘€0 8.66 3.54 4.62 4.61 1.15 1.96 8.72 8.21
AnO 0.24 0.16 0.25 0.48 0.30 0.37 0.64 0.60
AgO 1.60 0.31 0.13 0.14 0.07 0.10 0.12 0.12
;a0 4.94 1.69 1.97 2.54 2.06 1.20 0.27 0.30
2,0 4.68 6.74 10.08 8.81 9.27 10.72 9.25 9.20
0 4.26 5.53 3.93 4.87 4.12 2.82 3.23 4.69
2,0, 0.74 0.08 0.05 0.08 0.09 0.18 0.54 0.41
1,0" 0.29" 0.68 419 156" 118! 3.44 3.65 3.70
1,07 0.19 0.20 0.16 0.47 0.36 0.28 0.24 0.13
>0, 0.23 0.07 0.09 0.19 0.07
3 0.15 0.00 0.02 0.12 0.03 0.06 0.06 0.14
bl 0.03 0.01 0.09 0.33 0.08 0.05 0.03 0.05
: 0.10 0.15 0.41 0.84 1.80 0.08 0.14 0.16
ithers 0.46 0.08 0.31 _0.42 0.71 0.89 164 147

98.99 100.11 100.10 100.33 99.85 99.89 99.74 99.77
-0 0.12 0.07 0.20 0.49 0.79 0.07 0.10 0.15

98.87 100.04 99.90 99.84 99.06 99.82 99.64 99.62
AL 0.83 1.09 1.20 1.36 1.40 1.57 1.53 1.52
“e0* 11.04 5.45 8.88 11.41 11.08 11.77 1417 11.85
r (ppm) 284 836 2690 4040 5740 7010 1860 939

Analysts: J. Kystol, J.C. Bailey and R. Fuge.

~ Loss on ignition corrected for other volatiles where known.
Al.: Agpaitic index, (Na,0+K,0)/Al,0, mol.

e0™: Total Fe as FeO.

Average of GGU 152122, 152130, 154378.

Average of GGU 57070, 154303, 154347.

Sample GGU 42475 (Larsen & Steenfelt 1974), new analysis.
Sample ARM 62/8010 (Martin 1985). New analysis.

Average of GGU 152128, 154302, 66143.

Average of GGU 152127, 154363.

NV W e Wy e

GGU 153394 (new analysis of sample U-106 from Ussing’s collection in the Geological Museum, Copenhagen).

3: 1:1 average of (a) 3 large surface samples (GGU 154397, 154399, 154724) and (b) 21 smaller samples from drill cores.
3GU prefixed to sample numbers: samples in the collections of the Geological Survey of Denmark and Greenland.

28



Table 1 (continued)

Mineral

Formula

Reference

Riebeckite

Riebeckite var. crocidolite (crocidolite)
Rinkite

Rinkolite £

Rohaite

Rosenbuschite

Rutile

Sauconite

Schizolite see pectolite (manganoan)
Seinajokite

Semenovite

Senarmontite

Sepiolite

Siderite

Silver

Skinnerite

Skutterudite

Sodalite
Sodium-acetate-tri-hydrate
Sorensenite
Sphaerobertrandite £

Sphalerite

Staffelite, see carbonate-fluorapatite
Stannite *

Steenstrupine

Stilbite

Stillwellite

Strontianite T

Synchysite T

Talc t

Tenorite

Terskite

Tetrahedrite

Tetranatrolite Y see Gonnardite

Thalcusite
Thermonatrite
Thorianite
Thorite

Tin *

Titanite
Titanomagnetite
Todorokite
Troilite

Trona
Tugtupite
Tundrite
Tundrite (Nd) **
Tuperssuatsiaite
Turkestanite
Ulvdspinel
Uranothorite
Ussingite
Valentinite
Vesuvianite T
Villiaumite
Vinogradovite

Na,(Fe**,Mg);(Fe®),Si,0,,(OH,F),
Nay(Fe®*,Mg)s(Fe™),SizO,,(OH,F),
(Na,Ca),(Ca,Ce),(Ti,NDb)(Si,0,),(O,F),

(T1,Pb,K),Cu; ,Sb,S,
(Ca,Na),(Zr,Ca),(Ti,Mn)(Si,0,),(F,OH),
TiO,

Na, ,Zn,(Si,Al),0,,(OH), 4H,0

(Fe,Ni)(Sb,As),

(Na,Ca) Fe(Ce,La),(Si,Be),(O,0H),,
Sb,0,

Mg,Si,0,5(OH), 6H,0
FeCO,

Ag

Cu,Sbs,
(Co,Fe,Ni)As,_,
Na,(Si,Al,)O,,Cl
CH,COONa-3H,0
Na,Be,Sn(Si;0,),"2H,0

ZnS

Cu,FeSnS,
Na,,Ce,Mn,Fe,Zr(PO,},Si,,04,(0OH),-3H,0
NaCa,(Al,Si,,)0,,30H,0
(Ce,La,Ca)BSiO,

SrCO,

Ca(Ce,La)(CO,),F

Mg,Si,0,4(OH),

CuO

Na,Zr(H,SisO,s)

(Cu,Fe),,5b,S,,

Cu,FeTl,S,

Na,CO,H,0

ThO,

ThSiO,

Sn
(Ca,Na)(Ti,Ta,Al,Nb,Sb)SiO,(O,F)

(Na,Ca,K,Ba,Sr),_(Mn,Mg,Al),0,,-3-4H,0
FeS

Na,(HCO,)(CO,)2H,0
Na,BeAlSi,0,,Cl
Na,Ce,TiO,Si0,(CO,),
Na,NdTiO,SiO,(CO,)
NaFe,Si,O,(OH),:5H,0
Th(Ca,Na),(K,_,3,)Si;0,, nH,0
Fe,TiO,

(Th,U)SiO,

Na,AlSi,O4(OH)

Sb,0,

(Ca,Na);5(Al,Mg,Fe),5(Si0,)10(S1;0;),(OH.F,0);,

NaF
(Na,Ca)},Ti,Si;0,¢ (H,0,K;)

Ussing (1894)

1809 (Giesecke)tt
Lorenzen (1884a)
Semenov (1969)
Karup-Mgller (1978a)
Ussing (1912)
Semenov (1969)
Semenov (1969)

Karup-Mgller (1978b)
Petersen & Rensbo (1972)
Karup-Mgller (1974)
Semenov (1969)

1806 (Giesecke)tt
Semenov et al. (1967b)
Karup-Mgller & Makovicky (1974)
Oen & Sgrensen (1964)
Thomson (1811)

Sgrensen et al. (1970)
Semenov et al. (1965)
Semenov & Sgrensen (1966)
Flink (1898)

Oen & Sgrensen (1964)
Lorenzen (1881)
Ferguson (1964)
Karup-Maller (1975)

Karup-Mgller & Makovicky (2001)
Khomyakov et al. (1983)
Karup-Mgller (1974)

Chen & Chao (1980), Grice (2001)
Andersen et al. (1969)
Makovicky et al. (1980)
Sgrensen et al. (1970)

Bondam & Sgrensen (1958)
Buchwald & Sgrensen (1961)
Karup-Mgller (1978b)

Hamilton (1964)

Larsen (1976)

Semenov (1969)

Karup-Mgller (1978b)

Sgrensen et al. (1970)
Sgrensen (1962)

Semenov et al. (1967a)
Semenov ef al. (1967a)
Karup-Mgller & Petersen (1984)
Petersen et al. (1999)
Karup-Mgller (1978b)
Makovicky et al. (1980)

Baggild (1913)

Karup-Mgller (1974)

Bondam & Ferguson (1962)
Rensbo et al. (1990)
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Table 1. All minerals identitied in the llimaussaq alkaline complex

Mineral Formula

Reference

Aegirine NaFe®* Si,O,
Aegirine-augite

Aenigmatite

Albite

Alkali feldspar

Allanite

Allargentum

Alumino-ferro-hornblende (barkevikite)
Analcime

Ancylite-(La)

Antimony Sb

Apatite Ca(PO)(F,OH,Cl)
Apophyliite KCa,Si,O
Arfvedsonite
Argentite AQ.S
Arsenopyrite FeAsS
Astrophyllite

Na (Fe*) TiSieOn,
NaAISi,O,

(K, Na)AISi O,
Ag.Sb

Na(AISi,)O H

Augite (Ca,Mg,Fe).(Si,A),O,
Avicennite ~ TIL,O,

Azurite ~ COHACO)(OH).
Baddeleyite ZrO,

Barkevikite, see alumino-ferro-hornblende

Barylite BaBe,Si,O,

Bastnasite
Bavenite
Bertrandite Be,Si,O,(OH),

(Ce.La)SO,LF

Beryllite Be,SiO,(OH),-H,O
Beudarntite POFe (ASO,, SO,L)(OH)s
Biotite (Mg, Fe)(SisANO (OH, F),

Birmnessite

Bornite

Breithauptite

Britholite

Brochantite

Burpalitet

Calciocancylite-(Ce)

Calcite

Cancrinite

Carbonate-fluorapatite (staffelite)
Carbonate-hydroxylapatite (dahllite)
Catapleiite

Ceriopyrochlore-(Ce)

Cerussite PbhCO,

Chabazite Ca(AlLSi)O, - 6H O
Chalcocite Cu,s

Chalcopyrite CuFeS,
Chalcostibite CusSbS,
Chalcothallite
Chkalovite
Chilorite
Chrysocolla
Connellite

CuFesS,
(Ni,Pd)Sb

Cu_,SO,,(OH)G
Na,CazZrSi,O,

Caco,
Cal (PO,,

Na,ZrSi,Op 2

Na,BeSi,O,

Copper
Corundum ALO,
Covellite Cus

Crocidolite, see riebeckite var. crocidolite

Cryptomelane KMN, O, o

minerals from the complex. Lists of the minerals found
in the complex have been compiled by Sgrensen
(1967), Semenov (1969), Sgrensen et al. (1981) and
Petersen & Secher (1993).

Table 1, compiled for this anniversary volume, con-
tains all the Ilimaussaq minerals for which sufficient
documentation exists. Those first described from the
[limaussaq complex are indicated in bold type.
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Geochemical overview of the llimaussaq alkaline complex,

South Greenland

John C. Bailey, Raymond Gwozdz, John Rose-Hansen and Henning Sgrensen

The Tlimaussaq alkaline complex is one of the latest members of the Mesoproterozoic Gardar
igneous province. It was emplaced in three phases, (1) augite syenite, (2) alkali acid rocks and
(3) the dominant agpaitic nepheline syenites. The immediate parent for the nepheline syenites
is the augite syenite whose geochemical features, such as the low Zr/Nb ratio (3.7), match
benmoreites from a nearby alkali basalt series.

The agpaitic nepheline syenites are characterised by exceptionally high contents of Zr, Hf,
Nb, Ta, REE, Th, U, Sn, Li, Be, Rb, Zn, Pb, Sb, W, Mo, As and Ga, and the volatile elements F,
Cl, Br, T and S but exceptionally low levels of Ba, Sr, Co, Cu, Ni, Sc, V and Cr. Fractionation of
cumulus phases with a distinctive geochemistry, such as sodalite (rich in CI, Br, I, B), eudialyte
(Zr, Hf, Nb, Ta, W, As) and arfvedsonite (Co, Sc, V, Cr), caused exhaustion of these elements
in the residual magmas. The agpaitic magmas underwent extreme fractionation with the final
lujavrite forming after 99% crystallisation of the augite syenite. Zirconium was apparently
soluble in Ilimaussaq melts up to a concentration of ¢. 9000 ppm. Whole-rock analyses define
a number of discrete Zr-U arrays which are restricted to certain intervals of the cumulate
stratigraphy and are taken as evidence for liquid layering in the Ilimaussaq magma chamber.
The distribution of the less common trace elements (Bi, Cd, Co, Ge, In, I, Hg, Sc, Se, V, W) and
of the more abundant trace elements which failed to form minerals (Br, Cs, Ga, Hf, Rb, Sr) is
summarised.

J.CB,, JR-H. & H.S., Geological Institute, University of Copenhagen, Oster Voldgade 10, DK-
1350 Copenhbagen K, Denmark. E-mail: jobnb@geo.geol.ku.dk
R.G., Tracechem, Markmandsgade 2, DK-2300 Copenbagen S, Denmark.

Keywords: agpaite, alkaline rocks, cumulates, geochemistry, Greenland, Ilimaussaq, liquid
layering, solubility, trace elements, zirconium

The aim of this paper is to review the main geochem-
ical features of the Ilimaussaq complex. We empha-
sise studies on the dominant agpaitic rock types of
the complex rather than the less voluminous pegma-
tites and veins. The influences of petrological proc-
esses such as extreme fractionation, crystallisation of
cumulus versus intercumulus materials, and possible
layering of the Ilimaussaq magma chamber are con-
sidered. This geochemical overview is largely based
on work in progress and preliminary interpretations
by the authors but also includes published work by a
number of investigators.

Geology of Greenland Survey Bulletin 190, 35-53 (2001) © GEUS 2001

Petrology of the Ilimaussaq complex

A summary of the geological setting and rock types of
the Ilimaussaq complex is presented by Sgrensen
(2001, this volume) and only a brief overview of the
setting and petrological evolution is given here.

The Tlimaussaq complex is one of the youngest
members of the Mesoproterozoic Gardar province of
South Greenland which comprises a suite of extru-
sive and intrusive igneous rocks produced in an ex-
tensional continental environment (Upton & Emeleus
1987). The complex was intruded into basement
granitoids and the unconformably overlying
sandstones and largely basaltic lavas of the Eriksfjord
Formation, part of the Gardar supracrustals (Fig. 1).
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Fig. 2. A: Schematic section through the Ili-

maussaq alkaline complex. B: The lowermost
augite syenite
alkali acid rocks
pulaskite & foyaite

sodalite foyaite
500

m

800 m of the complex showing the detailed
igneous stratigraphy of the kakortokites and
lujavrites. Modified from Andersen et al.
(1981D).
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The Ilimaussaq complex was emplaced in three main
phases. Phase 1 is composed of a mildly alkaline augite
syenite while phase 2 consists of peralkaline quartz
syenite and alkali granite. Phase 3 starts with slightly
peralkaline Si-undersaturated rocks which evolve into
the areally dominant, agpaitic nepheline syenites of
the complex (Fig. 2; Table 1). The agpaitic rocks at
Ilimaussaq are characterised by an agpaitic index (mo-
lar (Na,O + K,0)/AL,O)) > 1.2 and by complex Zr-Ti
silicates such as eudialyte and rinkite.

Phase 3 consists of a series of roof cumulates, and
a series of floor cumulates which are overlain by an
intermediate sequence of rocks whose cumulate char-
acter decreases upwards so that the later rock types
are intrusive into the earlier materials. The roof rocks
crystallised from the top downwards, forming the suc-
cession pulaskite, foyaite, sodalite foyaite and naujaite.
Floor cumulates contemporaneous with the greater
part of the roof cumulates are thought to occur below
the deepest exposed levels.

The earliest exposed floor cumulates are the lower
layered kakortokites which exhibit a striking macro-
rhythmic layering. Each of the 29 three-layer units starts
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Fig. 1. Simplified geological map of the Ilimaussaq complex.
Modified from Ferguson (1964) and Andersen ef al. (1988). M-
C lujavrite: medium- to coarse-grained.

with a black arfvedsonite-rich layer; this is followed
with a few exceptions by a red eudialyte-rich layer
and then a thicker white layer rich in alkali feldspar.
The 29 units are numbered from —11 upwards through
0 to +17 (Bohse et al. 1971). Based on analyses of
individual layers, we have computed a bulk kakor-
tokite composed of 12.7% black, 11.5% red and 75.8%
white layers. The lower layered kakortokites are over-
lain by slightly layered kakortokite and then by tran-
sitional layered kakortokite where the black, red and
white layers are labelled F to A upwards (Bohse &
Andersen 1981).

There is a gradual and concordant contact to the
overlying aegirine lujavrite T where detailed studies
have established weakly developed macrorhythmic
layering (Bailey 1995). Additional stratified and more
evolved lujavrites at higher levels are termed aegirine
lujavrite 11, lujavrite transition zone and arfvedsonite
lujavrite. The final medium- to coarse-grained lujavrite
(M-C lujavrite), which occurs as intrusive sheets, ap-
proaches pegmatites in its grain size and texture. These
late lujavrites are associated with a uranium deposit
in the roof zone at Kvanefjeld (Sgrensen et al. 1974).

Most of the Ilimaussaq rocks are cumulates but rare
chilled margins, dykes and sills thought to be close to
magmatic compositions of the evolving Ilimaussaq sys-
tem are now starting to be recognised and are dis-
cussed below.
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Table 1. The major rock types of the llimaussaq alkaline complex

Rock type

Texture

Essential minerals®

Minor minerals

Augite syenite

Pulaskite and
foyaite

Sodalite foyaite

Naujaite

Kakortokite

LujavriteT

Alkali granite,
quartz syenite

hypidiomorphic to xenomorphic
granular, massive or layered,
medium to coarse

massive, medium to coarse,
platy feldspars

foyaitic, coarse

poikilitic, coarse to
pegmatitic

laminated, layered,
medium to coarse

laminated, fine-grained;
sometimes layered or massive,
medium to coarse

hypidiomorphic granular,
medium to coarse

alkali feldspar, hedenbergite,
titanomagnetite, ferropargasite,
olivine, biotite

alkali feldspar, nepheline,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

alkali feldspar, nepheline, sodalite,
aegirine-augite to aegirine,
katophorite, arfvedsonite

sodalite, alkali feldspar,
nepheline, aegirine,
arfvedsonite, eudialyte

alkali feldspar, nepheline,
aegirine, arfvedsonite, eudialyte

microcline, albite, nepheline,
sodalite, analcime, naujakasite,
aegirine, arfvedsonite,eudialyte,

alkali feldspar, quartz, aegirine,
arfvedsonite

ternary feldspar, apatite,
pyrrhotite, nepheline

titanomagnetite, apatite,
aenigmatite, biotite, fluorite,
eudialyte

fayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudialyte,
rinkite, fluorite, biotite

aenigmatite, hedenbergite,
aegirine-augite, fayalite, apatite,
katophorite, rinkite, polylithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
titanomagnetite

sodalite, aenigmatite, magnetite,
rinkite, fluorite, lollingite,
sphalerite, galena

monazite, britholite, villiaumite,
sphalerite, pectolite,
steenstrupine, lovozerite, vitusite,
polylithionite, ussingite, lueshite,
neptunite

aenigmatite, elpidite, zircon,
iimenite, pyrochlore, neptunite,
fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.
t There are several types of Iujavrites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine
being the dominant mafic mineral; arfvedsonite or black lujavrite, fine grained, often laminated with arfvedsonite as the
dominant mafic mineral; medium- to coarse-grained lujavrite (M-C lujavrite) with arfvedsonite as the dominant mafic mineral

and generally showing foyaitic textures. Naujakasite lujavrite is a variety of arfvedsonite Iujavrite containing naujakasite instead

of nepheline and with steenstrupine instead of eudialyte.

Analytical methods

Most of the data presented here were obtained by X-
ray fluorescence analysis on glass discs (major ele-
ments) or powder tablets (trace elements), and by
instrumental neutron activation analysis. These meth-
ods were supplemented by optical emission
spectrometry for B, delayed neutron counting for U,
Cerenkov counting for Li, photometry for F, and atomic
absorption spectrometry for Li, Be and Cd. Minerals
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were separated by conventional methods of magnetic
separation and heavy liquids.

Agpaitic geochemistry

Representative analyses for the main rock types in the
Ilimaussaq complex are given in Table 2, and analy-
ses of rare dykes and sills thought to be close to Ili-
maussaq magma compositions are given in Table 3.



The agpaitic magmas and derivative rocks possess
a number of unique geochemical features. Outstand-
ing among these is their peralkaline, highly sodic char-
acter. In the Ilimaussaq complex, this led to the
appearance of a long series of Na-bearing minerals
(formulae are given by Petersen 2001, this volume).
They include minerals of Na—Fe (arfvedsonite, aegirine,
aenigmatite), Na—Zr (eudialyte, catapleiite), Na—Nb
(pyrochlore, lueshite), Na—Ti-Nb (rinkite, neptunite,
astrophyllite-niobophyllite), Na—REE (steenstrupine,
tundrite, joaquinite), Na—Be (chkalovite, sorensenite,
leucophane) and Na-P (vitusite, vuonnemite, Na-rich
apatite). Na was linked with volatile components in
minerals of Na—Cl (sodalite), Na—F (villiaumite) and
Na—CO, (trona and thermonatrite). K-Na even enter
the sulphide djerfisherite. Many of these minerals have
limited occurrences in late pegmatites, veins and pock-
ets but sodalite, arfvedsonite, aegirine and eudialyte
are important rock-forming minerals (Table 1).

In terms of trace elements, the Ilimaussaq rocks are
characterised by exceptionally high levels of the nor-
mally incompatible elements Zr, Hf, Nb, Ta, REE, Th, U,
Sn, Li, Be, Rb, Zn, Pb, Sb, W, Mo, As and Ga, as well as
the volatile elements F, Cl, Br, I and S. Less well docu-
mented, because of analytical difficulties, are the excep-
tionally low levels attained by compatible trace elements
such as Sc and Co (< 0.1 ppm), V, Cr and Ni (<0.5
ppm), Cu (<1 ppm), Ba (<5 ppm) and Sr (< 10 ppm).

Elements which are usually coherent geochemically
can exhibit bizarre relations. Thus during evolution
of the complex K/Rb falls from 460 to 35, Zr/Hf rises
from 45 to 97, and Cl/Br rises from 170 to 1500. Aver-
age Mg/Li ratios of basalts (c. 2700) and granites (c.
40) can be compared with averages for nepheline sy-
enites from Lovozero (110) and Ilimaussaq (4.5). The
average Mg/Li ratio for arfvedsonite can be compared
at Lovozero (19) and Ilimaussaq (1.9, with individual
ratios down to 0.13). In the final arfvedsonites at Ili-
maussaq, Li is a minor element whereas Mg is a trace
element (Bailey et al. 1993). It should be emphasised
that these features apply to rocks and minerals occur-
ring in outcrops over hundreds or even thousands of
metres and not to pockets of exotic pegmatite.

The extraction of a series of cumulus phases char-
acteristic of agpaitic nepheline syenites (Table 1) has
imposed distinctive element associations on the suc-
cession of cumulate rocks. In several of these cumu-
lus phases, elements which are normally considered
incompatible, e.g. during basalt fractionation, are
strongly compatible and this leads to a sharp decrease
in their contents in the succeeding residual magmas.

Thus the build-up of Cl, which occurs in residual
phonolitic magmas at many localities, reaches a climax
at Ilimaussaq with the voluminous formation of flota-
tion cumulates of sodalite. These flotation cumulates
form naujaite, the final rock type of the roof series.
Chlorine contents of naujaite typically are in the range
2-3.5 wt% with an extreme value of 4.6 wt%. The
earliest sodalites are particularly rich in Br, I and B
and this leads to decreasing levels in subsequent rocks.

In the earliest exposed floor cumulates, the kakor-
tokites, the Na—Zr silicate eudialyte is an important
cumulus phase, particularly in the eudialyte-rich red
kakortokite layers. Eudialyte not only strongly parti-
tions Zr but also Hf, Nb, Ta, W and As so that all these
elements show decreasing contents in the subsequent
rocks. Moderate partitioning of Ca, Sr and Ba, and of
Cl and Br, accelerates the already dwindling amounts
of these elements. Even the rising levels of REE and
Pb in the Ilimaussaq system receive a short-lived set-
back as a result of their significant incorporation in
the abundant eudialyte of the kakortokites.

Also at the kakortokite stage, cumulus arfvedsonite
and aegirine scavenge large amounts of the rare tran-
sition metals Co, Sc, V and Cr. Levels of Sc, for exam-
ple, fall to < 0.1 ppm in the subsequent rocks.

Fluorite is a cumulus phase in the kakortokites and
its fractionation leads to a reduction in F levels so that
contents only recover to > 1000 ppm in the final luja-
vrites with the crystallisation of villiaumite.

Clearly, a number of elements which are normally
incompatible in alkaline magma series (Cl, Zr, Hf, W)
pass through maxima in the Ilimaussaq agpaitic sys-
tem and may then evolve to significantly lower levels.
Thus in the final medium- to coarse-grained lujavrite,
Zr may fall to 328 ppm and Hf to 2.6 ppm. This allows
new associations of minerals and elements to be es-
tablished: instead of Th and U substituting in eudi-
alyte, they concentrate in the Th-REE silicophosphate
steenstrupine.

Agpaitic cumulate rocks, and presumably their pa-
rental melts, solidify at remarkably low magmatic tem-
peratures, probably < 500°C (Sood & Edgar 1970). They
may even exhibit a continuous transition through
hyper-agpaitic melts to hydrothermal solutions
(Khomyakov 1995). Such behaviour suggests that
fractionation proceeds to an extremely high degree.
The recognition of a rare suite of dykes and sills cor-
responding to Ilimaussaq liquids (Table 3) has allowed
us to quantify this fractionation. During most though
not all of the evolution, Th, U, La, Cs, Li, Be and Pb
behaved as almost perfectly incompatible elements.
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Table 2. Representative analyses of llimaussaq rock types

Phase 1 Phase 2 Phase 3
fine augite coarse augite quartz alkali pulaskite foyaite sodalite
syenite syenite syenite granite foyaite
GGU no. 154361 154334 152118 152116 154387 154384 154351
SiO, (wi%) 50.78 56.97 7017 71.01 62.54 58.50 48.24
TiO, 2.76 1.27 0.26 0.23 0.10 0.32 0.33
Zr0, 0.02 0.06 0.19 0.46 0.21 0.27 0.51
ALO, 13.69 16.82 10.03 8.65 16.97 16.21 18.99
Fe,O, 2.78 1.47 3.03 4.33 2.02 3.03 4.16
FeO 11.69 6.68 4.67 3.79 1.48 3.80 3.08
MnO 0.35 0.22 0.18 0.21 0.12 0.19 0.20
MgO 2.32 0.76 0.1 0.18 0.15 0.1 0.12
Ca0 5.12 3.47 0.38 0.24 1.53 1.76 1.67
Na,O 3.84 5.65 5.28 4.67 8.19 7.56 14.87
K,0 4.16 5.16 4.25 3.91 4.69 5.64 3.47
P,O, 1.22 0.34 0.02 0.07 0.05 0.04 0.06
H,O* 0.36 0.56 0.34 0.28 0.83 1.26 1.24
H,0" 0.24 0.19 0.16 0.26 0.20 0.21 0.22
CO, 0.07 0.05 0.10 0.09 0.06 0.04 0.10
S 0.16 0.07 0.00 0.00 0.01 0.02 0.07
Cl 0.02 0.04 0.02 0.01 0.02 0.12 2.34
F 0.16 0.14 0.35 0.27 0.20 0.20 0.17
others 0.05 0.06 0.19 0.47 0.18 017 0.40
99.79 99.98 99.35 99.12 99.55 99.45 100.24
-0 0.16 0.10 0.15 0.12 0.09 0.12 0.66
99.63 99.88 99.20 99.00 99.46 99.33 99.58
Al 0.80 0.88 1.32 1.38 1.09 1.14 1.49
Cs (ppm) <01 1.2 0.35 1.2 2.3 5.3 6.3
Rb 66 68 438 557 234 315 348
Tl <05 <05 2.3 0.5 1.0 1.3 1.7
Ba 2580 2320 16 48 30 42 10
Pb 12 15 69 163 36 45 89
Sr 281 395 15 54 16 27 11
La 73 77 252 537 223 244 619
Ce 163 163 510 1110 445 512 1420
Nd 83 76 205 423 185 219 572
Sm 15.0 13.9 31.2 65.6 36.3 38.2 95.9
Eu 5.08 4.53 213 4.16 3.08 3.60 10.1
Tb 2.06 1.88 5.73 121 5.89 5.82 16.6
Yb 5.21 5.30 18.5 36.8 24.7 17.9 50.9
Lu 0.68 0.80 2.80 5.38 3.69 2.43 6.42
Y 50 45 187 356 240 184 488
Th 3.4 7.9 48.5 123 235 27.8 54.0
U 0.55 1.9 15.6 441 8.9 9.8 15.5
Zr 208 272 1790 4560 2790 2070 4110
Hf 5.8 114 38.0 108 52.6 425 98.9
Sn 7.3 12 38 88 25 27 62
Nb 55 93 312 912 386 325 777
Ta 3.9 6.0 18.7 56.6 21.3 19.2 48.4
Li 16 80 182 156 91 132 161
Zn 148 117 402 1260 182 276 534
Cu 26 16 5 6 5 10 8
Co 10 3.8 1.1 - 1.1 3.6 0.32
Ni < 0.5 <05 <05 <05 3.1 0.5 < 0.5
Sc 40 18 1.9 1.2 0.21 0.52 0.09
\ <0.5 <0.5 21 1.6 1.5 <05 < 0.5
Cr 8.2 1.8 3.5 3.9 1.1 1.8 1.9
Ga 23 29 41 37 56 58 66
Ge 1.9 1.9 1.8 2.1 1.3 1.4 16
B <3 8 13 13 7 5 3
Be 15 35 24 59 15 16 32
Sb < 0.1 < 0.1 0.2 0.9 0.2 0.1 <05
Mo 4.1 4.4 2 8.4 <05 <05 10
As 0.7 3.3 2.8 14 4.3 2.8 9.9
F 1560 1350 3550 2740 2040 1960 1730
Cl 210 450 190 120 160 1200 23400
Br <05 1.5 0.5 <05 0.8 2.9 117
| <05 < 0.5 < 0.5 <05 <05 < 0.5 1.8
S 1570 690 45 40 105 160 730

Analysts: J.C. Bailey, J. Kystol, R. Gwozdz, B. Damgaard, H. Bollingberg and R. Fuge.



Table 1. The major rock types of the llimaussaq alkaline complex

Rock type Texture Cumulus minerals Other minerals
Phase 1
augite syenite hypidiomorphic to alkali feldspar, ferropargasite, biotite,

Phase 2

alkali granite,
quartz syenite

Phase 3

pulaskite and
foyaite

xenomorphic granular,
massive or layered,
medium to coarse

hypidiomorphic granular,
medium to coarse

massive, medium to
coarse, platy feldspars

Agpaitic nepheline syenites

sodalite foyaite

naujaite

kakortokite

lujavrite '

foyaitic, coarse

poikilitic, coarse to
pegmatitic

laminated, layered,
medium to coarse

laminated, fine-grained;
sometimes

layered or massive,
medium to coarse

hedenbergite, olivine, titano-
magnetite, apatite, plagioclase,
pyrrhotite, chalcopyrite

alkali feldspar,
hedenbergite, fayalite,
titanomagnetite, apatite

alkali feldspar, sodalite,
nepheling, hedenbergite,
fayalite, titanomagnetite,
apatite

sodalite, alkali feldspar,
nepheline, hedenbergite,
fayalite, titanomagnetite,

alkali feldspar, nepheline,
arfvedsonite, aegirine,
eudialyte, sodalite, fluorite,
aenigmatite

aegirine, arfvedsonite,
microcline, albite,
nepheline, eudialyte

nepheline

alkali feldspar, quartz,
arfvedsonite, aegirine,
aenigmatite, iimenite,
sphalerite, galena,
pyrochlore, fluorite, zircon

katophorite-arfvedsonite,
aegirine-augite to aegirine,
nepheline, aenigmatite, biotite,
eudialyte, fluorite, analcime,
natrolite

katophorite-arfvedsonite,
aegirine, eudialyte,
aenigmatite, analcime,
natrolite

katophorite-arfvedsonite,
aegirine, eudialyte,
aenigmatite, analcime, apatite,
natrolite, fluorite, villiaumite,
rinkite, sphalerite

analcime, natrolite, rinkite,
sphalerite, galena, 16llingite

analcime, natrolite, sodalite,
naujakasite, steenstrupine,
vitusite, monazite,
villiaumite, sphalerite, galena

T See Sgrensen (2001, Table 1) for further information.



Table 3. Analyses of rocks representing llimaussagq liquids

1 2 3 4 5 6 7 8
augite evolved Cl-poor Fe-rich Fe-rich aegirine arfvedsonite medium- to
syenite, augite sodalite phonolite phonolite lujavrite lujavrite coarse-grained
chilled syenite, foyaite, dyke dyke av. of 3 av. of 2 lujavrite
margin av. of 3 av. of 3 weighted av.

SiO, (wt%) 53.24 62.33 51.01 51.83 52.27 52.38 52.25 52.71
TiO, 2.44 0.50 0.34 0.55 0.46 0.22 0.23 0.35
ZrQ, 0.04 0.11 0.36 0.55 0.78 0.95 0.25 0.13
ALO, 14.79 15.65 17.38 14.57 14.09 13.20 12.23 13.29
Fe,O, 2.64 2,12 4.73 7.56 11.03 10.90 6.06 4.04
FeO 8.66 3.54 4.62 4.61 1.15 1.96 8.72 8.21
MnO 0.24 0.16 0.25 0.48 0.30 0.37 0.64 0.60
MgO 1.60 0.31 0.13 0.14 0.07 0.10 0.12 0.12
CaO 4.94 1.69 1.97 2.54 2.06 1.20 0.27 0.30
Na,O 4.68 6.74 10.08 8.81 9.27 10.72 9.25 9.20
K,O 426 5.53 3.93 4.87 412 2.82 3.23 4.69
PO 0.74 0.08 0.05 0.08 0.09 0.18 0.54 0.41
H,0" 0.29 0.68 4.19 1.56" 1.18" 3.44 3.65 3.70
H,O" 0.19 0.20 0.16 0.47 0.36 0.28 0.24 0.13
Co, 0.23 0.07 0.09 0.19 0.07
S 0.15 0.00 0.02 0.12 0.03 0.06 0.06 0.14
Cl 0.03 0.01 0.09 0.33 0.08 0.05 0.03 0.05
F 0.10 0.15 0.41 0.84 1.80 0.08 0.14 0.16
others 0.46 0.08 0.31 0.42 0.71 0.89 1.64 1.47

98.99 100.11 100.10 100.33 99.85 99.89 99.74 99.77
-0 0.12 0.07 0.20 0.49 0.79 0.07 0.10 0.15

98.87 100.04 99.90 99.84 99.06 99.82 99.64 99.62
Al 0.83 1.09 1.20 1.36 1.40 1.57 1.53 1.52
FeO* 11.04 5.45 8.88 11.41 11.08 11.77 14.17 11.85
Zr (ppm) 284 836 2690 4040 5740 7010 1860 939

Analysts: J. Kystol, J.C. Bailey and R. Fuge.
Loss on ignition corrected for other volatiles where known.
A.l.: Agpaitic index, (Na,0+K,0)/Al,O, mol.

FeO™: Total Fe as FeO.

: GGU 153394 (new analysis of sample U-106 from Ussing’s collection in the Geological Museum, Copenhagen).
: Average of GGU 152122, 152130, 154378.
: Average of GGU 57070, 154303, 154347.

: Sample GGU 42475 (Larsen & Steenfelt 1974), new analysis.

: Average of GGU 152128, 154302, 66143.

: Average of GGU 152127, 154363.

1:1 average of (a) 3 large surface samples (GGU 154397, 154399, 154724) and (b) 21 smaller samples from drill cores.

1
2
3
4
5: Sample ARM 62/8010 (Martin 1985). New analysis.
6
7
8
G

GU prefixed to sample numbers: samples in the collections of the Geological Survey of Denmark and Greenland.
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Based on their increasing contents, it was calculated
that the final rock type, medium- to coarse-grained
lujavrite, was formed after 99% crystallisation of the
augite syenite.

Agpaitic melts are relatively depolymerised with a
high ratio of non-bridging oxygens to tetrahedrally
co-ordinated cations (Larsen & Segrensen 1987; Ewart
& Griffin 1994), and possess enhanced solubility for
high-field-strength elements such as Zr (Watson 1979;
Farges et al. 1991; Hess 1991). Worldwide, contents of
Zr in nepheline syenites (and phonolites) increase from
around 50 (250) ppm to 1400 (1750) ppm as their
agpaitic index increases from 0.8 to 1.1 (Fig. 3). Only
two phonolitic series are known to us with signifi-
cantly higher agpaitic indices. Firstly, agpaitic phono-
lites in the Igaliko dyke swarm (Pearce 1988), 25 km
NE of the Ilimaussaq complex, range up to 6250 ppm
Zrwith a somewhat aberrant dyke possibly extending
the trend to 7600 ppm. Secondly, the rare phonolitic
dykes and sills in and around the Ilimaussaq complex
show Zr contents rising to 8700 ppm (Fig. 3).

In the foyaite at Ilimaussaq, combining the maxi-
mum Zr content in the (001) sector of interstitial
aegirine (1.33%, Larsen 1976) with the Zr partition
coefficient appropriate to this sector (c. 1.33, Wolff &
Toney 1993) suggests a saturation level of ¢. 1.0% Zr.
The same calculation method yields saturation levels
of 0.89% Zr in sodalite foyaite and 0.85% Zr in naujaite.
While such Zr contents may only reflect metastable
crystallisation in anomalous interstitial micropockets,
they are in broad agreement with the highest value so
far reported from dykes and sills.

Zirconium contents around 9000 ppm are probably
close to the solubility limit for Zr at Ilimaussaq since
higher Zr whole-rock contents are only found in cu-
mulates rich in eudialyte. Fractionation of eudialyte
produced late lujavritic liquids at Ilimaussaq with Zr
contents falling to < 500 ppm. The rise and fall of Zr
contents at Ilimaussaq is confirmed by analyses of both
cumulus and intercumulus pyroxenes (Larsen 1976).

Enhanced solubility is also evident for (1) F prior
to the crystallisation of fluorite, e.g. contents of 0.84%
and 1.80% F in two phonolite dykes; (2) P in late
lujavrites, e.g. up to 0.39% in arfvedsonite lujavrite
and up to 0.40% in medium- to coarse-grained lujavrite;
(3) REE + Y in late lujavrites, e.g. up to 1.1% in
arfvedsonite lujavrite and up to 1.5% in medium- to
coarse-grained lujavrite.

Components which are normally volatile or prone
to escape in hydrothermal solutions from many mag-
mas were soluble to a high degree and were largely
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Fig. 3. Zr contents versus agpaitic index showing the main fields
for nepheline syenites and phonolites (authors’ compilation of
210 localities), the agpaitic phonolite series in the Igaliko dyke
swarm (Pearce 1988; new analyses by the authors), and the
proposed trend for Ilimaussaq liquids (Table 3).

retained by the agpaitic magmas at Ilimaussaq, e.g.
H,0, Cl, Br, 1, S, Mo, As, TI, Band Cs (cf. Kogarko 1974).
Fugacities of oxygen, water and sulphur are inferred
to be low, even though their contents are high (Larsen
1976; Karup-Moller 1978; Konnerup-Madsen & Rose-
Hansen 1982; Larsen & Sgrensen 1987).

The geochemistry of the proposed magma compo-
sitions at Ilimaussaq has enabled us to estimate bulk
partition coefficients for all studied elements during
the main fractionation stages of the complex and to
integrate these coefficients with the geochemistry of
the various cumulus phases. Some distortion, how-
ever, results from the fact that these phases have often
modified their chemistry during continued growth at
the intercumulus stage.

Such modelling has allowed us, for example, to
recognise that, during the early stages at [limaussaq,
P behaved as a compatible element and was
fractionated in apatite. However, after crystallisation
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of the earliest agpaitic nepheline syenite, the sodalite
foyaite, bulk partition coefficients for P fell to < 0.03
and the build-up of P contents in the late lujavrites, which
ledtothe appearance of the phosphates and silico-phos-
phates vitusite, monazite, steenstrupine and vuonne-
mite, can be explained solely by fractional crystallisation.

It is widely recognised that fractionation of mag-
mas is attended by a number of characteristic geo-
chemical trends. Thus K/Rb ratios normally decrease
and this trend is also present in the Ilimaussaq rocks
with ratios falling from around 500 to 35. Other well-
established trends, however, such as the fall in Ba/Rb
ratios show reversals at Ilimaussaq. Thus the Ba/Rb
ratio sharply rises in the kakortokitic rocks; this can
be attributed to the high Ba/Rb ratio of cumulus eudi-
alyte (¢. 10) compared to Ilimaussaq magmas at this
stage (c. 0.1). In general, as noted by Gerasimovsky
(1969) and Ferguson (1970), there is a good correla-
tion between fractionation trends and the chronology
inferred from field relations. In addition, the reversals
in the trends of trace element ratios noted by Ferguson
(1970) can now be explained on the basis of cumulus
processes and mineral geochemistry.

Comparing averages for agpaitic nepheline syen-
ites from various localities, it is found that the Ilimaus-
saq rocks have lower K/Rb, K/Cs and Sr/Ca but higher
Li/Mg, Zn/Fe and Ga/Al ratios than similar materials
from Lovozero (Kola Peninsula) and Pilanesberg
(South Africa) (Bailey et al. 1978). It can thus be in-
ferred that the Ilimaussaq rocks arose from a more
extreme fractionation history. This is also reflected in
the fact that hyper-agpaitic conditions are not restricted
to pegmatites and veins, as at Lovozero and Khibina
(Khomyakov 1995), but are already present in the late
lujavrites at Ilimaussaq (Sgrensen 1997; Sgrensen &
Larsen 2001, this volume).

Other geochemical ratios, however, are more indica-
tive of the differing parent magmas at these localities.
It is characteristic for the more Si-undersaturated basalts
that they possess lower Zr/Nb ratios but higher ratios
of LREE/HREE (light/heavy REE), e.g. La/Lu. In the
Gardar province, early- and mid-Gardar basalts have
Zr/Nb ratios around 18 (Upton & Emeleus 1987) where-
as among the late-Gardar Tugtutdg—Ilimaussaq dykes
two populations of basalt with Zr/Nb ratios of ¢. 6.4
and 3.9 have been distinguished (Pearce 1988). Tran-
sitional basalts with Zr/Nb of ¢. 6.4 evolve to Si-over-
saturated compositions. In contrast, the more Si-under-
saturated suite has Zr/Nb ratios which are relatively
constant in basanite/tephrite (3.6), basalt (2.9),
benmoreite (3.8) and phonolite (3.5). These can be
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matched by Zr/Nb ratios from Ilimaussaq in the chilled
margin to the Ilimaussaq augite syenite (3.7) which is
equivalent to a benmoreite.

Among the agpaitic nepheline syenites from differ-
ent localities, one can compare lujavrites with a simi-
lar degree of differentiation (Bailey et al. 1978). Zr/
Nb ratios for lujavrites at Ilimaussaq (16) are higher
than for lujavrites from Lovozero (10) and Pilanesberg
(11) whereas La/Lu ratios in lujavrites at Ilimaussaq
(170) are lower than for lujavrites from Lovozero (270)
and Pilanesberg (280). These features suggest that the
nepheline syenites at Lovozero and Pilanesberg were
derived from more Si-undersaturated parental mag-
mas than those from Ilimaussaq. Kogarko (1979)
reached the same conclusion on the basis of lower
Sr/Ca ratios and more pronounced negative Eu anoma-
lies in the REE patterns at I[limaussaq compared to
those at Lovozero. She concluded that the Ilimaussaq
nepheline syenites were derived from nepheline-nor-
mative alkali basalts whereas the Lovozero and Khibina
nepheline syenites were derived from melilite
nephelinites. At Pilanesberg, the high Sr/Ca ratios,
subdued Eu anomalies, and association with kimberlite
and carbonatite (Ferguson 1973), suggest that the
nepheline syenites there were also derived from highly
Si-undersaturated magmas.

Rare-earth elements

The main features of REE geochemistry at Ilimaussaq
were presented in earlier work by Gerasimovsky
(1969), Semenov (1969), Fryer & Edgar (1977), Bailey
et al. (1978) and Sgrensen (1992). Contents of REE
are high, reaching maxima in the eudialyte-rich red
kakortokites and in the final lujavrites where a num-
ber of REE minerals including steenstrupine and vi-
tusite have crystallised. With evolution in the
Ilimaussaq system, REE spectra reveal (1) a general
increase in total REE, (2) high LREE/HREE (light/heavy
REE) ratios which increase sharply in the lujavrites
and (3) a more or less uniformly negative Eu anomaly.
The only rocks lacking a negative Eu anomaly are
some of the earliest augite syenites which still pre-
serve plagioclase cores within their alkali feldspars.
In the earlier agpaitic rocks — sodalite foyaite,
naujaite and kakortokites — REE contents correlate with
Zr, and REE are mainly located in eudialyte. Total con-
tents of RE,O, (including Y,0,) in eudialyte increase
fairly regularly from about 1.7 wt% in the early roof
rocks (sodalite foyaite) to 8.7 wt% in the late, more
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Fig. 4. REE patterns for eudialytes from the Ilimaussaq com-
plex. Sources of data: Aegirine lujavrite II, GGU 77018 (Gerasi-
movsky 1969); Aegirine lujavrite I, drill core VII (GGU 108107)
at 96 m (larger point) and at 146 m (smaller point) (Bailey
1995); Red kakortokite, GGU 77045 (Gerasimovsky 1969);
Naujaite, drill core VII (GGU 108107) at 34 m (Bailey 1995);
Sodalite foyaite, GGU 138761 (Fryer & Edgar 1977).

evolved aegirine lujavrite (Fig. 4). In this sequence,
(La/Yb), (chondrite normalised) ratios also increase
from about 1.5 to 9.4; this is largely due to an increase
in (Gd/Yb) ratios from 0.45 to 2.3 since (La/Sm) ra-
tios show no clearly defined trend. The REE patterns
of eudialyte tend to show an increasing slope for HREE
in the early rocks but a decreasing slope in the later
rocks. Europium anomalies, as measured by Eu/Eu’
ratios, typically scatter around 0.2-0.4 but show no
clear trend with evolution. The Ilimaussaq eudialytes
cover most, though not all, of the REE range of the
eudialyte group (Johnsen & Gault 1997). The huge
tonnages, and relatively high contents of HREE com-
pared to presently exploited REE sources, bastnaesite
and monazite, mean that Ilimaussaq eudialyte has the
potential to be an important future resource of REE
(Sgrensen 1992).

The distribution of REE between co-existing min-
erals can be illustrated by a sample of aegirine luja-
vrite I (Fig. 5). Eudialyte dominates the REE budget.
The REE patterns of all minerals are characterised by
LREE enrichment and a negative Eu anomaly. Com-
pared to the bulk rock, the eudialyte REE pattern is
slightly enriched in MREE (middle REE) and Eu indi-
cating the preferential entry of Ca-Sr-Eu into this phase.
Relative to the bulk rock, REE patterns of the remain-

ing minerals are slightly depleted in MREE and the
negative Eu anomaly is more pronounced; the La/Yb
ratio is similar in aegirine, higher in microcline + nephe-
line and analcime + natrolite, but lower in arfved-
sonite. These features are broadly consistent with
preferential entry of LREE into an optimal site of about
1.10 A in feldspars, and of HREE into an optimal site
of about 0.70 A in pyroxenes and amphiboles (Jensen
1973 but with revised ionic radii from Shannon 19706).

Aegirine lujavrite I

eudialyte

bulk rock

arfvedsonite

aegirine
10

microcline+
nepheline

Mineral/chondrite
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Fig. 5. REE patterns for bulk rock and separated minerals from
aegirine lujavrite I, drill core VII (GGU 108107) at 191 m (Bai-
ley 1995).
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Cumulate rocks and processes

Ever since the memoir of Ussing (1912), it has been
realised that the cumulitic character of many Ilimaus-
saq rock types has a profound effect on their geo-
chemistry. This is most obviously seen in the excep-
tionally high contents of Cl in sodalite cumulates (up
to 4.6% in naujaite), Zr, Hf and Nb in eudialyte cumu-
lates (up to 3.4%, 0.11% and 0.33%, respectively, in
red kakortokite), Fe and Zn in arfvedsonite cumu-
lates (up to 20.3% and 0.082%, respectively, in black
kakortokite) and F in fluorite cumulates (up to 2.1%
in black kakortokite).

Varying amounts of intercumulus material, i.e.
trapped liquid, and varying amounts of additional
growth on the cumulus minerals are also significant.
For example, in aegirine lujavrite I — which is consid-
ered an orthocumulate with virtually no adcumulus
growth — Li is dominantly concentrated in the intercu-
mulus material which varies from 25 to 48 wt% (or
roughly 30 to 55 vol.%) leading to a variation in Li
contents from 80 to 260 ppm (Bailey & Gwozdz 1994).

Because eudialyte more readily accepts U than Th,
it has a lower Th/U ratio (¢. 0.3-0.6) than the magmas
from which it crystallises (c. 3). Accordingly, in cumu-
late rocks where additional growth of eudialyte from
trapped intercumulus liquid occurs, there appears to
be a build-up of Th/U ratios in the shrinking volume
of intercumulus liquid. Some of this material is thought
to crystallise at a late stage as autometasomatic altera-
tion products on eudialyte and other phases. This non-

isomorphous Th and U rarely seems to escape from
whole-rock samples even though it is weakly bound
in mineral lattices; in consequence it can be leached
out of rock powders by a weak leaching agent, a 2%
ammonium oxalate solution (Bailey et al. 1983).

In the lower layered kakortokites, each white layer
accumulated after the underlying, more densely
packed, black and red layers and thus has a higher
proportion of intercumulus liquid. This has led to rela-
tively high contents of U despite only moderate levels
of the main U carrier (eudialyte; Bailey et al. 1981),
and relatively high levels of Li and Zn despite low
contents of the main Li and Zn carrier (arfvedsonite).
Clearly, the intercumulus liquid had high contents of
U, Li and Zn. In these kakortokites, the percentage of
Zn leachable in dilute hydrochloric acid, i.e. the Zn
held by sphalerite rather than silicates, increases from
7% in black to 32% in red and 45% in white kakortokite.
This suggests that increasing amounts of Zn crystal-
lised as sphalerite from the enhanced amounts of inter-
cumulus liquid in the weakly packed white layers.
This is in agreement with the greater amounts of
sphalerite separated from white kakortokite (Karup-
Moller 1978).

A layered magma chamber

Geochemical evidence is accumulating that the ex-
posed Ilimaussaq rocks of phase 3 crystallised from a
layered magma chamber. A number of geochemical
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parameters shift in a step-like pattern with the steps
occurring independently of the boundaries between
the various rock types. Thus in the roof cumulates of
phase 3, the pulaskite, foyaite, sodalite foyaite and
upper layers of naujaite fall along a single array on a
Zr-U diagram (Fig. 6). The lower and younger layers
of naujaite, however, plot along a different array which
has lower U contents — around three times lower — for
a given Zr content.

In the floor cumulates which crystallised later, the
black and red kakortokites plot along an array with
even lower U contents though intercumulus liquids
which are concentrated in white layers (see above)
are more uraniferous. Floor cumulates from a higher,
more evolved stratigraphic level — aegirine lujavrite T
— are characterised by higher U contents and by seve-
ral Zr—U compositional arrays at well-defined strati-
graphic intervals. All samples on a given array must
be controlled by a chemically uniform eudialyte — the
dominant carrier of Zr and U — and the shift to the
next line is attributed to the onset of crystallisation in
the next chemically distinct double-diffusive liquid
layer (Bailey 1995). The shifts occur independently of
the macrorhythmic layering in aegirine lujavrite I.

Later lujavrites at higher stratigraphic levels are richer
in U and culminate in the Kvanefjeld uranium deposit
lying immediately beneath the roof of the complex
(Sgrensen et al. 1974; Kunzendorf et al. 1982).

Work is in progress to confirm and to establish more
precisely the nature of liquid layering in the Ilimaus-
saq complex.

The conclusion from these Zr—U relations at Ilimaus-
saq is that U-rich magmas were restricted to the early
uppermost layers of the roof cumulates and the late
uppermost layers of the floor cumulates (Fig. 6). This
is consistent with heat-flow measurements suggest-
ing that the highly radioactive part of the complex is
thin (¢. 1 km) and the underlying rocks contain very
little K, U and Th (Sass et al. 1972).

Geochemical notes on selected
elements

This geochemical overview would not be complete
without summarising new information on the less com-
mon trace elements (Bi, Cd, Co, Ge, In, I, Hg, Sc, Se,
V, W). In addition, given the mineralogical emphasis
of the present work, we outline the geochemistry of
elements whose contents exceed 100 ppm in certain
rocks but which nevertheless failed to form minerals

in the Tlimaussaq complex (Br, Cs, Ga, Hf, Rb, Sr).
Bismuth. Both chalcophile and lithophile tendencies
are apparent at Ilimaussaq. Among sulphides, galena
from a vein contained 235 ppm Bi; sphalerite from
medium- to coarse-grained lujavrite contained 15 ppm
and two vein sphalerites contained 15 and 20 ppm. In
cuprostibite, we found 34 ppm Bi. In silicates, Bi was
located in the REE-Th mineral steenstrupine where it
is in the range 7-14 ppm in pegmatites and 6-17 ppm
in veins. We failed to detect Bi in minerals of Nb-REE
(pyrochlore < 3 ppm, rinkite < 4 ppm), Nb (nenad-
kevichite < 1 ppm) and Zr (eudialyte < 1 ppm). These
few results suggest that Bi accumulates in the sul-
phides and steenstrupine of late pegmatites and veins
where it may locally amount to 1-2 ppm.

Bromine. Median Br contents increase from around
0.5 ppm in augite syenite through 0.6 ppm in pulaskite
+ foyaite and 17 ppm in sodalite foyaite to 57 ppm in
naujaite. Thereafter contents fall in bulk kakortokite
(1.1 ppm) through aegirine lujavrite (0.5 ppm) to <
0.5 ppm in arfvedsonite lujavrite and medium- to
coarse-grained lujavrite. Cl/Br ratios are around 340
in the early stages at Ilimaussaq but fall to around 170
when crystallisation of cumulus sodalite (Cl/Br 170)
starts in sodalite foyaite and naujaite. Fractionation of
sodalite causes a rapid depletion in Br so that the
final naujaites and all subsequent rock types have
higher ratios of roughly 400-1500.

Whole-rock trends are repeated in eudialytes with
Cl (and Br) contents increasing from 1.1% (12 ppm)
to 1.7% (40 ppm) and then decreasing to 0.6% (3 ppm).
Br contents of sodalite fall from around 340 ppm to
100 ppm.

Cadmium. Preliminary analyses by atomic absorption
on Ilimaussaq rocks suggest they contain around 0.15
ppm Cd rising to 2 ppm in the most Zn-rich samples.
Sphalerite from aegirine lujavrite and medium- to
coarse-grained lujavrite contains 20 and 50 ppm Cd,
respectively (Karup-Mgller 1978).

Caesium. Median Cs contents increase from 0.9 ppm
in augite syenite through 6.0 ppm in pulaskite + foyaite,
5.0 ppm in sodalite foyaite + naujaite, 6.6 ppm in bulk
kakortokite, 7.9 ppm in aegirine lujavrite and 8.7 ppm
in arfvedsonite lujavrite to 72 ppm in medium- to
coarse-grained lujavrite.

In aegirine lujavrite I, a sample from drill core VII
(GGU 108107) at 191 m depth contained Cs in analcime
+ natrolite (42 ppm), microcline + nepheline (1.8 ppm)
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and arfvedsonite (1.7 ppm) but Cs was undetected in
aegirine and eudialyte. Contributions from these min-
erals sum to 9.3 ppm and indicate that c. 90% of the
Cs is held in the interstitial zeolites (Bailey 1995). Sepa-
rates of analcime + natrolite from 11 different depths
in this drill core showed a wide range of Cs contents
from 2.2 to 44 ppm. Enhanced contents of Cs (6.1-16
ppm) were found in zeolite-rich hydrothermal coat-
ings scraped from fracture planes.

Contents of Cs in 10 samples of medium- to coarse-
grained lujavrite from Kvanefjeld drill cores increased
at shallow depths. Averages for Cs (and Rb/Cs)
changed from 8.3 ppm (154) at 100-150 m depth to
72 ppm (17) at 50-100 m depth and 231 ppm (4.0) at
<50 m depth. Thus samples at 100-150 m depth have
Rb/Cs ratios above typical magmatic values at
[limaussaq and appear to have lost Cs. At shallow
depths, Rb/Cs ratios fall below these magmatic values
and contents of H,O*, Th and U (but not K and Rb)
increase. This suggests that medium- to coarse-grain-
ed lujavrite has undergone Cs-rich zeolitisation in the
Kvanefjeld roof zone.

Many veins are likely to be rich in Cs since samples
of the widespread phase analcime contain 200-250
ppm Cs. Lesser amounts of Cs occur in pyrochlore (42
ppm), lueshite (13 ppm), neptunite (8.1 ppm), natrolite
(<0.2-7.3 ppm), tetranatrolite (4.7 ppm), tugtupite (1.3
ppm), quartz (1.0 ppm) and ussingite (0.7 ppm) but
not chkalovite (< 0.5 ppm) or epistolite (< 1 ppm)

Cobalt. Median Co contents decrease from augite sy-
enite (6.0 ppm) through pulaskite + foyaite (0.47 ppm)
to sodalite foyaite + naujaite (0.36 ppm). Co levels rise
in the bulk kakortokite (1.3 ppm) but fall again in
aegirine lujavrite (0.25 ppm), arfvedsonite lujavrite (<
0.05 ppm) and medium- to coarse-grained lujavrite
(0.20 ppm).

The Fe/Co ratio for the average nepheline syenite
at Ilimaussaq (137000) is higher than all values in our
survey of nepheline syenites and phonolites. Signifi-
cantly, low Co contents and high Fe/Co ratios were
already present in the earliest rock type at Ilimaussaq
— the augite syenite.

In kakortokites, median Co contents decrease from
black (3.3 ppm) through red (1.5 ppm) to white layers
(0.93 ppm) reflecting the fact that Co is mainly hosted
by arfvedsonite. Arfvedsonite here occurs as a cumu-
lus phase and contains higher Co (4.2—4.8 ppm) than
in the preceding interstitial arfvedsonite from the roof-
zone naujaite. Co is notably present, substituting for
Fe, in accessory lollingite (0.92%) and westerveldite
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(0.38%) from a white kakortokite (GGU 154327; Karup-
Moller 1978). The Fe/Co ratios for 16llingite (29) and
westerveldite (110) are much lower than in the host
rock (85000) and emphasise the chalcophile behav-
iour of Co in these phases.

Scavenging of Co by arfvedsonite from the magma
co-existing with the kakortokites led to a fall in Co
contents. Thus arfvedsonites from early black layers -
9 (4.7 ppm) and 0 (4.8 ppm) contain more Co than
arfvedsonites from black layer +16 (4.2 ppm) and layer
A (2.6 ppm) in the later, transitional layered kakor-
tokites. In kakortokites, Co was also found in fluorite
(0.01 ppm) but not in eudialyte (< 1 ppm) or micro-
cline + nepheline (< 0.5 ppm).

Gallium. Ga contents reach exceptionally high levels
in Ilimaussaq rocks, averages increasing from 27 ppm
in augite syenite through 59 ppm in pulaskite + foyaite,
69 ppm in sodalite foyaite + naujaite, 60 ppm in bulk
kakortokites and 102 ppm in aegirine lujavrite to 113
ppm in arfvedsonite lujavrite and 106 ppm in medium-
to coarse-grained lujavrite.

Analyses of minerals from agpaitic nepheline syen-
ites reveal around 180 ppm Ga in analcime and 270
ppm in natrolite. Lower contents are found in micro-
cline (142-144 ppm), arfvedsonite (57-62 ppm), nephe-
line (28 ppm) and sphalerite (15 ppm).

Within the katophorite—arfvedsonite series, during
crystallisation from pulaskite to aegirine lujavrite, Ga
contents decrease from around 54 to 37 ppm along
with Al contents from around 1.9 to 0.75%. In late
arfvedsonites, however, from arfvedsonite lujavrite to
medium- to coarse-grained lujavrite and derivative
pegmatites, Al contents continue to fall from around
0.75 to 0.4% whereas Ga contents increase from around
37 to 62 ppm.

For any given rock type, Ga/Al ratios increase in
the sequence aluminosilicate < arfvedsonite < aegirine
< magnetite, i.e. ratios increase along with rising Fe**
contents of minerals. Thus Ga, rather than Al, prefer-
entially enters minerals rich in Fe* reflecting the simi-
lar ionic radii of Ga** (0.620 A VD) and Fe** (0.645 A VD).

Germanium. Median Ge contents decrease slightly
through the Ilimaussaq rocks from around 1.8 to 1.5
ppm. The outstanding feature of Ge geochemistry at
[limaussaq is the exceptionally low and falling con-
tents in feldspars during magmatic evolution, from
about 0.8 to 0.2 ppm. This trend is discussed else-
where in this volume (Bailey 2001, this volume).



Hafnium. Median Hf contents rise from 9 ppm in augite
syenite through 40 ppm in pulaskite + foyaite and
67.5 ppm in sodalite foyaite + naujaite to 219 ppm in
bulk kakortokite and then fall through 101 ppm in
aegirine lujavrite and 47 ppm in arfvedsonite lujavrite
to 7.7 ppm in medium- to coarse-grained lujavrite. In-
dividual samples emphasise the extremes of concen-
tration and depletion, from 5.0 ppm in a primitive
augite syenite to 1070 ppm in a red kakortokite and
down to 2.6 ppm in a medium- to coarse-grained
lujavrite.

Median Zr/Hf ratios are relatively constant from
augite syenite (45) through pulaskite + foyaite (49)
and sodalite foyaite + naujaite (45) to bulk kakortokite
(44). But in the later rocks, there is a steady increase
from aegirine lujavrite (73) and arfvedsonite lujavrite
(86) to medium- to coarse-grained lujavrite (97). These
are some of the highest Zr/Hf ratios recorded in igne-
ous rocks.

In aegirine lujavrite I, about 97% of all Hf is held in
eudialyte which shows contents decreasing overall
from 1580 to 1320 ppm at higher stratigraphic levels
and Zr/Hf ratios rising from 63 to 70. Hf contents of
aegirine decrease from 59 to 38 ppm with Zr/Hf rising
from 37 to 41.

Eudialytes studied to date from early sodalite foyaite
to late aegirine lujavrite T show decreasing Hf con-
tents from c¢. 2000 to 1320 ppm with Zr/Hf ratios ris-
ing from c. 50 to 70. The same overall trend is shown
by arfvedsonite (Hf from ¢. 60 to 6 ppm, Zr/Hf from c.
37 to 86). Rising Zr/Hf trends in rocks and minerals
reflect the preferential partitioning of Hf** (0.71 A)
rather than Zr** (0.72 A) into eudialyte where the site
dominated by Zr*" has an optimum size for cations
close to 0.67 A (Johnsen & Grice 1999).

Following its extensive fractionation in the kakor-
tokites and aegirine lujavrite I, eudialyte is absent from
the final lujavrite (medium- to coarse-grained lujavrite)
and from the late pegmatites and veins. The reduced
amounts of Zr and Hf substitute for REE-Th (steen-
strupine), Nb-Ti (neptunite, epistolite, pyrochlore,
lueshite) and perhaps Fe (aegirine, arfvedsonite). Zr/
Hf ratios are exceptionally high in some of these late
minerals rising to 200 or more in epistolite and lueshite.

Indium. Sphalerite separates from aegirine lujavrite
and medium- to coarse-grained lujavrite contain 8 and
10 ppm In, respectively (Karup-Mgller 1978).

Iodine. Median iodine contents at Ilimaussaq rise from
augite syenite (< 0.5 ppm) and pulaskite + foyaite (<

0.5 ppm) to sodalite foyaite + naujaite (0.6 ppm). In
the floor cumulates, iodine was undetected in bulk
kakortokite (< 0.5 ppm) and aegirine lujavrite (< 0.5
ppm) but contents rise through arfvedsonite lujavrite
(0.8 ppm) to medium- to coarse-grained lujavrite (1.8
ppm).

In naujaite, there are clear stratigraphic trends with
iodine contents decreasing from around 1.7 ppm in
the earliest, uppermost samples to 0.5 ppm in the deep-
est samples. This reflects the pronounced removal of
iodine in the earliest cumulus crystals of sodalite.

Mercury. Contents of Hg range from 0.62 ppb in al-
kali granite to 11.7 ppb in naujaite (Stakheev et al.
1975).

Rubidium. Median Rb contents increase from 83 ppm
in augite syenite through 312 ppm in pulaskite +
foyaite, 364 ppm in sodalite foyaite + naujaite, 459
ppm in bulk kakortokite and 674 ppm in aegirine
lujavrite + arfvedsonite lujavrite to 1280 ppm in
medium- to coarse-grained lujavrite. Median K/Rb ra-
tios decrease from 463 in augite syenite through 134
in pulaskite + foyaite, 83 in sodalite foyaite + naujaite,
79 in bulk kakortokite and 40 in aegirine lujavrite +
arfvedsonite lujavrite to 35 in medium- to coarse-
grained lujavrite.

In aegirine lujavrite I, Rb contents parallel K show-
ing maxima in layers rich in microcline. These maxima
have Rb contents of 775-1130 ppm whereas layers
with background levels of K-feldspar only contain
about 400 ppm. Preferred Rb contents in minerals are:
microcline + nepheline (2570-3110 ppm Rb, K/Rb 42—
49), arfvedsonite (79-104 ppm, K/Rb 215-272), eudi-
alyte (47-116 ppm, K/Rb 47-74), analcime + natrolite
(6.5-128 ppm, K/Rb 38-132) and aegirine (3-4 ppm,
K/Rb 218-366) (Bailey 1995). Hydrothermal coatings
scraped from fracture planes contain 93-450 ppm Rb.

The evolution of Rb contents in the rock-forming
minerals at Ilimaussaq has not been systematically stud-
ied but we note that Rb contents in microcline in-
crease from 125 ppm in augite syenite to 3100 ppm in
aegirine lujavrite I. Rb contents in arfvedsonite increase
from 57 ppm in naujaite to 142 ppm in medium- to
coarse-grained lujavrite, and in eudialyte from 20 ppm
in foyaite to 81 ppm in aegirine lujavrite I.

Scandium. Median Sc contents fall from 30 ppm in
augite syenite through 0.52 ppm in pulaskite + foyaite
to 0.16 ppm in sodalite foyaite + naujaite. The suc-
ceeding kakortokites have a bulk content of 2.0 ppm
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but there is a further fall to 0.018 ppm in aegirine
lujavrite and arfvedsonite lujavrite with only a slight
recovery in medium- to coarse-grained lujavrite (0.075
ppm).

In augite syenite, Sc decreases from 39 ppm to 3.5
ppm as total Fe falls from 10.5 to 2.4 wt%. Sc is domi-
nantly held in hedenbergite (226 ppm) with lesser
amounts in magnetite (¢. 4 ppm), apatite (1.1 ppm),
olivine (< 1 ppm) and microcline (0.04 ppm).

In the lower layered kakortokites, there is a clear
Sc—Fe correlation with median contents of Sc decreas-
ing from black (5.1 ppm) through red (1.9 ppm) to
white (1.5 ppm) kakortokite. In the black layers of
the lower layered kakortokites, Sc ranges from 9.8 to
2.4 ppm as total Fe falls from 19.5 to 9.1 wt%. The
dominant mafic phase, arfvedsonite, contains 5.8-13
ppm Sc and Sc is also present in cumulus aegirine (4.7
ppm), eudialyte (0.6-2.1 ppm) and fluorite (0.004-1.3
ppm) but not in aenigmatite or microcline + nepheline
(both < 0.3 ppm).

By the time the following aegirine lujavrites crys-
tallised, Sc appears to have been almost totally re-
moved from the system; contents average 0.1 ppm
and even fall to 0.0x ppm. A succeeding modest re-
covery in median Sc contents is seen in values for
arfvedsonite lujavrite (0.05 ppm) and medium- to
coarse-grained lujavrites (0.1 ppm).

The Fe-Sc relationship is absent in a group of Fe-
poor, complex oxides and silicates with high contents
of quadri- and pentavalent ions. These minerals —
pyrochlore, astrophyllite, rinkite, epistolite and cata-
pleiite — occur in pegmatites and veins and contain
up to 9.3 ppm Sc. The association arises from the simi-
larity in ionic radii between Sc** (0.745 A) and Ti*
(0.605 A), Zr** (0.72 A), Nb* (0.64 A) and Sn™* (0.690
A).

Selenium. Se was reported on or just above the detec-
tion limit (0.01%) during microprobe analysis of Ili-
maussaq sulphides as follows: chalcothallite 0.02%, ro-
haite and cuprostibite — both 0.01% but thalcusite <
0.01% (Makovicky et al. 1980). However, we were un-
able to detect 1 ppm Se in cuprostibite. Instead, Se
was found in a vein galena (850 ppm) and in
sphalerites from medium- to coarse-grained lujavrite
(33 ppm), a pegmatite (23 ppm) and two veins (28
and 47 ppm). The sulphur-bearing silicates sodalite
and helvine contain < 1 ppm Se emphasising the
chalcophile character of Se.

Strontium. Median Sr contents decrease from augite
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syenite (284 ppm) through pulaskite + foyaite (25 ppm)
to sodalite foyaite + naujaite (11 ppm) but there is a
significant increase in bulk kakortokite (87 ppm) fol-
lowed by a further decrease in aegirine lujavrite (74
ppm), arfvedsonite lujavrite (61 ppm) and medium-
to coarse-grained lujavrite (45 ppm).

Thus, Sr contents appear to increase from the
agpaitic roof rocks to the eudialyte-rich floor cumu-
lates — the kakortokites. This reflects the fact that, in
the kakortokites, eudialyte and fluorite with high Ca
and Sr contents became cumulus phases. Their ex-
traction led to CaO contents falling from about 2.0 to
0.2%, and Sr falling from about 100 to 40 ppm in the
subsequent lujavrites. As a result, the final lujavrites
move to a unique position in Ca—Sr space finishing
with a very low Ca/Sr ratio of c¢. 30.

Tungsten. Median W contents increase from 1-2 ppm
in augite syenite to 3 ppm in pulaskite + foyaite and 6
ppm in sodalite foyaite + naujaite to 15 ppm in bulk
kakortokite. Thereafter W contents decrease to 10 ppm
in aegirine lujavrite, 4 ppm in arfvedsonite lujavrite
and 5 ppm in medium- to coarse-grained lujavrite.

At Tlimaussaq, W contents correlate strongly with
Zr rising to a value of 75 ppm W in a red kakortokite
with a particularly high content of eudialyte. Analyses
of eudialytes reveal wide variations in their W con-
tents. An interstitial eudialyte from pulaskite contains
a high level of 244 ppm W. There is a remarkable
increase in W contents of eudialytes from 4 ppm at
the sodalite foyaite + naujaite contact through 61 ppm,
129 ppm and 146 ppm at progressively deeper, later
stages. This reflects the build-up of W in residual mag-
mas at the naujaite stage.

With the arrival of eudialyte on the liquidus in the
lower layered kakortokites, the earliest available eudi-
alyte (from layer —10) contains 295 ppm W. Contents
fall progressively through 248 ppm (layer —9), 200 ppm
(layer —4), 184 ppm (layer 0) and 143 ppm (layer +3)
to 101 ppm in layer A of the later transitional layered
kakortokites. It seems clear that eudialyte preferen-
tially extracts W from the kakortokite magmas so that
later stages have lower contents.

Vanadium. The Tlimaussaq rocks contain exception-
ally low V contents. Overall, median values decrease
from 3.4 ppm in augite syenite to 1.1 ppm in pulaskite
+ foyaite and 0.7 ppm in sodalite foyaite + naujaite; in
the subsequent floor cumulates V concentrates in ar-
fvedsonite-rich materials — bulk kakortokite (4.0 ppm),
arfvedsonite lujavrite (5.6 ppm) and medium- to coarse-



grained lujavrite (4.2 ppm) — rather than in aegirine
lujavrite (1.3 ppm). The increased V contents in the
floor sequence of agpaitic rocks coincide with increas-
ing levels of Fe, one of the characteristic features of
agpaitic crystallisation.

The unusual geochemistry of V in the Ilimaussaq
complex has its origins in the augite syenite, the im-
mediate parent magma for the complex. The augite
syenite contains 1.7-9.9 ppm V which is mainly held
in titanomagnetite (156 ppm) and hedenbergite (6
ppm) but not in olivine (< 1 ppm) or microcline (< 0.5
ppm). The conclusion seems inescapable that the
augite syenite parental magma at Ilimaussaq had ex-
perienced considerable fractionation of V before it was
emplaced; this presumably occurred in a deeper
magma chamber (cf. Larsen & Sgrensen 1987).

In pegmatites, V ranges widely from 54-59 ppm in
rinkite to 24-25 ppm in aenigmatite, 17-23 ppm in
steenstrupine, 0.9—-18 ppm in arfvedsonite, 0.7-6.0 ppm
in polylithionite, 2.1 ppm in aegirine and < 0.5 ppm
in microcline and catapleiite.

In veins, V ranges even more widely from 0.5-479
ppm in epistolite, 233 ppm in astrophyllite, 112 ppm
in neptunite, 64 ppm in lueshite, 6.4-12 ppm in steen-
strupine, < 0.5-8.2 ppm in pyrochlore, 4.4—4.7 ppm in
sphalerite, 2.6 ppm in calcite, 1.5-1.6 ppm in arfved-
sonite, 0.9 ppm in pectolite, < 0.5-0.6 ppm in aegirine,
< 0.5-0.5 ppm in natrolite and < 0.5 ppm in eudialyte,
sodalite, sorensenite, ussingite, tugtupite, tetranatrolite,
chkalovite, analcime and albite.

Concluding remarks. Overall then, for the dominant
agpaitic nepheline syenites of the Ilimaussaq complex,
Co, Sc and V can be safely grouped with the ferro-
magnesian elements. The chalcophile character of Bi,
Cd, In and Se is already discernible, though a quanti-
tative assessment must await whole-rock analyses.
Hafnium and W follow other high field-strength ele-
ments into eudialyte and both elements are impover-
ished in late pegmatites and veins. Iodine and Br
closely follow their fellow halogen CI being largely
held by the sodalites of sodalite foyaite and naujaite.
Gallium, Rb and Sr are well-known examples of cam-
ouflaged elements which substitute in Al, K and Ca
minerals, respectively; they maintain this behaviour
in the Ilimaussaq complex.

Summary

1.

The agpaitic nepheline syenites of the Ilimaussaq
complex are characterised by a great variety of
sodic minerals, and by high contents of Zr, Hf,
Nb, Ta, REE, Th, U, Sn, Li, Be, Rb, Zn, Pb, Sb, W,
Mo, As, Ga, F, Cl, Br, I and S but low levels of Ba,
Sr, Co, Cu, Ni, Sc, V and Cr.

The agpaitic nature of Ilimaussaq magmas led to
the appearance of Na-rich rock-forming minerals
(sodalite, albite, arfvedsonite, aegirine, eudialyte)
and combinations of Na with rare elements, e.g.
Na—-Nb (pyrochlore), Na—REE (steenstrupine), Na—
Be (chkalovite) and Na—P (vitusite).

During fractionation of the agpaitic magmas, sepa-
ration of cumulus phases with a distinctive geo-
chemistry, such as sodalite (rich in CI, Br, I, B),
eudialyte (Zr, Hf, Nb, Ta, W, As) and arfvedsonite
(Co, Sc, V, Cr), was responsible for exhaustion of
these elements in the residual magmas.

The agpaitic magmas were capable of dissolving
high contents of Zr (¢. 9000 ppm), REE, Y and P,
as well as normally volatile or mobile elements
such as H,O, Cl, Br, I, S, Mo, As, Tl and Cs.

The agpaitic magmas underwent more than 99%
fractional crystallisation from the parental augite
syenite. This fractionation, along with the cumu-
late character of most rocks, was responsible for
the extreme concentration and impoverishment of
the different elements.

Whole-rock analyses define a number of discrete
Zr—U arrays which are restricted to certain inter-
vals of the cumulate stratigraphy and are taken as
evidence for liquid layering in the Ilimaussaq
magma chamber.

The distribution of the less common trace elements
(Bi, Cd, Co, Ge, In, I, Hg, Sc, Se, V, W) and of the
more abundant trace elements which failed to form
minerals (Br, Cs, Ga, Hf, Rb, Sr) is summarised.
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Distribution of germanium in rocks and minerals of the
llimaussaq alkaline complex, South Greenland

John C. Bailey

In the agpaitic nepheline syenites of the Ilimaussaq complex, analyses by X-ray fluorescence
spectrometry reveal that Ge is largely held in arfvedsonite (2.4-4.3 ppm) and aegirine (2.5-4.3
ppm) and has abnormally low contents (down to < 0.2 ppm) in microcline. This distribution is
discussed in relation to three controls: (1) increased ratios of octahedral to tetrahedral Ge in
Na-rich, Ge-bearing melts and in high-pressure melts, (2) increased ratios of bivalent to quad-
rivalent Ge in highly reduced melts and (3) reduced admittance of Ge into the structurally
ordered low microcline which crystallised in the low-temperature agpaitic magmas.
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As part of an on-going geochemical study, the distri-
bution of germanium has been investigated in the rocks
and minerals of the Ilimaussaq alkaline complex.

General properties of germanium

The igneous geochemistry of Ge is characterised by
its occurrence at the level of 1-2 ppm, and by its entry
into silicates as a result of the similarity in properties
between Ge and the vastly more abundant Si
(Hormann 1970; Bernstein 1985).

With its high ionic potential, Ge readily forms tet-
rahedral complexes of (GeO)* with mixed covalent—
ionic bonding. These complexes are thought to replace
(SiO)* in silicate melts and minerals reflecting the
fact that quadrivalent Ge and Si have similar covalent
radii (Ge 1.22 A, Si 1.17 A; Cotton & Wilkinson 1966)
and ionic radii (Ge 0.390 A, Si 0.26 A; Shannon 1976).
In agreement with this, crystallographers have long
recognised that germanates are isostructural with many
silicates and many of these analogues have been syn-
thesised experimentally.

Geochemists have generally assumed that Ge®, at
trace element levels, follows Si** into silicate minerals
and is thus tetrahedrally co-ordinated. The various

Geology of Greenland Survey Bulletin 190, 55-64 (2001) © GEUS 2001

anionic silicate groups found in minerals are demon-
strably present in the local co-ordination of silicate
glasses and melts (e.g. Hess 1980). It can thus be in-
ferred that Ge, like Si, behaves as a network-forming
cation in silicate melts.

In detail, when magmatic silicates crystallise it is
found that Ge contents are higher in pyroxenes, amphi-
boles and olivines than in the tectosilicates feldspar
or quartz where the three-dimensional silicate network
is less amenable to distortion by the larger (GeO)*
tetrahedra.

Germanates with purely octahedral surroundings
have also been reported, e.g. the perovskite-like La Mg
Ge"'O,. Germanium dioxide has two polymorphs with
differing anion co-ordination about the central cation:
o-quartz-type GeO, with GeO, units, and rutile-type
GeO, with GeO, units. Zeolitic germanates have GeO,
tetrahedra and GeO, octahedra, e.g. Na,H(Ge'GeO )
nH,O (Wittmann 1970).

The octahedral ionic radius of Ge* (0.53 A), unlike
the smaller radius of Si** (0.400 A), should allow Ge*
to follow Al* (0.535 A), Ti** (0.605 A), Fe** (0.645 A)
and Zr* (0.72 A) into, e.g. Ti-rich minerals or the oc-
tahedral sites of mafic silicates. However, since opti-
mal octahedral sites in the mafic silicates of igneous
rocks are around 0.66-0.71 A and significantly larger
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than the germanium ion, the tendency to enter these
sites will be reduced.

The electronegativity of Ge (2.01) is higher than
those of Sn (1.96) and Si (1.90) and leads to the
chalcophile character of Ge. Entry of Ge into sulphides,
however, is more evident at low temperatures than in
magmatic sulphides.

Compounds of divalent Ge are generally restricted
to low-temperature reducing conditions and are not
reliably established under natural conditions. Never-
theless, the possibility of high Ge*/Ge* ratios in the
low-fo,agpaitic melts at Tlimaussaq is considered below.

During magmatic fractionation, early removal of
olivine with a partition coefficient for Ge around 0.7
should lead to a slight increase in Ge contents (Capo-
bianco & Watson 1982). However, with the subsequent
fractionation of combinations of mafic silicates and
feldspars, most magmatic series tend to maintain
roughly constant Ge contents — around 1.4 ppm in
basic rocks and 1.5 ppm in acid rocks (Bernstein 1985).
Relatively high contents of Ge (x0-x00 ppm) in peg-
matitic phases such as topaz, muscovite, spodumene,
perthite and plagioclase suggest that Ge, at least lo-
cally, concentrates in highly fractionated Si-oversatu-
rated magmas (Goldschmidt 1954; Bernstein 1985).

Germanium in alkaline rocks

No systematic studies have been made on the Ge con-
tents of alkaline rocks. A compilation of recent data
by the author suggests averages of around 1.3 ppm in
nepheline syenites and 1.5 ppm in phonolites, i.e. lev-
els close to those in other magmatic rocks. Similar
values for alkaline rocks were reported by Novokhat-
skiy et al. (1968) and Schron (1968).

In the Lovozero complex, Kola Peninsula, Russia,
whole-rock analyses of Ge have not been reported
but Ge has been detected by optical emission spec-
trometry in titanite, beryllite, sphalerite, lorenzenite
and aenigmatite (Gerasimovsky et al. 1960).

In the Tezhsar complex of Armenia, Ge is present
at around 1.6 ppm in nepheline syenites; it is concen-
trated in magnetite (5 ppm), titanite (10 ppm) and
melanite (20 ppm), in accessory allanite (10-30 ppm),
other REE minerals (30 ppm) and Ti-Nb minerals (30—
100 ppm), and in secondary sodalite (30 ppm)
(Meliksetyan 1971).

In the nepheline syenite pegmatites of Langesunds-
fjord in south Norway, optical emission spectrometric
analyses revealed Ge in biotite (8.8 ppm), aegirine
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(10.4-12.3 ppm), oligoclase + nepheline (10.6 ppm)
and perthite (22.7 ppm) (Hérmann 1963). From the
same locality, older analyses indicate that orangite, a
variety of zircon, contains 60 ppm Ge (Noddack &
Noddack 1931) while the hydrothermal phases datolite
with about 7 ppm and diaspore with about 70 ppm
Ge (Goldschmidt 1954) also have relatively high con-
tents of Ge.

Analytical method

Although Ge is rarely determined by X-ray fluores-
cence spectrometry, it is well within the capabilities
of modern equipment. The following machine condi-
tions were used: Philips PW1400 spectrometer, Mo
tube, 80 kV, 30 mA, fine collimator, flow plus scintilla-
tion counter, LiF (200) crystal. The analysis was made
for 400 seconds at the GeKo peak and 400 seconds at
the background at -0.46° 20, and was repeated four
times for each sample. For many rock types there are
no significantly interfering X-ray lines unless a tung-
sten carbide pot is used for grinding. However, in
many Ilimaussaq rocks and minerals, interferences
from TalPB, WIB, WIB, and ZnKB on GeKo. can be
significant. They were monitored by determining in-
terference factors on three synthetic mixtures made
from pure SiO, and 100 ppm Ta, 100 ppm W and 1000
ppm Zn relative to TalP,, WLB, and ZnKB,, respec-
tively, all with 100 seconds analytical time. Interference
from the second-order tube line MoK is potentially
troublesome because it is matrix dependent. How-
ever, following the removal of Ta, W and Zn interfer-
ences, it was eliminated by computing Ge ppm values
directly from peak/background ratios. Calibration was
made against (1) a series of synthetic standards made
from ultra-pure SiO,, Fe,O, and GeO, and (2) the in-
ternational reference materials G-2 (1.14 ppm), W-1
(1.65 ppm) and Mica-Fe (3.2 ppm). Agreement between
the two sets of standards was good. Under the above
conditions, precision was close to + 0.1 ppm and the
detection limit was around 0.2 ppm. Accuracy can be
judged from the following Ge ppm values on other
reference materials (the values in brackets, where avail-
able, are from Govindaraju (1994), except for NIM-L
which is from Halicz (1990)): GSP-1 1.2 (1.36), STM-1
1.35 (1.4), SY-2 1.3 (1.3), SY-3 1.35 (1.4), NIM-L 0.9
(0.89), NIM-S 0.5 (=), NIM-G 1.6 (-, ASK-1 1.5 (2),
Mica-Mg 0.7 (0.55), FK-N 2.4 (2.5), MA-N 3.4 (3.5), AL-
1 1.5 (1.4), ZGI-GNA 8.0 (—).

Minerals were separated by conventional methods
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Rock type

Texture

Essential minerals™

Minor minerals

Augite syenite

Pulaskite and
foyaite

Sodalite foyaite

Naujaite

Kakortokite

Lujavrite

Alkali granite,
quartz syenite

hypidiomorphic to xenomorphic
granular, massive or layered,
medium to coarse

massive, medium to coarse,
platy feldspars

foyaitic, coarse

poikilitic, coarse to
pegmatitic

laminated, layered,
medium to coarse

laminated. fine-grained;
sometimes layered or massive,
medium to coarse

hypidiomorphic granular,
medium to coarse

alkali feldspar., hedenbergite,
titanomagnetite, ferropargasite,
olivine, biotite

atkali feldspar, nepheline,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

alkali feldspar, nepheline, sodalite,

aegirine-augite 1o aegirine,
katophorite, arfvedsonite

sodalite, alkali feldspar,
nepheline, aegirine,
arfvedsonite, eudialyte

alkali feldspar, nepheline,
aegirine, arfvedsonite, eudialyte

microcline, albite, nepheline,
sodalite, analcime, naujakasite,
aegirine, arfvedsonite,eudialyte,

alkali feldspar, quartz, aegirine,
arfvedsonite

ternary feldspar, apatite,
pyrrhotite, nepheline

titanomagnetite, apatite,
aenigmatite, biotite, fluorite,
eudialyte

tfayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudiaiyte,
rinkite, fluorite, biotite

aenigmatite, hedenbergite,
aegirine-augite, fayalite, apatite,
katophorite, rinkite, polylithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
titanomagnetite

sodalite, aenigmatite, magnetite,
rinkite, fluorite, I&Ningite,
sphalerite, galena

monazite, britholite, villiaumite,
sphalerite, pectolite,
steenstrupine, lovozerite, vitusite,
polylithionite, ussingite, lueshite,
neptunite

aenigmatite, elpidite, zircon,
ilmenite, pyrochlore, neptunite,
fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.
+ There are several types of lujavrites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine

being the dominant mafic mineral; arfvedsonite or black fujavrite, fine grained, often laminated with arfvedsonite as the
dominant mafic mineral; medium- to coarse-grained lujavrite (M-C lujavrite) with arfvedsonite as the dominant mafic mineral
and generally showing foyaitic textures. Nawjakasite lujavrite is a variety of arfvedsonite lujavrite containing naujakasite instead

e L etz PO APPSR,

PPN

of magnetic separation and heavy liquids. Corrections
were made for impurities but proved to be insignifi-
cant in the present work.

Germanium in the Ilimaussaq complex

Ge contents in a number of Ilimaussaq rocks were
reported in a preliminary study by Bailey et al. (1978),
and these results have been confirmed and extended
in the present work (Table 1). An outline of the geol-
ogy and rock types at Ilimaussaq, together with lo-
calities referred to here, is given by Sgrensen (2001,
this volume) and can be supplemented by the refer-
ences therein.

Overall, median Ge contents decrease slightly
through the sequence of rocks in the Ilimaussaq com-
plex (Table 1) from around 1.8 ppm in augite syenite
to 1.6 ppm in pulaskite + foyaite, 1.65 ppm in sodalite
foyaite + naujaite and 1.7 ppm in bulk kakortokite to
0.9 ppm in aegirine lujavrite; there is a partial recov-
ery in arfvedsonite lujavrite (1.6 ppm) and medium-
to coarse-grained lujavrite (1.6 ppm). However, in a
wider survey of 21 smaller samples of medium- to
coarse-grained lujavrite from drill cores, Ge contents
were generally lower, ranging from 0.2 to 2.2 ppm
with a median of 1.4 ppm. Among the Si-oversaturated
rocks, levels in quartz syenite (1.8 ppm) and alkali
granite (1.7 ppm) are close to those in augite syenite.

Samples of dykes and sills that are thought to rep-
resent Ilimaussaq liquids (Bailey et al. 2001, this vol-

ume), although few in number, also show a decreas-
ing trend, from 1.9 to 1.6 ppm Ge.

The gentle trends found through the sequence of
rock types in the complex can hide significant varia-
tions: from 1.3 to 2.4 ppm in sodalite foyaite, and
from 1.2 ppm in a white kakortokite to 3.7 ppm in a
black kakortokite. Given that Ge is one of the most
geochemically monotonous elements in igneous rocks,
its wide range of contents at Ilimaussaq is particularly
striking.

There is a clear correlation with Fe in many rock
types, particularly the kakortokites where, as total Fe
decreases from 29 to 4 wt%, Ge decreases from 3.7 to
1.2 ppm. This reflects a trend from cumulates rich in
arfvedsonite and aegirine (black kakortokites) to cu-
mulates rich in feldspar, nepheline and zeolites (white
kakortokites).

Along with the marked Ge-Fe correlation in indi-
vidual rock types at Ilimaussaq, there is a trend to-
wards decreasing Ge contents at any given Fe content.
Thus, at 9% Fe, contents of Ge decrease from around
1.9 ppm in augite syenite through 1.7 ppm in sodalite
foyaite + naujaite to 1.6 ppm in kakortokites and the
following lujavrites.

The distribution of Ge among minerals co-existing
in individual samples is given in Table 2, and can be
supplemented by data on minerals scattered through
the various rock types.

The main carriers of Ge at Ilimaussaq are the am-
phiboles: katophorite in pulaskite (4.5-5.3 ppm), and
arfvedsonite in sodalite foyaite (4.1-5.2 ppm), naujaite
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Mineral Formula

Reference

Cuprite

Cuprostibite

Dahllite, see carbonate-hydroxylapatite
Diaspore AIO(OH)
Digenite Cu, S
Djerfisherite

Cu,O
Cu,(Sb,T)

Djurleite * Cu, 56S
Dorfmanite Na, (PO, OH)-2H,O
Dyscrasite Ags;Sb

Elpidite
Ephesite
Epididymite

Na,ZrSi 0, 3H,O

NaBeSi,O,(OH)

Epidote Ca,FeAl(Si,0O,) (SO )0, OH),
Epistolite Na_TiNb_(Si,O,).(O,F), 5H, O
Erikite

Eudialyte

Eudidymite Na,Be,SieO,s HO

Evenkite * + CzaHs
Famatinite Cu,Sbs,
Fayalite Fe,SiOo,

Ferrosalite
Ferropargasite
Fersmite
Fluorite

CaFe,Mg(Si,Og)s

CaF,
Galena PbsS
Garnet (group)
Gelbertrandite ™
Genthelvite
Gerasimovskite
Gmelinite Na,(ALSIR)O,, 1 1H, O
Goethite (limonite) FeO(OH)

Gold Au

Be,Zn (Si0,),.S

Gonnardite (formerly tetranatrolite)
Gudmundite

Halite

Halloysite

Hastingsite

Hedenbergite Ca(Fe,Mg)Si,Of
Helvite Be,Mn,(Si0,),S
Hematite Fe,O,
Hemimorphite Zn, Si,O,(OH),-H, O
Herschelite
Hisingerite
Hiortdahlite

FeSbs
NacCl
AlLSi,O;,(OH),

Fe,Si,O,(OH), 2H,O

Hydrargillite (gibbsite)
Hydrocerussite
Hydronephelite
Himaussite

lHmenite

lvaite
Joaquinite-(Ce)
Katophorite
Karupmollerite-Ca t
Kvanefjeldite

AI(OH),
Pbg(CO5)(OH),

FeTiO,

(4.3-6.0 ppm), kakortokite (3.7—4.4 ppm), aegirine lu-
javrite T (3.7—4.7 ppm), aegirine lujavrite II (2.4 ppm),
arfvedsonite lujavrite (6.2-6.3 ppm), medium- to
coarse-grained lujavrite (3.9-4.5 ppm), pegmatites (3.7—
5.0 ppm) and veins (4.4-6.2 ppm).

Slightly lower levels occur in pyroxenes: heden-
bergite in augite syenite (3.6 ppm), aegirine-augite in
pulaskite (3.7-4.0 ppm), and aegirines in sodalite
foyaite (3.8-4.1 ppm), naujaite (3.7-4.3 ppm),
kakortokite (3.7 ppm), aegirine lujavrite 1 (2.5-3.4
ppm), aegirine lujavrite 11 (2.9-3.6 ppm), pegmatites
(2.9-3.3 ppm) and veins (3.2-4.3 ppm).

There are no well-defined trends in Ge contents
for these two minerals as the Ilimaussaq system
evolves, not even at the stage of pegmatites and veins.
Cumulus and intercumulus varieties also show no clear
differences.

In contrast, Ge contents in microcline show an ir-
regular decrease from augite syenite (1.4 ppm) through
sodalite foyaite (0.4 ppm), naujaite (0.5-0.8 ppm), ka-
kortokite (0.8 ppm), aegirine lujavrite I (0.3-0.4 ppm),
aegirine lujavrite II (< 0.2 ppm) and medium- to coarse-
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Ke(Na,Li)(Fe,Cu,Ni),, S,.Cl

NaLiAlL(Si,AL)O, (OH),

Na,CaFe,Zr,Si(SisO,)(Q,0H,H,O),(CI.OH),

NaCa,(Fe, Mg, A (SigAlL) O, (OH),
(Ca,Ce,Na)(Nb, Ta,Ti)(O,OH,F),

(MR, Ca)(Nb, Ti) O, OH,O(?)

(Na,K),(Si,AD O, ,2H, O

NaCa,(Fe,Mg)(SigAlL)O,.(OH.Cl),

(Na,Ca,K)AISi,) O 3H,O

Na,Cay,Zr,(Nb,Mn,Ti,Fe,Mg,Al).(Si,0O;).OsF5

Na,Ba,CeFeNb,SiO,s 5H, O

CaFe® (Fe®"),0O(Si,O,)(OH)
NaBa,FoTi,Ce,(SiO,),O.(OH) H,O
(Na,Ca),(Mg.Fe, A (Si, A O..(F,OH),

Na,(Ca,Mn)Si,O,.(OH),

Lopez-Soler ef al. (1975)
Serensen et al. (1969)

Ussing (1894)

Lopez-Soler ef al. (1975)
Karup-Moller (1978b)
Karup-Mwsller et al. (1978)
Petersen et al. (1993)
Lépez-Soler et al. (1975)
Ussing (1912)

Semenov (2001)

Hamilton (1964)

Flink (1898)

Boggild (1899)

Boggild (1903), Pekov et al. (1997a)
Stromeyer (1819)

Semenov & Sarensen (1966)

Karup-Mwller (1974)

Ussing (1912)

Larsen (1976)

Larsen (1976)

Petersen et al. (1998)

1809 (Giesecke)tt

1809 (Giesecke)tt

Flink (1898)

Semenov (1969)

Bollingberg & Petersen (1967)

Semenov et al. (1967a)

Karup-Mgller (1976)

1806 (Giesecke)tt

Davison (1989), Bohse & Frederiksen
(2001)

Grrice (2001)

Oen & Sorensen (1964)

Sobolev et al. (1970)

Semenov (1969)

Larsen (1976)

Semenov (1969)

Johnsen & Bohse (1981)

Ussing (1894)

Sworensen (1962)

Karup-Mgeller (1976)

Semenov (1969)

Larsen & Steenfelt (1974), Robles
et al. (2001)

Semenov (1969)

Karup-Mwller (1975)

Ussing (1894)

Semenov ef al. (1968)

Ussing (1912)

Lorenzen (1881)

Semenov (1969)

Ussing (1912)

Name accepted by IMA 2001

Johnsen et al. (1983), Petersen et
al. (1984)

grained lujavrite (0.2-0.3 ppm). Among pegmatites,
the Ge content of microcline decreases from a naujaite
pegmatite (1.6 ppm) to the border pegmatites adja-
cent to the kakortokites (0.6 ppm) and on Kvanefjeld
(0.7 ppm). The decreasing contents of Ge appear to
be linked to the degree of structural order in the mi-
crocline, from microcline microperthite in the augite
syenite and early nepheline syenites to low micro-
cline in the late nepheline syenites (Table 2). This
relationship is considered more fully in the discus-
sion below.

At the magmatic stage, other leucosilicates also gen-
erally have low contents of Ge: nepheline (< 0.2-1.3
ppm), sodalite (0.3-0.5 ppm) and the zeolites analcime
and natrolite (< 0.2-0.3 ppm). In veins, Ge contents
are even lower in sodalite (< 0.2 ppm) and albite (<
0.2 ppm), and are barely higher in analcime (< 0.2—
0.2 ppm), tugtupite (0.2 ppm), natrolite (< 0.2-0.5
ppm), ussingite (0.2-0.5 ppm) and chkalovite (0.5 ppm).
In the magmatic rocks, the crystallisation sequence
for leucocratic phases both within and between the
various rock types is early microcline and nepheline



Fig. 1. Distribution of Ge in co-existing
mafic silicates and K-feldspars in the
Ilimaussaq complex and other igneous
rocks. The character of the mafic silicate
is distinguished by different symbols. Data
for pyroxene—sanidine pairs in rhyolites
from Ewart & Griffin (1994) and for biotite—
K-feldspar pairs in granites from Hormann
(1963) and Schron (1968). Note the low
Ge contents in microclines from the
Ilimaussaq agpaitic nepheline syenites.

+ sodalite but late analcime and natrolite, and it is
clear that this sequence is characterised by generally
decreasing contents of Ge.

Of the remaining rock-forming minerals, Ge con-
tents in eudialyte (1.3-1.9 ppm) and steenstrupine (0.7—
0.9 ppm) were determined with great difficulty because
of large interferences but seem unremarkable.

To date, Ge contents greater than 10 ppm have been
detected only in two minerals. Aenigmatite from
naujaite pegmatites contains 10.2-10.7 ppm Ge, re-
calling the high Ge level of 22.1 ppm reported in
phenocrystal aenigmatite from a peralkaline rhyolite
at Mayor Island, New Zealand (Ewart & Griffin 1994).
Around 50 ppm Ge was reported for aenigmatite from
alkali pegmatites (Vlasov 1966), presumably from Lov-
ozero, Russia.

Sphalerite from an albite-steenstrupine vein at Ili-
maussaq contains 42 ppm Ge but a second sphalerite
from a different vein only contains 7.8 ppm Ge, and
the rare antimonide cuprostibite has 5.0 ppm. Thus
the chalcophile tendencies of Ge appear subdued in
the Tlimaussaq complex.

Judged from mineral analyses, especially the rela-
tively low levels in sphalerite which is only of local
occurrence, it seems likely that the decreasing trend
of Ge contents in the Ilimaussaq magmas continues
into late pegmatites and veins.

Overall, the outstanding feature of the geochemis-
try of Ge at Ilimaussaq is the change in the minera-
logical distribution of Ge between the augite syenite
and the agpaitic nepheline syenites. The distribution
of Ge in augite syenite is consistent with that estab-
lished at other igneous localities: pyroxene > olivine
> feldspar (Harris 1954) and the minerals show com-
parable absolute contents. In the agpaitic nepheline
syenites, the mineralogical preference is generally: aen-

igmatite > arfvedsonite > aegirine > eudialyte >
microcline = nepheline > sodalite > zeolites. Partition
coefficients for Ge between minerals and magma,
though only roughly estimated, are highest in aen-
igmatite (6), arfvedsonite (3) and aegirine (2) and dis-
tinctly lower in K-feldspar (0.5 falling to 0.1) and other
tectosilicates.

Most significantly, the Ge contents of K-feldspars
in the agpaitic nepheline syenites of Ilimaussaq are
exceptionally low and fall from about 0.8 to 0.2 ppm
during magmatic evolution (Fig. 1). These levels con-
trast sharply with contents in K-feldspars in the augite
syenite at Ilimaussaq (1.4 ppm), and in granites (0.9
3.8 ppm) and granitic pegmatites (2.1-29.2 ppm) from
various localities (Hormann 1963; Novokhatskiy et al.
1968; Schron 1968; Bernstein 1985; author’s unpub-
lished data). Contents in other Ilimaussaq tectosilicates
(nepheline, sodalite, analcime and natrolite) can also
fall to < 0.2 ppm.

In terms of partitioning between co-existing miner-
als, the ratio of Ge in mafic silicate to K-feldspar is c.
1-5 in normal igneous rocks but 5-20 in the Ilimaus-
saq agpaitic rocks (Fig. 1).

Discussion

The paucity of Ge in Ilimaussaq tectosilicates and con-
sequently its unusual distribution between co-exist-
ing silicates can be explained by several mechanisms.

Co-ordination of Ge

Firstly, studies on sodium germanate glasses indicate
that the co-ordination of Ge changes with increasing
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contents of sodium and with increasing pressure. The
similarity in behaviour of Ge and Si in glasses is far
from perfect, since alkali germanate glasses show
maxima and minima in physical properties such as
density, viscosity and heat of solution at around 20
mol.% Na,O and this behaviour is absent in alkali sili-
cate glasses. Liquid and vitreous GeO, forms a disor-
dered three-dimensional network made up of GeO,
tetrahedra joined at their corners. It has been argued
that, with addition of Na,O, the tetrahedral units are
converted into octahedral GeO, units. For each oxy-
gen added to GeO, as Na,O, one octahedron is pro-
duced without, however, formation of non-bridging
oxygens. Studies by X-ray diffraction (Kamiya & Sakka
1979), extended X-ray absorption spectroscopy (Lap-
eyre el al. 1983) and neutron scattering (Ueno et al.
1983) suggest that the fraction of octahedral Ge at-
oms increases linearly with increasing Na, O content
and reaches a maximum in the vicinity of mol. frac-
tion Na,O (x) = 0.20. During the conversion of GeO,
to complex (GeOy* ions, charge neutrality would be
maintained by addition of 2Na*. The increased pack-
ing efficiency of the GeO, units could explain the ob-
served maximum in density around x = 0.20.

High-temperature X-ray diffraction suggests that at
x = 0.20, glasses and melts have a structure similar to
Na,Ge O, crystals which can crystallise in metastable
form and which contain both GeO, octahedra and
GeO, tetrahedra (Kamiya et al. 1988).

However, Henderson & Fleet (1991) consider that
these various spectral studies have been misinterpreted
and that the evidence simply indicates that a length-
ening of the Ge-O bonds occurs as Na,O is added to
the glass. They propose that bond lengthening is not
due to GeO, formation but to distortions of the tetra-
hedra which occur when small three-membered GeO,
rings are formed.

Hussin et al. (1998) admit that the correct structural
model for alkali germanate glasses is still unknown,
and that both the above models may prove to have
some validity. Their own nuclear magnetic resonance
structural analysis revealed different chemical shifts
for oxygen in GeO, and GeO, units in quartz-type
and rutile-type GeO,, respectively. Furthermore, they
found that in sodium germanate glasses at 10 mol.%
Na,O some fraction of the germanium is in sixfold co-
ordination whereas at 18.2 mol.% Na, O the co-ordi-
nation is predominantly fourfold.

Pressure is potentially an additional factor, since
there is a gradual change from fourfold to sixfold Ge
co-ordination in GeO, and Na,0-GeO, glasses (Iti€ et
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al. 1989) and in MgGeO, enstatite and CaGeO,
wollastonite (Andrault et al. 1992) with increasing pres-
sure. Raman spectra on high-temperature glasses and
liquids of Na,Ge O.-H,O composition indicate that the
proportion of Ge! relative to Ge" increases several
fold with pressure up to 22 kbar, from near 0% to >
50% (Farber & Williams 1992). This suggests that the
change from ambient pressure to 1 kbar, the pressure
inferred for the Ilimaussaq system 3—4 km below the
contemporary surface (see Sgrensen 2001, this vol-
ume), would only increase the proportion of Ge'! by
a few percent relative. Such a small increase is not
consistent with the pronounced changes in Ge distri-
bution at Ilimaussaq, e.g. Ge contents of K-feldspar
varying from 1.4 to < 0.2 ppm. Furthermore, it fails to
explain why the minerals of other shallow-level intru-
sions reveal a markedly different Ge distribution from
those in the Ilimaussaq complex.

There is, of course, a considerable step from sim-
ple sodium germanate glasses to natural and highly
complex silicate melts where Ge occurs at the 1-2
ppm level. We can only speculate, therefore, that if
the high Ge“/Ge" ratios of Na-bearing glasses, i.c.
melts, persist during the transition to the crystalline
state, then minerals favouring Ge"' will tend to have
higher Ge contents than normal whereas minerals fa-
vouring Ge" will tend to have lower. This appears
consistent with the low contents of Ge in Ilimaussaq
tectosilicates where only Ge' is able to enter.

The question then arises whether there is evidence
to show that Ge"" concentrates in minerals along with
octahedrally co-ordinated Al, Ti, Fe** and Zr. Larsen
(1976) has demonstrated that, as the Ilimaussaq sys-
tem becomes more agpaitic, these elements increasingly
enter octahedral sites in pyroxenes, occurring as the
components NaFe’'$i,O,, NaAlSi,O, and Na(Ti,Zr)
AlISiO,. However, only Fe’* has a size close to opti-
mum for the M1 site in pyroxenes and it can be esti-
mated that partition coefficients between pyroxene
and melt decrease rapidly from roughly 5 (Fe**) to 2
(Z1), 1(T1) and 0.1 (AD. Ignoring their different valencies,
octahedral Ge* (0.53 A) with a similar size to octahe-
dral APP* (0.535 A) would also be expected to show
only minor partitioning into the M1 sites of pyroxenes.

Among the Tlimaussaq silicates, the Ti mineral aen-
igmatite has the highest content of Ge — slightly above
10 ppm. Significantly, one of the octahedral sites in
aenigmatite is distinctly smaller than the remaining
six (nearest neighbour distance of 1.98 A versus 2.10—
2.17 A) (Cannillo er al. 1971). This single site favours
entry of a cation with an ionic radius of 0.60 A ex-



plaining the high occupancy of Ti** (0.605 A) and pre-
sumably of Ge' (0.53 A). Aenigmatite, however, is
never more than a minor to accessory phase at Ili-
maussaq and is unlikely to influence the entry of Ge
into the rock-forming minerals.

Valency of Ge

The occurrence at Ilimaussaq of melts with low oxy-
gen fugacities (see below) may have converted some
of the Ge from a quadrivalent to bivalent state. Among
the rock-forming minerals, Ge shows preferential en-
try into Fe®*-rich arfvedsonite rather than Fe**-rich
aegirine. This might be explained by the details of the
two silicate structures, but it may also point to the
presence of Ge in bivalent rather than quadrivalent
form. In octahedral co-ordination, Ge** has a formal
ionic radius of 0.73 A, distinctly higher than the ionic
radius for Ge™ (0.53 A), and might be expected to
substitute for Fe?* (0.78 A). Furthermore, a magma with
a high Ge*/Ge™* ratio will contain fewer (GeO)* ions
and this will lead to reduced substitution of Si in tet-
rahedral sites. This reduced substitution would be most
visible among the leucosilicates where tetrahedral sites
are the only possible point of entry for Ge.

The highly reduced character of the agpaitic melts
at Ilimaussaq has been repeatedly emphasised. At the
magmatic stage, it is seen by the displacement of the
FMQ buffer curve to low values of oxygen fugacity,
by the presence of ferri-aenigmatite, arfvedsonite
(Larsen 1977) and native lead (Karup-Mgller 1978),
and by the presence of CH, or H, or both in fluid
inclusions (Konnerup-Madsen et al. 1981).

Experimental work on the valency of Ge in reduced
magmas should throw light on these ideas. Here, one
can only note that the chemically similar element be-
low Ge in Group IVA is Sn and recent work has dem-
onstrated that Sn*/Sn* ratios in haplogranitic melts
rise sharply under more reducing conditions (Linnen
et al. 1996). However, Sn shows a much greater ten-
dency to occur in the bivalent state than Ge, and the
quadrivalent compounds of Ge are more stable than
its bivalent compounds (Rochow & Abel 1975). Fur-
thermore, Ge* is a distinctly lone-electron-pair ele-
ment and requires an irregular co-ordination polyhe-
dron (E. Makovicky, personal communication 1999).

It also seems likely that, if Ge** were actually to
substitute for Fe* in octahedral sites of arfvedsonite,
more substitution would be expected than is observed.
Ge contents in arfvedsonite are similar to those in

inosilicates at many localities and are not dramatically
higher than those in Fe*-poor aegirine.

Feldspar structure

Variations in the structure of the Ilimaussaq K-feldspars
may have played a role in the partitioning of Ge. As a
broad generalisation, the ability of crystals to take in
non-stoichiometric cations increases under rapid, struc-
turally disordered or high-temperature crystallisation.

Feldspars show particularly complex relations. Most
igneous feldspars crystallise with disordered Al and Si
atoms but, on cooling or during direct crystallisation
at lower temperatures, the Si and Al ordering increases.
In high sanidine, all T-O distances between the tetra-
hedral cation and the oxygen anion statistically lie
around 1.642 A; in intermediate microcline, on aver-
age, two T-O distances are relatively large (1.694 and
1.642 A) and two are small (1.618 and 1.616 A); in low
microcline, on average, a single T-O distance is large
(1.741 A) and the other three are small (around 1.613
A) (Smith 1977; Blasi et al. 1984). Using a radius of
1.38 A for fourfold O* (Shannon 1976), the optimal
ionic radii for the tetrahedral cations are 0.26 A in
high sanidine; 0.31, 0.26 and 0.24 A in intermediate
microcline; and 0.36 and 0.23 A in low microcline. Si**
(0.26 A) will tend to prefer the smaller sites whereas
APP* (0.39 A) will tend to prefer the largest site in low
microcline. Hence the increased ordering.

It is expected that during partitioning into these
different types of K-feldspar, the Ge* ion will be in-
troduced randomly into all four tetrahedral sites in
high sanidine, but will have more difficulty in enter-
ing tetrahedral sites in high microcline and even greater
difficulty in entering any tetrahedral sites in low mi-
crocline. This is because Ge* (0.39 A) cannot easily
follow Si** into the three smaller sites of low micro-
cline as a result of its much larger size and cannot
easily follow Al’* into the largest site as a result of
charge balancing problems. The content of Al in these
three feldspars will be constant because of stoichio-
metric requirements but the content of Ge should de-
crease towards low microcline because of the reduced
number of suitable tetrahedral sites.

Low microcline is rare in nature but is known from
low-temperature agpaitic nepheline syenites where it
shows characteristic ‘chessboard’ or ‘tiled’ twinning.
At Tlimaussagq, it occurs as euhedral to subhedral tab-
lets or laths, and these may have crystallised directly
with high or maximum triclinicity from the magma at
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< 400°C (Brggger 1890; Ussing 1898; Vlasov et al. 1959;
Serensen 1962; Borutskii & Semenov 1969; Ferguson
1970; Smith & McLaren 1983). These studies also dem-
onstrated that the earlier, higher temperature K-
feldspars at Illimaussaq are microcline microperthites,
moderately ordered in augite syenite but highly or-
dered in the nepheline syenites.

Based solely on microscope observations, the two
types of feldspar at Ilimaussaq are indicated in Table
2. The microcline perthites from the agpaitic nephe-
line syenites which, according to the detailed studies
noted above, are highly ordered have lower Ge con-
tents than K-feldspars from ‘normal’ granitic and rhyo-
litic rocks. Microclines with even lower Ge contents
(0.3 ppm or less) are judged to be low microclines
where none of the tetrahedral sites is suitable for Ge.

On present evidence, the low Ge contents in the
Ilimaussaq microclines, and perhaps in the other
leucosilicates, appear to be linked to the high degree
of ordering attained during crystallisation under ex-
ceptionally low-temperature conditions. The unusual
distribution of Ge may thus be yet another expres-
sion of crystallisation in an agpaitic system.

Conclusions

1. Germanium contents in [limaussaq rocks and mag-
mas (dykes, sills) decrease from about 1.8 to 1.5
ppm, and probably fall to even lower levels in
late pegmatites and veins. In the agpaitic rocks,
the bulk of Ge is held in arfvedsonite (2.4-6.3
ppm) and aegirine (2.5-4.3 ppm) with lower con-
tents in eudialyte (1.3—1.9 ppm), microcline (< 0.2—
0.8 ppm), nepheline (< 0.2-1.3 ppm), sodalite
(0.3-0.5 ppm), analcime and natrolite (< 0.2-0.3
ppm). The highest contents are reported from aen-
igmatite (10.2-10.7 ppm) in pegmatites and
sphalerite (7.8-42 ppm) in veins.

2. It is significant that mafic silicates have normal
contents of Ge, whereas microcline has low and
decreasing contents — from 0.8 to < 0.2 ppm.

3. Conversion of some Ge from fourfold to sixfold
co-ordination is likely in Na-rich melts, but the
size of Ge* ions in sixfold co-ordination is too
small to significantly promote entry into the octa-
hedral sites of Ilimaussaq mafic silicates.
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4. Reduction of some Ge* to Ge?* is conceivable in
the low-fo, magmas at Ilimaussaq. It should pro-
mote the entry of Ge** into Fe**-rich minerals such
as arfvedsonite but this is not observed.

5. The decreasing Ge contents in microclines appear
to be linked to crystallisation over a wide tem-
perature range. Early microcline microperthites are
moderately ordered but give way to highly or-
dered microcline microperthites and then to low
microclines which crystallised at exceptionally low
magmatic temperatures. It is argued that, in these
low microclines, Ge* has difficulty in entering any
of the highly ordered tetrahedral sites.
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The eudialyte group: a review

Ole Johnsen, Joel D. Grice and Robert A. Gault

The eudialyte group of complex Na, Ca, Zr silicates encompasses a wide range of composi-
tions in which all the main elements Si, Zr, Ca, Fe and Na vary, and many relatively minor
elements such as Mn, REE, St Nb, K, Y and Ti are present. For most members of the group the
empirical formula is Na [M(D][M(2)],Zr [M(3))(Si,0,)(O,0H,H,0),(CLF,OH), and the best
method of formula calculation is on the basis of 29 (Si, Al, Zr Ti, Hf, Nb, W, Ta) apfu (Z = 3),
which are the elements assigned to the Zr, M(3) and all S7 sites in the structure. The common-
est substitutions are found with the solid solution series eudialyte sensu stricto (enriched in Si,
Ca, Fe and Cl) and kentbrooksite (enriched in Nb, REE, Mn and F), but recent studies show
that the series extends beyond kentbrooksite to an exceptionally Ca-deficient eudialyte now
named oneillite. Most eudialytes are trigonal R3m or R3m but oneillite is R3. Additional mem-
bers of the group are khomyakovite and manganokhomyakovite.
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Eudialyte (Fig. 1), a Na-rich zirconosilicate with vary-
ing amounts of Ca, Fe, Mn, rare-earth elements (REE),
Sr, Nb, K, Y and Ti, was first described from the Kanger-
luarsuk area within the Ilimaussaq alkaline complex
(Stromeyer 1819). There, it is widespread as a major
constituent of the nepheline syenites and their peg-
matites; locally in Kangerluarsuk up to 1 m thick con-
tinuous layers of almost pure eudialyte are found
(Ussing 1912; Bgggild 1953). A particularly impres-
sive occurrence of eudialyte in Kangerluarsuk is a
rhythmic sequence of layered rocks (kakortokites) with
black, red and white layers in which the varying con-
centrations of the main constituents arfvedsonite,
eudialyte and alkali feldspar result in the banded ap-
pearance of the rocks (Fig. 2; Bohse et al. 1971; see
Serensen 2001, this volume).

Since the first analysis of eudialyte by Stromeyer
(1819) many more from other localities have been pub-
lished which display a wide range of compositions,
much of which is real, but at least some variation was
due to errors inherent in the analytical methods in
use at the time. The result is considerable doubt about

Geology of Greenland Survey Bulletin 190, 65-72 (2001) © GEUS 2001

the formula of eudialyte, and even after the basic struc-
tural features of eudialyte became known (Giuseppetti
et al. 1971; Golyshev et al. 1971), ambiguity has re-
mained with regard to the number and types of atomic
sites in the mineral.

This paper reviews the recent literature on this com-
plex mineral with special emphasis on the relation-
ship between chemical and physical properties and
crystal structure. Eudialyte has now developed into a
group of several distinct mineral species including
kentbrooksite from the Amdrup Fjord, Kangerd-
lugssuaq intrusion in East Greenland.

Structure overview

Fudialyte-group minerals are trigonal with a ~ 14 A
and ¢ ~30 A, crystallising in space groups R3m, R3m
or R3. The most characteristic property of the eudi-
alyte structure is the unique combination of three-
and nine-membered rings of [SiO,] tetrahedra
(Golyshev et al. 1971; Giuseppetti et al. 1971). These
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81,0, and [Si,O, I'*" rings are arranged in layers per-
pendicular to [001] with the configuration shown in
Fig. 3. Two such layers, related by a centre or a pseudo-
centre of symmetry, embrace a layer of discrete rings
of six [M(1)O,] octahedra linked together by [M(2)O ]
polyhedra forming a 2:1 composite layer. The site
notation adopted here is taken from Johnsen & Grice
(1999). The 2:1 composite layers are cross-linked by
Zr in octahedral co-ordination and related to one an-
other in accordance with the rhombohedral symme-
try. This open structure is filled with [Na¢, ] polyhedra
having various coordinations (where ¢ indicates
ligands of O, OH, and F).

In the stacking sequence of the 2:1 layers and the
layers with [ZrO ] octahedra, twelve levels can be rec-
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Fig. 1. Eudialyte from Kangerluarsuk, the
Ilimaussaq complex. Crystals are domi-
nated by {1011} and {0001}. Edge of large
crystal 35 mm. Sample GM 1912.274 (Geo-
logical Museum, Copenhagen).

ognised within the repeat distance of the ¢ cell di-
mension. Figure 4 gives a simplified representation of
these levels from one sixfold ring of [M(1)O ] octahe-
dra to the next ring. Oblong cages exist along the
triad axes reaching from one constriction made by a
[Si309]@ ring up through the layer sequence to the next
[51309]6‘ ring constriction including nine of the twelve
levels. In these cages the central level comprises a
region surrounded by six [ZrO ] octahedra (only four
of them are shown in Fig. 4) and on either side fol-
lowed by (1) an intra-[Si,O, I'" ring level, (2) a level
with a region surrounded by [M(1)O] and [M(2)O ]
polyhedra, (3)aninter-[Si,O, I'* ringlevel and (4) a level
with a region surrounded by three [ZrO ] octahedra.

Na dominates the [ZrO ] octahedra levels and other

Fig. 2. View of Kringlerne, Kangerluarsuk,
the Ilimaussaq complex. Kringlerne is a
rhythmic sequence of black, red and white
layers of kakortokite in which the varying
concentrations of the main constituents
arfvedsonite, eudialyte and alkali feldspar
result in the banded appearance of the
rocks. The plateau above the rhythmic
layering is about 400 m above the fjord.
Photo: Henning Bohse.



Fig. 3. The nets of threefold and ninefold
silicate rings in eudialyte seen along [001].
From Johnsen & Grice (1999).

cavities in or at the border of other levels. Cl, F, OH
and H,0 are accommodated in the inter-[Si,O, ' ring
levels while the central parts of the [Si,O,]"" rings
offer space for a cation in tetrahedral (Si(7)) or octa-
hedral (M(3)) co-ordination pending the occupation
or not of the O(19) site. M(2) is either fourfold co-
ordinated in an almost planar arrangement or fivefold
co-ordinated in a distorted square pyramid when O(19)
is involved. Finally, O(19) is also ligand to the Na(4)
site, which adds to the capability of this site to carry
stronger bonding atoms such as REE or Sr. Table 1
gives a full list of cation sites in eudialyte structures.

The eudialyte structure is more or less centrosym-
metric depending on the degree of disorder and the
chemical content of certain sites. Eudialyte sensu stricto
rich in Si, Fe and Ca, such as eudialyte from Ilimaus-
saq, represents the most centrosymmetric structures
and as substitutions of the type Si — (Nb,W), Fe —
Mn, (Ca,Na) — (REE,Sr) take place, the structures be-
come progressively less centrosymmetric as in the case
of kentbrooksite (Johnsen & Grice 1999).

Chemistry

A comprehensive survey of all published analyses of
eudialyte minerals is outside the scope of this paper.
References to a large number of eudialyte papers con-
taining information on chemistry and paragenesis are
found in Deer et al. (1986) and Sgrensen (1974), and
a number of more recent papers are quoted by Johnsen
& Gault (1997).

N

Johnsen & Gault (1997) focus on chemical varia-
tion by investigating a large suite of eudialyte miner-
als of different provenance by microprobe analysis
performed under uniform conditions. The differences
in chemical composition observed in this study re-
flect most of what has been noted previously in the
literature and the following discussion is principally
based on this work and subsequent studies based on
single-crystal structure data (Johnsen & Grice 1999).

Practically all the main elements, Si, Zr, Ca, Fe and
Na vary in concentration and a large number of the
relatively minor elements such as Mn, REE, Sr, Nb, K,
Y and Ti can enter the eudialyte structure in different
quantities. The anions Cl and F, determined by micro-
probe analysis, also show variations, and indications
that the total number of anions do vary in eudialyte
minerals are confirmed by single-crystal data. In spite
of this Johnsen & Gault (1997) found that the most
reliable procedure was to calculate the atoms per for-
mula unit (apfu) on the basis of 78 anions and Z = 3
for all analyses.

Al is rarely found in significant amounts in eudi-
alyte. This fact, combined with the absence of other
tetrahedrally co-ordinated elements like Be that could
substitute for Si, suggests that the variation of Si is a
very special chemical property of eudialyte. The Si
contents are consistently above 24 apfu, i.e., more
than required to build the ring network. Regression
analysis of the Si apfu versus other elements show a
strong negative correlation with Nb apfiut. Nb varies from
zero up to ~ 1 apfu; the highest Nb content hitherto re-
ported is from the Pilanesberg complex, South Africa
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Rock type

Texture

Essential minerals™

Minor minerais

Augite syenite

Pulaskite and
foyaite

Sodalite foyaite

Naujaite

Kakortokite

LujavriteT

Alkali granite,
quartz syenite

hypidiomorphic to xenomorphic
granular, massive or layered,
medium to coarse

massive, medium to coarse,
platy feldspars

foyaitic, coarse

poikilitic, coarse to
pegmatitic

laminated, layered,
medium to coarse

laminated, fine-grained;
sometimes layered or massive,
medium to coarse

hypidiomorphic granular,
medium to coarse

alkali feldspar, hedenbergite,
titanomagnetite, ferropargasite,
olivine, biotite

alkali feldspar, nepheline,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

alkali feldspar, nepheline, sodalite,
aegirine-augite to aegirine,
katophorite, arfvedsonite

sodalite, alkali feldspar,
nepheline, aegirine,
arfvedsonite, eudialyte

alkali feldspar, nepheline,
aegirine, arfvedsonite, eudialyte

microcline, albite, nepheline,
sodalite, analcime, naujakasite,
aegirine, arfvedsonite,eudialyte,

alkali feldspar, quartz, aegirine,
arfvedsonite

ternary feldspar, apatite,
pyrrhotite, nepheline

titanomagnetite, apatite,
aenigmatite, biotite, fluorite,
eudialyte

fayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudialyte,
rinkite, fluorite, biotite

aenigmatite, hedenbergite,
aegirine-augite, fayalite, apatite,
katophorite, rinkite, polylithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
titanomagnetite

sodalite, aenigmatite, magnetite,
rinkite, fluorite, 16llingite,
sphalerite, galena

monazite, britholite, villiaumite,
sphalerite, pectolite,
steenstrupine, lovozerite, vitusite,
polylithionite, ussingite, lueshite,
neptunite

aenigmatite, elpidite, zircon,
ilmenite, pyrochlore, neptunite,
fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.

+ There are several types of Iujavrites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine
being the dominant mafic mineral; arfvedsonite or black lujavrite, fine grained, often laminated with arfvedsonite as the
dominant mafic mineral; medium- to coarse-grained lujavrite (M-C lujavrite) with arfvedsonite as the dominant mafic mineral
and generally showing foyaitic textures. Naujakasite lujavrite is a variety of arfvedsonite lujavrite containing naujakasite instead

of nepheline and with steenstrupine instead of eudialyte.

(Olivo & William-Jones 1999). The crystallochemical
explanation for the strong Si—-Nb correlation can be
expressed by the substitution MY'(3) + SiV(7) <> 25™(7)
where M(3) and Si(7) are the two central sites of the
two crystallographically distinct nine-membered sili-
cate rings.

The amount of Zr is generally close to the ideal
value of 3 apfu. Nb plays a subordinate role in this
site and Ti is the only element that substitutes for Zr
to any significant degree; usually only up to ~0.5 apfi.
Recently, a eudialyte with about one-half of Zr substi-
tuted by Ti has been found in Lovozero, Kola Penin-
sula (A.P. Khomyakov, personal communication 1999).
This eudialyte is thus halfway towards the Ti end-
member alluaivite (Khomyakov et al. 1990).

Ca is the dominant element in the general site M(1)
which amounts to 6 apfu. Mn is the most important
substitutional element in this site followed by REE
and Y. About half of Ca can be replaced until an or-
dering of the elements into two distinct sites, M(1a)
and M(1b), occurs. Ca is also found in the Na sites
but only in limited amounts, and the Ca <> Na substi-
tution often reported (e.g. Deer et al. 1980) is insig-
nificant in comparison with other substitutions in
eudialyte.

Fe is accommodated in M(2). The main replacing
element in this site is Mn and in most cases the substi-
tution is of the type Fe <> Mn". Full occupation of
M(2) gives 3 apfu, but most often this site is only
partly occupied, typically in the range of 2-3 apfu. Fe
and Mn are generally present as Fe?* and Mn?* (Pol’shin
et al. 1991; Johnsen & Grice 1999). In rare cases Al or
Ti are accommodated in M(2).

All five Na sites are special sites and add up to 15
apfu. The Na sites can to some degree accommodate
other elements such as Ca, K, REE, Sr, Y, H,O or even
H,O" (Rastsvetaeva et al. 1990). In a few remarkable
cases, a Na site — primarily the Na(4) site — is domi-
nated by one of the replacing elements such as in
khomyakovite and manganokhomyakovite (Johnsen
et al. 1999a) where Sr constitutes ~ 2.6 out of 3 apfi.

Based on a number of simple correlations between
individual elements or small groups of elements,
Johnsen & Gault (1997) suggested a solid solution se-
ries between eudialyte sensu stricto rich in Si, Ca, Fe
and Cl, and kentbrooksite (Johnsen et al. 1998) rich
in Nb, REE, Mn and F. Single-crystal studies (Johnsen
& Grice 1999) largely confirmed this series with minor
modifications, one of them being that the anion part
is of insignificant importance in this context, another
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is that Nb in the kentbrooksite component may be
substituted by other elements such as W, and finally,
that the series extends beyond kentbrooksite up to
an exceptionally Ca-deficient eudialyte crystallising in
R3, now established as an independent mineral spe-
cies by the name of oneillite (Johnsen et al. 1999b).

Johnsen & Grice (1999) present a detailed crystal-
lochemical discussion of the substitutions and their
interactions in the eudialyte group. A summary of el-
ements assigned to the various sites in eudialyte-group
minerals is shown in Table 1.

Formula calculation

In the general case where single-crystal structure data
are not available, a formula must be calculated from
the chemical analysis alone. As most chemical infor-
mation is based on microprobe analysis, a H,O deter-
mination is generally not available which is a serious
disadvantage when calculating a formula based on
the number of anions. The use of this method with-
out further corrections results in apfu values of cati-
ons systematically too high; by way of example, in a
typical eudialyte the apfu of Si will drop from 25.90 to
25.30 by the incorporation of 1 wt% H,O.

An alternative method of formula calculation is pro-
posed by Johnsen & Grice (1999). This method is based
on the number of cations accommodated in the frame-
work composed of the silicate rings and the Zr octa-
hedra supplemented with the two sites (M(3) and Si(7))
in the centres of the nine-membered rings, i.e. Si + Al
+ Zr + Ti + Hf + Nb + W + Ta, ideally adding up to 29
apfu (Z = 3). This method is fully applicable without
the determination of hydrogen or other cations. The
main disadvantage of this method is that some of the
elements involved (Al, Ti and Zr) occasionally also
occur in other parts of the structure. However, these
cases are exceptions and in the majority of cases the
method works well. For the majority of the eudialyte-
group minerals the empirical formula will be of the
type: Na [M(D] [M(2)],Zr [M(3)](Si,,0,)(O,0H,H,0).X,
where X represents (CI,F;,OH).The following proce-
dure is recommended when constructing the empiri-
cal formula for eudialyte based on a chemical analysis
only:

1. Calculate the apfu based on 29 (sum of Si, Al, Zr, Ti,
Hf, Nb, W, Ta) and with all Fe and Mn as divalent.

2. Assign all Si + Al to the 25 Si apfu. Any excess Si
should be added to M(3).
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3. Assign all Zr to the Zr site and if deficient make
up the total to 3 atoms with Ti.

4. Assign all Nb and W to M(3).

5. Assign all Fe and Mn to M(2). Any excess Mn
should be assigned to M(1).

6. Assign all Ca to M(1) and any remaining Mn then
Y and REE to bring the total to 6 atoms. Any ex-
cess Ca should go into the Na sites.

7. Assign all Na, K, Sr and remaining Ca and REE to
the Na sites.

8. Assign 73 of the O atoms to the silicate rings with
the remaining anions partitioned into a O fraction
and a halogen fraction.

9. The number of H atoms is based on charge bal-
ance.

Rare cases where Ca apfu is below 50% of the M(1)
site or Na is below 50% in the Na(4) site will become
evident during the course of formula calculation. In
such cases crystal structure refinement data will be
required in order to calculate a reliable formula.

Optical and physical properties

Johnsen et al. (1997) investigated the optical proper-
ties of a selection of eudialyte samples. The refractive
indices measured are in the range of 1.60-1.64 thus
covering the range previously reported in the litera-
ture, as do the birefringences. Most samples are opti-
cally negative showing great variation in refractive
indices as well as in birefringences, whereas the few
optically positive samples all have low refractive indi-
ces and both refractive indices and birefringences fall
within narrow fields. Only a few samples are truly
uniaxial; most samples show axial angles up to ~ 25°.
The colour varies from brown through reddish-pink
and yellow to colourless; pleochroism is, if at all pres-
ent, insignificant. In a few samples a poor (001) cleav-
age has been observed.

Johnsen et al. (1997) examined the mean refractive
indices and birefringencies and their correlation with
the chemical composition and concluded that an iso-
morphous series between Na- and Ca-rich end-mem-
bers, if it exists, is of no importance as a controlling
factor in the variation of optical properties as sug-
gested by, e.g. Deer et al. (1986). The overriding in-
fluence on the mean refractive indices comes from
substitutions such as Si <> (Nb,W) and (Ca,Na) <>
(REE,Sr) and as expected the mean refractive index
increases as these substitutions go to the right. The



birefringence shows the best correlation to the Si <>
(Nb,W) substitution. However, as this substitution is
an integral part of the complex substitution between
the two end-members eudialyte and kentbrooksite, it
cannot be asserted as the only controlling factor in
the birefringence. It is concluded that the term eucolite,
which has been used for an optically negative and
Ca-rich eudialyte, is meaningless and in some respects
misleading, so the use of this term should be discon-
tinued. Also, mesodialyte as a name for an optically
isotropic intermediate member of an inferior, if exist-
ing, series should be abolished.

The density varies in the range 2.85-3.25 g/cm’.
With eudialyte sensu stricto rich in Na, Ca, Fe and Si
as a starting point, all major substitutions, except the
Fe <> Mn substitution, go from a relatively light ele-
ment towards a heavier element. Thus, the density
increases as the series goes from eudialyte towards
kentbrooksite and oneillite.

Members of the eudialyte group

Within the eudialyte group the following species can
be recognised:

eudialyte (Stromeyer 1819):
Na,,Ca Fe ZrSi(8i,,0.,)(0,0H,H,0) (CLLOH),

kentbrooksite (Johnsen et al. 1998):
Na ,CaMn,Zr Nb(Si, O_,) (O,0H,H,0),(FCD,

khomyakovite (Johnsen et al. 1999a, b):
Na ,Sr,Ca Fe Zr W(Si, .0, (O,0H,H,0),(Cl,OH),

manganokhomyakovite (Johnsen et al. 1999a, b):
Na Sr,CaMn,Zr,W(Si,.O.,) (O,0H,H,0),(Cl,OH),

oneillite (Johnsen et al. 1999a, b):
Na .Ca,Mn.Fe Zr Nb(5i,.0,) (O,0H,H,0),(OH,CD,
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The distribution of minerals in hyper-agpaitic rocks in
terms of symmetry: evolution of views on the number and

symmetry of minerals

Alexander P. Khomyakov

Among the unique mineral localities of the Earth the complexes of nepheline syenites with
hyper-agpaitic differentiates are of special interest due to their extreme diversity of mineral
species. The four best studied complexes of this type — Khibina, Lovozero, Ilimaussaq and
Mont Saint-Hilaire — have yielded more than 700 mineral species of which about 200 are new.
The great mineral diversity is due to the combination of several factors, the most important of
which is the extremely high alkalinity of agpaitic magmas, causing about half of the elements
of the periodic table to be concentrated together. Minerals from hyper-agpaitic rocks are char-
acterised by the predominance of highly ordered, low-symmetry crystal structures resulting, in
particular, from the markedly extended temperature range of crystallisation. Generalisation of
available data for unique mineral localities underpins the hypothesis that there is no natural
limit to the number of mineral species. It is predicted that by the middle of the 21st century,
the overall number of minerals recorded in nature will exceed 10000, with the proportion of
triclinic species increasing from the present 9% to 14.5%, and that of cubic species decreasing
from 10% to 5%.

Institute of Mineralogy, Geochemistry and Crystal Chemistry of Rare Elements, Veresaeuv Street
15, Moscow 121357, Russia. E-mail: noomin@noomin.msk.ru

Keywords: alkaline complexes, hyper-agpaitic rocks, Ilimaussaq, Khibina, Lovozero, Mont Saint-

Hilaire, new minerals, number of mineral species, symmetry of minerals, unique localities

The development of mineralogy in the latter half of
the 20th century has been marked by an accelerating
pace of new mineral discoveries. The number of min-
erals discovered worldwide since 1970 is roughly equal
to that recorded throughout the preceding historic
time. This dramatic acceleration has radically changed
our views on the chemical and structural diversity of
minerals and on the distribution patterns of various el-
ements in rocks and mineral deposits. It also provides
a powerful stimulus for further advancement of miner-
alogy and allied sciences and challenges long-held theo-
ries of the mineral system, its limits, symmetry features,
and prospects for further mineralogical discoveries.
The main sources of new mineral discoveries dur-
ing the last few decades were unique deposits, in par-
ticular the mineral-rich complexes of agpaitic nepheline
syenites. The best known of these are Ilimaussaq in
South Greenland, Khibina and Lovozero on the Kola

Geology of Greenland Survey Bulletin 190, 73-82 (2001) © GEUS 2001

Peninsula in Russia and Mont Saint-Hilaire, Quebec
in Canada. Between 1970 and 2000, more than 150
IMA-approved minerals were discovered in these four
complexes. The overall list of new mineral species
described from these complexes includes approxi-
mately 200 entries (Semenov 1972, 1997; Kostyleva-
Labunstova et al. 1978; Khomyakov 1980, 1990, 1995;
Serensen et al. 1981; Horvath & Gault 1990; Petersen
& Secher 1993; Sorensen 1997). In all, more than 700
mineral species have been identified in these complexes.

About two-thirds of the aforementioned 150 IMA-
approved minerals were described from the Khibina
and Lovozero complexes (94 species), which have
been the main target of the author’s research over the
last 30 years and presented in a monograph (Khomyakov
1990, 1995). The vast majority of these minerals were
discovered in a special type of silicate-salt pegmatoid,
supersaturated in alkaline, volatile and rare elements.
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Rocks of thistype, distinguished as hyper-agpaitic (Kho-
myakov 1977, 1995; Sokolova 1986, see also Sgren-
sen & Larsen 2001, this volume), contain accumulations
of maximally alkaline minerals; an indication of the
extreme peralkalinity which is the principal factor con-
trolling the extraordinary mineral diversity of nephe-
line syenite complexes with hyper-agpaitic rocks.

The mineral discoveries in the Khibina and Lov-
ozero complexes are briefly reviewed in the first sec-
tion of this paper. The data, supplemented by new
facts and ideas, provide the basis for subsequent gen-
eralisations which are summarised in the second and
third sections of the paper.

The Khibina and Lovozero complexes
and their new minerals

The Khibina and Lovozero complexes are the world’s
largest localities of agpaitic alkaline rocks outside the
Ilimaussaq complex where they were originally de-
scribed (Ussing 1912; see Sgrensen 2001, this volume).
Situated in the centre of the Kola Peninsula, these
adjacent complexes occupy about 2000 km?* in area.
They are the type localities of 126 minerals whose
discovery began with the expeditions of the Finnish
geologist W. Ramsay in the 1890s.

A vast array of compositionally unusual minerals
were discovered by members of A.E. Fersman’s expe-
ditions conducted under the auspices of the Academy
of Sciences of the USSR before World War II. Fersman
demonstrated the significance of the two complexes
as a unique ore-bearing and mineralogical province.
They hold the world’s largest deposits of apatite and
rare metals in which an unprecedented number of
new minerals has been identified.

Fersman (1937) listed 111 mineral species and vari-
eties that were then known in Khibina and Lovozero.
In the postwar years, Fersman'’s students and follow-
ers successfully continued and expanded the achieve-
ments of their predecessors, considerably increasing
the number of new minerals described from the com-
plexes. The overall list of mineral species has now
reached about 500 entries, far surpassing any other
complex or deposit in the world, including such fa-
mous ones as the IImen and Vishnevye mountains in
the Urals, llimaussaq in Greenland, Mont Saint-Hilaire
in Canada, Franklin in the United States, Langban in
Sweden and Tsumeb in Namibia (each with 200 to
350 species).

The history of discovery of new minerals in the
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Khibina and Lovozero complexes may be divided into
three major periods.

1. 1890-1941: 11 new minerals were discovered.
2. 1950-1969: 21 new minerals were discovered.
3. 1970-1999: 94 minerals were identified.

Table 1 brings a list of the rare minerals mentioned in
this paper.

The enormous increase in the number of new min-
erals was brought about by the discovery (Khomya-
kov 1977, 1980, 1990, 1993, 1995) that the deep zones
of the complexes (below the zone of weathering) are
very rich in hyper-agpaitic rocks. These are enriched
in half the elements of the periodic table and contain
previously unknown persodic minerals which are read-
ily soluble in water and are therefore not encoun-
tered under near-surface conditions. These minerals
tend to occur near phosphate (apatite) and rare-ele-
ment (loparite and eudialyte) deposits.

In particular, these rocks contain water-soluble Na
carbonates, making them candidates for commercial
extraction of soda (Khomyakov 1985). The most im-
portant clue to the origin of Na carbonate mineralisa-

Table 1. The major rock types of the llimaussaq alkaline complex

Rock type Texture Essential minerals™ Minor minerals

hypidiomarphic to xenomorphic ~ alkali feldspar, hedenbergite,
granular, massive o fayered,  fitanomagnetite, ferropargasite,
medium to coarse olivine, bictite

ternary feldspar, apatite,
pyrthetite, nepheling

Augite syenite

alkali feldspar, nepheling,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

titanomagnetite, apaite,
aenigmatite, biotite, fluorite,
eudialyte

Pulaskite and massive, medium to coarse,
foyaite platy feldspars

Sodalite foyaite

foyaitic, coarse

alkali feldspar, nepheline, sodalite,
aegirine-augite to aegiring,
katopharite, arfvedsonite

fayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudialyte,
rinkite, fluorite, biotite

Naujaite poikilitic, coarse to sodalite, alkali feldspar, aenigmatite, hedenbergite,
pegmatitic nepheline, aegiring, aegirine-augite, fayalite, apatite,
arfvedsonite, eudialyte katophorite, rinkite, polylithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
fitancmagnetite
Kakortokite laminated, layered, alkall feldspar, nepheline, sodalite, aenigmatite, magnefite,
medium to coarse aegirine, arfvedsonite, eudialyte rinkite, fluorite, I6llingite,
sphalerite, galena
LujavriteT laminated, fine-grained; microcling, albite, nepheline, monazite, britholite, viliaumite,
sometimes layered or massive, sodalite, analcime, naujakasite, sphalerite, pectolite,
medium to coarse aegirine, arfvedsonite,eudialyte,  steenstrupine, lovozerie, vitusite,
polylithionite, ussingite, lueshite,
neptunite
Alkali granite, hypidiomorphic granular, alkali feldspar, quariz, aegirine, aenigmatite, elpidite, zircon,
quartz syenite medium to coarse arfvedsonite iImenite, pyrochlore, neptunite,

fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.
t There are several types of lujaviites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine
being the dominant mafic mineral; arfvedsonite or biack iujavrite, fine grained, often laminated with arfvedsonite as the
dominant mafic mineral; medium- to coarse-grained fujaveite (M-C fujaveite) with arfvedsonite as the dominant mafic mineral
and generally showing foyatic textures, Naujakasite lujavrite is a variety of arfvedsontte lujaviite containing naujakasie insteac
of nepheline and with steenstruping instead of eudialyte.



tion of this highly unusual type was provided by the
discovery, deep within the complexes, of the new min-
eral natrite which is an anhydrous Na carbonate, a
natural analogue of soda ash, which is produced in-
dustrially by fusing limestone and common salt. In
addition to natrite, hyper-agpaitic rocks contain more
than 20 minerals that are sodium salts, including the
most alkaline silicate (natrosilite) and phosphate
(olympite) encountered in nature (Khomyakov 1987).
Silicate melts and supercritical aqueous solutions satu-
rated with these salts show an exceedingly high reac-
tivity which is used, in particular, in the hydrothermal
synthesis of many insoluble compounds (Litvin 1975).
Prior to their discovery, the very possibility of these
salts separating as crystalline phases of rocks was dif-
ficult to predict on the basis of traditional theories.
Now, the existence of natrite, natrosilite, and olympite
as magma-related minerals is beyond question.

It is quite possible that further research on hyper-
agpaitic rocks will reveal even more highly alkaline
salt minerals, e.g. hydroxides such as NaOH and KOH.
This possibility is indirectly confirmed by the fact that
these hydroxides constitute the ‘side chain’ (accord-
ing to V.I. Vernadsky) in the formulas of some miner-
als that are peculiar to hyper-agpaitic rocks, such as
ussingite NaAlSi,O -NaOH (albite + NaOH) and
lithosite 2KAISi, O KOH (leucite + KOH), which have
the highest known agpaicity in sodic and potassic phases
(Na/Al= 2, K/Al = 1.5). Another indication is provided
by experiments in which crystals of Na,TiSiO, (the com-
position of the mineral natisite which is a characteris-
tic mineral of hyper-agpaitic rocks) were synthesised
in titanosilicate systems (Litvin 1975) only at NaOH
concentrations ranging from 38to 100%, whereas lower
NaOH concentrations produced lorenzenite Na,Ti Si,0,
which contains relatively less Na than natisite. Simi-
larly, the synthesis of steenstrupine, a characteristic
mineral of hyper-agpaitic rocks, only takes place in a
system oversaturated in Na (Sgrensen et al. 1985).

The new minerals of the Kola Peninsula are domi-
nated by highly alkaline compounds of P (e.g. arctite
and nacaphite) and rare elements: Li (lintisite, olympite),
Be (lovdarite), Sr (crawfordite, olgite), REE (Iaplandite,
sazhinite), Zr (khibinskite, umbite), and Nb (borne-
manite, sobolevite), see Table 1. Some of these min-
erals have turned out to be the first representatives of
new compound types. An example is provided by hy-
drous zirconosilicates of K (e.g. umbite) which are
particularly remarkable because all attempts to syn-
thesise them in laboratories had long been unsuccess-
ful. Lithosite and kalborsite contain more K than all other

known alkaline aluminosilicates. The list of composi-
tional groups was supplemented by silicato-phosphates
(phosinaite), hydrophosphates (nastrophite) and
manganoferrosilicates (shafranovskite). New members
were added to the mineral groups of apatite, bradleyite,
cancrinite, eudialyte, hilairite, keldyshite, labuntsovite—
nenadkevichite, lomonosovite and lovozerite.

The discovery of this vast array of new minerals
and the concomitant investigation of their crystal struc-
tures have furthered the development of structural
mineralogy. Khibina and Lovozero minerals have been
used to elucidate some 80 crystal structures. These
studies have extended the list of structure types with
a wide variety of ring, chain, layer and framework
radicals, such as the framework formed by three-
membered rings of Be and Si tetrahedra in lovdarite,
the huge 18-membered cycloradical in megacyclite,
and the multirow (six Si tetrahedra wide) branched
amphibole band in nafertisite. The structure determi-
nations also led to the prediction or explanation of
pronounced ion-exchange, molecular-sieve, and other
technologically important properties in many miner-
als, stimulating research aimed at synthesising the
equivalents of naturally occurring phases and using
the latter (e.g. lovdarite) as prototypes for creating
new materials with desired properties.

The mineralogical investigations in Khibina and Lov-
ozero greatly influenced work in analogous complexes
elsewhere, in particular in the Gardar and Monteregian
alkaline provinces. In the latter, in addition to the main
site of alkaline rocks at Mont Saint-Hilaire, a whole
series of nepheline syenite sills with peralkaline min-
eral associations have been studied. One of them, the
Saint-Amable Sill, yielded more than 100 minerals, in-
cluding a large group of species characteristic of Khi-
bina—Lovozero hyper-agpaitic suites (Horvath et al.
1998). An important contribution to the investigation
of agpaitic rocks of pronounced potassic character was
made in recent years by investigators of the Murun
alkaline complex, situated in Yakutia within the Aldan
Shield (Konev et al. 1996).

Symmetry of minerals from hyper-
agpaitic rocks and symmetry trend in
the mineral world

The statistical distribution of mineral species over crys-
tal systems, symmetry classes, space groups and other
symmetry ranks shows certain consistent regularities
(Povarennykh 1966b; Shafranovsky & Feklichev 1982;
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Yushkin 1982, 1993). Shafranovsky (1967, 1983) gen-
eralised these regularities in his law of the constancy
of symmetry statistics of minerals’ and introduced the
concept of ‘mineralogical-crystallographic clarkes’ rep-
resenting the average symmetry characteristics of all
known mineral species. He suggested that, by com-
paring the symmetry data for specific provinces and
types of deposits with the clarkes, it is possible to
obtain valuable genetic information.

Yushkin (1982) and Dolivo-Dobrovolsky (1984)
have, for instance, detected a gradual transformation
of a ‘cubic’ or ‘cubic-orthorhombic’ mineral world into
a ‘monoclinic’ one from the early to the late evolutio-
nary stages of the Earth, and a progressive decrease
in the symmetry of material in the Earth’s layers from
the interior to the surface of our planet. Marin (1973)
demonstrated a distinct lowering of the symmetry of
accessory minerals in granitoids (at various hierarchi-
cal levels from rock series to individual complexes)
from early to late stages in their evolution. One line
of research is to use the average characteristics of the
symmetry of the mineral world in the analysis of the
symmetry features of minerals from specific complexes
that formed under unusual physicochemical condi-
tions. This is demonstrated below for the four best
studied complexes of hyper-agpaitic rocks: Khibina,
Lovozero, Ilimaussaq and Mont Saint-Hilaire.

Statistical analysis was performed on the symmetry
data for 250 characteristic minerals which included
the following: all minerals with known crystal systems
that were first described as new species within these
complexes; major rock- and ore-forming minerals;
water-soluble (saline) minerals typical of hyper-agpaitic
rocks that occur below the zone of weathering; and a

group of highly alkaline minerals of various classes
that were found, as a rule, in more than one of the
four complexes. For minerals recorded in only one
complex, the main consideration was whether they
are characteristic of highly alkaline complexes in gen-
eral. Other minor and accessory minerals that occur
widely outside alkaline complexes were ignored. Cal-
culations were also performed on a smaller data set
of 173 minerals that were first described from the four
complexes. The minerals were compared with updated
mineralogical-crystallographic clarkes, calculated by
the author for 3534 minerals with known crystal
systems listed in the Glossary of Mineral Species by
Fleischer & Mandarino (1995).

The results are presented in Table 2. Minerals of
hyper-agpaitic suites show a relative deficiency in high-
symmetry cubic species and an excess of low-symme-
try species, especially triclinic minerals. The mineral
world as a whole is characterised by the predomi-
nance of cubic minerals over triclinic ones, whereas
hyper-agpaitic rocks show a roughly threefold pre-
dominance of triclinic species over cubic ones. Such a
strong prevalence of highly ordered, low symmetry
structures can be attributed to the specific properties
of alkali- and volatile-supersaturated, low-viscosity
melts and solutions which lower the temperature and
markedly extend the range of crystallisation in terms
of both temperature and time.

Another conspicuous feature is the marked predomi-
nance of silicates in the list of characteristic minerals
(170 species out of 250 in the full set, or 122 species
out of 173 in the smaller data set). Silicates differ from
most other minerals by having more complex compo-
sitions and, hence, lower symmetry (according to the
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* Fleischer & Mandarino (1995).

1 The first number relates to the data set of 250 characteristic minerals; the second (in parentheses) relates to the data set of
173 minerals whose type localities are at Khibina, Lovozero, llimaussaq and Mont Saint-Hilaire.
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Table 3. Analyses of rocks representing Ilimaussaq liquids
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T The first number relates to the data set of 250 characteristic minerals; the second (in parentheses) relates to the data set of
173 minerals whose type localities are at Khibina, Lovozero, llimaussaq and Mont Saint-Hilaire.

Fedorov—Groth law). In order to assess the importance
of this factor, Table 3 presents data similar to those in
Table 2, but relating solely to silicates (911 out of the
3534 species). It can be seen that, in terms of their
symmetry distinctions, silicates of hyper-agpaitic rocks
resemble minerals of all classes. The monoclinic
anomaly that is typical of silicates as a whole (41.6%)
is due to the very high proportion of amphiboles, py-
roxenes, and micas (about 120 species out of 911 in
the data set), the vast majority of which belong to the
monoclinic system. The triclinic minerals show a nearly
20-fold predominance over cubic ones in the data set
of 122 new silicates described from the four complexes
(Table 3). This data set contains only one cubic min-
eral, sodalite.

The effect of a highly alkaline environment on the
lowering of the symmetry of crystallising minerals can
be illustrated by the apatite group. The most charac-
teristic representatives of this group in the Khibina
complex form the following evolutionary sequence:
REE,Sr-bearing fluorapatite, (Ca,REE,Sr) (PO )F —
fluorcaphite, Ca(Sr,Na,Ca)(Ca,St,REE),(PO).F — belo-
vite-(Ce), NaSr,Ce(PO)),F — deloneite-(Ce), NaCa,SrCe
(PO.F, with the corresponding sequential lowering
of the space group symmetries: P6,/m-P6,—P3-P3
(Khomyakov et al. 1996, 1997). The highest symmetry
mineral of this series — fluorapatite — is characteristic
of the moderately alkaline rocks of the principal in-
trusive phases and their closely associated apatite de-
posits, whereas the remaining members of the series
are found only in bodies of hyper-agpaitic pegmatites
and their hydrothermal equivalents, in which fluora-
patite is not stable.

Phosphates with the compositions of belovite and

U 154397, 154399, 1Sar=a) and () =21
= ‘of the Goological P =%

i the Geological Museunm. Copenhagen).

Stoonfolt 1974), mew analysis.
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Snmark and Groeceniand.

Survey o

deloneite synthesised under laboratory conditions
share the high-symmetry space group P6,/m with flu-
orapatite. This can be attributed to the much higher
temperatures (1100°C; Mayer et al. 1974) and shorter
duration of the processes in experiments than the tem-
perature range 150-300°C within which deloneite and
belovite are assumed to have formed in nature. This
sequence of apatite-group phosphates is an example
of early higher symmetry members being successively
transformed into lower symmetry members, a sequence
already demonstrated by Fersman (1940, p. 330) for
minerals in granite pegmatites.

There is no doubt that the differentiated complexes
of nepheline syenites will continue to make a contri-
bution to the overall mineral system, thereby reduc-
ing the average symmetry of the mineral world as a
whole. The change in the triclinic to cubic ratio over
the last 100 years speaks for itself: in 1891, it equaled
0.3; in 1966, 0.6; in 1991, 0.9; and now it is steadily
approaching 1.0. According to the predictions of
Khomyakov (1998a, b) based on correlation diagrams
(the number of species versus time), the total number
of known minerals will approach 11 000 by the year
2050, with the proportion of triclinic minerals increas-
ing from the present 9.1 to 14.5%, and that of cubic
minerals decreasing from 10 to 5%. The cubic—triclinic
‘inversion’ of the mineral world is expected to occur
near the year 2005.
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Recent mineralogical discoveries and
the number of mineral species

At present the number of naturally occurring minerals
is in the order of 4000 whereas the number of artifi-
cial compounds amounts to many millions. Accord-
ing to Fersman (1938), the limited number of mineral
species existing in the Earth’s crust, despite the astro-
nomical number of theoretically possible combinations
of chemical elements, is due mainly to the pattern of
geochemical distribution of elements and the relatively
narrow range of physicochemical parameters realised
during the mineral-forming processes. Because of these
and other limiting factors it has been suggested
(Povarennykh 1966¢; Urusov 1983) that the discovery
of new minerals would soon be a very rare event. The
last few decades, however, have witnessed an unprec-
edented expansion of the number of minerals, with
50-100 new minerals annually approved by the Inter-
national Mineralogical Association.

What are the limits to the mineral world as a whole?
Analysis of the long-held theory that there is a natural
limit to the number of mineral species (Fersman 1938;
Saukov 1946; Povarennykh 1966¢; Kostov 1968; Yush-
kin 1977; Urusov 1983) shows that this theory is mainly
valid for ordinary types of rocks and mineral depos-
its. The principal source of new mineral discoveries is
in unusual deposits formed in anomalous geotectonic
and geochemical environments. The conditions of for-
mation of these deposits encompass virtually the en-
tire range of physicochemical parameters (7, P, X, pH,
Eh, etc.) accessible to modern experimental mineral-
ogy and also involve geological time and other fac-
tors unattainable in experiments. This serves to remove
barriers to the diversity of natural crystalline phases
and allows the presentation of a hypothesis of an in-
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finite diversity of mineral species in the mineral world
(Khomyakov 1986, 1990, 1994, 1995, 1996, 1998b).

According to general theories of physical chemis-
try, one peculiar property of peralkaline aluminosilicate
melts and solutions is that all dissolved electroposi-
tive elements less basic than Na are made to behave
as amphoteric elements, stimulating their transition
from the cationic part to the much more capacious
anionic part of the melt structure. Furthermore, a rise
in the alkalinity of these melts causes a substantial
increase in the solubility of H,O and other volatile
components such as F, Cl, S, and CO, (Kogarko 1977).
Therefore, agpaitic magmas can be regarded as uni-
versal solvents, capable of concentrating, in addition
to alkalis and volatiles, virtually all other chemical el-
ements. This may explain the unique ability of these
magmas to extract diverse elements, including those
that form mineral deposits of P, Nb, Ta, Zr, Hf, Ti,
REE, Sr, etc. from sources such as deep transmagmatic
fluids. Hence, economically important deposits of the
alkaline series tend to occur near ultra-deep faults
which were figuratively described by Ovchinnikov
(1985) as ‘punctures’ in the Earth’s hot spots.

Data for the four best-studied complexes of this
type — Khibina, Lovozero, Ilimaussaq and Mont Saint-
Hilaire — indicate that, in addition to the petrogeneti-
cally important elements O, Si, Al, Na, K, Ca, Fe, Mg,
Mn and Ti, there are approximately 30 other elements
that form their own minerals: Li, Be, Sr, Ba, B, Ce, La,
Nd, Y, Zr, Nb, P, Th, U, Ag, Au, Tl, Cu, Zn, Sn, Pb, As,
Sb, Mo, W, Co, Ni, as well as F, S, Cl, C and H. A large
number of the minerals have very complex composi-
tions with as many as 10 elements occupying sepa-
rate structural sites.

Table 4 shows the calculated number of theoreti-
cally possible combinations (C”) of a known number
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of chemical elements (1) in a system and the actual
number of significant elements in each individual min-
eral (m) according to the formula (C") = n/m/(n-m)!.
Two sets of calculations were carried out. One set
included approximately one-third of the elements in
the periodic table (72 = 30) that form relatively simple
compounds (m < 5); the other set involved a narrow
range of the most characteristic elements of alkaline
rocks (12 = 17) that form more complex compounds
(m £ 8). The calculations show that, when 7 = 30 and
m ranges from 2 to 5, the number of combinations
equals 174 4006; when 7 = 17 and m ranges from 2 to
8, the result is 65 518. Even though this approach is
fairly arbitrary, the number of possible minerals of
alkaline rocks can nevertheless be estimated to be of
the order of 10*-10° species.

The diversity of the crystal structures of alkaline
minerals can be illustrated by compounds of the type
NaM§Si O where M = Ti, Zr, Be, and other ampho-
teric elements. The special features of the atomic ar-
rangements of these compounds and their more
complex analogues have been examined in detail else-
where (Belov 1961, 1976; Povarennykh 1966a; Sando-
mirsky & Belov 1984; Voronkov et al. 1975, 1978;
Pyatenko et al. 1976; Egorov-Tismenko & Sokolova
1990; Ferraris, 1997; Ferraris et al. 1997; Merlino &
Pasero 1997). In the crystal structures, Ti and other
high-charge elements together with Si form mixed radi-
cals whose negative charge is compensated by alkali
cations. The presence of Na is important because, as
a large cation, it performs the function of a ‘rigid frag-
ment’ relative to the more flexible MSiO radicals and,
as a strong base, it helps amphoteric elements play
their anion-forming role (Belov 1961, 1976). Na is char-
acterised by a unique range in co-ordination numbers
(from 4 to 12) and shapes of the corresponding poly-
hedra. Na atoms are capable of off-centre displace-
ments within co-ordination polyhedra and of forming
highly unequal Na—-O bond lengths, thus ensuring
complete charge balance for the Na-linked anions. Na
polyhedra are able to link by corner-, edge-, or face-
sharing with each other, producing diverse structural
units, including one-dimensional (chains and columns)
and two-dimensional (sheet and net) structures, and
each type of association can have several different
topologies.

In these structural arrangements, the variety of M—
O and Si—O fragments is complex and varied. For ex-
ample, Ti polyhedra characteristically form (in addition
to single and coupled octahedra) geometrically diverse
rings, chains, bands, one- and multilevel layers, and

intricate frameworks. An additional factor controlling
the diversity of Ti—O structural units is the ability of Ti
to lower its co-ordination number from six to five.

The polymorphism of Si—O fragments is well known:
for example, the same metasilicate formula [SiO,] , with
n = oo, may represent the pyroxene chain Si,O, or any
of more than ten topologically different bands; the
dimetasilicate formula [Si,0.] may represent a variety
of cyclogroups, bands, sheets and frameworks. Along
with homogeneous Si—O structural units, some struc-
tures involve heterogeneous Si—O fragments, such as
three- and nine-membered rings in eudialyte or chains
and bands in vinogradovite.

The mutual combinations of Na—, M-, and Si—-O
structural units in Na M Si O compounds are no less
diverse than the structural units themselves, and the
diversity of MSiO combinations markedly increases
with the degree of polymerisation. According to
Sandomirsky & Belov (1984), among mixed radicals,
only one finite radical is known; there are 10-odd
known band (or chain) radicals and about 50 layer
radicals, whereas framework radicals run into the hun-
dreds. The great variety of cationic and anionic motifs
and their combinations explain the abundance of
distinct structure types of alkaline amphosilicates (sili-
cates with amphoteric elements) and, in particular, the
existence of vast families of Ti, Nb, Zr and Be silicates
that have similar compositions but differ in stoichi-
ometry or structural features (or both). The majority
of titanosilicates and their analogues recently discov-
ered in differentiated nepheline syenite complexes
represent hitherto unknown structure types. A large
number of new structure types have also been identi-
fied in other silicates (Bokii 1990), as well as in phos-
phates (Yakubovich & Urusov 1996), carbonates
(Pobedimskaya & Trinh 1985), and complex sulphides
(Makovicky 1997). These facts, which fully agree with
Yushkin’s (1977) observation that the structural diver-
sity of minerals steadily increases as the mineral sys-
tem expands, highlight the role of the structural factor
as a determinant of the hypothesised infinite diversity
of mineral species. This hypothesis is in agreement
with the conclusions of Skinner & Skinner (1980),
based on their analysis of other factors, that there are
no predictable limits to the number of minerals.

It stands to reason that most of the minerals that
form large crystals and grains — more than 10 cm across
— have already been discovered. The majority of spe-
cies yet undiscovered can be broadly divided accord-
ing to size into objects of the binocular level (0.1-1
mm), microscopic level (0.001-0.1 mm), and nanolevel
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(< 0.001 mm). The number of minerals of the binocu-
lar level alone appears to exceed that of the currently
known minerals by at least one order of magnitude.
Although the great majority of these will be minera-
logical rarities, the identification and study of the yet
undescribed natural phases is not only of interest from
a purely scientific point of view, but also has practical
implications. Among the future minerals, there will
undoubtedly be various types of commercial ores and
compounds with unique structures and technologi-
cally useful properties.

Conclusions

The deep zones of Khibina and Lovozero contain
abundant hyper-agpaitic rocks — essentially a new type
of silicate-salt pegmatoid, supersaturated in alkaline,
volatile and rare elements. Rocks of this type contain
very large amounts of the most alkaline minerals of
various classes ever recorded in nature. These rocks
and minerals are indicators of special physicochemical
conditions of agpaitic magma differentiation, which
promote the accumulation of most of the less common
elements and the crystallisation of an enormous num-
ber of minerals.

The unusual physicochemical conditions under
which hyper-agpaitic rocks form predetermine the
prevalence of complexly built minerals with highly
ordered low-symmetry structures, characterised by a
substantial predominance of triclinic species over cu-
bic ones. In the future, the number of minerals from
hyper-agpaitic rocks will undoubtedly continue to
grow and, in turn, will serve to reduce the average
symmetry of the mineral world. It is also clear that,
regardless of the source of new species, they will be
increasingly dominated by micro- and nanominerals,
most of which crystallise after macrominerals at lower
temperatures, thus being generally of lower symme-
try. It can be predicted that, in the near future, the
proportion of triclinic minerals in the mineral world
will become equal to, and subsequently exceed, that
of cubic minerals.

The long-held thesis that there is a limit to the num-
ber of mineral species is valid only for ordinary types
of rocks and mineral deposits. The principal sources
of new mineral discoveries are deposits formed in
anomalous geotectonic and geochemical environments
under conditions that encompass virtually the entire
range of physicochemical parameters (7, P, X, pH, Eh,
etc.) accessible to modern experimental mineralogy
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and, moreover, include geological time and other fac-
tors unattainable experimentally in the laboratory. All
this serves to remove any barriers that limit the num-
ber of mineral species.
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The hyper-agpaitic stage in the evolution of the llimaussaq
alkaline complex, South Greenland

Henning Serensen and Lotte Melchior Larsen

The term hyper-agpaitic covers mineral associations characterised by a wealth of Na-rich min-
erals such as natrosilite, zirsinalite, ussingite, vuonnemite, vitusite and lomonosovite. This
mineral association clearly indicates a higher degree of alkalinity than for agpaitic rocks in
general. In the Ilimaussaq complex hyper-agpaitic mineral associations occur not only in peg-
matites and hydrothermal veins as in the Kola complexes, Khibina and Lovozero, but also in
highly evolved lujavrites and in the fenitised volcanic rocks in the roof of the complex. This
paper reviews the occurrences of hyper-agpaitic mineral associations in the Ilimaussaq com-
plex. The mineral assemblages are determined by an interplay of temperature, pressure, oxy-
gen fugacity, alkalinity, especially the concentration of Na, and contents of elements such as
Zr, Ti, Nb, REE, Fe, Mn, U, Th, P, F, Cl and H,0. Increasing and decreasing stages of alkalinity
may be distinguished. At increasing alkalinity nepheline is for instance substituted by naujaka-
site, while at decreasing alkalinity and temperature naujakasite is substituted by analcime.
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Russian mineralogists and petrologists studying the
Lovozero and Khibina complexes of the Kola Penin-
sula introduced the term hyper- or ultra-agpaitic min-
eral associations and rocks in order to characterise
special types of pegmatites and hydrothermal miner-
alisations rich in rare minerals (cf. Khomyakov 1995,
2001, this volume). These mineral associations formed
from melts and fluids oversaturated in alkalis, volatiles
and rare elements and represent a more highly evolved
stage than agpaitic rocks in general. Hyper-agpaitic
rocks are distinguished by an extraordinary variety of
sodium-rich minerals, many of which are readily solu-
ble in water and break down under atmospheric con-
ditions. Examples of hyper-agpaitic minerals from Khi-
bina and Lovozero are: zirsinalite, vuonnemite, lo-
monosovite, steenstrupine, vitusite, chkalovite,
ussingite, natrosilite and villiaumite (Fig. 1). A charac-
teristic feature of some of the minerals of hyper-agpaitic
rocks is that they can be gradually transformed into
hydrogen-bearing analogues with preservation of crys-

Geology of Greenland Survey Bulletin 190, 83-94 (2001) © GEUS 2001

tal morphology and parts of the crystal structure. Min-
erals formed by this mechanism are termed transfor-
mation mineral species (Khomyakov 1995). Examples
are lovozerite formed after zirsinalite, and epistolite
formed after vuonnemite.

Khomyakov (1995) demonstrated that stages of in-
creasing and decreasing alkalinity are involved in the
evolution of hyper-agpaitic rocks. Three stages may
be distinguished: increasing, maximum and decreas-
ing alkalinity. This is illustrated by the succession: eudi-
alyte in an agpaitic rock is altered into zirsinalite which
with decreasing alkalinity is transformed into lovo-
zerite (Fig. 1a).

In the Khibina and Lovozero complexes the hyper-
agpaitic mineral associations are found in pegmatites
and hydrothermal veins but not in the major rock types.
Khomyakov (1995) pointed out, however, that the
porphyritic lovozerite-murmanite lujavrites of Lovozero
may mark the former presence of hyper-agpaitic luja-
vrites, because lovozerite and murmanite are known
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a Reactions involving eudialyte

zircon

EUDIALYTE / catapleiite
AN
zirsinalite — lovozerite — steenstrupine
(inferred)
Schematic reactions
eudialyte + Na + REE + Mn + Th + POy steenstrupine + Zr + Si + Fe
—
eudialyte + natrosilite zirsinalite
zirsinalite + HoO e lovozerite + NaOH
NaOH + CO» e Na carbonates
—
b Reactions involving other minera..
Schematic reactions
microcline + NaOH ussingite + K
nepheline + Na + Fe + Si + HoO -,  haujakasite
naujakasite + HoO _, analcime + Na + Fe
vuonnemite + HoO Y epistolite + NaF + NaoPO4
vitusite + HoO o monazite/rhabdophane + NaOH + POy
chkalovite + CI + Al _, tugtupite + Be
lomonosovite _» murmanite + NagPOgy4
—
Mineral formulae
analcime: NaAlSi>Og-H>0 nenadkevichite: Na(Nb,Ti)SioOg(O,0H) - 2H,0
catapleiite: NasZrSizOg -2H,0 nepheline: (Na,K)AISiOy4
chkalovite: NasBeSioOg rhabdophane: (Ce,La,Ca)PO4-Ho0
epistolite: Nas(Nb,Ti)oSisOg -nH20 sodalite: (NaAlSiOg4)g -2NaCl
eudialyte: Nay(Ca,Ce)oFe,Mn,Y)ZrSigO25(OH,Cl)>  sorensenite: NagBeoSn(SizOg)o - 2H0
gerasimovskite: (Mn,Ca)(Nb,Ti)5012 - 9H20)(?) steenstrupine-(Ce): Naj4CegMnasFes(Zr, Th)(SigO1g)2(PO4)7 -3H20
lomonosovite: NagTioOs(Sio07)2(POy4)2 tugtupite: Na4AlBeSisO12Cl
lorenzenite: NasTinoO3(SioOg) ussingite: NaAlSizOg-NaOH
lovozerite: NaoCa(Zr,Ti)Sig(O,0H)1g villiaumite: NaF
microcline: KAISi3Og vinogradovite: (Na,Ca)4TigSigOog - (H20,K3)
monazite: (Ce,La,Nd, Th)POy4 vitusite-(Ce): NazgCe(POg4)»
murmanite: Nag(Ti,Nb)404(Si»07)s -4H20 vuonnemite: NagNbgTi(SioO7)3025F5 -2NazPOy,
natrosilite: NasSisOg zircon: ZrSiOy
naujakasite: Nag(Fe,Mn)Al;SigOog zirsinalite: NagCaZrSigO1g

Fig. 1. Mineral formulae and reactions in hyper-agpaitic rocks. The hyper-agpaitic minerals are indicated with bold typeface. a:
Examples of reactions involving eudialyte. Eudialyte may be substituted by zircon under non-alkaline conditions (Ussing 1898), by
catapleiite during late-magmatic alteration under agpaitic conditions and zirsinalite and steenstrupine under hyper-agpaitic condi-
tions. The transformation of zirsinalite into lovozerite releases NaOH which may react with CO, to form Na carbonates. b: Examples
of reactions involving other minerals. The transformation of vuonnemite into epistolite releases NaF and Na phosphate.
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to be alteration products of zirsinalite and lomonoso-
vite. This is corroborated by the recent discovery of
naujakasite in these rocks (Khomyakov et al. 2001,
this volume). In contrast, hyper-agpaitic lujavrites are
well preserved in the Ilimaussaq complex in addition
to hyper-agpaitic pegmatites and hydrothermal veins.

It is the purpose of the present paper to review the
occurrence of hyper-agpaitic mineral associations and
rocks in the Tlimaussaq complex with emphasis on the
succession of minerals which can be linked to the in-
creasing, maximum, and decreasing stages of alkalin-

ity.

Hyper-agpaitic mineral associations of
the Ilimaussaq complex

The agpaitic nepheline syenites of the Ilimaussaq com-
plex are, in order of formation: sodalite foyaite,
naujaite, kakortokite and lujavrites (Ussing 1912; Sg-
rensen 2001, this volume). The earliest mineral as-
semblage to crystallise from the main magma was
fayalitic olivine, hedenbergitic pyroxene, titanomag-
netite, apatite, nepheline, sodalite and alkali feldspar.
The Na-free minerals, fayalite, hedenbergite, apatite
and titanomagnetite, are only found in the sodalite
foyaite and as scarce constituents in the naujaite.
Eudialyte, which may be termed the typomorphic
mineral of agpaitic nepheline syenites, first appears in
the sodalite foyaite and becomes a major constituent
in the naujaite, kakortokite and some of the lujavrites.

The crystallisation of the agpaitic magma was ac-
companied by an increase in alkalinity, which is seen
from a series of continuous and discontinuous min-
eral reactions. Fayalite, hedenbergite and titanomag-
netite are substituted by respectively katophorite,
aegirine-augite and aenigmatite (Larsen 1976, 1977).
In the naujaite, hiortdahlite appears to be the first
formed Zr phase and is earlier than eudialyte (Robles
et al. 2001, this volume). The lujavrites represent the
latest magmatic stage and the major minerals are
microcline, albite, nepheline, arfvedsonite, aegirine
and eudialyte; minor components are britholite,
sodalite and neptunite. In the latest formed lujavrites,
eudialyte is missing and its place is taken by steen-
strupine. These late lujavrites are hyper-agpaitic and
contain minerals such as ussingite, lovozerite, nauja-
kasite, vitusite, vuonnemite and villiaumite. They were
clearly formed from melts richer in Na, F, a number of
rare elements and water than the melts responsible
for the formation of the major part of the lujavrites of

the complex (Bondam & Sgrensen 1958; Buchwald &
Sorensen 1961; Segrensen 1962; Larsen & Sgrensen
1987). The most evolved parts of the pegmatites and
hydrothermal veins of the complex similarly contain
hyper-agpaitic minerals such as ussingite, chkalovite
and steenstrupine.

The fields of stability of most of the hyper-agpaitic
minerals appear to be narrow; their break-down and
replacement by other phases can be followed petro-
graphically. A number of mineral reactions are shown
schematically in Fig. 1.

Three groups of hyper-agpaitic rocks may be dis-
tinguished in the Ilimaussaq complex: (1) steenstru-
pine and naujakasite lujavrites, (2) pegmatites and
hydrothermal veins, and (3) fenitised volcanic rocks
in the roof of the complex.

Steenstrupine and naujakasite lujavrites

In the hyper-agpaitic lujavrites steenstrupine takes the
place of eudialyte, the former presence of which is
indicated by pseudomorphs of the size and form of
eudialyte crystals and consisting mainly of ill-defined
pigmentary material. There are also grains of lovo-
zerite (Dano & Sorensen 1959; Serensen 1962) which
may be taken as evidence for the presence of zirsinalite
at an earlier stage (Fig. 1a, 2).

Naujakasite takes the place of nepheline (Petersen
& Andersen 1975; Serensen 1997; Khomyakov et al.
2001, this volume) and is an important rock-forming
mineral which may make up more than 75% of the
volume of the naujakasite lujavrites. It consists of com-
mon elements (Na, Fe, Al, Si) as seen from its formula
(Fig. 1b). It is therefore surprising that a second oc-
currence has not been found until recently. Naujakasite
is a rare constituent of lovozerite-lomonosovite luja-
vrites in the eudialyte lujavrite complex at Lovozero
(Khomyakov et al. 2001, this volume). This shows that
the high levels of alkalinity and special conditions of
formation responsible for the formation of the nauja-
kasite lujavrites in Ilimaussaq were only attained in
Lovozero under exceptional conditions.

Vitusite (Rgnsbo et al. 1979; Pekov et al. 1997),
vuonnemite (Ronsbo et al. 1983) and villiaumite have
most probably formed at an early stage of hyper-
agpaicity; there is no petrographic evidence of any
predecessors of these minerals. Ussingite replaces mi-
crocline and sodalite.

The hyper-agpaitic minerals contain inclusions of
the earlier formed rock-forming minerals, arfvedsonite,
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aegirine, microcline, analcime (often lath-shaped in-
dicating replacement of microcline or albite) and pseu-
domorphs after eudialyte. The enclosed minerals occur
in smaller grains than in the surrounding rock and
with the same orientation as in the latter (Figs 2, 3).
This indicates that the hyper-agpaitic minerals began
to grow when a sufficient level of alkalinity was
reached during consolidation of the melt. Steenstru-
pine occurs as perfectly developed crystals and as
poikilitic grains with irregular forms (Fig. 4), evidence
of a long period of formation of this mineral.
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Fig. 2. Steenstrupine crystals (s), the one
in the centre with minute inclusions of
altered lovozerite outlining the original
centre of the crystal. The matrix consists
of microcline and ussingite (both white),
aegirine (ae) and altered grains of lovo-
zerite (lo), which are larger than the lovo-
zerite enclosed in steenstrupine. Vein in
naujaite, the head of Kangerluarsuk. GGU
18468a, plane polarised light, scale bar 0.6
mm.

Steenstrupine breaks down to aggregates of ill-de-
fined pigmentary materials, a brown micaceous min-
eral, monazite, neptunite, thorite, thorianite, etc.
(Buchwald & Sgrensen 1961; Makovicky et al. 1980).
Buchwald & Serensen (1961) noted that the freshest
steenstrupine is found in albite—ussingite-rich lujavrites,
whereas steenstrupine is generally more strongly al-
tered in lujavrites in which analcime makes up the
groundmass.

Naujakasite is altered into analcime with brown pig-
mentation (Petersen 1967; Makovicky et al. 1980; Kho-

Fig. 3. Steenstrupine crystal (s) in lujavrite
dyke made up of microcline (light) and
arfvedsonite (dark). The central part of
the steenstrupine crystal contains minute
inclusions of microcline and arfvedsonite,
much smaller than the grains of the ma-
trix. The microcline inclusions in the mar-
ginal part of the crystal are intermediate
in size. GGU 21154, head of Kangerluar-
suk, plane polarised light.



Fig. 4. Large poikilitic crystals of steenstru-
pine (s) in matrix of arfvedsonite (dark
prisms), ussingite, analcime and natrolite
(all white) and enclosing these minerals.
The white laths are pseudomorphs after
alkali feldspar. Arfvedsonite lujavrite,
Tuttup Attakoorfia. GGU 21111, plane
polarised light, scale bar 0.6 mm.

myakov et al. 2001, this volume), vuonnemite into
epistolite (Ronsbo et al. 1983) and vitusite into
monazite—rthabdophane—analcime (Pekov et al. 1997).
Ussingite appears to be substituted by natrolite and
analcime, and villiaumite to be dissolved out in the late-
and post-magmatic stages, leaving holes in the rocks.

Pegmatites and bhydrothermal veins

These rocks contain the hyper-agpaitic minerals uss-
ingite, steenstrupine, chkalovite and sorensenite (Sg-
rensen 1962; Sgrensen el al. 1971). Steenstrupine in

Fig. 5. Crystal of steenstrupine (s) over-
growing a large crystal of eudialyte (e,
lower left) in a fine-grained matrix (upper
part of photograph) of albite, microcline,
aegirine, lovozerite, ussingite, analcime
and natrolite. The steenstrupine is sur-
rounded by an accumulation of small
grains of altered lovozerite (dark rim) giv-
ing the impression that they have been
pushed aside by the growing steenstru-
pine. Pegmatite in naujaite, the head of
Kangerluarsuk. GGU 21148, plane polar-
ised light, scale bar 0.6 mm.

places overgrows crystals of pegmatitic eudialyte (Fig.
5) and may be associated with villiaumite in inter-
stices between sodalite, microcline and other vein
minerals (Fig. 6). Epistolite (Karup-Mgller 1986b), lovo-
zerite and clusters of monazite-rhabdophane (Fig. 7)
are very probably secondary after the hyper-agpaitic
minerals vuonnemite, zirsinalite and vitusite.
Chkalovite and sorensenite react with late fluids
under the formation of tugtupite, beryllite, and other
Be minerals (Sgrensen et al. 1971; Markl 2001, this
volume). Epistolite is altered into nenadkevichite and
gerasimovskite (Semenov et al. 1967; Karup-Moller
1986¢). Epistolite is also replaced by aggregates of
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lueshite, pyrochlore and neptunite (Semenov et al.
1965). Steenstrupine, lovozerite and ussingite behave
as described under steenstrupine and naujakasite
lujavrites.

Fenitised rocks

The volcanic roof overlying lujavrites in the Kvane-
field area in the northern part of the complex is strongly
fenitised and contains steenstrupine, lomonosovite and
murmanite (Semenov 1969; Serensen et al. 1974;
Karup-Moller 1983, 1986a). The cores of the

Fig. 6. Aggregate of small steenstrupine
crystals (s) enclosed in villiaumite (v) fill-
ing the interstices between large grains of
sodalite (so) which are partially replaced
by analcime and natrolite. Vein in lujavrite,
Kvanefjeld. Drill core 53 at 207.90 m, plane
polarised light, scale bar 0.6 mm.

lomonosovite grains are rich in minute inclusions of
albite, nepheline, arfvedsonite, aegirine and
lorenzenite (Fig. 8). Lomonosovite alters into
murmanite, which again alters into lorenzenite (Karup-
Moller 1986a) and vinogradovite (Rgnsbo et al. 1990).
Lomonosovite and murmanite have not been found
in the hyper-agpaitic lujavrites, which can be explained
by the very low contents of TiO,, about 0.2 wt%, in
the latter (Sprensen 1997). Lorenzenite has, however,
been found in arfvedsonite lujavrite (Karup-Mgller
1986a). A Nb analogue of B-lomonosovite may, ac-
cording to Rgnsbo et al. (1983), occur in the vitusite-
bearing lujavrites examined by Rensbo et al. (1979).

Fig. 7. Clusters of monazite crystals (mo)
in lujavrite made up of albite (ab), arfv-
edsonite (ar) and analcime (an). Sample
Geox 18, Kangerluarsuk, plane polarised
light, lower right cluster measures 0.6 mm
across.



Fig. 8. Large crystal of lomonosovite in
fine-grained, fenitised basalt made up of
microcline (light) and arfvedsonite (dark).
The core of the lomonosovite crystal is
rich in minute crystals of the matrix min-
erals. Kvanefjeld, drill core 49 at 91.15 m,
plane polarised light, scale bar 0.6 mm.

Conditions of formation

It is unfortunately not possible to define the fields of
stability of the hyper-agpaitic minerals because very
little experimental data exist on systems oversaturated
in sodium. It is well known from the studies of
Christophe-Michel-Lévy (1961) and others that eudi-
alyte is formed in alkaline, and zircon in less alkaline
systems. Piotrowski & Edgar (1970) and Sood & Edgar
(1970) demonstrated, based on melting experiments
on some of the Tlimaussaq rocks, that agpaitic rocks
have a range of crystallisation of several hundred de-
grees centigrade with solidus temperatures as low as
430°C. The eudialyte of an aegirine lujavrite was at
Do = 1030 bars found to begin crystallisation at 750°C,
150°C below the liquidus.

Kogarko et al. (1982) and Kogarko & Romanchev
(1983) undertook melting experiments on eudialyte-
bearing rocks of the Lovozero complex and also made
heating experiments on crystallised melt inclusions in
the eudialyte crystals of these rocks. They found that
crystalline inclusions in the central parts of eudialyte
crystals homogenise at 860-820°C, whereas inclusions
in the marginal parts of the crystals are made up of
crystals and fluids and homogenise at 770—720°C. This
implies that eudialyte crystallises over an interval of
more than 100°C.

Kogarko & Krigman (1970) examined the system
nepheline—NaF, a system oversaturated in Na, and dem-
onstrated a field of liquid immiscibility. There are two
liquids over a wide range of temperatures, an ionic
melt of almost pure NaF and a polymeric aluminosili-

cate melt. Kogarko & Romanchev (1983) similarly
found liquid immiscibility in melting experiments on
villiaumite-bearing foyaite from Lovozero. Two immis-
cible liquids occurred in the foyaite at 725°C, a sili-
cate melt and a fluoride-rich melt. With further melting
the fluoride melt was gradually dissolved in the sili-
cate melt and disappeared at about 900°C. Heating ex-
periments on villiaumite-bearing inclusions in
microcline from Lovozero foyaite also produced im-
miscible silicate and fluoride liquids at low temperatures.

Fluid inclusions in tugtupite and sorensenite ho-
mogenise at 400-460°C, when the aqueous phase
contains 21 wt% salt, mainly NaCl. Secondary fluid
inclusions in tugtupite homogenise at 350-100°C
(Sobolev et al. 1970). These authors report homog-
enisation of three-phase fluid inclusions in chkalovite
at 860-980°C and a salinity of 40-44 wt% in the aque-
ous phase. Such a high homogenisation temperature
is clearly not realistic and suggests modification of
the inclusions after entrapment.

In fluid inclusions in Tlimaussaq minerals, Konne-
rup-Madsen & Rose-Hansen (1982) and Konnerup-
Madsen (2001, this volume) have observed immiscibility
between aqueous saline fluids and a vapour phase
dominated by methane. The predominance of hydro-
carbons in the gas phase is an indication of oxygen
fugacities as low as the synthetic graphite/CH, buffer
curve. The entrapment of the fluids took place at 700—
400°C and 1-2 kbar.

Markl (2001, this volume) has calculated the stabil-
ity conditions of the Na—Be minerals of the late- and
post-magmatic mineralisations of Ilimaussaq based on
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thermodynamic data. It is estimated that chkalovite
formed at 600°C and 1 kbar and that it is replaced by
tugtupite at 400-200°C. Tugtupite co-exists at 400°C
with a very Na-rich fluid or a fluid characterised by
low silica activity and elevated pH. The pH seems to
be more important than the concentration of Be and
Na. The late-stage ussingite was formed at 350°C and
very low silica activity. Hyper-agpaitic conditions are
characterised by low oxygen fugacity, elevated pH
and high Na/K ratios. The fluids of the early phases
are highly saline, the late phases show relatively low
salinities.

A study of fluid inclusions in minerals of hyper-
agpaitic pegmatites in Lovozero (Shchegoleva et al.
1988) indicates that ussingite is formed in the tem-
perature range 305-165°C.

The importance of peralkaline conditions for the
formation of hyper-agpaitic minerals is demonstrated
by an experimental examination of the stability of
steenstrupine (Sgrensen et al. 1985). At Py = 1000
atm., steenstrupine is stable over the whole tempera-
ture range examined, 400-700°C, as long as the start-
ing material is oversaturated in Na, and, in the case of
synthetic compositions, that Zr is also present.

The experimentally demonstrated wide interval of
crystallisation of agpaitic melts at low temperatures
and the probable existence of immiscible NaF-rich
melts at late stages of crystallisation of the melts pro-
vide a favourable environment for late-magmatic re-
actions and for the crystallisation of hyper-agpaitic
minerals. These reactions most probably take place at
temperatures lower than the above-mentioned tempera-
ture of about 700°C at which crystallised melt inclu-
sions in eudialyte homogenise (Kogarko et al. 1982).
It may then be inferred that hyper-agpaitic mineral re-
actions take place from the cessation of formation of
eudialyte to the silicate melt solidus at about 450°C and
even at lower temperatures as indicated by the above-
mentioned homogenisation temperatures of 350—100°C
measured in fluid inclusions in tugtupite (Sobolev et
al. 1970). In extremely Na-rich systems there may be a
gradual transition from melt to hydrothermal fluids (cf.
Kogarko 1977, p. 111; Khomyakov 1995, p. 30).

According to Kogarko (1977) the solubility of wa-
ter in silicate and aluminosilicate melts increases with
increasing molar amounts of alkali ions. Melting ex-
periments on melanocratic foyaite and eudialyte-bear-
ing pegmatite from Lovozero revealed solubilities of
4.3-4.5 wt% H,O at 1 kbar and 6.9-7.3 wt% H,O at 2
kbar, the highest contents in the strongly peralkaline
pegmatite, the agpaitic coefficient of which is 1.77.
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This corresponds to mol contents higher than 50%.
The transition of melts into hydrothermal fluids de-
pends on the pressure of the system; transition is only
possible at pressures higher than the maximum of the
three-phase curve of liquid + crystals + vapour in 7-P
diagrams of relevant systems. At lower pressures a
vapour phase may separate from the silicate melt with
subsequent transition into liquid water. A consider-
able part of the consolidation of the agpaitic melts in
the Ilimaussaq complex took place beneath an im-
permeable roof, i.e., under closed system conditions
at pressures favouring the retention of H,0 in the melts
(Larsen & Sgrensen 1987). Pressure relief allowed flu-
ids to escape to form hydrothermal veins and to fenitise
the roof.

Discussion

The textural relations of the hyper-agpaitic minerals,
especially the abundance of inclusions of minerals of
the adjacent rocks in the central parts of the grains
(Fig. 2), indicate that the oversaturation in alkalis was
acquired during consolidation of the melts. It is also
evident that the hyper-agpaitic minerals have diffe-
rent fields of stability which are determined not only
by temperature, pressure, oxygen fugacity and alka-
linity, especially the Na content, high Na/K ratios (Kho-
myakov et al. 2001, this volume), but also by contents
of a number of elements, especially Zr, Nb, Ti, REE,
Mn, Fe, U, Th, P, F, Cl and H,O. It is therefore difficult
to illustrate the mineralogical expression of the stages
of alkalinity in simple diagrams.

Under hyper-agpaitic conditions, eudialyte reacts
out and is substituted by zirsinalite at an early stage
which is characterised by high alkalinity and low con-
tents of REE and P. Zirsinalite has, so far, not been
found in Ilimaussaq; one reason may be that it is eas-
ily transformed into lovozerite, or that it readily reacts
with water and the atmosphere and can only be col-
lected under ideal preservation conditions.

Steenstrupine appears to have formed later than
zirsinalite because it contains inclusions of lovozerite
(and altered eudialyte) irrespective of the host rock
(Fig. 2). At the time of its formation, the magma was
depleted in Zr and enriched in Na, Mn, REE, Th and
P,O.. The stability field of steenstrupine is rather wide
(cf. the above-mentioned experimental data; Sgrensen
et al. 1985). One reason for this may be that H* read-
ily substitutes for Na* without destruction of the crys-
tal structure (Makovicky & Karup-Mgller 1981). The



content of Na,O in steenstrupine varies from practi-
cally 0 to more than 14 wt%, and in zoned crystals of
steenstrupine anisotropic rims have higher contents
of Na than the metamict cores. This may indicate that
alkalinity was increasing during crystallisation of steen-
strupine, but it may also be a result of secondary pro-
cesses (cf. Khomyakov & Sgrensen 2001, this volume).
Steenstrupine co-exists with ussingite, sodalite,
analcime and villiaumite.

Naujakasite co-exists with steenstrupine and also
contains inclusions of this mineral. It appears to have
been formed simultaneously with and later than steen-
strupine at the expense of nepheline at a stage of
elevated contents of Na, Fe and water and high Na/K
ratios (Khomyakov et al. 2001, this volume).

Vitusite, vuonnemite and lomonosovite may be pri-
mary, formed at elevated concentrations of Na, REE,
Nb and P. Their fields of stability appear to be very
narrow; they are readily substituted by monazite—
rhabdophane, epistolite and murmanite, respectively.

Beryllium minerals are restricted to pegmatites and
veins. Chkalovite appears to be a primary mineral co-
existing with sodalite under hyper-agpaitic conditions
(Fig. 9). Decreasing alkalinity results in its substitu-

Fig. 9. Corroded grains of chkalovite (ch)
under replacement by tugtupite (tu) show-
ing penetration twinning (one set of indi-
viduals light, the other set near extinction).
GGU 77450.3, Kvanefjeld, crossed polars.
From Sgrensen et al. (1971). Photo: Harry
Micheelsen.

tion by tugtupite and other Be minerals (Sgrensen et
al. 1971; Markl 2001, this volume). With decreasing
temperature ussingite is replaced by analcime and
natrolite.

The transformation of zirsinalite into lovozerite and
vitusite into monazite releases NaOH, whereas the
transformation of vuonnemite and lomonosovite into
epistolite and murmanite releases Na,PO_ (Fig. 1a).
These additions to the melts may be responsible for
some of the reactions observed to have taken place in
the rocks, as for instance the formation of ussingite,
and may have contributed to the hyper-agpaitic con-
ditions in the fluids expelled from the lujavritic magma.
There may even, as mentioned above, be a gradual
transition from melt to hydrothermal fluids in extremely
Na-rich systems. Na-rich fluids were responsible for
the formation of hydrothermal veins and fenitisation
of the roof rocks. The released material may, how-
ever, also have resulted in the formation of the many
water-soluble minerals associated with the hyper-
agpaitic rocks. In the Khibina and Lovozero complexes
about 80 water-soluble minerals have been found,
examples are natrosilite, Na,§i,O,, natrophosphate,
Na (PO ),F -19H,0 and dorfmanite, Na,HPO -2H,O




(Khomyakov 1995). From the Ilimaussaq complex only
villiaumite (Bondam & Ferguson 1962), sodium car-
bonate minerals (Sgrensen et al. 1970), natrophosphate
(Petersen et al. 2001, this volume) and dorfmanite
(Petersen et al. 1993) are known. There is no reason
to doubt that many more water-soluble minerals are
present, but these minerals, with the exception of
villiaumite, react spontaneously with surface water and
the atmosphere and must be collected immediately
after blasting. In Ilimaussaq there is, contrary to Khibina
and Lovozero, no mining activity. The presence of
natrosilite may, however, be inferred, because the dis-
solved matter in the water seepage from the explora-
tion adit in the Kvanefjeld uranium deposit has been
shown to be a mixture of NaF and Na §i,O, (Sgrensen
1982).

Conclusions

Further studies are evidently needed in order to un-
ravel the chain of reactions and mineral formation
which takes place during the evolution of the hyper-
agpaitic rocks. On the basis of the available informa-
tion the following evolution may be envisaged, taking
into account that this evolution took place in diffe-
rent environments: crystallising magmas and pegma-
titicand hydrothermal systems including metasomatised
roof rocks.

With increasing alkalinity (and decreasing tempera-
ture) eudialyte was substituted by zirsinalite, and min-
erals such as vitusite, vuonnemite and lomonosovite
were formed. These minerals most probably mark the
stage of maximum alkalinity. With decreasing alkalin-
ity zirsinalite was transformed into lovozerite, vuon-
nemite into epistolite and lomonosovite into
murmanite. At this stage steenstrupine was formed
and vitusite broke down into monazite-rhabdophane.
The formation of naujakasite at the expense of
nepheline took place simultaneously with the forma-
tion of steenstrupine, but overlapping this mineral,
since naujakasite often contains inclusions of
steenstrupine. Ussingite and villiaumite were formed
more or less simultaneous with and later than
steenstrupine. In the latest phases of crystallisation,
steenstrupine took up H* instead of Na* and eventu-
ally broke down into pseudomorphs made up of pig-
mentary material etc. At this stage analcime and
natrolite replaced naujakasite, microcline and ussingite,
epistolite was replaced by nenadkevichite and
murmanite by vinogradovite.
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Naujakasite from the llimaussaq alkaline complex, South
Greenland, and the Lovozero alkaline complex, Kola
Peninsula, Russia: a comparison

Alexander P. Khomyakov, Henning Serensen, Ole V. Petersen and John C. Bailey

Naujakasite, Na (Fe,Mn)ALSi O, long known from the Tlimaussaq alkaline complex, South
Greenland, was not reported until 1999 from other occurrences of alkaline rocks in spite of the
fact that the mineral is composed of common elements. In 1999, a variety of naujakasite rich in
Mn was found in the Lovozero alkaline complex in the Kola Peninsula, Russia. This variety has
been approved by the IMA as a new mineral, manganonaujakasite, Na (Mn_Fe* JAlSi O,
At Tlimaussaq naujakasite is a rock-forming mineral in the highly evolved rock naujakasite
lujavrite in which it may make up more than 75 vol.%; at Lovozero manganonaujakasite is a
very rare constituent in mineralised lovozerite-lomonosovite lujavrite. Naujakasite appears to
take the place of nepheline in hyper-agpaitic nepheline syenites characterised by exceptional-
ly high Na/K ratios. The nepheline syenites at [limaussaq have an average Na/K (atomic) ratio
of 3.08, and the naujakasite lujavrites have the extreme ratio 4.56. The nepheline syenites of
the Khibina and Lovozero complexes are characterised by lower Na/K ratios, 1.27 for Khibina
and 1.67 for Lovozero, and thus nepheline is stable in the hyper-agpaitic rocks and naujakasite
occurs only in pegmatites.
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The Ilimaussaq alkaline complex is the type locality
for naujakasite, Na (Fe,Mn)Al Si O, . For half a centu-
ry, the only known specimen of this mineral was a
boulder weighing 350 gram, collected in 1897 by the
Swedish mineralogist G. Flink at the small peninsula
Naajakasik (then Naujakasik) on the south coast of
the Tunulliarfik fjord, well within the complex (see
Sgrensen 2001, this volume for a map of the localities
mentioned in the text and a brief description of the
complex). Flink’s original label tentatively identified
the silvery white mica-like mineral that constituted 75%
of the boulder as ‘chlorite?’. Baggild (1933) established
this phase as a new mineral and named it after the
place where it was found, and Gossner & Krauss (1933)

Geology of Greenland Survey Bulletin 190, 95-108 (2001) © GEUS 2001

presented the first set of unit cell parameters. Nauja-
kasite was first found in outcrop in 1955 (Dang &
Sgrensen 1959). Based on the new material a com-
plete redescription, including a redetermination of the
unit cell parameters, was given by Petersen (1967), and
the structure was worked out by Basso et al. (1975).

Naujakasite is now known to be of widespread
occurrence in the Ilimaussaq alkaline complex in the
rock called naujakasite lujavrite (see further below)
and may constitute more than 75 vol.% of that rock.
Because naujakasite is composed of the common ele-
ments Na, Fe, Mn, Al and Si, it is surprising that for
100 years naujakasite was a single locality mineral. In
1998, the first discovery of the mineral outside Ilimaus-
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Table 1. The major rock types of the llimaussagq alkaline complex

Rock type

Texture

Essential minerals™

Minor minerals

Augite syenite

Pulaskite and
foyaite

Sodalite foyaite

Naujaite

Kakortokite

LujavriteJr

Alkali granite,
quartz syenite

hypidiomorphic to xenomorphic
granular, massive or layered,
medium to coarse

massive, medium to coarse,
platy feldspars

foyaitic, coarse

poikilitic, coarse to
pegmatitic

laminated, layered,
medium to coarse

laminated, fine-grained;
sometimes layered or massive,
medium to coarse

hypidiomorphic granular,
medium to coarse

alkali feldspar, hedenbergite,
titanomagnetite, ferropargasite,
olivine, biotite

alkali feldspar, nepheline,
hedenbergite, fayalite,
aegirine-augite to aegirine,
katophorite

alkali feldspar, nepheline, sodalite,
aegirine-augite to aegirine,
katophorite, arfvedsonite

sodalite, alkali feldspar,
nepheline, aegirine,
arfvedsonite, eudialyte

alkali feldspar, nepheline,
aegirine, arfvedsonite, eudialyte

microcline, albite, nepheline,
sodalite, analcime, naujakasite,
aegirine, arfvedsonite,eudialyte,

alkali feldspar, quartz, aegirine,
arfvedsonite

ternary feldspar, apatite,
pyrrhotite, nepheline

titanomagnetite, apatite,
aenigmatite, biotite, fluorite,
eudialyte

fayalite, hedenbergite,
apatite, aenigmatite,
titanomagnetite, eudialyte,
rinkite, fluorite, biotite

aenigmatite, hedenbergite,
aegirine-augite, fayalite, apatite,
katophorite, rinkite, polylithionite,
biotite, sphalerite, pectolite,
villiaumite, fluorite,
titanomagnetite

sodalite, aenigmatite, magnetite,
rinkite, fluorite, 16llingite,
sphalerite, galena

monagzite, britholite, villiaumite,
sphalerite, pectolite,
steenstrupine, lovozerite, vitusite,
polylithionite, ussingite, lueshite,
neptunite

aenigmatite, elpidite, zircon,
ilmenite, pyrochlore, neptunite,
fluorite, sphalerite

* Analcime and natrolite are secondary minerals in most rocks.
t There are several types of lujavrites. Three major groups may be distinguished: aegirine or green lujavrite with aegirine
being the dominant mafic mineral; arfvedsonite or black lujavrite, fine grained, often laminated with arfvedsonite as the
dominant mafic mineral; medium- to coarse-grained lujavrite (M-C lujavrite) with arfvedsonite as the dominant mafic mineral

and generally showing foyaitic textures. Naujakasite lujavrite is a variety of arfvedsonite lujavrite containing naujakasite instead

of nepheline and with steenstrupine instead of eudialyte.

saq was made by one of the authors (A.P.K.) in the
Lovozero alkaline complex, Kola Peninsula, Russia.
The present paper describes the mineralogy and
occurrence of naujakasite in the two complexes and
discusses the stability relations of the mineral.

Mineralogy

The mineralogical properties of naujakasite from the
Ilimaussaq alkaline complex and naujakasite from the
Lovozero alkaline complex are compared in Table 1.

X-ray powder diffraction patterns of naujakasites
from Ilimaussaq and Lovozero obtained under identi-
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cal conditions show practically identical sets of lines
and relative intensities. The unit cell parameters of
naujakasite from Lovozero are almost identical to the
parameters determined by Basso et al. (1975) for Ili-
maussaq (Table 1); see also Khalilov et al. 1977).
The chemical analyses of the Ilimaussaq naujaka-
site published by Boggild (1933), Petersen (1967) and
Semenov (1969) show that it has a very high Fe/Mn
ratio: around Fe ;, Mn
Lovozero mineral, on the other hand, is dominated
by Mn. Recalculated on the basis of 26 oxygen atoms,
the empirical formula of the naujakasite from Lovoze-
ro has Fe  ,Mn _ (Table 2). The Lovozero mineral is
thus the Mn-dominant analogue of the Ilimaussaq

in the structural formula. The



Tauie 1w ueu)

Jineral

Formuta

Reference

Suprite
Suprostibite
Jahllite, see carbonate-hydroxylapatite
diaspore
digenite
djerlisherite
djurleite *
Jorfmanite
Jyscrasite
Zipidite
Zphesite
Zpididymite
“pidote
Zpistalite
Zrikite §
Zudialyte
Zudidymite
Zvenkite * T
“amatinite
“ayalite
“errosalite
“erropargasite
“ersmite
“luorite

3alena

3amet (group)
Seloertrandite *
enthelvite
Serasimovskite
3melinite
Soethite {limonite)
3old

Cu,0
Cu,(Sb,T))

AIO(CH)
Cu, S
K,y(Na Li)(Fe,CuNi),,S,,Cl

16
Na,{(PO,OH) 2H,0

Ag,Sb

Na,ZrSi,0,. 3H,0
NaLiAL(S1,AlJ0,(CH),
NaBeSi,0,(OH)
Ca,FeAl,(S1,0,)(SI0,)(0.0H),
NayTiNo,(51,0,),(0,F)s 5H,0

Na,CaFe,Zr,Si(S1,;0,5)(0.OH,H,0),{CL.OH),
Na,Be,Si0,H,0

CoHg

Cu,8bS,

Fe,Si0,

CaFeMg(Si,0),
NaCa,(Fe,Mg,Al(Si,AL)O,,(OH),
(Ca.Ce.Na)(Nb, Ta,Ti),(0,0H,F),

CaF,

PbS

Be,Zn,(SI0,),S
(Mn,Ca)(Nb, Ti),0,-8H,0(?)
Na,(ALS};)O, 11H,0
FeO(OH)

Au

Lopsz-Soler et al. (1975)
Sorensen et al. (1969)

Ussing (1894)

Lopez-Soler et al. (1975)
Karup-Moller (1978b)
Karup-Moller et al. (1978)
Petersen et al. (1993)
Lopez-Soler et al. (1975)
Ussing (1912)

Semenov (2001}

Hamilton (1964)

Flink (1898)

Boggild (1899)

Boggid (1908), Pekov et al. (19972)
Stromeyer (1819)

Semenov & Sorensen (1966)

Karup-Meller (1974)
Ussing (1912)

Larsen (1976)

Larsen (1976)

Petersen et al. {1998}

1809 (Giesecke)it

1809 (Giesecke)t}

Flink (1898)

Semenov (1969)

Bollingberg & Petersen (1967)
Semenov et al. (1967a)
Karup-Moller (1976)

1806 (Glesecke)tt

Davison (1989). Bohse & Frederiksen

* Recalculated to 100% assuming all iron present as FeO,
and disregarding the results of the thermogravimetric
analysis.

1 From Petersen (1967).

T Analyst: G.N. Nechelyustov. Electron microbe analysis,
Superprobe 733.

Empirical formulae
llimaussaq:
(Na, . K

5.72 0.10)25.82

Lovozero: Na, .

Mn,..Ca Al,.Si

(Fe0.74 0.15 0.05)20.94( 3.91 8.13)212.04

(MnO.SSFeO.4QCa AI3.958i

026
026

0.01)21.03 8.03)211.98
naujakasite, and manganonaujakasite has been ap-
proved as a new mineral by the Commission of New
Minerals and Mineral Names of the International Min-
eralogical Association (Khomyakov et al. 2000).

The occurrence of naujakasite in the
Ilimaussaq alkaline complex

The first outcrop of naujakasite-bearing rocks was
found by one of the authors (H.S.) in the bay of Tu-
persuatsiaat and described by Dang & Sgrensen (1959).
Shiny rhomb-shaped flakes of naujakasite, up to 0.2
cm across, are scattered throughout a thin dyke of
fine-grained arfvedsonite lujavrite intersecting a len-
ticular body of naujaite.

Bondam & Sgrensen (1958) and Buchwald & Sg-
rensen (1961) described an occurrence of naujakasite
lujavrite from an altitude of 400 m in the mountains
south of Tupersuatsiaat. Ferguson (1964) reported that
naujakasite lujavrite is quite common on Kvanefjeld
where it forms minor horizons rarely wider than 50 m
and usually only 5-10 m wide. Petersen (1967) pre-
sented the first detailed mineralogical description of
naujakasite from Tupersuatsiaat and Kvanefjeld.

Seorensen et al. (1969, 1971, 1974) described the

geology of the Kvanefjeld area based on surface map-
ping and the examination of 42 drill cores from drill-
ing programmes in 1958 and 1969. Several varieties of
lujavrites are distinguished (Fig. 1). Naujakasite-bear-
ing lujavrite outcrops in the northernmost part of the
Kvanefjeld plateau and at its southern edge in the
upper part of the slope facing the Narsaq Elv valley.
In the first-named area, there is a succession of luja-
vrites which form zones running parallel to the contact
against the volcanic country rocks to the north. Nauja-
kasite lujavrite occurs as a zone of crumbling, brown-
ish-black lujavrite which is separated froma fine-grained,
fissile arfvedsonite lujavrite to the north by a mixed
zone made up of alternating bands of these two rock
types. The naujakasite lujavrite is ten or more metres
wide and can be followed for over a hundred metres. It
is intersected by rare veins of green medium- to coarse-
grained lujavrite and contains xenoliths of augite syen-
ite, foyaite, naujaite and contact metasomatised vol-
canic rocks from the roof of the complex. The nauja-
kasite lujavrite in the southern part of the Kvanefjeld
plateau occurs mainly as thin sheets intruding naujaite
and augite syenite with sharp, but not chilled contacts.

At Tupersuatsiaat and the Taseq slope in the Nar-
saq Elv valley, naujakasite lujavrite forms minor intru-
sions in naujaite (Engell 1973).

Petersen & Andersen (1975) described an occur-
rence of naujakasite located about 1 km south-east of
Tupersuatsiaat. They distinguish three modes of occur-
rence: (1) as an accessory mineral in arfvedsonite lu-
javrite, that is naujakasite-arfvedsonite lujavrite; (2) as
a naujakasite-rich contact facies of lujavrite against a
large xenolith of naujaite, containing plates of nauja-
kasite up to 2 cm in size and constituting up to about
75 vol.% of the rock; (3) composite flakes of naujaka-
site in recrystallised naujaite enclosed in naujakasite
lujavrite. The last-named type of naujakasite contains
inclusions of nepheline which are arranged in a hex-
agonal pattern.

The only observation of naujakasite in a hydrother-
mal vein is reported by Metcalf-Johansen (1977) who
found the mineral in an albitite vein in the roof basalt
to the east of Kvanefjeld. The vein consists of albite,
microcline, aegirine, arfvedsonite, analcime, natrolite,
apatite, chkalovite, sphalerite, hemimorphite, wille-
mite, monazite, neptunite and Li-mica. Rhomb-shaped
crystals of naujakasite occur in miarolitic cavities in
the albitite. These crystals measure 2 X 3 x 0.4 mm.

Nyegaard (1979), Makovicky et al. (1980) and
Kunzendorf et al. (1982) report results of mineralogi-
cal and chemical studies of naujakasite lujavrite in cores
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from a drilling programme in 1977 in the northern-
most part of the Kvanefjeld area.

A re-examination of the drill core logs presented
by Sgrensen et al. (1971) and Nyegaard (1979) shows
that naujakasite lujavrite is of widespread occurrence
on the Kvanefjeld plateau where lujavrites are in con-
tact with the volcanic roof of the complex (Fig. 1.
Almost half of the drill cores contain horizons of nau-
jakasite lujavrite which vary in thickness from a few
centimetres to more than 30 m. It is not possible to
correlate from core to core as is evident from fig. 8 in
Sgrensen et al. (1974). Naujakasite lujavrite occurs
especially in the uppermost part of sheets of arfved-
sonite lujavrite, often in contact with overlying nau-
jaite xenoliths and rafts of augite syenite and volcanic
rocks from the roof (Fig. 1, cores 1, 39) and may dom-
inate the lujavrite sheets (Fig. 1, core 7). In addition, it
forms sheets intersecting xenoliths of naujaite and
augite syenite (Fig. 1, core 9). Sheets of naujakasite lu-
javrite have been observed to depths of 345 m below
the present surface.

The Kvanefjeld adit (Nyegaard 1980) intersects large
masses of naujakasite lujavrite. The 960 m long adit is
nearly horizontal, its opening on the slope facing the
Narsaq Elv valley is located at 470 m and its inner-
most wall at 512 m above sea level, that is 100-150 m
below the surface of the Kvanefjeld plateau. Accor-

Fig. 1. Logs of selected drill cores from the Kvanefjeld plateau
in the northern part of the Ilimaussaq complex (slightly modi-
fied from Sgrensen et al. 1971). The cores illustrate the mode
of occurrence of naujakasite lujavrite. 1: Drill core 1. Develop-
ment of naujakasite lujavrite at ¢. 145-160 m in the uppermost
¢. 15 m of a thick sheet of arfvedsonite lujavrite which contains
xenoliths of augite syenite and altered volcanic rocks from the
roof of the complex and is cut by dykes of medium- to coarse-
grained lujavrite. Naujaite and augite syenite immediately above
the naujakasite lujavrite are cut by arfvedsonite lujavrite with-
out naujakasite. 7: Drill core 7. Thick sheet of arfvedsonite luja-
vrite under roof of volcanic rocks contains naujakasite over
more than 95 m (below ¢. 75 m depth). There are xenoliths of
naujaite and volcanic rocks. 19: Drill core 19. Sheets of nauja-
kasite lujavrite at ¢. 75-110 m, intersecting naujaite and with
xenoliths of that rock. In this core, the arfvedsonite lujavrite in
direct contact with the volcanic roof is without naujakasite. 39:
Drill core 39. Thick sheet of arfvedsonite lujavrite in volcanic
rocks with naujakasite in the uppermost c¢. 27 m (at ¢. 63-90 m
depth) and with xenoliths of volcanic rocks and intersecting
veins of medium- to coarse-grained lujavrite. The arfvedsonite
lujavrite in the upper part of the drill core is without naujaka-
site. The cartoon of the intrusion indicates the positions of the
drill cores used in the illustration.

ding to Nyegaard (1980) the adit intersects naujaka-
site lujavrite at the intervals 220-450 m, 585-650 m,
690-730 m and 755-880 m, measured from the open-
ing of the adit. A 50 m long side branch at 230 m also
intersects naujakasite lujavrite. The naujakasite luja-
vrite in the adit contains disseminated villiaumite. It
also contains xenoliths of naujaite, sodalite foyaite,
alkali syenite, augite syenite and sheared and metaso-
matised lava and gabbro from the volcanic roof, i.e.
the same xenolith association as in the surface expo-
sures. The naujakasite lujavrite is seen to intrude into
augite syenite, naujaite and large masses of volcanic
rocks from the roof, and it is intersected by sheets of
medium- to coarse-grained lujavrite.

Whereas the drill cores from the Kvanefjeld pla-
teau are rich in villiaumite and naujakasite lujavrite,
six drill cores through lujavrites in the southern part of
the complex are without villaumite and naujakasite lu-
javrite (J. Rose-Hansen & H. Sgrensen, unpublished data
2000). Naujakasite lujavrite has, however, as mentioned
above, been observed in surface outcrops at Tuper-
suatsiaat and on the Taseq slope in the Narsaq Elv
valley. It therefore appears that in general naujakasite
lujavrite occurs in the upper part of the lujavritic se-
quence of the complex (Sgrensen 2001, this volume).

Petrography of naujakasite lujavrite
from the Ilimaussaq alkaline complex

The unaltered naujakasite lujavrite may be described
as a variety of fine- to medium-grained arfvedsonite
lujavrite that contains naujakasite and steenstrupine
and is poor in or without nepheline and eudialyte.
The rock contains separate laths of microcline and
albite and acicular grains of arfvedsonite and more
rarely aegirine in parallel orientation, resulting in a
more or less pronounced igneous lamination. Nephe-
line, when present, occurs as corroded grains, often in
larger grains than the feldspars and mafic minerals and
wrapped by these forming a sub-porphyritic texture.

The content of naujakasite varies from a few to more
than 75 vol.%. When present as a minor component,
the plates of naujakasite are interstitial to the feld-
spars and arfvedsonite and generally show irregular
outlines in thin section (Fig. 2a, b). When present at
10-50 vol.% the plates of naujakasite normally occur
as perfectly developed lozenges with well-defined
margins. They are of larger size than the other miner-
als, forming a sub-porphyritic texture recalling the
above-mentioned setting of nepheline (Fig. 2¢, d). The
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Fig. 2. Photomicrographs showing stages in the formation of naujakasite in arfvedsonite lujavrite; n: naujakasite, f: nepheline, s:

steenstrupine. All with crossed polars and scale bar in £ 0.6 mm. a: Small irregularly shaped grains of naujakasite (upper left) in
arfvedsonite lujavrite with corroded crystals of nepheline (especially lower right). Drill core 11, Kvanefjeld, at 167.05 m. b: Cor-
roded grains of nepheline (centre and centre right) and irregularly shaped grains of naujakasite in matrix of feldspar, arfvedsonite
and analcime. Centre right: naujakasite growing on nepheline. Drill core 7, Kvanefjeld, at 112.20 m. ¢: Well-shaped crystals of
naujakasite in matrix of dark arfvedsonite and light albite and microcline. Naujakasite crystal in centre overgrows nepheline. Drill
core 7, Kvanefjeld, at 110.90 m. d: Naujakasite lujavrite with crystals of naujakasite in matrix of dark arfvedsonite, and light albite
and minor analcime. Drill core 11, Kvanefjeld, at 130.22 m. e: Aggregate of naujakasite crystals with interstitial dark arfvedsonite.
The naujakasite encloses tiny grains of arfvedsonite and small crystals of steenstrupine, the latter especially in the marginal parts of
the grains. Sample GGU 154364, naujakasite-rich lujavrite in contact with naujaite xenolith, Tupersuatsiaat. f: Naujakasite-rich rock
in which naujakasite is partially altered into stripes of black pigmentation and analcime. Drill core 7, Kvanefjeld, at 149.95 m.
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Fig. 3. Fine-grained cumulate of nephe-
line crystals () in naujakasite lujavrite with
large grains of naujakasite (n) in matrix
of arfvedsonite, feldspar and analcime.
Drill core 11, Kvanefjeld, at 130.22 m.
Crossed polars and scale bar 0.6 mm.

naujakasite-rich lujavrites have the appearance of cu-
mulates made up of closely packed plates of naujaka-
site with interstitial feldspars and arfvedsonite.

The naujakasite plates may have inclusions of arfv-
edsonite and zoned small crystals of steenstrupine (Fig.
2e), sometimes also of feldspars and aegirine, gene-
rally in smaller grains than in the enclosing rock. The
steenstrupine crystals are found particularly in the
marginal parts of the naujakasite plates (Fig. 2e).

In some drill cores, the naujakasite lujavrite includes
cumulate clusters made up of small crystals of nephe-
line (Fig. 3). The 3 cm diameter of the drill core makes
it impossible to decide whether these cumulates form
layers or xenoliths in the lujavrite.

The lack of nepheline in the naujakasite lujavrite
examined by Dang & Sgrensen (1959) and Engell
(1973) and the above-mentioned textural similarity
between nepheline and naujakasite made these au-
thors propose that naujakasite may have taken the
place of nepheline in the naujakasite lujavrite. Early-
formed crystals of eudialyte are very rarely seen in
the naujakasite-bearing lujavrite, but eudialyte is gene-
rally represented by grains which have preserved the
outlines of the eudialyte crystals but are made up of
ill-defined pigmentary material. In the rocks with pseu-
domorphs after eudialyte there are small crystals of
steenstrupine which, as discussed further below, ap-
pear to occur instead of eudialyte. The steenstrupine
crystals show concentric yellow and brown zones and
may constitute up to 10 vol.% of the rocks. The steen-
strupine in some rocks is altered into dark brown or
dusted grains. These rocks generally have more than

300 ppm U and are a part of the Kvanefjeld uranium
deposit.

Makovicky et al. (1980, table 7) list the mineral as-
sociations of many lujavritic rocks from the northern-
most part of Kvanefjeld examined by them with special
emphasis on the steenstrupine in these rocks. In a
number of cases, nepheline, naujakasite, eudialyte and
steenstrupine are reported to co-exist. There are, how-
ever, no descriptions of the textural relationship
between these minerals.

Sgrensen (1997) examined thin sections of nauja-
kasite lujavrite from the 1958 drill cores. He found
that some of these contain strongly corroded grains
of nepheline which may be overgrown by naujaka-
site. Some plates of naujakasite have inclusions of
nepheline. The naujakasite is shown to belong to the
hyper-agpaitic stage of formation of the Ilimaussaq
complex, as is steenstrupine. This is supported by the
observation that ussingite in some of the naujakasite
lujavrites replaces microcline and that villiaumite,
lovozerite and vitusite are minor minerals in some of
the rocks. Other accessories are sodalite, sphalerite,
pectolite, Li-mica, monazite and neptunite.

The naujakasite lujavrite is generally altered — arfv-
edsonite is replaced by brown aegirine (acmite in the
earlier literature), the feldspars by analcime and per-
haps natrolite, and naujakasite by analcime and very
fine-grained black pigmentation (Fig. 2f). The end
product is a crumbling brown aegirine-rich rock de-
void of naujakasite but with textural ghosts of analci-
me with lines of black pigmentation indicating the
former presence of naujakasite.
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Table 3. Analyses of rocks representing llimaussaq liquids

1 2 3 4 5 6 7 8
augite evolved Ci-poor Fe-rich Fe-rich aegirine  arfvedsonite medium- to
syenite, augite sodalite  phonolite phonolite  lujavrite lujavrite coarse-grained
chilled syenite, foyaite, dyke dyke av. of 3 av. of 2 lujavrite
margin av. of 3 av.of 3 weighted av.

SiO, (wt%)  53.24 62.33 51.01 51.83 52.27 52.38 52.25 52.71
TiO, 2.44 0.50 0.34 0.55 0.46 0.22 0.23 0.35
Zr0, 0.04 0.11 0.36 0.55 0.78 0.95 0.25 0.13
ALO, 14.79 15.65 17.38 14.57 14.09 13.20 12.23 13.29
Fe,0O, 2.64 2.12 473 7.56 11.03 10.90 6.06 4.04
FeO 8.66 3.54 4.62 4.61 1.15 1.96 8.72 8.21
MnO 0.24 0.16 0.25 0.48 0.30 0.37 0.64 0.60
MgO 1.60 0.31 0.13 0.14 0.07 0.10 0.12 0.12
Ca0 4.94 1.69 1.97 2.54 2.06 1.20 0.27 0.30
Na,0 4.68 6.74 10.08 8.81 9.27 10.72 9.25 9.20
K,0 4.26 5.53 3.93 4.87 412 2.82 3.23 4.69
PO, 0.74 0.08 0.05 0.08 0.09 0.18 0.54 0.41
H,0" 0.29' 0.68 4.19 1.56" 1.18" 3.44 3.65 3.70
H,O 0.19 0.20 0.16 0.47 0.36 0.28 0.24 0.13
CO, 0.23 0.07 0.09 0.19 0.07
S 0.15 0.00 0.02 0.12 0.03 0.06 0.06 0.14
Cl 0.03 0.01 0.09 0.33 0.08 0.05 0.03 0.05
F 0.10 0.15 0.41 0.84 1.80 0.08 0.14 0.16
others 0.46 0.08 _031 042 0.71 0.89 164 147

98.99 100.11 100.10 100.33 99.85 99.89 99.74 99.77
-0 0.12 0.07 0.20 0.49 0.79 0.07 0.10 0.15

98.87 100.04 99.90 99.84 99.06 99.82 99.64 99.62
Al 0.83 1.09 1.20 1.36 1.40 1.57 1.53 1.52
FeO* 11.04 5.45 8.88 1.41 11.08 11.77 14.17 11.85
Zr {ppm) 284 836 2690 4040 5740 7010 1860 939

Analysts J. Kystol, J.C. Bailey and R. Fuge.
T Loss on ignition corrected for other volatiles where known.
A.l.: Agpaitic index, (Na,0+K,0)/AL,0, mol.

FeQ*: Total Fe as FeO.

O PO R
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GGU 153394 (new analysis of sample U-106 from Ussing's collection in the Geological Museum, Copenhagen).

Average of GGU 152122, 152130, 154378.

Average of GGU 57070, 154303, 154347.

Sample GGU 42475 (Larsen & Steenfelt 1974), new analysis.

Sample ARM 62/8010 (Martin 1985). New analysis.

Average of GGU 152128, 154302, 66143.

Average of GGU 152127, 154363.

1:1 average of (a) 3 large surface samples (GGU 154397, 154399, 154724) and (b) 21 smaller samples from drill cores.
GU prefixed to sample numbers: samples in the collections of the Geological Survey of Denmark and Greenland.



Petrochemistry

Chemical analyses of naujakasite lujavrite have been
reported by Gerasimovsky (1969), Engell (1973),
Kunzendorf et al. (1982) and Sgrensen (1997). Some
new analyses are presented in Table 3. The rock is
characterised by very high contents of Na,O, up to 15
wt% and even higher in villiaumite-bearing naujaka-
site lujavrite (Kunzendorf et al. 1982). This gives nor-
mative values of ne 10-20% and of ac c¢. 10%, but as
much as 28% in the altered rocks rich in brown aegir-
ine. Normative 7s is ¢. 10%, but ¢. 14% in villiaumite-
bearing rocks and as low as 3% in the altered rocks in
which naujakasite is replaced by analcime.

Gerasimovsky (1969), Andersen e al. (1981) and
Kunzendorf et al. (1982) reported trace element anal-
yses of naujakasite lujavrite. Additional data are pre-
sented in Table 3. Naujakasite lujavrite shares the
highly fractionated character of trace element patterns
found in all lujavrites at Ilimaussaq: high contents of
Cs, Rb, Pb, REE (especially LREE), Th, U, Li, Zn, Ga,
Be, Sn and Sb, and low contents of Sr, Co and Sc (cf.
Bailey et al. 2001, this volume). Other elements which
have been extensively removed at earlier agpaitic stag-
es of the Ilimaussaq evolution by fractionation of so-
dalite (CD and eudialyte (Zr, Hf, Nb and Ta) only occur
in moderate concentrations in naujakasite lujavrite. The
naujakasite lujavrites differ from the arfvedsonite luja-
vrites in higher contents of Na, Mn, Fe, Th, U, Zn and
P, and in lower contents of K, Sr, Zr, Hf and Nb. There
appears to be a continuous transition from agpaitic to
hyper-agpaitic rocks without any sharp change in
physico-chemical conditions.

Naujakasite lujavrite and medium- to coarse-grained
lujavrite are the two latest and most evolved types of
lujavrite (see Sgrensen 2001, this volume). Their hy-
per-agpaitic character is seen geochemically in (1) the
high agpaitic index (1.5-2.0), (2) the replacement of
eudialyte indicators (high Ca, Sr, Zr and Hf) by steen-
strupine indicators (high P, REE, Y, Th and U) and (3)
the medium- to coarse-grained lujavrite, when com-
pared with the naujakasite lujavrite, shows higher
contents of K, Cs, Rb, Li, Be, Ti and Nb and lower
contents of Na, Mn, REE, Y, Zr, Hf, Th, U and Pb (un-
published data). The ratio LREE/HREE is markedly
lower in the naujakasite lujavrite. Naujakasite lujavrite
seems more evolved in its lower Zr/U and Zr/Y ratios
(Andersen et al. 1981), whereas medium- to coarse-
grained lujavrite seems more evolved in its lower K/
Rb and Y/U ratios. This difference in behaviour of
trace elements in the two most evolved types of luja-
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Fig. 4. Chondrite-normalised (Masuda et al. 1973) REE diagram
of the new analyses of naujakasite lujavrite. The pronounced
Eu anomaly is common to all agpaitic rocks of the Ilimaussaq
complex.

vrite most probably reflects a difference in composi-
tion of the volatile phase in strongly sodic and po-
tassic-sodic systems.

Naujakasite lujavrite from both Tupersuatsiaat and
Kvanefjeld is most readily distinguished from all oth-
er lujavrites at Ilimaussaq by the high levels of Na,
Na/K, Fe' (total iron) and Mn, i.e. features which can
be attributed to the chemistry of naujakasite itself.
Compared to the naujakasite lujavrite from Tupersuat-
siaat, those from Kvanefjeld have a more evolved geo-
chemistry with higher levels of P, Cs, Rb, REE, Y and
La/Lu but lower levels of Mg, Zr, Hf, Ta, Co and K/Rb.
It is worth noticing that Th, U, Nb, Li and Be contents
are comparable at the two localities. At Tupersuat-
siaat, the REE pattern shows a considerable change in
slope between the steep LREE and the less steep HREE
(Fig. 4). At Kvanefjeld, the slope is steep throughout
the pattern. At Tupersuatsiaat, slightly higher levels
of Mn and Mn/Fe" and lower K and K/Na probably
reflect the greater abundance of naujakasite in the
two analysed samples from this locality.

Zeolitized samples of naujakasite lujavrite from
Kvanefjeld are distinguished by a fall in the agpaitic
index but a rise in levels of volatiles, K/Na, Fe3/Fe*,
Cs, Th/U and Th/P.

A comparison of Ca—Na—K relations (atomic) in var-
ious lujavrites at Ilimaussaq is seen in Fig. 5. The low
Ca proportions of the arfvedsonite lujavrite and the
medium- to coarse-grained and naujakasite lujavrites
are due to extensive fractionation of eudialyte. The
more or less steady advance of Na/K ratios through-
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Aegirine lujavrite 1
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Fig. 5. Na—K—Ca (atomic) diagram showing plots of the various
types of lujavrite from the Ilimaussaq alkaline complex and
average values for the nepheline syenites of the Ilimaussaq (I,
Khibina (K) and Lovozero (L) complexes (authors’ compila-
tion). The dashed curve with arrows is the liquid line of de-
scent for the Ilimaussaq complex (based on data in Bailey ez al.
2001, this volume).

out the Tlimaussaq liquids, which reflects prolonged
extraction of microcline, comes to an end in the luja-
vrites where the arfvedsonite lujavrites and aegirine lu-
javrites have approximately similar Na/K ratios. The
naujakasite lujavrites typically plot between arfvedsonite
lujavrite and the composition of naujakasite in Fig. 5.
Some scatter of analyses reflects (1) varying amounts
of naujakasite, (2) variable proportions of albite and
microcline in the matrix and (3) subsequent alteration
to analcime. The final agpaitic rock type at [limaussaq,
the microcline-rich medium- to coarse-grained lujavrite,
is characterised by a sharp decrease in Na/K ratios.
Naujakasite lujavrite marks the culmination of Mn
contents (av. 0.70 wt%) and Mn/Fe' ratios (0.08) at
[limaussaq. These features can be attributed to the
high level of Mn (0.85 wt%) and Mn/Fe" (0.17) in nau-
jakasite and constitute a subdued reflection of the
manganiferous naujakasite at Lovozero.

The new occurrence of naujakasite in
the Lovozero alkaline complex

Naujakasite was found by one of the authors (A.P.K.)
on Mount Alluaiv in the Lovozero complex ina ¢. 1 m
thick zone of intensely mineralised medium-grained
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lovozerite-lomonosovite lujavrite, which occurs in the
eudialyte lujavrite of intrusive phase III of the com-
plex (cf. Gerasimovsky et al. 1974). These rocks were
encountered in a drill core sample recovered from a
depth of about 250 m below the surface. Although
the rocks contain readily hydrolysable and water-sol-
uble minerals and the core boxes have been stored in
the open air for more than ten years, the cores are still
well preserved, although covered by a crust of white
opal-like material up to 2 mm thick. Freshly fractured
lovozerite-lomonosovite lujavrite consists of vuggy,
irregularly shaped aggregates with an irregular lamel-
lar structure, composed mainly of alkali feldspar laths.
Interstices between the feldspar laths contain smaller
segregations of partially dissolved villiaumite and
grains of sodalite, nepheline, analcime, aegirine (fi-
brous and acicular), lovozerite, and a whole series of
other less common minerals, such as tisinalite, lam-
prophyllite, manaksite, nordite, umbozerite, sphaler-
ite, and molybdenite. Lomonosovite occurs as
oikocrysts up to 1 cm across which poikilitically en-
close the aforementioned minerals.

The naujakasite is scattered among the interstitial
minerals as irregularly shaped grains 0.5 to 1 mm in
size, occasionally with a well-defined pinacoid {001}.
Less commonly, it occurs as oikocrysts up to 5 mm
across pierced by alkali feldspar laths and aegirine
needles. It also contains inclusions of euhedral tabu-
lar vuonnemite crystals. Against the light grey back-
ground of the rocks, naujakasite stands out markedly
owing to its bright blue colour and its typical mirror-
like or pearly lustre along the plane of perfect mica-
like cleavage (001).

Discussion

The new data on the Lovozero naujakasite and pub-
lished and new data on the Ilimaussaq naujakasite
indicate that many minerals associated with naujaka-
site in the two complexes are characteristic of the spe-
cial type of alkaline rock distinguished as hyper-agpaitic
(Khomyakov 1990, 1995, 2001, this volume; Sgrensen
1997; Serensen & Larsen 2001, this volume). Eudia-
lyte, which is a typical mineral of moderately alkaline
agpaitic rocks, has not been found in association with
the Lovozero naujakasite and is rarely present in the
naujakasite lujavrite of Ilimaussaq. Under conditions
of ultra-high alkalinity, eudialyte becomes unstable
and is substituted by zirconium minerals with higher
contents of alkali metals such as zirsinalite or by steen-



strupine. Zirsinalite is substituted by lovozerite with
decreasing alkalinity and hydration (Khomyakov 1990,
1995). In view of this, naujakasite may, as proposed
by Sgrensen (1997), be regarded as one of the most
characteristic minerals of hyper-agpaitic rocks.

The agpaitic index of naujakasite (Na/Al=1.5) is
only slightly lower than that of the most agpaitic sodi-
um aluminosilicate ussingite (Na/Al = 2). Naujakasite
accumulations tend to occur in rocks of the main in-
trusive phases, whereas ussingite is largely confined
to post-magmatic and hydrothermal rocks and to late
stages of formation of the naujakasite lujavrite. An ex-
amination of primary gas—liquid inclusions in minerals
of hyper-agpaitic pegmatites in the Lovozero complex
indicates that ussingite crystallised over the tempera-
ture range 305-165°C (Shchegoleva et al. 1988).

Nepheline-naujakasite relations

The relationship between nepheline and naujakasite
presents a special problem. At Ilimaussaq, nepheline
is evidently unstable under the hyper-agpaitic condi-
tions reigning during the formation of the naujakasite
lujavrite. The occurrence in some naujakasite lujavrite
samples of corroded grains of nepheline and platy
crystals of naujakasite, and the co-occurrence of pseu-
domorphs after eudialyte and crystals of steenstrupine,
indicate that hyper-agpaitic conditions developed grad-
ually during the consolidation of the rock and that
there was a short period of co-existence of nepheline
and naujakasite but with nepheline rapidly becoming
unstable and naujakasite taking over. The subsequent
replacement of naujakasite by analcime shows declin-
ing hyper-agpaitic conditions. This rise and fall in al-
kalinity is a characteristic feature of hyper-agpaitic
rocks (Khomyakov 1995).

The nepheline grains in the naujakasite lujavrite are
sometimes overgrown by naujakasite or may be en-
closed in naujakasite plates (Fig. 2¢). Petersen & Ander-
sen (1975) have, for instance, shown that plates of
naujakasite in a naujaite xenolith enclosed in nauja-
kasite lujavrite have inclusions of nepheline arranged
in such a way that the original hexagonal shape of
the nepheline grains may be traced. This last observa-
tion made A. Finch suggest (personal communication
2000) that there is a topotactic relationship between
nepheline and naujakasite, the latter being formed by
adaptation of the structure of the former as a result of
exchange of elements via a fluid phase. Finch further-
more points out that the crystal structure of naujaka-

site determined by Basso et al. (1975) may be derived
from the crystal structure of nepheline: “In the a-c
plane, the nepheline structure consists of rings of six
tetrahedra with apices pointing up and down alter-
nately, a feature common to the same plane in nauja-
kasite. However, in nepheline, the rings are intercon-
nected on all sides to other hexagonal rings forming a
flat sheet of rings perpendicular to (0001). In naujaka-
site, the hexagonal layers are joined to each other by
bridging rings of four tetrahedra, forming a chain rather
than a sheet. The structure of naujakasite may be de-
rived from that of nepheline by considering the struc-
ture first perpendicular to (0001) for the hexagonal
rings, and then perpendicular to (1000) for the four-
membered rings. The structure of naujakasite there-
fore represents a zig-zag slice through that of nephe-
line. The planes, along which disconnection of the
‘naujakasite’ part of the structure must take place, are
parallel to the directions {0001} and {1122}. These are
interestingly the two possible cleavages in the nephe-
line structure, and indicate that metasomatic ‘fractur-
ing’ of the nepheline structure would provide a nau-
jakasite-type ‘framework™ (A. Finch, written commu-
nication 2000). A topotactic relationship between
nepheline and naujakasite is a possible background
for the above-mentioned observation of inclusions of
nepheline in naujakasite in metasomatically altered
naujaite in contact with naujakasite lujavrite, as will
be discussed further below. But the overgrowths of
naujakasite on nepheline described by Sgrensen (1997)
and reported in the present paper (Fig. 2b, ¢) would
rather indicate a reconstructive type of relationship
between naujakasite and nepheline, i.e. formation of
a new crystal structure.

The role of potassium

The fact that naujakasite is an important rock-forming
mineral in the Ilimaussaq complex and very rare or
non-existent in the Lovozero and Khibina complexes
cannot be ascribed solely to differences in alkalinity
during the formation of the three complexes. In
Lovozero and Khibina, there are rocks that formed at
similar or even more hyper-agpaitic conditions than
the Ilimaussaq naujakasite lujavrites, but without nau-
jakasite. Some Khibina rocks, e.g. the rischorrites
(nepheline syenites in which nepheline is poikilitical-
ly enclosed in microcline perthite and with biotite,
aegirine augite and opaque minerals) contain natisite,
Na,TiSiO,. The synthetic analogue of this mineral crys-
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tallises only from melts with a NaOH concentration of
38 to 100%, i.e. under extremely high alkalinity. These
same rocks contain delhayelite, Na,K,Ca,AlSiO (F,CD,,
and altisite, Na K Ti,Al,Si O, Cl,, with agpaitic indices,
respectively, of 5 and 4.5, and other highly alkaline
minerals, but naujakasite is absent.

The Khibina—Lovozero rocks contain a whole se-
ries of peralkaline minerals that are absent in Ilimaus-
saq. Such an endemic mineral, which is virtually
unknown outside Khibina, is fenaksite, NaKFeSi,O, .
This mineral is of interest in that its hypothetical Na
analogue, Na FeSi O, , is a key component which,
when combined with the nepheline composition,
would yield naujakasite:

Na,FeSi O, + 4NaAlSiO, = Na FeAl $i.O,

A reaction between the hypothetical pure Na manak-
site, Na MnSi O, and the nepheline composition
would yield manganonaujakasite, Na MnAl Si O, ..
Fenaksite and manaksite may accordingly be regarded
as the ‘antipodes’ of naujakasite and managanonauja-
kasite. All these four minerals are indicators of hyper-
agpaitic conditions.

A fundamental difference between the hyper-ag-
paitic rocks of Ilimaussaq and Khibina is that the former
are predominantly sodic and the latter are sodic-po-
tassic. The importance of a high content of Na for the
formation of naujakasite is corroborated by the ex-
treme Na/K (atomic) ratio of 3.08 for the average com-
position of the nepheline syenites of Ilimaussaq,
whereas the Na/K ratio for 136 bodies of nepheline
syenites generally varies between 0.3 and 2.5 (authors’
compilation). Averages for Khibina (1.27) and Lovozero
(1.67) fall within this range. The average Na/K ratio of
the naujakasite lujavrite is 4.56. K-deficient conditions
seem to be favourable for the formation of naujaka-
site, whereas under K-rich conditions, Fe is bound in
NaKFeSi O, preventing the formation of naujakasite.
Lovozero represents an intermediate case which may
explain the co-existence of manganonaujakasite and
manaksite in the same rock. Potassium appears to be
an inhibitor not only for the formation of naujakasite
but also for ussingite which is almost entirely absent
in the hyper-agpaitic rocks of Khibina.

Nepheline, which is stable in hyper-agpaitic rocks
of Na-K composition in Khibina and Lovozero, is un-
stable in a hyper-sodic environment. This fact, cou-
pled with the aforementioned relationships, explains
why nepheline is readily substituted by naujakasite in
large volumes of rocks, and why naujakasite is en-
demic to Ilimaussaq.
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Metasomatic relations

The preceding discussion has only considered nauja-
kasite as a rock-forming mineral formed during crys-
tallisation of hyper-agpaitic lujavritic melts. It should,
however, be pointed out that naujakasite has also been
observed as a metasomatically formed mineral in nau-
jaite xenoliths in naujakasite lujavrite (Petersen &
Andersen 1975), where it appears to replace nephe-
line in a topotactic way, and as a hydrothermally
formed mineral in albitite veins in the roof of the Ili-
maussaq complex (Metcalf-Johansen 1977). This most
probably reflects that there is a gradual transition from
magmatic to hydrothermal conditions in hyper-agpaitic
systems.

Petrology

There appears to be a gradual transition from arfved-
sonite lujavrite to naujakasite lujavrite. Small flakes of
naujakasite with irregular outlines begin to appear in
arfvedsonite lujavrite containing corroded grains of
nepheline and almost unaltered crystals of eudialyte.
With increasing contents, naujakasite may overgrow
the nepheline grains. At this stage, eudialyte is altered
into brown to black pigmentary material, and zoned
steenstrupine crystals become an important constitu-
ent. With still further evolution nepheline disappears
and well-developed crystals of naujakasite become the
dominant mineral. At the most evolved stage, the rocks
are made up of densely packed crystals of naujakasite
in a cumulate-like manner. It thus appears that nauja-
kasite may be formed partly by a continuous process
during which nepheline is dissolved and naujakasite
is formed interstitially, and partly as a liquidus phase
in highly evolved lujavritic melts when contents of Na
and Fe have reached levels which inhibit crystallisa-
tion of nepheline and favour the formation of nauja-
kasite.

The fact that the naujakasite lujavrite occurs in the
uppermost part of the lujavrite sequence of the com-
plex and is concentrated in the upper part of thick
sheets of nepheline-rich arfvedsonite lujavrite below
larger masses of naujaite, augite syenite and volcanic
rocks is indicative of upwards migration in the mag-
ma of volatiles rich in Na, Th, U, etc. and a concentra-
tion of volatiles in the uppermost part of the magma
beneath the impermeable roof. This results in condi-
tions favouring the crystallisation of naujakasite as a
liquidus mineral. In view of the very evolved charac-



ter of the melts it may be imagined that naujakasite is
formed at relatively low temperatures (cf. Sorensen &
Larsen 2001, this volume). Fe** and Mn?** are impor-
tant components of the naujakasite structure suggest-
ing that redox conditions may also be of significance
for the formation of naujakasite.

The rare occurrence of naujakasite in metasomati-
cally altered naujaite and in albitite veins indicates
that naujakasite is also stable in high-temperature hy-
drothermal fluids which have escaped from the Na-
rich lujavrite magma.

Conclusions

Naujakasite is an important rock-forming mineral in a
type of lujavrite in the Ilimaussaq alkaline complex,
the so-called naujakasite lujavrite which may contain
more than 75 vol.% of this mineral. Naujakasite has
not been found in the intensively studied Khibina com-
plex and is a very rare mineral in the Lovozero com-
plex where the variety manganonaujakasite has been
found. The reason for the practical non-existence of
naujakasite in the two Kola complexes and the abun-
dance in the Ilimaussaq complex may be the extreme-
ly sodic composition of the hyper-agpaitic rocks of
Ilimaussaq, whereas the Kola hyper-agpaitic rocks are
sodic-potassic. K-deficient conditions are favourable
for the formation of naujakasite, whereas under K-
rich conditions surplus Fe is bound in fenaksite,
NaKFeSi,O, . The Na analogue of fenaksite, Na FeSi O, ,
combined with the nepheline composition yields the
composition of naujakasite.

The frequent occurrence of naujakasite lujavrite in
the upper parts of arfvedsonite lujavrite sheets, where
these are overlain by impermeable xenoliths of nau-
jaite, augite syenite and volcanic rocks from the roof,
indicates that volatile transfer processes may have
played an important role in concentrating Na, Fe, Mn,
Th, U, P, etc. in the uppermost parts of the magma
masses, thus creating the hyper-agpaitic conditions
favouring the formation of naujakasite and steenstru-
pine. There appears to be a gradual transition from
nepheline-bearing arfvedsonite lujavrite to nepheline-
free naujakasite lujavrite, an indication of a continu-
ous process of building-up hyper-agpaitic conditions
of crystallisation.

In conclusion, the reason for the virtual restriction
of naujakasite, a mineral composed of common ele-
ments, to the Ilimaussaq alkaline complex is the at-
tainment at late stages of agpaitic crystallisation of

hyper-agpaitic conditions characterised by exception-
ally high Na/K ratios and high contents of Fe and Mn
which make naujakasite stable at the expense of
nepheline. Naujakasite has a narrow field of stability
and is substituted by analcime with declining alkalin-
ity and temperature.
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Zoning in steenstrupine-(Ce) from the llimaussaq alkaline

complex, South Greenland: a review and discussion

Alexander P. Khomyakov and Henning Serensen

Most crystals of steenstrupine are metamict, but some are crystalline throughout or in thin
marginal zones parallel to the crystal faces of metamict crystals. The anisotropic parts of the
crystals have lower contents of U and Th than the interior isotropic parts. Some features, such
as high contents of Na in the anisotropic steenstrupine, favour formation of the zonation as a
result of crystallisation in a medium in which decreasing amounts of U and Th were available
during the last stages of growth of the crystals. One reason for this could be the fixation of U
and Th in interstitial pigmentary material. Another feature, the fact that steenstrupine adjacent
to fractures penetrating the crystals from the surface is anisotropic, indicates that leaching and
recrystallisation may also play a role in the transformation of parts of metamict steenstrupine
into an anisotropic phase.
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Steenstrupine-(Ce), with the formula

Na, Ce Mn_ Fe (Zr,Th)(Si,O ),(PO,). 3H,0,

is an important rock-forming mineral in the hyper-
agpaitic lujavrites of the Ilimaussaq complex, South
Greenland (Segrensen & Larsen 2001, this volume). It
is the main radioactive mineral in the Kvanefjeld ura-
nium deposit in the northern part of the complex. In
the hyper-agpaitic lujavrites it takes the place of eud-
ialyte, the main rare-element mineral in the agpaitic
rocks of the complex: naujaite, kakortokite, and ae-
girine and arfvedsonite lujavrites. Steenstrupine is also
common in the hyper-agpaitic pegmatites and hydrot-
hermal mineralisations and in the fenitised volcanic
roof of the Kvanefjeld plateau (see Sgrensen (1991)
for a review of the literature on the occurrence of
steenstrupine in the Ilimaussaq complex).

In the Lovozero complex of the Kola Peninsula,
Russia, steenstrupine-(Ce) is common in the zeolite-
rich cores of pegmatites and in hydrothermal veinlets
composed of ussingite, natrolite, analcime, etc.
(Khomyakov 1995; Semenov 1997).

Steenstrupine is a complex silico-phosphate miner-
al composed of more than 20 elements. It often occurs
as well-developed trigonal crystals. Most grains are

Geology of Greenland Survey Bulletin 190, 109-118 (2001) © GEUS 2001

metamict and X-ray amorphous. There are, however,
also non-metamict crystals which give distinct X-ray
patterns. Makovicky & Karup-Mgller (1981) and Moore
& Shen (1983) described the crystal structure of steen-
strupine based on the examination of an occurrence
of crystalline steenstrupine.

The mineral is often altered, which is demonstrat-
ed by the great variation in the contents of Na,O from
more than 10 wt% to less than 1 wt%. In the crystal
structure Na* is easily substituted by H* (Makovicky &
Karup-Mgller 1981; Moore & Shen 1983).

The aim of this paper is to describe and discuss the
occurrence of anisotropic rims on metamict crystals
of steenstrupine.

Zoned crystals of steenstrupine-(Ce)

Zoning in steenstrupine has been described by a
number of authors.

Boggild (in Beggild & Winther 1899) distinguished
three main morphological types of the mineral based
on samples from pegmatites and veins. Types I and 11
are metamict and type III is non-metamict. The type

109



Fig. 1. Crystal of steenstrupine with anisotropic marginal zone penetrated by a dense system of short fractures perpendicular to the

surface of the crystal and with crusts of opaque material. Steenstrupine is anisotropic along a fracture penetrating deeper into the

crystal (central part of photo). The matrix is made up of microcline (lower right corner) and a sheaf of white Li mica, centre right.
a: plane polarised light, b: crossed polarised light. Narsaq Elv valley, drill core I at 46.26 m; scale bar 0.6 mm.

III crystals may be anisotropic throughout, but some
crystals have an isotropic or weakly anisotropic cen-
tral part. All three types may have thin marginal zones
which are often anisotropic. There may be a gradual
decrease in the degree of metamictisation from centre
to rim; more commonly there is a sharp transition to
the thin anisotropic rims. In thin section the unaltered
steenstrupine crystals are generally clear yellow in the
central isotropic parts. The marginal parts are often
dark brown and may be isotropic or anisotropic. The
dark-coloured marginal parts may send tongues along
fissures into the interior of the crystals. The part of
the crystals adjacent to the tongues are generally ani-
sotropic (Fig. 1). This means that the anisotropic zones
penetrate into the interior of the crystals. These ob-
servations have been confirmed by the subsequent
authors quoted below.

Buchwald & Sgrensen (1961) described steenstru-
pine from lujavrites, pegmatites and hydrothermal
veins coupled with an autoradiographic examination
of the distribution of radioactive elements in the crys-
tals. They especially noted the occurrence of several
thin zones parallel to the crystal faces (Fig. 2). In some
cases there is a gradual increase in anisotropy from
centre to margin.

Serensen (1962) described the paragenesis of
steenstrupine in the various rock types and paid spe-
cial attention to the relationship between eudialyte
and steenstrupine. Steenstrupine may form over-
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growths on eudialyte in pegmatites, and poikilitic
grains of steenstrupine in lujavrites and recrystallised
naujaites contain inclusions of fresh and altered crys-
tals of eudialyte and in some rocks also of lovozerite.
The small steenstrupine crystals in the lujavrites are
primary magmatic minerals, whereas the poikilitic
grains are late magmatic and may be associated with
ussingite and analcime replacing the primary nephe-
line and feldspars of the rocks. The metamict grains
of steenstrupine are surrounded by radiating fractures
in the adjacent minerals (Fig. 3).

Semenov (1969) presented new chemical analyses
of steenstrupine and described an altered variety, hy-
drosteenstrupine, poor in Na, O, SiO, and PO, and
enriched in REE,O,, Fe,O,, CaO and water.

Wollenberg (1971) undertook a fission track exam-
ination of steenstrupine crystals and determined the
distribution of U and Th in zoned crystals of this min-
eral. He found that U is evenly distributed in the crys-
tals, whereas Th is distributed in an irregular way with
the highest contents in the centres of the grains.

Makovicky et al. (1980) examined a number of oc-
currences of steenstrupine, with emphasis on the ra-
dioactive lujavrites in the northern part of the
Kvanefjeld plateau, by autoradiography, fission track
studies and electron microprobe analyses. They deter-
mined the distribution of U and Th in zoned crystals
of steenstrupine and also examined the behaviour of
U and Th during alteration of the steenstrupine.



Fig. 2. Steenstrupine crystal associated with
an aggregate of aegirine crystals (right) and
large grain of analcime (left). The crystal
has a turbid, weakly anisotropic interior and
three marginal anisotropic zones, each
composed of an inner clear part and an
outer rust-coloured part. The marginal
zones stop against aegirine and only occur
in contact with analcime. From vein in lu-
javrite. a: plane polarised light, b: crossed
polarised light. Kvanefjeld, drill core 50 at
150.50 m; scale bar 0.6 mm.

Makovicky & Karup-Mgller (1981) described a crys-
talline steenstrupine from a vein and noted that par-
tial metamictisation decreases from the centres through
the finely zoned parts and surface replacement por-
tions to the distinctly anisotropic rims of the crystals.
The centres have a lower birefringence than the mar-
ginal zones.

We have examined zoned crystals of steenstrupine
from drill core 50, 149.7 to 150.6 m below the surface.
These crystals occur in hydrothermal veins in arfved-
sonite lujavrite. According to gamma-spectrometric
analyses of the drill core, the veins have 350 ppm U
and 2000 ppm Th (Nyegaard et al. 1977). The steen-
strupine crystals measure a few millimetres across. The
interior parts of some crystals are turbid (Fig. 2), other

crystals have clear, sometimes darker-coloured isotrop-
ic centres (Fig. 4), but there are also crystals which
are anisotropic throughout but with very low birefrin-
gence. There are thin marginal anisotropic zones par-
allel to crystal faces. The anisotropic zones are often
clear, but sometimes dark coloured in their exterior
parts (Fig. 2). In a number of cases, zoned crystals of
steenstrupine have nucleated on grains of aegirine
(Figs 2, 4, 5). In these cases there is no zonation in
contact with aegirine, whereas crystal faces and mar-
ginal zonation are found in contact with felsic miner-
als, primarily analcime, natrolite, ussingite and
villiaumite. There is no zonation against primary grains
of sodalite (Fig. 3).
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Fig. 3. Steenstrupine crystal in sodalite (so) and analcime (an), with radiating fractures. The crystal is clear, but with a slightly turbid

isotropic interior. The marginal anisotropic zone shows zonation parallel to the crystal faces. The marginal zone has a few fractures

perpendicular to the crystal faces. The steenstrupine crystal is situated between two large crystals of sodalite (lower left and upper

right) against which there are no crystal faces. Crystal faces and zonation are only developed in contact with analcime. a: plane

polarised light, b: crossed polarised light. Kvanefjeld, drill core 53 at 145.20 m; scale bar 0.6 mm.

Chemical composition of the zoned
steenstrupine

The zoned grains of steenstrupine from drill core 50
have been analysed by electron microprobe. Crystal
fragments were hand picked from crushed rocks and
were analysed by G.N. Nechelyustov with a Super-
probe-733 microanalyser. Standards were: chkalovite
(Na, Si), microcline (K), diopside (Ca), strontium-apa-
tite (Sr), BaSO, (Ba), rhodonite (Mn), almandine (Fe),
LaPO, (La), CePO, (Ce, P), PrPO, (Pr), NdPO, (Nd),
SmPO, (Sm), YPO, (Y), ThO, (Th), Li, NbO, (Nb) and
anatase (T1). The results are presented in Table 1. The
centres have 3.95-4.13 wt% ThO,, the rims 0.42-1.40
wt% ThO, and from centre to rim there is an increase
in Nb,O,, MnO, SrO, Na,O (in one sample), REE,O,
and P,O,, and a decrease in TiO,, FeO, CaO and Y, O,.
U has not been analysed. From centre to rim there are
sharp increases in the ratios Mn/Fe, La/Nd, REE/Th
and Nb/Ti (Table 1). The anisotropic rims have dis-
tinctly lower contents of Th than the interior parts of
the crystals.

Buchwald & Segrensen (1961) presented partial
chemical analyses of some crystals of steenstrupine.
The contents of U and Th vary from 0.21 wt% U and
1.66 wt% Th in the anisotropic type III crystals to 0.78
wt% U and 5.65 wt% Th in metamict vein steenstru-
pine. The autoradiographic examination showed that
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the metamict centres of steenstrupine crystals have o-
track densities of 5000-13 600 o/cm? /hour, the aniso-
tropic rims 1000-7000 o/cm?/hour. The altered grains
of steenstrupine may have more than 35 000 o/cm?/
hour.

Semenov (1969) reported 0.39 wt% U,O, and 2.42
wt% ThO, in steenstrupine from a vein, and up to
3.80 wt% ThO, in altered steenstrupine (no data for
).

The fission-track study carried out by Wollenberg
(1971) gave the following results: metamict centres of
crystals have 0.42-0.72 wt% U and 3.3 wt% Th, while
the rims have 0.20-0.27 wt% U and 1.39 wt% Th. The
anisotropic type III steenstrupine contains 0.05-0.37
wt% U.

Hansen (1977) reported U and Th contents in steen-
strupine in the ranges 0.1-1.4 wt% U and 0.2-7.4 wt%
Th. For the anisotropic type III steenstrupine he found
0.13 wt% U and 0.73 wt% Th. His electron microprobe
studies revealed that there is a great variation in the
chemical composition of steenstrupine, even between
grains in the same thin section, especially in the con-
tents of Na, Ca, Fe and Mn.

Makovicky et al. (1980) presented a wealth of in-
formation about the chemical composition of steen-
strupine from lujavrite with special emphasis on the
alteration of the mineral. The fission track studies re-
vealed up to 1 wt% U,O, in the altered centres and



Fig. 4. Group of steenstrupine (s) crystals
intergrown with aegirine (ae) and enclosed
in a matrix of nepheline (1) penetrated by
natrolite and analcime. The steenstrupine
to the left is isotropic throughout, apart
from a thin marginal zone (bottom right)
against natrolite. The right crystal has an
isotropic centre and an anisotropic rim in
contact with natrolite but not in contact
with aegirine. Zonation stops against
aegirine (centre right). There are very few
fractures in these steenstrupine crystals.
Vein in lujavrite. a: plane polarised light,
b: crossed polarised light. Kvanefjeld, drill
core 50 at 149.70 m; scale bar 0.6 mm.

0.2-0.5 wt% U,O, in the light-coloured parts of the
crystals. The microprobe analyses showed a variation
in the Th content from 0.27 to 5.69 wt% Th, with some
zoned crystals from 3.11-3.74 wt% Th in the centres
to 1.03-2.05 wt% Th in the rims.

Makovicky & Karup-Mgller (1981) reported an av-
erage content of 0.46 wt% U in zoned partly aniso-
tropic vein steenstrupine crystals. According to the
fission-track data of Makovicky et al. (1980), the cen-
tres have 0.6-0.8 wt% U,O,, the marginal parts 0.3-0.4
wt% U,O,. The microprobe analyses reported by Ma-
kovicky & Karup-Mgller (1981) have been recalculat-
ed from element to oxide form and are presented in

Table 1. ThO, varies from 5.04 to 1.83 wt% from cen-
tre to rim; YZO3 also decreases from centre to rim,
whereas there is an increase in ZrO,, MnO, Na,O and
P,O, from centre to rim. The contents of the other
elements are similar in centre and rim.

The information available on the chemical compo-
sition of zoned steenstrupine crystals from pegmatites
and veins consistently shows a marked difference in
the contents of U and Th in the central, often meta-
mict parts of the crystals and the thin, often aniso-
tropic rims. In addition the rims are enriched in Na,
Mn, P, Zr, Nb and in some examples also REE, and
impoverished in Y.
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Table 1. Microprobe analyses of zoned crystals of steenstrupine from the llimaussaq alkaline complex

Sample No. 50-149.7 50-149.7 50-150.6 50-150.6 199104 199104
centre (5) rim (6) centre (2) rim (1) centre (4) rim (1)

Sio, 26.94 27.75 27.54 25.98 27.40 27.06
TiO, 0.16 0.07 0.28 0.18 0.25 0.20
ZrQ, n.a. n.a. n.a. n.a. 1.41 2.33
ThO, 3.95 0.42 413 1.40 5.04 1.83
Al,O, n.a. n.a. n.a. n.a. 0.28 0.04
La,0, 8.78 12.85 8.94 14.22 11.49 11.79
Ce,0O, 14.57 15.53 13.80 13.76 15.74 16.49
Pr,O, 1.29 1.04 1.28 1.54 2.39 2.08
Nd,O, 3.72 2.80 3.50 2.78 4.01 4,22
Sm,O4 0.31 0.19 0.19 0.15 n.a. n.a.
Y,0, 1.47 1.05 1.56 0.31 1.05 0.10
FeO 4.34 2.50 3.96 1.85 3.87 3.42
MnO 3.61 6.22 3.42 5.69 4.42 5.00
Ca0 2.18 1.58 2.00 1.65 1.88 1.95
SrO 0.10 0.14 0.07 0.11 n.a. n.a.
Na,O 8.41 12.98 7.88 13.65 2.75 6.59
K,O 0.05 0.02 0.20 0.31 n.a. n.a.
PO, 9.36 11.26 8.50 9.35 11.31 12.30
Nb,O; 0.10 0.24 0.13 0.67 n.a. n.a.
U,0, n.a. n.a. n.a. n.a. 0.70 0.35
89.34 96.64 87.38 93.60 93.89 95.75

YRE,O, 28.67 32.41 27.71 32.45 33.63 34.58
La,0,/Nd,0, 2.36 4.59 2.55 5.12 2.86 2.79

Analyses in oxide wt%. H,O and F have not been analysed which explains the low totals.

Figures in brackets: number of analyses.
n.a. = not analysed.

Samples 50-149.7 and 50-150.6 are from drill core 50 at 149.7 and 150.6 m, respectively. Analyst: G.N. Nechelyustov.
199104 is a GGU sample from Makovicky & Karup-Mgller (1981), recalculated from element wt% to oxide wt%.

Discussion

The well-developed crystal forms of the metamict
grains of steenstrupine and the surrounding radiating
fractures in the adjacent minerals, an indication of
volume increase during metamictisation, show that
steenstrupine was originally crystalline. It may there-
fore be assumed that the crystal structure allows only
a limited content of U and Th without breaking down
into the metamict state in accordance with the fact
that crystalline anisotropic steenstrupine shows the
lowest measured contents of U and Th. The aniso-
tropic type III steenstrupine has the highest contents
of Na,O of all analysed steenstrupine grains, 11.23
wt% (Boggild & Winther 1899), 14.2 wt% (Hansen
1977), which indicates that secondary leaching must
have been very weak. It should be remembered that
Na* is easily substituted by H* during alteration of the
crystals (Makovicky & Karup-Mgller 1981). Crystals
with higher contents of U and Th have been transfor-
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med into the metamict state and in many cases al-
tered into aggregates of secondary minerals as described
by Buchwald & Sgrensen (1961), Sgrensen (1962),
Semenov (1969) and Makovicky er al. (1980). In the
strongly altered grains, U and Th are retained in thori-
anite, thorite and unidentified pigmentary material,
which have the highestrecorded contents of U and Th.

Buchwald & Serensen (1961) considered two ex-
planations for these phenomena: either the anisotropic
rims are primary, formed in a medium poor in U and
Th, or alternatively, the anisotropic rims have been
formed by secondary processes.

Anisotropic rims as primary crystallisation
products

A decrease in the contents of U and Th in the media
in which the crystals grew could be a result of the



Fig. 5. Crystal of steenstrupine (s, centre) growing on aggregate of small aegirine crystals (ae) and showing crystal faces against

villiaumite (v). The matrix consists of large grains of sodalite (sod), partly altered into analcime (an). Steenstrupine is separated

from sodalite by a thin zone of analcime. The core of the steenstrupine crystal is brown, isotropic, and the marginal rim against

villiaumite and analcime is clear, anisotropic and intersected by fractures perpendicular to the crystal faces. Zonation is only seen in

contact with villiaumite and analcime. From vein in lujavrite. a: plane polarised light, b: crossed polarised light. Kvanefjeld, drill core

53 at 145.20 m; scale bar 0.6 mm.

onset of crystallisation of other minerals rich in U and
Th. Such minerals are, however, not associated with
the steenstrupine. Steenstrupine itself may have such
a high capacity to extract U and Th from melts and
hydrothermal solutions that the supply of these ele-
ments was exhausted during the late stages of crystal-
lisation. The studies of Hansen (1977) and Bailey et
al. (1983), however, demonstrate that a considerable
part of the U and Th in the agpaitic rocks of the Ili-
maussaq complex is easily leached out. Therefore, it
cannot be bound in silicate minerals but was most
probably retained in the residual liquids and subse-
quently deposited as intercumulus pigmentary mate-
rial (or in some examples retained in the alteration
products of steenstrupine formed by means of reac-
tion between the crystals and late interstitial liquids).
These mechanisms may explain why decreasing con-
tents of U and Th were available for the latest stages
of growth of the steenstrupine crystals.
Steenstrupine in pegmatites and hydrothermal veins
frequently nucleates on aegirine as demonstrated in
Figs 2, 4 and 5. In these examples there is no zona-
tion in contact with aegirine, whereas crystal faces
and marginal rims are developed against analcime,
natrolite, ussingite and villiaumite, but not against
earlier-formed sodalite. The zonation abuts against
aegirine (Figs 2, 4). These observations strongly sup-
port the view that the zonation is a growth phenome-

non coupled with a general increase in alkalinity of
the residual melts and fluids, resulting in an enrich-
ment in Na, Mn, Nb, REE and P in the marginal zones
of the crystals (Table 1).

The formation of zonation may thus have taken
place before the metamictisation of the inner parts of
the crystals.

It is possible that the physical conditions changed
so that U and Th were taken up in a fluid phase and
removed from the melt. U-Th mineralisations in the
fenitised volcanic rocks of the roof of the complex
are indications of fluid transport of U and Th into the
country rocks (Sgrensen el al. 1974). The possibility
that a high oxygen fugacity was the cause of the
mobilisation of U as (UO)* is not likely since the
vapour phase of the agpaitic melts was rich in hydro-
carbons (Petersilie & Sgrensen 1970; Konnerup-Mad-
sen 2001, this volume).

Anisotropic rims formed by secondary
processes

Alternatively, the anisotropic marginal zones may have
been formed by secondary processes. This could be
due to an early leaching of U and Th from the margin-
al parts of the crystals before metamictisation or to
leaching of U and Th from metamict crystals of steen-
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strupine combined with recrystallisation of the thin
rim of the leached crystals. Makovicky & Karup-Mgller
(1981) emphasise the importance of exchange of Na*
and H* in the crystal structure of steenstrupine and
mention the possibility that the crystal structure of
leached steenstrupine may have the ability to accept
substantial amounts of Na* back into the structure.

One may however doubt that such processes would
result in a repetition of perfectly parallel marginal
zones; some aggregate structure would be more like-
ly (Makovicky & Karup-Moller 1981, p. 302). Leaching
is a more straightforward explanation of the presence
of anisotropic steenstrupine adjacent to fractures pen-
etrating from the crystal surface into the crystals (Fig.
1 and of the presence of anisotropic steenstrupine in
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Fig. 6. Aggregate of crystals of steenstru-
pine (s), arfvedsonite and aegirine (dark
prisms and needles) in matrix of analcime
(an). The steenstrupine crystals have dark
anisotropic marginal zones rich in fractures
and clear isotropic cores poor in fractures.
a: plane polarised light, b: crossed polar-
ised light. GGU 18467b-2, vein from the
head of Kangerluarsuk; scale bar 0.6 mm.

the marginal parts of the crystals with the densest
systems of fractures (Fig. 6). But the fact that the ani-
sotropic rims have higher contents of Na than the
metamict centres of the crystals contradicts leaching
as the main cause of formation of the anisotropic rims.
It should also be remembered that anisotropic mar-
ginal zones occur in crystals which are practically free
from fractures.

Makovicky et al. (1980, p. 25) observed zoning only
in partly to fully altered grains and did not observe
zoning in metamict grains and extremely altered grains.
They presumed that primary compositional zoning
becomes visible only after the process of alteration
and only develops in the compositionally suitable grain
portions. In the material studied by us, anisotropic



zoning is found in metamict grains which in thin sec-
tion have clear, unaltered centres.

It is of interest to note that steenstrupine crystals
with zonation similar to that described here have so
far not been found in the Lovozero complex. This
may be caused by a lower degree of alkalinity in
Lovozero, as indicated by the absence of rock-form-
ing naujakasite (cf. Khomyakov et al. 2001, this vol-
ume; Sorensen & Larsen 2001, this volume). Most
steenstrupine at Lovozero appears to have crystallised
during later stages than at Ilimaussaqg, that is at de-
clining alkalinity. Under these conditions the activity
of Na was insufficient for the recrystallisation of meta-
mict steenstrupine.

Conclusions

The fact that the marginal zones of the steenstrupine
crystals are thin and perfectly parallel and enriched in
Na is most easily understood as a growth phenome-
non and is less likely to be the result of leaching and
recrystallisation. The lobes of anisotropic steenstru-
pine that penetrate from the crystal surfaces along frac-
tures into the interior of the crystals are, however,
best understood as a leaching phenomenon. Such
examples have, however, not been included in the
present examination of zoned steenstrupine crystals.

The type of marginal zonation of steenstrupine crys-
tals studied in this paper can best be explained as a
result of primary growth of the crystals in a medium
relatively depleted in U and Th and enriched in Na
and REE.
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Notes on leucophanite from the llimaussaq alkaline

complex, South Greenland

Henning Bohse, Ole V. Petersen and Gerhard Niedermayr

Leucophanite from the Ilimaussaq alkaline complex was first described in 1905. For nearly 60
years it was believed to be rare and of very limited distribution in Ilimaussaq, but it has lately
proved to be of relatively widespread occurrence. Detailed descriptions of the various occur-
rences are given. The crystals show the forms {001}, {110}, {101}, {102}, {111} and {113}; all the
crystals are twinned either along (110) or (010). Optically the Ilimaussaq leucophanite is biax-
ial with 2V_ (measured) = 40° o = 1.575, B = y = 1.597. The empirical formula, calculated on
the basis of Si + Al = 4, is:
(Cal497Mg0405REE0,0())22,OS(NaZ‘ISKO,OI)ZZ,MBG1,92(Si3488A10,12)24,OOOl2.01(F1,87OH0,19)22406'

Unit cell parameters determined on the newly found material are a = 7.38-7.40, b = 7.40-7.41,
¢ =9.96-9.95, all £ 0.01 A (Kangerluarsuk) and a = 7.43, b = 7.43, ¢ = 9.90, all £ 0.01 A
(Nakkaalaaq). Thus, a full set of data for the Ilimaussaq leucophanite is now available.
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Leucophanite (NaCaBeSi,O F) from the Kangerluarsuk
area of the Ilimaussaq alkaline complex, was first col-
lected by K.J.V. Steenstrup in 1899 and described by
Boggild (1905).

For nearly 60 years leucophanite was believed to
be a rare mineral of very limited distribution in Ili-
maussaq, but it has lately proved to be of more wide-
spread occurrence. In the early 1960s leucophanite
was found in albitite veins, which also contain eudi-
dymite and epididymite, in the naujaite on the Taseq
slope of the complex, and was briefly mentioned by
Semenov & Sorensen (1966). Leucophanite from
Kvanefjeld in the northern part of the complex was
noticed by Semenov (1969). See Sgrensen (2001, this
volume) for a map of the localities mentioned in the
text and a brief description of the complex.

In the early 1970s leucophanite was re-located in
the Kangerluarsuk area and described in detail by
Semenov et al. (1987). This leucophanite was found
in pegmatites in white kakortokite in the upper part
of the first major tributary upstream from the estuary
of the Lakseelv. According to Semenov et al. (1987)

Geology of Greenland Survey Bulletin 190, 119-121 (2001) © GEUS 2001

these pegmatites are rich in microcline, carry some
arfvedsonite and eudialyte, and in the central part are
enriched in aegirine, helvite, astrophyllite, rinkite and
leucophanite; others carry natrolite both as violet
masses and colourless crystals.

During the 1997 field season, leucophanite was
found at two additional localities, one in the Kanger-
luarsuk area and another at the diagonally opposite
end of the complex, on the summit of Nakkaalaaq in
the northern part of the complex.

In the Kangerluarsuk area leucophanite was found
in a pegmatite in augite syenite, near the contact of
the complex on the southern side of the fjord, at an
altitude of about 100 m. The up to 50 cm wide peg-
matite consists of albite, natrolite, fluorite, a profu-
sion of orange, platy crystals of monazite, and
leucophanite. The order of crystallisation is: albite —
natrolite — fluorite — monazite — leucophanite. The
leucophanite is of an unusual appearance; it forms
0.2 mm crusts of pearly white aggregates of bladed
crystals on colourless fluorite and corroded albite crys-
tals, as well as millimetre-large aggregates of white to
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mauve, bladed crystals with pearly lustre, between
the albite and fluorite crystals.

On the summit of Nakkaalaaq the augite syenite,
which constitutes the roof of the Ilimaussaq alkaline
complex, is cut by a set of parallel veins, a major one
several metres wide and several others down to a width
of about half a metre. Though the entire Nakkaalaaq
summit is covered by scree, the veins are traceable
over several hundred metres. The veins consist mainly
of massive or coarsely crystalline flesh-coloured, pink-
ish or whitish microcline, and are locally rich in drus-
es lined with well-developed crystals of microcline.
Leucophanite has been found both in the major vein
and in one of the smaller veins; in the former it occurs
as millimetre-large aggregates of snow-white bladed
crystals with pearly lustre, interstitial to the microcline
crystals; in the smaller vein it occurs as very small,
transparent, colourless, apparently tetragonal crystals
partly lining the walls of a few cavities. Associated
minerals, nearly all well-developed crystals in the
numerous cavities, include aegirine, calcite, galena,
hematite, hemimorphite, and a profusion of Be min-
erals including bavenite, bertrandite, epididymite,
genthelvite and helvite. Fersmite, recently described
by Petersen et al. (1998), is a rare member of this
highly interesting paragenesis. Microcline followed by
aegirine were the first minerals, leucophanite among
the last of the Be minerals, and calcite probably the
very last mineral to crystallise.

Morphology

The surviving material from Bgggild’s investigations
consists of less than 10 small crystals (1-5 mm), picked
out of sodalite syenite. The crystals show the forms
{001}, {110}, {101}—(1201D), {102}=({101}), {111}—({221}) and
{113}-({223)); the indices given are derived from the
presently accepted unit cell parameters (The MINER-
AL Database 1997); indices in parentheses are those
of Baggild (1905) and are only given when different.
All the crystals are twinned either along (110) or (010).
The former can only be observed in thin sections, the
optic axial planes being orientated at right angles to
each other in the two individuals; the latter, on the
other hand, are visible by means of their re-entrant
angles. The properties of this leucophanite are in all
essentials like those of the leucophanite from the type
locality at Laven, Langesundsfjorden, Norway (e.g.,
Brogger 1890).
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|able 1. MICTOproDe anaiyses of Zonea Crystals o SIeensuuping rom N IIMaussay dkaing Gumipex

Sample No. 50-149.7 50-148.7 50-150.6 50-150.6 199104 199104
centre {5) fim (6) centre (2) rim (1) centre {4) fim (1)
S0, 26.94 2175 2754 25,98 2740 27.06
TiO, 0.18 0.07 0.28 0.18 0.25 0.20
210, na na na. na. 141 233
ThO, 395 042 413 1.40 5.04 1.83
ALO, na. na na. na. 028 0.04
La,0, 8.78 12.85 8.94 1422 11.49 11.79
Ce,0, 1457 15.53 13.80 13.76 1574 16.49
Pr,0, 1.29 1.04 128 154 239 2.08
NG,0, 372 280 350 278 401 422
sm,0, 0.31 0.19 0.19 0.15 na. na.
Y,0; 147 1.06 1.56 0.31 1.05 0.10
FeO 434 2.50 396 185 387 342
MnO 3.61 6.22 3.42 568 4.42 5.00
Ca0 218 158 2,00 1.65 1.88 185
S0 0.10 0.14 0.07 0.1 na. na
Na,0 841 12.98 788 13.65 275 6.59
K0 0.05 0.02 0.20 0.31 na. na
PO 9.36 11.26 8.50 9.35 11.31 1230
Nb,0; 0.10 0.24 013 067 na na.
uo, _na . na_ na on 0%
89.34 96.64 87.38 93.80 93.89 95.75
IREC, 28.67 3241 2771 32.45 3363 34.58
13,0/N,0, 236 459 255 5.12 286 279

Analyses in oxide wt%. H,0 and F have not been analysed which explains the low totals.

Figures in brackets: number of analyses.

n.a. = not analysed.

Samples 50-149.7 and 50-150.6 are from dril core 50 at 149.7 and 150.6 m, respectively. Analyst: G.N. Nechely
199104 is a GGU sample from Makovicky & Karup-Maller (1981}, recalculated from element wt% to oxide w%.

Optical properties

According to Semenov et al. (1987) the yellowish green
leucophanite forms pseudotetragonal prisms up to 1.5
cm. Optically this leucophanite is biaxial, 2V (meas-
ured) = 40°; the refractive indices are: o0 = 1.575 and 3
= v = 1.597, in good agreement with those of leu-
cophanite from elsewhere.

Chemical composition

The only complete chemical analysis of the Ilimaus-
saq leucophanite is of the material from the locality in
the Kangerluarsuk area visited by Semenov in the ear-
ly 1980s, and is reproduced in Table 1. The REE spec-
trum (in per cent) is given as:
Lallvl)CeSSZPrS.()Nd24.()Smi.5Gd().ZTbZ.ODYZ.7Er0.3Yb0.ZY9.O'

The SEM energy dispersive (X-ray) spectra of the
leucophanite from the two new localities in the Ili-
maussaq alkaline complex are both in perfect agree-
ment with that of the leucophanite from Kangerluarsuk
for which complete quantitative chemical data are
available (Semenov et al. 1987).

Unit cell parameters

Leucophanite crystallises orthorhombic (The MINER-
AL Database 1997), pseudotetragonal. The unit cell



parameters refined from Gandolfi-type powder pat-
terns, CuKa radiation, A = 1.54178 A, were found to
be: a = 7.38-7.40, b = 7.40-7.41, ¢ = 9.96-9.95 all *
0.01 Aand a = 7.43, b = 7.43, ¢ = 9.90, all + 0.01 A,
from the new localities in Kangerluarsuk and on Na-
kkaalaaq, respectively. The unit cell parameters of the
Ilimaussaq leucophanite are thus in good agreement
with those obtained from a Guinier-Higg type pow-
der pattern, CuKo radiation with quartz as internal
standard, of the leucophanite of Semenov et al. (1987)
but never published: a = 7.39, b = 7.41 and ¢ = 9.98 A,
and with those given in the literature: a = 7.401, b =
7.412, ¢ = 9.990 A (The MINERAL Database 1997).

Conclusion

The successive finds of leucophanite in Ilimaussaq
have led to more and more detailed knowledge of its
properties, and with the determination of the unit cell
parameters of the material from the two latest finds a
full set of data for the leucophanite from Ilimaussaq is
available for the first time.
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Notes on ephesite, terskite, Na-komarovite,
ceriopyrochlore-(Ce), joaquinite-(Ce) and other minerals
from the llimaussaq alkaline complex, South Greenland

Evgeny |. Semenov

The Semenov (1969) memoir on the mineralogy of the Ilimaussaq alkaline massif mentioned a
number of minerals under preliminary names. The present status of these minerals is reported
together with new data on ephesite, which was mentioned as white mica in 1969. The mineral
described as white Zr-silicate is terskite, the white Nb-silicate is the new mineral Na-komarovite,
the red Mn-silicate is Mn-Fe-sepiolite, and the Mn-palygorskite should now be termed

yofortierite.

Fersman Mineralogical Museum, Russian Academy of Sciences, Leninski Prospect 18, korpus 2,
Moscow 117071, Russia. E-mail: semenov@minmuz.msk.su
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In the memoir on the mineralogy of the Ilimaussaq
alkaline massif (Semenov 1969) a number of minerals
were described under preliminary names: Ce-
pyrochlore, Si-pyrochlore, hydropyrochlore, Nb-
rinkite, Ta-rinkite, avicennite, hydrorinkite, animikite,
white Ce-silicate, white Ce-phosphate, white Nb-sili-
cate, red Mn-silicate and white mica mineral. The
present status of these minerals is reported below.

Mineralogical notes

Brown Ce-pyrochlore, Na Ca, Ce Nb,OF, should be
named ceriopyrochlore-(Ce) (formerly marignacite).
The mineral described as hydropyrochlore is an al-
tered variety of pyrochlore.

Yellow Si-pyrochlore, (Na,Ca) (Nb,S1),0,, is similar to
the endeiolite from the Narssarssuk locality and is con-
sidered to be an impure pyrochlore as is chalcolamprite
(Hogarth 1977; Clark 1993). The Si content may be a
mechanical admixture, but it should be examined
whether Nb can substitute for Si in this mineral group.

White Ce-phosphate, HCaCe(PO,), 2H O, is a Ca-bear-
ing rhabdophane.

Rinkite group minerals with low contents of the REE
were proposed in the 1969 memoir (Semenov 1969,
p. 46) to be called rinkolite or lovchorrite; minerals

Geology of Greenland Survey Bulletin 190, 123-125 (2001) © GEUS 2001

with similar contents of Nb and Ti were proposed to
be called rinkite, and the Nb-rich member was pro-
posed to be named Nb-rinkite, Na,Ca,CeNDbSi O F..
The last-named mineral has subsequently been
described as the new mineral nacareniobsite-(Ce) by
Petersen et al. (1989), who also recommended that
this mineral group is best described under the rinkite
group. With regard to the mineral nacareniobsite, it
should be pointed out that the altered varieties have
low contents of Na, Ca and partly Si. Nb-rinkite would,
in my opinion, have been a better name, but this name
was not approved by the IMA Commission on New
Minerals and Mineral Names.

Some of the chemical analyses of rinkite minerals
published in 1969 contained up to 10 wt% Ta,O,
(Semenov 1969, p. 48). These samples should be re-
examined.

The mineral described as hydrorinkite is an altered
form of rinkite.

Joaquinite was originally described as a REE-free Ba
mineral (Palache & Foshag 1932), but Semenov et al.
(1967) discovered the mineral in the Illimaussaq com-
plex and found that it contains 22.59 wt% REE,O,.
The pure Ba mineral has later been described by Wise
(1982), who established two new minerals in the
joaquinite group: strontiojoaquinite and bario-ortho-
joaquinite and also defined the REE-bearing members
joaquinite and orthojoaquinite. The REE-containing
mineral from the Ilimaussaq complex should, accord-
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Table 1. Microprobe analyses of zoned crystals of steenstrupine from the llimaussaq alkaline complex

Sample No. 501497 50-149.7 50-150.6 50-150.6 198104 199104
centre {5) fim (6) centre (2} fim (1) centre (4) rim (1)
30, 2694 2175 2754 2598 2740 27.06
fio, 0.18 0.07 028 0.18 0.25 0.20
10, na na. na. na. 141 233
Tho, 395 042 413 1.40 5.04 1,83
41,0, na. na. na. na. 028 0.04
4,0, 878 12.85 8.94 1422 1149 17
%80, 1457 1553 13.80 1376 1574 16.49
0, 1.29 1.04 128 154 239 2.08
44,0, 372 2.80 350 2.78 401 422
m0, 031 019 019 015 na na
0 147 1.06 156 031 1.05 0.10
80 434 250 3.96 185 387 342
#nd 361 6.2 38 569 442 5.00
280 218 1.58 2.00 165 1.88 195
310 0.10 0.14 007 011 na. na.
a0 841 12.98 788 13.65 2.75 6.59
0 0.05 0.02 020 031 na. na
20 9.38 11.26 850 9.35 11.31 12.30
4b,0; 0.10 0.24 0.13 067 na na
10 né _na e e on %
89.34 96.64 87.38 93.60 93.89 95.75
fRE,0, 2867 3241 2N 3245 3383 3458
2,0/Ng,0, 236 459 255 512 286 279

Analyses in oxide wi%. H,0 and F have not been analysed which explains the low totals.

“igures in brackets: number of analyses.

1.2 = not analysed.

Samples 50-149.7 and 50-150.6 are from dbill core 50 at 149.7 and 150.6 m, respectively. Analyst: G.N. Nechely
199104 is a GGU sample from Makovicky & Karup-Maller {1981, recalculated from element wi% to oxide wi%.

ing to the now accepted nomenclature for REE miner-
als, be termed joaquinite-(Ce) (cf. Clark 1993; Fleischer
& Mandarino 1995).

The white Zr-silicate in the 1969 memoir (Semenov
1969, p. 75) has been found to be a hydrated Na,O-
poor version of terskite, Na ZrSi O .(OH), H,O (Kho-
myakov et al. 1983). A chemical analysis is presented
in Table 1.

The white Nb-silicate (Semenov 1969, p. 55) has been
found to be the sodium analogue,
(Na,Ca,H),Nb,Si O, (OH,F),-H,0,

of komarovite which was first described by Portnov
et al. (1971) from the Lovozero complex, Kola Penin-
sula. The Ilimaussaq mineral should consequently be
termed Na-komarovite (Krivokoneva et al. 1979). A
chemical analysis is presented in Table 1.

The white mica of the 1969 memoir (Semenov 1969,
p. 96) was originally found to be related to ephesite,
though too low in Li and Na to be assigned to this
mineral. New chemical analyses of the alkali metals
by flame photometry have, however, shown a practi-
cally identical composition to the mineral from
Postmasburg, South Africa (Table 2; cf. Schaller et al.
1967) and it should therefore be termed ephesite,
NaLiAl (ALSi O, (OH)..

10
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Table 2. Equiilibrium assemblages involving Be
minerals and observed reaction textures in the
lHHimaussaq alkaline complex
(Na—Be—AI-Si—O—H-CI system only)

Assemblages

chkalovite + sodalite
chkalovite + ussingite
chkalovite + albite
chkalovite + natrolite (?)

tugtupite + albite + analcime
tugtupite + sphaerobertrandite + analcime
tugtupite + chkalovite + analcime 4+ albite (7)
eudidymite + epididymite + albite

eudidymite + albite + quartz

epididymite + sphaerobertrandite

bertrandite + analcime

beryllite + analcime

Reaction textures

chkalovite + sodalite — tugtupite + analcime
chkalovite + albite — analcime + tugtupite (?)

chkalovite —> epididymite + sphaerobertrandite
chkalovite + ussingite — tugtupite + analcime

chkalovite — beryllite

chkalovite | — chkalovite Il

eudidymite + epididymite + albite — tugtupite + analcime
epididymite —> bertrandite (?)

epididymite — beryllite

analcime —» ussingite

Compiled from Andersen (1966); Semenov & Sosrensen (1966);
Engell et al (1971) Swerensen ef al. (1971) and own
observations.

The Ilimaussaq ephesite has been found in luja-
vrite pegmatites in their central hydrothermal zones
where it is associated with pink cryptocrystalline albite
and spherulitic white natrolite. It forms white shining
flakes measuring 3 X 2 x 1 mm. The optical properties
are similar to those reported for ephesite: 2V ~ 60°, y
= 1.62, oo = 1.60. The unit cell dimensions have been
determined as: @ = 5.11, b=8.86 and c = 19.14 A, B =
95°. There is an endothermic reaction at 900°C. It is a
mica polytype 2M, but the major part (70%) of the
larger flakes of Ilimaussaq ephesite belong to the
unordered modification 1Md: a = 5.11, b = 8.86, ¢ =
9.69 A, B = 100°, that is with half length of the ¢ axis.
The mineral thus displays two or three structural modi-
fications.

Mn and Fe members of sepiolite (X-ray main reflection
12 A) and palygorskite (10 A) are of widespread oc-
currence in the Ilimaussaq as well as the Lovozero
complexes. The Mn analogue of palygorskite has been
described as yofortierite by Perrault et al. (1975). The
Na-Mn analogue was described as raite (Merkov et al.
1973) and the Fe variety as tuperssuatsiaite (Karup-
Mgller & Petersen 1984). Of these minerals yofortierite
and tuperssuatsiaite occur in the Ilimaussaq complex.

The red Mn silicate of Semenov (1969, p. 103) has
been found to be Mn-Fe-sepiolite, Mn Fe Si O (OM),
0H,O.

Discarded minerals. Some minerals mentioned by
Semenov (1969) have later been discarded from the
list of Ilimaussaq minerals. They are animikite (p. 22),
vudjavrite (p. 52) and zirfesite (p. 77). According to
Clark (1993), animikite is a mixture of silver, galena



and nickeline, vudjavrite is an amorphous alteration
product of lovchorrite (altered rinkite), and zirfesite is
an alteration product of eudialyte.

The mineral mentioned by Semenov (1969, p. 26)
as maucherite has been shown to be westerveldite
(Karup-Mgller & Makovicky 1977; Oen et al. 1977).
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Thalcusite from Nakkaalaaq, the llimaussaq alkaline

complex, South Greenland

Sven Karup-Mgller and Emil Makovicky

Thalcusite from a new locality in the [limaussaq complex, the Nakkaalaaq mountain, occurs in
a coarse ussingite—aegirine vein and is associated with sphalerite and cuprostibite. The empir-
ical composition is Tl (K Cu, Fe .S . Secondary tenorite-Sb oxide aggregates are devel-
oped along cleavages. Tarnish products are essentially pure Cu® sulphide. All three layered
thallium sulphides from the Ilimaussaq complex, thalcusite, chalcothallite and rohaite, contain

K substituting for TI. Varieties with K > Tl were not found in the massif.
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Three primary thallium sulphides have been found in
the Ilimaussaq alkaline complex: chalcothallite, rohaite
and thalcusite (Semenov et al. 1967; Karup-Moller
1978a; Kovalenker et al. 1978; Makovicky et al. 1980).
Chalcothallite and rohaite are only known from the
Ilimaussaq complex, whereas thalcusite occurs at four
other localities: the type locality Talnakh, Noril’sk
region, Polar Siberia, Russia (Kovalenker et al. 1976),
the Murun massif, Aldan Shield, Yakutia, Russia
(Dobrovol’skaya et al. 1984; Dobrovol’skaya & Nekras-
ov 1994), Rajapura-Dariba, Rajasthan, India (Mookher-
jee et al. 1984) and Mont Saint-Hilaire, Quebec, Canada
(Mandarino & Anderson, 1989).

At Ilimaussaq chalcothallite has been found in uss-
ingite-bearing hydrothermal veins on the Taseq slope,
and rohaite in sodalite—analcime veins on the Kvane-
field plateau. Cuprostibite and a few common sul-
phidesare presentatboth localities. See Sgrensen (2001,
this volume) for a map of the localities mentioned in
the text and a brief description of the complex.

Thalcusite, Tl (Cu,Fe)S,, has been found at three
localities within the Ilimaussaq complex: in ussingite
veins on the Taseq slope containing chalcothallite and
cuprostibite, disseminated in naujaite at the head of
the Kangerluarsuk fjord in the southern part of the
complex and recently also on the top plateau of the
Nakkaalaaq mountain in the northern part of the com-
plex.

Geology of Greenland Survey Bulletin 190, 127-130 (2001) © GEUS 2001

Mode of occurrence

The thalcusite-bearing sample from Nakkaalaaq meas-
ures seven by five centimetres. It is composed of coarse
ussingite containing a few up to several centimetres
long aegirine crystals and opaque mineral aggregates.
One such aggregate is composed of sphalerite inter-
grown with thalcusite and partly altered cuprostibite,
and another is composed of only thalcusite. In the
latter opaque cluster, thalcusite forms a platy aggre-
gate half a centimetre in cross-section and about one

Fig. 1. Polished thalcusite aggregate with tenorite (dark) along

the open cleavage planes. SEM image; scale division 10 pm.
Sample GM 2001.1 (Geological Museum, Copenhagen).
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Table 1. Microprobe analyses of thalcusite

Thalcusite Tarnish* Supergene alteration

Av. wit% St. dev. Mol. ratio Av. wt% St. dev.

Tl 50.10 (138) 18.60 11.2 0.4 (2)

K 0.43 (10) 0.83 0.15 0.02 (2)

Cu 23.49 (38) 28.05 53.3 74.8 (39)

Fe 9.68 (18) 13.15 2.6 0.4 (1)

Sb 0.07 4) 0.05 5.1 (17)

Cl 0.02 (3) 0.04 1.1-2.7¢ 0.7 (1)

S 16.60 (36) 39.28 11, -13~ 0.03 (3)
100.38 100.00 814

* Limiting values for the tarnishing product of thalcusite after exposure to air for three years.
Numbers in parentheses are standard deviations in terms of the last digit.
All analyses stem from sample GM 2001.1 (Geological Museum, Copenhagen).

millimetre in thickness. The individual grains of the
aggregate are split and partly crumpled along the ba-
sal cleavage plane (001) (Fig. 1). Alteration of the ag-
gregate has resulted in loss of much of the aegirine
and in malachite staining. The sample is assumed to
come from nearby unexposed ussingite-bearing hy-
drothermal veins; such veins are exposed elsewhere
on the plateau.

This mode of occurrence appears similar to that of
thalcusite from the Taseq slope, as judged from the
photographs of Kovalenker et al. (1978). On the Taseq
slope thalcusite occurs intergrown with cuprostibite
and gudmundite. The mode of occurrence also re-
calls that of chalcothallite (Semenov et al. 1967; Mak-
ovicky et al. 1980).

Experimental

X-ray identification of thalcusite was made with a
Gandolfi Camera, using CuKa radiation. Microprobe
analyses were carried out with a JEOL Superprobe 733
using wavelength dispersive mode with an on-line
correction program supplied by JEOL. Standards used
were synthetic Cu,SbS, for Cu, Sb and §, synthetic FeS
for Fe, and natural TIAsS, and KCI for Tl, K and CL
Wavelengths used were CuKe, SbLa, SKa, FeKa, TI-
La, KKoe and ClKa. Detection limits for all seven ele-
ments were c¢. 0.2 wt%.

Chemical composition of thalcusite

Fifty-four point analyses of the thalcusite aggregate
gave consistent results (Table 1). The resulting molar
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ratios give the empirical formula Tl K  Cu, Fe .S .
The quality of the analysis is influenced by the condi-
tion of the weathered aggregate. Cl and Sb are present
only in trace amounts. Thalcusite at Nakkaalaaq is rich-
er in iron and thallium than thalcusite from Taseq
which, according to Kovalenker et al. (1978), has the
formula TI , K| Cu, Fe S . Both differ in compo-
sition from thalcusite at the head of Kangerluarsuk
which is K-free, Tl ; Cu, Fe 'S  ~(Makovicky et al.
1980). At the last-named locality the mineral is asso-
ciated with galena, troilite and djerfisherite and is partly
altered to covellite and chalcopyrite.

In spite of its crystallisation in Na-rich environments,
thalcusite has a Tl- and K-based structure. These cat-
ions are eightfold co-ordinated by sulphur. Being a
smaller cation, Na* does not fit this co-ordination and
structure type; it is octahedrally co-ordinated as, e.g.,
in NaCu,S, (Effenberger & Pertlik 1985).

The absence of Sb in the mineral shows lack of any
potential interlayers with chalcothallite or rohaite com-
positions, even for thalcusite associated with cupros-

tibite and gudmundite at Taseq.

Supergene alteration

Along some contorted cleavage planes thalcusite is
interlayered with a fine-grained aggregate (Fig. 1) which
under the microprobe beam gave a homogeneous set
of 14 analyses (Table 1). These data agree very closely
with tenorite (CuO) with an admixture of Sb oxides
(or even a Cu-Sb oxide) of unknown composition.
The fairly uniform oxide mixture (Sb varies from
2.6 t0 8.0 wt%) with the summary formula Cu,, Tl ,Fe
sb, Cl, S

1S, cannot be explained as an oxidation prod-



Fig. 2. Euhedral thalcusite growing into a cavity now filled with

tenorite (dark). SEM image. Scale division 10 pm. Sample GM
2001.1 (Geological Museum, Copenhagen).

uct of thalcusite. Tt undoubtedly originates from the
oxidation of a mixture of cuprostibite and chalcosite,
originally deposited between the split thalcusite flakes.
The textural evidence (Fig. 2) supports this conclu-
sion: surfaces of thalcusite show signs of primary crys-
tal growth.

Tarnishing of thalcusite

Tarnishing of polished sections is a common but little
studied phenomenon. Chen et al. (1980) examined
tarnishing of Ag-bearing chalcopyrite and the chal-
copyrite-silver pair. The tarnish is an Ag,S film en-
croaching upon chalcopyrite. Their investigation of
fast tarnishing tennantite (< 0.9 wt% Ag) showed sec-
ondary products spreading quickly as rims and den-
dritic coatings over adjacent silicates and epoxy.
Microprobe and X-ray diffraction data indicated digen-
ite in the first-stage coating, and dendritic coatings,
gradually replaced by chalcosite with time. Both nodular
structures and branched dendritic coatings developed.

Mozgova et al. (1994) reported on tarnish products
in 10-30 years old sections containing Cu and Ag sul-
phides and sulphosalts. They found that acantite and
Cu sulphides were the principal tarnish product, and
they identified the Cu sulphides as chalcosite and djur-
leite. There was a wide range of starting materials —
bornite, Ag, Ag-bearing tetrahedrite, etc. Both Chen
et al. (1980) and Mozgova et al. (1994) emphasise dif-
fusion of Ag and Cu from and over the surface of the
primary minerals and their reunion with S into simple
sulphides. Finally Mozgova & Tsepin (1983) observed
growth of AgS dendrites on the surface of Ag-bear-

Fig. 3. Secondary Cu,S growth along polishing scratches and
contorted cleavage on the surface of polished thalcusite. Com-
pare with Fig. 1, top centre SEM image. Scale division 10 pm.
Sample GM 2001.1 (Geological Museum, Copenhagen).

ing tetrahedrite (4—5 wt% Ag) during prolonged exci-
tation by the microprobe beam.

Tarnish products were observed on thalcusite after
the polished section had been exposed to air for three
years. They belong to the nodular type (Fig. 3). Lines
of globular secondary products outline either cleav-
age planes of thalcusite or the polishing scratches
across its surface. The multiple microprobe analyses
reflect the thinness of the coating by yielding mix-
tures of the compositions of thalcusite and of the new
product in variable proportions. The original 23.5 wt%
Cu gradually increases to 53.3 wt%, accompanied by
a fall in TI values from 50.1 wt% down to 11.2 wt%,
decrease in Fe from 9.7 wt% to 2.6 wt%, drop in K to
values of 0.15 wt% and in S from 16.6 to about 11-13
wt%. The analytical totals change to 80.6-85.0 wt%
and chlorine appears, reaching up to 1.1-2.7 wt%. The
Cu:S ratio is close to 2:1, indicating that the product is
Cu,S, chalcocite, or very close to it. Calculating the
weight deficit as oxygen shows that the investigated
phase cannot be a sulphate or a sulphite of copper. Tl
apparently is not concentrated; the role of secondary
chlorine is unclear. Slight repolishing entirely removes
the secondary products.

Mineralogical implications

Potassium contents in sulphides are rare and appear
confined to alkaline intrusive massifs and to the late
products of the Cu—Ni sulphide magmas in the Noril’sk
Intrusion. The presence of potassium in the layered
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sulphide and sulphide—antimonide structures (thal-
cusite, chalcothallite and rohaite) appears to be con-
fined to late veins (ussingite or sodalite—analcime) of
the Ilimaussaq complex. Thalcusite enclosed in nau-
jaite at Kangerluarsuk is K-free (Makovicky et al. 1980).
The potassium analogue of thalcusite, murunite K Cu,-
FeS, (Dobrovol'skaya & Nekrasov 1994), has not been
found in the Ilimaussaq complex. Djerfisherite is the
only other K-bearing sulphide present (Karup-Moller
1978b).

Synthetic selenides related to bukovite, T1,Cu,FeSe,,
(Johan & Kvacek 1971), a selenium analogue of thal-
cusite, TI,Cu,FeS , stretch over a rich spectrum of Cu-
Tl stoichiometries, most of them being richer in Cu
than bukovite (Berger 1987). They may be layered
structures (TlCu,Se,, TICu Se)) or tunnel structures
(TICu,Se,, TICu,Se,). Berger (1987) has also established
that the mineral sabatierite, TICu,Se,, has a layered
structure whereas crookesite, TICu_Se,, is a tunnel
structure. None of these Cu-rich thallium selenides or
corresponding sulphides have so far been observed
in the Ilimaussaq complex. Instead, their role appears
to be taken by chalcothallite, TI, M, .SbS, (M = Cu, Fe;
Cu/Fe ~ 8/1) and rohaite, TL,M, _Sb.S (M = Cu).
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Hiortdahlite Il from the llimaussaq alkaline complex,
South Greenland, the Tamazeght complex, Morocco, and

the lles de Los, Guinea

Encarnacion Roda Robles, Francois Fontan, Pierre Monchoux, Henning Serensen and

Philippe de Parseval

At Tlimaussaq hiortdahlite has only been known from a dyke located immediately to the
south-east of the complex. This mineral has now been found in a pegmatite horizon in the
sodalite-rich rock naujaite of the complex. It appears to be earlier than eudialyte and is regarded
as having been formed at low alkalinity at an early stage of naujaite formation. The optical and
X-ray parameters are identical to the data for hiortdahlite from Kipawa, Quebec, and indicate

that the Ilimaussaq mineral is type II hiortdahlite.
Minerals from the Iles de Los, Guinea, and the Tamazeght complex, Morocco, have been
examined by optical and X-ray methods and chemical analysis, and are shown also to be

hiortdahlite II.
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Hiortdahlite, (Ca,Na),(Zr,TDSi,0(O,F),, is a relatively
rare mineral, only known from alkaline rocks. It is a
sorosilicate belonging to the cuspidine—lavenite—woh-
lerite group. It was first mentioned in a preliminary
way by Brogger in 1888 and described in detail by the
same author in 1890 from Arg in Langesundsfjord in
the south-western part of the Oslo igneous province,
Norway, where it occurs in a medium-grained, trach-
ytoid nepheline syenite dyke. Neumann (1985) reports
a few other occurrences of hiortdahlite in the Lange-
sundsfjord area and in a granite near Skien to the north
of Langesundsfjord.

Hiortdahlite is known from a few other localities.
Lacroix (1910) expressed the view that hiortdahlite
most probably also occurs in the nepheline syenites
of the Iles de Los, Guinea, which has been confirmed
by our studies (see below). Di Franco (1942) reported
the mineral from Mt. Etna, Sicily, and Kapustin & Byk-
ova (1965) reported it from the Korgeredaba alkaline
complex, Sangilen Upland, SE Tuva, Russia. Kempe &
Deer (1970) identified the mineral in the Kangerd-

Geology of Greenland Survey Bulletin 190, 131-137 (2001) © GEUS 2001

lugssuaq alkaline complex, East Greenland, and Larsen
& Steenfelt (1974) from an iron-rich peralkaline pho-
nolite dyke immediately to the south-east of the Ilimaus-
saq complex, South Greenland; no chemical analyses
or other information about the mineral were reported.

Aarden & Gittins (1974) presented chemical and X-
ray data for hiortdahlite from the Kipawa River com-
plex, Quebec, Canada, where it sometimes occurs in
almost monomineralic veinlets in pyroxenite and
amphibolite belonging to a regionally metamorphosed
alkaline complex. Chemical and X-ray data have also
been reported for hiortdahlite found in a phonolite
dyke from the Jingera Rock syenite complex, New
South Wales, Australia (Eggleton et al. 1979). The min-
eral X described by Kadar (1984) from the Tamazeght
nepheline syenite complex in the High Atlas Moun-
tains at Midelt, Morocco, has been found to be hiort-
dahlite (see below).

Merlino & Perchiazzi (1985, 1987) determined the
crystal structure of hiortdahlite and distinguished hiort-
dahlite T and II, which co-exist at Kipawa River. Both
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are triclinic, but hiortdahlite I differs from type I in
being pseudomonoclinic. They found that the type
material from the Langesundsfjord and the Jingera Rock
mineral is hiortdahlite I.

Hiortdahlite from the Ilimaussaq
complex

Hiortdahlite has recently been found occurring as a
subordinate mineral in a horizon of naujaite pegmatite
(Fig. D in the NW corner of the bay Tupersuatsiaat on
the south coast of the fjord Tunulliarfik (see Sgrensen
2001, fig. 1, this volume, for the locality names men-
tioned in the text). These horizons are characterised
by up to 10 cm long prismatic crystals of sodalite which
have grown downwards from the hanging wall of the
pegmatites at right angles to the horizontal contacts
against the overlying naujaite (Sgrensen & Larsen
1987). The sodalite crystals are partially replaced by
analcime with preservation of their crystal forms. In-
terstitial to the sodalite are plates of microcline, crys-
tals of nepheline, eudialyte and rinkite, and irregular
grains of aegirine which often have cores of arfved-
sonite in parallel growth, and aenigmatite. Small flakes
of biotite and aggregates of natrolite are late minerals.
The biotite flakes grow on the faces of the aegirine
grains, whereas the natrolite occurs interstitially and
as fracture fillings in analcime secondary after the elon-
gated crystals of sodalite.

Hiortdahlite occurs as yellow-brown crystals asso-
ciated with eudialyte and with aggregates of aegirine
(Figs 2, 3). It is separated from the eudialyte by pow-
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Fig. 1. The pegmatite at Tupersuatsiaat
showing prismatic grains of sodalite
(white) growing downwards from the con-
tact against the overlying naujaite. Ham-
mer head measures 12 cm.

dery reaction zones which, using the Debye—Scherrer
method, have been identified as mixtures of hiort-
dahlite and catapleiite. There are no reaction zones
against the aegirine.

Optical properties. The mineral is weakly pleochroic:
Y = amber yellow, o0 = B = pale yellow or colourless.
There is a strong dispersion: r < v, 2V (+) ~ 60°, o =

Fig. 2. Hand specimen (sample 104378, Geological Institute,

University of Copenhagen) showing crystal of hiortdahlite (h)
enclosed in eudialyte (e), scale = 1 cm. Photo: Ole Bang Ber-
thelsen.



Fig. 3. Crystal of hiortdahlite (h) showing
complex twinning. It is covered and
intergrown by aggregates of fine-grained
catapleiite (c, black area near left margin
of photograph). Right part of photograph:
an aegirine crystal (ae) and two crystals of
eudialyte (e) showing zonation; centre right
nepheline (n). Matrix is made up of fine-
grained natrolite. Sample 104378 Geologi-
cal Institute (same as Fig. 2), crossed polars,
scale bar 0.6 mm.

Table 1. Microprobe analyses of zoned crystals of steenstrupine from the llimaussaq alkaline complex

Sample No. 50-149.7 50-149.7 50-150.6 50-150.6 199104 199104
centre (5) rim (6) centre (2) rim (1) centre (4) rim (1)

Sio, 26.94 27.75 27.54 25.98 27.40 27.06
TiO, 0.16 0.07 0.28 0.18 0.25 0.20
Zr0, n.a. n.a. n.a. n.a. 1.41 2.33
ThO, 3.95 0.42 413 1.40 5.04 1.83
ALO, n.a. n.a. n.a. n.a. 0.28 0.04
La,0, 8.78 12.85 8.94 14.22 11.49 11.79
Ce,0, 14.57 15.53 13.80 13.76 15.74 16.49
Pr,0, 1.29 1.04 1.28 1.54 2.39 2.08
Nd,O, 3.72 2.80 3.50 2.78 4.01 4.22
Sm,0, 0.31 0.19 0.19 0.15 n.a. n.a.
Y,0, 1.47 1.05 1.56 0.31 1.05 0.10
FeO 4.34 2.50 3.96 1.85 3.87 3.42
MnO 3.61 6.22 3.42 5.69 4.42 5.00
Ca0l 2.18 1.58 2.00 1.85 1.88 1.95
S0 0.10 0.14 0.07 0.11 n.a. n.a.
Na,0 8.41 12.98 7.88 13.65 2.75 6.59
K,O 0.05 0.02 0.20 0.31 n.a. n.a.
PO 9.36 11.26 8.50 9.35 11.31 12.30
Nb,O; 0.10 0.24 0.13 0.67 n.a. n.a.
U,04 n.a. n.a. n.a. n.a. 0.70 0.35
89.34 96.64 87.38 93.60 93.89 95.75

2RE,0, 28.67 32.41 27.71 32.45 33.63 34.58
La,0,/Nd,0, 2.36 4.59 2.55 5.12 2.86 2.79

Analyses in oxide wi%. H,O and F have not been analysed which explains the low totals.

Figures in brackets: number of analyses.

n.a. = not analysed.

Samples 50-149.7 and 50-150.6 are from drill core 50 at 149.7 and 150.6 m, respectively. Analyst: G.N. Nechelyustov.
199104 is a GGU sample from Makovicky & Karup-Mgller (1981), recalculated from element wt% to oxide wt%.
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1.643, B = 1.645 and vy = 1.656. The mineral shows
polysynthetic twinning (Fig. 3).

Crystallography. The Ilimaussaq hiortdahlite was iden-
tified by its X-ray diffractogram (Table 1) which is iden-
tical to that of the hiortdahlite from Kipawa River
(Aarden & Gittins 1974). The unit cell parameters were
calculated by the least squares method (Table 2) and
are very similar to the data on the Kipawa River hiort-
dahlite presented by Aarden & Gittins (1974).

The cell parameters and the refractive indices indi-
cate that the Ilimaussaq hiortdahlite belongs to type 11
of Merlino & Perchiazzi (1987).

Infra-red spectroscopy and thermogravimeltric analy-
sis. The infra-red absorption spectrum recorded on a
tablet of hiortdahlite and KBr shows a sharp band at
3430 cm™ corresponding to (OH) in the H, vibration
field.

The thermogravimetric analysis shows a loss of
weight of 0.70% between 200 and 400°C. X-ray dif-
fraction analysis of the powder after heating to 1000°C
shows no significant structural change.

Chemical analysis. The hiortdahlites from the Ilimaus-
saq, Iles de Los and Tamazeght complexes were chem-
ically analysed by electron microprobe (Table 3). The
chemical analyses of the hiortdahlite from Ilimaussaq,
Iles de Los and Tamazeght show that the Ilimaussaq
mineral has the highest contents of Nb and F and that
the inverse relation between Nb and F proposed by
Mellini & Merlino (1979) for wohlerite does not exist
in any of these samples of hiortdahlite.
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Hiortdahlite from Iles de Los and
Tamazeght

lles de Los, Guinea. Lacroix (1910) presented a partial
description of a mineral which is abundant in a biotite-
eudialyte-lavenite nepheline syenite. It shows various
shades of yellow to brown colours and a glassy lustre
on the crystal faces, but greasy on fracture surfaces.
There is polysynthetic twinning, a weak pleochroism,
v = like yellow wine, B = clear yellow, o = colourless.
These properties led Lacroix (1910) to suggest that
this mineral may be related to the hiortdahlite described
by Brogger (1890). G.C. Parodi and J. Skrok, Muséum
d’Histoire Naturelle, Paris, France, kindly made avail-
able to us the material examined by Lacroix (MNHN
n° 119-115). The X-ray powder diagram (Table 1) clearly
indicates that the mineral is hiortdahlite, and the pa-
rameters presented in Table 2 show that it is hiort-
dahlite II. The electron microprobe analysis (Table 3)
shows contents of ZrO, and F similar to those of the
Ilimaussaq hiortdahlite, whereas Nb,O, and REE,O, are
absent; their place is taken by MnO and FeO.

The Tamazeght complex, Morocco. Kadar (1984)
described a grey-white mineral with conchoidal frac-
ture and greasy appearance from a thin microsyenite
dyke near the summit of Bou Tichlilt, where it is asso-
ciated with nepheline, zircon, alkali feldspar and laven-
ite. It has vy = 1.652 and o = 1.646 and shows
polysynthetic twinning but the data obtained were
insufficient for the identification of the mineral, which
was mentioned as mineral X. We have managed to
obtain an X-ray powder diagram by the Debye—Scher-
rer method (Table 1) according to which this mineral
is hiortdahlite II (Table 2). The electron microprobe
analysis (Table 3) shows higher contents of ZrO, than
in the Ilimaussaq hiortdahlite, and the absence of
REE,O, and Nb,O.. H,O was not determined.



Table 3. Reactions used in the construction of Figures 3 to 7

Fig. 3

albite = jadeite + SiO,
albite = nepheline + 2 SiO,
jadeite = nepheline + SiO,

Fig. 5
chrysoberyl + 2 Be** + 6 SiO, + 2 H,O = beryl + 4 H*

3 chrysobery!l + 2 NaCl + 6 Na* + 4 H,O + 6 SiO, = sodalite + 3 Be*"
beryl + 2 NaCl + 6 Na* + 2 H20 + 2 SiO, = tugtupite + Be** + 4 H*

Fig. 4

sodalite + 6 SiO, = 6 jadeite + 2 NaCl
sodalite = 6 nepheline + 2 NaCl
analcime = jadeite + H,O

analcime = nepheline + H,O + SiO,
analcime + SiO, = albite + H,O

chrysoberyl + 2 NaCl + 8 Na* + Be** + 4 H,O + 8 SiO, = tugtupite + 8 H"

3 tugtupite = sodalite + 18 SiO, + 12 Na* + 6 Be** + 4 NaCl

2 euclase + Be** + 4 SiO, = beryi + 2 H*

2 euclase + 2 NaCl + 6 Na" + 3 H,O + 6 SiO, = tugtupite + 6 H*
2 euclase + 2 H* = chrysoberyl + 2 SiO, + Be* + 2 H,0O
euclase + SiO, + Na* + H* = analcime + Be**

chrysoberyl + 2 Na* + 4 SiO, + 3 H,0O = analcime + 2 H* + Be**

tugtupite + 8 H* = 2 analcime + 4 Na* + 2 Be* + 4 Si0O, + 2 NaCl + 2 H,0

2 Be** + SiO, + 2 H,O = phenakite + 4 H*
2 Na* + Be* + 2 SiO, + 2 H,0 = chkalovite + 4 H*
Na* + Be** + 3 SiO, + 2 H,O = epididymite/eudidymite + 3 H*

Fig. 6

tugtupite + 8 H* = 2 albite + 2 NaCl + 4 Na* + 2 Be** + 2 SiO, + 4 H,0O
tugtupite + 8 H* = 2 jadeite + 2 NaCl + 4 Na* + 2 Be** + 4 SiO, + 4 H,0
tugtupite + 8 H* = 2 nepheline + 2 NaCl + 4 Na* + 2 Be** + 6 SiO, + 4 H,0

sodalite + 6 H,O + 6 SiO, = 6 analcime + 2 NaCl

Fig. 7
2 phenakite + 2 Na* + 4 H* = chkalovite + 3 Be®* + 2 H,0

2 epididymite/eudidymite + 4 Na* + Be** + 2 H,O = 3 chkalovite + 6 H*

3 phenakite + Na* + 9 H* = epididymite/eudidymite + 5 Be** + 4 H,0O

phenakite + 4 Na* + H,O + 3 SiO, = 2 chkalovite + 4 H*

phenakite + 2 Na* + 2 H,O + 5 SiO, = 2 epididymite/eudidymite + 2 H*

epididymite/eudidymite + Na* = chkalovite + SiO, + H*

Paragenesis

In the Ilimaussaq complex, hiortdahlite has so far been
identified at only one locality within the complex and
in a dyke immediately to the south-east of the com-
plex. In contrast to this, the rinkite group minerals,
which are also Na-Ca-Zr-Ti-Nb sorosilicates, are of
widespread occurrence in the complex. The rinkite
group minerals differ from hiortdahlite in having dis-
tinctly higher contents of Na, Ti, Nb, Y and REE, and
lower contents of Zr, Ca and F. At Tupersuatsiaat, hiort-
dahlite occurs in a sodalite-rich naujaite pegmatite
which forms a distinct horizon in the naujaite. The
naujaite in this horizon contains scattered grains of
fayalite, hedenbergite, apatite and titanomagnetite,
which were formed at low alkalinity at an early stage
of formation of the naujaite (Larsen 1976). The hiort-
dahlite at this locality is associated with eudialyte (Figs
1, 2) and aegirine and separated from the eudialyte

by a fine-grained zone of catapleiite, which is inter-
preted as a zone of reaction indicating that the hiort-
dahlite crystallised earlier than the eudialyte. Rinkite
is generally formed after eudialyte in the naujaites.
The succession hiortdahlite — eudialyte — rinkite may
then be interpreted as an expression of increasing al-
kalinity during the crystallisation of the naujaite.
According to Larsen & Steenfelt (1974), hiortdahl-
ite in the dyke locality to the south of the complex is
restricted to alkali-poor parts of the dyke, where it is
associated with zircon. This part of the dyke is made
up of perthitic alkali feldspar, nepheline, sodalite, ae-
girine-hedenbergite, biotite, magnetite, apatite, fluor-
ite and pyrrhotite. The alkali-rich parts of the dyke
are made up of an agpaitic mineral assemblage corre-
sponding to the early stages of the roof-series of the
Ilimaussaq complex (Larsen & Sgrensen 1987). Pheno-
crysts of fayalite, diopside-hedenbergite, nepheline,
alkali feldspar and minor magnetite are set in a matrix
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of microcline and albite in separate grains, nepheline,
sodalite, aegirine, arfvedsonite, eudialyte, aenigma-
tite, apatite, fluorite, pyrite and late analcime and na-
trolite. The alkali-poor parts of the dyke are found
close to the Ilimaussaq complex and its mineral as-
semblage is interpreted to have formed as a result of
loss of alkalis because of heat from the adjacent intru-
sion.

This interpretation is in accordance with the de-
scription of the Langesundsfjord occurrence of hiort-
dahlite (Brogger 1890). There, hiortdahlite is restricted
to a suite of medium-grained dykes made up of mi-
croperthitic alkali feldspar, lepidomelane and nephe-
line. These dykes are poor in mafic minerals and
sodalite and without eucolite (eudialyte), mosandrite
(rinkite), astrophyllite, catapleiite and leucophanite,
minerals which are important in pegmatites in other
parts of this contact zone of the Oslo igneous prov-
ince. Brogger (1890) mentions that the medium-grained
dykes containing the hiortdahlite also contain homi-
lite, erdmannite, 16llingite, zircon, fluorite, molybden-
ite, titanite, Y-garnet, rare wohlerite, analcime and
zeolites. According to this description hiortdahlite is
restricted to alkali-poor nepheline syenite dykes.

The Kipawa River hiortdahlite, according to Aarden
& Gittins (1974) and Gittins et al. (1976), occurs in
almost monomineralic veins in alkaline amphibolite
and is associated with zircon, britholite, fluorite, albi-
te, nepheline and calcite. It is not clear from the de-
scriptions how these veins are related to the
occurrences of eudialyte, wohlerite, agrellite, miser-
ite, rinkite and vlasovite in this complex.

The Tamazeght hiortdahlite is also associated with
zircon.

The Iles de Los hiortdahlite appears from the de-
scription of Lacroix (1910) to be associated with nephe-
line, eudialyte, lavenite and biotite. According to
Lazarenkov (1975) hiortdahlite is an accessory miner-
al in foyaites, which also contain wohlerite.

The hiortdahlite from Jingera Rock occurs in a me-
tre-wide phonolite dyke made up of aegirine, alkali
feldspar and interstitial sodalite and nepheline. The
hiortdahlite contains inclusions of magnetite and ap-
ophyllite(?) (Eggleton et al. 1979).

The description of the occurrences of hiortdahlite
at Kangerdlugssuaq, Mt. Etna and Korgeredaba, Tuva
referred to above do not supply sufficient informa-
tion about the paragenetic relations to allow a com-
parison with the data from Langesundsfjord,
Ilimaussaq, Kipawa River, Iles de Los and Tamazeght.
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Conclusions

This survey of the mineral associations, in which hiort-
dahlite is reported to occur, does not lead to a clear
picture. An environment relatively poor in alkalis, Ti,
REE and Nb and rich in Zr, Ca and F appears to favour
the formation of this mineral rather than the rinkite
group minerals. The relation to lavenite is uncertain.
Hiortdahlite and eudialyte may occur in the same rock,
as described from Ilimaussaq and Iles de Los; in Ili-
maussaq hiortdahlite appears to be earlier than the
eudialyte and not formed in equilibrium with that
mineral. The Ilimaussaq occurrence of hiortdahlite is
controversial because it occurs in an alkali-rich envi-
ronment. It appears, however, to have been formed at
low alkalinity at an early stage of the evolution of the
naujaite. Other chemical parameters may, however,
also contribute to the formation of hiortdahlite. It is
interesting in this connection to note that hiortdahlite
has not been reported from the Khibina and Lovoze-
ro alkaline complexes of the Kola peninsula, which
are characterised by the occurrence of a wealth of
minerals rich in Ti, Nb and REE (cf. Khomyakov 1995;
Semenov 1997).
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Natrophosphate from the llimaussaq alkaline complex,

South Greenland

OleV. Petersen, Alexander P. Khomyakov and Henning Serensen

The rare mineral natrophosphate has been identified for the first time in the [limaussaq alkaline
complex in a drill core from the Kvanefjeld area. It occurs sparsely in zoned veinlets with cores
of natrophosphate and borders of fibrous trona. The natrophosphate is more or less smoky,
transparent and unaltered. The refractive index 7 = 1.448 + 0.005 is low compared to that given
for the material from the type locality, Khibina alkaline complex, Kola Peninsula; the unit cell
parameter a = 27.76 + 0.05 A is in excellent agreement with that given for the material from the
type locality. The veins occur in hyper-agpaitic naujakasite lujavrite; villiaumite is an associated
mineral. Only a few water-soluble minerals have so far been found in the Ilimaussaq alkaline
complex compared to the wealth of such minerals in the Khibina and Lovozero alkaline com-
plexes. This is possibly at least partly due to lack of necessary precautions during sampling.
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Natrophosphate, Na_(PO,),F-19H,0, is a rare mineral,
first described by Kapustin et al. (1972) from Yukspor
Mountain, Khibina alkaline complex, Kola Peninsula,
Russia, and subsequently from the nearby Lovozero
alkaline complex (Khomyakov & Bykova 1980). The
first well-formed crystals were reported from Mont
Saint-Hilaire, Quebec, Canada, by Mandarino & An-
derson (1989) and Horvath & Gault (1990). Recently,
natrophosphate has been described from the Aris
phonolites, Windhoek, Namibia (Petersen et al. 1997).

In 1993 a search for water-soluble minerals was
carried out on some 1000 m of drill core from the
limaussaq alkaline complex. Natrophosphate, asso-
ciated with a carbonate, was optically identified in a
small number of very thin parallel veins in drill core
49. The present report is a documentation of the Ili-
maussaq occurrence.

Occurrence and general description

The Ilimaussaq natrophosphate occurs in a small
number of less than 1 mm wide, fairly regular, parallel
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veins in drill core 49 at a depth of approximately 71.5
m. The veins are symmetrically zoned, with a core of
natrophosphate constituting up to half of the vein, and
with borders of fibrous trona, identified from a Gan-
dolfi type X-ray diagram. Trona has previously been
described as forming crusts in cavities in ussingite,
from drill cores from the same area (Sgrensen et al. 1970).
The natrophosphate is colourless or more often smoky,
transparent and, though exposed to air for quite some
time, remarkably unaltered. The snow-white trona bor-
dering the veins forms dense fibrous aggregates with
the fibres oriented perpendicular to the walls of the
veins (Fig. 1. In thin section the parallel fractures con-
taining the natrophosphate veins are closely spaced.
The veins occur in a naujakasite lujavrite containing
about 50% naujakasite and a substantial amount of
villiaumite (Fig. 1). Parallel arranged laths of micro-
cline and small prismatic grains of arfvedsonite give the
rock a distinct igneous lamination. The rock also con-
tains small prismatic grains of aegirine, altered grains
of eudialyte, and minor interstitial albite. Sphalerite
and an opaque mineral are associated with the albite.
The natrophosphate cores of the veins are associa-
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Fig. 1. Sketch showing a typical, symmetrically zoned vein of
natrophosphate and trona in naujakasite-bearing arfvedsonite
lujavrite. Drill core 49, depth approximately 71.5 m, Kvane-
fjeld, Ilimaussaq alkaline complex, South Greenland.

ted with a few small irregular grains of villiaumite; the
marginal zones consist entirely of fibrous trona. The
rusty colour of the trona in thin section in transmitted
light is ascribed to scattering of light, probably by
micro-inclusions, and the apparently low birefringence
to the very fine fibrous nature of the trona.

The veins are discontinuous and branching and can,
for instance, penetrate the grains of naujakasite along
their cleavage planes. The branches between the rock-
forming minerals and along the naujakasite cleavages
only consist of trona.

Optical properties, X-ray diffraction
and chemistry

The refractive index of the natrophosphate from Ili-
maussaq is 1.448 + 0.005, which is low compared to
the values given by Kapustin et al. (1972): 1.460-1.462
for the material from the type locality. The low refrac-
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tive index is believed to be due to the unaltered state
of the Ilimaussaq natrophosphate, i.e. the mineral has
a high content of H,O compared to the partly dehy-
drated natrophosphate from the type locality. The re-
fractive index is close to the value of 1.450 for the
natrophosphate from Aris, Namibia (Petersen et al.
1997).

The unit cell parameter refined from Gandolfi type
powder pattern, CuKa radiation, A = 1.54178 A, of the
natrophosphate from Ilimaussaq was found to be a =
27.76 £ 0.05 A, in excellent agreement with the a =
27.79 A given by Kapustin et al. (1972) for the type
material from Yukspor Mountain, Khibina alkaline
complex, Kola Peninsula, Russia.

The correct chemical formula of natrophosphate,
Na (PO, F-19H,0, was first suggested by Khomyak-
ov & Bykova (1980), and finally established by Genkina
& Khomyakov (1992) when refining the structure of
natural natrophosphate from the Lovozero alkaline
complex. The small amount of material available of
the Tlimaussaq natrophosphate, together with the ex-
treme amount of H O in natrophosphate, precluded a
full quantitative analysis.

Discussion

Only a few water-soluble minerals have so far been
found in the Ilimaussaq alkaline complex. Villiaumite
is of widespread occurrence in drill cores, though only
exceptionally at depths less than 50 m below the
present surface. Trona and thermonatrite have been
found in drill core 6 at 109.74 m (Serensen et al. 1970),
and dorfmanite in a single hand specimen from the
exploration adit in the Kvanefjeld area (Petersen et al.
1993). By comparison with the wealth of water-solu-
ble minerals in the Khibina and Lovozero alkaline
complexes (Khomyakov 1995), such minerals should
also be expected to be common late-stage minerals in
the Ilimaussaq alkaline complex. The presence of such
minerals may be inferred from numerous cavities in
the rocks of the complex and from chemical analyses
of water flowing out of the Kvanefjeld adit. The pH of
this water is 11, and the dissolved material consists of
7.7 kg/t NaF, 3.0 kg/t Na,O and 6.9 kg/t SiO,, corre-
sponding to a mixture of villiaumite and natrosilite
(Sgrensen 1982). Furthermore, the walls and roof of
the Kvanefjeld adit, and also the drill cores, are covered
with white encrustations of thermonatrite and sodi-
um acetate. This encrustation takes place within a few
days of exposure to the atmosphere. The source of



the Na must be villiaumite and other water-soluble
Na minerals whereas the source of the carbon may be
the carbon dioxide of the atmosphere and especially
the methane and other hydrocarbons from fluid in-
clusions in many of the minerals. Natrosilite and oth-
er water-soluble minerals must be collected
immediately after blasting and fracturing of rocks and
drill cores and must be protected from contact with
the atmosphere (Khomyakov 1995). This precaution
was not taken during the construction of the Kvane-
field adit and the drilling programmes in the 1960s
and 1970s because the possibility of the presence of
water-soluble minerals was not appreciated at the time.
It is therefore of great satisfaction that natrophosphate
has been preserved in drill core 49.

Not surprisingly, the natrophosphate in Ilimaussaq
has been found in the hyper-agpaitic naujakasite luja-
vrite, which is unique to the complex (Sgrensen 1997).
In the Khibina and Lovozero alkaline complexes of
the Kola peninsula, natrophosphate also occurs in
hyper-agpaitic pegmatites and veinlets where it is asso-
ciated with ussingite, natrosilite, analcime, natrolite,
villiaumite, thermonatrite, etc. (Khomyakov 1995).

References

Genkina, E.A. & Khomyakov, A.P. 1992: Refinement of the struc-
ture of natural natrophosphate. Kristallografiya 37, 1559—
1560 (in Russian). (Translation: Soviet Physics, Crystallogra-
phy 37, 844-845.)

Horvath, L. & Gault, R.A. 1990: The mineralogy of Mont Saint-
Hilaire, Quebec. Mineralogical Record 21, 283-3068.

Kapustin, LY., Bykova, A.V. & Bukin, V.I. 1972: Natrophosphate,
a new mineral. Zapiski Vsesoyuznogo Mineralogicheskogo
Obshchestva 101, 80-86 (in Russian).

Khomyakov, A.P. 1995: Mineralogy of hyperagpaitic alkaline
rocks, 223 pp. Oxford: Clarendon Press.

Khomyakov, A.P. & Bykova, A.V. 1980: Natrophosphate — the
first occurrence in the Lovozero alkalic massif. Mineral-og-
icheskiy Zhurnal 2, 88-91 (in Russian).

Mandarino, J.A. & Anderson, V. 1989: Monteregian treasures,
the minerals of Mont Saint-Hilaire, Quebec, 281 pp. Cam-
bridge: Cambridge University Press.

Petersen, O.V., Johnsen, O., Bernhardt, H.-J. & Medenbach, O.
1993: Dorfmanite, Na,HPO, 2H,O, from the Ilimaussaq alka-
line complex, South Greenland. Neues Jahrbuch fir Miner-
alogie Monatshefte 1993, 254-258.

Petersen, O.V., Fockenberg, T., Toft, P.C. & Rattay, M. 1997:
Natrophosphate from the Aris phonolites, Windhoek, Na-
mibia. Neues Jahrbuch fir Mineralogie Monatshefte 1997,
511-517.

Serensen, E. 1982: Water-soluble substances in Kvanefjeld luja-
vrite, 4 pp. Unpublished report, Risp National Laboratory,
Roskilde, Denmark.

Serensen, H. 1997: The agpaitic rocks — an overview. Minera-
logical Magazine 61, 485-498.

Sorensen, H., Leonardsen, E.S. & Petersen, O.V. 1970: Trona
and thermonatrite from the Ilimaussaq alkaline intrusion,
South Greenland. Bulletin of the Geological Society of Den-
mark 20, 1-19.

141






Two new rare-earth-rich mineral associations in the
llimaussaq alkaline complex, South Greenland

Igor V. Pekov and Irina A. Ekimenkova

Two new types of REE-rich mineral associations have been discovered at Kvanefjeld in the
northern part of the Ilimaussaq alkaline complex. Type 1 consists of ussingite veins intersect-
ing lujavrite and containing 5-7% nacareniobsite-(Ce) and 2—4% steenstrupine-(Ce); the adja-
cent altered lujavrite contains up to 10-12% nacareniobsite-(Ce). Type 2 consists of cavernous
sodalite-rich veinlets and vugs in lujavrite containing 5-8% vitusite-(Ce). The chemical compo-
sitions and unit cell parameters of REE minerals are given.

Nacareniobsite-(Ce) and vitusite-(Ce) were considered to be extremely rare minerals in the
Ilimaussaq complex. Nacareniobsite-(Ce) is now known to be of more widespread occurrence
in some hyper-agpaitic rocks of the Ilimaussaq complex, and vitusite-(Ce) is known to be the
precursor of the widespread occurrence of the yellow pseudomorphs termed erikite.

Department of Mineralogy, Faculty of Geology, Moscow State University, Vorobievy Gory, MGU,
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The agpaitic rocks of the Ilimaussaq alkaline complex
and their pegmatites are rich in the rare-earth elements
(REE), their average REE content being up to thirty
times higher than the average contents in the Earth’s
crust (Gerasimovsky 1969). The main REE concentrat-
ing minerals in the complex are eudialyte and rinkite
(in sodalite foyaite, naujaite and kakortokite and their
pegmatites, eudialyte also in lujavrites), and steenstru-
pine-(Ce) (in naujaite and lujavrites and their pegma-
tites). Steenstrupine-(Ce) is a major mineral in the
REE-U deposit at Kvanefjeld in the northern part of
the complex (Sgrensen 1992; see Sgrensen 2001, fig.
1, this volume, for place names mentioned in the text).
Two new types of REE-rich mineral associations
have been discovered in material from the adit on the
southern slope of Kvanefjeld. Hyper-agpaitic pegma-
titic veins and their surrounding rocks contain abundant
nacareniobsite-(Ce), Na,Ca,(Ce,Nd)(Nb,Ti)(5i,0,),0F,
(type 1) and vitusite-(Ce), Na,(Ce,La)(PO ), (type 2).

Two new types of REE mineral
associations

Type 1 consists of ussingite veins up to 15 cm wide
and the adjacent arfvedsonite lujavrite and medium-
to coarse-grained lujavrite. The veins are composed of
about 90 vol.% pink to lilac massive ussingite, 5—7 vol.%
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nacareniobsite-(Ce), 2—4 vol.% steenstrupine-(Ce) and
1-2 vol.% aegirine and sodalite. Light-grey altered luja-
vrite adjacent to the veins contains up to 10-12 vol.%
nacareniobsite-(Ce), whereas steenstrupine is practically
absent. Nacareniobsite-(Ce) within and around the veins
occurs as lemon-yellow bunches and spherulites up to 7
mm in diameter consisting of curved and split board-
like crystals. Nacareniobsite-(Ce), which was first
described as an extremely rare mineral from small cavi-
ties in lujavrite from the Kvanefjeld adit (Petersen et al.
1989), is a minor rock-forming component of these
ussingite veins and the adjacent lujavrite and is the main
concentrator of REE and Nb here. It is also now known
to be of more widespread occurrence in contact modi-
fied rocks from the volcanic roof of the complex (H.
Sgrensen, personal communication 2000).

The chemical composition (Table 1) of this nacaren-
iobsite-(Ce) gives the formula:
Na2,9sca2.()2(ce(lSSNd(lZ()LaO,17Pr0407sm0.04Y0404)Zl ‘IG(NbO,79TiO,22) $101°
(S, ,,Al 1,0, DOF, (O, o)y, 5. The unit cell param-
eters are: a = 18.865%5, b = 5.683%2, ¢ = 7.404+5 A,
B = 101.25£2° all uncertainties on the last digit.

Na-rich steenstrupine-(Ce) is a minor concentrator
of REE (Table 1) in this mineral association.

Type 2 is made up of cavernous veinlets up to 5-7 cm

wide and vugs in lujavrite. The veins and vugs consist
mainly of sodalite with subordinate amounts of nephe-
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Table 1. Chemical composition of rare-earth
minerals from hyper-agpaitic veinlets, Kvanefjeld adit

1 2 3
SiO, (wt%) 29.00 246 0.33
TiO, 2.01 0.0 -
ZrO, 0.04 0.0 -
ThO, 0.03 2.8 0.08
uo, - 0.8 -
ALO, 0.03 0.2 -
Fe,O, - 1.2 -
La,0, 3.19 9.0 16.09
Ce,0, 10.34 13.9 18.28
Pr,0, 1.35 0.0 1.30
Nd,O, 5.57 3.2 3.44
Sm,0, 0.83 0.0 0.05
Y,0, 0.48 1.1 0.04
MnO - 3.1 -
CaO 16.88 3.1 1.92
SrOo - - 0.18
Na,O 10.57 14.6 23.12
P,Os - 14.6 36.93
Nb,Oq 12.03 - -
F 6.22 - -
~OforF, 2.62 - -
95.95 922 101.76

1: nacareniobsite-(Ce) from type 1 association.

2: steenstrupine-(Ce) from type 1 association.

3: vitusite-(Ce), from type 2 association.

Microprobe data, average values of several points; analysts:
1.M. Kulikova (1,3), A.N. Nekrasov (2).

Conditions of analysis: analyses 1 and 3 were made with a
CAMEBAX micro-beam analyser, 20 kV, 20 nA (10 kV for F
and Na, beam diameter 10 um); analysis 2 was made with
a Jeol JXA 850 microprobe, 15 kV, 20 nA. Standards for
both machines: REEPOQ, for La, Ce, Pr, Nd and Sm, YPO,
for Y, ThO, for Th, UQ, for U, albite for Na and Al, SrSQ,
for Sr, MnTiO, for Mn and Ti. For CAMEBAX only: diopside
for Ca and Si, hornblende for Fe, wadeite for Zr, LINbO, for
Nb and MgF, for F. For Jeol JXA only: andradite for Ca, Fe
and Si, zirconium for Zr and niobium for Nb.

-: not analysed.

line, aegirine, potassic feldspar, arfvedsonite, and vi-
tusite-(Ce). The content of vitusite-(Ce) in the veinlets
and the bordering sodalite-rich lujavrite is 5-8 vol.%.
The mineral forms isometric and tabular grains up to
5 mm across; well-shaped crystals are found in cavi-
ties. Their morphology is precisely the same as the
erikite crystals described by Bgggild (1903) from
Nunarsuatsiaq in the central part of the Ilimaussaq
complex. Erikite is a pseudomorph after vitusite made
up of common REE phosphates (rhabdophane,
monazite) and Na zeolites formed under low-alkaline
hydrothermal conditions (Pekov et al. 1997).
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Vitusite-(Ce) from the Kvanefjeld adit is strongly
dichroic: it is greenish brown in daylight and honey
coloured when examined in electric light; weak lilac
UV fluorescence is observed. The chemical composi-
tion (Table 1) corresponds to the formula:
(Naz.ﬁéicall15)):5.01(Ce().45mlJ.58Nle.lBPI‘U.(BSI‘U.(H)EU.‘)?’(PZ.OOSiO.OQ ZZ.OZOS'
The parameters of the orthorhombic cell are: a =

5.342+3, b = 18.661+5, ¢ = 14.061+4 A.

Concluding remarks

The two types of REE-rich mineral associations described
in the present paper demonstrate that the mode of con-
centration of REE in hyper-agpaitic rocks strongly differs
from those in all other natural materials, including the
agpaitic rocks proper. In hyper-agpaitic rocks rare min-
erals such as nacareniobsite-(Ce) and vitusite-(Ce) can
become the main concentrators of REE and even occur
as rock-forming minerals, as described here.
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Stability of Na—Be minerals in late-magmatic fluids of the
llimaussaq alkaline complex, South Greenland

Gregor Markl

Various Na-bearing Be silicates occur in late-stage veins and in alkaline rocks metasomatised by
late-magmatic fluids of the Tlimaussaq alkaline complex in South Greenland. First, chkalovite crys-
tallised with sodalite around 600°C at 1 kbar. Late-magmatic assemblages formed between 400 and
200°C and replaced chkalovite or grew in later veins from an H,O-rich fluid. This fluid is also
recorded in secondary fluid inclusions in most Ilimaussaq nepheline syenites. The late assem-
blages comprise chkalovite + ussingite, tugtupite + analcime + albite, epididymite + albite, bertrandite
+ beryllite + analcime, and sphaerobertrandite + albite or analcime(?).

Quantitative phase diagrams involving minerals of the Na—Al-Si-O—H-Cl system and various Be
minerals show that tugtupite co-exists at 400°C only with very Na-rich or very alkalic fluids [log
(g, /) > 6-8; log (ay, 2+/(ag)?)>-3]. The abundance of Na-rich minerals and of the NaOH-bear-
ing silicate ussingite indicates the importance of both of these parameters. Water activity and silica
activity in these fluids were in the range 0.7-1 and 0.05-0.3, and X, in a binary hydrous fluid was
below 0.2at400°C. As bertrandite is only stable at < 220°C at 1 kbar, the rare formation of epididymite,
eudidymite, bertrandite and sphaerobertrandite by chkalovite-consuming reactions occurred at still
lower temperatures and possibly involved fluids of higher silica activity.

Institut fiir Mineralogie, Petrologie und Geochemie, Eberbard-Karls-Universitdt, Wilbelmstrasse
56, D-72074 Tiibingen, Germany. E-mail: markl@uni-tuebingen.de

Keywords: agpaite, Be-minerals, Greenland, Ilimaussaq, stability relations

Beryllium minerals occur in small quantities in many
magmatic rocks of broadly granitoid composition and
in larger quantities in some granitic pegmatites. The
earliest Be mineral in most granitic rocks is beryl; later
minerals, in many cases replacing beryl, include
euclase, bertrandite, phenakite (e.g. Martensson 1960;
Cerny 1963, 1968; Roering & Heckroodt 1966; Burt
1975; Hemingway e al. 1986; Markl & Schumacher
1997), herderite (Burt 1975) and many more. The great-
est variety and abundance of Be minerals is invariably
connected to pegmatitic liquids and late- to postmag-
matic fluids. Table 1 provides the chemical formulae
of Be minerals mentioned and discussed in the pres-
ent paper.

In contrast to these ‘normal’ granitoid Be minerals,
Na-rich peralkaline rocks are typically devoid of the
Be minerals mentioned above, but contain Na—Be sili-
cates such as chkalovite, tugtupite, epididymite, eudi-
dymite or sorensenite (Semenov et al. 1965; Semenov
& Sgrensen 1966; Andersen 1967; Mandarino & Harris
1969; Sobolev et al. 1970; Engell et al. 1971 and refer-
ences therein). Interestingly, no corresponding K-Be
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silicate assemblages exist in K-rich, peralkaline mag-
matic rocks. The physico-chemical conditions under
which the Na-bearing Be silicates crystallise and the
compositional parameters which favour the Na-bear-
ing or the Na-free Be mineral assemblages in the Ili-
maussaq alkaline complex in South Greenland are the
topic of this contribution. Of special interest is the
unique occurrence of large masses of pinkish red tug-
tupite which is used as a semiprecious gemstone in
the Tlimaussaq area.

The Ilimaussaq alkaline complex (Fig. 1) was em-
placed in the late Gardar period at about 1.16 Ga (un-
published data by the author, see also Sgrensen 2001,
this volume) into the Mesoproterozoic Julianehab gran-
ite and earlier Gardar sandstones and basalts. The
depth of intrusion is estimated as about 3—4 km, corre-
sponding to about 1 kbar pressure (Konnerup-Mad-
sen & Rose-Hansen 1982, 1984). The intrusive complex
was formed by three distinct magma batches which
are believed to represent successively more fractionated
liquids from an alkali basaltic magma chamber at depth
(Larsen & Sprensen 1987; Sprensen & Larsen 1987). It
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Table 1. Microprobe analyses of zoned crystals of steenstruping from the llimaussag alkaline complex

Sample No. 50-148.7 50-149.7 50-150.6 50-150.6 199104 199104
centre (5} fim (6) centre (2) fim (1) centre (4} fim (1)
5i0, 26.94 2175 2754 25.98 2740 27.06
Tio, 016 0.07 0.28 0.18 0.25 020
70, na na. na. na 141 233
ThO, 395 0.42 413 1.40 5.04 1.83
ALO, na. na. na na 028 0.04
13,0, 878 12.85 8.94 1422 1149 179
38,0, 1457 15.53 1380 1376 15.74 16.49
Pr,0, 1.29 1.04 1.28 154 239 208
N0, 372 280 350 278 401 422
Sm,0, 031 019 019 0.15 na na.
1,0, 147 1.05 156 031 1.05 0.10
FeO 434 250 398 1.85 387 342
VinO 361 6.22 342 569 442 5.00
a0 2.18 158 200 165 188 1.95
510 010 0.14 0.07 0.1 na. na
Na,0 841 12.98 7.88 13.85 2.75 6.59
0 0.05 0.02 0.20 0.31 na na.
2,0 938 11.26 850 9.35 11.31 1230
\b,0; 010 0.24 0.13 067 na. na
40, _na na e na_ on %
89.34 96.54 87.38 93.80 93.89 95.75
IREO, 2867 241 21 3245 33.63 3458
La,ONd,0, 236 459 255 512 286 278

Analyses in oxide wt%. H,0 and F have not been analysed which explains the low totals.

Figures In brackets: number of analyses.

n.a. = not analysed.

Samples 50-149.7 and 50-150.6 are from dril core 50 at 149.7 and 150.6 m, respectively. Analyst: G.N. Nechely
199104 is a GGU sample from Makovicky & Karup-Maller {1981), recalculated from element wi% to oxide wi%.

Kvanefjeld

Alkali granite
Sodalite foyaite

e
[
Foyaite and pulaskite
=
=]
||
=

Naujaite
Kakortokite
Lujavrite

Various host rocks
(including Eriksfjord
Formation and
Julianehab granite)

»*

Be mineral locality

Fig. 1. Geological map of the Ilimaussaq alkaline complex based
on Ferguson (1964). The stars denoting the localities where Be
minerals have been found are after Engell er al. (1971). Note
that Be minerals additionally occur at various places in the al-
kali granite.
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consists of a variety of rock types, ranging from early,
just silica-saturated or slightly under-saturated augite
syenite through agpaitic nepheline syenites (sodalite
foyaite, naujaite and kakortokite) to later, extremely
silica-undersaturated nepheline syenites (lujavrites)
and finally to hyper-agpaitic assemblages which prob-
ably crystallised from relatively SiO,-rich fluids rather
than from SiO,-undersaturated melts. In addition to
this fractionation line towards lower silica activities
which comprises two out of three different intrusive
events at Ilimaussaq (phases 1 and 3), the second in-
trusive phase is represented by a small sheet of alkali
granite. This rock type is interpreted as an augite
syenite contaminated with SiO -rich crustal rocks or
melts, e.g. with Gardar quartzitic sandstones
(Stevenson et al. 1997), although fluid inclusion stud-
ies (Konnerup-Madsen & Rose-Hansen 1984) do not
support this hypothesis.

In the course of the ‘undisturbed’ fractionation proc-
ess towards lower silica activities, temperature de-
creased from about 950°C to below 450°C, silica activity
dropped from about 0.8 to below 0.2 (Larsen & Sg-
rensen 1987; Markl et al. in press; Marks & Markl in
press) and water activity continuously increased until
saturation with a water-rich fluid was reached at the
late lujavrite stage. This fluid was most probably con-
nected to the formation of abundant aegirine-, albite-
and analcime-bearing veins cutting through all other
[imaussaq rocks, which locally contain Be silicates
such as chkalovite and tugtupite. Hence, it appears
that Be mineralisation is closely connected to late-
stage peralkaline magmatic fluids or liquids as was
described in great detail by Engell et al. (1971).

Be mineral assemblages and textures
in the Ilimaussaq complex

Be minerals known to occur at llimaussaq include chka-
lovite, tugtupite, sorensenite, leucophanite, sphaerober-
trandite(?), helvite, genthelvite, beryllite, eudidymite,
epididymite, bavenite, barylite, bertrandite and Be-bear-
ing leifite (Semenov et al. 1965; Semenov & Sgrensen
1966; Sobolev et al. 1970; Engell ef al. 1971; Serensen el
al. 1971, 1981; Petersen ef al. 1991, 1994, 1995; Bohse et
al. 2001, this volume; chemical formulae in Table 1). As
far as it can be assessed from the literature and from my
own field observations, the first three of these minerals
are the only ones occurring in large quantities (tugtupite
iseven being ‘mined’ as an important local gemstone); the
others appear to be restricted to specific local chemical



Fig. 2. Photomicrographs of tugtupite re-
placing chkalovite in a sample from the
Kvanefjeld area. a: Tugtupite (Tug), albite
(Ab) and analcime (AnD) enclosing relics
of chkalovite (Chk). Crossed nicols. b:
Tugtupite (Tug) replacing coarse chkalo-
vite (Chk) in a vein-like manner. Finer
grained chkalovite may be a second gen-
eration or may be recrystallised during
late-magmatic deformation. Author’s sam-
ple GM 1401.

environments. Epididymite and eudidymite are poly-
morphs and they have been assumed to have the same
stability fields in the qualitative and semi-quantitative dia-
grams in this contribution. Helvite, genthelvite and soren-
senite contain additional components (Zn, S or Sn) that
complicate evaluation of their stability fields, and there-
fore they will not be discussed further in this contribution.

The most comprehensive accounts of Ilimaussaq
Be minerals and their occurrences are given by Engell
et al. (1971) and Serensen et al. (1971). According to
them, chkalovite is the earliest Be mineral in Ilimaus-
saq. It occurs together with ussingite or sodalite and
appears to have formed due to reaction of late-mag-
matic fluids with nepheline-bearing wall rocks. The

assemblage chkalovite + sodalite is replaced by a va-
riety of assemblages during infiltration with later hy-
drous fluids, the most important of which is the
assemblage tugtupite + analcime + albite. This mode
of occurrence is identical to that reported from the
Kola peninsula (Lovozero complex; Semenov &
Bykova 1960). Typical textures of tugtupite in the late-
stage veins from Kvanefjeld in the northern part of
the Ilimaussaq complex are shown in Fig. 2 and are
more extensively documented in Sgrensen et al. (1971).
Tugtupite forms in evident equilibrium with analcime
and most probably albite (although corroded grains
of albite associated with tugtupite have been reported
in some samples) during metasomatic recrystallisation
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Table 2. Equilibrium assemblages involving Be
minerals and observed reaction textures in the
llimaussaq alkaline complex
(Na—Be—AI-Si—-O-H-CI system only)

Assemblages

chkalovite + sodalite
chkalovite + ussingite
chkalovite + albite
chkalovite + natrolite (?)

tugtupite + albite + analcime
tugtupite + sphaerobertrandite + analcime
tugtupite + chkalovite + analcime + albite (?)

eudidymite + epididymite + albite
eudidymite + albite + quartz
epididymite + sphaerobertrandite

bertrandite + analcime

beryliite + analcime

Reaction textures

chkalovite + sodalite — tugtupite + analcime

chkalovite + albite — analcime + tugtupite (?)

chkalovite — epididymite + sphaerobertrandite
chkalovite + ussingite — tugtupite + analcime

chkalovite — beryllite

chkalovite | — chkalovite Il

eudidymite + epididymite + albite — tugtupite + analcime
epididymite — bertrandite (?)

epididymite — beryllite

analcime — ussingite

Compiled from Andersen (1966); Semenov & Sgrensen (1966);
Engell et al. (1971); Serensen et al. (1971) and own
observations.
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of the complete host rock. As far as one can tell from
the outcrops on Kvanefjeld, the most intensely red
coloured varieties come from veins cutting through
altered augite syenite, whereas veins cutting through
altered naujaite or lujavrite appear to show lighter,
pinkish or pinkish red colours. All assemblages from
Ilimaussaq reported in the literature so far are collec-
ted in Table 2. Figure 1 shows the areas of Be miner-
alisation in the Ilimaussaq intrusion after Engell ef al.
(1971) and own observations.

In the alkali granite, epididymite was reported to
form stable, probably rather late assemblages with
quartz and albite (Semenov & Serensen 1966) which
are partly altered to bertrandite. In similar textures,
epididymite has also been reported from the Puklen
intrusion on Nunarsuit in the Gardar province (Pul-
vertaft 1961). In some Ilimaussaq nepheline syenites
and in late-stage analcime-bearing veins, epididymite
and eudidymite form by decomposition of chkalovite
and are themselves replaced by still later tugtupite.

All in all, the reported and observed textures sup-
port the interpretation that chkalovite is the earliest
Be mineral in the undersaturated rocks of Ilimaussaq
(maybe contemporaneous with epididymite/eudi-
dymite in the alkali granite) and most later Be miner-
als formed by decomposition of this early chkalovite
during infiltration of later hydrous fluids (see also
Serensen et al. 1971). The temperature and the most
important chemical and physico-chemical characteris-
tics of these fluids may be estimated using various
types of phase diagrams.

800
B. ussingite + acmite + albite
+ analcime + relics of nepheline
600
o
N
(0]
§ 500 |
@
5 |
£
400
@
J P =1 kbar
ay.=0.8
300 a;,=0.15
ap, =1
T
-02

Fig. 3. Temperature-silica activity diagrams for lujavrites from Ilimaussaq (from Sommer 1999). A: Ussingite-free, analcime-bearing

assemblages, B: Ussingite + analcime-bearing assemblages. Nepheline and jadeite activities are calculated from measured mineral

compositions reported in Sommer (1999). Ab: albite, Jd: jadeite, Ne: nepheline.
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Table 3. Reactions used in the construction of Figures 3 to 7

Fig. 3

albite = jadeite + SiO,
albite = nepheline + 2 SiO,
jadeite = nepheline + SiO,

Fig. 5
chrysoberyl + 2 Be** + 6 SiO, + 2 H,O = beryl + 4 H"

Fig. 4

sodalite + 6 SiO, = 6 jadeite + 2 NaCl
sodalite = 6 nepheline + 2 NaCl
analcime = jadeite + H,0O

analcime = nepheline + H,0 + SiO,
anaicime + SiO, = albite + H,0

3 chrysoberyl + 2 NaCl + 6 Na* + 4 H,0 + 6 SIiO, = sodalite + 3 Be**
beryt + 2 NaCl + 6 Na™ + 2 H20 + 2 SiO, = tugtupite + Be* + 4 H'
chrysoberyl + 2 NaCl + 6 Na* + Be** + 4 H,O + 8 SiO, = tugtupite + 8 H"

3 tugtupite = sodalite + 18 SiO, + 12 Na* + 6 Be** + 4 NaCl
2 euclase + Be* + 4 SiO, = beryl + 2 H*

2 euclase + 2 NaCl + 6 Na* + 3 H,0O + 6 SiO, = tugtupite + 6 H*

2 euclase + 2 H* = chrysoberyl + 2 SiO, + Be** + 2 H,0
euclase + SiQ, + Na* + H* = analcime + Be*

chrysoberyl + 2 Na” + 4 SiO, + 3 H,O = analcime + 2 H" + Be**

tugtupite + 8 H" = 2 analcime + 4 Na* + 2 Be** + 4 SiO, + 2 NaCl + 2 H,0

2 Be** + SiO, + 2 H,0 = phenakite + 4 H*
2 Na* + Be* + 2 Si0, + 2 H,0 = chkalovite + 4 H*

Na* + Be** + 3 SiO, + 2 H,0 = epididymite/eudidymite + 3 H*

Fig. 6

tugtupite + 8 H* = 2 albite + 2 NaCl + 4 Na* + 2 Be** + 2 SiO, + 4 H,0
tugtupite + 8 H* = 2 jadeite + 2 NaCl + 4 Na* + 2 Be** + 4 SiO, + 4 H,0
tugtupite + 8 H* = 2 nepheline + 2 NaCl + 4 Na* + 2 Be** + 6 SiO, + 4 H,0

sodalite + 6 H,O + 6 SiO, = 6 analcime + 2 NaCl

Fig. 7
2 phenakite + 2 Na* + 4 H* = chkalovite + 3 Be** + 2 H,0

2 epididymite/eudidymite + 4 Na* + Be?* + 2 H,O = 3 chkalovite + 6 H*
3 phenakite + Na* + 9 H* = epididymite/eudidymite + 5 Be** + 4 H,0

phenakite + 4 Na™ + H,O + 3 SiO, = 2 chkalovite + 4 H*

phenakite + 2 Na* + 2 H,0 + 5 SiO, = 2 epididymite/eudidymite + 2 H*

epididymite/eudidymite + Na* = chkalovite + SiO, + H*

Phase diagrams for estimation of Be
mineral stabilities

The phase diagrams of this section were calculated
using the computer program GEOCALC of Lieberman
& Petrakakis (1991) with the thermodynamic database
of Berman (1988) for the anhydrous albite—jadeite—
nepheline phase diagrams (Figs 3, 4), and the pro-
gram SUPCRT of Johnson et al. (1992) with its ther-
modynamic database for the rest of the diagrams (Figs
5-7). The latter internally consistent database was aug-
mented with data for sodalite from Sharp et al. (1989)

and for the beryllium minerals beryl, chrysoberyl,
euclase, bertrandite and phenakite from Hemingway
et al. (1986) and Barton (1986). Although thereby
loosing its internal consistency, this method provides
the only means of approximately quantifying the
chemical parameters responsible for the formation of
the Na—Be silicates. The results appear reasonable in-
sofar as they agree with theoretical (Schreinemakers)
predictions and observed phase assemblages, but the
actual values may be slightly incorrect. Incorrect val-
ues may be the reason for the obviously incorrect fea-
ture in Fig. 5, that phenakite saturation occurs at too
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T Fig. 4. X —silica activity diagram for min-
: erals in the Na—Al-Si-O-H-Cl system at
! | various temperatures and 1 kbar. Possi-
! | ble fluid evolution paths during cooling
! are schematically represented by the thick
! | arrows. Anl: analcime, Ab: albite, Cpx:
I clinopyroxene, Jd: jadeite, Ne: nepheline,
E | Sod: sodalite.
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low values to permit stable occurrence of beryl or
euclase at 600 and 400°C, respectively. It is assumed
that the actual saturation value for phenakite in terms
of the Be®/(H")? activity ratio is about 2 orders of
magnitude higher than the calculated value which
would be consistent with the rest of the topology on
Fig. 5, on which such a possible value is plotted as
‘true phenakite saturation?’. The calculated value for
phenakite saturation is also plotted on Fig. 5 and the
part of the diagram above phenakite and above
chkalovite saturation would correctly have to be
termed metastable. The interpretation below, however,
assumes that phenakite saturation occurs at values
permitting beryl and euclase to be stable in Fig. 5A,
B, respectively (‘true phenakite saturation?’).

It was chosen to fix the pressure for all phase dia-
grams at 1 kbar which is the depth of intrusion of
[limaussaq based on fluid inclusion studies (Konne-
rup-Madsen & Rose-Hansen 1984). Variations in the
few hundred bars range do not have a major influ-
ence on the results of this study. Hence, fixing the
pressure and considering the reactions of interest
(Table 3), the following major physico-chemical pa-
rameters remain to be investigated: temperature, 45102’
aBey/(aHJZ, aNa+/aH+, ay 6 and X . The latter two
are closely connected as it was chosen to treat the
fluid, as a first approximation, as a binary H,O-NaCl
mixture with mixing and solution properties calcu-
lated according to Aranovich & Newton (1996). In order
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to constrain as many of the variables as possible, the
problem was divided into several steps as follows.

1. Temperature and dg, constraints were estimated
as a first step using anhydrous albite-nepheline—
jadeite equilibria (Fig. 3) and results from fluid in-
clusion studies on lujavrites (Sommer 1999; unpub-
lished data). The mineral compositional data for
these calculations are reported in Sommer (1999);
nepheline and jadeite activities were calculated from
the respective solid solutions using the models of
Ghiorso (http://melts.geology.washington.edu) and
Holland (1990). These phase equilibria showed that
very late-stage ussingite-bearing lujavrite (which still
contains sodic clinopyroxene, albite and relics of
nepheline) formed at temperatures around 350°C
and at silica activities around 0.1-0.2 (referring to
unit silica activity for pure quartz at the applicable
P and 7). In comparison, fluid inclusion studies in-
dicate homogenisation temperatures between 300
and 400°C for primary and some secondary inclu-
sions in various lujavrite minerals and in tugtupite
(Sommer 1999; Markl et al. in press). Sobolev et al.
(1970) measured temperatures of 400-460°C for pri-
mary inclusions in tugtupite and sorensenite; sec-
ondary inclusions record temperatures between 100
and 350°C. Based on their textures, the chkalovite—
sodalite assemblages are believed to have formed
at some higher temperatures and a temperature of



Fig. 5. Activity—activity diagrams involving -1

minerals from the Be-Na—Al-Si—O-H-Cl 1 kbar, 600 OC, XNaCI =0.05, aSiO2 =0.1 A
system at 600°C (A) and 400°C (B). Field ~ 0/7/\’
boundaries and saturation lines which were ~ a/ol’/}‘
, Beryl e o
calculated from thermodynamic data (see -2 \ef(//a ”
[
text) are plotted as thick lines; short dashed Py true phenakite saturation? On .
. . . . N l— L T T e e e— e — O e
lines represent interpolated lines with cor- — 1 ——
-
rect (stoichiometric) slope; and widely (UI - LN
dashed lines have the correct slope but are = -3 Tthuplte ~
H (o]
not fitted to any independently constrained & ~ \('f stable at 600°C)
o 4 : & Chrysoberyl ~
invariant point. Note that tugtupite may not o ~
be stable at 600°C and that epididymite and ~ ~ . ~
o pieeyin o 4] Sodalite ~
eudidymite may not be stable at SiO, ac- o ~N
tivities around 0.1. Note also that calculated ~ ~
henakite s ) o listicall — . calculated
phena }te saturation occurs at unrealistically T interpolated with Phenakite saturation
low Be*/(H")? activity ratios and that the 1 correct slope _———— = = - —
part above phenakite and chkalovite satu- =57 correct slope but
ration in A and B is actually metastable as arbitrary position
plotted here. ‘True phenakite saturation?’ T r i 4 r T r T r T
shows a possible value for phenakite satu- 6 8 9 10
ration consistent with the rest of the Be Iog (a Na+/aH+)
mineral topology. See text for discussion.
[e] — . —
1 kbar, 400 °C, XNaC| = 0.05, agjo, = 0.1 B
-1 ——]
~ Beryl \% _——
I * — — — — — —— -é_ — — —_— —_—
J true phenakite saturation?
Ny I \%{%\ ue p ( urati
<
o e S % .
o Euclase oyl S 2 Tugtupite
= Say ~\V%
T \"‘74?‘/23,7 A
T N
= % N
£ -3 ~ 5 N
. Chrysoberyl <\ N
m \%Z ~ ~
S 1 — — - Dememmn . Apn - 3
()
(@) 3
O 4 \% ~
9}%
|| — — calculated \Q““@/
. )
__ ___ _ interpolated with Analcime \%9
correct slope %
=7 __ __ correct slope but ACS
arbitrary position %,
7 \”
I ' I ' I ' I ' I '
6 7 8 9 10

600°C was arbitrarily chosen for this stage. Studies
of Sobolev et al. (1970) indicate still higher tem-
peratures in the 860-980°C range, but these results
are impossible to reconcile with all other estimates
in the Ilimaussaq rocks based on melting experi-
ments and phase equilibria (Sood & Edgar 1970;
Markl et al. in press; Marks & Markl in press).

2. Based on this framework, limits on a and X
H,0 NaCl

log (ana+/ap+)

of a fluid in equilibrium with the observed phases
of the Na—Al-Si—-O—H—CI system (e.g., analcime, so-
dalite, clinopyroxene, albite etc.) were calculated
(Fig. 4). Both variables are tied together when con-
sidering a binary H,0-NaCl fluid only. The activity—
composition relationships were derived from the
formulation of Aranovich & Newton (1996) and ac-
tivities were referenced to unit activities for pure
H,O and pure crystalline halite at appropriate P and
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T. These calculations showed that sodalite-bearing
assemblages at 600°C require an X greater than
about 0.39 (Fig. 4), while analcime-bearing assem-
blages at 400°C or below require hydrous fluids
with an X, lower than about 0.15 corresponding
to an H,O activity of 0.7 or higher (Fig. 4). These
values are limits for the formation of the two most
important Be minerals at Tlimaussaq, chkalovite and
tugtupite. The early chkalovite—sodalite assemblage
obviously equilibrated with a fluid (or melt?) of rela-
tively high salinity, while later tugtupite, although also
Cl-bearing, formed from fluids of lower salinity.

. These data were then used to place constraints on
the fluid chemistry in terms of Be*/(H")? and Na*/
H" activity ratios by considering the typical granite
association of the Na-free Be-minerals beryl, phen-
akite, euclase and chrysoberyl and their stability
relations with respect to tugtupite and sodalite. In
an Al-balanced activity—activity diagram as shown
on Fig. 5, phenakite, chkalovite and epididymite/
eudidymite do not have their own stability fields
but are only shown by saturation lines because they
contain no Al. The stability fields and saturation
line for beryl, euclase, chrysoberyl, sodalite and
phenakite were calculated quantitatively, while
those for tugtupite, chkalovite and epididymite/
eudidymite — because of the lack of thermodynamic
data — were inserted with correct slopes, but at ar-
bitrary positions constrained by calculated invari-
ant points and by the observed mineral assemblages
reported above.

Figure 5 shows that at 600°C and 1 kbar, euclase
is not stable with respect to chrysoberyl and beryl,
while at 400°C, all three Be—Al silicates have stabil-
ity fields on such a diagram. Whether tugtupite is
stable with respect to chkalovite and sodalite at
600°C is not clear — it may well be that at these
temperatures, tugtupite is only stable at extremely
(unrealistically?) high Be*/(H")? and/or Na*/H"
activity ratios, or that it is not stable at all. At 400°C,
the best temperature estimate for tugtupite forma-
tion, the Be—Al silicates are replaced by sodalite or
tugtupite when the Na*/H* activity ratio exceeds
about 10%, while the Be concentration in the fluid
appears to be of only marginal importance for this
reaction. The diagrams of Fig. 5 also clearly show
that phenakite is expected to be a stable phase in
the Ilimaussaq Be mineral assemblages both at 600°C
and at 400°C — with the exception of extremely high
Na*/H" activity ratios. However, this evaluation at

152

600°C depends critically on the position of the
chkalovite saturation line for which no real con-
straints exist at this temperature. At 400°C, phenakite
should be associated with tugtupite (see Fig. 5B)
but probably, in the presence of significant amounts
of Zn and S in the fluid, genthelvite is stable with
respect to phenakite (Burt 1988). However, gen-
thelvite has only rarely been observed at Ilimaussaq.

4. The combined importance of both SiO, and Be*/

(H")? activity ratio at fixed Na*/H" activity ratio and
fixed fluid composition for the stability of both chka-
lovite and tugtupite is investigated in Fig. 6 for a
temperature of 400°C. This diagram again combines
quantitatively calculated stability field boundaries
and saturation lines with ones not calculated but
fixed at an arbitrary, but reasonable, position and
with correct slope. The salinity of the fluid appears
to be of surprisingly little importance for the stabil-
ity of the NaCl-bearing mineral tugtupite. Silica
activity, in contrast, is of much greater importance,
as is the Be?/(H")?* activity ratio. This diagram indi-
cates that the assemblage of tugtupite and albite
should also contain phenakite as a stable Be phase
at silica activities above 1074,

The diagrams of Fig. 7 show the qualitative phase
relations among the Al-free Be silicates. Here, no
quantitative constraint can be put on the site of the
invariant point, where phenakite, chkalovite and
epididymite or eudidymite are stable together. How-
ever, the slopes of the corresponding univariant re-
action curves can be readily calculated from reaction
stoichiometry (see Table 3). Phenakite is stable at
the highest Be*/(H")?* activity ratios, chkalovite at
the highest Na*/H" activity ratios and epididymite
or eudidymite at the highest SiO, activities.

. Bertrandite stability was calculated according to the

reaction:
bertrandite = 2 phenakite + H,O

at 1 kbar. At this pressure, this reaction lies at about
220°C (see also Markl & Schumacher 1997). This
means that the occurrence of bertrandite is clear
proof of the circulation of low-temperature hydrous
fluids in the Ilimaussaq rocks. It is assumed that
the formation of beryllite and sphaerobertrandite
(Semenov & Sgrensen 1966; Andersen 1967) is also
related to these low-temperature hydrous fluids.

6. The compatibility of the various Be mineral assem-

blages observed in various granitoid rock types can



Fig. 6. Activity—activity diagram at 1 kbar
and 400°C constraining the stability of
various Be minerals with regard to vari-
ous Be-free minerals in equilibrium with
fluids of variable salinity. Note that only
phenakite saturation and the vertical field
boundaries among the Na—Al silicates are
thermodynamically calculated, the other
lines are fixed at arbitrarily chosen in-
variant points. The grey arrow represents
a possible fluid evolution path at con-
stant temperature which would lead to
tugtupite formation. Note that everything
above the saturation lines are only meta-
stable extensions.

Fig. 7. Qualitative activity—activity diagrams
representing the stability relations among
various Al-free Be silicates. Note that the
slopes are correctly calculated from reac-
tion stoichiometry.
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also be illustrated in another way. Figure 8 shows
two SiO,—Na,O-BeO triangles with the inferred Be
mineral associations at ‘higher’ (e.g. 600°C) and
‘lower’ (e.g. 200°C) temperature. These diagrams
are projections from albite and an H,0-NacCl fluid,
and in this projection euclase and chrysoberyl can-
not be plotted. At higher temperatures, chkalovite
is stable with sodalite and, possibly, with phenakite.
If stable at these high temperatures, the assemblage
epididymite or eudidymite with phenakite would
effectively render the co-existence of chkalovite with
beryl impossible. Beryl, however, should be stable
with phenakite and with epididymite/eudidymite.
Tugtupite appears not to be stable at these high
temperatures. All these constraints appear to agree
with natural occurrences. At lower temperatures,
phenakite is replaced by bertrandite, and beryl and
chkalovite may become unstable depending on the
exact details of the chemical environment. Tugtupite
as well as epididymite/eudidymite may form by vari-
ous reactions involving chkalovite, phenakite and
sodalite. Under these conditions, tugtupite may form
a stable assemblage with epididymite/eudidymite
and bertrandite (or, at temperatures above 220°C,
with phenakite). Epididymite/eudidymite may be in
equilibrium with beryl and bertrandite (or phenakite).

high temperature
(Chk + Sod stable)

+Ab Nazo
+Ho0 - NaCl-Fluid

Reactions:
1. Chk + Sod = Tug + Anl 2

Discussion
Stability of Na-bearing versus Na-free
Be silicates

The very pronounced differences in Be mineral as-
semblages in peralkaline versus calc-alkaline granitoid
rocks can be explained in terms of fluid chemistry
which is also an approximate monitor of the melt
chemistry. Na-bearing Be silicates only appear in per-
alkaline or alkaline rocks (Fig. 8), whereas calc-alka-
line intrusives are characterised by Be- or Be-—Al
silicates without Na. Chkalovite and tugtupite appear
to be restricted to peralkaline rocks (i.e. fluids with
extremely high Na*/H* activity ratios, Fig. 5), whereas
epididymite and eudidymite are indicative of mode-
rately alkaline rocks or fluids forming a link to beryl-
bearing assemblages. Epididymite and eudidymite are
especially indicative of higher silica activities than those
observed in agpaitic rocks (Fig. 7). Phenakite at high
and bertrandite at low temperatures are stable in both
alkaline and calc-alkaline environments, unless helvite-
group minerals replace them due to the presence of
additional components such as Mn, Zn or S (e.g. Burt
1988). Chrysoberyl is principally expected to be sta-
ble at low SiO, activities and in high Al environments
but obviously requires additionally either very high

low temperature
(Tug + Anl stable)

Na.O +Ab
+H50 — NaCl-Fluid

0 2. Phen = Bert

0.6
Sod, Neph

0.6

agpaitic
systems

EpdEu

syster_ns (stable")

calc-alkaline
granitic
systems

06, 04 02 o\BeO

0.8
S|02
Beryl

3. Chk + Phen = Tug + Epi/Eu

—_—

Epi/Eu

0

Beryl (stable?)

Fig. 8. Phase relations in the Be-Na—Al-Si-O-H-Cl system projected from albite (Ab) and a binary NaCl-H,O fluid (variable salinity
has no effect on depicted phase relations). At high temperatures (e.g. 600°C, left diagram), chkalovite (Chk) + phenakite (Phen)
+ sodalite (Sod) or nepheline (Neph) form a stable assemblage. Chkalovite + beryl is not stable if epididymite/eudidymite (Epi/Eu)
is a stable phase at these temperatures. At lower temperature (e.g. 200°C, right diagram), chkalovite and beryl may no longer be

stable, bertrandite (Bert) replaces phenakite, and tugtupite (Tug) forms by various reactions. Tugtupite should be stable with both

epididymite/eudidymite and bertrandite as well as analcime (AnD).
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Fig. 9. Reaction textures from an Ilimaus-
saq sodalite foyaite in which a primary

Sodalite

grain boundary between sodalite (up-
per left) and nepheline (lower right) is
replaced by analcime and an analcime
+ sodalite symplectite. See text for dis-
cussion. Scale bar 200 pm. Author’s sam-
ple GM 1346.

temperatures or very low Na*/H" activity ratios, or both,
to be stable. Natural occurrences appear to be con-
fined to high-grade metamorphic rocks or metamor-
phosed pegmatites of low SiO, and low Na content
(e.g. Franz & Morteani 1984).

Stability of tugtupite versus chkalovite

The above considerations indicate four possible causes
for the conversion from chkalovite- to tugtupite-bear-
ing assemblages: decrease of temperature, increase of

increase of aBez+/ (aHJZ, and increase of a (=

Asi0, H,O

decrease of X ).

All available field observations, fluid inclusion stud-
ies and phase equilibrium considerations detailed
above indicate decreasing temperature during forma-
tion of the various Be-silicate assemblages and during
conversion from chkalovite to tugtupite-bearing as-
semblages. Furthermore, fluid inclusions provide evi-
dence for the existence of very water-rich fluids at
temperatures in agreement with tugtupite formation
estimates. The net reaction connecting the chkalovite

and the tugtupite assemblages is:

2 chkalovite + 2 sodalite + 4 HO + 6 SiO, =
1 tugtupite + 4 analcime.

At Ilimaussaq this reaction appears to occur around
400°C at SiO, activities around 0.1 (see Figs 3, 4) and
with fluids of high H,O activity. Sobolev et al. (1970)
reported high salinities of about 21 wt% NaCl equiva-

Analcime Sodalite +

Analcime

Nepheline

lent in primary fluid inclusions in tugtupite, while pri-
mary as well as secondary hydrous fluid inclusions in
various minerals from various lujavrite samples record
very low salinities in the 3-5 wt% NaCl equivalent
range (Sommer 1999; Markl et al. in press). Sobolev et
al. (1970) also report CO, as an important species in
the gas phase of these inclusions, but CO, has never
been reported by anyone else in any fluid inclusion
from the entire Ilimaussaq alkaline complex, where
methane is generally the most important species in
any gaseous inclusion. Hence, the data of Sobolev et
al. (1970) are considered with some caution — per-
haps the fluid inclusions in tugtupite leaked H,O and
were oxidised during later cooling, which would ex-
plain both their increased salinity and the CO.,.
However, consideration of the tugtupite-forming
reaction above and comparison with a reaction tex-
ture from a different Ilimaussaq rock, a sodalite foyaite
(Schwinn 1999), offers a possible explanation compati-
ble with the observation of fluid inclusions of both
low and high salinity in the late magmatic stages of
the Ilimaussaq complex. This texture in the sodalite
foyaite is shown in Fig. 9. There, sodalite and nephe-
line crystals co-existed at high temperatures. At lower
temperatures, an obviously H,O-rich fluid infiltrated
the rock along its grain boundaries and converted both
sodalite and nepheline to analcime. The reaction zone
consists of a zone of pure analcime close to sodalite,
and a zone of symplectic intergrowth of analcime and
sodalite close to nepheline. This texture is interpreted
to reflect changes in salinity during analcime growth:
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while the starting fluid was H,O-rich and therefore
formed only analcime, it became progressively more
saline due to consumption of HO and liberation of
NaCl from dissolving sodalite, until the salinity was
so high that both analcime and a second generation
of sodalite were precipitated in a symplectic
intergrowth. This texture in the sodalite foyaite very
likely formed during a late-stage auto-metasomatic
event similar to the events that led to the formation of
the analcime-tugtupite assemblages in the late veins,
and hence a similar mechanism may have operated
there. In the late veins, sodalite was dissolved along
with chkalovite, rendering the fluid successively Be
and Nacl rich, while analcime precipitated. At a cer-
tain level of Be and NaCl enrichment, tugtupite began
to crystallise and enclosed some samples of the more
saline fluid which Sobolev et al. (1970) found. While
this does not explain their report of CO,, this mecha-
nism shows how the Cl-rich mineral tugtupite could
grow during influx of a hydrous, low-salinity fluid
into sodalite-bearing rocks. The pre-existence of
sodalite may even be a prerequisite for tugtupite for-
mation — the similarity of their crystal structures and
chemical formulae (tugtupite = sodalite + Be Si Al )
may also facilitate the chemical conversion of one into
the other (see also Burt 1991).

Nature of the fluids in late-magmatic,
agpaitic systems

One type of primary fluid inclusions in lujavrites and
most secondary fluid inclusions in lujavrite and all
other rock types contain a hydrous fluid with about 3
wt% NaCl equivalent (Schwinn 1999; Sommer 1999;
Markl et al. in press). In rare examples, hydrous fluid
inclusions of higher salinity have been found in these
rock types and also in tugtupite and chkalovite
(Sobolev et al. 1970; Konnerup-Madsen & Rose-Hansen
1982), and these may be fluids whose compositions
were modified during interaction with sodalite-bear-
ing rocks as detailed above. The possible existence of
late-stage immiscible hydrocarbon-bearing fluids
(Konnerup-Madsen 2001, this volume) does not alter
the results of the present contribution because the
aqueous fluid would still approximately behave as a
binary H,0-NaCl system.

If one considers the low-salinity hydrous fluids to
be the typical late-stage fluids of agpaitic rocks (which
at least for Ilimaussaq appears to be reasonable), these
fluids have one very distinctive feature: they obvi-
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ously have an anomalously high pH, as indicated by
the stability of ussingite (NaAlSi,O;, NaOH) and as indi-
cated by the extremely high Na*/H* and Be*/(H")?
activity ratios calculated for the stability of the ob-
served assemblages. Interestingly, experimental mix-
tures of andalusite, paragonite and H,O develop
extremely high pH at temperatures in the 400°C range
(L. Baumgartner, personal communication 2000) which
is probably caused by the interplay between
aluminosilicate dissociation (which consumes H* ions)
and formation of strong Na-silicate complexes (which
replace NaOH-complexes more stable at higher tem-
peratures). These features, however, may only be de-
veloped in hydrous fluids with a high Na/(Na+K) ratio
and with very low CO, contents, such as in agpaitic
fluids. The high pH in these fluids creates, at mode-
rate Be and Na ion activities, the extremely high pH-
normalised activities which, in turn, give rise to the
formation of the observed Be silicates. Neither the
absolute Be nor the absolute Na contents in agpaitic
fluids have to be very high, if the pH is as high as
indicated. In conclusion, the unique mineralisation of
agpaitic magmatic rocks and the formation of exotic
hyper-agpaitic, water-soluble minerals (e.g. Sgrensen
& Larsen 2001, this volume) may be an effect of the
low oxidation state, low water activity and high Na/
(Na+K) ratio of the parental magma which renders
formation of a hydrous, CO,-poor, K-depleted, high-
pH fluid phase possible in the very late stages of mag-
matic evolution.

Conclusions

Na-bearing Be minerals in the peralkaline Ilimaussaq
alkaline complex, South Greenland, formed during
cooling and chemical evolution of agpaitic, late-mag-
matic liquids and fluids in the temperature range 600—
200°C. The earliest mineral to form was chkalovite
which was successively replaced by tugtupite (in large
quantities) and some rare Be silicates in small quanti-
ties. Qualitative and quantitative estimates of condi-
tions and chemical parameters during formation indi-
cate that the early assemblages crystallised from lig-
uids (or fluids) of high salinity, while the replacement
occurred later during influx of a hydrous fluid of low
salinity. Neither high Be nor high Na contents are nec-
essary to explain the observed mineral assemblages,
but the high pH of late agpaitic fluids, as demonstrated
by the occurrence of the NaOH-bearing silicate ussin-
gite, appears to be responsible for high metal ion/H*



activity ratios in the late stage fluids. High pH and
high Na/(Na+K) ratios appear to be responsible for
the distinct differences in Be mineral assemblages be-
tween peralkaline, alkaline and calc-alkaline granitoid
rocks.
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A review of the composition and evolution of hydrocarbon
gases during solidification of the llimaussaq alkaline

complex, South Greenland

Jens Konnerup-Madsen

Fluid inclusions in minerals from agpaitic nepheline syenites and hydrothermal veins in the
Ilimaussaq complex and in similar agpaitic complexes on the Kola Peninsula, Russia, are
dominated by hydrocarbon gases (predominantly methane) and hydrogen. Such volatile com-
positions differ considerably from those of most other igneous rocks and their formation and
entrapment in minerals reflects low oxygen fugacities and a wide range of crystallisation
temperatures extending to a low-temperature solidus. Their composition reflects initial low
carbon contents and high water contents of the magma resulting in the exsolution of a water-
rich CO-H,0 dominated vapour phase. Fractionation of chlorides into the vapour phase
results in high salinities and the subsequent development of a heterogeneous vapour phase
with a highly saline aqueous-rich fraction and a methane-dominated fraction, with preferential
entrapment of the latter, possibly due to different wetting characteristics. The light stable
isotope compositions support an abiogenic origin for the hydrocarbons in agpaitic nepheline
syenite complexes.
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Keywords: alkali syenite, fluid inclusions, Gardar, Greenland, hydrocarbons, Ilimaussaq, sta-

ble isotopes

The importance of volatile components in the genera-
tion and solidification of alkaline rocks in general and
agpaitic nepheline syenites in particular has been em-
phasised by a number of authors (e.g. Larsen & Sg-
rensen 1987). The highly reduced nature of carbonic
fluids associated with silica-undersaturated alkalic com-
plexes has been documented (e.g. Kogarko &
Romanchev 1983; Sgrensen 1997), and the presence
of similar hydrocarbon-rich fluids has also been de-
scribed from peralkaline granitic complexes (e.g. Salvi
& Williams-Jones 1992). Since alkaline magmatic activity
typically occurs in intraplate locations and presents
geochemical and isotopic characteristics consistent
with an important contribution from upper-mantle-de-
rived magmas, studies of associated gas compositions
potentially provide information on the characteristics
of mantle degassing in extensional-type settings.
One method of obtaining information on the gases
is to study the volatiles trapped and preserved as fluid
inclusions in minerals during solidification of the melts.
This paper is a review of available data on the com-

Geology of Greenland Survey Bulletin 190, 159-166 (2001) © GEUS 2001

positional characteristics of the hydrocarbon-rich fluid
inclusions in the Ilimaussaq alkaline complex.

The Ilimaussaq complex

The Tlimaussaq alkaline complex belongs to the Meso-
proterozoic Gardar continental magmatic rift province
in South Greenland. It was emplaced at a high level
in the crust and cuts both a Proterozoic basement gran-
ite and the overlying Gardar lavas and continental
sandstones (Fig. 1). The geological setting and
petrologic evolution of the ITlimaussaq complex has
been summarised by Sgrensen (2001, this volume).
An initial temperature of about 900°C, a pressure
of 1-2 kbars and contents of H,O around 4 wt% at
emplacement and initial cooling of the main Ilimaus-
saq magma were suggested by Larsen & Sgrensen
(1987), indicating initial volatile undersaturation. Dur-
ing solidification of the magma, oxygen fugacities were
well below the synthetic QFM buffer (Larsen 1976)
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and activities of water thus well below unity (Curtis &
Currie 1981). The solidus temperature is around 450°C
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Fig. 2. Sequence of crystallisation of minerals in Ilimaussaq roof
cumulates. Modified from Konnerup-Madsen et al. (1981). Ab-
breviations: ac: acmite, aen: aenigmatite, arf: arfvedsonite, ast:

ately adjacent host rocks are indicated in Fig. 1 and
illustrated in Fig. 3.

astrophyllite, fa: fayalite, hed-aeg: hedenbergite-aegirine, kat:
katophorite, mgt: magnetite, nept: neptunite.

a. alkali granite sheet

b. nepheline syenites

Hydrocarbon-rich gaseous inclusions predominate
in all examined minerals from the Ilimaussaq nephe-

c. hydrothermal veins
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Fig. 3. Sketches of the main types of fluid inclusions in minerals from the Ilimaussaq rocks. a: alkali granite sheet, b: nepheline
syenites, and ¢: late hydrothermal veins. Length of bar is 0.01 mm. Abbreviations: L™ and V*: liquid and vapour H,O, respectively;
H: halite; L¢ and V< liquid and vapour hydrocarbons, respectively; Fsp: feldspar. Modified from Konnerup-Madsen & Rose-Hansen
(1982).

160



line syenites and late hydrothermal veins formed from
fluids expelled from the late nepheline syenites (Fig.
3b, ¢©); aqueous inclusions are only rarely observed.
Mixed hydrocarbon—-aqueous inclusions are only very
rarely seen in minerals from the nepheline syenites.
The isolated occurrence of a few aqueous high-salin-
ity inclusions in minerals from the nepheline syenites
suggests that they were entrapped prior to the hydro-
carbon inclusions which are largely confined to more
or less effectively healed fractures. The vapour phase
in some of these highly saline inclusions is composed
predominantly of CO, (Sobolev et al. 1970). A minor
number of the hydrocarbon inclusions, however, also
occur isolated or associated with aegirine microlites
in nepheline from naujaite.

In the hydrothermal vein minerals the generally ob-
served association of highly saline aqueous inclusions
and hydrocarbon-rich inclusions (Fig. 3), however,
clearly indicate the existence and entrapment of non-
miscible fluids at this stage (Konnerup-Madsen & Rose-
Hansen 1982).

In quartz from the alkali granite sheet, which is
considered to represent a small second magma pulse
prior to the main agpaitic magma, only moderate- to
high-salinity aqueous inclusions were observed.

The surrounding country rocks (altered lavas) con-
tain only purely aqueous, low- to moderate-salinity
inclusions.

The distribution of fluid inclusion types summa-
rised above — and in particular the lack of hydrocar-
bon-bearing inclusions outside the nepheline syenites
and their associated hydrothermal veins (Fig. 1) —
strongly supports an interpretation where the hydro-
carbons represent the remains of an associated mag-
matic volatile phase produced during the cooling and
solidification of the alkaline magma, rather than a

phase introduced from outside the complex. Similar
observations have been made on hydrocarbon gases
in minerals from the Khibina and Lovozero complexes
onthe Kola Peninsula, Russia, and a similar origin was
proposed by Kogarko (1977), Petersil'ye & Pripachkin
(1979) and more recently by Potter et al. (1997).

Chemical characteristics of the
Ilimaussaq gases

Previous studies of the gases in fluid inclusions in
Ilimaussaq whole rocks and minerals, by microther-
mometry, gas chromatography, mass spectrometry and
Raman microprobe spectrometry, show them to be
composed predominantly of hydrocarbons (especially
CH, with smaller amounts of higher alkanes), He, CO,,
N, and Ar (Petersilie & Soérensen 1970; Konnerup-
Madsen et al. 1979; Konnerup-Madsen & Rose-Hansen
1982; Konnerup-Madsen et al. 1985). CH,, H, and C,H
were found to be the dominant species followed in
abundance by N, and higher alkanes. Raman micro-
probe spectrometry on individual gaseous inclusions,
however, only verified the presence of H,, CH,, C,H,
and occasionally traces of C;H,. When recast into
atomic COH proportions most analyses closely ap-
proximate to the composition of CH, although varia-
tions in the C/H ratio are seen (Fig. 4). This suggests
that methane was probably the dominant carbon-bear-
ing species at the time of entrapment (Konnerup-
Madsen & Rose-Hansen 1982). Also included in Fig. 4
are the compositions obtained on the vapour phase
in individual primary inclusions in nepheline from
naujaite (Sobolev et al. 1970). In contrast to the hy-
drocarbon-dominated compositions obtained during
bulk crushing of Ilimaussaq rocks and minerals, these

C C
a /\ b
llimaussaq A sodgli.te foyaite v Khibina complex
complex O naujaite L |
O hydrothermal veins O Lovozero complex
Fig. 4. C-O-H molecular relations for
gases released by crushing of minerals primary and secondary CsHs
and agpaitic rock types from a: Ilimaus- CO, inclusions / C,Hg
saq, and b: Khibina and Lovozero com-
lexes - - CH,

plexes. Recalculated on a water-free ba inclusions
sis. Data from Petersilie & Sgrensen
(1970), Sobolev et al. (1970) and Kon- 0 H H

nerup-Madsen et al. (1981).

H,O
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mean and SD: L Fig. 5. 8"*C (in %o PDB) of the bulk hy-
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) - [ general order Madsen et al. (1988). b: §*C compositions
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o H ‘ ool L sample. Arrow indicates the general or-
-30 -9 -5 - 1 -5 o der of solidification, derived from strati-
8" Cpuik, %o PDB 8" Cchy graphic position of the individual samples

compositions are CO,-dominated (Fig. 4). The com-
positions of gases extracted from minerals and whole
rocks from the Khibina and Lovozero alkaline com-
plexes (Fig. 4b) are very similar to those of the
Ilimaussaq complex (Fig. 4a).

Calculations of the PT range for entrapment of the
CH-rich fluids give pressures of 1-2 kbar and tem-
peratures from about 700°C down to 400—450°C dur-
ing final solidification of the nepheline syenites and
hydrothermal veins. Calculations of possible equilib-
rium oxygen fugacity conditions give values approach-
ing those of the synthetic graphite-CH, buffer curve
(Konnerup-Madsen et al. 1981; Larsen 1993). These
calculations were based on the assumption of buffer-
ing of a COH fluid with graphite even though graph-
ite has not been identified in the Ilimaussaq complex.
Therefore, additional calculations were performed on
the assumption that the hydrocarbon gas composi-
tions only represent the non-water fraction of a het-
erogeneous fluid consisting of an aqueous solution
and a hydrocarbon-dominated gaseous phase, of
which only the latter has been entrapped and pre-
served in fluid inclusions (Konnerup-Madsen 1988).
Although such calculations are encumbered with large
uncertainties, they clearly indicate that even under
highly reduced conditions H,0O will be the dominant
volatile species and constitute around 80-90 mole%
of the bulk fluid. CH, and H, will dominate the non-
aqueous fraction of the fluid and will be followed in
abundance by N, and CO,. Similar calculations on
entrapped gases from the Lovozero complex (Kogarko
et al. 1987) gave similar results although higher abun-
dances of N, were obtained. The above H,O-free com-
positions agree fairly well with those obtained by
Raman spectrometry on gaseous inclusions in miner-
als from these complexes.
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analysed. HC: hydrocarbon, as specified
in legend.

An important conclusion of these calculations is
that although hydrocarbon-rich fluids form the over-
whelming number of fluid inclusions actually observed
in minerals, such fluids may have constituted only a
small fraction of the bulk fluid originally present.

Stable isotope characteristics of the
hydrocarbon gases

The 8"C isotope characteristics of hydrocarbon gases
in the Ilimaussaq complex are summarised in Fig. 5.
The most conspicuous features are the exceptionally
high 8"C values of bulk C (calculated as the weighted
sums of analyses on extracted CH,, C,H, and higher
hydrocarbons from fluid inclusions) compared to those
observed for hydrocarbons in other geological envi-
ronments, and the systematically higher 8"C values
for CH, compared to those of the higher hydrocar-
bons in the same fluid sample. Both features are in-
consistent with hypotheses only involving formation
of CH, by thermal cracking of bituminous materials
assimilated by the Ilimaussaq magma during emplace-
ment (Des Marais et al. 1981). A rough calculation of
the 8"C value for the total amount of trapped hydro-
carbons in the Ilimaussaq complex gives a value
around —4.8%o PDB which is within the range of nor-
mal mantle values (Kyser 1986).

The systematically higher 8*C values for CH, com-
pared to those of the higher hydrocarbons in the same
fluid sample (Fig. 5b) is consistent with an inorganic
polymerisation process whereby the heavier hydro-
carbons are synthesised from methane (Des Marais et
al. 1981) and provide additional strong support for
an abiogenic origin of the hydrocarbons.

In summary, the 8"°C characteristics of the hydro-
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Fig. 6. a: Isobaric and isothermal ternary C-O-H diagram at 2
kbar and 600°C. Shown is the graphite saturation curve and the
compositional trace (stippled) in the graphite-absent part for
an oxygen fugacity of QFM —2. The estimated composition of
the initially exsolved CO,~H,O fluid from the Ilimaussaq magma
is indicated by the large filled circle. Upon buffering at oxy-
gen fugacities of QFM -2, this fluid will evolve to point 1 and
then follow the graphite saturated curve until point 2. Data
from Huizenga (1995). b: Schematic illustration of the evolu-
tion of the same fluid as in a when salts are added in sufficient
amounts to cause fluid immiscibility. The initially exsolved bulk
fluid will follow the path indicated by the arrow with precipi-
tation of graphite from 1 to 4. See text for further discussion of
the diagram. Based on data from Lamb et al. (1996).

carbon gases in the Ilimaussaq complex (and in simi-
lar complexes from the Kola Peninsula) support the
concept of an abiogenic formation of methane from a
COH vapour-saturated, highly reduced melt. Conden-
sation of part of the methane-rich gas phase at rela-
tively low temperatures to higher hydrocarbons during
post-entrapment cooling conceivably occurred and

produced the hydrocarbon gas compositions observed.
The bulk gas 8C values furthermore indicate a pre-
dominantly juvenile origin for the carbon component.

In addition, four samples have been analysed for
both the 6"C and 6D composition of CH,; 6D values
obtained vary from —132 to —145%0 SMOW, with a de-
crease in the 8D values parallel to a decrease in §*C
values from —1 to —5%o0 PDB. The possible significance
of these data is discussed later.

Volatiles during solidification of the
agpaitic Ilimaussaq nepheline syenites

Previous studies have indicated that the most impor-
tant properties that characterise the formation of a
hydrocarbon-rich volatile phase in agpaitic nepheline
syenites such as in the Ilimaussaq complex are: (1) a
wide temperature range of crystallisation to very low
solidus temperatures, enabling buffering of any ex-
solved volatiles by the magma and minerals to tem-
peratures as low as about 450°C; (2) low oxygen fu-
gacities, with values roughly corresponding to those
of the synthetic graphite-CH, curve during solidifica-
tion.

Together, these factors increase the probability for
the co-existence of immiscible fluids (a CH -rich gas-
eous and a saline aqueous liquid phase) and melt
during the closing stages of solidification of the nephe-
line syenites, as schematically modelled for COH-flu-
ids in Fig. 6 for a pressure of 2 kbar and a temperature
of 600°C.

Initial H,0O and C contents of the main Tlimaussaq
magma of about 4 wt% H,O (Larsen & Sgrensen 1987)
and 250 ppm C (J.C. Bailey, personal communication
1999) would result in vapour saturation at close to 2
kbars and the exsolution of a CO,-H,O rich fluid with
X,,,, of about 0.7 (Holloway & Blank 1994; Fig. 6a,
large filled circle). As oxygen fugacities about 2 log
units below the synthetic QFM buffer reaction (QFM
—2) are indicated (Larsen 1976), this fluid buffer'lil
would result in a change in bulk fluid composition
from the initially exsolved through composition 1 to
composition 2 of Fig. 6a according to the reaction (1)

CO, + 2H,0 — CH, + 20,

until a composition in accordance with the imposed
oxygen fugacity is obtained (Fig. 6a point 2 for QFM
—2). As this change in bulk fluid composition to 2
occurs along the graphite saturation curve, some graph-
ite should be precipitated. Graphite has not been ob-
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served in the Ilimaussaq rocks; however, the amounts
precipitated, according to this change in composition,
would be trivial and could easily go undetected (total
exsolution of 0.9 wt% CO, would result in a maxi-
mum precipitation of about 107 vol.% graphite). That
these fluids are actually capable of precipitating graph-
ite is indicated by the occasional observation of a thin
film of poorly ordered graphite on the inclusion walls
by Raman microprobe spectrometry.

The additional presence in the Ilimaussaq magma
of at least 0.5 wt% Cl (Larsen & Sgrensen 1987) would,
however, result in high salinities of the exsolved aque-
ous fluid (Kilinc & Burnham 1972) and the formation
of two immiscible fluid phases, one rich in CH,, the
other rich in H,O plus chlorides (Lamb et al. 1996).
The high contents of F (up to about 1 wt%; J.C. Bai-
ley, personal communication 1999) in the Ilimaussaq
magma would not affect the composition of the va-
pour phase as F is strongly partitioned into the melt
(Carroll & Webster 1994).

The immiscibility resulting from the addition of chlo-
rides to the vapour would further enrich the salinity
of the aqueous fluid fraction to high values in agree-
ment with the fluid inclusion observations. The com-
positional evolution during buffering of such an
exsolved heterogeneous fluid mixture is shown
schematically in Fig. 6b. The compositional change of
exsolved bulk fluid composition is shown by the ar-
row from 1 to 4 whereas the compositional change of
the aqueous fluid co-existing with the precipitated
graphite follows the path from f; to f,. Upon final equi-
libration, the immiscible fluids would have composi-

tions f, (aqueous fluid) and f, (hydrocarbonic fluid).
The minerals may have had a possible catalytic effect
and contributed to the formation of some of the higher
hydrocarbons and hydrogen from methane at lower
temperatures.

The features of Fig. 6 demonstrate that although
the fluid which initially exsolved was rich in CO, and
H,0, buffering of this fluid to low temperatures at
low oxygen fugacities would result in a CH -rich fluid
co-existing with a highly saline, aqueous fluid. The
fluid inclusion observations suggest that preferential
entrapment of the CH -rich fluid occurred, probably
as a result of preferential wetting characteristics or as
a result of re-dissolution of the aqueous fraction upon
further development of the residual melt. The charac-
teristics of Fig. 6 further indicate that variations in the
CO,/CH, ratio can result from variations in the initial
CO,/H,0 ratio of exsolved fluid (that is, initial C and
H,0 contents of the melt) and imposed oxygen fu-
gacities. The range in COH compositions shown in
Fig. 4 may reflect the interplay between these param-
eters. Finally, the lack of observed graphite in the Ili-
maussaq complex may be due to a high water con-
tent relative to carbon in the melt.

Origin of the carbon component

The observed distribution and type of occurrence of
the hydrocarbon inclusions and their stable isotope
characteristics in the Ilimaussaq rock types point to-
wards a likely abiogenic origin.

Fig. 7. 8D (in %0 SMOW) versus 8"C (in %o

2T calculated bulk @u PDB) of hydrocarbon gases released on

E compositions of o OD'O F=1 crushing of various rock types from the Ili-

501  exsolved COH-vapour e D\ maus.saq Comple)'( Comp:ared to the ﬂullds
e considered associated with the generation

B o ?rgiz oiliigssrzz:gittﬁ/gy of hydrocarbons in the Ilimaussaq complex.

= -75 T for F=0.4 Initial model compositions (m) of D and
(@) - - " O"C in the melt are indicated in the inset
% B 813G mmfl Ze; co:%c:)smon_ 50 box. The change in isotopic composition of
8 ~100 icompositions of CH, (m)=—4.5 an (m)== bulk exsolved COH fluid is shown by the
o C o ) actual llimaussagq Sodalit upper curve for both closed (circles) and
29 o5 in equilibrium with Fo a'tl € open (squares) system fractionation (F: frac-
. H»0 (600°C) hydrocarbon gases oyaiie tion remaining in melt; F = 1 marks the com-

- e) o e position of the first exsolved fluid). The
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N fluid at the temperature indicated in the dia-

-175 ‘ gram and assuming total conversion of CO,

|
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-6 -4
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Based upon the available data for 8"*C and 4D val-
ues of hydrocarbons in the Ilimaussaq complex and
published fractionation factors for §C and 8D, the
composition of an evolved COH-vapour in equilib-
rium with the melt may be modelled (Fig. 7). For ini-
tial melt values of —4.5 §*C and —50%o 8D the compo-
sition of the vapour would start at —2.6 8"*C, —30%0 6D
and evolve towards lower values in both, as indicated
in Fig. 7 by the upper stippled curve. Upon the onset
of immiscibility and the formation of CH_-dominated
and H,0-dominated fluid fractions, further fractiona-
tion in 4D would occur and result in 8D values around
—150%o for the CH, fluid (Fig. 7, lower curve). The
four samples of whole rocks on which analyses of
83C and 8D on the hydrocarbons have been performed
are included in Fig. 7. Compared to the modelled §"C
and 8D values (based on the premises indicated in
Fig. 7), the overall compositional trend obtained on
the Tlimaussaq hydrocarbon gases agrees with a pos-
sible signature obtained from isotopic equilibration
of an immiscible CH -dominated fluid with the magma.

Conclusions

The hydrocarbon-rich fluid inclusions observed in the
Ilimaussaq complex — and in similar alkaline, both
silica-undersaturated and silica-oversaturated com-
plexes elsewhere — have characteristics compatible
with a magmatic origin. Their formation may reflect
buffering to unusually low temperatures during re-
duced conditions of normal magmatic fluids while
variations in the compositional characteristics between
different complexes may be due to an interplay
between the initial volatile contents of the magmas
and small variations in solidification conditions.
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Single grains of gold measuring 22 pm have been
found in analcime veinlets intersecting concentrations
of pyrrhotite, pyrite and marcasite in the lowermost
part of layer +16 red of the kakortokite sequence in
the southernmost part of the Ilimaussaq alkaline com-
plex (Davison 1989). The kakortokite sequence con-
sists of a repetition of units of lower black layers rich
in arfvedsonite, red layers rich in eudialyte and white
layers rich in microcline (cf. Sgrensen 2001, this vol-
ume, for a review of the geology of the Ilimaussaq
complex). Layer +16 red is the most prominent eudi-
alyte-rich layer of the complex. The identification of
the gold grains was verified by SEM - Energy disper-
sive X-ray analysis (Fig. 1).

Flotation concentrates of the sulphide minerals
show 8.8 g/t gold (Davison 1989). A number of kako-
rtokite samples have been analysed for gold by atomic
absorption spectrometry of 5 g samples decomposed
in aqua-regia, detection limit 10 ppb gold, most with
a negative result (Le Couteur 1990). The samples of
layer +16 red all showed < 10 ppb gold. Up to 50 ppb
gold was found in layer B red of the transitional lay-
ered kakortokite (Bohse & Andersen 1981).
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Fig. 1. Energy spectrum of native gold from analcime veinlet in
kakortokite layer +16 red. The spectrum was obtained with a
scanning electron microscope. From Davison (1989).
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Samples of lujavrite from the Kvanefjeld area in the
northern part of the complex have been analysed for
gold by direct current plasma determination of metal
in a fire-assay bead. Fifteen out of 42 samples gave
more than 2 ppb, and the highest content found was
10 ppb (Tilsley & Fisher 1983).
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