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Abstract. 102 samples of low-grade uranium ore from 70 drill
holes at Kvanefjeld, Ilimaussaqg alkaline intrusion, South Green-
land were studied by means of autoradiography, tission-track
investigations, microscopy, microprobe analyses and uranium-
leaching experiments. The principal U-Th bearing mineral, steen-
strupine, and several less common uranium minerals are dis-
seminated in lujavrite /nepheline syenite) and altered volcanic
rocks. Stenstrupine has average composition Nag,7HxCa1,0
(REE+Y)s5,8(Th,U)g.5 (Mnq,g¢Feq,.82rg,3Tip,1A10.2) Si1203¢
(Pg,3511,7)024 (F,0H). nH20; n and x are variable. It either

is of magmatic origin (type A) or connected with metasomatic
processes (type B), or occurs in late veins (Type C). Preponder-
ance of grains are metamict (usuaily 2000-5000 ppm U30g) or al-
tered (usually above 5000 ppm U30g), sometimes zoned with both
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components present. Occasionally they are extremely altered with

U content falling to 500-5000 ppm U308 and local accumulations

of high-U minerals formed. Replacement by crystalline monazite

(+ metamict uranothorite and other components) is locally import-

ant. Uranium recovery by carbonate leaching (NaHCO3+NaC03+03)

depends both on alteration of steenstrupine and on hydration of

parent rocks. Yield is between 98 and 50%, the average U concen-
tration in the examined rock around 350 ppm U. ‘"‘-h;\
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1. INTRODUCTION

Since 1976 the Ministry for Commerce has financed a number of
research and development projects on energy. One of the projects
concerned the extraction of uranium from lujavrite from the
Kvanefijeld area, the Ilimaussaq complex, South Greenland (Figqg.
36) . The name of the project is “Uranudvinding™; it commenced

in 1978 and is conducted by Ris¢ Mational Laboratory, Reskilde.
The present investigation, which deals with the distribution
and extraction of uranium and the mineralogy of the ore, is a
part of the project, and hus been carried ont by the Geological
Survey of Greenland (GGU) in cooperation with the Risg Nationail

Laboratory, since January lst 1978,

1.1, General problems, project aims

Extraction of uranium from lujavrite has beer carried out at

the Department of Chemistry at Risg National Laboratory for a
number of years. The research work has resulted in two different
techniques by which the refractory ore can be treated. The first
one is based on roasting the ore in a Soz-atmosphere and the
second one on extraction with a carbonate solvent in a press-
urized tube reactor. The uranium vield from both processss has
varied tremendously and being a heterogeneous ore with respect
to the fixation of the uranium it became clear that a better
understanding of the microstructure, the mineralogy and the
small scale distribtution of the uranium was important in order
to understand, and to improve the efficiency of the extraction
process. The distribution of uranium has been studied by a
number of techniques: autoradiography, fission track investi-
gation, general microscopy, microprobe and scanning electron
microscopy. Classification of the lujavrite ore on the basis

of these investigations is then compared with the results of a
series of laboratory extraction tests on identical lujavrite

material.
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1.2. Selection of material and sample preparation

Core material from various drilling projects at Kvanefjeld was
available in the form of continuous drill cores 32 mm in diam-
etre. The total number of drill holes is 70 which correspcnds
to approximately 9000 metres of core. From this material 102
samples were chosen to represent the following criteria: 'arge
variation in uranium extraction yield, and large variation in
lithology and representative spatial distribution. Fig. 1 shows
the distribution of drill holes at Kvanefjeld and Table 1 lists

the positions of the rock samples selected for analysis.

Each drill core is fully documented petrographically in un-
published reports. The contents of U and Th are determined for
the entire length of the drill core usiny gamma-ray spec-
trometry (Le¢vborg et al. 1972, S¢rensen et al. 1974, Nyegaard
et al. 1977).

The selection of representative samples on the basis of the
combination of the petrological data and uranium content re-
sulted in the documentation of all of the five principal rock
types which represent the potential U ore, each with a large
range in radioactivity. These are: medium to coarse grained
(MCG) 1lujavrite, arfvedsonite lujavrite, aegirine lujavrite,
deformed lava and naujakasite lujavrite. Naujaite and undeformed
lava do not display sufficiently high uranium concentrations

to warrant study. In addition, some steenstrupine-analcime veins
and mineralized rock contacts were sampled. For each drill hole
usually two (rarely one or three) of the most abundant types
were selected (Table 1). The samples were taken from the parts
of the drill core which displayed a reasonably constant uranium

content over considerable core lengths,

digh U contents in lujavrite comprising only negligible core
lengths were not considered. However, the highest anomalies
from the entire material connected with the above mentioned
veins and contacts, were also included, meinly for their mine-

ralogical interest.
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The length of each sanple was about 15 am of drill core. It was
split lengthwise into 3 portions using a rockcutting saw. The
central slab, about 4 mm thick was used for autoradiography,
rmicroprobe and fission-track observations. One semicylindrical
portion was saved whereas the other was used for the extraction

experiments at Risg.

2. AUTORADIOGRAPHIC WCR

Autoradiographic study of the samples was undertaken with the
aim of recognizing the distribution of radioactive minerals
in the rock prior to their detailed study by more elaborate
methods. The choice of material for thin section and polished

thin sections was based on the autocradiocgraphs.
In the course of the study it was confirmed that the autoradio-

graphs of rock slabs represented an excellent record of the

radiocactive fabric of the rock types.

2,1. Techniques, scope of work

Autoradiographs were prepared in the photographic laboratory of
GGU. The central rock slabs were placed with the cut surfaces
directly on the emulsion side of the Fuji Lith. HO 100 film
(13x18 cm). Exposure time of 14 days was chosen as it gave the
optimal image.

The outline of the slabs was recorded together with their serial
number in order to facilitate the comparison of photographic
characteristics with radioactive fabric. The quality of radio-
grams was mostly very satisfying except for some cases of rough

surfaces,



2.2. Results

Five categories of radioactive fabric were described in the

studied material.

1) Homogeneous (or relatively homogeneous) fine to medium
grained type of distribution of radiocactive grains in the rock.
This type is very abundant. Concentration of radiocactive grains

varies from high to low (Table 2, Fig. 2).

¥ig. 2. Autoradiographs and the corresponding rock samples

representing homogeneous distribution of fine to medium

grained radioactive minerals.



2) Veins or layers with medium to fine grained radioactive
minerals. The thickness of lavers or veins is of the order of
0.5 to 1.0 cm. They are interlayered with more or less sterile
layers of usually greater thicknesses. Distribution of ore-

bearing layers is usually irregular (Table 3, Fig. 3).

Fig. 3. Autoradiographs and the corresponding rock samples

with veins or layers of medium to fine qrained radioactive

minerals.

3) Patches or nests of medium to coarse grained (0.5-1.5 mm in
diameter) radioactive minerals (Table 4, Fig. 4). The distri-
bution is always irregular and at lower concentrations they

represent transition to the next fabric type.
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4; Individual scattered large radioactive grains. Tipical

diameter is about 2 to 3 m. Medium to hicgh concentratiors

prevail (Table 5, Fig. 3).

S5} Rock samples which, inspite of being selected for their
U content, left no discernible rmarks on their autoradiographs.
Although containing a certain amount of uranium this type is

termed "barren rock”™ (Tabie 6).



Fig, 5. Auteradiographs and the correspo.ding rock samples

with individual large scattered grains of radiocactive

minerals.

2.3. Classification of lujavrites

Frequency diagrams of different types of radicactive fabric
for the principal rock types disclosed interesting correlations

(Fig. 6).

As expected, the radiocactive minzarals in the medium to coarse

grained lujavrite primarily occur as large scattered grains and

in appreciable concentrations, All the other fabrics occur in

this rock type with much lower frecuercy.
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Fig. 6. Frequency distribution of different types of

radiocactive fabrics of principal rock tvpes.

Naujakasite lujavrite displays predominantly the "homogeneous

fine to medium grained fabrics" and medium to low uranium con-
centrations., Only in rare instances does the distributio>n of

radicactive minerals occur in layers (patches).

Arfvedsonite lujavrite represents the most abundant rncr. type

in the examined area., It shows a complete spectrum of radio-
active fabric types and has uranium concentrations varying from
high to low., The homogeneous, layered and "barren" types are
the most abundant.
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Only one specimen of aegirine lujavrite was examined (with a

patchy distribution). This rock type is not abundant in the

area and only this single sample was taken.

The principal fabric type of deformed lava is the layer type.

The content of radioactive grains is usually medium to low.

3. MICROSCOPY

-+1. Scope of work

Petrographic characteristics of the studied rock specimens were
described, and the optical study of steenstrupine in them was
performed on thin sections and polished thin sections. The
sections were selected from the drill cores by means of the
autoradiographic study. The cuts selected for the thin and
polished sections (about 3 x 4.5 cm in size) were taken from

che portions which:

1) displayed radioactive grains of a character typical for the
rock sample.

2) had concentrations of radiocactive grains sufficiently high
to warrant their representative cross-section in the

finished sections.,

The polished thin sections were also used for microprobe analy-
ses and fission track investigations of uranium minerals.
Altogether 97 sections were completely described. The microscope
used in the study is ZEISS Universal.

3.2. General mineralogical description of lvjavrites

For each of the studied specimens principal felsic, mafic and

accessory minerals were determin2d and tabulated (Table 7a-e).
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During the study we found that the degree of alteration of
primary felsic minerals represented a general phenomenon
independent of the boundaries between the various rock types

in the area. A working hypothesis was made that the degree of
alteration (called "hydration" below) might also partly control
the alteration of steenstrupine. Furthermore, it could have
influence on some stages of ore dressing. In the description,
the rock specimens are therefore divided into 4 groups on the
basis of the degree and sometimes also the type of hydration.

The 4 groups are the following:

1) weakly hydrated rocks

2) medium hydrated rocks

3) very intensely to completely hydrated rocks
4) hydrated rocks with ussingite

In the distribution maps from Fig. 7 to Fig. 10 tne black
coloured sector of a circle may be 1200, 240° or 360o indicating

that one, two or three samples belong to a single drill hole.

In the weakly hydrated rocks the bulk of the original felsic

minerals are preserved. Among them nepheline, sodzlite,
microcline, albite and in some cases naujakasite are most
abundant., Hydration processes primarily attack nepheline which
is replaced from the margins by analcime. Sodalite is similarly
attacked whereas naujakasite and albite are usually fresh in

this group. As a rule natrolite occurs as an accessory mineral.

Weakly hydrated rocks are abundant in the studied area where
they represent almost one third of the studied specimens (Fig.
7, Table 7a). This category contains a fair number of specimens
from each of the principal rock types (arfvedsonite and
naujakasite lujavrites, deformed lava and aegirine lujavrite).
The only exception is MCG lujavrite - from which only one weakly

hydrated specimen was found.

In the group of medium hydrated rocks the alteration of

original felsic minerals is pronounced and the hydration

products lecome substantial components of the rock. Nepheline
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Fig. 7. Weakly hydrated rocks. Numbers denote depth lin meters) under surface.

is substantially replaced by slightly anisotropic analcime.

It is still present in abundant, small to medium sized relics
embedded in the analcime matrix. Microcline is also considerably
attacked whereas albite seems to be still fresh, Besides abundant
analcime, also natrolite represents a substantial component of
the rock. This category is somewhat less common than the pre-
vious one and it mainly contains arfvedsonite lujavrite and
naujakasite lujavrite (Table 7b). The spatial distribution can

be seen from Fig. 8.
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Fig. 8. Medium hydrated rocks.

In the group of very intensely to completely hydrated rocks

analcime and natrolite represent the basic felsic minerals,
~.aly small relics of the primary felsic minerals, nepheline,
microcline, albite and sodalite, are occassionally fourd in the
analcime matrix., Natrolite is present in much larger amounts
than in the previous group; sometimes it is even more abundant
than analcime. Besides the more common fibrous natrolite also
fine to medium grained mosaic-like aggregates are present. This
group again contains nearly all the rock types. Except for 2
samples it is confined to a relatively small area of Kvanefjeld
- the so called "mine area" (Fig. 1, Fig, 9, Table 7c).



Fig. 9. Completely hydrated rocks.

A special type of strongly hydrated rocks are those which
besides analcime and natrolite contain large amounts of large
tabular crystals of primary microcline. In this rock type
natrolite occurs in smaller amounts than analcime, albite is

less abundant and nephcline was not found at all.

This group is almost entirely confined to one rock type - the
MCG lujavrite and it represents the bulk of its samples. Again
it is confined to the "mine area” (Fig. 9, Table 7d).



e

Fig. 10. Hydr.ted rocks with ussingite.

Another special type of alteration present in a small number

of weakly, medium to strongly hydrated rocks is the development
of ussingite + analcime. Ussingite seems to replace the original
albite in the rock. Typical for this type is a very irregular
development of hydration, with both hydrated and unaltered
portions present in the same section. This type of hydration

was found in arfvedsonite and naujakasite lujavrite, primarily
confined to one area in the NW part of Kvanefjeld. (Drill holes
48, 49, 50, 57 and 25). (Fig, 10, Table 7e).
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The various alteration prccesses show a distinct regional
pattern. With rare exception the occurrence of strongly hydrated
rocks is confined to the mine area drilled in 1958, 1962 and
1969. Nearly all samples of MCG lujavrite, taken from relatively
shallow to medium depths of the complex MCG lujavrite intrusion,
which is situated in fine grained lujavrite (S¢grensen et al.
1974), are completely hydrated (with primary microcline). The
specimens of arfvedsonite and naujakacite lujavrite taken from
below MCG lujavrite are usually only medium hydrated. Strong
hydration continues, primarily in arfvedsonite lujavrite and
deformed ‘tava, to NE of the MCG lujavrite intrusion, below the

sheets of roof rocks.

The NW and N areas, drilled in 1977 yield about equal amounts

of weakly hvdrated and medium hyd-ated rock specimens (primarily
arfvedsonite lujavrite). Sporadically strongly altered rocks
occur. No distinct distribution pattern of hydration can be
recognized except for the accumulation of ussingite-bearing
rocks in one area close to the northern end. The latter rocks

usually occur as the portions of arfvedsonite lujavrite over-

lain by a thicker volcanic complex (Nyegaard et al. 1977).

3.3. Description and classification of steenstrupine

Steenstrupine, the principal uranium-bearing mineral of the
studied rocks was first described by Loienzen (1881) from the
material collected by J.K.V. Steenstrup. The mineral displayed
trigonal symmetry and its formula was variably given as
Na2Ce(Mn,Ta, Fe...) H2 {(S8i,P) 04)3 (Strunz, 1944) or (Na, Ca)3
CaCe Nb (OH, F) ((Si, P)O4)3 (Bgggild, 1953). The early authors
only studied steenstrupine from veins and pegmatites. Buchwald
and S¢rensen (1961) and Sgrensen (1962) were the first who

also studied in detail the steenstrupine-bearing lujavrites, and
this work plays an important part in the later large-scale
exploration at Kvanefjeld (Wollenberg 1971; S¢rensen et al.
1974).
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The present microscopic study of thin sections from the drill
cores of the Kvanefjeld area has shown that steenstrupine in the
studied rock types occurs in two distinct forms which will be
called A and B. They substantially differ in size, shape and

origin.

The A type represents euhedral, small to medium (0.10-0.15 x
0.10-0.30 mm), fairly regular grains with hexagonal cross-
sections, sometimes with rounded corners. In many cases it
contains a small amount of inclusions, mainly arfvedsonite
needles. The steenstrupine occurs as small crystals among the
arfvedsonite and the felsic components indicating its primary

origin,

The B type of steenstrupine is far less abundant. Its shape

and size show considerable variation. The generally subhedral
crystals are bounded by large crystal faces but they also
partly enclose the surrounding minerals which have their own
crystal outlines. The steenstrupine crystals of this type are
in general heavily loaded with inclusions. Most abundant is
arfvedsonite, followed by microcline, albite and nepheline.
Sometimes analcime replaces primary lath-shaped felsic com-
ponents enclosed in steenstrupine. Some of these large crystals
are intimately connected with arfvedsonite felt. They are
heavily loaded with this cype of arfvedsonite so that sometimes

they imperceptibly grade out into a felt-like arfvedsonite mass.

The steenstrupine of the type B was almost exclusively found

in MCG lujavrite. Its formation may be connected with general
metasomatism and recrystallization processes, producing the
medium to coarse grained variety of lujavrite in the late stages
of rock formation. The steenstrupine of the examined analcime -
steenstrupine veins (described as the type C) is morphologically
1s fairly close to this category. Our observations and resulting
classification are in general agreement with division of steen-
strupine in the Ilfmaussaq lujavrites into two types by

Sgrensen et al., (1974) or into the type i and (ii & iii) by
Sgrensen (1962). In some samples of altered lavas the affinities
of steenstrupine remain uncertain.
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Steenstrupine of the Kvanefjeld area in most cases underwent

alteration of varying intensity.

Practically all "unaltered" steenstrupine in all rock types of
the Kvanefjeld area is already transfcrmed into a metamict,

optically isotropic state.

Combination of the two genetic types with the intensity and
the structure of alteration yields 7 principle types of steen-

strupine for the studied rocks:

type A: (primary, basically small to medium euhedral grains):

a) metamict (unaltered)
b) altered unzoned
c) altered zoned

d) extremely altered

type B: (late, metasomatic, basically large, subhe’ral grains):

a) fresh anisotropic
b) metamict (unaltered)

c) altered
In the examined rocks fresh anisotropic steenstrupine of the
type A only occurs as rims of the metamict or altered grains.

It will be described further together with these categories.

The metamict steenstrupine of type A has a high refractive

index and light creamy colour (Fig, 11). In some cases slight

alteration on margins and cracks is observed.

The concentration of the mineral in the rock varies greatly from
abundant, ca. 5-10% (sample 39/140), to scarce (sample 63/135.,30).
Samples of this type are evenly spread all over the examined

area and occur at all possible depths depending on local geo-
logical conditions (Fig, 12).
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Fig. 11. Metamict type of steenstrupine, Aa, Magnification
120x.

The unzoned altered type of steenstrupine, Ab, represents a

broad group from occurrences in which only parts of the grains
are altered to occurrences in which entire grains underwent
alteration. Consequently, this type is the most abundant in
the Kvanefjeld area (Fig. 14). It is characteristic for all
rock types (except MCG lujavrite), and it is distributed all
over the examined area except at places where one of the more
special types vf steenstrupine (described below) becomes
typical. In many instances it occurs combined with other types
of euhedral, A, steenstrupine, primarily with the metamict
type.

In thin sections its colovr varies between light yellow, brownish
yellow and rusty brown for the more altered parts. Refractive

index is lower than in the previous case.

Unaltered, fresh portions of the grains are isctropic whereas
the altered parts represent fine-grained products which often
display anisotropy in the form of aggregate polarization. The
euhedral shape of steenstrupine crystals usually remains pre-

served. Only in some cases it becomes obliterated (e.g., 65/51).



Distribution of metamict Steenstrupine, type Aa,

Fig. 12,



Fig. 1J. Tn d altered e of steenstrynine, Ah.

Yagnification %x.

This tvpe of steenstrupine shows yreater variability in size,
than the previous one (Aa). The majority of the grains are bigger

than in the Aa type (Fig. 13}.

A very characteristic variety of the type A steenstrupine,
occurring primarily in arfvedsonite and ncujakasite luja~rite

of the nine area is the altered zoned variety. The zonation

ranifests itself in the partly to fully altered grains. It is
not observed in metanict qgrains and extremely altered grains.
Thius we presurc that the primary compositional 2zonation appears
only in the process of alteration which will develop in the
compositionally suitable grain portions. Types of zonation and
tne intensity of alteration vary within broad lirits. In the
most abundant case stecnstrupine displavs dark altered core and
light rims which are in rmost cases anisotropic with sinqgle-
crystal extinction (Fig. 15). Opposite cases are known: in
28/90 steenstrupine has light isotropic cores and altered dark
rims (Fig. 16). In a number of samples also arains with two or
more altered and unaltercd zones are present. It should be

stressed that the zonation types and alteration staqge is uniform



Fig. 14. Distribution of unzoned altered type of steen-
strupine, Ah.
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Fig. 15. Altered zoned variety of steenstrupine,
Magnification 120x.

Ac,

Fig. 16. Altered zoned variety of steenstrupine,

naujakasite lujavrite, Magnification 90x.

he,

in

L
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Fig. 17. Distribution of altered zoned variety of steen-
strupine, Ac.
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and typical for each sample. In this group there are almost no
samples which contain different types of steenstrupine in thin
section. The map (Fig. 17) of the distribution of various
steenstrupine types suggests that the zoned steenstrupine is
primarily situated in the upper layers of fine grained lujavrite
in the mine area, below the layers of MCG lujavrite and altered

lava.

In the case of extreme alteration of steenstrupine of type A

the shape of (completely altered) grains becomes gradually
obliterated. They become nebulous in thin section and dis-
integrate (Fig. 18). Sometimes they may be replaced by cther

phases, primarily reptunite.

Fig. 18. Completely altered steenstrupine, type ~d.

Magnification 120x.

The type ¢f extreme alteration varies from section to section.
The usual type of alteration is replacement by very dark rusty
brown material, nearly opaque in thin section. Original in-~
clusions are still present in this case and, except for cudialyte
they remain unaltered. In other cases the rusty patches in the
altered grains of steenstrupine alternate with analcime. Even

in the cases where the original grain disintegrated into



‘s

Fig, 19. Distribution of completely altered steenstrupine,
type Ad.
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nebulous relics the original inclusions can still be seen. In
this case arfvedsor.ite is usually replaced by aegirine. The
rusty alteration product will in these cases change into a loose
gray network. Rocks with this type of steenstrupine alteration
occur scattered among the rocks with altered zoned and unzoned
steenstrupine in the old mine area. Cur results (drill holes 54,
46 and 70) suggest that they might form an uninterupted area in
some portions of the northern part of the examineé region (Fig.
19).

The shape of the crystals of B type steenstrupine and the in-

clusions in them have already been described (part 3.3, § 4).

The fresh anisotropic type of steenstrupine, Ba, is very rare.

It occurs mainly in the metamict isotropic grains as rims or
isolated parts., Anisotropy is usually weak and not easy to

observe. As an example we can quote No. 18/78.60.

The metamict B type of steenstrupine, Bb, is not so abundant

in the studied area as the A type. Colour in thin section varies
from light yellowish to light brown. In this case the brown
colour does not represent an alteration feature although the
darker brown portions indicate incipient alteration. This type ¢

of steenstrupine is isotropic (Fig. 20).

The amount of metamict B type steenstrupine varies from section
to section, in general it makes 5%, in some cases up to 10% of
the wvolume of the rock. Crystals are usually large and they are
often interconnected by thin cracks in the surrounding minerals
which apparently were formed when the volume of steenstrupine
crystals increased on metamictization. In a few cases, namely in
the section 37/36, large grains of steenstrupine were replaced
in their marginal parts and along fissures by grains of
monazite associated with uranothorite and U-bearing Na-Zr
siljcates. They pseudomorph the shape of the original steen-
strupine crystals, Alteration processes which can be locally
observed usually start along fissures as well,



Fig. 20. Metamict type of steenstrupine, Bb. Magnification
30x.

Fig. 21. Metamict steenstrupine, type Bb, with the apical

parts replaced by monazite (light). The pseudomorph retains
the shape of the original steenstrupine crystal., Magnifica-

tion 30x.



Fij. 22. ¥etamict steenstrurine, tyjec B35, rartl; re:

b monazite. Steenstrupine cranie red, Tmonazite darx Lrown.

The light brown mineral 1n the centre is yranothorite.

(Fig. 33 shous i« fission tracks of

the 53¢ section .

Magnification 90x.

Fig. 23 shows that this tvpe of sieenstrupine is cocncentrated
in the southern part of the "mine area”. It is bound to MCG
lujavrite and usually occuirs in the upper part of the drill

holes.

The altered B-type steenstrupine, Bc. In most cases it follows
the "metamict" Bb type. In the drill holes 4/107 and 9/67 it

occurs in arfvedsonite lujavrite alongside with the A tvpe. In
both cases the rock contains veins of MCG lujavrite and of
analcime so that we may consider the subhedral, B-t.pe crystals

to be of later, metasomatic origin.

The alteration of the B-type stecnstrupine nrocecded differontly
at different localities. The replacemernt by monazite has alreadvy
been mentioned (Fiqg., 21, 22)., In other casecs (18/79, 4/107,
30/47) the alteration has a similar character to that in the

Ab type. The altered portions are slightly to strongly ani-
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Fig., 23. Distribution of metamict type of steenstrupine, ph.




Fig. 24. Strongly altered steenstrupine, type Bc. Magnifi-

cation 120x.

sotropic and besides the dark components they most probakly
contain natrolite and analcime. In the case of strong alteration
some parts of the original steenstrupine grains are replaced

by neptunite (Fig. 25).

When the frequency of different types of steenstrupine is plotted
against the studied rock types the following conclusions can
be drawn (Table 8):

1) The deqree of alteration of steenstrupine cannot be con-
sidered as a function of the rock type for all the threec
principle rock types bearing the A type steenstrupine,
arfvedsonite lujavrite, naujakasite lujavrite and deformed
lava.

2) As mentioned above, the B type steenstrupine ranges from
fresh to metamict and altered and is practically limited
to MCG luijavrite.

3) Intensity of alteration of steenstrupine is not a function
of the intensity of hydration of the rock. Thus completely

altered steenstrupine frequently occurs in weakly hydrated
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rocks, and fresh or weakly altered steenstrupine can

frequently be found in completely hydrated rocks.

The geographical distribution of different steenstrupine types
has already been discussed. The trend of the completely altered
steenstrupine and especially cf the "barren rocks" to occur in

a distinct area along the NW and N margins of Kvanefjeld should

& g{*ﬁ\;i\

again be stressed.
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Fig. 25. Distribution of altered metamict steenstrupine
type Bc.



4. FISSICN TRACK INVESTIGATIONS

4.1. Techniques, scope of work

For the location and determination of U-bearing minerals in thin
sections of the studied rocks, the fission track method was used.
The method was developed by Fleischer et al. (1965). It was
applied to the Ilimaussaq rocks for the first time by Wollenberg
(1971) whose modification of the method is followed to some

extent in the present study.

As a solid state fission-track detector we used lexan poly-
carbonate plastic 0.75 mm thick. A lexan slide is firmly attached
to the surface of the polished thin section in such a way that
two edges of the lexan slide and of the szction exactly coincide.
A pack of up to 6 "sandwiches" is irradiated by thermal neutrons
in the facility at the DR 3 research reactor at Risg. After some
experimenting an irradiation time of 1 minute was chosen.

Uranium standards are placed at the front and rear ends of the

package.

The standards represent the Ca-Al-Si glass with the eutectic
composition in the CaO—A1203-SiO2 system, to which uranium oxide

was added in order to obtain the following U308 concentrations:

0 ppm 2 500 ppm
500 ppm 5 000 ppm
1 000 ppm 10 000 ppm

The glasses were prepared by weighing out components and each

of the mixtures was melted at 1500°C and homogenized in a

mortar three times. The method was developed by Gamborg-Hansen
(unpublished). They were all checked by delayed-neutron counting
{(for 10 sec) after neutron irradiation at the research reactor
DR 3 at Risg (for 20.3 sec). The results (463, 2417, 5047 and
9776 ppm U308
original U contente were preserved during preparation,

for the respective glasses) confirm that the
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The fission tracks in the detectors were developed by etching
them with 6N NaOH at 75°C for 10 to 15 minutes. Because of the
large amounts and frequent inhomogeneity of the radioactive
grains, the uranium content in them was estimated by comparing
the density of tracks produced by a grain (or by its part, or

a zone in it) with the .uniform track densities produced by the
six standard glass compositions. We used lower magnifications
and worked in the same way as if using the empirical blackening
curve on X-ray films. It should be noted that the total U
contents of the rocks have been determined by gamma spectrometry
of the drill cores (Table 1).

A sliding table (machine work by the workshop of the Geological
Central Institute, University of Copenhagen) was constructed
for use under the microscope for the fast comparison of the
fission track record on the lexan slide with the mineralogy of
the original polished thin section. The lexan slide and the
thin section are placed side by side on this table and can be
centered using the two edges they had aligned in common during
their exposure. Thus swinging the table back and forth, the
grain and its fission track image will be brought into the same
position in the microscope field of view. In this way we avoid
the problems in locating and determining the radioactive minerals
in the fine grained rocks which contain large amounts of dark
minerals. The use of Wollenberg's (1971) method (i.e. obser-
vations on the detector-and-rock section sandwiches) would slcow

down the work considerably.

4.2. Associations of U-~-bearing minerals

The fission track studies cnabled us to localize and determine
all the uranium-bearing minerals in the studied rock samples.
It was found that in general steenstrupine represents the mist
important U-bearing mineral and that the contents of uranium in
steenstrupine are in direct relationship with its preservation/
in situ alteration. In some rocks steenstrupine is associated
with other, quantitatively less important U-bearing minerals,
or it is decomposed and recrystallized into an association of

secondary products,



- 39 -

The following associations irnclude the types of pnrimary miner-

alization, its alteration as well as the most tvnicai secondaryv

products. The following associations were reccgnized:

a) Rocks with steenstrupine of the tine A

1)

2)

3)

4)

5)

6)

7)

rocks with metamict and/or altered steenstrupine, Aa+Ab.
rocks primarily with zoned steenstrupine, Ac.

rocks with all types/degrees of steenstrupine alteration,
Ab+Ac+Ad.

rocks with extremely altered, recrystallized and replaced
steenstrupine, Ad.

rocks with metamict and altered steenstrupine {as 1) and
with a metamict high-uranium Y-IZr silicate.

rocks with extremely altered steenstrupine which displavs
accunulations of U-rich phases.

naujakasite lujavrites with zoned steenstrupine and a low-U

"naujakasite replacement wnroduct”.

strupine. Among rc:condary nroducts are ronazite, uranothorite,

b) Rocks with steenstrupine of the tvpe B
1) rocks with metamict and altered, and recrystallised steen-
thorianite, neptunite. In some cases it associates with
extremely altered steenstrupine X, i.e. Bb+Bc+Ad.
2) rocks with altered steenstrupine, Bc.
3) metamict and altered steenstrupine and an U-bearing Zr-al
silicate.
c)

Impregnations of fine to ocoarse qgrained metamict to a.tered

steenstrupine of uncertain type in the altered lava.



Fig. 26. Microphotograph of the thin section and fission

track image of metamict steenstrupine, Aa. Magnification
120x.
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4.3. Description of individual associations and the uranium

contents in the winerals,
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The Aa steenstrupine usually forms small isotropic grains with
fission track density correspc--“ing to 2000-4000 ppm U3O8 in
and to 3000-5000

In genesral, the metamict

some rock samples,
26) .

exceed 5000 ppm U308. In most cases

PRIt U308 in other samples
(Fig. A steenstrupine does not
it alternates with altered
unzoned steenstrupine Ab with higher fission track densities,
usually between 5000 and 7000 ppm, sometimes in more altered
parts up to 10000 ppm U308' In some sections, a characteristi-
cally twinned Zr-Al silicate with the same U concentration as

in the Aa steenstrupine occurs.

Individual scctions (all data ppm U308):

Sample No. Aa Ab Notes
57-109.00 2500-4000 5000-7500 Aa < Ab
58-93.00 3000-4500 5000-7500 Aa < Ab
56-157 3000-4500 5000-7500 access.silicate 3000-4500
70-16.10 2000-4000 Aa < Ab, access.silicate
2000-3000
60-147.70 2000-3000 inhcmogeneous Aa < Ab
5000-7000 up
to 10000
27-29 ~ 5000 > 5070 in alt.par:s Aa (Ac)
A2 Rocks_primarily with_ zoned steenstrupine

In this group zoned steenstrupine, Ac, in which metamict and

altered zones alternate, represents the principal U-bearing

mineral. Smaller amounts of Ab or Ad steenstrupine may also be

present.

Differences

in uranium contents between the zones are

well axpressed in fission track images for the cases with broad

zones »Or with simple 2zonation

(Fig.

27, 28). However, only



Fiq. 27. Microphotograph of the thin section and fission

track images of altered zoned steenstrupine, Ac in

ar fvedsonite lujavrite. Magnification 30x.



Fig. 28. Detailed view of steenstrupine Ac from Fig. 27.

Magnification 120x.

average U contents over the zoned parts can be obtained in the
cases with narrow, rcpeated zones. For some samples an associ-
ation of Ac crystals with abundant very fine-grained now altered
(Ab or Ad) steenstrupine, dispersed throughout the rock, is

typical.



- 44 -

Individual sections (all data in npm 0308):
Sample No. Ac Notes
33-48.00 7000-10000 Numerous small steenstrupine

grains in arfvedsonite etc.,
< 7000, Britholite (creamy vellow,
high n, often altered) ...1000.
Wavelength scan indicates Si, P,
Ca, Th, 2 K, La, Ce and Fe as
major elements where's Y, Na, Mn,
Nd, Sm and Pb as minor elements.
ppm U308
5-121.30 8000-10000
dark altered

core

16-52.00 isotropic 8000. In aegirine-natrolite matrix:
Often only just numerous small Ad crystals with
observable light inhomogeneous Jlistribution of
zonation in tracks 4000-7000
metamict
steenstrupine.

Altered zones/parts
> 10000

61-77.05 Pronounced multiple Small amount of Ab, Ad; in the
zonation, narrow natrolite-rich zone: very
zones: average: abundant small grains of
2500-5000. Broader steenstrupine-strings of grains
zones: light 2zones Ab to Ad 4000-5000
2500-4000; highly
altered zones

5000-7000.

22-120.30 > 5000-6000; most A few Ad grains with high U-
altered parts accumulations occur
< 10000

6-44.90 Essentially metamict

with just observable
zonation. Light zones
~ 2000; darker zones
~ 3000



7-112.20 As the previous one
43-105.20 Light zones 5000;

altered zones > 7000

The range of fission track densities reflects the broad range

of alteration types present in the same rock. Density of fission
tracks in the altered Ab type of crystals corresponds‘to
4000~5000 ppm 0308 in less altered, lighter parts and 7000-8000
ppm U30g in altered parts. In the latter, but primarily in the
extremely altered Ad grains U-rich accumulations with over

10000 ppm U3

O8 are found. The Ad type otherwise displays from
500 to 2000 ppm U '

39g-

Individual sections (all data in ppm U308):

Sample No. Ab,c Ad
46-73.85 Large inhomogeneously altered 5000-2000
Ab crystals: less altered
4000-5000, more altered
7000-8000; high-U accumu-
lations 10000; rare zonation
30-12.50 Large Ab as above; cracks with Numerous small Ad
low U-content around Ab crystals with U-
rich accunulations
2000-5000;
"erikite"/
monazite 500-1000
29-29.85 Ab, c as 46-73.85

A-4 Rocks with_extremely altered, recrystalized_and_replaced

The grains of steenstrupine are completely altered into a
mixture of secondary phases among which mostly natrolite and
monazite, sometimes neptunite can be discerned. In other cases
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a gray irregular network results. The shapes of the grains are
obliterated, and sometimes their cores are completely replaced
by non-radioactive material. As a rule their fission track

records are very irregular, mostly 2000-3000 ppm UBOB' in a few

Og.

instances 5000 ppm U308’ Monazite shows 2000-3000 ppm U40g

Individual sections

Sample No. 46-157.75, 66-87.55, 69-117,05, 21-59.55,
59-61.85, 13-80.00.

In the majority of cases, metamict isotropic, Aa, which already
has small altered parts or patches, and smaller amounts of
altered, Ab, steenstrupine represent the conspicuous U-bearing
components. However, in all sections of this type numerous small
randomly distributed grains and strings of grains occur which
change state from metamict to highly altered. They probably
represented small steenstrupine grains or they might be products

of steenstrupine decomposition,

As a rule the U content of the Aa steenstrupine is 4000-5000 ppm
U308 and that in the Ab type (cr altered portions) is mostly

7000-8000 ppm U308'
grains suggest 1000-3000 ppm U308 although the accuracy is low

The fission track densities from the small

due to their size commensurate with the length of the fission
tracks.

A metamict mineral is disseminated in all samples, consisting of
highly decomposed, usually shapeless, darker brown, isotropic
grains. High fission track densities suggest concentrations

©>» 10000 ppm U308' Some parts show black opagque portions.
Although not so abundant as the steenstrupine grains, they may
carry a considerable portion of the total U-content in these
rocks (Fig. 29). Microprobe scans show Si, Y, Zr, Na and Sn as
the main elements and Th, U (~ 1,9 wt%), Fe, X, Ti, Al as minor
elements (section 49-139,35).



Fig, 29. Microphotosraph of the thin section and fission

track image of the metamict U-v-ir silicate {(darx in the
centre; the dense fission track 1mage) associated —~ith
metamict and altered steenstrupine in arfvedsonite

lujavrite, Magnification 120x.
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Individual sections:

Sample Nos. 49-139.35, 25-78.35, 15-22.05, 17-111.10 (the latter
with predominantly Ab (800C-10000 ppm U308)'

————— — — - ————— —— . —— G T~ — . . " ——— " — ——— . i — . —— ——— ———— o ——

This group is closely related to A-4 but differs from it in
important spot-like accumulations of uranium in the extremely
decomposed grains of original steenstrupine. The low and very
irregular U-conterts in the steenstrupine remnants lie in some
cases in the range of 1000-2000 ppm U308 whereas in the other,
L..rer preserved, cases betwcen 4000-5000 ppm U308. In such
grains, one or several accumulations occur with, or far above,
10000 ppm U308' It is difficult to assess the nature of the
phases but they might represent uranothorite or thorianite (Fig.
30, 31).

Microprobe scans gave the following results for the high-U
accumulations: main elements: Si, Th, minor elements: U, ? K, Y,
Al, Na, Pb, S. The Th:U ratio = 5:1.

The alteration may assume all forms, from a grey fine-grained
network to monazite-(and neptunite-) containing recrystallized
"ghosts” i.e. accumulations of secondary phases. Microprobe
scans also confirmed two darker grains in monazite as urano-
thorite with Si, Th > U as the main elements, Al, Na, Ce and Y

as minor elements.
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Fig. 30. Microphotograph of the thin section and fission
track images of completely altered steenstrupine, Ad.
Accumulations with or far above, 10.000 ppm UJOS might

represent uranothorite or thorianite., Magnification 30x.



Fig. 31. Detailed view of steenctrupine Ad from Fig. 30.

Magnification 120x.
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Individual sections (contents in ppm U308):

Sample No. Ad high-U spots Note

39-81.00 ~ 5000 10000

54-57.00 4000~5000 multiple

accumulations

56-13.00 as 54-57.00 not abundant Few spots in
(altered)
naujakasite
1000-2000

43-179.00 4000-6000 not abundant

62-67.83 5000-6000 present "Ghost" with
neptunite

63-135.30 1000-2000 (5000) " Often "hollow
ghosts" or monazite
1000-2000

69-11,05 3000-5000 " "Ghosts", also
monazite

64-29.85 5000
(outlines) 7000->>10000 Usually "hollow”

Steenstrupine in naujakasite lujavrites is typically nicely
zoned (Fig. 32). Zonation also can be followed on the fission-
track records. The lighter (metamict, slightly altered) =zones
with 5000 ppm U alternate with highly altered zones and portions
with 7000, rarely up to 10000 ppm U308'

Naujakasite, always altered to some extent, is partly replaced
by a light yellow (light brown) isotropic mineral which en-
croaches both from the grain surface and as v=2ins along the
cleavage of naujakasite. The aggregates are too small to be
analyzed quantitatively by the microprobe, but their wavelength
scan suggests Si, Al, K, Na and Fe as the main, Ca and Mn as
the miror elements. P is absent, as well as any appreciable

amounts of rare earths. All the elements are already present in



Fig. 32. Microphotograph of the thin section and fission
track image of altered zoned steenstrupine, Ac in naujakasite
lujavrite. The dark and rore altered zones yield high fission

track aensities. Magnification 120x.

the parent naujakasite. This replacement phase consistently
displays fission tracks which suggest an U308 content of

500-1000 ppm, sometimes slightly mere.
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In some of the sections numerous, highly altered grains occur
replaced by intimate mixtures of secondary ninerals, which still
preserve, albeit in a very irregular fashion, the original U
content. Fission track densities suggest a range of 1000-20360
pprm U308' although there are cases with > 3000 ppm U308 present.
The microprobe scan of the aggregates suggests that thev

represent alteration nroducts of evdialyte.
Individual sections:

Sample Nos. 49-71.30, 5-128_45, 25-78.25, 4€-59.0C, 28-90.70,
and 3-68.65.

B-1 Rocks with metanict_and_altered_steenstrupine B; sometimes

together with extremely altered steeastrupine A (or with a

microscopically identical product) - Bb+Bc+Ad.

The metamict and altered qrains of steenstrupine B are coften
associated in the same sample. In some cases the extremely
altered steenstrupine A is also present, disseminated in the
rock among (or close to) the large grains of steenstrupine B.

It should be noted that in this stage, Ad, the fine-grained
aqggregates after an altered steenstrupine grain may be virtualily
indistinguishable from similar aggregates after several other
primary components, and might require a complete microprobe

{bulk) analysis for their characterization.

The th steenstrupine which forms large subhedral crystals usually
gives a more or less homdogeneous fission track image with
densities indicating 4000-6000 ppm 0308 in the majority of

cases. Occasionally it may reach above 7009 ppm U308. Incipient
alteration is cocnnected with the latter uranium concentrations
{7000-10000 ppm U308).

Besides the cases where the Ali*eration products are fine-grained
and remain essentially in situ (U content drops in the extremelvy
altered cases of this type to 2000-3000 ppm 0308), a complete
recrystallization and repl acement of steenstrupine B is common.



Fig., 33. Microphotograph of the thin section and fission

track image of metamict steenstrupine, bBb, partly replaced
by monazite, uranothorite and other phases, Homogeneous

track density represents steenstrupine, Weak track density
represents nonazite and dense bhlack spots the tracks fron

uranothorite and the na-72r-5i1 phase, Magnification 30x.
i

The products recognized are (concentrat ns from the unpublished
microprobe analyses by J. Re¢nsbo and M.M.; sample 37-36.0):
crystalline monazite (fission track densities show 1000, rarely

up 3000 ppm U308), metamict uranothorite (U contents ~ 22 wt 3U)
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two distinct U-bearing Na-Zr silicates
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(with 5.9

and 2.3 wt 3U

respectively and no Th present), neptunite. These aggregates

preserve the shape of the original steenstrupine grain and mix

together with all the original crystals which were enclosed in

the poikilitic B steenstrupine. Parts of original steenstrupine,

however, are dissolved and substitued by common rock-forming

minerals of the MCG-lujavrite {(Figqg.

of a decomposed, highly inhomogeneous,

33). Dark skeletal crystals

Si-Zr-Ti~Nb-Na-Ca con-

taining mineral in steenstrupine B from the sample 37-36.0

contain 3-7 wt %U and no Th

When the Ad type is present,

(M. M.

& J.R.).

the lighter portions of the fine-

grained product show 4000-5000 ppm U308 whereas the darker prown

parts have densities between 6000-8000 ppm U308’ Often the

fission track image shows spots with >> 1% U in these grains,

which probably represent uranothorite

In this group

(or thorianite).

(MCG lujavrites with BL+Bc(+Ad)) eudialyte in

radiating clusters represents a typical additional U-bearing

mineral.

> 3009 ppm U,0gq.

378

Its fission track densities suggest 1000-2000,

Individual sections (all data in ppm U308):

Sample No. Bb
26-20.00 5000-6000

18-8.55 4000-5000

18-32,60 5000-6000

Bc aggr.
Recryst. U-
thorite
>> 1%; rest
7000-8000
monazite

1000-3000

Network 1000~
2000 with
high U-spots
+ neptunite
No U-thorite

or monazite

Ad aggr.
4000-5000
(light parts);
6000- >8000
(dark parts);
leached-out
parts; high
U-spots

< 7000

rarely

Note

Abundant small
Bc or Ad
aggregates
1000-2000

Bb > Bc
"eudialyte"
4000~5000
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0 5000-5000

16-73.9 5000-6000 oOnly incipient
alteration,
> 7000
14-100.30 > 7000 ~ 10000;
high U-spots
37-36.0C + homo- Monazite,
geneous U-thorite,
8000, the Si-Zr-Na-U
> 10000 phases, etc.

"eudialyte"
4000-5000
Many small
grains 5000~
6000

Large grains

This group of MCG-lujavrite samples contains only, or pre-

dominantly, altered to very altered steenstrupine B. Typically,

steenstrupine crystals are altered and replaced, sometimes

obliterated or partly dissolved. Monazite may be concentrated

in the pseudomorphs or in the surrounding rocks. Furtherrmore,

the pseudomorpns contain neptunite,

(? natrolite), metamict

uranothorite, or are represented by a brownish-grey fine-grained

network. The density of fission tracks is lowered, between 2000

and 4000-5000 ppm U

30g-

Commonly the high-U spots occur

(uranothorite) with »>> 10000 ppm U308 (Fig. 34, 35).

Individual sections {all data in ppm U308):

Sample No.
20-20.10

1-91.45

27-62.00

23-37.40

Bc

Recryst. to dissolved;
tracks heterogeneous
2000-5000, monazite 500
In arfvedsonite felt
2000-4000

Replaced 2000~-3000;

in less altered
4000-5000

Obliterated to U-thorite
> 1% U monazite,

neptunite

Note
Few Bb grains 5000-7000

"Eudialyte” (fresh) 1000
High-U spots up to 10000
Eudialyte 1000-2000



Fig. 34. !icrophotograph of the thin section and fission
track image of predominantl altered steenstrupine, Bc,

in MCG lujavrite. Magnification 30x.
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Fig. 35. Detailed view of steenstrupine Bo from ¥ig. 34,

Magnification 120+,

B~3 Metamict_and_altered_steenstrupine_ B_associated with_an

. — - — - ———  —— . —— i i ———————————— —— - -

—— e e e i e ) e e e e - - — - - ———

This is a subtype of the above Bb+Bc type, which contains
appreciable amounts of fresh, twinned and slightly poikilitic

U-bearing mineral with low birefingence. Microprobe data
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1 amounts of Si, Al, Zr, Na and Ca, minor
amounts of Y and ?Sn. The mineral shows in fission traclk

3500 ppm U308. Drill hole No. 31.

—— i — ———— e — ——— —— — — — ] - — ————— " ——— _— - —— —— — - —————— — -

e - . . — — —— — ————— —— v —— = ——— —— — G —— — —— ————— — - — — -

The type is represented by section 61-22.30 which is an in-
homogeneous rock, altered from lava, with vein-like, pre-
dominantly felsic impregnations between darker, arfvedsonite-

rich portions.

In the darker portions large steenstrupine (2?Bc) crystals are
abundant, with fission track image indicating 10000 ppm U308 or
greater. Another U-bearing component in these darker, arfved-
sonite-rich parts is represented by small grains. They are

highly altered so that they acquired irreqular outlines. Although
dif ficult to estimate because of their size, their U content

seems to be low, only ~ 1000 ppm U308'

In the light, narrow, impregnation vein, fine grained, dis-
seminated to agglomerated, light brown, slightly anisotropic
steenstrupine is associated with natrolite crystals. Locally
steenstrupine is heavily altered into fine grained, anisotropic,
dull brown, shapeless pigment. Fission tracks show, for the
majority of grains, contents above 10000 ppm U308‘ Light
minerals enclose disseminated minute grains of brownish altered
steenstrupine. The U content is estimated for them as 5000 ppm

U308'
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5. CHEMICAL AND MINERALOGICAL STUDIES OF STEENSTRUPINE

5.1. Microprobe analyses

Microprobe analyses were carried out using the Hitachi XMB-5S
microprobe at the Institute of Mineralogy, University of
Copenhagen. A data reduction programme by Springer (1967),
modified by J. Rgnsbo after Sweatman & Long (1969) was used.
The analytical lines and the standards used are listed in Table
9. The peak positions used, except for those of U and Nd, were
not influenced by interferences with other spectral lines.

Background problems were encountered for Pr and Al,

5.1.1. The measurement problems fcr U and Nd

Quantitative work on uranium was effectively made impossible
by the interferences of other 1lines (Th and K) with the rather
insensitive lines of uranium. The problem was aggravated by
the unusual background yielded by steenstrupine in the wave-
length regions of interest and by the low U contents to be

determined.

The Loy line of neodymium at 2.365A, and the cerium LBl line
at 2.351A lie very close to each other. At higher Ce or Nd
contents the lines of the two elements would appreciably overlap

but at the concentrations encountered the overlap is minimal,

5.1.2. Analytical procedures

Sodium, and especially Hzo easily evaporate from the analysed
spot in the steenstrupine sample under the impact of the electron
beam, Therefore the lowest possible acceleration voltage, 10 kv,
was used for the sodium analyses. 15 kV was used for the other
elements, 30 kv for Th.

The analyses for each element are based on 6 to 10 counts, each

over a period of 10 seconds. During each determination the
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sample was slowly moved to prevent excessive heat accumulation

and sample decomposition at the analysed area.

The analytical results, in wt %, are given in Table 10. Because

of the variable valency of Fe and Mn in steenstrupine, the

values for oxygen are tentative.

5.1.3. The analysed materials

The analysed samples from Kvanefijeld

6-72.88

9-66.65

11-134.90

18-79,65

Zoned steenstrupine, Ac, in hydrated arfvedsonite
lujavrite. It displays a rather thick metamict
outer zone and a variably altered core with small
crystals of arfvedsonite. Analyses Ncs. S1, 55,
56, 5%, 65 represent the outer zone; No. 53 the
less common metamict deeper zone. Nos. 52, 58,

59 and 62 rerresent the slightly altered, Nos.
50, 63 and 66 the altered, and Nos. 54 and 57

the strongly altered cores of various grains.

Crystals of unzoned metamict steenstrupine B
which contains numerous arfvedsonite needles.
Steenstrupine occurs among arfvedsonite and light
minerals. The latter have fractured on meta-

mictization.

Zoned steenstrupine, Ac, in naujakasite lujavrite.
Analyses Nos. 17, 25, 32 and 35 represent the
slightly altered metamict (and No. 23 the

altered) outer zone whereas those with Nos, 18,

24 and 34 the highly altered cores of the same
grains. A small independent metamict grain

yielded the analysis No. 22.

Subhedral, mostly metamict steenstrupine C in the

analcime - steenstrupine vein,
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48-163 .00 Slightly hyvdrated nauiakasite lujavrite which
contains small crystals of steenstrupine A. Both
the metamict, unaltered and, close to them, the
unzoned altered to highly altered grains commonly

occur in the rock and were analyzed.

29-15.00 Subhedral crystals and accunmulations of extremely
altered steenstrupine B, The resulting products
are separated on microscopic scale thus yielding
highly heterogeneous microprobe results. The
studied sample represents a strongly hydrated

MCG lujavrite.

39-140.00 Weakly hydrated arfvedsonite lujavrite with small
crystals of steenstrupine A. Altered, unzoned
crystals occur in the rock next to the accumu-

lations of unaltered, metamict ones.

54-39.85 Altered, sheared weaklv hydrated lava. The crvs-
tals of steenstrupine are altered into weakly
translucent aggregates of secondary products.

Their ocutlines remain preserved.

61-127.85 Zoned steenstrupine, Ac, in weakly hydrated
ar fvedsonite lujavrite. Analvses Nos. 7, 12 and
13A represent the highly aitered outer zone,
Nos. 8, 11, 13 a broad crystalline zone, and
Nos. 9, 10, 14 and 15 the highly altered core.
Analysis No. 16 represents patches of altered
steenstrupine in indistinctly zoned highly

altered grains.

65-51.10 Weakl, hiydrated arfvedsonite lujavrite. Altered
steenstrupine A displays inclusions of arfveds-
onite and indistinct zonation. The locally
developed metamict rim is represented by the
analyses %ns. 37 and 43. The remaining analyses
represent the main portions of the grains, i.e.

the altered core parts.
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Samples from the pegmatites and veins outside Kvanefjeld

1) Sample No. 199104 (Fig. 36)

A large naujaite inclusion in black lujavrite is cut by numerous
hydrothermal sodalite-natrolite veins with sporadic steenstrupine.
One of the veins, 10-15 cm thick, is composed of 10-100 vol$

of steenstrupine. Lujavrite adjacent to the vein contains

several vol% of disseminated steenstrupine.

Steenstrupine in the massive areas is coarse crystalline, fresh
and distinctly anisotropic. When isolated among silicate
minerals, the crystals are euhedral each crystal having a
narrow, well defined rim of anisotropic steenstrupine. Parts of
the crystal interior may be replaced by a secondary, strongly

anisotropic steenstrupine which does not affect the rim material.

2) Sample No. 199115 (Fig. 36)

Sodalite veins in naujaite are up to 10 cm thick and contain
microcline, aegirine, natrolite, eudialyte and several vol$%
of stee~strupine. The crystals of steenstrupine are zoned
metamict, optically isotropic. At the margins gnd along the
cross-cutting fractures they are replaced by a light to dark

brown semitransparent isotropic steenstrupine variety.

3) Sample No. 199146 (Fig. 36)

Irregular sodalite-aegirine veins with abundant steenstrupine,
situated in naujaite. Steenstrupine is isotropié, metamict and
is partly altered into an extremely fine-grained secondary
material. Some crystals have transparent margins and "dusty"”

altered central areas.

Another isotropic steenstrupine variety is the light to dark
red brown "steenstrupine" developed along the margins and

fractures in the earlier steenstrupine varieties.
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Navujaite
Sodalite foyaite
E Kakortokite

Foyaite and pulaskite
Augite syenite
[:j Alkali granite
l:j Gardar supracrustals

:] Basement granite

Rocks of the Narssaq
intrusion

[:] Superficial deposits

- Fault

GEOLOGICAL MAP OF
THE ILIMAUSSAQ INTRUSION

61°—

Fig., 36. Sample locations for steenstrupine samples from

the pegmatites and veins outside Kvanefjeld area.



- 65 -

4) Sample No. 230653 (Fig. 36)

Up to 5 cm thick massive steenstrupine vein in naujaite.
Steenstrupine crystals are composed of an intergrowth of
isotropic, metamict steenstrupine witi a distinctly anisotropic
variety. The latter has the character analogous to the replace-
ment steenstrupine phase in sample 199104, Metamictization of
the primary steenstrupine apparently took place after the
partial replacement of it by the distinctly anisctrcpic variety.
Metamict steenstrupine contains disseminated extremely fine-

grained anisotropic alteration products.

Katapleite and a red-brown micaceous mineral occurs among the

Steenstrupine grains.

5) Sample 230749 (Fig. 36)

The sample represents the albite rich zone of a complex naujaite
pegmatite. "Steenstrupine" is characterized by an anisotropic
rim (as in 199104) with central areas completely altered to

dark brown, isotropic material., Katapleite, a red-brocwn
micaceous mineral and natrolite occur among the steenstrupine

grains.,

5.2. Scanning electron microscopy

Because of the fine grain size of the common alteration products
of steenstrupine, a scanning electron microscope was used to
investigate selected samples. The apparatus used is the Cambridge
Stereoscan 180 microscope at the Inst. of Historical Geology

and Palaeontology equipped with a Link energy-dispersive X-ray
analyser. The radiation range recorded was 0 to 10 keV, in some

cases 0 to 20 keV. Samples were coated with aluminium,

The method gave additional insight into the fine-scale mineralogy
of the analyzed material, However, it has some limitations and
procedural difficulties which prevented its large-scale use for
the study of the steenstrupine alteration:
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1) Some important elements (primarily P vs. Zr) caunanot be
distinguished from each other in the spectrum. Prcblems are
also caused by partial overlap of U and Th, those among
various rare earths, and of Fe and Mn by subsidiary peaks.
In the present experimental arrangement Na could not be
recorded.

2) Ion etching of thin sections over extended periods did not
thin the steenstrupine alteration phases sufficiently to
become transparent for the electron beam although the
surrounding rock~forming minerals were virtually etched
away and the sections disintegrated. Thus, the transmission
microscopy could not be performed.

3) In the reflection arrangement many mineral grains had to be
distinguished only by analyzing them or by a scan of the
examined rock fragments at a particular X-ray wavelength,
making the work tedious. With increasing magnification,
contamination of the spectrum by stray radiation progress-

ively increases.

The following results were arrived at by critical examination

of the studied samples:

17-62.00 Hydrated lava, steenstrupine A with very altered brown

core and unaltered, crystalline rims.

In the scanning electron microphotograph, the grains of steen-
strupine show compact, grey to black rims with simple to
conchoidal fractures, and an altered core of earthy or fine-

grained appearance (Fig.37).

In grain 1 (Fig. 37) the grey to black rim represents siliceous
steenstrupine with Si >> P and with only minor amounts of Th
and U. Immediately adjacent to the altered core is a black
massive layer, apparently a metamict steenstrupine layer. It is
somewhat richer in Th and U. It ras a fairly sharp contact with
the altered core composed of a fine-grained, uniformly looking

mass of an alteration product.
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The bulk analysis of an uniform area in the core gives a
steenstrupine spectrum with slightly higher contents of Ca and
Fe and the highest contents of Th, U fand K).

Alteration processes are timited to the hich Th and " areas.

The low-Fe spots in the core, picked up using the characteristic
Fe line, give P ~ Si and a verv high Ca content iFig. 37)}.
Rare-earth contents remain hich while Mn is sorewhat lower i(ZIr

cannot be discerned from P).

The hijh-Fe spots show nearly nure Si and elevated X, indicati. -~

that they represent enclosed mafic minerals (arfvedsonite).

A grain of galena has been located between the metunict and
altered parts (Fig. 38).

The other grains indicate a similar pattern, with somewhat
lower P ccntents in the core, less Mn, and U & Th large in the
core and almost absent in the rim. For all exanined grains the
La/Ce ratio is significantly smaller in the cores and larger

(peak heights about equal) in the rims.

Remnants of a cubic or tetragoral mineral with pyvramidal shape

in the mass of the steenstrupine core gave:

P .- Si, versy high Ca, RE; hicher Fe, low Mn, and wvery small
amounts of U and Th (Fig. 39).

55-155.35 Arfvedsonite lujavrite with very altered steenstrupine.

Again, steenstrupine grains with ?metamict nassive rims and
altered cores were located and examined (Fig. 40). The rims
display slightly smaller P contents and very low contents of
Th and U. The core, both immediately below the rim and in the
crystal center is more siliceous, with Th & U content so high
that the Th peak is commensurable with the Ca peak. Again, as

in 17-62.0, in the rim the La/Ce ratio is distinctly higher than
in the ccre.
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Zoned steenstrupine A: the crystalline nm .
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Fig. 37. Scanning electron microscope photograph of zoned
steenstrupine 17-62.00 and the energy dispersive X-ray
spectra of four analysed spots in the steenstrupine grain
(numbered 1 to 4 in the order of the above recordings).
The spectral lines present are decoded in the first plot;
"+" in the remaining plots means contributions from other,

not enumerated lines of the elements present. Aluminium
coating.



Fig. 38. Crains of galena crystallized inside stecen-

strupine. Top: sample 17-62 {(zoned steenstrupine A);

bottom: sample 37-36 (metamict steenstrupine B).
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Fig. 39. The SEM photograph and EDA recording of a minute
prramidai inclusion in the core parts of the qgrain of

steenstrupine 17-62.00 shown in Fiq. 37,

The core is fiiled with small crystals of arfvedsonite and it
contains white "specks" which are Ca- ard P-rich, with less
Th(U) and Mn (Fig. 40).

Steenstrupine was also found as imperfectly developed crystals
(combinations of basal pinacoid and rhonbohedra), exposed on

the fracture surface of the rock. Typical spectra of steen-



strupine, sometimes arfvedsonite (Si, Fe, K)

were obtained.

Loose crystals in the vugs are zlways aluminosilicates or in
one case a Nb silicate. An undefinable spot in a complex ag-

gregate yielded a very high P content with lower Si amounts,
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Fig. 40. The photoqgraph and EDA recordings from zoned

steenstrupine 55-155.35. For explanations see Fig. 37.
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a very high Ca content, traces of Fe and no REE, U or Th. This
Ca (?Na) rich (silico)phosphate indicated a possible explanation
for the high P-high Ca spots in the altered steenstrupine cores.

However, the presence of other, Ca~ and REE-rich silicophosphates
cannot be excluded.

37-36.00 Medium to coarse-grained lujavrite with metamict and
recrystallized steenstrupine B.

The metamict steenstrupine B again shows strong predominance
of 3i over P. It shows Ce peaks distinctly higher than those
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of La, higher relative contents of Mn and distinctly higher
contents of Th and U (no K). The metamict mass is compact,

uniform dark grey with conchoidal fractura (Fig. 41).

Fig. 41. Top: uranothorite (1) replacing metamict steen-
strupine (bulk) along fine fissures. 3Bottom: negative
of an arfvedsonite cryvstal in MCG lujavrite. Sample

37-36.00; the SEM imadges.
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Irregular minute grains of uranothorite were found in the
metamict mass, with shapes indicating their formation by re-
placement of steenstrupine along fine fissures (Fig. 41). Their
analyses show Th > U, Si and appreciable amounts of Pb from
radioactive decav. Spectral patterns contain low peaks of all

major elements from the surrounding steenstrupine.

Bundles of subparallel crystals of monazite occur next to
steenstrupine, together with light silicates and uranothorite
(Figs. 42, 43). Uranothorite in this case gives a pure spectrun.
Monazite is siliceous, with P >> Si, with practically no Ca,

Mn and Fe in the pattern, with the Ce > La peak ratio as in
steenstrupine B. There is a definite content of Th and U. An
indistinctly layered oval grain in monazite (Fig. 44) displays
high—-REE contents, smali amounts of Th, and low concentration

of P > Si (ratio as in the surrounding monazite). The data are

not sufficient to specify the mineral unambiguously.

Fine-grained subparallel intergrowths of monazite (after
steenstrupine), associated with ?neptunite (mein K, Ti, Fe, Si,
no Zr, Nb) are more siliceous than the previous monazitq
bundles, with higher Th (and U) contents (Fig. 45).

9-23.7 Medium to coarse grained lujavrite. Patches and nests of

metamict to extremely altered steenstrupine B.

Steenstrupine again is siliceous, Si >> P, with somewhat higher
Fe/Mn ratio than the previous ones. Typically the La peaks are
much lower than the Ce peaks, and the Th (& U) peak is high,
often almost equal to that of Ca (Fig. 46).

The strings of newly formed particles alcng the fissures show

the spectrum identical (in intensity ratios!) to that of
surrounding massive steenstrupine. An irregular grain of monazite
developed in steenstrupine shows a low Th(U) content and low Si

content (?contamination).

The lavered, grey and black steenstrupine with still compact

appearance mav, besides the typical steenstrupine spectra,
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Yig. 44. The SEM image and the EDA recording of a phase

rich in rare-earths from the sample 37-36.00. The ¢grain

of the phasc (center) is enveloped by crystalline, siliceous
UC=Th containing monazite similar to that in Figs, 42 and

43.
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Fig. 45. Highly siliceous crystalline monazite (center)
with (?) neptunite (ri:ht-hand portions) replacing
metamict steenstrupine B (left-hand parts) in the sanple
37-36.00. SE! image of a fracture surface and EDA recording.
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Fig. 46. FD.\ recordings from the steenstrunine B samrle

9-23.7G. The upper spectrurm cones from a massive uniform
ajgregate of metarict steenstrupine; the lower one fron a
layered portion with frequent compositional changes and an

overall ZnS5 content (see paragraph 5.2).

locally yield the low-Si & P, high REE or high-P & Ca (?REE)
compositions similar to those above. It also may constantly give
distinct Zn and S contents, indicating its internal contamination
in (rredominantly) metamict state (Fig. 46).
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Fii. 47. Enerjr dispersive i-ra spectiru of 3 nortion
of flawy cavity Z1ilings 1n altered steenstrusine 3 from

the sampie $-213.74.

Cavities in steenstrupine are generallv coated by subparallel
aggregates of flaky minerals with irreqular to polvgonal grain
outlines. They did mot vield a unique type of spectrum. In
general, away from the cavity walls the spectra of these flaky
minerals reveal Si (no P) with Ca, K, Fe, elsewhere only with

K or Si (+?Na). Occasionally, Ligh REE-contents also occur,
without P. Visible amounts of Zn and S can occur throughout the
cavity, indicating presence of dispersad ZnS. Locally, the
single grains of the flaky cavity fillings may vield very exotic
spectra (e.g. Fig. 47), without the possikility of distinguishing
single phases in them (Pb coincides with 5§ and Ag with Th).

5.3. Mineralogical studies on the crystalline steenstrupine
No. 199104 from Turugdliarfik, the Ilimaussaq Complex.

Practically all the steenstrupine in the Kvanefjeld ore occurs
as small to microscopic grains which cannot be effectively
obtained as a clean fraction for more detailed mineralogical
investigations. Moreover, the portions which are crystalline
always occur as parts of composite grains and cannot be
separated. Although steenstrupine from veins occurs in larger
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masses, as a rule it again is predominantly metamict or altered

into secondary products.

Thus a find of masses of only weaklv metamictized (or altered),
still crystalline steenstrupine at Tunugdliarfik (Fig. 36)
enabled us to undertake detailed mineralogical investigations
of the "original steenstrupine”. The results of such investi-
gations are then critically applied to the study of the main
mass of steenstrupine which occurs in the rocks of Kvanefjeld.
Detailed report on steenstrupine from Tunuocdliarfik will be
published elsewhere {(Makovicky & Karup-Mgller, 1981). A summary
of all important data is given below.

The locality is described in part 5.1. The examined crystals
contain small to medium large homogeneous cores, darker in
transmitted light, and thick, finely zoned outer parts. The
microprobe composition of these, as well as those of the thin
outer rims and of the anisotropic replacement steenstrupine

mentioned in 5.1 are given in Table 1l.

The fluorine content of the bulk steenstrupine 199104 was
estimated by J. Kystol (Geological Survey of Greenland) using
a fluoride-specific ion electrode to be 0.27 wt% F.

The uranium content of this sample was determined by L. Lgvborg
(Ris@) using delayed-neutron counting following neutron
irradiation in the research reactor at Ris¢. The mean value
cbtained is 0,46 wt% U. The fission-track densities (see 4.1)
suggest ~ 5500 ppm 0308 in the cores and ~ 7000 ppm U308 in the
thick, zoned areas of the crystal. They are fairly uniform

within the limits of either area.

The emission 3pectral analysis of the bulk steenstrupine 199104
was performed by H. Bollingberg (Inst, of Petrology, Univ. of
Copenhagen) on a Hilger cuartz spectrograph. The following
minor and trace elements were found (in ppm): 2Zr 4400, Y 4700,
Mg 3400, Al 2700, Ti 780, Ba 550, Ni 300, Sn 220, Cr 190,

Sc > 100, Be 8, B 63, Co 60, Nb 85, Ga 40, Cu 12, V traces.
They were estimated using prepared mineral standards.
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MOssbauer spectrocopy of the bulk steenstrupine 199104 (Albert-
son et al., personal comm.) revealed that practically all iron
in the mineral is trivaient. This, however, should not be con-
sidered a general phenomenon because another steenstrupine
sample from veins in the Ilfimaussaq complex was found to contain
substantial amounts of Fe2+(besides Fe3+) by the same method.

In cooperation with J. Bailey (Inst. of Petrology, Univ. of
Copenhagen) the approximate valency of manganese in steenstrupine
199104 was determined from the M5K81'3—KB' X-ray emission peak
profile (Urch & Wood, 1978) as approximately Mn2+/Mn3+ = 2:1.

Infrared spectra of steenstrupine 199104 were taken on a Beckman
IR9 double-beam spectrometer at the Mineralogical Inst.,
Technical University of Denmark (DTH). KBr pellets with 0.2% of
steenstrupine, and of steenstrupine partly dehydrated at 350°C,

were used.

The spectrum is dominaled by three strong absorption bands:
one below 700 cm ! and two between 750-1400 and 2500-3700 cm .
It is complicated by numercus small to medium peaks. The complex
band centered on %50-1100 cm-l reflects stretching frequences

of the [PO41 and [Si04] tetrahedra. It lies in the region of
condensed tetrahedra and its great simplification plus shift to
higher frequences on dehydration at 350°C show the pronounced

influence of hydrogen bonds on these tetrahedra.

The composite bands at 1655 cm ~ and at 2500-3700 cm * represent
the bending and stretching frequences of structurally bound
water. The material heated at 350°C still shows HZO frequences.
They suggest tighter structural bondin¢ than that observed for
the water released at lower temperatutres. No hands indicative

+ .
of strong OH-Me interac*ions were observed.

The "TA and DTG/TG analysis was nerformed on the Mettler
Recording Vacuum Thermoanalyser at DTH, Lyngby. Pure steen-
cstrupine, dried at 50°C, was run against the A1203 standard

with temperature increase of lOOC/minute in dehumidified air.
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Dehydration starts above room temperature and can be divided
into three stages characterized by the brosd maxima at 95—100°C,
{the principal peak) at 150°C, and at 190°C. Another small
endothermic peak occurs at 330°. After a slightly wavy portion
of the DTA curve, a pronounced exothermic reaction follows at
7200C. The DTA curve remains essentially horizontal afterwards,

except for a small exothermic maximum at 1020°c.

The total weight loss between 25°C and 720°C is 10.5 wt%. Until
230°C 7.3 wts are lost, between 230 and 340°C the loss is 1.6
wt%, and subsequently additional 1.6 wt% ace lost until 720°C.
The weight loss up to 720°%C primarily represents the loss of

variously bound HZO'

The X-ray studies confirmed that the symmetry of steenstrupine
is rhombohedral, with a = 10.46(1)A and ¢ = 44.99 (3)A. The
X-ray and morphological data (Moberg 1898) indicate the space

group 3 2/m. Powder data of steenstrupine are given in Table 1z.

On annealing between 25°C and 900°c {the X-ray photcgraph taken
by G. Roed, DTH, on a Nonius high-temperature Guinier camera)
steenstrupine persists unchanged, except for continuous shrinking
of the lattice, until ~ 102°C. The first changes in the powder
pattern are soon followed by a pronounced "collapse” of the
structure at ~ 180°C which produces an altered pattern of X-ray
lines with typical "dublets". At 250°C all these lines vanish
and only the 003 reflection of the original steenstrupine
persists, with the steadily decreasing d value. It fades out at
~ 535°C with the d value of only ~ 13.7A. After very diffuse
lines have appeared at ~ 250°C, as premonitions of the phase
change, at ~ 850°C {(or already below 750°C on protracted
annealing) new phases with very diffuse X-ray lines crystallize.
They represent a mixture of monazite, a cubic CeOz-like phase

(a = 5.50A) and an unidentirfied phase with the principal d
spacing of 4.26A. These results conform well with those of
Gambcrg-Hansen (1977) and earlier investigations.

The measured density of crystalline steenstrupine 199104 varies
widely from between 3.16 g/cm3 tc above 3.31 g/cm3 as estab-
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lished in heavy liquids during the mineral separation by
J. Frederiksen, Inst. of Petrology, Univ. of Copenhagen. These
variations are caused by numerous gas-liquid and solid inclusions

contained even in the best steenstrupine fraction.

The REE content of steenstrupine 199104 was analysed by

J. Bailey using X-ray fluorescence. A Philips PW 1410/20
spectrometer, with a tungsten anode operated at 80 kV and 30 mA,
and allanite as a REE standard was used. The following
lanthanides were measured: La 8.58 wt%, Ce 13.90%, Pr 0.82%,

Nd 3.40%, Sm 0.11%, Gd 0.08% and Er 0.057%. Y content is 0.55
wt$. Taking into account the different hydration of the bulk
sample and of the thin sections analysed by the microprobe,

the agreement is very good except for Pr. The REE fractionation
plot (see below) suggests that the microprobe values for Pr are
too high whereas those from X-ray fluorescence are iower than

a smootbh distribution curve predicts. The other samples analysed
by microprobe yield values more in line with the fractionation

curve.

5.4. Discussion

In order to obtain a better understanding of the chemistry of
steenstrupine, and of its variations, the weight per cents of
elements (Table 10) were recalculated into atomic proportions
(Table 13). In agreement with the trigonal symmetry of the
mineral, and with its density (Makovicky and Karup-Mgller, 1981)
the atomic proportions were normalized so that the sum of
tetrahedrally coordinated cations Si and P is equal to 18. No
evidence could be obtained concerning the structural role of the
minor amounts of Al in steenstrupine, or on the possible substi-
tution [SiO4]4- 7 4[cH]” in the metamict material. Consequently,
both were excluded from further consideration. Finally, the
individual analyses were lumped together according to the
alteration types within each sample (Table 14).
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5.4.1. Statistical studies

Table 15a and Figure 48 show the mean value, standard deviation
and the extreme values for each elemert in the entire studied
material. It includes both steenstrupine as well as its meta-
mictization and alteration products with the exception of the
coarse-grained products, which contain microsccpically reccg-

nizable phases. The tabulated values reveal that

1) The alteration process, from the crystalline through meta-
mict to the zltered material, is nearly isochemical for all
stages with the exception of the most intense alteration.
This statement is corroborated by the more detailed analyses
which follow.

2) The Si/P ratio concentrates about the value of 13.8/4.2
atoms in a cell in what is »nracticalliy an unimodal distri-
bution.

3) Ca and REE+Y are concentrated in a rather narrow range around
their respective averages of 1 and 6 atoms in the original
unit cell. The variety of distributions of the individual
measured rare earths, La, Ce, Pr and Nd, is much larger,
but only the skew of the individual La and Ce distributions
projects into the REE curve.

4) Th, Y, Mn and Fe have broader, symmetrical and close to
unimodal distributions whereas the small amounts of Ti, Zr
and Al are biased towards low concentration values.

5) Na has a very complicated, at least bimodal distribution
curve over an extremely broad range of values from 0 to 13
atoms in an original unit cell. The average of ~ 6 Na atons

represents the least populated value.

The potential differences in the composition of steenstrupines
of different petrological or genetic types were studied by the
same means as the total composition. The plots of the frequency

distributions were again used but will not bhe illustrated here.

The comparisons of the genetic types of steenstrupine, named

A, B and C in part 3.3, are partly influenced by the lower
number of analyses on the metamict B variety (Table 15b). Thus,

the deviations of the B type in Table 15b from the values charac-
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teristic for the A and C type may not always be statistically

significant.

The average Si/P ratio, the REE value and the bulk of Ca con-
centration values are practically identical for the A and C
types. The values for the C (vein) type in Table 15b are partly
influenced by the presence of a special high-Ca, low~Na variety
in the vein material. The distribution curve confirms that the
bulk of the Ca values are concentrated around 1.0 also in this

case.

Among the rare earths, the bimodal La distribution, and unimodal
Ce and Nd distributions do not show significant differences

among the steenstrupine types.

Among the elements which increase slightly from the A type
towards the C type are Th (0.33 -+ 0.51 at./cell), Pr Mn {(in

the C type) and 2r; all of them usually display unimodal dis-
tribution. Aluminum decreases towards the C type as does yttrium.
Fe shows a small incicase in the B-type of steenstrupine where

it might arrest the expected increase in Mn.

Steenstrupine from three principal petrological categories is

available for chemical comparisons: arfvedsonite lujavrite,
naujakasite lujavrite and from veins/pegmatites (Table 15d).

The average Si/P ratio is identical for all three petrological
types. The same holds for the mean value and distribution of
REE+Y. The distribution of La is bimodal, that of Ce unimodal,
whereas Pr and Nd are more scattered over their concentration
ranges. The averages are nearly identical, and the standard

errors similar for La, Ce and Nd in all the above types.

If we disregard the high-Ca outliers in the veins and pegmatites
(see above) the Ca values are identical (approx. 1 Ca atom in
the original cell) for all the categories. However, those for
steenstrupine from lujavrites are broadly distributed about

the average whereas in the vein material they are sharply con-
centrated about 1.0.
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The distribution of Na is strongly bimodal, or for the vein
material even trimodal. Whereas in the rocks the higher XNa
contents prevail and result in higher averages (7.5 and 9.75 X\a
atomns/cell), a new and large freguency maximum aj.;ears at very

low Na conterts in the wvein material.

The Ma, Th, Pr and Zr contents are markedly higher in the vein
material whereas Y and Al are higher in the st2enstrupine from

lujavrites. The iron content remains stable.

The compositional data for the steenstrupine from different

rock -~ hydration types (Table 15c) are Lest documented for the

weakly hydrated rocks on one hand and for the intensely hyvdrated
rocks on the other hand. Thus, the deviations observed for the
medium hydrated rocks cannot be considered statistically

significant.

Across the entire scale of hydration intensities the Si/P, REE+Y
and Ca values remain unchanged. The same is true for Pr, Y, Mn,

Fe, 2r and Ti. The small decrease in the La contents, connected

with the small increase in the Ce and Nd contents with in-

creasing hydration cannot be considered significant.

The elements displaying slightly decreasing values with
hydration are: Th (from 0.36 to 0.27 atoms/cell) and XNa (from
the average of §.5 to that of 7.1 atoms/cell). Al shcws veryv low
contents in highly hydrated rocks, reminiscent of the similar

trend observed [or tile steenstrupine material from veins.

The potential chemical changes on steenstrupine alteration were

studied using the statistics in Table 15e. Steenstrupine {rom
both the rocks and veins was divided into six categories related
to the descriptions in parts 3.3 and 4.3. These are: 1) crystal-
line, 2) metamict, 3) slightly altered, 4) altered, 5) extremely
alterea (fine grained) and 6) completely altered into a hetero-
geneous mixture of individual minerals. The individual zones of
zoned steenstrupine were distributed among the relevant cat-

egories of this classification.
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.70 more categories were defined for the steenstrupine from
veins: 7) Anisotropic steenstrupine which replaces the cry-
stalline (or now metamict to altered) steenstrupine from veins.
It forms lobes reaching from the periphery deep into the
crystals; 8) Isotropic brown-red "steenstrupine®™ which replaces
the vein types along fractures. These types were first optically
described by EBuchwald & Sgrensen (1961).

The basic question is the interpretation of the differences
found in this particular statistical study. The observed
characteristics might be primary, formed during the crystal-
lization of steenstrupine, or secondary, representing element

transport during alteration.

Almost all of the categories defined here span various genetic
and petrological types. This is the reason why the metamict and
siightly altered steenstrupine dispiay broadiy distributed
values when compared with crystalline steenstrupine which pri-
marily comes from wveins. s mentioned above, the statistical
estimates for this type are influenced by the presence of the

variety with 8 REE atoms per 18 tetrahedrally coordinated atoms.

The other factor causing spread of concentration values around
their statistical mean is the differentiation process which
takes place with advancing alteration (cf. part 4.3). It is well
illustrated in Table 15 for the sequence from the altered via
the extremely altered to the microscopically heterogeneous

assemblage.

The presumadbly primary trends in the contents of Si, Th and REE
between the different zones of the simply-zoned Jgyrains of
steenstrupine A from some samples (part 5.2 and Table 14) are
in the total statistics obscured by the diiferences between the
rock/geneti> types. Thus, no significant overall correlations
with the degree of alteration could be established for the

Si/P ratio, for the concentrations of Na, Ca, Th, Mn, Fe, Zr,
Ti, REE as well as for the amounts of individual rare earths,

with a possikle exception of Cr,
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The only potentially significant trends are: 1) the marked
decrease in the Mn content in the stage of extreme alteration.
The same is truve for Na which still occurs in high concentrations
in altered steenstrupine. 2) an increase in the Al content in

the analysed fine grained mixture representing the altered and
extremely altered steenstrupine. The same is possibly true for
the conterit of cerium but it could also be a primary compo-

sitional feature of these steenstrupines.

The results of this -tudy show that, unlike the individual
cases (part 5.2 and Table 14), no overall values of Th con-
centration exist which would be typical for each degree of

alteration of steenstrupine.

The alteration types 7) and 8) ought to be compared with crystal-

line steenstrupine which primarily represents a vein material.

The replacement phase is generally richer in P, noorer in Th
{also to some extent in Ca, Al and Y) and largely isochemical
with the parent crystalline steenstrupine in the rest of the

elements.

The brown-red phase, however, is ncot chemically homogeneous.
The less intensely coloured portions, closer to the parent
steenstrupine (No. 199115) still represent a variety with 5-6
REE atoms per 18 tetrahedral atoms. The portions in the cent:ral
parts of the cross-cutting veinlets are darker and represent

an isotropic product with 3 REE atoms per 18 tetrahedrally
coordinated atoms. The latter phase also displays significantly
higher contents of Ca, Fe, Al, Ti and Th. It contains practi-
cally no sodium. The crystalline phase and its alteration
products from the vein specimen 230749 display very similar
characteristics. These "steeastrupine varieties"” somewhat alter
the average characteristics of the crvstalline and/or vein
steenstrupine types. These exceptional "steenstrupine varieties”

will be the object of further mineralogical studies.
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5.4.2. The interelemental ocorrelations in steenstrupine

The compositional varieties of, and the coupled substitutions
in steenstrupine were studied by means of statistical methods
and compositional plots. After excluding the measurements on
highly altered and/or coarsely recrystallized steenstrupine
as well as those on steenstrupine with 8 RZE atoms in the
steenstrupine unit cell, 133 measured points were left for
processing. For the normalized atomic proportions covariance
and correlation matrices were obtained as well as the principal
component factor analysis performed. Furthermore, analysis of
variance was performed by calculating the portions of the
variance of each element covariant or contravariant with the

variance of each of the remaining elements, i.e.
variance {A) x [correlation coefficient (AB)]Z,

A and B running over all combinations of chemical elenments, a

sort of a mass kbalance sheet of all substitutions and compo-

sitional variations in the mineral. This scheme was modified

into a charge balance sheet with the entries:

var (A) x [correl. coeff. (AB)]2 x [valency (A)]z.

The latter sheet is only approximate due to the uncertainties

in the valences of Fe and Mn in the bulk of steenstrupine.
Finally, an assessment of the, sometimes appreciable, residual
variances was attempted - either as specific variances perhaps
connected with the inestimable variations in the H' contents or
in the valeicies of Mn and Fe or as error variances due to the
measurement problems and calculation approximations. Both kinds
of residual variances have pronounced influence on the usability

of the balance sheets.

The rultiple linear regression equations were calculated for the
chemical elements involved. Some caution has to be exercised
in their interpretation because cf the probable intera--tions of

the not-entirely-independent X5 variables.
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Throuahout section 5.4. numbers In parentheces will denate one
standard deviation ot the preceedina value in termas ot the last
digit. Both the entire data set and selected aroups of Jdata
polnts were treated hv the above procedures. Due to the actinn
»Hf the above mentioned unmeasuranle factors, and especially of
the differentlv weidhted multinle substituticons in different
samples which also have somewhat different bulk conpnsitions,
the correlation coefficients derived from all data are usuallwv
1w to medium-high. The same 1S true for the unrotated and
rotated factor leadinas in the princinal - component factor

analvses (Tables 16 ant 17).

The problem has been partlv alleviated bv analvsing the sets
of data (Tables 18-21) selected after qenetic and alteration
criteria. Among themselves thev clearlv indjcate that in §1f-
ferent samples or under different conditions d1fferent sub-

stitution and variation patterns will prevail.

In the unaltered or little altered steenstrurine from all
aenetic cateanries the normalized 81 content varies hetween
aprroximatelv 12.8 and approximatelv 14.9 atems in the unit
cell, leavina 5.2 to 3.1 positions for P. HExcent ftor the
variations nf the %Na content this represents the laraest chanae

in the charage eqaual to 2.1 g'.

Ca displavs variahlv ovronounced positive, and (REE+Y) zero-to-
pronounced neqgative correlation with Si. The positive correlation
between Th and Si is most expressed in steenstunine A (Table

18 and 19). The same hnlds for the positive Fe/Si carrelatinn
whereas the neagative Mn/Si correlation eaquallv accurs in all

the samples. Ti and 2r show nn distinct correlation with Si in
the bulk sample. %o reliable trends can he traced for the much
dispersed Al and Na vs. S1 plots. For all these elements indi-
vidual assemblaaes show hiaghly differina correlation patterns
(Tables 18-22). In aeneral, both the Si-rich and the P-rich

steenstrupine can he alternativelv YNa-rich o~f Na-poor.
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The multiple linear regression equation reads:

Si = 14.53 + 1.20(32)Th - 0.59 (11) (REE+Y) + 0.05(1)Na +
0.79(11)Fe + 3.74(72)Ti

with 0.46 (25)Ca, 0.50A1, as well as Mn and other x variables
not accepted in the F test because of large spread.

In the vein material 199104 there are no significant correlations
of Si with other elements except for Ti (Table 22).

Si = 12.68 + 6.83(1.03)Ti

with 0.55 Ti, 0.36 Ca and other variables nct accepted in the
F test.

The other major component, rare earths with rather arbitrarily
added yttrium, range in steenstrupine from about 5 to 6.2
(REE+Y) in the unit cell. Already Table 14 reveals scme dif-
ferences in the relative amounts of different REE, which are
well expressed in the Tables 16-22 in the form of correlation
coefficients La/REE and Ce/REE of the distinct sample groups.
These trends will be discussed below in terms of the REE dif-
ferentiation patterns.

The indistinct negative correlation between Ca or Th, and
(REE+Y) can be up to reversed in some sample groups. The Na
/(REE+Y) correlation is insignificant for the total of the
samples as also are the correlations Ca/Na and Ca/Mn.

For all thz material

(REE+Y) = 8.88 - 0.28(4)8i - 0.63(20)Th + 0.87(29)2r
+ 1.05(46)Ti + 1.20(18)A1 + 1.71(40)Y

with the standard deviations approximately inversely pro-
portional to the F values of the individual coefficients of tie
above variables; 0.24Ca and 0.15Mn as well as the other



-96_
elements were amitted because of the low F values. For the vein
specimen No. 199104 the equation simplifies to
(REE+Y) = 5.37 + 0.09(2)Na + 2.29(44)Y

with 0.32Ca, 0.32Mn, etc. again omitted.

The correlation tables reveal, and an extended regression
equat.on for Si in the entire material describes the different
behaviour of La against Si on one hand and of Ce against Si

on the other hand. The equation reads:

Si = 13.00 + 1.39(34)Th - 0.00La - 0.90(18)Ce - 2.31(6l1)Pr
+ 1.12(45)Nd + 0.04(1)Na + 0.88(11)Fe + 3.92(70)Ti
+ 1.02(32)Al1

where La is uncorrelated whereas Ce distinctly negatively
correlated with Si. The analytical problems with Pr and Nd have
been mentioned. Below acceptability levels, - 1.03Y ought to

be noted. The Ce/Si dependence is clearly marked in the zones
of zoned steenstrupine A, discussed below.

From the fairly tight and distinctly unimodal concentration of
the sum [REE+Y+Th+(Ca - 1.0)] about 6 atoms in the "REE"
position as opposite to the scattered and spread distribution
of IREE we conclude that the partial substitution of (REE+Y)

by Th and Ca (and maybe even vice versa) takes place in all
steenstrupine types. Tables ..-22 show that this substitution
ought to be most important for the sample 6-72.88 whereas least
important for the vein sample 199104,

The other trend conspicuous in the correlation tables is the

correlation of the Si and Th contents. With the increasing

)
substitution of p>* by Si4+, Th4+ might replace REE’® or also

structural positions occupied by other cations. For the entire

material:

Th = -0.65 + 0.07(2)Si - 0.02(0)Na + 0.25(6)Ca

with -0,05(REE+Y), -0.05Fe, etc. below the acceptance level.
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For the sample No. 199104:

Th = €.92 - 0.32(10)Mn + 0.80(15)Y

with 0.05Si, -0.01lNa, etc. below acceptance level.

The composition plot of Th vs. Si shows that the Si/Th cor-
relation in the entire material has genetic connotations; it is
the (on average) more siliceous vein steenstrupine (the C type)
that displays higher Th contents.

Microprobe sums of cations are not sufficiently reliable to
indicate distribution of Th between the REE and the (Mn, Fe, Zr,
Ti, etc.) positions. For the sample 199104 they suggest that a
sizable portion of Th might reside in the latter position, in
agreement with the altered equation above. Involvement of Mn
with Th can also be observed in the metamict steenstrupine A
and in the sample 6-72.88 (Tables 18-20).

In the latter two cases Mn is contravariant and Fe covariant
with Si. However, the most important is the inverse relationship
of Mn with Fe:

Mn 2,29 - 0.29(5)Fe - 0.03(1)Na
Fe = -0,91 + 0.27(4)Si - 0.44(9)Mn - 2.31(47)Ti - 0.61(30)Y

for the entire sample, with all the other elements below
acceptance level; and

Mn = 2,41 - 0.40(18)Th - 0.25(10)Fe

with -0.06Si, 0.10(REE+Y) and -0.68Ti, etc. below acceptance

level;

and 0.482r, etc. below acceptance levels, for the sample No.
199104. In the latter, the Mn/Th dependence seems to be only
caused by iicorporation of the Th rich core in the plot and is
not valid over the entire grain.
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In agreement with poor communality (large scatter) of Mn all
equations, except for the first one for Fe, explain only small
portion of variance. The Fe for Mn substitution deviates sub-
stantially from the 1l:1 ratio.

Interesting Y/Zr correlations exist in steenstrupine samples

from different genetic types. The correlation is positive in the
zoned sample 6-72.88, close to zero in the metamict steen-
strupine A and negative in the bulk sample due to the presence
of vein material with a distinctly negative Y/Zr correlation.
The Th/Y correlation is negative in the first samples whereas

it changes to positive in the vein material. The Zr/Th cor-
relation is negative in most cases although the magnitude varies

widely.
For the entire sample:
Y = 0.18 + 0.05(2) (REE+Y) =~ 0.49(4)Zr - v.21(4)Al

with 0.07Th, 0.003Na and -0.01Ti, etc. below acceptance level,
whereas in the vein sample No. 199104

Y = -0.95 + 0.32(10)Th + 0.17(3) (REE+Y) - 0.22(1)Na

with -0.13Zr, etc. not taken up into the equation because of

the low F values.
For the entire material:

Zr = 0.26 + 0.19(6)Th + 0.07 (2) (REE+Y) -~ 0.005(3)Na
- 0.13(5)ca - 0.23(5)A1 - 0,.89(9)Y

with the statistical importance of individual contributions
decreasing in the order Y, Al, REE, Th, etc.

With a much poorer explanation of variance of Zr, in the sample
199104:
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Zr = -0.03 + 0.03(1l)Na + 0.19(8)Fe
whereas -0.35Y, -C.16Ca, etc, were oamiited.

The changes in the Zr/Y correlation and the Th/Y correlation
might indicate changes in the structural role of Th and Y in
steenstrupine with changing conditions, from steenstrupine A
to steenstrupine C. In this direction also the Th content
increases and the Y content decreases. as indicated in 5.4.1.
These two correlations perhaps suggest that in the vein
material, C, a part of Th and Y might occupy the Zr-containing
position to a greater extent than it does in the steenstrupine
A. Although the Y content does nct significantly exceed the
values expected from the REE differentiation pattern (see
5.4.4) its rather independent behaviour in a number of

regression equations confirms its structurally ambiguous rcle.

The charge balance charts show that the rutually correlated
portions of charge variances for the major substitutions in
steenstrupine do not balance out. For the case of {REE+Y)
covariant with the relative increase in P they even add up. This
confirms the role of the Na+/H+ charge balancing and of the
potential changes in the valency of Mn and Fe, mentioned above.

For the very loose correlation of sodium with the other elements

in the entire material:

Na = -9.37 + 1.44(35)Si - 9.98(1.68)Th - 2,36 (85)Mn
+ 14.34(2.54)Y

Below significance level are -3.452r and -4.45Ti whereas Fe and
(REE+Y) are uncorrelated.

In the sample No. 199104:
Na = -12,26 + 3.63(98) (REE+Y) - 11.70(4.19)A1 ~ 15.69(2,.87)Y

with 2.992r, 5.99Ti, etc. below significance level, and Ca, Mn,
Fe uncorrelated.



- 1“-0 -
Inspection of compositional plots shoss that many of the Na-
involving correlations have genetic and/or sampling causes: e.g.
the bulk Na/Si relationship is again caused by abundant sampling
of more siliceous C steenstrupines from veins. The (variously
pronounced) Na/Th, Na/Mn, Na/Y, Na/Zr and Na/Al correlations
in the sample 139104 come from the accumulation of respective
elements either in the core or in the rims of the grains whereas
in the bulk of the sample no correlations can be traced.

Ca is poorly correlated with the majority of elements. For the

entire material:

Ca = 0.89 + 0.54(9)Th - 0.31(11)2r

whereas no correlation exists with (REE+Y) and Ne. 0.03 Si is
the most important of the variables below acceptance level.

In No. 199104:
Ca = 1.03(11)

with the most important not accepted contribution being 0.17
(REE+Y) , and Tn, Na, Mn, Fe, Y practically not correlated.

Calcium belongs among the elements with high residual variance

in all studied sets (Tables 16-19). It only gets lower in the
steenstrupine A where the correlations of Ca with rh and Si
become more significant. The came is true for another persistent-
ly poorly correlated variable, Mn, which generally also can
assume different valency states. Cther elements with high
residual variances are Si, Na, the individuzl rare earths, Al,

Ti and to a lesser degree Zr.

Experience shows that the error variances of N4, perhaps Ca and
of the "small elements” (Pr, Al, Ti and Zr) might represent
contributors to their residual variances. For Na, Ca, IZREE, Mn
and Si(vs. P) the presence of variable amounts of H in the
structure allows variations which are uncorrelated with the
variations of the other elements detectable by the microprobe
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and surely account for a part of their residual variances. In
this connection it should be stressed that the generally non-
integral sum of "metal atoms” (Mn, Fe, 2r, Ti, Al, ...) and the
rather large, not fully acounted for, variat’on in ZREE(below
6.0) suggest presence of cation vacancies in the original and
the metamictized steenstrupine.

5.4.3. The chemical formula of steenstrupine

The empirical formula of steenstrupine 199104 was proposed by
Makovicky & Karap-Mg¢ller (198l1) as follows:

Na Ca (La Ce Pr Nd Gd Sm

3.41 ©@1.04 ) 98 €€, 88 PTg.23 Ndg 71 Gdp 02 SMp.02
Erg.o1 Y0.19':6.04 Mo_48 Yc.05)z0.54

(Mny 8o F€1.69 2%0.41 Ti0.10 Plo.07z4.07

(S1)3.39 P4.617:18.00 ©s6.82 Fo.44 ‘”2°’i:f:8 ‘”20)ZTZ: .

leading to the tentative crystal chemical formula (based on the
facts briefly presented in 5.3) in which the "metals”™ other
than REE+Y assume at least two distinct crystal chemical
positions:

Na H

Ca RE. Me

3.4 7.0 6 4.6

[si ][(P4.6511.4)024] (F, OH} . < 14.5 H,O

12936 2

with Na and H variable and contravariant, Y and Th(U) arbitrarily
ascribed respectively to the REE and "Me" pos.tions although
possibly both are present in either position, at least orne

(OH, F) position present and vacancies present in at least the
"Me" positions,

The material in this study is mostly metamict or altered and
does not allow better precision of the formula. Relying upon
the above established formula, the average steenstrupine from

the 133 accepted and used analyses has the composition:
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H_Ca

Nag .3 (3.61)9x%?1.03 (17) (L2

1.75(20)%©2.73(26) '~ 0.27(10)

Nd ) ) -

0.74 (11)¥0.30(9)? £5.79 (41) ™M0.43(15) Y« 0.057z< 0.48

Mn) e8(30)F€1.80(42) %%0.27(12) T20.09 (6)P1~ 0.20(16)'23.93

(Siy3.72(73)%4.28 (73) ) £18.00%0Fy (H29) 2

with the values of x,y,z and the valencies of Mn and Fe not

estimable by the present methods. Except for the altered Na/H
ratio all the sums in the formula remain remarkably similar to
those in No. 199104. Formulae of individual samples and of the

alteration types in them are given in Table 14. Na contents are
shown in Fig. 49.

In terms of extreme values from the 133 individual data points
the formula reads:

Na; 60-12.92%%0.46-1.49 31 .15-2.27%€2,05-3.66° 5~ (0.0-0.46)

Ndy.41-1.15%0.03-0.50" % ~ (4.60-6.81)770.02-0.77M""0.65-2.40

Fe) 46-2.85%%0.05-0.58T10.0-0.34”10.0-0.51 S19.15-15.21

?1.79-8.85'7 const = 18 €¢C-

As already shown above, part of the variation is due to the
experimental problems with multiple measurements performed

on small grains which are often zoned and easily decomposed by
the electron beam.

In trying to summarize the observed interelemental correlations

in the formula, several reasons for compositional variations
ought to be tested:

1) coupled substitutions to maintain the overall charge balance
in the structure.

2) covariant or contravariant changes of element concentrations
in order to balance out changes in ionic radii of two or
more elements in adjacent portions of the structure.
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Fig. 49. Frequency histograms of the Na contents in steen-
strupine., A, B and C represent the three genetic categories

of steenstrupine defined in paragraph 3.3.

concurrent changes in concentrations of different elements
in the mineral-forming magma or solutions during the crystal
growth which do not play structural roles sub 1) and 2).
selective leaching from the formed crystals.

changes in structural role (preferred site type) of an

element due to changing p-T conditions.
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In the first category, the following substitutions can be
selected from the statistical studies (schematically, without
an attempt to assess their changing weights):

Si4+ + Fe3+ ? 5+ 2+

ca?t + (th, ¥ T 2RreE

sid*t + Thtt

+
a-)

sidt + i

i
e
+
5

They assume very differeut importance in different samples and

environments.

The substitutions involving Na® are undoubtedly present (as

seen 1rom the coefficients in Table 18), but they are camouflaged
by the variations in Na® due to the relatively free substitution
of H+ for Na+. Similarly, the residual variances also sugcest

the substitutions which involve H+, e.d.

Si4+ + HT 2 P5+ + vacancy

which are also active for Ca, REE and Th.

With the valency of Ce set to 3+ (as suggested by the ordinary
behaviour of Ce in the REE - differentiation plot, 5.4.4) the
contravariance of Ce and Si might be ascribed to the second of
the above categories. It exists in the bulk of the material and
would represent a preference for the larger REE cation out of
the two principal ones {(cerium rather than lanthanum) when the
size of the presumably adjacent tetrahedra [ (Si, P)O4] increases
due to the incorporation of more phosphorus.

A number of "correlations" between two elements appear to be
associated purely with the existence of a distinct growth zone
enriched in one element and with a certain concentration of the
other element. The two elements are found to be uncorrelated
throughout the entire mass of the crystal. As examples, the
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Na - involving “"correlations™ and the Mn/Th relations in No.
199104 may be quoted.

Leaching of Nat from the crystals, under its simultaneous re-
placement by H+(and HZO) has to be assumed for the steenstrupine
C from the specimen 199104 because of its extraordinarily low
Na contents. The crystallinity of this sample on one hand and
the high Na® contents of many metamict samples on the other

hand suggest that metamictization and the loss of Na+ do not

represent strictly coupled processes.

The possibility of the ambiguous, and changing roles of Th and
Y - distributed in the REE positions on one hand and in the
"Me" (Zr) positions on the other hand - has already bzen

discussed,

In conclusion, we ought to stress that the problem of mutual
substitutions and variations of elements in steenstrupine is
known only very brocadly and imperfectly because of 1) the
experimental errors in multiple measurements on the, in the
majority of cases, inhomogeneous m~terial, 2) the missing in-
formation on the H+ content and Mn, Fe valencies in the analysed

spots.

The factor analysis of the 133 analyses of steenstrupines
suggests that all this material represents a chemically homo-
geneous body, i.e. one broadly isomovphous species. The only
separate grouping of points in the i{actor score plots represents
the sample 199104 which differs from the other material by the
distinctly larger amount of the (-Na) including complex variable
(factor 1) in tnhe data points (Fig. 50). This variety can be
denoted as protonated steenstrupine.

5.4.4. The distribution pattern of rare earths in steenstrupine

The REE fractionation plot for steenstrupine was chondrite-
normalized, using the REE concentrations given for chondrites

by Matsuda et al. (1973) and Taylor & Gorton (1977). All analysed
steenstrupine appears to be highly selective for the lightest
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Fig. 50. Factor score plots of the three principal factors
for the 133 steenstrupine analyses. Results are rounded to

1/6 and 1/10 on the y and x axis, respectively. Those out-

-

side the plotted area are placed on the margins. Overlap

of data points is indicated by squares.

rare earths, in particular La itself. For the majority of

samples the relative abundancy curve progressively rises from

Nd to La. The X-ray fluorescence analysis of steenstrupine

199104 shows that already the contents of Sm are negligibly small
and Y does not exceed the relative, chondrite-normalized
abundancy of its heavy REE neighbrurs, i.e. it is not selectively
incorpurated in steenstrupine 199104. The high-lanthanum pattern
is shown by all genetic types of steenstrupine, from A to C.

Two analyses of steenstrupine suites, in the samples 6~72.88

and 11-134.9, show a less prcnounced preference for La, with Ce
and Nd assuming a more important role in the total REE spectrum,
i.e. the light-REE maximum is lower and broader. Except for
hydration of the parent rocks, and distinct zonation of steen-
strupine, no special chemical and/or paragenetical features

were observed which would separate these two specimens from the
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rest of the material. In both cases (in a trend opposite to that
found in the samples of zoned steenstrupine Nos. 17-62.00 and
55-155.35 analysed in the scanning e'ectron microscope, 5.2)

the La/Ce ratio generally decreases towards the metamict rim

of the crystals. The La values vary little wherecs the other

REE (primarily Ce) increase with the increasing total of REE.

The above La/Ce zonation of steenstrupine is attributable to the
changing physical - chemical conditions and/or to the concen-
tration (depletion) processes in some rocks of the mining area.
In the sample 17-62.0 the outer zones are slightly more
silicecus, with the core richer in P, whereas the general trend
in Nos. 6-72.88 and 11-134.9 is opposite. (In all cases the

fine grained, not quite homogeneous mass of the highly altered
parts makes it difficult to determine the overall concentrations).
As mentioned above, from all the REE examined, only Ce is
distinctly negatively correlated with the Si/(Si + P) ratio, what
accounts for the above observed La/Ce zonations. Similarly, Ce

is strongly correlated with the REE totals, tving up REE and

Si in a negative correlation (Tables 16-21). In the zoned
crystals, Ce, Pr and Nd are negatively correlated with Th,
whereas La remains uncorrelated or o&ven positively correlated
(Table 18).

The data of Bailey et al. (1978) show that in lujavrites
selective enrichment in the liglhitest rare earths takes place
against the older rocks of the IlfImaussaq intrusion, ‘this process
increases the relative (normalized) abundancy of La against the
heavy REE by almost an order of magnitude. Our data appear to
cc1firm that this process is mainly due to the appearance of
steenstrupine in the rock. In this mineral the difference in

the relative abundances of La and heavy REE spans &pproximately
two orders of magnitude. Interestingly enough, the narrow,
La~richer, and the broader, La-poorer, REE distrikution patterns
observed in the steenstrupine studied by us resemtle closely

the REE patterns of the lujavrite samples 154397 and 154360
respectively (Bailey et al. 1978), representing perhaps different
stages of magma and REE differentiation,
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6. RECOVERY OF URANIUM

6.1l. General

The uranium deposit at Kvanefjeld consists of a number of dif-
ferent rock types of which distinct types of lujavrites are

predominant.

The lujavrite consists of 1) alkali-rich alumino-silicates which
are readily dissolved in acid, 2) feldspar, and 3) mafic
minerals. In addition to these there are a number of rare
minerals, among them steenstrupine which is the main uranium-
bearing mineral. Other rare minerals also contain uranium kut
cheir contribution to the uranium content of the deposit in

most cases is unimportant.

The average uranium content of trne lujavrite is in the oxcder ol
340 ppm with a cut-off level of 250 ppm. The estimated size of
the resource on various cut-off levels is shown in the following
table. (For details see Nyegaard et al. 1977).

Cut-off level Uranium tonnage Average grade
____(ppmn U) (1000 tons) {ppm U)

50 44 210

250 27 346

300 21 375

350 13 414

ror comparison, on a world-wide scale a grade below 800 ppm U
is usually considered uneconcmic, but with the rapid increase
in the demand and price of uranium, grades below that figure

are now being re-evalued.

The principal U-bearing mineral, steenstrupine, its alteration
products and the other uranium bearing minerals are described
in detail in the sections 3.3 and 4.3. Some types of steen-
strupine are readily soluble in 2M HZSO4 but most types are

insoluble.
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6.2. Carbonate pressure leaching

The most widely utilized method of uranium recoverv from ores

is acid leaching. However, this is unacceptahle for steen-

strupine because of the low recovery values, viz. 30-40%, the
large consumption of acid, and the release of silicic acid in
the leach liguor which inhibits further processing towards the
uranium concentrate. As an alternative to the acid leaching

process the so-called sulphating roasting process was tried ir

a pilot study in 1976-77. However, two results of chis study
gave rise to pessimism. For the first, the uranium recovery
from representative drill core samples was lower than from the
large, bulk sample of MGG lvjavrite from the old mine adit.
This poor result is accentuated with the addition of the bore
core material from the 1977 drilling programme which extended
the area investigated. Secondly, the investigation of the waste
from the pilot study foresaw a continuous, unccceptably high,

environmental contamination.

Carbonate leaching is the obvious extraction process with an

alkaline rock such as lujavrite. The method had been considered
earlier but was of little effect at the moderate temperatures
applied. However, recent technological developments have im-
proved the outlook for industrial application in the temperature
range 250-300°C, temperatures which laboratory studies indicate

could be optimal and economically interesting.

The uranium-containing minerals are decomposed under the infiu-
ence of carhonate and oxygen at elevated temperatures. The uranium

is retained in solution as the stable uranvl-carbonate complex.

The process was first tested in an autoclave of 3 liters ca-
pacity in which only two tests could be made per dav. By running
a number of experiments simultaneously it is possible to obtain
the optimum conditions for the important parameters. Therefore,

a set of mini~autoclaves were constructed of steel in the shape

of a test tube. Up to 34 of these could be rotated in an nven at
the same time in a special rack which kept the contents in steady

motion during heatinq.
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It was established that the leaching solution should contain
12% of sodium bicarborate i.e. a saturated solution, and only
2% of sodium carbonate. Oxidizirg conditions are imperative.
In the mini-autoclaves oxygen was supplied in the form of
hydrogen peroxide, H 02, which is decompcsed into oxygen and

2
water. The amount of E_O. added corresponded to 10 bars of 02.

However, considerable irguble was encountered with samples from
the northern region of the deposit. Often the recoveries were
very low and non-reproducible. An improvement could be obtained
by increasing the amount of H202, and also by addition of cupric
carbonate, which may act as an oxygenation catalyst. This
trouble did not appear in the experiments with the larger
autoclaves. Here atmospheric air was used at a pressure of 8

bars, which proved sufficient.

In a pilot plant under construction air will be supplied
continuously by a compressor against the working pressure of

about 80 bars in the pipe autcclave.

Hiqgh recoveries require temperatures well above 200°C. The
different ore types are not equally sensitive but 260°C is
sufficient for all types.

The actual time of reaction could not be determined because of
the rather slow transmission of heat into the oven-heated

autoclaves.

For this purpose another oven-type was used, which consists
mainly of a pipe-~loop immersed in a melted-salt bath. The slurry

of ore in carbonate solution is forced through the pipe-loop
at a speed of more than 2 m per sec., which ensures violent tur-

bulence.

The fineness of grinding appears to be of prime importance,
especially at short reaction times. A grinding level of 90%
minus 1001 has been shown to be appropriate. It allows the
leaching to be accomplished in a few minutes and gives no

excessive filtration problems at a later stage.



Maximum reccveries have been obtained with slurry densities of
up to 700 grammes of solids per litre, but viscosity strongly
depends on temperature in the 260°C-region so it may be safer

to work at, for example, 500 grammes per litre. On the other
hand the capacity of the eguipment is fully utilized only at the
highest possible slurry load.

In order to process all the 102 drill core samples of interest,

a standard testing programme was established, using the mini-

autoclaves and designed in accordance with the above findings:

The samples were ground to 99% minus 71lp. 14 grammes of each
were mixed in the mini-autoclave with i4 ml of the solution
containing 12% (120 grammes per litre) of NaHCO3 and 2% of
Na2C03, 1 ml of 30% H202 was added after which the tube was
immediately closed, placed in the rotating rack in the oven and

heated at 260°cC for 30 minutes.

After cooling, the content was filtered and both leach liquor
and solid residue analyzed for uranium. The results of the
standar( testing programme are given in Table 26 and discussed
in sections 6.3 and 6.4.

The possibility of running the carbonate pressure leaching
continuously on a large scale has been tested in the pipe
autoclave, developed and operated by Lurgi, the Federal Republic
of Germany. This equipment consists essentially of a long pipe
(1 km) through which the slurry is pumped at a speed of 2 m

per second. The pipe consists of a heating zone, a reaction
zone, and a cooling zone. After the cooling zone the bore is
reduced in order to reach atmospheric pressure at the outlet.
The material passes the reaction zone in 4 minutes at a flow of
3 m>/h.

A sample of 30 tons of the mine area type (MCG lujavrite) Lut
with a low uranium content (240 ppm) was collected from the
loose rock material on the lower slopes of Kvanefjeld in
September 1978 and treated in Lurgi's pipe-autoclave pilot plant
in Lunen in February 1979.
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Three separate runs were made. In each case the ore was ground
to 96% minus 71u, and the pulp mixing ratio was 1 kg of solid
for 1 litre of solution what corresponds to 700 grammes of

solid per litre of slurry. The results of the runs are:

1) 8% NaHCO3 275°C recovery 59%
2) 10-12% NaHCO, 275°C  recovery 61%
3) 10-12% NaHCO;  250°C  recovery 61%

These results are not considered unsatisfactory, since this

sample also gave a low recovery in the laboratory tests.

From the autoclave the slurry goes to filtration where the leach
liquor is separated out and the residue washed in preparation
for disposal. At this stage the mineral villiaumite presents a
complication. Villiaumite is a sodium fluoride which is water
soluble. It occurs in the lujavrite in quantities up to 1% and
hence goes into solution during the extraction and washing
processes presenting an environmental hazard from the tailings.
Another problem at this stage is the presence of partly dis-
solved thorium in solution whereas the REE are very little dis-
solved.

Concentration of the uranium at this stage from the leach

liquor presents problems as the ion-exchange method does not
work under so high bicarbonate concentrations. As an alternative
the precipitation of UO2 by reduction with hydrogen has been
tried. The reduction takes place at 150°C and 15 bar H2 in the
presence of a catalyst. Nickel is a very efficient catalyst,

but the U0

advantage of not introducing any foreign material.

2 formed also catalyzes fairly well and has the

6.3. Relationship ietween the U yield and the petrological and

mineralogical characteristics.

In order to find the possible factors influencing the yield of
uranium from the lujavrites by the standard method described in
6.2, the yield of uranium was compared with the rock types, the
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steenstrupine types as well as with the total U contents of the

lujavrite samples.

As shown in Figs. 51 to 53, the average U recovery is a function

of rock hydration and of the degree of steenstrupine alteration.

The rock hydration: If only the main body of data are con-
sidered in Fig. 51 leaving out the outliers, which mostly
represent the rock with only monazite + eudialyte, the range
of recovery values increases from weakly to strongly hydrated

rocks. The upper limit of the yield drops only very little
whereas the average and the lower limit drop appreciably with
increasing hydration (Table 23).
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Fig. 51. Recovery of uranium by the standard test procedure
(paragraph €.1) vs. the overall rock hydration for the

studied drill core sanples.

The type of steenstrupine alteration: For each intensity class

of rock hydration, the average vield is controlled by the
steenstrupine alteration (Table 24). In Fig. 52 the low and
medium hydration groups are given by different symbols whereas
the values for the strongly hydrated rocks are featured separ-
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tely in Fig. 53. To obtain the impression about the trends
described, the values for the rocks with zoned steenstrupine

are to be ignored on first insrpection. Thev lie hetween those
for the altered and the metamict c:eenstrupine, in agreement
with the principal components of the zoned grains. Again, con-
sidering only the robust estimates, i.e. with the outliers left
out (Table 24), the highest yields show a weak decrease with
increasing alteration of steenstrupine. However, the lower limit
of the commonly occurring yield values drops appreciably with

alteration.

This trend is well expressed for the weakly and medium hydrated
rock types. In the strongly hydrated rocks both the average
and the extreme vield values are supstantially lower than in
the less hydrated types. Although the average yield values most
often decrease with increasing alteration for both A and B
steenstrupine, the extreme values show less definite trends
(however, often only a small number of samples were available).
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Fig. 53. Recovery of uranium by the standard test procedure
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Table 24 and the related Figures 52 and 53 can be used in the
future extraction operations to estimate the expectancy values
for the average yield and for its probable upper and lower
limits using the principal petrological and mineralogical

characteristics of the processed rock.
In contrast to the above defined relationships no clear con-
nection exists between the yield estimates and the petrological

rock types or the total U contents in the rock.

The petrological rock types: With the exception of the low vield

estimates for the eudialyte + monazite rocks, the values for all
rock types are uniformly spread within approximately the same
range (Fig., 54, Table 25). The high standard deviations show
that the differences between the mean recovery values for the
tndividual rock types are not statistically significant. Only
the values for naujakasite lujavrite are concentrated at the
upper limit of the range, representing the typical values for
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Fig. 54. Recovery of uranium by the standard test procedure
(paragraph 6.1) vs. the petrological categories f- : the
studied drill core samples. The low-recovery samples of
arfvedsonite lujavrites represent the monazite- and/or

eudialyte-bearing rocks.

the zoned steenstrupine, i.e. for a definite steenstrupine
type (cf. Figs. 52 and 54).

The total U contents in the rock: The recovery values show no

dependence on the total U content in the rock. Except for a few
very low recovery values (monazite + eudialyte) and several
samples with high U contents, the U contents in the rock are
broadely concentrated around 350 ppm, yielding uniformly all
values between the 50 per cent and 100 per cent recovery (Fig.
55) .

6.4. Regional variations of U yield

The correlations described above between the recovery values
and the petrological/mineralogical factors are the cause of the
regional variations of the uranium recovery over the Kvanefjeld
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Fig. 55. Recovery of uranium by the standard test procedure
vs. the total uranium content in the studied drill core

samples.

area. Figures 56 and 57 show ..oth the total uranium content of
the studied samples (from wet chemical analyses, Table 26) and
its portion recoverable by carbonate leaching under standard
conditions (6.2 and Table 26). The samples from veins and
contacts with atypical high U contents were excluded as not
being representative for the bulk of the ore. For graphical
reasons, the densely drilled "mine area" is illustrated sep-

arately on a different scale.

On the general background of good to moderate U contents and
recoveries, two distincut areas of low recovery values can be

outlined:

1) The elongated area along the western margin of the Kvanefjeld

ore field. It ic distinguished both by low total U content
in the rock and by the low yield values. At the margin (the
drill holes 64, 66, 67, 68, also 62) the recoveries and

total contents are poor for the entire lengths of the drill
coes. In the (predominantly) inwards situated drill holes
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Fig. 56. The cuntents of uranium in the studied samples
from Kvanefjeld (excl., the "mine area" given in Piy, 7).
The entire bar lengths express total U contents whereas

o.
g
3
g.

the shaded portions «enote U recoverable in the standard

leachiny tests described in paragzaph 6,1, 100 ppmU =
12.5 rum,
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{Nos. 69, 65, 59, 50, 55) it is mainly the deeper layers
(120-190 m below surface) that yield poor U contents and
recoveries. Such an uranium-poor layer continues in depth
towards the northern end of the field (drill holes 55, 70
and 46). The autoradiographic and mineralogical studies

show that all of these samples either contain only monazite
and eudialyte (many of them are "barren" in the autoradio-
grams) or they also contain i censely altered steenstrupine,
i.e. the A4 type. The marginal blocks of the ore field

along the eastern side (Nos. 64, 66, 67, 68 resp. 62) should
be entirely omitted from tonnage estimates.

2) The other region of poor recoveries is in the center of the
*mine area". It is elongated in an E-W directicn and
comprises the drill holes 29, 43, 30, 20, 15, 18, 26, 3l.
Although the U contents are similar to, or only slightly
lower than those in the surrounding portions of the ore
field, the extraction yield concentrates around 50-60% in
the majority of samples. The common denominator is the high
degree of hydration of the majority of the rock samples.
Most of the samples represent MCG lujavrite. The remaining
ones are distributed between hydrated arfvedsonite lujavrite
and hydrated lavas. They contain various type of steen-
strupine A, especially Ac and Ad (resp. very similar
products), or the Bb/Bc steenstrupine. 2 small area com-
prising the drill holes Nos. 16 and 9 (resp. also 17), close

to the previous one, displays similar features.

The most stable, relatively high U-contents with good to very
good recoveries occur in the central to northern area which
stretches out among the drill holes Ncs. 10, S5, 60, 49, 56, 54,
Unfortunately in the central parts it is interrupted or not

documented by drilling,



7. SUMMARY AND CONCLUSIONS

7.1l. Geology, petrology

The detailed geological study of the Kvanefjeld area was
initiated by H. S¢repnsen and was surmed up in a report issued
in 1969 (S¢rensen et al. 1969). The various drilling operations
over the last decade have greatly contributed to the under-
standing of the geology and are presented in S¢rensen et al.
(1974) and Nyegaard et al. (1977).

The area is a megabreccia in vhich various types of veclcanic
and sedimentary rocks from the roof of the intrusion and of the
plutonic rocks from the early phases of the intrusion form
blocks and sheets within the later intrusive nepheline syenite

type known as lujavrite.

According to the results of gamma-spectrometric measurements
(ibid.), the blocks of naujaite, syenite and unaltered volcanic
rocks; may be considered of no interest in respect to the radio-
active raw materials. The bulk of the ore is represented by
various types (generations) of lujavrite. Contribution to the
ore mass can also be gained from the altered volcanic rocks
interleaved with, or overlyirg lujavrites. During the processes
of alkaline metasomatism th¢se rocks were enriched with radio-
active components (S¢grensen et al. 1974). Late veins and
pegmatites which contributed so much to the mineralogical
knowledge of Ilimaussaq are not of economical importance because

of their small volume.

In the multiple, complex lujavrite intrusion three types of
lujavrite are of pricipal importance: on one hand these are the
arfvedsonite lujavrites and the naujakasite lujavrites, which
are apparently the older, magmatic phases; on the other hand

it is the medium-to-coarse grained lujavrite which represents

a locally important, later formed rock with a presumably
pegmatite-metasomatite-like character. Aegirine lujavrites are

only of secondary importance in the Kvanefjeld ore profiles.
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During the research aimed at developing a saitable uranium
extraction technique for the low-grade ore from Kvanefjeld (e.g.
Asmund et al. 1971, Gamborg-Hansen 1977) it became apparent
that a detailed mineralogical description of the ore and es-
peciallvy of the U-bearing components became essential because
of the highly variable extraction yields. In the presert
research, autcradiography, fission-track inveutigation of
uranium distribution, microscopy, microprobe analyses and other
chemical techniques were applied to 102 samples chosen from

9000 m of drill core from the total of 70 drill holes made in
the years 1958-1977. The samples generally represent the most
abundant rock types in each drill core and were selected from
the portions which displayed a reasonabl; constant, i.e. typical
U content over considerable core lengths. Cnly rarely were the

mineralized rock contacts and veins chosen.

The stress was on the statistically (i.e. also economically)
important U-bearing associations. This was in contrast to the
bulk of the previous work in which mineralogically interesting,
selected samples or application of distinct methods were
described in detail. Thus, the present research shows the
relative (economic) importance of different ore types, of dif-
ferent previously observed or unobserved phenomena and different
U-bearing associations throughout the ore body. The statistical
approach also allowed the reconsideration of connections between
various phenomena which were previously assumed on the basis of
{a few) individual observations. Furthermore, the extraction of
vranium was studied «(n the same rock portions as used for the
mineralogical research so that direct ties between the respective

results could be established.

The overall distribution patterns of radioactive minerals in the
studied rocks wzre reco:ded by means of autoradiography of rock
slabs cvt lengthwise from the ore. Five distinct types of these
radicactive fabrics were discerned: 1) a homogeneous, fine to
medium grained distribution of radioactive grains; 2) veins and
layers with radioactive minerals; 3) patches and nests of medium
to coarse grained radioactive minerals; 4) individual scattered
large radioactive grains, and 5) the autoradicgraphically
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"barren" rocks with no distinct radioactive minerals. In
agreement with the above genetic considerations, the type 1
(besides type 2) represents the principal ore fabric type of
arfvedsonite and naujakasite lujavrites, the type 4 is typical
for the medium-to-coarse grained (=MCG) lujavrites and type 2

the altered, metasomatized volcanic rocks.

The general microscopic description of lujavrites and altered
lavas was performed to the degree allowed by the time alloted
for the project. Both the principal mafic and felsic components
of the rocks were determined together with the mcst abundant or

conspicuous accessory minerals.

During this research it was fcund that the degree of alteration
of primary felsic minerals (nepheline, sodalite, albite,
naujakasite, microcline) into hydrated phases (analcime, natro-
lite, ussingite) transcends the boundaries between various rock
types and varies on a regional basis. Thus, all the rocks were
classified in the following groups: 1) weakly hydrated, 2)
medium hydrated, 3) intensely to completely hydrated, and 4)
hydrated rocks with ussingite. These categories are developed
throughout the large sections of drill cores. The mafic minerals
remain generally unattacked. Thus, this alteration should not
be equatea with the hydrothermal veins and their alteration

zones which are scattered throughout the area.

The weakly to medium hydrated rocks are distributed rather
evenly throughout the Kvanefjeld area. However, the intensely
hydrated rocks are primarily confined to the "mine area" with
the large bodies of MCG lujavrite, being apparently connected
with the later stage of their emplacement process. Thus, the
entire set of MCG lujavrite samples as well as the arfvedsonite
lujavrite and altered lava specimens lying NE of the MCG
lujarrite intrusion, below the sheets of roof rocks, are

intensely hydrated.

In the other areas, intensely hydrated rocks occur only spor-
adically. A distinct accumulation of ussingite-bearing rocks
occurs in (arfvedsonite) lujavrites overlain by a thick volcanic

sheet in the N part of Kvanefjeld.
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7.2. Mineralogy and fissicn-track data

Our studies confirm that steenstrupine and its alteration
products represent the principal U-bearing components of the
ore. In the Kvanefjeld rocks steenstrupine occurs in two distinct

forms, A and B, that differ in grain size, shape and origin.

Type A represents small to medium-large euhedral grains usually
with small amounts of inclusions, situated among arfvedsonite
needles and felsic components. It appears to be of primary,
magmatic origin in both arfvedsonite and naujakasite lujavrites.
It is usually distributed homogeneocusly throughout the rock

mass, independent of the hydration.

The type B is less abundant, practically limited to MCG lujavrite.
Its generally subhedral crystals are medium to large, often
poikilitic, containing all kinds of rock-forming minerals. In
many cases they are intimately connected with arfvedsonite felt.
Its formation is obviously closely connected with the formation
of MCG lujavrite.

Steenstrupine from veins/pegmatites has been denoted as steen-
strupine C. Although of no economic importance, its accumulations
as pure crystals represent an important source of research

material.

In some samples of altered, metasomatized lava the affinities
of steenstrupine remain uncertain. The above classification is
ir. good general agreement with that of S¢rensen et al. (1974).

Occurrences of still crystalline steenstrupine are rare. In the
majority of instances it has either undergone metamictization
because of its contents of radiocactive elements or, at higher
contents of radioactive elements, it was altered (with differing
intensity) into a very fine grained aggregate of secondary
products. Alternatively, reactions with later solutions caused
replacement of steenstrupine A or B by a mixture of crystalline

products in which monazite plays the main role.
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The metamict steenstrupine, Aa, has a high refractivity index
and light creamy colour. Slight alteration on margins or cracks
is often observed. Samples with this steenstrupine are spread
evenly throughout the area. In many instances it is combined

with the unzoned altered steenstiupine, Ab. The latter represents

a gamut of occurrences, from the grains with some portions
altered to the entire grains altered intoc fine-grained aniso-

tropic products which are brown in transmitted light.

The uranium content of metamict steenstrupine lies at and above
2000-3000 ppm U308 but does not exceed 5000 ppm U308. The as-
sociated altered steenstrupine displays fissicn track densities
of 5000-7500 ppm U308' rarely also accumulations with higher
contents. Th contents typically lie between 0.30 and 0.60 wt%
in these two steenstrupine types, depending strongly on the

sampla location.

Some rocks with the mixture of Aa and "» steenstrupine contain
disseminated numerous minute metamict and altered grains of
steenstrupine. Dispersed in these rocks are metamict, dark brown
grains of aan Y-2r silicate with substantial concentrations of
uranium, Th:U = 1l:1, which may contain an important portion

of total U in the rock. This type occurs in the drill holes

49, 25, 15 and 17.

Zoned steenstrupine, Ac, occurs primarily in the arfvedsonite

and naujakasite lujavrite of the "mine area". Types of zonation
differ from place to place: cases with altered cores and
metamict to crystalline rims are more abundant than those with
altered rims. In many instances sevaral altered and metamict
zones alternate in one grain. Each locality displays one type

of zonation.

This type occurs either alone or it is associated with abundant,
very fine-grained disseminated Ab or Ad (seec below) steenstru-
pine. The altered cores display fission track records corre-
sponding to 8000-10000 ppm U308' the altered zones at other
localities 5000~7000 ppm U308 whereas the metamict zones 2500-
4000 ppm U308' The latter two contain respectively 0.25-0.50 wt$
and 0.12-0.18 wt% Th.
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In some naujakasite luvjarites, naujakasite is replaced by an
isotropic, light brcwn product with the same qualitative chemical
composition as the parent mineral except for introduction of
uranium. It contains < 1000 ppm U308' Associated pseudomorphs
after eudialyte, a possible main source of U in the replacement

product, display up to, rarely above, 2000 ppm U308.

In the case cof extreme alteration the shape of the steenstrupine,

Ad, grains is gradually obliterated. In most cases steenstrupine
is replaced by a very fine-grained, dark brown material, some-
times associated with light hydrated rock-forming minerals. In
other cases only a loose, light gray network remains after
steenstrupine with occasional darker patches. In still other
cases, crystals of monazite, sometimes neptunite and natrolite

may be discerned in the pseudomcrphs.

The fission track records are, as a rule, very inhomogeneous

and the U contents indicated are low, mostly 2000-3000 ppm U308.
In some rocks spot-like accumulations of uranium occur scattered
in the generally low {1000-2000 to 4000-500C ppm U308) uranium
level of the decomposed grains. The accumulations are far above
1% U and the semiquantitative microprobe scan suggests ura-
nothorite (Th:U = 5:1, with a substantial Si content) as the
most likely product.

In the cases when the altered and extremely altered steenstrupine
A are present in the same rock, the latter may have up to
7000-8000 ppm U308 whereas the Ad type displays only 500-2000

ppm U3O8 with rich accumulations, by far exceeding the 1% U
level, still recognizable in the fission tracks.

Fresh, anisotropic steenstrupine, Ba, is rare. It forms parts

or rims of generally metamict to lightly altered crystals of B
steenstrupine. The metamict steenstrupine, Bb, is isotropic and
light brown of various shades. Crystals are usually large and
incipient alteration in some zones and in fissures can be

observed.
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Alteration of steenstrupine B proceeds in two wavs:

1) leaching and replacement by an aggregate of well crystaliized
phases: primarily crystalline ronazite, metamict uranothorite,
an Zr-Na uranium-bearing silicate, neptunite as well as liaght
rock-forming silicates;

2) formation of a very fine-grained brown, anisotropic product
similar to that formed from steenstrupine A.

The rocks containing steenstrupine B are mostly MCG lujavrites
or rocks permeated by veinlets of it. The Bb variety usually
gives homogeneous fission track records indicating 4000-6000
(7000) ppm U308' Incipient alteration is connected with 7000-
10000 ppm 0308' The coarse-grained monazite in the pseudcmorphs
only gives 1000 (-3000) ppm U308 whereas uranium is ccncentrated
in the above mentioned products with several % U. Occasional
admixtures of Ad steenstrupine in the hvbrid rocks of this

category yield 4000-8000 ppm U308' again with high U spots.

Eudialyte gives 1000-2000 ppm U308' A Zr-containing alumino-
silicate sometimes contributes tc the U content of the rock.

The altered steenstrupine, o, vields 2000 to 4000-5000 ppm U3 8’

usually with high U spots >> 11 U and often disseminated

monazite with low uranium content.

The studied altered, "migmatitized”™ lava shcws steenstrupine
crystals both in the darker layers and in the richer, lighter
"veinlets”. Although of uncertain type, it resembles the B
steenstrupine. It contains ~ 1% U and is assnciated with abundant
fine-grained steenstrupine disseminated mainly in light parts

(~ 5000 ppm U308)'

The above fission track studies were performed using lexan
polycarbonate plastic as a solid-state fission track detector,
irradiation by thermal neutrons with U-doped Ca-Al-Si oxide

glasses as standards.



7.3. Chemistry of steenstrupine

Steenstrupine represents a complex silicophosphate of sodium,
rare earths, calcium, manganese, iron and minor amounts of other

metals, including thorium and uranium.

Detailed microprobe, X-ray, infrared and thermal data were
obtained on the large occurrence of crystalline steenstrupine
from the veins at Tunugdliarfik (Ilfmaussaq). For this mineral,
with a rhombohedral lattice (a = 10.46A, c = 44.99A, space group
R 3 2/m) and observed density varying oetween ~ 3.15-3.35 g/cm3

an average formula

1 )

Na 1.8F€1.92%0.4T1g, 1”21 1

H7 Ca REEG(Mn

3.477.0

(Th ) [si

0.5%.05 120351 1(Pg ¢S1; 4105,

(F,OH) . ~ 14.5 Hzo was derived,

based on I (P+Si) = 18.0, with large variations in the Na/H and
P/Si ratios (aver. total 4.6 P/13.4 Si).

The present, mainly metamict or weakly altered material enlarges
the spectrum of known compositions and mutual replacements.
However, the statistical studies show that it represents one,
broadly isomorphous mineral species. Only the above, highly

protonated steenstrupine can be considered a special variety.

The average cation composition of all analyzed steenstrupines

(types A, B, C) is

Nag qCa) o (REE+Y)g g(Th,U)g g

(Mn; cFey g2rg 3Tiy 1Al o) (Sig5 5P, o)

where the composition limits observed are:
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Nag 6-12.9C30 . 5-1.5REEy ¢4, 0.0-0.8

Mng 5_5 4F€0.5-2.9%T0.1-0.610.0-0.3"10.0-0.5’

(Sig 5-16.2P1.8-8.9'1i8.0

No information on water, OH or H+ or F~ contents can be obtained
for the A, B and the majority of C steenstrupines. Part of the
variation is due to experimental problems connected with

rnultiple measurements taken on the same, often inhomogeneous
(zoned) grains which can be fairly easily decomposed by the
electron beam. This places some limitations on the derivation

of crystal chemical substitutions in steenstrupine. The fol-
lowing coupled substitutions can be considered active, with

very variable intensity, in steenstrupines from various lo-
calities:

4+ 3+ > 5+

sidt + et 2 pOF 4 un?t

2+

ca?* + (th,n % 2 2 regdt

4+ 4+

si*t + Th 5+

+ (REE, Me)3+

¥

P

Si4+ + Ti4+ 2 P5+ + Me3+

Further substitutions involving Na+ are undoubtedly present but
they are camouflaged by the large variations in Na+ due to the
extensive mutual Na' < H+ substitution, kinetically obviously
easy in both directions, Similarly, large residual variances

of Si, Ca, REE and Th suggest substitutions involving the non-
analysakble H+ component, of the type

+
Si4+ +H < P5+ + vacancy.

The bulk of the material displays negative correlation between
Si and Ce which presumably is caused by changing sizes of
coordination polyhedra during substitutions. Th and Y might
play an ambiguous and changing structural role, on one hand
occupying (partly with Ca2+) the REE positions, on the other
hand occupying the Zr position.



- 131 -

Variations in chemical composition of steenstrupine of different
genetic types, petrological and hydration categories as well as

of distinct mineral alteration types are small.

From the A to the C types, the concentrations of Th, Mn and

Zr increase somewhat whereas those of Al and Y decrease. Among
the rock types, steenstrupine from arfvedsonite lujavrites
chemically does nct differ from that from naujakasite lujavrites.
Higher Na contents prevail (averages 7.5-9.8 Na/cell) in the
rocks. Only in the veins was found the low—-Na, highly protonated
steenstrupine. Variations in Ca and some other elements in

the vein material are more restricted than in the rocks, although
averages differ little. Rock hydration does nct appear to in-
fluence substantially the cation chemistry of steenstrupines
except for some decrease in the Th, Na and Al values. The first
stages of steenstrupine alteration are nearly isochemical; only
in intensely altered steenstrupine does the content of Mn, Na
and Al decrease. Concentration ranges show increasing dif-

ferentation of material on alteration.

In the zoned steenstrupines both the occurrences with the in-
creasing and the decreasing Si/P ratio from the crystal center
to the rim were observed. As a rule, the Th and U content
decreases towards the rim, continuously or as sharply delineated
zones. In numerous cases several high Th, U (= altered) zones
alternating with low Th, U (= metamict) zones were found.

The red steenstrupine-like mineral (cf. Buchwald and Sgrensen
1961) partly represents metamict steenstrupine and partly a
separate, anisotropic to metamict phase rich in REE, Ca, Fe,
Al, Ti and Th with only minimal Na contents.

The REE fractionation plot of steenstrupine shows its strong
preference for La and the light rare earths. The majority of
analysed steenstrupine is highly La-selective. Two gsamples,
however, were found with broader concentration maxima of light
REE. These occurrences may represent less REE-differentiated
rccks (cf. whole-rock spectra by Bailey et al. 1978). Steen-
strupine appears to play an important role in the final (i.e.
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lujavrite-stage) differentation of REE in the Tlimaussag in-
trusicn. No preferred accumulation of Y in steenstrupine was

observed.

7.4. Uranium Recovery

After some unsuccesful experimenting with acid leaching and
sulphatizing roasting (Gamborg-Hansen 1977), carbonate leaching
of the ore under oxidizing conditions at 260°C was fcund to
give the highest uranium vield. Both oven-heated autoclaves and
continuous, pipe-like arrangements were tried. For the pre-
cipitation of UO2 from the uranyl-containing liquor, hydrogen
was used in the presence of a catalyst. The major problem of
environmental pollution is presented by the fluorides released

by the dissolution of villaumite, NaF.

After the basic technology of leachiny had been established,

a standard testing programme was set up in mini-avtoclaves in
order tc process all the studied drill core samples. 14 grammes
of samples ground to 99% minus 71y were mixed with 14 ml cf the
12% solution of NaHCO3 plus 2% NaZCO . 1 ml of 30% HZOZ was
added and the bomb was heated at 260 C in a rotating rack for

30 minutes.

The average yield lies between 91 and 63%. It decreases ap-
preciably from the metamict towards highly altered steenstrupine
types. In the strongly hydrated rocks the latter trend is less
clear because the yields are substantially lowered by hydration.

The rocks with monazite and eudialyte (mostly arfvedsonite
lujavrites) represent a special group with very low recoveries
(average 42%). Otherwise the recovery values for irdividual
rock types do not significantly differ from each other, each
type displaying a fairly large spread of values. Similarly, the
recovery values do not depend on the total U content in the
rock., The bulk of the data is broadly concentrated around 350
ppm U in the rock, yielding uniformly all recovery values
between 50 and 100%.
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The above relationships result in certain regional variations of

U yield throughout the Kvanefjeld area. On the general back-

ground of good to moderate contents and recoveries, two distinct

areas of low recovery exist:

1)

2)

the north-western margin of the Kvanefield ore field
(comprising 5 blocks) with distinctly low U contents and
yield percentages. A layer of lujavrite with these pro-
perties extends inwards and also northwards of this stripe.
These rocks ccntain only monazite and eudialyte or also
intensely altered steenstrupine.

in the center of the "mine area" an E-W strip extending
over 8-10 blocks. Although the U contents are not distinctly
lower than in the surrounding blocks, the vield values con-
centrate around the values of 50-60%. These rocks are
strongly hydrated and most of them are MCG lujavrites. They

contain altered or zoned steenstrupines of the A or B types.

7.5. General conclusions and proposals

Several general conclusions and proposals for further research

can be drawn from our work:

1)

2)

Due to the new, extended data the emphasis has been shifted
from the MCG lujavrites and asscciated altered rocks as the
principal U ore (with B steenstrupine) to the other
lujavrite types with the magmatic steenstrupine A. Similarly,
the new drill holes show that the alkaline alteration of
lavas is of regional importance and it is not bound to the
presence of nearby MCG lujavrite bodies.

Although in many areas a rather homogeneous steenstrupine
cf reasonably uniform size represents the principal
component of the ore, the potential ore dressing will be
complicated in the areas (primarily) with zoned steen-
strupine which also have large amounts of fine~grained
disseminated steenstrupine in the rock. This association
suggests special events taking place in the crystallizac.ion
processes producing steenstrupine and the associated as-



3)

4)

5)

6)

7)
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semblage of rock-forming minerals. Some coeplications in
ore dressing will be encountered with the associations ccn-
taining the B and Ad steenstrupine varieties as well as
with those which contain other, special U-bearing ninerals.
The degree of alteration of steenstrupine is not a function
of the rock type for the three nrincipal rock types bearirng
steenstrupine A.

Intensity of alteration c¢f steenstrupine is nct a function
of the intensity of the pervading hydration <f the studied
rocks. Thus, completely altered steenstrupine or vice versa,
metamict steenstrupine, occurs equally frequently in all
hydration categories.

The degree of metamictization arnd alteration of steen-
strupine is connected with the concentration cf radioactive
elements in it. However, there are not common concentration
threshholds which would autcmatically cause certain degrecs
of alteration. In general, the alteration processes in the
B (and C) steenstrupine appear to take place at higher U
and Th values than in steenstrupine A.

Among the factors causing crystallization of steenstrupine
a marked rcle must be played by the very higk concentrations
of Na in the parent fluids. Although it has been found to
survive, in a crystalline form, an almost complete re-
placement of Na+ by H+, the case should be considered
rather exceptional. Experiments by M. Makovicky, Konnerup-
Madsen and Rose-Hansen (unpublished) demonstrate that a
variety of hydrothermal solutions will decompose steen-
strupine and cause formation of monazite. Such processes
probably had a decisive role along the NW nargin of the
intrusion, giving a low-uranium zone with ronazite pseudc-
morphs after (presumably; steenstrupine. Monazite is
refractory to leaching, giving very low vieids of uraniur.
The entire zone (blocks 62,64,66,67,68) should be omitted
from resource calculation.

The statistical estimates of the dependence of the averages
and ranges of U yield on rock hydration and on steenstrupine
alteration can be used to predict the expected vield values
from the petrology and mineralogy of the ore.
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Because of the limited time, no detailed mineralogical (i.e.
electron microsccpe and diffraction) studies of the fine-
grained (microcrystalline) alteration products of steen-
strupine was undertaken. However, one must assume that the
alteration products were formed at temperatures which were
rmuch closer to those c¢f industrial leaching than the
formation temperatures of parent steenstrupine. Thus, they
will be more stable and more resistant to leaching than the

metamict steenstrupine and will give lower yields.

At this state of knowledce it is not possible to explain
unambiguously the strong dependence of the uranium recovery
on the rock hydration. As a working hypothesis it is
assumed that the U-bearing phascs in the hydrated rocks,
including the metamict steenstrupine, have already partly
adjusted to the pervading hydrothermal fluids and they
became mcre stable to the industrial leaching applied. This
hypothesis, however, leaves aside the possible icactions of
the hydrated, Na-containing rock-forming minerals during

the industrial leaching of crushed rocks.

The low-recovery area in the "mine area® is apparently
caused by the intense rock hydration in the "mine" region.
Its position does not allow it to be excluded from mining
operations.

The following practical problems appear to be relevant to

notential future research in which the principal author

would eminently like to continue:

a) the fine-scale mineralogical study of the fine-grained
alteration products of steenstrupine, which represent a
very important portion of the ore;

b) the study of the processes taking place when the hydrated
steenstrupine-containing rocks are being leached, and
possible modifications of the method to counteract the
unfavourable phenomena;

c) more detailed investigations of the fate of the other
important components of the ore (Th, P, REE, 2r) during

the uranium leaching processes;
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d) possible modifications of the leaching processes, or
experimenting with other leaching agents in order to
ameliorate the results of b) and of c¢), respectively as
well as those from monazite-rich rocks;

e) detailed investigation of concurrent or secondary U-Th
minerals in the ore which sometimes carry a substantial
part of U in the rock;

f) ore beneficiation studies based on the knowledge comniled

in this report.
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Bk Rock type tepth {m) t {ppm) Th (ppm)
23 MCG lujavrite 37.40 195 519
24 raujakasite lujavrite 74.75 334 603
25 MCG lujavrite 10.05 25% 742
naujakasite lujavrite 78.35 359 484
26 MCG lujavrite 20.00 367 471
27 arfveisonite lujavrite 29.00 666 1 987
C5 lujiavrite €7.20 284 1 079
28 naujakasite lujavrite 90.70 243 369
29 MCG lujavrite 15.00 253 544
arfveisonite lujavrite 29.35 790 2 639
30 MC5 lujavrite 47.05 336 937
arfvedsonite lujavrite 2.50 499 893
31 MCT lujavrite 62.00 241 457
arfvedsonite lujavrite 20.00 298 749
32 arfveisonite lujavrite 12.20 440 1 420
33 jeformed lava 43,00 208 880
rnaujakasite lujavrite £0,25 42 1365
37 arfvedisonite lujavrite 370
MC5 lujavrite 36.00 515 3 065
39 arfvedsonite lujavrite 40,15 289 739
naujakasite lujavrite 31,00 348 857
42 deformed lava 32.00 2217 675
naujakasite lujavrite 59,835 432 733
43 arfvedsonite lujavrite 179.50 308 594
naujakasite lujavrite '05.20 455 677
Extrasordinary sam;les:
2 arfvedsonite lujavrite £9.1% 569 3 389
18 snalcime steenstrupine 79.6% 1,661 6 242
in MCG lujavrite
33 nsujaite-naujakasite- 66,60 1.358 4 530
lujavrite contact
Northern ares
70 wegirine lujavrite 3.85 339 1920
naijakasite lujavrite 26,80 332 1 120
arfvedsonite lujavrite 161.00 341 384
69 arfvedsonite lujavrite 11,05 382 742
arfvedsonite lujavrite 117,00 89 g1
68 arfvedsonite lujavrite 74.00 954 35
67 arfvedsonite lujavrite 83,00 158 34
arfvedsonite lujavrite 189,70 136 78
66 arfvedsonite lujavrite 87,55 126 185
arfvedsnnite lujavrite 175.40 128 115
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Bh Rock type Depth (m) U (ppm) Th (Ppm)
65 arfvedsorite lujavrite 51.10 361 592
arfvedsonite lujavrite 187.50 180 92
64 comb. arfved. + aegirine
lujavrite 29.85 145 161
arfvedsonite lujavrite 105.65 230 209
63 naijakasite lujavrite 135.30 294 710
62 arfvedsonite lujavrite 67.85 339 165
arfvedsonite lujavrite 165,90 183 166
61 deformed lava 22.30 333 973
naujakasile lujavrite 77.00 413 1 320
arfvedsonite lujavrite 127.85 344 1 490
60 naujakasite lujavrite 109.00 474 1 470
arfvedsonite lujavrite 147.70 373 1 040
59 arfvedsonite lujavrite 3.20 403 1 140
arfvedsonite lujavrite 61,85 202 178
arfvedsonite lujavrite 143,00 148 as
58 arfvedsonite lujavrite 93.10 427 963
57 arfvedsonite lujavrite 109,90 360 577
arfvedsonite lujavrite *79.30 210 97
56 naujakasite lujavrite 13,00 268 764
naujakesite luj vrite 157.00 297 504
55 arfvedsonite lujavrite 19,40 103 633
arfvedsonite lujavrite 155.35 151 82
54 lava 5.75 369 631
deformed leva 39.85 278 618
aegirine lujavrite 57.00 232 1 080
50 arfvedsonite lujavrite 31.85 31 711
arfvedsonite lujavrite 63.00 318 478
49 naujakesite lujavrite 71,30 228 712
arfvedsonite lujavrite 139,35 284 355
48 naujakasite lujavrite 163.00 450 1 140
46 arfvedsonite lujavrite 59.00 263 666
naujakasite lujavrite 73.85 153 642
arfvedsonite lujavrite 157.7% 167 259



- 142 -

Table 2

Rock samples witk (relatively) homogeneous 2istridbutior of fine

to medium grained radinactive minerals

No. concentration tyze 2f rock

27/29.00 medium arfveisornite lu’avrite
18/79.65 high NCS Iacavrite

asaicizne steenstririne vein'

4/107.00 mediux t» Righ arfvedsorite luiavr-ite
5/128.45 low nauinkasite lu;avrite
7/112.20 sediua rnaalakasite iuiavrite
48/163.00 low naziakasite luiavrite
1/170.00 low arfz>dscnite lainvrite
56/157.00 iow tn mediugx nau iakasite lucavrite
39/81,00 low nauisknsite Iy -avrice
16/52.00 low to mediua arfveissnite lujisyrite
56/13.00 medium negiakasite (i avre; e
59/3.20 medium arfvedcnnite lu‘avrite
50/31.85 low arfvedsanite iu-avrite
22/120.00 sedium arfveis-nite Il avrile
46/157.75 low arfvedsonite luiavrite
5/121.30 mediva arfveds~nite lu-avrile
€0/109.15 medium ta high naziakasite Juiavrite
54/39.85 actiam 1efaraet lava

3/68.65 medium rviiakasite lucaveite
49/139,35 low arfvetannite Iginvrite
14/100,05 zedium Arfvedsrnite ju‘iavrite
60/:47.95 Inw arfvedaanite luiavrite
58/93,10 1w arfvedsonite luinvrite
55/19,40 1ow arfvedasnite luisvrite
63/135.00 medium nariakazite lujnavrite
3/69.15 medium nasiakasite lujssrite
70/161,00 low arfvedsnnite luijavrite
49/71.30 cedium nm: jakasite luiavrite
20/63.35 medium arfvedannite lujrvrite

25/78.35 pedium nat iakasite lujavrite
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No. concentratior tryre >f rock

65/51.10 iow arfvedsonite lujavrite
54/5.75 iow *lava®

€9/11.05 low arfvedsonite lujavrite
42/30.00 medius deformed lava

33/60.35 high naujakasite lujavrite
*1/62.Cc0 sedius - low deformed lava

6/72.85 asedium deformed lava
43/105.29 medium naujakasite lujavrite
43/179.50 low arfvedsonite lujavrite
50/63.00 medium arfvedsonite lujavrite
61/+27.00 low to medium arfvedsonite lujavrite
6°*/77.00 pedius naujakasite luiavrite
T0/3 .85 aediun aegirine lujavrite
70/26 .89 low to mediuam naujakasite lujavrite

32/ 12.20 low arfvedsonite lujavrite
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Iabje 5

Rock samples containing veins or layers of medium to fine grained

radioactive minerals

No. concentration type of rock

18/8.5¢% medium deformed lava

61/22.,00 medium deformed lava

13/80.10 medium deformed lava

30/12.50 low arfvedsonite lujavrite
6/44.90 low deformed lava

21/59.55 low MCC lujavrite

10/71.75 medium arfvedsonite lujavrite
46/73.85 low naujakasite lujavrite
15/22.05 low to medium deformed lava

46/59.00 low arfvedsonite lujavrite
28/90.70 melium naujakasite lujavrite
62/67.85 low arfvedsonite lujavrite
57/179.00 low arfvedsonite lujavrite
59/61,85 low arfvedsonite lujavrite
66/87.55 low arfvedsonite lujavrite

12/134.00 low arfvedsonite lujavrite
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Reck samples containing patches or nests of medium to coarse

grained radioactive minerals

No. concentration type of rock

9/26.00 pedium MCC lujavrite

9/66 .65 low arfvedsonite lujavrite
54/57.00 medium segirin lujavrite
17/111.10 medium to high arfvedsonite lujavrite
24/74.15 mediun naujakasite lujavrite
23/37.55% low MCG lujavrite

31/90.60 mediua arfvedsonite lujavrite
42/89.95 medium nau jakasite lujavrite
11/134.90 medium naujakasite lujavrite
16/73.90 high MCGC lujavrite

33/66.60 high naujakasite lujavrite-contact
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Iabie 2

Rock samples with large scattered grains of radioactive minerals

No. concentration tyre of rock

33/48.00 very low deformed lava

26/20.00 medium MG lujavrite

18/32.65 medium to high MC% lujavrite

27/67.20 low MCG lujavrite

29/15.00 high MCG lujavrite

1/91.40 low MCG lujavrite

25/10.05 high MCG lujavrite

15/42.00 medium MCG lujavrite

29/29,35 medium arfvedsonite lujavrite
57/109.60 low arfvedsonite lujiavrite
37/36.00 high M3C lujavrite

22/10.20 high MCGC lujavrite

30/47.05 medium MC7? lujav-ite

8/45.30 melium MCG lujavrite
37/370.00 low arfvedsonite lujavrite
2/69.15 high arfvedsonite lujavrate

20/20.10 medium MC5 lujavrite
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Table &

Rrck samclex which ar-ear "tarren”™ cn autnTaiiosrachs

No. couceantration tyre 2f rack

6€4/29.85 nrfveizsanicte 1ujavrite
2/49.80 deformed lava
55/155.25 arfvedzonite lujavrite
59/%43.00 arfreiscrnite lujavrite
67/83.00 arfvedsonite iujavrite
62/165 .85 arfved-onite iujlavrite
311/62.00 ¥CT Luiavrite
64/°05.65 arfvelannite lujavrite
€9/117.05 arfvelstnite lujavrite
19/700.30 naijakasite lujavrite
68/74.00 arfveis~nite ju’avrite

65/187.50 arfvedsonite lujavrite
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Sample

Rock name

Main felsic minerals

Main mafie Type of ateenstrupine Access, min.
number original hydrat.prod. minerals crystal aize alteration
& type
70-26.85 Nuajakasite Naujak. site (Analcime) Lrfvedsonite Ad extremely
lujavrite Nepheline (Matrolite) altered
Albite
Microcline
70-3.70 Aegirine Mierocline Analcime Aegirine Ad extreaely Natrolite
lujavrite Albite altered lentunite
(Nepheline)
54-57.00 Aegirine Albite Analcime Aegirine Ad extresely Vitusite
lujavrite Microcline altered Natrolite
Nepheline Neptunite
54-39.85 Deformed Microcline {Analcime) Aegirine Ad extrenely Mica
lava Albite altered
|
19-100.30 Naujakasite Naunjakasite {Analcime) Arivedaonite Be altered Fudialyte
lujavrite Albite (Ussingite) Neptunite ::
Vel
39-14.00 Arfvedsonite Nepheline Analcime Arfvedsonite Aa, b msetamict Neptunite I
lujavrite albite (Aegirine) few altered Lovozerite
sodalite Vitusite
9-66.65 Arfvedsonite Nepheline Analcime Arfvedsonite Ba setamict Nepturite
lujavrite Microcline (Aegirine) Ad sxtremely Natrolite
altered
33-49,00 Deformed Microcline Natrolite Arfvedsonite Ab altered Neptunite
lava albite (Analcime) Aegirine
Sodalite
69-11,05 Arfvedsonite Nepheline Analcime Arfvedsonite Natrolite
lujavrite Albite Aegirine- Monazite
Eudialyte acmite Neptuni te
6€7-189.70 Arfredsonite Nepheline Analcime Arfvedsonite Sodalite, Vitusite

lujavrite

Microc.Albite

Eudialyte

(regirine)

Friksite,Neptunite




Saaple Rock name Nain felesic minerals Main mafic Type of ateenatrupine Accesa, wmin,
nusber original hydrat.prod, m®sinerals cryatal sise alterstion
& type
21-59,55 MCG lujavrite Nepheline Annlcime Arfvedsonite Be altered Sodalite, Fudialyte
Microcline (natrolite) Aegirine Natrolite
22-720.29 Arfvedaonite Nepheline Analcime Arfvedsonite Aa, b, d motamict Sedalite, Monasite
Tujavrite Albite Aegirine partly alter. Natrolite,Frikajte
Microcline to extr, alt,
69-117.05 Arfvedsonite \Vepheline Analeime Arfvedacnite Ad highly Monagite
lujavrite Albite Aegirine sltered
22-120.0 Arfvedsonite lNepheline Anslcime Arfvedsonite Ac altered Nonasite
lujavrite Albite soned
Sodalite )
1=170.00 Arfvedacaits Nepheline Analcime Arfvedsonite Aa,d Betamict Nieca =
lujavrite Sodalite sltered tg
Aldite
|
70-161.0 Arfvedaocnite Albdite Natrolite Arfvedoonite Osaingite
lujavrite Nepheline Vitusite
Ricroclire Fudislyte
43-71.30 Naujakaaite Waujakasits Analcime Ac,d Ussingite
lujavrite Nerheline {Natrolite) Li-Mica
Albite Inraerinyte
Sodalite
43-"C5.0 Naujakasite Naujakasite Analciwme Ad extresely
lujavrite Mierocline altered
58.93,10 Arfvedaonite Neopheline A Arfvedsonite Aa,d setamict Ussingite
lujavrite Naujakasite «ltered Nica

Albite




Table T®

MEDIUM RYDRATED ROCKS

Sample Rock name Main felsic minerals Yain safic Type of steenatrupine Access, esin,
numb-r original hydrat,prod. minerals crystal aize alteration
& type
29-~29.,35 Arfvedsonite Albite Analcine Arfvedsonite AD, c altered, soned Nefeline
lujavrite Microclino (Aegirine) + altered Mica, Neptunite
66-175.45 Arfvedsonite Microcline Annlcime Arfvedaonite Ad extremsly Fudialyte
lujavrite Albite (Aeglrino) altered Monacgite
Nepheline
62-165.90 Arfvedsonite Albite Analcime Arfvedsonite none Neptunite
lujavrite Nepheline (Natrolite) (Aegirine) Monagite
(Fudialyte) Vitusite
62-67.85 Arfvedsonite Microcline Analcine Aegirine none Sodalite
lujavrite (Nepheline) (Natrolitc) Arfvedsonite
Eudialyte Neptunite
65-187.65 Arfvedsonite Albite Analcine Arfvedsonite none Vitusite
lujavrite Eudialyte
Sodalite
46-73.85 Arfvedsonite Nepheline Analcime Arfvedsonite Ac alterei soned Erikite
lujavrite Albite Aegirine Aegirine Natrolite
55-155.35 Arfvedsonite Albite Analcime Arfvedsonite none Sodalite
lujavrite Nepheline {Natrolite) Aegirine
Eudialyte Monazite
*7-%34.90 Naujakasite Nepheline Analcime Arfvedsornite Aa, b metamict Eudialyte
lujavrite Nau jakasite hegirine- margins
{Albite) acamite altered core
43-179.50 Arfvedsonite Nepheline Analcime Arfvedsonite AD nltered Albite, Monazite
lujavrite Sodmalite (Natrolite) Aegirine Neptunite

Eudielyte

16T



Nerheline

Sodalite

Sample Rock name Main felajic minerals Nain safic Type of asteenstrupine Acceas ain,
nusber original hydrat.prod. minerals crystal asise alteration
& type
*3-80,10 Deformed Microcline Analcime Arfvedsonite Ad extremely Mica, Eudialyte
lava Nepheline altered Neptunite
Aegirine
*2-134,0 Arfvedsonite Nepheline Analcime Arfvedaonite Abd Todalite
lujavrite Albite Aegirine~- altered Mica
Eudialyte acsite
46-157.75 Arfvedsonite Nepheline Analcime Arfvedsonite Ad extremely Vitusite
lu javrite Albite altered Natrolite
39.9* 02 Nau>akasite Nau jakasite Annlcime Aegirine- none Nertumite
lujfavrite Nepheline acmite Nytrhlite
Albite Fudialyte
2R-30,70 Nau:;akasite Nsujaskasite Analcime Arfvedsonite Aa, ¢ toned Merrunite
lujavrite Repheline metamict + ]
Albite altered parts
[
[%4]
"6-52,0C Arfvedsani‘te Albite Analcime (Arfvedannite)Aa metamict ¥icnh ~
lujavrite "Natrolite) Aegirine-
acmite |
320,024 Nauz'nkasite Nauiakasite aAnalcime Arfvedaonite Ac altered Natralite
lucavrite Microcline toned
Albite
L e Natr.olite Arfvedacnite A PIYPETe LY LEENN 2Nt
v elin Motered
Nevheline
60-147.70 Arfvedsonite Albite Analcime Arfvedsonite Ad extremely Mica
lujavrite Nepheline altered
Microcline
‘-9 45 Y. lujavrite Microeline Natrolite Arfvedaonite Fudislyte

Erikite
Neptunite




Sample Rock name Nain felaiec minerals Rain safie Type of ateenstrupine Accean, win,
number original hRydrat.prod. asinerals eryatal sise salstoration
& type
59-143 Arfvedesonite Albdite Analcine Arfvedsonite Ad eztremsly Monasite
lujavrite Ricrooline Ratrolite Aegirine altored
55-19,40 Arfvedsonite MWNicrocline Analcime Arfvedaonite Ad extremely Erikite
lujavrite Nepheline Aegirite altered
67-8Y Arfvedoonite Nierocline Analecime Arfvedsonite Ad eztremely Nonan:te
lujavrite Albite Ratrolite Aegirine altered
Nephelaine
16-73.90 M . lujavrite Nepheline Analeime Arfvedaonite Ae sltered
Natrolite (somed)
61+-77.0 Roujakasite Nepheline Ravrolive Arfvedeonite AbD,¢,d iaetropie Mies
lujavrite Albite altored-soned
Waujskasite altored
2-49,.85 Gdvalaet Rierosline Ansleoine Arfvedsonite Lrivite
lava sodalite Ratrelite Niea
Reptunite
63-135,00 Fau)akasite Albite Analeime Arfvedacnite Ad eztremoly Nenasite
lujevrite Nepheline sltered
27-29.,00 Arfvedsonite Aldite Analeine Arfvedsonite Aa,e setapict Neptunite
lvjavrite Wicroaline Watrolite + Baltered
46-59,00 Nsujakaaite Naujakesite Analeime Arfvedsonite Ae sened- Frikite
lujevrite Micrceline complietely-~
altered
20-63.35 Arfvedoonite Aldite Ansloime Arfvedacnite Ae,d estremely
lujavrite Nrphelyre Natrolite altered
Rierocline
60-109,00 Naujakasite Naujakasita Ansleisme Arfvedsonite Aa,c setamiet Vitunite
lujavrite Albite Natrolite Altered-zauned

Microcline

€61



Table 7c¢c

VERY INTENSE TO

CUMPLETE HYDRATION

Sample Rock name Main felsic minerals Main mafic Type of steenatrupine Accesa, min,
number original hydrat.prod. ainerals crystal size Alteration
& type
17.90.00 Arfvedsornite Albite Analciae Arfvedsonite Aa, b metapict Neptuni te
lujavrite {Eudinlyte) Natrolite + altered Nepheline
15-22.05 Deformed Microcline Analcine Arfvedaonite Aa, b aetamict Micas
lava Ratrolite Aegirine~ + altered Nepheline
acmite Neptunite
18-79.60 Analcime- Analcime Arfvedsonite Ba, b fresh eni1aoot Nepheline
ateenatrupine Natrolite + msetasict Micrncline
vein Nertunite, ‘epirine
'5-42,00 MCG luiavrite Microcline Natrolite Arfvedsonite Ba, b fresh anisotrofodnlite
{aralcime) Aerigine- setamict Nepheline,Neptunite
acmite{in Frikite, Mica
felt)
59-3,20 Arfvedsnnite Miecrocline Analcime Arfveisnnite Aa, b metamict Fudialyte
lujavrite Ratrolite lujnvrite + altered Vitusite
Aegirine Nepheline
6-72.85 Arfvedsonite Albite Analcime A-fvedaonite Ac Altered Mica
lugjavrite (Nepheline) Natrolite Aegirine zoned Yitusite
Naujakasite
3-68.65 Naujakasite Microcline Analcime Arfvedsnnite Ab, a najority alte, Ficu
lujavrite Nau jakasite Natrolite (Aegirine) + metamict Erikite
17-11" .10 Arfvedsonite (Nepheline) Analcime Arfvedsonite Ab altered Aegirine
lujavrite Ratrolite
*4-100,05 Arfvedsonite Microcline Analcime Arfvedscnite Ab altered Neptunite

lujavrite

Ratrolite

Aeglirine

Vitusite,Nepheline

ST



Sample

Rock name

¥ain felsic minerals

Main mafic

Type of steenstrupine

Access, min,

nunsbter original hydrat.prod, wminerals cryatal size alteration
& type
32-12.20 Arfvedsonite Albite Analcime Asgirine Ad extremely Mica, Neptunite
lujavrite Microcline Natrolite (Arrvndaonlte) altered ¥onazite,Nepheline
4-107.00 Arfvedsonite Microcline Analcime Arfvedsonite Ac altered soned Mice
lujavrite Natrolite Aegirine Ba, b metamict Fudialyte
+ fresh anisotNepheline
1TR.8.,.55 Deformed Microcline Analcime Arfvedsnonite Ae altered Futinlyte,Vitusite
lava Natrolite soned erturite, Nepheline
24-74.15 Rau)akasite Naujakasits Natrolite Arfvedsonite 4d extremely
lujavrite Rierocline Analcime altered
Albite
42-30,00 Deformed lava Albite Analcime Aegirine Ad extremely Neptunite
Natrolite Arfvedsonite altered !
H
€4-29.85 Aegirine Microcline Analcime Aegirina Monarite tﬂ
lujavrite
|
57-179.80 Arfvedsaonite Albite Anslcime Arfvedsonite As,c metamict
lujavrite Aegirine + altered goned
64-105.65 Arfvedsonite 4lbite Anslcime Arfvedaonite Monazite
lujavrite Erikite Aegirine
6-44.90 Deformed lava Albite Analcime Arfvedsonite Ac,d coned-altered Mica
Ricrocline Natrolite completely Neptunite
altered
2-69.1S Arfvedsonite Albito_ Analcime Arfvedsonite Aa,c metamict Wice
lujavrite Repheline coned-altered




Table 74

STRORGLY HYDRATED ACCXZ WITH ARUMNDANT MICROCLINE
Sample Rock name Muin felsic mirerals Main mafic Tyre af ateenatruyine Accens, min
nuabder aripinal hydrat,proi, minerals cryastal aigze alteration
t ty;e
TH-N2 65 MCO Ylulavrite Microslirne Nstrolite A-fveiaorite Bb setanjet ica
Aralcime) Vepturive
37-3%,92 ML luiavrite Miceocline Ansleciae Arfveinnrite Db, ¢ Yertunjte
Natralite Monazice
I7-47,78  MC3 luiavrite Microcline Analeime Avfvedscrite Ba, » setapiat ¢ Yertunite
Nntralite) 11} frish anisot,
alterad
NaT .75 Arfvedaosnite Micracline) Analezime Acfvein~nite & sened freah Netturite
lujavrite (LYY I PR Vitiejte
slterad
M2, 20 MCT jusavrite Micracline Analcinme Arfvedysanite Bb, @ setnaiet Yertunite
Satrolite ¢ nltered ¥oragite
276,22 MCT lalavrite Micracline Anmlcime Arfvedpsnite nRene Merazite Ve turite
Natrnalite
M2, 'S MCT lu avrite Migracline Natralite Arfveinsnite Db, @ srtaaiet Verturite
"Analcime) s altersd Yorngyte, Alrite
WLt Arfveissnite Mot parasidlie Analsime Arfveinonite Ab, ¢ sltered te Yeiatte
lusavrite Ty recagniae eutremely Vepturite
altered Vianpyte
294,30 NN luravrile Mierrelire Anntlcine Apfumis qive  Ab o tewes ¥Mien

Hettyrite

9s7
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Ta

RYDRATED ROCKS WITR USSIRGITE

Samsrle Rock name Majin felsic minerals
nuasber original hydrat.prod,

Main mafie
minerals

Type of steenstrupine

crystal sisze
& type

alteration

Access.ein,

40-139 .35 Arfvedaonite Microcline Usaingite Arfvedaonite Ab altered Yica
lujavrite Repheline {Analcime) Natrolite
25-79,35 Raujakasite Nepheline Analcime Arfvedsonite A¢ altersd Neptunite
lujavrite Microcline Ussingite soned
Naujakasite
50-3?,99 arfvedsonite Nepheline Analciaze Arfvedsonite Ab.C altered Ly Mica
lujavrite Albite Usasinglte Natrolite
Microcline
$7-°09,95 Arfveisonite Codalite Ussingite Arfvedsonite Am, b setasict Vitusite
lujavrite Nepheline + altered
Albite
Microcline
$56-"57.0 Naujakasite Nepheline Analcime Arfvedszonite Aa,b netamict Vitusite
lujavrite Albite Ussinzite altered
Sodalite
$0-63.0 Arfvedsonite Albite Ussinrite Arfvedsonite Fudialyte
lujavrite Repheline Natrolite Vitusite
Microcline
Jodaljite
33-66.60 Steenstrupine Sodaijte Natrolite Arfvedsonite Aa,o asetamict Mica
vain in Eudialyte Aegirine altered-
naujaite goned
'8-79.65 Analcime~ Analcime Natrolite Ba,bd fresh. Neptunite
steenatrupine Microcline anisotropic,
vein metamict

8ST
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Table @O a-c Correlation between the rock types, degree of hydration and type of steenstrupine

in the exazined drill core specimens.

Tvpe of steenstrupine:

Type of
rock As Ab Ac Ad Ba, b Be none

Arfvedsonite

1
lujavrite 3 7 " 3 "
Nau jakasite
1 .

lujavrite 6 7 9 5
NCGC
lujavrite 2 ! 0 7 2
Deformed
lava ! 2 2 4 2
Aegirine

2 1
lujavrite
Dezree of
hydration As Ab Ac Ad Ba Bb Be none
Weakly
hydrated 6 9 B 8 1 2 5
Medium
hydrated 5 7 7 " 6
Strongly
hydrated 6 10 8 5 4 i 5 4
Ussingite 2 3 1 1
Type of roghk:
Degree of Arfvedaonite Faujakasite nee Deformed Aegirine
hydration lujavrite lujavrite lujavrite lava lujavrite
Weakly 13 7 1 2 2
Medium 18 8 2 3
Strongly 13 3 14 5 1

Ussingite 4 2
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Table 9 The analytical lines and microprobe standards used
for the steenstrupine analvses

Element Analytical Analytical Background Standard
line wvavelength position No. type

Th na 4.138A 4.054 - Synth.composite
Si Ka 7.111 7.50 104 Natural quartz
P Ka 6.142 6.00 205 Natural apatite
La La 2.660 2.85 - Synth.composite
Ce La 2.556 2.70,2.48 Griff.?1 - " -
Pr LB 2.254 2.275 317 -" -
Nd La 2.365 2.335,2.395 318 -" -
Na Ka 11,885 12.20 131 Natural albdite
Ca Ka 3.392 3.24 129 Na tural ClSiO3
Kn Ka 2.098 2.00 506 Pure setal
Pe Ka 1.932 2.00 331 Natural Fezo3
Zr ia, 6.057 6.06 500 Pure metal
T4 Ka 2.743 2.1 330 Tioz
Al Ka 8.320 7.80 329 Natural A1203
Y La 6.436 6.5% 313 Synth. composite
b La 5.712 5.85 504 Pure metal



- lel -

Tadle "J. PRicraprobe snalyses of steenstruplae and 13 alreratian ;- ;3ucte \weignt ¥,

NO  GGU %0 TH Sl ] LA CE PR ND NA Ca "N FE 4 ] T AL Y o] Sym
50 5-72.88 3.54 T_t8 2.09 7.32 10.63 t.07 3.98 6.3t .86 2.84 UL.76¢ .47 .27
51 6-72.88 T.t4 13,15 4,98 7.57 .89 1.33 S5 43 6.17 1.38 2.98 3.62 .73 L2k
2 6-72.88 2.46 13.00 4.78 7.17 13.8 .95 3.4 6.00 1.15 1.23 2.87 .76 .13
53 6.72.88 2.02 13.86 4,50 7.49 15.44 .92 4.28 5.92 .93 3.76 2.69% .75 .25
54 5-72.88 I 15,43 2,94 7.42 15,16 .76 3.4t 6.34 .56 1.79 4,92 .48 3¢
55 6-72.88 1.43 12.98 5.16 7.02 15.92 1.38 5.3% 5.3% 1.32 2.62 3.a6 .70 .18
56 6-72.88 1.18 13.27 5.11 7.36 16.09 1.16 S.34 3.10 .31 3.7h 2.2 .48 27
57 6-72.88 3.TH 16,26 2.03 7.35 T4.82 .98 3.88 %.22 1.72 1.56 6.66 .26 30
59 6-72.88 3.04 13.26 %.99 9.12 13.98 .76 3.4B 6.28 1.16 2.32 2.66 .59 3
50 6.72.88 2.05 12.98 5,20 6.72 12.75 1.16 5.04 5,85 .12 3 k6 2.49 .T¢ 25
62 6-72.88 1.73 12.83 5.70 5.7t '6.08 1,03 .29 S5.92 1.18 3.35 2.80 N1 23
63 6-72.88 2.64 11,83 6.7 B.07 16,67 .14 3. 24 7,86 1.66 .85 2,33 24 24
64 6.72.88 .98 13,25 5,47 7.58 16.63 1.0 5.6 4. 75 1.39 3.12 3.1} W17 23
85 6-72.88 1.03 12,95 §.42 7.5% 14.21 1.26 5,16 S.74 1.17 2.94 2.80 .52 25
66 6-72.88 2.8% 14.23 4.9 7.63 14.03 1.1t 4. 17 .89 1.9 2.37 3.2} .58 30
198 9-66.65 2.88 13.65 4.65 8.97 13.35 1.19 3.28 6.96 1.39 2.50 4.0 52 .00 .33 TU12 32.6% 97 .36
199 9-66,65 3.72 14.2% 3.87 9.72 13.83 t.16 3.56 B_49 .49 2.83 4. .4) 62 .20 29 7T 3i.24 30 A
200 9-66.65 3.35 13.53 4.3% 9.16 13.4% 1.30 2.98 7.12 1.24 2.98 4. 2% 90 .28 .3C .95 32.67 98.49
201 9-66.65  I.MB th.T9 4. 11 B.43 13.22 t a4 3. 80 7.69 1.69 2.50 4.3% 68 .12 .25 .94 33.28 '0C.°2
262 9-66.65  4.52 15,12 1,34 B.10 13.10 1.29 3.65 B_65 1.21 2.66 4. 45 7.36 .10 .28 55 33.79 to2.72
203 9-66.65 3.63 13.90 3.97 7.75 13.42 1.32 31.76 7.82 1.4 2.79 8.3 1.22 .08 15 64 313,07 39.73
17 11-134.9 9b T4.73 4,93 6.97 15.57 1.06 6.03 5.38 2.16 B.52 4. 8! 53 00 .46 'Lk J4.5T TD2.°T
16 11-134.9 4,02 11.60 5.7 B.06 12.27 .68 3.28 6.33 1.02 1.38 13.02 37 TL13 .91 29.81 38 .26
22 11-134.9 2,34 12.82 .96 7.35 17.59 .90 4.8! 6.77 1.46 2.39 2.88 4t 00 .08 *.33 32.92 33 °:
23 11-134.9 2,03 13,16 4.85 6.71 14.08 1.712 S5.77 5.69 .05 4.50 1.9 52 C* 4% 1,24 3T 68 98 77
24 11-134.9  2.83 11.99 5,68 7.57 14.14 .88 3.58 6.97 .94 1.29 2.80 34 00 .17 1.10 30.81 97.G9
25 T1-134,9  N,24 14,25 4,18 6.52 11.37 .93 4.17 5.2 1.93 2.88 3.5% L) 2 .06 .29 3T.T4 93.C2
32 11-136.9 4,00 13.50 .22 7.85 11.87 .89 3.72 &.12 2.03 2.70 13.22 1% oC .04 .97 30,65 90.33
34 1T-134.9 1.62 18,22 4.8T 6.43 14.94 1.00 4.0 3.93 1.18 1.33 1.00 42 32 Q0 '.09 3IC.47 B86.96
35 11-134,9  3.16 B.79 9.37 T.13 T4.21 1,01 4.8 6.37 .95 4.50 87 51 00 .00 '.46 32.0C 94.9¢
197 18-79.65 4,69 13.52 4,20 7.48 12.26 1.12 3.54 7.86 .50 2.58 3.4% 91 09 .03 T.10 3T.92 96.2%
118 18-79.65 31.39 12.76 4.7 8.12 11.89 1.1} 3. 60 7.90 .67 2.6T7 3.5% 68 12 0t .07 3'.98 395.°77
119 18-79.65  4.67 13.52 4,13 7.51 12,21 1.19 3.39 6.96 1.60 2.91 3.38 92 26 .02 .02 3T.67 95.28
120 18-79.65 4.54 14,31 3.87 8.715 71.20 T.46 3.90 6.92 !.4% 3,03 3.49 37 29 03 .93 32.33 96.86
121 18-79.65  4.65 12.89 4.11 B8.07 12.89 1.22 3.66 7.0) T.k& 2,84 3.5t 71,04 15 .0t .89 37,3 g5.67
122 18-79.65 3,77 13.14 L.03 7.93 11.89 99 3.93 7.12 1.38 2.6% 3.4 95 26 k .33 37.06 93.5%
122418-79.65 4.82 14,35 3.36 6.90 11.49 87 3.62 6.76 1.35 2.65 M.35 1,22 25 i 76 3°.71 34.59
123 18-79.65 4,32 13.82 4.0t 7.63 11.83 1.20 3.23 B.0v ‘t.22 2.8) 3.30 .22 1% .07 .82 37.88 35.48
123 18-79.65 4.32 13.82 4,01 7.63 11.83 1,20 3.23 8.01 1.22 2.8) 131.30 1.22 15 01 .82 17.88 95.48
124 18-79.65 4.31 13.98 3,90 7.92 11.66 1.13 3,62 7.69 1.5! 2.87 3.76 1.02 30 00 .95 32.26 96.88
12% 18-79.65 4.65 13.88 3,85 7.98 11.32 88 3.6 6.62 .40 2.77 3.42 1.19 23 0T T 3144 94,07
126 18-79,65 2.93 13.42 4,37 9.76 '1.88 95 3.89 7.6 1.59 2.53 3.&8 93 21 08 t.11 32.20 96.89
127 18-79.65 4.73 13.68 4,16 7.72 12.22 1,08 3.57 5.96 1,51 2.76 3.40 91 T .00 .96 31.66 35.36
128 18-79.65 4,26 13,29 4,29 8.42 T1.43 1.03 3.50 7.49 .41 2.52 3.5% 79 1T .00 .99 3°.49 94,57
274 48-163.0  3.00 13.14 4.29 9.0 13.78 1,30 3.52 9.07 1.43 2.50 4.09 85 100 .33 '.ts 32,7 99.92
216 48-163.0 3.0 14,21 4,05 8.35 13.79 1.08 3.63 8.83 1.72 2.78 4.32 36 15 .32 .08 33.52 100.8)
216 48-163.0 2.88 13.73 3.90 8.3% 13.86 .96 3.52 9.12 1.30 2.46 3.77 46 w32 1.10 32.5' 98.37
217 48-163.0 3.35 12,88 4,13 8.37 12.99 t.32 3.29 9.02 1.60 2.59 4.22 30 08 29 1.20 31.99 97.58
218 48-163.0  3.12 13.95 3.80 8.91 13.67 1.k3 3. 34 9,08 1.66 2.88 &.06 37 09 .33 1.0 J2.50 99.319
219 48-163.0 3.26 14,11 3,67 8,23 13.8% 1.5 3,21 B.87 1.3t 2.15 .20 60 M 33 1.23 32.7% 9B.92
220 48-163.0  3.23 13.72 3.73 8.86 14.21 1.3 3.70 9.32 1.2% 2.29 &.13 32 27T .37 t.04 32.76 '00.38
221 88-163.9 3.43 13,86 3.70 8.33 13.37 1.33 3.79 9.06 1.58 2.82 3.72 33 g 4 1,22 32.58 99.43
222 48-163.0 3.10 13,12 4.00 8.75 13,18 1,15 3 .36 9.00 1.63 2.67 3.99 85 02 32 1.32 32.1% 98.17
223 48-163.0 2.80 12.47 4.9 8.2 14,21 1.35 3.76 9.22 1.48 2.59 2.8% 73 1" 31 .99 3t.93) 97.9°'
224 48-163.0 1.26 12.76 4.35 8.2 13.9 ' 21 3,86 8,89 .86 2.51 4.17 36 28 31 1,37 32,27 98.57
225 48-163.0 3.10 13.02 3.95 8.83 13,32 ©.11 1.92 A 78 V.Y 2.97 4 k0 ™ 20 3t .56 3'.5% 95.43
205 29=-15.00 3.27 9.82 5.42 6.95 16.07 1.27 3.07 1.0 2.0%1 2.70 2.50 177 L17 2.27 1.36 29.22 88.3t
206 27-15.00 2.67 14.10 4,23 2.92 16,26 .51 2.2% 3.65 1.98 2.63 .68 2.10 .08 2.22 .2B 33.7' 45,16
207 29~-15.00 3.33 9.36 5,30 A.16 10.06 1.1 2,39 1.62 T.6% 2.35 2.7 1.4§ A 89 1.02 25.92 76.75
208 29-15.00 152 9.%7 6.47 7.68 8.25 1,08 5.26 3.3 .17 2.0 2.8 18 L1200 5% 1,25 27,13 76.67
209 29-15.00 4.58 6,90 7.33 7.08 11.78 1.06 2.48 1.93 1. 42 2.71 1.3t 60 .7 .73 .39 25.80 75.77
211 29-15.00 J.45 7.44 8,28 B.87 10.30 1.35 4.27 2.98 1.66 1,13 2,22 00 .15 80 .57 28.15 A2 .36
212 29=15.00 2.24 14,63 4 &1 9.0 12,73 1.30 4,10 4,60 2.19 3.96 1,57 51 L13 . 2.29 1.87 33,99 37.§0
213 29-15.00 2.95 '5.49 3.88 10.27 9.90 t.44 3,67 4. 47T 7,43 2.58 8.6M 39 15 39 1.82 35.06 102.27
181 39-140.0  2.85 13,48 4.23 9.02 12.3% 1,72 3.46 7.65 .60 2.91 4. 4} kL] g2 .3 .37 32,49 97.7
142 39-140.0 2.97 12.86 4.08 8,59 12,09 1.36 3.1% 7.79 1.2 2,67 .67 82 08 .38 BT 3737 k.62
183 39-T40.0 2.91 13.88 u.tk B.76 13.42 T.%% 3,33 7.93 1.49 2.59 3.88 68 Q6 .31 .10 32.74 98,32
184 39-140.0 2.85 13.20 4.18 6.36 13.85 f1.23 3.71 7.27 1.32 2.58 4.52 51 12 30 .93 31.90 96.23
YES 39-140.0 3.00 12.91 4,62 8.57 13,35 1.09 3.20 7.81 f.e§ 2,73 13.27 53 08 30 T.15 31,75 95 47
186 393-140.0 2.70 13.86 4,08 B8.46 11,88 1.09 3.70 7.18 1.18 2.3 § g7 26 0% 28 1.16 32.59 97.%2
187 39-140.0 2.73 14,41 3.67 8.789 13.06 .98 3.65 7.17 1.06 31.08 5.52 79 14 3¢ .82 31.11 99,37
188 39-140.0 3,23 13,99 4.43 B.76 13,17 1,22 3.15 7.62 1.69 3.72 5.09 3t 06 26 1. 16 11,85 107 67
190 39-140.0 2.80 17.19 5,37 8.96 13.73 1.38 3,67 7.20 1.s8 2.82 6.50 L1 07 26 .07 39.08 '17.58
191 39-140.0 2.93 '6.68 5.07 8.67 13.69 1.13 3.47 7.78 1.89 2.74 5.86 513 17 .27 1.7% 37.96 109,51
192 19-140.0  3.13 16,55 5. t1 9.35 13.38 1.35 3.47 7,08 '.39 1.58 .23 57 07 .23 T.17 37.17 106 .9)
193 39-140.0 2,69 16.43 4.93 8.96 14.03 1,45 3.6 7.57 1.49 2.46 .88 87 21 .28 1.00 37.30 108.37
194 39-140.0 2.88 15,69 4.86 B8.42 13,971 1,22 3.65 7.26 '.18 2.82 .62 52 03 .55 '.08 35, 7 1om. 12
195 39-140.0  2.97 15.03 5.15 9.3% 14.23 Y 4B 8,22 7.69 V.37 2.57 &.56 49 00 .26 !'.16 35.8M 106.16
196 39-140.0 3.08 15,17 4,52 9¢.09 13.53 !'.81 3.90 7.37 1,27 2.89 &.67 61 05 29 '.31 38,96 '03.62
197 39-140.0 J.44 14,62 4,38 9.06 '3.58 1.13 3.77 T.1% 1.71 2.56 &.60 L1} 16 25 .07 38,32 102.67
129 54-39.8< T8 17,07 3,32 w.B9 7.23 .68 3,13 3,71 7.61 3,03 6.65 s 09 2.22 '.08 37.00 98,6
130 54-39.8; 1,33 4,31 4.8t 3.57 9.79 .u& 3,93 &.36 3.9% 3.39 & 42 80 17 1.20 3.29 33.39 9/.3w
133 54-39.05 .69 16,91 4,08 .77 8.20 .7% 6.76 3.65 5.91 2.72 8.20 20 2% 82 .18 36.55 99.5%
134 54-39.85 1.98 13,21 6,18 7.9% T4.87 1.38 4,72 1.8 4.8} .15 3.89 35 12 38 .38 33.85 98.5»
135 54-39.85 2.12 15,13 3. .48 1.95 &.56 10 2.6 4,04 7.97 4.88 6.5% 30 1Al 2% .59 32.82 86.8s
136 54-39.85 .85 15.18 4,16 131.50 .55 37 '.98 3,79 7.02 3.5 B.16 .33 L1905t .21 313,98 AA. 1)
137 5%-39.8% 2.99 14,35 3.6 1.98 8. w0 75 4,20 2.93 B.65 2.28 5.69 .20 170036 2.06 11,05 93.44
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Table

11

Atomic proportions in steenstrupine

199104

based on (Si+P) = 18

Ele.

Ro.

Aeas.

RE+Y

Na

Ca

¥n

Fe

ir

Al

Total average comp.

Averaze Range
36

13.3302e) 12-92-
a.67(25) 7 %"
deerie) 21
1.94(0) f:gZ‘
2.82(9) ;:2?‘
0.40(3)  5-38-
0.69(%) _3:22
9.20(6) 72.36-0,03
6.05(19) 6.78-5.74

2.35{1.%0)6,1.-0,60

*.03(11) 1.49-0.88
+.79(%0) 2.04-1.64
1.70(15) 2.17-1.3
0.38(8) 0.54-0.21
0.09(3) 0.15-0.04
0.35 0.45-0.29

Massive steenstrupine

Zaoned Core Rims
port. port.
13 4 1

13.44(16) 13.31(3%) 12.99

4.56(17) a.70(3%) 5.0
0.48(3) o0.56(6) 0.20
1.94{7) 2.,08(14) 2.09
2.87(10) 2.88.3) 2.90
0.42(3) 0.a83(3) 0.37
0.72(s) o,70{8) 0.72
o.'8(&) 0.27(6) 0,03
6.11(15) 6.35(29} 6,1°

3.44(1.27)2.61(".,22)6,15

v.of(13)  1,03(13) .00
v.78(6) 1.83(12) 2,04
1.71(18) 1.59(24) 1.38
0.42(7) 0.33(7) o0.54
0.11(1) 0.09(4) o0.07
0.33(2) 0.3.{1) o.31

Disseminated steenstrupine

Total Zoned Core Replacemt, Total
average port., part, phase averapse
18 14 * 3 '8
13.39(23) 13,28{(18) 13,1¢ 13.27(59} 13,27(76)
4.61(23) 4.72(18) 4.e% 4.73749) 4,73(2€)
0.48(9) 0.51(3) G, 71 0,56{19) n,e307;
1.98(10) 1.90(9) 2,00 1.8676) 1.90(8)
2.88(9) 2.7%(%) 2.7€ 2.79(8} >, 76(6)
n.s0(3) 0.39(?) 0.43 n.38(3) 0.39{2) I
0.71(%) n.68(3) n,60 0.660" 7.67(3) z:
- w
0.19(17) n.20(3) 0,73 n,27(8) e}
|
6.16(16) c,92(8) €.0: F,90(3) c.9408)
3,40(1,41) 1.29(46) 2.96 v,ealm) 1,04(49)
1.04(a) 1,01(14, 1,09 0035 vt
1,80(10) v, 78(9) 1,62 1,803} 1LT709)
1.69(18) 1.72(8) 1.86 L) 1.73(9)
0.41(8) 0.37(s) 0.31 0.29(12) 0.,36(8)
0.10(2) 0,08(4) 0.07 0.09(6) 0.09(3)
0.32(2) 0.38(3) 0,41 0.38(5) 0.38(3)
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Table 12 X-ray powder diffraction data for steenstrupine No.

199104 from Tunugdliarfik

eﬂbl I hklhcxngonll gcalc Ivoiaa
15,144 6 003 15,004 a/s
7.56 3 006 7.50 a/s
7.07 3 014 7.05 a/v
6.40 3 015 6.38 n/v
5.89 3* - - -
4.93 1 009 5.00 a
113 4.94 v
4.42 1 022 4.44 v
4.14 4 024 4.20 v/
3.7 2 0.1.11 3.73 v/a
3.27 10 124 3.27 s
3.17 8 0.2.10 3.19 s
3.0 5 1.1.12 3.05 /v
(0.2.11 3.04 w/vw)
2.88 5 128 2.924 n
2.74 8 0.2.13 2,749 s
2.60 9 (0.2.14 2.620 w)
220 2.614 s
(039 2.584 w)
2.32 1 137 2.339 v
2.1 4 0.3.15 2,127 n
ete.
2.01 1 broad 235 2.024 v/o
0.4.10 2.022 v/
0.2.20 2.014 v/a
1.83 4 bdbroad 2.3.11 1.852 a
1.4.9 1,838 -
1.3.17 1.822 -
etec.
1.73 3 333 1.731 -
ete.

Powder diffraction casera ¢ 180 ma, CuKaradiation, Peak-to-
background ratio is low for all lines. Contridutions from the

ispurities are marked by asteriske,
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table 1).Atomic proportions.normalized to SielB.0'in the analysed steenstrupine and 1ts alterstion products

NO GGU NO TH st P LA CE PP ND NA ca 01 ] FE IR TI AL Y
50 6.72.88 LR0 16,21 1,79 1.40 2.0 .20 .73 7.27 t.23 1,37 2.26 .14 .15 09 .22
51 6-72.88 L14 13,40 .60 1,56 3.08 .27 1.08 7.68 .99 1.5 1.85 .23 .14 12 40
52 6-72.88 .31 13.50 &4.%0 1.9t 2.0 .20 .70 T7.67 .84 .65 1.%0 24 12 .09 .25
53 6-72.88 .25 13.91 4.09 1t.52 3.11 1B B4 7.26 .65 1.93 1.36 .23 .15 .03 .42
54 6-72.88 .37 15.35 2.65 1,89 3.02 .15 .66 7.70 1.09 .91 2.6 .15 17 0% .34
55 6-72.88 J18 13,23 .77 1.4 3.2% .27 1.06 6.66 .94 1.37 1.77 .22 .11 .03 .44
56 6-72.88 .14 13,34 6,66 1.50 3.24 .23 1.05 3.8 .92 1.92 1.32 .15 .16 .05 .38
57 6-72.88 4% 6,17 1,83 1.48 2,95 .19 .74 5,13 1,20 .79 3.33 .07 .17 .09 .22
58 6.72.88 .37 13.42 4,58 1.87 2.8 .15 .69 7.76 .B2 1.20 1.3% .18 .18 .09 .36
59 6-72.88 .25 13.20 4.80 1.38 2.60 .2% 1,00 7.27 .80 1.B0 1.27 .22 .15 .07 .46
62 6-72.88 .21 12.83 5,17 1.1 3.22 .21 1.03 7.23 .83 1.7t 1.1 .20 .13 .06 .50
53 6-72.38 .33 11,87 6.13 1.67 3.44 .23 .65 §.38 1.13 .97 1.2t .08 I T T
64 6-72.88 .12 13,10 4.90 71.51 3.29 .21 1.07 5.74 .96 1.58 1.6 .23 .13 .02 .42
65 ©.72.88 .13 13,05 4.95 1.3 2.8/ 2% .01 7.07 .83 1.81 1.32 .16 .15 .00 .39
56 6-72.88 .34 13.93 4.07 1.s1 2.75 .22 .79 B.24 1.30 1.19 1.8 17 .17 .c2 .28

198 9-66.65 035 13.73 4,27 1.8& 2,71 .28 .65 B.61 .99 1.29 2.05 .16 .00 .35 .36

199 9-66.65 46 14 4k 3.56 1.67 2.82 .23 70 10.54 1.06 1.26 2.26 .19 .12 .31 .25

200 9-66.65 42 13.97 4.03 1.91 2.78 .27 60 8.98 .90 1.87 2.2 .29 .05 .32 .

207 9-656.65 42 18.26 3.74 1.7 (.66 .29 TH 9.4k 119 1.28 2.20 .20 .07 .26 .30

202 3-66.65 .54 15,00 3.00 1.52 2.60 .26 70 10.48 B4 1,35 2.22 .41 .06 .29 .17

203 9-66.65 L45 4,30 3,70 1.61 2.77 .27 75 9.83 1,11 1,47 2.3% .39 .0S5 .37 .21
17 11-134.9 L1 13,67 .33 1.36 3.02 .20 .95 6.36 1.46 2.24 2.34 .16 00 .46 .35
13 11-134.9 .53 12.51 5.4 1.77 2.67 .15 .69 8.41 78 .77 1.65 .12 01 .15 .3t
22 11-134.9 .29 13.33 4.67 1.54 3.66 .19 .97 B.60 1.06 1.27 1.51 .13 00 .09 .44
23 11-134.9 .25 13.49 4.1 1.39 2.89 .23 1.15 7.13 75 2.36 1.00 .16 01 .4k w0
26 11-134.9 .32 12,59 5,41 1.6t 2.98 .18 .73 8 1k 69 .69 1.8 .11 00 .19 .36
25 11-134.9 .51 14,22 3.78 1.32 2.27 .18 .81 6.13 1.35 1.7 1.78 (12 01 .06 .1
32 11-13%.9 .50 14,02 3.98 1.65 2.87 .18 .75 6.50 1.48 1.43 1.68 .05 00 .04 .32
W 11-134.9 .19 13,73 .27 1.26 2.89 .19 .85 k.64 80 .66 49 12 01 .00 .33
35 11-134.9 .40 9.15 B8.F5 1.50 2.97 .21 .93 8.10 69 2.40 46 .16 00 .00 .48
117 18-79 65 .59 14.04 3.9¢ 1.57 2.55 .23 .72 9.97 1.09 1.37 .80 29 .05 .03 .36
118 18-79.65 .43 13.3C .70 1.TY 2.k2 23 73 10.06 1.22 t.42 1_86 22 .07 .0t 15
119 18-79.65 214,70 3.90 1.58 2.5 .25 69 8.86 1,17 1,85 1.77 30 .15 .02 .34
120 18-79.65 .56 Tk, 46 3.5 1,66 2.27 .29 77 8.4 1.02 1.5 1.77 30 .17 .03 .30
121 18-79.65 .61 13,96 4,08 1.75 2.80 .29 77 9.30 1.09 1,57 1,91 3 .10 .01 .30
122 18-73.65 .49 14,08 x.92 1,72 2.5 .27 .82 9.32 1.04 t,u5 1.86 3t .16 LTt 1
122A18-79.65 ,60 14.85 3,15 1 a4 2,38 18 .73 8.54 .98 1,80 2.26 39 L1514 25
123 18-79.65 .54 14,25 3,75 1.59 2.45 .25 .S 10.09 .88 1.49 1,71 39 .09 .01 .27
124 18-79.65 .54 14,37 3,63 1.65 2.40 .23 72 9.65 1.09 1.57 1.94 32 .18 .00 .31
125 18-79.65 .58 14,38 3.62 1.67 2.35 .18 72 8.38 1.02 1.47 1.78 38 .14 .01 .28
126 18-79.65 .37 13.90 4.10 2.04 2.47 .20 78 9.56 1.15 1.34 1.81 30 .13 .09 .36
127 18-79.65 .59 14.09 3.91 1.62 2.54 22 72 8.82 1.10 1.46 1.77 29 .09 .00 .31
128 18-79.65 .54 13.92 4.06 1.78 2.0 .22 71 9.59 1.04 1.35 1.87 2% .07 .00 .33

214 48-163.0 ,38 13,89 4,11 1,93 2.92 .27 .72 11.71 1,10 1.3% 2.17 15 06 .36 38

215 48-163.0 .37 14.30 3.70 1.70 2.78 22 .71 10,37 1,21 1.43 2.19 .11 .09 .38 .34

216 48-163.0  ,36 14,31 3.69 1.76 2.90 .20 .71 11.62 ,95 1,31 1.98 .15 .09 .35 .36

217 48-163,0 .44 13,95 4,05 1.A3 2.82 .28 .69 11,93 1,21 1.41 2.30 .10 .05 .33 .41

218 48-163.0 .40 14,35 3,65 1.91 2.90 .30 .69 11.70 1,23 1,34 2,16 .12 .06 .36 .35

219 48-163.0 .41 14.56 3,44 1.72 2.86 .22 .65 11,19 .95 1,13 2.18 .19 .08 .35 .40

220 48-163.0 41 fu. 44 3,56 1.89 3.00 .25 .76 11.98 .92 1,23 2.19 .10 .17 .41 .35

221 48-163.0 .43 14.49 3.51 1.76 2.80 .28 .76 11.67 1,16 1.61 1.96 .11 .01 .37 .40

222 48-163.0 .40 14.10 3.90 1.90 2.83 .25 .70 11.82 1,23 1,47 2,16 .15 .01 .36 .u§

223 48-163,0 .37 13.50 4.50 1.86 3.08 .29 .79 12,19 1,12 1,43 1.5 .24 .07 .35 .34

224 48-162.0 .43 13,75 4,25 1.80 2.94 .26 .81 11,70 1,10 1,38 2.26 .12 .05 .35 &%

225 48-163.0 .41 14.11 3.89 1.93 2.89 .24 .47 11.62 1,15 1,61 2.40 .¢5 .00 .35 .19

205 29-15.00 .48 12.00 6.00 1.72 3.93 .31 .73 2.24 1,72 1.69 1.54 .29 .12 2.81 .52

206 29-15.00 .32 14,15 3,85 .59 3.27 .10 .4k 4,48 1,39 1,35 2.82 .65 .05 2.32 .09

207 29-15.,00 .51 11,89 6.11 2,10 2,56 .28 .59 2.51 1,46 1,53 1,64 .57 .01 .65 41

208 29-15.00 .22 11.11 6.89 1.82 1.94% .25 .97 4,92 ,63 .22 1.45 ,07 .08 .71 .46

209 29-15.00 .74 9,77 8,83 1.90 3.14 .28 .64 3,13 1,32 1,84 .88 .25 .05 1.01 .16

211 29-15.00 .50 8.96 9.04 2.06 2.49 .32 1.00 4.38 1.40 .70 1.34 .00 .25 1.00 .57

212 29-15.00 .26 f4._14 3.86 1.77 2.35 .25 .77 4.72 1,48 1,96 .76 .15 .07 2.30 .43

213 29-15.00 .34 14.67 3.33 1.97 1.88 .27 .68 5.10 .95 1.25 4.11 11 .19 .38 42

181 39-140.0 .36 14.01 3.99 1.90 2.70 .23 .70 9.72 1.17 1.5 2.32 .11 .01 .37 .30

182 39-140.0 .39 14,01 3.99 1.89 2.64 .30 .67 10.37 1,08 1.45 2.56 14 05 .39 .30

183 39-140.0 .36 14,17 3,83 1.81 2,75 .23 .66 9.89 1,07 1.35 1.99 ,20 0% .33 .35

184 39-140.0 .37 13.98 4,02 1.79 2.94 .26 .64 Q.41 .98 1,40 2.1 17  ,07 .33 .31

185 30-140,0 .38 13.59 u,41 1,82 2,82 .23 .66 9,53 1,07 1.4 1.73 .17 05 .33 .38

186 3)-140.0 .34 14.24 3.76 1.76 2.78 .22 .62 8.96 .85 1.33 2.85 .08 .02 .30 .38
187 39-140,0 .33 14,63 3,37 1.80 2.65 .20 ,72 B.88 .75 1,60 2.81 .25 .08 .32 .26

188 33-140.0 .39 13,98 4,02 1.77 2.64 .24 .61 9.33 1,19 1.91 2.5 .10 ok .27 .37

190 39-140.0 .28 14,03 3,97 1,48 2,25 .22 .58 7.18 .85 1,18 2.67 .11 03 .22 .28
iyl 39-140.0 .30 14.15 3,85 1.49 2.33 .19 ,57 8,06 ,89 1,20 2.50 .14 08 .24 .30

192 39-140.3 .32 14,06 3.94 .61 2,28 .23 .61 7.31 83 .69 2.231 .15 03 .20 .31

193 39-140,0 .28 14,15 3,85 1,56 2.42 .25 .64 7.96 .90 1,08 2.11 .23 11 .25 .27

194 39-140,0 .31 14.05 3,95 1.52 2.50 ,22 .64 7.9% .74 1,11 2.08 .14 .02 .51 .31

195 39-140.0 .33 13,73 &.27 1.73 2.61 .27 .75 8.8 .88 1,20 2.10 .14 .00 .25 .

196 39-140,0 .34 14,17 3.83 1,72 2.53 .26 .71 8.3% .83 1,12 2,19 .18 .03 .28 .3§

197 39-140.0 .40 14,15 3,85 1,77 2.64 .22 .71 B,4 1,16 1.2/ 2.2% .26 .09 .25 .33
129 54239.85 .08 95,30 2.70 .89 1.30 .11 .55 4,06 4,78 1,39 3.00 .04 .05 2.07 .31
130 54-39.85 .16 14,07 3.93 .71 1.93 .09 .75 .24 2,71 1,70 2.19 ,12 .10 1.23 1.22
133 54-39,85 .07 14.79 3.21 .84 1.44 131,05 3,90 3.62 1.22 3.61 .05 .13 .38 .0
134 54-39.85 .22 12,64 6.36 1.54 2,76 .26 .88 1,80 2.97 2,03 1.73 .10 .07 .38 .10

135 54-39.85 .26 14.89 3.11 .39 .90 .02 .47 4.86 5,50 2,23 3.24 .09 .06 .26 .16
136 54-39.85 .10 14,42 3,58 .67 .87 .07 .37 .40 4,67 1,72 3.90 .10 .11 .50 .06
137 54-39.85 .37 '4.63 3.37 .82 1.7Z .15 .B3 3.65 6.18 1.17 2.92 .06 .10 .38 .86



NO GGU NO ™ st P LA CE PR 1] NA of § MN FE 4] TI AL
2 51-127.85 .86 13,60 4.80 1.79 3.49 1§ .62 3.17 .67 .85 1. i it L13 2,18
3 61-127.85 232 12.65 %.35 1,52 346 w79 4.9 &9 €7 .2} 43 e T
7 §1-127.85 .39 12.9% 5.06 2.85 3.5k 27 .78 2,73 .04 .53 .63 A1 L1S T4
8 61.127.85 .36 11,81 6.19 1.97 &.19 .23 .12 2.81 .87 2.02 .74 - I { i1
9 61-127.85 .30 13.3v 4,69 1.77 2.97 .28 .17 k.52 24 TH 1,95 23 1o L4
10 61-127.85 .28 12,65 5.3 1.80 2.3% .20 .69 3.67 1.28 _.s2 .49 L% .12 2.03
11 61-127.85 .28 13,47 4.53 2.%0 4.03 .23 1.02 3.1 1.02 2.92 .57 .23 16 .23
12 $1-127.85 .33 12,57 5.3 1,77 317 .13 .64 3.80 .35 .43 .13 L] PR DY 4
13861-127.8% .3% 12.87 S.13 .88 2,41 (16 .88 5.9% .25 .13 .63 .64 6 .69
14 61-127.85 .26 13,56 4,88 1.95 2.9 .12 .86 437 .91 .12 _26 L4313 2,89
15 61-127.85 .40 14,75 3.25 1.7 2.96 .20 T8 318 76 1,27 3.Me 24 1 L16
16 61-127.85 .45 11,92 6.08 2.85 3.24 .17 .80 4,83 1.22 2.22 .38 LTS £ A
37 65-51.10 .22 13.26 4.7% 1.73 3,06 .15 .78 9.25 .B8 1.50 .60 .27 00 .15
38 85-51.10 .29 12.53 S.47 2.01 3.0 .17 .T& 9.77 t.11 1 A7 .69 L2t .00 .06
39 65-51.10 .30 13.05 4.95 1.86 3.20 .20 .78 8.u47 .95 1.26 2.18 .13 ac .38
42 65-51.10 L35 13,72 4.28 1.90 2.39 .20 .77 12.92 1.13 1.19 1.Q4 .22 b B 1
§3 £5-51.10 .20 13,45 4,55 1.97 2.7% .22 .69 9.33 7 1,78 2.1 W17 .0C LaC
k& 65-51.10 .31 12,34 5,86 1.91 2,81 (1% .68 10.27 .97 T.83 1,78 .8 .00 L0u
48 65-51.10 .37 14,01 1,99 1.79 2.91 .20 .64 11.28 .46 1.32 2.0} .27 .06 .08
49 65-51.10 .36 14,17 3.83 2.02 8¢ .16 .73 9.90 .58 1.77 1.80 .25 00 L3
140 199104 L46 13,34 4,66 1.98 2.86 .39 .76 4.4) 98 1.88 1t.57 [X] 08 .29
141 199104 86 13,22 4.78 2.0C 2.87 w0 .76 5.3 93 1.8% 1.70 w8 Tt 33
142 199104 .53 13,54 4,46 2.08 2.81 . &k .61 4,22 1.00 1.89 .59 37 LA
144 1997104 .49 13.03 4.97 2.27 2.90 .ué .80 2.83 1.2t 1,98 1.57 30 o .32
145 199104 L850 13.48 4.52 1.99 2.75 .42 .69 2.48 1.02 1.79 1.59 32 12 .33
146 199104 LG4 13,20 4.80 2.07 2.99 .36 .68 2.3 t.12 1.75 1.57 .28 09 .37
147 199104 54 13,41 4,59 1.93 3.08 .44 70 1.5% 1.1 1.84 1. 68 .80 15 .39
148 199104 .49 13,30 4,70 1.86 2.71 .39 73 316 1,10 1.82 1.%% .35 LR ¥~
T49 199104 L85 13,48 4,52 1.83 2.92 .41 LT3 2.71 1,08 1,81 1,65 .39 120 .37
150 199104 .62 13.67 4.33 2,01 2.86 .39 .67 1.42 .91 1.72 1.3% .26 I
151 199504 .60 12,97 5.03 1.95 2.9% .43 .11 1.9 .99 1.73 *.88 W8T .c8 .31
152 139104 .44 13,41 4,59 1.87 2.8' .40 .76 2.19 .9k 1.73 2.17 IUY R 1 B R
153 199104 LB7 13.45 B.5% 1.9 2.93 .38 .63 2.24 1.09 1.8t 1.70 .85 .12 3T
156 199104 .20 12.99 5.01 2.09 2.90 .37 .72 6.1 1.00 2.04 ‘.38 54 .07 AT
158 1997104 .52 13.82 4,18 1.95 2.82 .44 .75 4.5 1.49 1,71 1.8 LY} LT .34
159 199104 L0 13,46 4,54 1.89 2.88 _40 .68 s5.07 .95 1.66 1.82 .48 R L
160 199104 .49 13,59 4,81 1.94 2.98 .35 .76 u4.5% .92 1.72 7.6% .50 LTT L33
761 199104 49 13,58 4,42 1.98 2.82 _u1 71 3.96 .93 1,71 1.7% 49 IR A B Y
162 199104 .51 13.05 .97 1.83 2.86 .38 .72 1.95 1.01 1.9 1.65 e om0 37
163 199104 47 13,12 4,88 1.65 2.79 .41 .72 1.2 1.00 1,85 1.58 FLTTR £+ B T
164 199104 .52 13.34 4.66 1.90 2.72 .40 .68 .80 1.02 1.91 1.eb 3 .05 .37
165A199104 .68 13,93 4,07 1.83 2.70 .41 .65 .60 90 .77 1.82 W43 .15 .38
166 139104 .57 13,18 4.82 1.88 2.76 .38 .68 1.77 .97 1.88 1.7% .40 ol
167 199104 .54 13,01 4.99 1.93 2.69 .42  .6% 6% .88 1.72 1.66 .39 .ou .33
168 199104 .46 12.94 5.06 1.93 2.65 .37 .65 T.43 1.00 1.66 1.65 .36 .05 .3,
169 199104 .52 13."% 4.5 1.88 2.72 .39 .Tr 1.16 t.1Q 71.76 1.69 .3t 08 .36
170 199104 .54 12,38 4,62 1.95 2.80 .38 .6k 1,00 T.11 1.75 1.7% .29 vt 17
171 1993104 .49 12,81 5.19 1.92 2.8 .36 .68 2.26 1.12 1,80 1.60 21 S 1
173 199104 .53 13,06 4,94 71.81 2.85 .39 .65 1,45 .98 1.82 1.70 .22 .09 .83
17¢ 199104 .54 13.53 4.47 1.95 2.78 38 .68 .56 .98 1,71 1.81 .29 120 .43
175 199104 49 13,28 4.72 1.93 2.72 .38 .68 1,22 1.0 1.74 1.75 .31 11 LNS
176 129104 L49 73.36 4.64 1.85 2,72 .40 .65 .76 .96 1.71 1.70 3o .09 M1
177 193104 _49 13.36 4. 64 1.99 2,74 .38 .63 1.89 .98 1.72 1.78 .35 S8 62
178 19¢104 .71 13,15 4,85 2.00 2.76 .43 .60 .96 1.09 1.62 1.86 37 .07 w1
179 189104 .51 13,45 4.55 1.98 2.81 44 L6 1,91 .99 1.78 1.78 45 .09 .40
180 199104 .54 13,40 4,60 1.91 2.77 .40 .65 1.08 1.03 1.69 1.88 K1) .10 L y?
102 199115 .78 15,43 2.57 2.39 3.80 .35 1,09 02 1.73 1.99 ~.93 R .18 1,21
103 199115 .56 14,09 3.91 1.74 2,58 .26 .73 8.45 1,29 1.55 1.98 27 .10 .00
104 199115 .58 14,32 3.68 1,47 2.71 .21 L75 6.38  1.26 1.49 1,98 .39 .16 .00
105 199115 .58 14,41 3,59 1.4 2,52 21 75 1,93 111 1 47 1.78 .36 L7013
106 199115 .53 14 23 3,77 1.68 2.40 ,20 L68 T7.66 1.18 1,4€ 2.03 .33 17 00
107 199115 L6 14,76 3.24 1.9 2,46 21 .78 1,42 1.65 1.57 1.90 .48 11 18
108 199115 .78 16,01 1.99 2.24 3.89 .35 1,11 .09 2,29 1.62 2.98 .59 .26 .56
109 199115 .59 14,29 3.71 1,72 2.0 .22 L76 7.52 1.2 .39 2.22 .36 .17 .00
110 199115 .66 14,87 3.13 1.50 2.23 .21 .76 70 1.11 1.87 1.92 Lu6 .09 .33
111 199118 LAk 12,75 5,25 2.19 3.67 .40 1,29 T4 2.26 1.24 2.75 41 .18 .22
178 199146 75 14,11 3.89 1.%2 2,66 27 .92 6.27 1.31 2.3t .82 .26 .22 .00
179 199146 LTT 14,27 3,79 1wl 2,87 06 .88 1,27 1.37 2.09 .87 L1 .20 .04
183 199146 .58 14,41 3.59 1.%9 2.34 00 780 1,36 1,24 1.96 .83 .21 .27 .02
181 199146 .63 14.30 3.72 1.38 2.313 20 .87 9.43 1.24 2,09 .80 .09 16 .00
182 199146 L34 13,46 4.54 1,72 2,69 20 .73 10.74 .95 1.90 1.65 .30 o4 .00
183 199146 L49 1h.60 3.0 1.67 2.46 .25 .B5 9.64 1,79 2,08 1,16 L1534 .00
184 199146 .3% 13,83 417 1.64 2,52 N .84 10,17 9% 1.79 1.56 .30 .08 .00
187 19914¢ .36 14,27 3.73 1.65 2.37 25 75 9.70 1.2% 1.8 1.5) .29 .07 .00
188 19914 .52 14,78 3.22 1.7 2.49 ,23 89 9.87 1.21 2,22 .89 .20 .31 .00
167 230653 .50 13,67 4.33 1.67 2.67 .22 .72 1,49 1,19 1.61 1.82 .23 .06 .02
169 230653 L04 12.83 5.17 1.97 £.75 24 .83 9.28 .89 1.69 1.72 &8 .03 .00
170 230653 .03 12.94 5,06 1.70 2.83 .31 .97 9.88 .78 1.72 1.76 .37 .08 .00
172 230653 .69 T4.43 3.57 1.8 2,38 .20 .71 1.64 1.21 1.5 91.84 51 02 10
174 230653 .02 12.85 5.1 1,78 2.86 .29 .79 8.4y .95 1,77 1.72 .51 .03 .00
175 230651 .66 11,94 4,06 1.72 .61 .38 .75 2.6% 1,21 1,40 1.89 .11 .09 .06
176 230653 .05 12.67 5.33 1.92 2.67 .31 .81 6.77 15 1,45 1,74 .51 .03 GO
177 230653 L64 13,66 4,38 1,71 2,49 .23 L7000 2,42 1.2k 1,52 1.9%5 .20 .04 .00
189 230749 .30 14,86 3,48 2,52 4,07 .43 1.3 .67 3.28 2.09 1.74 .68 L1000 .22
191 230749 .78 16.%5 1,46 1.9% 2.64 .35 ,10 .00 1.7% .84 1,72 82 .12 .38
192 230749 L36 15,68 3,32 2.48 3.89 .29 .16 .35 2.43 1.80 1.68 .57 .09 .11
195 230749 .88 16,01 1.99 2,11 3,93 .37 1.37 00 2.04 .95 2 .66 .81 272 L3N
196 230749 LT 13,78 8260 2,20 3,74 .29 1,22 723,20 2.25 1.62 .60 .03 .04
100 230749 .90 16,12 1.88 1.96 4,20 .42 1.27 .00 1.86 1,12 3.02 L4526 28
101 230749 13 13,87 4,13 2.37 3.98 4C 1,26 .89 2,01 2,24 1.8% 7 .08 .01
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Tatle '4 Acymic proportions for the analysed steenstrupine and its alterstion products.

es in each sample.

Todes: A = Hock types: '=MCC lujavrite; 2 = arfvedsonite lujavrite;
4 - naujakesite lujavrite; S = deformed lava; 6 = veins/peen.ti:ea
B = Rock hydration types: ' = fresh or very weakly hydrated;
2 = weakly to 1istinctly hydrated; 3 = strongly hydrated lizht components
C = Principal zenetic catezories of steenstrupine: 1 = steenstrupine A;
2 = steenstrupine B; 3 = stcenstrupine in veins, C.
D = Alteration typea or ~senetic subtypes of steenstrupine: * = crystallinefanisotrapic)
2 = metamict (isotropic); 3 = slightly altered (primarily still metamict);
4 = altered (mggregate anisotropy); > = strongly altered (browvn, black avaresates);
6 = recrystallized into microscopically heterogeneous mixtures (monazite, U-thorite
ete.) 7 = aBisotropic steenstrupine replacing the C-' type; B = red alteration
(veins, patches) nf C-1 and C-2,
Numbers in parentheses represent the estimated etandard error in teras of last dicit.
Sample no. No. meas. Codes Atomic proportions normalized to Si+P = 1B
ABCD Si P Th La Ce Pr N4
48-163.1 6 ¢ 112 w.25(27) 3.15(27)  .a0(3) 1.84(8) 2,90{6) ,25(s) .70(8)
¢ 114 +3.99(38) s.01(38) .a1(3) 1.85(7) 2.91{11) .z6(2) L70(17)
4 11 65 14,30 3.70 .37 1.70 2.78 .22 LT
29-1%.00 8 1326 12,01(2.22)5.99(2.22) .420(17) 1.74(48)  2.70(71) .26(7) L73(19)
39-140.0 "0 2114 s.08(26) 3.92(26) .35(4) 1.75(15)  2,65021) .2303) .64(5)
2112 14,05(17) 3.95(17)  .33(4) 1.65(10)  2.50(13) ,2¢(2) .68(6)
31-39.8% & 11 6 12,64 5.36 .22 1,54 2.76 .26 L]
016" 14.69(82) 3.32(22)  ,17(12) L72018)  1,35(43)  Le2() L670€)
61-127.85 2111 13.16(1.22)a.84(1.22) .29(7) v.a7({29)  3.69(73) .2v{a} 1.06019)
2 11 4 11,92 6.08 .45 2.45 3.24 .17 LR0
9 2 115 13,21(70) 4.79(70)  .34(6) 1.82(43)  2.99(46) .18(6) .1209)
65-51.10 2112 13,36(13) 4.65(13)  L21(1) 1.85(17)  2.91(22) L18(5) L7307)
2 114 13,27(83) 4.73(83)  .33(3) 1.91(9) 2.85(28) .18(2) L12(6)



Na Ca
11,69(28) 1,06(14)
11.78(25) 1.15(%)
10.37 1,21
3.94(1.13)1.30(34)
9.13(93)  .92(15)
8.10(47)  .89(14)
1.80 2.97
4.35(60) 4.58(1.25)
3.06(22)  .87(15)
4.%3 1,22
3.72(67)  .69(36)
9.29(8) .83(7)

10.44(1,52) ,87(28)

Mn

1.

29(10)

1-48(9)

1.

-

-

2,
.22
,58(36)

N

43

.44(80)

.52(25)
.09(21)

.03
.57(40)

43(46)

.62(17)
.39(%52)
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Fe Zr Ti
2.16(10)  .13(3) .08(4)
2,06(33) .13(7) .03(3)
2.19 .11 .09
1.82(1.12) ,26(24) .1r0(8)
2.44(35) .15(5) .05(3)
2,16(7) .18(%) .05(4)
1,73 .10 07
3.14(60) .08(3) .09(3)
,81(28) .25(4) .14(2)
.38 .24 .14
1.00(1,07) ,33(16) .14(2)
1,98(53) .22(6) .000

1.48(60) .22(4) .000

Al Y
.36(3) .37(3)
.36(1) L37(11)
.34 .34
.40(93) .39(17)
.31(8) .32(84)
.29(11) .32(a)
.38 .10
.80(71) .38(39)
.31(7) .45(10)
.06 .52
,77(1.10)  .s1(8)
,08(11) .31(3)
.13(18) .41(4)

RE+Y

L3

b
6

L07(16)
.08(27)
.75

.81(83)

L60(481)
.39(30"

.55
L22(1.06)

L22{1.26"
.18
L12(75)

.98(3)
.10(30)
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Coden Atonic prepertiess a-resliized to SieP = 9
ABCD Si [ 4 ™ La Ce
6 -32 14.25(10) 3.77(10) -56(3) 1.68{12} 2.5%(*3)
-38 15.7){41) 2.20(a71) .00(y) 2.28(+v] 3.79(**)
Da.73(1.78) 3.27(v.79)}
6 -38 1s.68(2a) 3.32(24) .61(1)  1.51(3) 2.40(°%)
6-32 1.995(35) 4.01(35) -49(19) r1.50(re) 2.5:(v6)
6 -33 ra.69(12) 3.31(02) -51{3) r.62(7) 2.47(2}
6 -3 14.31(14) 3.69(1s) .67(13) 1.50(v3} 2.a%(ve)
6 -32 13.92(36) «.08(3¢) -6o(9) 1.67{T) 2.54("9)
6 -371 12.82(11) s.1@(11) 0a{r) -.0s{'3] 2.70(9)
¢ -3 13.21(4@) 3.79(as) L22(v2) 2.40('3) 3.92{vs}
6 ~-35 16.23(29) 1.77(29) -e5(6)  2.00(9) 3.92{"3!
A%amic prosartiong asrmaliret %~ J3eF i
51 P T La Te P
*3.34 3" 1.6R73¢} LthE LR Loz
*3.28737  4.76(30) o80T, 1.48(30) s
T8.0072.°7Y8.00703 070 360 ed eyl L
teLTh(5AY 1.83(:m) grle) t.497 " A
v£.28023° 3.72(43} Legie) -.730 ) EN I} -
*3.33 467 .29 c.i4 3.8 3
*3.97.28) 4.73{28) .358(73° 1,448} J.89 33} 3
9.-% B.8c .40 1,80 2.07
'3.49 4.%° L .39 ».RY e}
T2.85(k) n.4c(6) .a4'r) r.6% R T 7ot
*3.73 1.27 ‘o EPRT .80 Lo
14.07(37) 3.93(3°)  .e3(7} LI L AR SE
4,8° 3.8 62 A ¥ 1 1. LR

’r

.22(y}
YY)

277}
-25(%

L2881}
-03:.%}

2712
-290Y)

-38{7}
Bl

LT3y

kit
BT
.02i®;

_e1(y!
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Table 15 Statistical estizmates for various partial groups
formed from the analysed steenatrupines and their alteration
products using the codes from Table 4. The coarae crystallized,
sineralogically heterogeneous glterstion products were omitted

froz the averages.

a) All measurements on steenstrupine and its fine-grained

alteration products. 162 analyses.
(minus D=6)

Element Mean Standard Dev. Max. Min.
Si 13,76 0,88 16,595 9,15
P 4,24 0,88 8,85 1,45
T™h 0,43 0,17 0,90 0,02
La 1,78 0,25 2,85 1,19
Ce 2,84 0,41 4,20 2,05
Pr 0,27 0,09 0,46 0,0

LI} 0,78 0,16 1,37 0,41
Na 6,13 3,72 12,92 0,0

Ca 1,09 0,39 3,28 0,24
Mn 1,52 0,43 2,92 0,12
Fe 1.76 0.58 3,44 0,18
2r c,29 0,14 0,77 0,05
Ti 0,09 0,07 0,34 0,0

Al 0,29 0.46 3.77 0,0

Y 0,31 0,10 0,57 0,03
RE+Y 5.98 0,72 8,61 4,60

b) Genetic types of steenstrupine. Steenstrupine A and its
finegrained alteration products. 63 analyses

C=1
Element Mean Standard Dev, Max. Min.
Si 13,63 0,98 16,21 9,15
P 4,37 0,98 8,85 1.79
Th 0,33 0,09 0,53 0,11
La 1,71 0,26 2,85 1,15
Ce 2,89 0,38 4,19 2,05
Pr 0,21 0,04 0,30 0,12
Nd 0,76 0,15 1,15 0,41
Na 7,96 2,71 12,92 2,73
Ca 0,95 0,25 1,48 0,24
En 1,34 0,52 2,92 0,12
Pe 1,72 0,74 3,44 0,18
Zr 0,19 0,09 0,64 0,05
Ti 0,08 0,06 0,18 0,0
Al 0,38 0,64 3,77 0,0
Y 0,37 0,07 0,55 0,19

RE+Y 5,95 0,61 7,97 4,60
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Steenstrupine B and its fine-grained alteration products.

9 analyses.

C=2
Element Mean Standard Dev. Max. Min.
Si 14,28 0,43 15,00 13,73
P 3.72 0,43 4,27 3,00
Th 0,44 0,06 0,54 0,35
La 1,73 0,12 1,91 1,61
Ce 2,72 0,08 2,82 2,60
Pr 0,26 0,02 0,29 0,23
Nd 0,69 0,06 0,75 0,60
Na 9,65 0,78 10,54 8,61
Ca 1,01 0,13 1,19 0,84
"n 1,37 0,12 1,57 1,26
Fe 2,21 0,10 2,34 2,05
ir 0,27 0,11 0,41 0,16
Ti 0,06 0,04 0,12 0,0
Al 0,32 0,04 0,37 0,26
Y 0,27 0,07 0,36 0,17
RE+Y 5,67 0,18 5,87 5,36

Steenstrupine C and its slteration products. 15 snalyses.

C=3
Element Mean Standsrd Dev. Max. Min.
Si 13,84 0,79 16,55 12,67
13 4,16 0,79 5,33 1,45
Th 0,51 0,18 0,90 0,02
La 1,85 0,24 2,52 1,38
Ce 2,81 0,44 4,20 2,23
Pr 0,32 0,10 0,46 0,0
Nd 0,79 0,18 1,37 0,60
Na 4,26 3,64 10,74 0,0
Ce 1,22 0,46 3,28 0,75
Mn 1,69 0,27 2,31 0,84
Pe 1,76 0,39 3,02 0,80
Zr 0,37 0,12 0,77 0,09
Ti 0,11 0,06 0,34 0,02
Al 0,21 0,20 1,21 0,0
Y 0,26 0,09 0,57 0,03

RE+Y 6'03 0.6’ 8'61 "91



- 174 -

c) Rock hydration types. Steenstrupine and its fine-grained

alteration products froms fresh to weskly hydrated rocks.

62 analyses.

B=1
Element Nean Standard Dev. Max. Min.
Si 13,77 0,71 15,00 11,81
P 4,23 0,71 6,19 3,00
Th 0,36 0,07 0,54 0,20
La 1,81 0,23 2,85 1,40
Ce 2,85 0,37 4,19 2,25
Pr 0,22 0,05 0,30 0,12
Nd 0,71 0,11 1,12 0,41
Na 8,51 2,97 12,92 2,713
Cn 0,94 0,24 1,28 0,24
Mn 1,31 0,48 2,92 0,12
Fe 1,83 0,77 3,44 0,18
ir 0,21 0,1 0,64 0,05
Ti 0,07 0,05 0,17 0,0
Al 0,50 0,69 3,77 0,0
Y 0,36 0,08 0,55 0,17
RE+Y 5,95 0,63 7,97 4,80

Steenstrupine and its fine-grained slteration

mediuw hydrated rocks. 9 analyses.

products fros

B=2
Element Mean Standard Dev. Max. Min.
Si 12,97 1,54 14,22 9,15
P 5,03 1,54 8,85 3,78
Th 0,35 0,15 0,53 0,11
La 1,49 0,17 1,77 1,26
Ce 2,87 0,39 3,66 2,27
Pr 0,19 0,02 0,23 0,15
Nd 0,87 0,14 1,795 0,69
Na 7,27 1,38 8,94 4,64
Ca 1,01 0,34 1,48 0,69
Mn 1,48 0,71 2,40 0,66
Pe 1,38 0,62 2,34 0,46
ir 0,13 0,04 0,16 0,05
Ti 0,00 0,01 0,01 0,0
Al 0,16 0,18 0,46 0,0
Y 0,38 0,06 0,48 0,31
RE+Y 5,80 0,52 6,81 4,99
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Steenstrupine and its fine-grained alteration products fros

strongly hydrated rocks. 'S snalyaes.

823
Element Mean Standard Dev. Max. Nin.
Si 13,77 1,22 16,21 11,87
| 4 4,23 1,22 6,1 1,79
Th 0.27 0,11 0,45 0,12
Ls 1,50 0,15 1,07 1,15
Ce 2,97 0,34 3,44 2,05
Pr 0,21 0,04 0,27 0,15
N 0,087 0,17 1,08 2,65
Na 7.05 1,33 9.38 3,81
Cs 0.97 0,19 1,30 0,65
Na 1,36 0,40 1,93 0,59
Fe 1,70 0,58 3.33 1,21
Zr 0,18 0,05 0,24 0,07
Ti 0,5 0,02 0,18 0,11
Al 0,06 0,03 0,12 0,0
Y 0,36 0,09 0,50 0,22
RE+Y 5,91 0,57 6,51 4,60

e) Petrological rock types. Steenstrupinme in arfvedsomite

lujeavrites. 58 snalyses.

A=2
Elesent Rean Standard Dev. Nex. Rin.
Si 13,69 0,89 16,21 11,81
P 4,3 0,09 6.19 1,79
T™h 0,33 0,09 0,54 0,12
Le 1.72 0,27 2,85 1.15
Ce 2,87 0,40 4,19 2,05
Pr 0,21 0,04 0,30 0,2
| 1] 0,75 0,14 1,12 0,56
| [} 7,49 2,49 12,92 2,73
Ca 0,91 0,23 1,30 0,24
Nn 1,31 0,51 2,9 0,12
Pe 1,74 0,78 3.44 0,18
ir 0,22 0,10 0,68 0,07
TS 0,09 0,06 o,18 0,0
Al 0,42 0,70 3.77 0,0
Y 0,36 0,08 0,5%% 0,17

l"' 5.92 0.65 7'97 ‘v‘o
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Steenstrupine in ssujakasite lsujavrites. 27 amalyses.

A=4
Clement Resn Standard Dev. Nax. Rim.
Si 13,68 1.7 14.96 9.5
[ 4 4.% 1,17 .8 y.e
™ 0,38 0,70 0.5 0,11
La 1,60 0.2} 1.93 1,26
Ce 2,00 0.2% 3. 66 2,27
Pr 0,23 0,0t 0.3 0,1%
M 0,77 0,15 .15 0,47
S 9,75 2,40 12,19 4,64
Ca 1,07 0,28 1,40 0,69
An 1,82 0,46 2,40 0.66
Pe 1,00 0,57 2,40 0,46
ir 0,1% 0,04 0,28 0.0%
Ti 0,04 0,04 0,17 0,0
Al 0,27 0,1'S 0,46 0,0
Y 0,37 0,06 0,48 0.9
REeY 5.94 0.3 6.8 4,9
Steenstrupine in veins and pegnatites. 8) analyses.

A=6
Eleaent Rean Standaréd Dev. Nax. Rie.
Si 13.84 0.79 6,5% 2,67
| 4 4.6 0.79 5.33 1.45
™h 0.57 0.8 0.9 0,02
Ls 1,8% 0,24 2,92 '.38
Ce 2,81 0.44 4,20 2,2)
Pr 0.32 0,10 Q.86 0.0
L 0.79 0,18 .37 0,60
| 1 4.26 3.64 10,78 0.0
Ca 1.22 0,46 3.28 0,7%
Ra 1,69 0,27 2,31 0,84
Pe 1.76 0,39 3,02 0,80
ir 0.317 0,2 0.77 0,09
Ti 0,11 0.06 0.3 0,02
Al 0,27 0,20 1,29 0,0
Y 0,26 0,09 0.57 9,0%

RE-T 6,03 0,83 8.6 4,91
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e) Alteration and replacement groups. Crystalline steenstrupine.
40 snalyses.

D =1
Element Mean Standard Dev. Max. Min.
Si 13,41 0,46 14,68 11,81
) 4,59 0,46 6,19 3,32
Th 0,46 0,13 0,71 0,1
La 1,98 0,19 2,52 1,55
Ce 3,00 0,43 4,19 2,65
Pr 0,38 0,06 0,46 0,16
Rd 0,77 0,18 0,31 0,60
Na 2,32 1,48 6,14 0,64
Ca 1,19 0,56 3,28 0,72
Mn 1,86 0,24 2,92 1,62
Pe 1,62 0,28 2,17 0,57
Zr 0,41 0,12 0,77 0,21
Ti 0,09 0,03 0,16 0,03
Al 0,32 0,09 0,45 0,01
Y 0,22 0,09 0,55 0,03
RE+Y 6,35 0,77 8,61 5,74
Metanict steenstrupine, 53 analyses

D =2
Element Mean Stendard Dev, Max. Min,
5i 13,96 0,44 15,0C 12,94

4,04 0,44 4,06 3,00

Th 0,42 0,16 0,75 0,03
Le 1,68 0,14 2,04 1,38
Ce 2,69 0,29 3,66 2,217
Pr 0,24 0,04 0,31 0,15
Nd 0,717 0,12 1,08 0,60
Na 8,46 2,47 11,98 1,409
Ca 1,04 0,16 1,31 0,65
Mn 1,47 0,26 2,31 0,69
Fe 1,88 0,34 2,35 0,80
Zr 0,25 0,09 0,51 0,09
T4 0,09 0,06 0,22 0,0
Al 0,13 0,15 0,51 0,0
Y 0,33 0,06 0,44 2,09

RE+Y 5,70 0,39 6,81 5,04
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Slightly altered vteenstrupine. 77 analyses.

D=3
Element Mean Standard Dev, Max. Min.
Si 13,48 1,58 14,85 9,15
P 4,52 1,58 8,85 3,15
Th 0,39 0,15 0,60 0,11
La 1,49 2,19 1,87 1,15
Ce 2,68 0,30 3,22 2,217
Pr 0,20 0,03 0,25 0,195
Na 0,85 0,12 1,03 0,69
Na 7,78 1,18 9,87 6,36
Ca 1,06 0,29 1,48 0,69
Mn 1,69 0,53 2,40 0,65
FPe 1,46 0,55 2,34 0,46
2r 0,19 0,09 0,39 0,05
Ti 0,13 0,12 0,34 0,0
Al 0,09 0,13 0,46 0,0
Y 0,37 0,09 0,50 0,25
RE+Y 5.59 0,39 6,11 4,98
Altered s.eenstrupine. 26 analyses.

D=4
Element Hean Standard Dev, Max, Min,
8i 13,76 0,90 16,21 11,87
P 4,24 0,90 6,13 1,79
Th 0,36 0,05 0,45 0,2%
La 1,79 0,22 2,45 1,39
Ce 2,79 0,31 3,44 2,05
Pr 0,22 0,04 0,130 0,16
Nd 0,71 0,13 1,15 0,41
Na 9,59 1,89 12,92 4,53
Ca 1,02 0,21 1,30 0,46
¥n 1,48 0,31 2,36 0,97
Fe 1,93 0,07 2,85 0,38
Zr 0,16 0,06 0,27 0,05
Ti 0,05 0,05% 0,17 0,0
Al 0,24 0,15 0,49 0,02
Y 0,36 0,08 0,52 0,19

RE+Y 5,87 0,54 7,18 4,60
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Extremely altered steenstrupine. 18 analyses.

D =95
Element Mean Standard Dev. Max. Min.
Si 14,01 1,44 16,55 12,51
P 3,99 1,44 5,49 1,45
Th 0,44 0,21 0,90 0,19
La 1,76 0,35 2,85 1,26
Ce 3,11 0,51 4,20 2,35
Pr 0,21 0,09 0,42 0,12
L] 0,81 0,22 1,37 0,56
Na 4,49 2,98 10,37 0,0
Ca 0,98 0,52 2,04 0,24
Nn 0,75 0,3¢ 1,43 0,12
Pe 1,55 1,11 3,44 0,18
2r 0,28 0,17 0,64 0,07
Ti 0,13 0,07 0,26 0,0
Ad 0,91 1,11 3,77 0.0
Y 0,35 0,09 0,52 0,20
RE+Y 6,25 0,91 8,11 5,05

Heterogeneous alteraticn products of steenstrupine A and B,
15 analyses.

D=2©6
Elenent Mean Standard Dev. Mazx. Min.
Si 13,12 2,07 15,30 8,96
P 4,88 2,07 9,04 2,70
T™h 0,31 0,19 0,74 0,07
La 1,32 0,62 2,10 0,34
Ce 2,16 0,88 3,93 0,87
Pr 0,19 0,10 0,32 0,02
d 0,71 0,21 1,05 0,37
Na 3,96 1,08 5,24 1,80
Ca 2,72 1,81 6,18 0,63
Mn 1,53 0,40 2,23 0,70
Pe 2,34 1,10 4,11 0,76
2r 0,18 0,19 0,65 0,0
T4 0,10 0,06 0,25 0,01
Al 1,09 0,86 2,81 0,26
Y 0,36 0,27 1,02 0,04

RE+Y 4,76 1,56 7,22 1,96
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Anisotropic steenstrupine replating steenstrupine C-1. 6 anslyses.

D=7
Element Hean Standard Dev. Max. Nin,
Si 13,03 0,46 13,93 12,67
P 4,97 0,46 5,33 4,07
Th 0,30 0,30 0,68 0,02
Ls 1,87 0,07 1,97 1,78
Ce 2,717 0,08 2,86 2,67
Pr 0,33 0,06 0,41 0,24
Nd 0,73 0,08 0,83 0,65
Na 4,80 3,81 9,28 0,60
Ca 0,93 0,12 1,12 0,75
An 1,72 0,14 1,82 1,45
FPe 1,72 0,07 1,82 1,60
ir 0,41 0,16 0,98 0,21
Ti 0,06 0,05 0,15 0,03
al 0,19 0,21 0,43 0,0
Y 0,22 0,08 0,36 0,12
RE+Y 5,94 0,03 5,99 5,90

The red replacement product of steenstrupine C. 8 snelyses.

D =8
Elenment Nean Standard Dev. Max. Rin.
Si 14,61 0,96 16,01 12,75
P 3,39 0,96 5,25 1,99
Th 0,70 0,11 0,84 0,54
La 0,80 0,41 0,39 1,41
Ce 2,93 0,72 3,89 2,23
Pr 0,22 0,14 0,40 0,0
¥a 0,93 0,21 1,29 0,75
Ns 0,86 0,73 1,93 0,02
Ca 1,52 0,51 2,29 1,05
Rn 1,69 0,29 2,09 1,24
Pe 2,00 0,86 2,98 0,83
ir 0,38 0,15 0,59 0,1
T 0,18 0,06 0,27 0,09
Al 0,30 0,41 1,21 0,02
{ 0,35 0,14 0,57 0,21

KF+Y 6,23 1,54 8,20 4,91



- 181 -

Tabdle '¢ Correlatisr matrix for the stosmic proportiors im steenstrurine all coxgosizioral ieta,
Siumre
®Li.T1C.

Elz. $i 3 Th ie te ’r X4 Ka Ca Ra Fe ir Ti Al, Az correl.
$i R ] .60
PRINAD] b} .
n B RS N e a4 .7
La - .28 26 28 LM .53
e - .52 sg - .39 .22 1.0 et
Pr - 3D L3 20 .89 .23 1.30 LT
A 51 - .8 '8 - .36 - .43 27 - .23 .00 g 4
ra 22 - W20 = L2 - LtT - .27 . LR3 .08 1.20 .63
Cwn 2B - .28 .82 - .06 - .22 - .33 - .32 - .28 .00 e
*n - .29 .23 .77 .09 Lt3 L3y 32 - .e2 L0 tuon
£ L% e L&F = DT LT = LT6 02 - &5 22 - D% - 48 "D B
r - 12 D22 ¥ = 05 R2 < DT - L8 . 72 L8 - 39 -7 a7
Ti 27 = 2T .34 - L28 - T = L3200 .20 - 22 .20 LD .32 2 .17 L2s
I3 SR b L3 .79 Led 22 €T - L3R - P4 . OF DY & 35 e L0270 U L6
k4 AN R T PR I (B i A BT PEL .32 33 El
REE - .57 7 - .29 ©3 T I 2 - - St~ .9 [IERRL B N 1Tl ~
Table '7T Pactor losdings for principal coamponents (all compositionsl data)
Commu~ Unrotated Rotated
Elst. opslity Pactor Pactor Pactor Pactor Pactor Pactor Pactor Pactor Pactor Pactor
1 2 b] 4 S 1 2 2 4 3
Si .95 - .79 - .39 - .0? .20 .37 - .12 - 3 .90 .02 -7
P .95 .79 -39 .02 - .20 - .37 .12 .31 .90 02 - .17
Th .79 - .14 =~ .65 .43 32 - .26 .36 - .39 =15 .09 .72
La 7 .60 - .40 - .34 34 - .13 .38 .42 .16 .61 W27
Ce .84 .67 .45 - .15 .26 .32 - .07 .86 .28 .07 - .1
Pr .82 .70 - .54 - .07 - .02 .16 .17 -39 .08 .26 .04
Na .84 .07 .64 .50 = .07 .41 - .21 .28 .12 .83 - .12
Na .67 - .44 .51 - .36 .28 .02 - .78 .07 .19 .09 -~ .10
o .57 - .24 - .24 .38 .54 - .13 - .08 - 12 .19 .04 .72
Mn .60 .47 - .08 .60 - .02 .10 -46 .20 .28 .44 .27
Fe .76 - .34 - .37 - .70 .10 21 - L1 .00 .60 ] - .24
Zr .59 4 - .53 24 - .29 .08 .76 - .02 .08 .S .01
Ti .64 - .19 - .18 .66 - .0% .36 .27 - .13 .30 .63 .25
Al .65 .38 - .44 - .47 .19 .23 .38 .43 .22 32 - N8
Y T8 - .34 Al .02 34 - .13 - .83 .07 .10 .19 .3
(REE.Y) .97 .81 31 - .13 37 .26 .06 .92 .33 .04 .04
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Correlation matriz for steerstrupine A from the sasple €-72.88
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Table 22, Cerrelation

Flezenty

Si
4

™
Ls
Ce
Pr
L]
Ka
Ca
L3
Fe
ir
Ti

matrix for the atosic praportioas in

steenstruyine °99°0¢

i P ™ La Ce Pr LT L Ca L1 Fe e Ti A v IEFeY
*.006
~".0C  ".00
.29 -.29 .38
-.07 .07 -’  ".0C
-.00 .00 -.2° .27 .00
.20 -.2C e .2° .09 ‘.00
-.0" .03 -38 .09 .2¢ .08 ".00
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.06 -.06 -.0% .2C -'9 M .3 PR [}
-.730 Ju -.46 .78 .26 .0 -3 .29 .¢9 *_0C
LT -0TT L3 227 -0'6 L20 -.08 -.28 -.C2 -.49 .0
-20 el =29 -.CB8 .9 'S LYY L8y -5 % L2¢ C.ne
.15 -.75 .6 -7 .08 ~. 0" -.08 L0 -7y L Y%0 e 1 P A
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.04 ..04 66 TT-.05 0 .27 7T .60 0§ .2 0% .28 -.r7 e N
-.o0 00 -.C2 LTS AT I8 3T Y& 28 27 .8 07 o ca L vt v - -
Table 23 Statistical estimates of the uranius recovery
for different types of overall rock hydration
Hydration Mean St.iev, x! Range Ko. of
recovery x' % sasples
Weak 88.0 6.28 98-7% i
Mediun 82.05 9.39 97-5% 20
Strong €9.34% 12.87 97-50 s
Ussingite ‘
) 80. 15 .1 T-61
bearing 0-33 8 ? °

x) the statistical estimates represert robust estimates, i.e.
the thinly dispersed nutlying values were nsitted

xx) a very heterogeneous group with 4ifferent hyiration art yielt

values
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Iable 24 Statistical estj=ates of the recovery of uremjua

fer different es of truzjae
Type cf Fear 7::9- Stlnd,rg la:fo Ko of
steeartrapine very ‘%’ dev. (€ ‘€ samples
weakly and zediuz hydrate: rociks x
An 9.3 3.9 98-86 1
Ad 87.2 6.9 90-7% *S
Ac 50.7 4.7 97-93 'S
Ad 8° .6 10.6 95-6% 1
none 42.1 7.9 6T7-20 1
Stroagly hydrated rocks
As 67.2 v .2 92-5¢C 5
Ad 63.9 0.3 78-50C "0
Ac 80.3% 2.8 948-57 8
Ad 69.0 12.0 82-5% 5
92,0 73.3% 3.3 94-5% *2
| 3 69.3 10.3 85-60
none 49.0 °3.3 6°-30

~11 hydratison types vith monszite and mostiy no steenstrupine

42.2 4.9 61-27 0
¥ All the statistical values far the weakly and =ediua hyirated
rocks {Aa-A4' recresent rabust estizates, i.e. only the densely
populated core region of the data array has been taken into
account [the outliers were svitted .
able 2%
Jock tyre Nean reco- Ttandard Aange No of
very (% dev. |3} &4 sam; -
Arfvedsonit
lujavrite ¥ 7¢.3° ' .44 97-43 37
Fpujakasite
luavrite 83.€9 12.85 98-53 9
Yedius-coarse
gr.lujavrite 70.94 11,07 92-57 16
Defsraed lava 77.32 15.84 g1-57 1
x!

The values 415 not tnclude the recovery percentages for the
nonazite-bearing rocks.
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