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Sulphatising Roasting of a Greenlandic Uranium ore. 

Reactivity of Minerals and Recovery 

by 

J. K. Gamborg Hansen 

Risø National Laboratory 
Chemistry Department 

Abstract 

Uranium in the lujavrite ore from Kvanefjeld, South Greenland, can be 

solubilised by sulphatising roasting at 700 C. The reactivity of various 

lujavrite minerals in the roasting process and the mechanism of the reac­

tion were investigated by X-ray diffraction, optical microscopy, electron 

microprobe, thermal analysis, Mossbauer and infrared spectroscopy. Sol­

uble sulphates are formed on the surface of the grains; an outer zone of 

the grains is transformed; usually a core remains unchanged. 

Variations in uranium recovery can be explained by variations in the 

contents of the uranium-bearing minerals, steenstrupine and uranium-con­

taining pigmentary material (altered Zr containing silicate minerals), and 

in the degree of alteration of steenstrupine. Characterization of these min­

erals required many qualitative and a few quantitative electron microprobe 

analyses. 
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1. INTRODUCTION 

Since 1955 the uranium deposit near Narssaq in South Greenland has 
1 2 3 4 5) been investigated with a view to the recovery of the uranium * • * • . 

The ore is rather poor. The average uranium content is approximately 
300 ppm in the investigated area. Geologically, the ore is different from 
all other uranium ores. 

It is not possible to use traditional methods to recover the uranium. 
The only method that can be used is the so-called sulphatising roasting in 
which the ore is treated with SO, and air at 700°C. The ore itself catalyses 
the formation of SO-, which among other things attacks the uranium min­
erals. A layer of sulphates is formed on the surface of the mineral grains. 
The main component of this phase is Na-SOj, but most of the other metalions 
are also found in it. The sulphates may be extracted with a slightly acid 
solution and the uranium is then recovered by solvent extraction. 

This report deals with an investigation of the mechanism of the sulpha­
tising roasting of some minerals in the ore and of the recovery of uranium 
compared to the uranium mineralisation. 

The mechanism investigation mainly concentrated on the minerals 
arfvedsonite and steenstrupine. The first is the most widespread and is 
the single mineral that contributes most to the sulphates. The second is 
the main uranium mineral. A few other minerals including analcime, 
natrolite and sodalite were briefly investigated. 

The recovery of uranium by this method depends on the type of miner­
alisation and the SO- take-up. Recovery can differ from 20 to 80% using 
the same treatment of different ore samples. These differences relate to 
uranium mineralisation. Microprobe investigations were performed to 
characterise the uranium minerals. 

For some types of ore recovery may be improved by treating the ore 
with diluted sulphuric acid before roasting. 

2. LITERATURE SURVEY 

In the following chapter a survey is given of the literature on the geology 
and mineralogy of the uranium minerals and of sulphatising roasting, 
especially of this ore. 

2.1. Geology and Mineralogy of the Ore 

The uranium/thorium deposit at Kvanefjeld is located in the north-
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western part of the Ilimaussaq alkaline intrusion. The intrusion has been 

very thoroughly investigated on account of its special geology and the many 

rare minerals it contains. Most of the literature has been listed by H. S#-
6) rensen et al. . A general geological description of the Kvanefjeld area 

was given by H. Sørensen, J. Hansen and G. Bonnesen . 

In Kvanefjeld, 43 drilling cores were made to demarcate the uranium 

mineralisation and to determine the tonnage. A geological description of 

the drilling cores and a calculation of the tonnage has been given by H. Sø* 
6i 81 

rensen et al. , and by H. Sørensen, J. Rose-Hansen and B. Leth Nielsen . 

The estimated reserves are almost 16 000 metric tons of uranium of an ore 

grade of approximately 300 ppm. Besides U. there i s about 2 .6 times as 

much 'fh. A new drilling programme is planned and it is hoped that the 

reserves will be found to be considerably increased. 

The uranium is found in type of ore called lujavrite, in which the most 

widespread minerals are. 
Arfvedsonite 

Analcime 

Microcline 

Albite 

Na3Fe 2+ Fe 3+, ((Si802 2)(OH)2) 

Na(AlSi2Og lH20 

K(AlSi3Os) 

Na(AlSi3Og) . 

The following minerals are locally widespread. 

Nepheline 

Soda lite 

Natrolite 

A cmite/A egirine 

Naujakasite 

KNa3(AlSi04)4 

Na8(Cl2(AlSi04)6) 

Na2(Al2Si3O1 0) ,2H2O 

NaFeSi2Og 

(Na, K)g(Fe, Mn, Ca)(Al, Fe ) 4 Si g 0 2 g , HjO 9) 

The designation "whit-; minerals" i s commonly used for the minerals 

a:.alcime, microcline, albite, nepheline, natrolite, and sodalite. The ore 

i s enriched in the elements Be, Li, Zn, F, rare earths, U, and Th. Many 

of these elements are concentrated in rare minerals. The uranium-con­

taining ones are among these, as given below: 

10) 
Na2Ce(Mn, Fe )H2((Si, P ) 0 4 ) 3 ' 

C e P 0 4 

(Th, U)Si04 

Less well defined pigmentary material: Composition poorly known. 

Steenstrupine 

Monazite 

Thorite 
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Steenstrupine is the most important, and pigmentary material i s of 

some importance, while monazite and thorite are of l e s s importance. 

The type of ore called lujavrite is not homogeneous and the composition 

can change very much within small areas. Pour types of lujavrite are 

recognised through their mineralogicai composition. 

1. A rfvedsonite lujavrite 

2. Medium- to coarse-grained arfvedsonite lujavrite 

3. Naujakasite lujavrite 

4. Aegirine lujavrite. 

Naujakasite is a very rare mineral only found in the Ilimaussaq intrusion. 

The uranium minerals will be described in more detail in the following. 

2 . 1 . 1 . Steenstrupine 

The mode of occurrence of steenstrupine has been thoroughly investi­

gated by H. Sørensen . It i s a ver: rare mineral that is only found at 

Lovozero on the Kola peninsula in USSR in addition to Ilimaussaq. 

In table 2.1 two analyses are given of the mineral. The first analysis 

is of steenstrupine from Ilimaussaq. while the second i s from Lovozero. 

The samples analysed from Ilimaussaq are from a coarse-grained vein and 

not from the lujavrites at Kvanefjeld. 

There are some remarkable differences between steenstrupine from 

Lovozero and from Ilimaussaq. The first is rich in Th, Mn, and Si, while 

the other is rich in Na and P. Apparently, the Ilimaussaq steenstrupine i s 

rich in Nb, but this was not confirmed by the present investigation (cf. 
12) 

chapter 8). Vlaslov ' explains the differences in composition by sub­
stitutions such as Na+ + C e 3 + a 2(Ca2*. Mn2+). Na+ + P 5 + s (Ca 2 + , Mn2+) 
• Si4*, and Th 4 + • S i 4 + * C e 3 + + P 5 + . 

The~e are some remarkable differences between steenstrupines in dif­

ferent lujavrite samples. The mineral i s usually metamict and therefore 

isotropic because of irradiation damage of the structure, but U-Th deficient 

types may be anisotropic. The colour may vary from colourless to yellow, 

brown or red as a result of the metamictisation. The uranium and thorium 

contents of steenstrupines from Ilimaussaq have been determined by chemical 

analysis , autoradiography ', and fission track analysis '. The uranium 

content may vary from 0. 2 to 1.4% and the thorium from 0. 2 to 7.4%. The 
15) contents also vary between grains in a thin section '. Steenstrupine may 

also vary from a homogeneous t<~ a strongly altered mineral. 
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Tabic 2.1 

Analysis of $ t > m t m p i w from Ilia to, (I), and from U v N i r o (2) 

S i O , 

T » 0 2 

T h O j 

( N b . T a ) 2 O s 

( C e . L a » 2 0 3 

Y 2 ° 3 

F . 2 0 , 

MnO 

MgO 

CaO 

N a 2 0 

K 2 0 

H 2 © 

F 2 

total 

l 

2«. 72 

-
2 . 1 3 

4 . 3 7 

29 . CO 

0 .3C 

2 . « 7 

C M 

0 . 3 1 

2 . 3 3 

1 1 . 2 3 

-

3 . S i 

1 . 2 4 

« . 19 

9 9 . 2 0 

2 

3 2 . 3 « 

O.tt 

10.09 

0.14 

23.34 

-
3 . U 

9.97 

-

3.33 

C.SI 

0.03 

3.5« 

-

5.32 

9 9 . i l 

Reference 10 12 

2 . 1 . 2 . Monazite 

This mineral is widespread in the Ilimaussaq intrusion. Usually it 
13i occurs as aggregates of small crystals (c.f. M. Danø, and H. Sørensen '). 

According to autoradiographic analysis , the monazite of Ilimaussaq is 

only weakly radioactive. Monazite samples from Kvanefjeld have been 

reported to contain 1. 28% ', and 0.5 ' per cent U, but in both samples an 

essential part of the uranium is supposed to be contained in thorite '. In 

the present investigation this has been proved for the first-mentioned 

monazite. Most of the uranium is contained in uranumthorite and there is 

at most a few parts per thousand in the monazite grains (cf. section 7. 5). 

2 . 1 . 3 . Thorite 

This mineral occurs as small yellow grains that are isotropic in thin 

sections . It is usually associated with monazite or steenstrupine. Fission-

track analysis gave 2-3 per cent U and 28-53 per cent Th. 

http://99.il
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2 . 1 . 4 . Pigmentary Material 
16) Pigmentary material has only been sporadically investigated. Hansen 

investigated one kind occurring in some radioactive veins from outbade the 

Kvanefjeld area. It was not possible to determine any crystal structure, 

but hematite was detected on X-ray diffractograms of the material. This 

kind of pigmentary material is not necessarily the same as that found in the 

lujavrites. The pigmentary material in the lujavrites may be associated 

with altered stcenstrupine and it a l so occurs as crusts on arfvedsonite. 

By fission-track analysis Wollenberg found a U-content of l e ss than 

2. 5 per cent and no Th in the pigmentary material from the lujavrites. 

2. 2. Recovery of Uranium, Choice of Method 

Because of the low ore grade, the possibilities of a physical concen-
2) tration of the ore were investigated by E. Sørensen and T. Lundgaard '. 

It was possible to make a concentration by magnetic separation and by 

flotation, but the loss in tailings was too large. The whole ore must there­

fore be processed. 

The standard method for recovery of uranium is leaching with diluted 

sulphuric acid. Some steenstrupines are very easily dissolved in the acid 

solution but others are almost insoluble. Pigmentary material is insoluble 
72* in cold acid but partly soluble in warm acid under oxidising conditions '. 

This might indicate U in the +4 state. There is too little recovery of 

uranium by this method. Another condition making the use of this method 

impossible is the solubility of the felsic minerals, such as analcime, natro-

lite, nepheline, and sodalite, in the acid solution. The amount of colloidal 

si l ica in the leach liquor becomes too large for the further processing of 

the solution. 

Recovery by carbonate leaching, which is the other common method of 

uranium recovery, proved unsuitable because the recovery was even lower 

than when using sulfuric acid leaching. 

Sulphatising roasting has been the only technically applicable method 
4) for extracting uranium from this ore as described by E. Sørensen '. 

2 .3 . Sulphatising Roasting 

Sulphatising roasting is a process in which a solid is treated with SO« 

or SO, at an elevated temperature. As a result of the reaction, a layer of 

sulphates is formed on the surface of the grains. 

Literature on sulphatising roasting is very limited. The method seems 

to have been of theoretical interest, but there is no industrial utilisation. 
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Most of the literature i s listed by Asmund , but a short survey will be 

given here. The method has been proposea for the recovery of. for example. 
M n 1 7 . 18. 19. 20. 21. 22. 23. 44) ^ 2 4 . 25. 42) N i 2 6 . 27. 28. 29. 30.31.32.43) 

Z n 3 3 . 34, 35. 45) ^ 3 6 ) ^ 3 7 ) ^ c < )38) f r Q m o j t i J e s u l p h i r t e o r c a r b o f t a t e 

ores . 

Only in a few cases has the method been proposed for sil icate minerals. 

Recovery of Be from montmorrilonite (Na^(H 20)nAl^ 2 (OH) 2Si.O j n ) and 

helvite (MrifBeSiOJ-G) has been patented . and s o has the recovery of Li 

from polylithionite (KLi, .Al, ±((F,OHJjAiS^O,n))3 9 ) . The recovery of Al 

from kaolinite (AMOH^SigOg) and halloysite (AUfOHJ.SigO^Kp) has also 

been investigated 

Fulphatising roasting wa.s patented for the recovery of uranium from 
40) 

Swedish alunshales . Nevertheless, the method was given up in favour 

of the traditional leaching with diluted sulphuric acid. 

Asmund investigated the sulphatising roasting of arfvedsonite, 

aegirine, monazite and steenstrupine from Ilimaussaq. His results will 

be referred to in section 2. 4. 

Montmorrilonite. polylithionite, kaolinite and halloysite are all layer 

sil icates of which the structure is seriously altered by heating to the reac­

tion temperature of 500-700 C. A rapid diffusion along the layers may be 

expected if the crystal structure is not completely altered by heating. This 

may explain why these minerals are easily roasted. 

The structure of helvite is similar to that of sodalite. Be substitutes 

for Al and CI for S. Sodalite has shown to be one of the fastest reacting 

minerals from Ilimaussaq (cf. chapter 4), so there might be a structural 

explanation of the reactivity. In the case of helvite it might also be ex-
2_ 

plained by the content of S . The sulphide ion may be oxidised and hence 

the crystal structure decomposed. 

In Denmark, sulphatising roasting has been used to recover manganese 
75) as MnSO. from pog iron ore '. The ore was mixed with 20% used gas 

purifying material. Koasting was carried out in a tunnel oven in which the 

material, placed in 5-cm-thick layers on trays, was moved through the 

oven in counter-stream with atmospheric air. The reaction temperature 

was approximately 500°C and the yield was 70-80%. 

2. 4. Sulphatising Roasting of Minerals from Ilimaussaq 

Asmund investigated the rate of reaction of some of the minerals 

from Ilimaussaq. His results are shown in fig. 2 . 1 , where weight increase 
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during roasting is shown versus time. The roasting gas was 5% SO0 in 
41) air. An SO- catalyst was not used in these experiments 

A s mund concentrated his investigations on tnje minerals arfvedsonite, 

steenstrupine, aegirine and monazite. The essential conclusions from his 

experiments are reported below. 

2. 4 .1 . Arfvedsonite 

When arfvedsonite is roasted an incoherent layer of sulphates i s formed 

on the surface of the grains. It is immediately soluble in water. The form 

and size of the grains are not changed, but the colour alters from.bluish-

green to red as a result of the reaction. The X-ray diffractogramsNare 

also unchanged. Asmund proposed a mechanism where the metalions Vire 

moved through an unaltered lattice to the surface where they react to forVj 
2%. 

sulphates. Electroneutrallity in the lattice is partly maintained by an Fe 

oxidation and partly by an oxygen ion transport to the surface. The two 

reactions are described by, 

1. a) in the lattice : 2Fe 2 + a 2 F 3 + + 2e", 

b) transport : 2Me + 2e~ to the surface, 

c) surface reaction : 2Me+ + 2e" + SO« + 0 2 *s Me-SO. 
+ 2-

2. a) transport : 2Me +• O to the surface, 
+ 2-

b) surface reaction : 2Me + O + S 0 2 + K>2
 s Me2S04 . 

2+ Hematite is formed by the oxidation of Fe and it is identified by the 

MOssbauer spectra. The composition of the sulphates is not changed during 

the rcj.sting. Na is the mrin component of the sulphates, but smaller 

pin.- ;»ts of other metalions are also represented. Arfvedsonite is an ex­

cellent catnlyst for SO, formation. 

SoTif .'cditional investigations are presented and the mechanism of the 

roasting '!:'scussed in chapter 5. 

2 .4 .2 . Aegirine 

The shape of the grains, the X-ray diffractograms, and the MOssbauer 

spectra are unchanged by the roasting. 

Asmund proposed a mechanism in which the metalions are moved through 

an unchanged lattice to the surface where they react with the gas to form 

sulphates. The reaction may be described by the second reaction in the 

arfvedsonite results above. The rate of reaction is considerably slower 

than that of arfvedsonite. 
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Fig. 2 . 1 . Sulphatising roasting of different minerals, the weight increase 

is depicted versus t ime. 

The rate is increased and the X-ray diffractograms are changed if 

roasting continues for many hours. 

Aegirine is the only mineral in which Asmund found pyrosulphate in the 

sulphates. The composition of the sulphates is not changed during the 

roasting. 

A few further investigations are presented in section 7. 4, where the 

proposed mechanism is also discussed. 

2. 4. 3. Steenstrupine 

The shape of small grains is unchanged by roasting while larger grains 

may crack. The X-ray diffractograms of roasted and heat-treated samples 

arc altered, but Asmund was unable to resolve them. 

Asmund proposed a mechanism by which metalions are moved to the 

surface, where they react with the gas to form sulphates. The ions are 

supposed to be transported through a variable number of pores. A number 

of these are blocked as the reaction proceeds and the reaction rate is slowed 



- 15 -

down. The pores are regarded as a transport possibility; the s ize , number, 

and nature of the pores are unknown. 

The reaction rate is increased by the addition of water vapour to the 

roasting gas. The role of the vapour is unknown. 

The composition of the sulphates changes considerably during roasting. 

The recovery of the ions versus the weight increase as found by Asmund 

is shown in fig. 2. 2. 

0 5 10 15 20 25 

WEIGHT INCREASE (%) 

Fig. 2. 2. Sulphatising roasting of stecnstrupine by 5% SOj in atmospheric 

air. 

Na and Ca move fastest into the sulphates. Below a 10-15% weight 

increase, there are only minor amounts of the other cations in the sulphates. 

The recovery of the rare earths is very poor. 

In chapter 6 some new investigations are presented and the proposed 

mechanism is discussed. 

2. 4. 4. Monazite 

The shape of the grains and the X-ray diffractograms are unchanged 

during roasting. Asmund suggests a mechanism of the same kind as that 
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of steenstrupine. The recoveries of Na, Ca and U are high, while those of 

Th and the rare earths are low. 

The roasting of monazite will be briefly discussed in section 7. 5. 

2. 4.5. Roasting of a Medium- to Coarse-grained Lujavrite Sample 

Asmund investigated the sulphatising roasting of a medium- to coarse 

grained arfvedsonite lujavrite sample from the mine material. (During 1962, 

200 tons of the ore were mined from a small experimental mine. This 

material is termed "mine material" in the following). The present investi­

gations showed that this material is not representative of the ore (cf. section 

9. 3). The content of uranium containing pigmentary material is too high and 

the content of steenstrupine is too low. 

The mineralogical composition of the sample was calculated on the 

basis of a chemical analysis as given in table 2. 2. 

T«bl* 2.2 

The tnineralogical composition of the mine •ample 

Mineral 

arfvedaonite 
analcime • 
natrolite 
sodalite 
ateemtrupine + 
monaiite 
microline • 
albite + 
nepheline 

weifht æ r cent 

31 

3$ 

0.5 

1.9-3.2 

28 

The recovery of metalions versus weight increase is shown in fig. 2. 3. 
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Fif. 2. 3. Sulphatising roasting of lujavritt, 5% SO. in atmospheric air. 

3. METHODS USED IN THE PRESENT INVESTIGATION 

In the following chapter a survey is given of the methods used in these 

investigations, how they were used and what information they provided. 

A major part of the investigations was concentrated on the structural 

changes that occur as a result of the heating to and the roasting at 700 C. 

Another part was concentrated on a characterisation of the uranium-con­

taining minerals in the Kvanefjeld ore. 

The following methods were used: 

1. Thermal analysis, including differential thermal analysis and 

thermal gravimetric analysis (in the following abbreviated as 

DTA and TG). 

2. Optical microscopy. 

3. X-ray diffraction. 

file:///~-~C
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4. Electron microprobe. 

5. MOssbauer spectroscopy. 

6. Infrared spectroscopy. 

The equipment used for these investigations is located at the Institute 

of Ceramics (I.C. ) and the Department of Metallurgy (D. M.) at the Technical 

University of Denmark and at the Chemistry Department ( C D . ) , Research 

Establishment, Risø. 

3. 1. Thermal Analysis 

Thermal gravimetr ic analysis and differential thermal analysis were 

carr ied out on all the minerals investigated. Equipment manufactured by 

Mettler was used at I. C. 

All the sulphatising roasting experiments were car r ied out using other 

TG equipment, manufactured by Linseis at C. D. Using this equipment it 

was possible to follow the change in weight during sulphatising roasting as 

a function of, for instance, temperature , grain size and gas composition. 

In the experiments 100-1000 mg, of the sample were placed on the balance 

arm of the equipment and heated to the roasting temperature , 650-750 C. 

The heating ra te was usually 20 C/min and heating was carr ied out in 

atmospheric a i r . The gas composition was then rapidly changed to the 

roasting gas, usually 5 or 10 volume per cent SO„ in atmospheric a i r . The 
3 flow through the apparatus was roughly 400 cm /min. 

A platinum catalyst, was placed in the heating zone just in front of the 

sample when samples without arfvedsonite were roasted. Arfvedsonite and 

its roasting products (hematite dispersed in a prodominant Na„S04 phase) 

are excellent catalysts for SO„ formation, so a catalyst is unnecessary in 

these cases . 

3.2. Optical Microscopy 

Reflection and transmission microscopical investigations were per­

formed with a Leitz orthoplan microscope at the I .C. 

Reflection microscopical investigations were made on untreated, heat-

treated and roasted samples of the investigated minerals in plane polished 

samples. 

Some lujavrite samples were investigated in polished thin sections. 

Uranium mineralisation and the main minerals were determined. 

Some of the samples investigated were also used for electron microprobe 

investigations. 
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3 . 3 . X-ray Diffraction 

A camera of Guinier type at I. C. was used for these invest igat ions. 

Each mineral has a characterist ic diffraction pattern, because the 

interplanar distances and the intensit ies of the diffractions differ. By means 

of the ASTM standard fi le, it i s poss ible to identify a lmost al l known min­

e r a l s . In the present investigation X-ray diffraction was widely used in the 

identification of the minerals . 

It i s poss ib le to make high-temperature . X-ray diffractograms using 

the Guinier camera in question. The sample is heated in a furnace and the 

diffractogram is recorded s imultaneously on the f i lm, which i s moved at a 

constant speed. Thus phase transformations, and the temperatures at which 

they occur , may be recorded on the f i lm. 

3 . 4 . Electron Microprobe 

T h e s e investigations were most ly carr ied out by an ARL microprobe 

a tD . M. This microprobe makes it poss ible to perform qualitative and 

quantitative analys is for sodium and heavier e l ements . The resolution i s 

about 3 microns . 

The present investigations were mainly qualitative. The distribution 

of the e lements within areas of a few hundred microns may be investigated 

by scanning of the electron beam. The e lements in interesting grains of 

steenstrupine and pigmentary material grains was determined and the 

distribution of the elements was then investigated. This was carried out 

both by distribution pictures of back-scattered e lectrons abbreviated (below 

as B-S -E) and by pictures showing the distribution of the single e l e m e n t s . 

It is poss ible to distinguish between areas of different average atomic weight 

on the B-S-E pictures because the e lectrons are better reflected by the 

heavier e l ements . The element distribution pictures sh<">w where the e l ­

ement is concentrated within the investigated area . It i s therefore poss ible 

to make an element distribution map of a grain. Of course , a sample i s 

first investigated in the microscope and the interesting areas marked be­

fore the sample i s investigated in the microprobe. 

The distribution of the e lements was a l so investigated by concentration 

prof i les , or more correct ly by measured X-ray intensity prof i les . The 

X-ray intensity for some e lements i s measured in intervals of, for instance, 

3 microns , and the intensity i s depicted versus distance. These curves are 

only qualitative, as matrix correct ions were not performed. 

Quantitative investigations were made in a few c a s e s . Sil icate or oxide 
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minerals of known composition were used as standards. U and Th standards 

were made for these investigations. To a g lass containing a composition 

having the lowest melting point in the CaO-AKO^-SiO« s y s t e m was added 

15?« U 0 9 and ThO ? . respect ive ly . The g l a s s e s were homogeneised at 

1500°C. 

The composition of the samples was calculated by a computer program 

prepared by J. Rønsbo of the Institute of Geology, University of Copenhagen. 

3 . 5 . MOssbauer Spectroscopy 
5" For s o m e isotopes , of which ' F e i s the most important, there i s the 

possibi l i ty of reco i l - f ree e m i s s i o n and absorption of gamma quanta, per­

mitting resonance absorption or MOssbauer spectroscopy. The theory of 
46) Mossbauer spectroscopy has been presented by Wertheim 

57 MOssbauer absorption spectra were recorded with a source of Co 

diffused into palladium on a conventional spectrometer of the constant 

accelerat ion type operating in mult iscaler mode. A description of the a r -
47) 

rangement has been given by Andersen . 
57 57 

When Co decay to F e the proces s may occur through the first 
57 excited state of Fe and by the decay to the ground state a 14. 4 keV gamma 

quantum i s emitted. This transition constitutes the bas is of MOssbauer 

spectroscopy of F e . 

There are smal l but distinctive differences in the absorption energy in 

different samples because of the different surroundings of the Fe atom. 

The MOssbauer spectrum is recorded by moving the source and the 

absorber relative to each other. Hereby a Doppler displacement of energy 

o c c u r s , and the absorptions may be detected in a smal l energy interval 

around 14. 4 keV. The MOssbauer spectrum i s a delineation of the gamma 

ray intensity versus a velocity (which is proportional to an energy). 

The resolution of the MOssbauer spectrum in sums of Lorentzian l ines 
48) i s carr ied out by computer 

The following parameters are usually derived from the MOssbauer 

spectrum. 

1. The i s o m e r shift. This i s the displacement of the absorption 

relative to a chosen standard. 

2. The quadrupole coupling. If the charge density around the nucleus 

is not uniform, the absorption will split up into two symmetr ica l 

absorptions. The quadrupole coupling is the distance in a velocity 

unit between the two absorptions. In s o m e c a s e s a further splitt ing 
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of the absorption occurs, but this is of no interest in the present 
investigation. 

57 3. The absorption area. This is proportional to the Fe content in 

the lattice position. A correction has to be made by quantitative 

determinations of the Fe content in different lattice positions. 

The application of the Mossbauer effect mineralogy has been treated 

by Maddock49*. 

This technique was used in the investigation of arfvedsonite. It was 

used for the following purposes: 

1. Determination of the Fe / F e ratio (cf. E . B . Andersen , and 

E. B. Andersen, J. Fenger, and J. Rose Hansen ). 
2+ 3+ 

2. Determination of the Fe or Fe contents in different lattice 
57 positions. A Fe atom in different lattice positions should in 

principle give different absorptions. In practice, the differences 

in parameters may be too small to get a good resolution of the two 

absorptions. 

3. Investigation of structural transformations. The MOssbauer spectrum 

may be regarded as a kind of "finger-print" of the mineral so a 

change in structure, for example, in the oxidation state, electron 

configuration, coordination number or symmetry, will cause changes 

in the Mossbauer spectrum. 

3. 6. Infrared Spectroscopy 

This technique was only used in the investigations of arfvedsonite. 

The OH absorption band of the amphibole structure is characteristic 

for the mineral. Dehydrogenation or dehydroxylation may be investigated 

by this technique. The silicate structure also gives a characteristic ab­

sorption band and so, for instance, a structural break-down may also change 

the spectrum. 

Perkin Elmer 221 apparatus at C D . was used in these investigations. 

1 -2 mg of very fine powdered arfvedsonite were pelletized with 200 mg of 

KBr. 
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4. COMPARISON OF ROASTING RATES FOR DIFFERENT MINERALS 

During the sulphatising roasting of different lujavrite samples it was 

discovered that the reaction rate depends very much on the mineralogicai 

composition of the sample (cf. chapter 9). This discovery led to the fol­

lowing investigations, where the rate of roasting for a grain size fraction 

is compared for many of the minerals in the ore. There is some disagree­

ment with the results of Asmund (cf. section 2.4) because some of the 

minerals that Asmund found to be unreactive or slow reacting were here 

found to be fast reacting. 

4. 1. The Reactivity of Minerals During Roasting 

As already mentioned in section 2 .1 , the most important minerals in 

the ore are arfvedsonite, analcime, microcline, albite, nepheline, acmite, 

aegirine, natrolite, sodalite and naujakasite. A very rough estimate of the 

amounts of the minerals gives 30-40% arfvedsonite and a falling content 

through the ser ies . There are only small amounts of the three last-named 

minerals. 

The reactivity of pure samples of the above minerals was investigated, 

except for nepheline and naujakasite. Besides these minerals, pyrochlore, 

steenstrupine, monazite and olivine were also investigated. Except for 

monazite and olivine, the samples originated from the Ilimaussaq intrusion. 

Most of the samples were taken from coarse-grained pegmatites, facilitating 

the isolation of the pure minerals. One of the arfvedsonite samples in­

vestigated was taken from an arfvedsonite lujavrite from drilling core 16 

(71-73 m depth). A 90% pure fraction was made by magnetic separation. 

The microline sample was chosen under the microscope from a coarse­

grained arfvedsonite lujavrite. The olivine sample originates from Green­

land and the monazite sample from Malaya. 

The purity of the samples was controlled by microscopic investigations 

and by X -ray diffractograms. Most of the samples were very pure,although 

the felspar samples both had impurities of the other felspar. The pyro­

chlore sample was rather special. The X-ray diffractogram was that of 

pyrochlore, but microprobe investigations showed that it was composed of 

more Nb/Si-containing minerals. 

A fraction of 40-100 microns was used in the investigation of the 

reaction rate of sulphatising roasting. The samples were heated to 700 C 

with a heating rate of 20 C/min. A platinum catalyst was placed in front 

of the sample in the heating zone. The roasting gas wap 5 volume per cent 

SO2 in atmospheric air. 
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4 | ) 
No catalyst was used in Asmund's experiments . However, in all 

experiments including samples without arfvedsonite a catalyst i s required 

and it was therefore used in these experiments. Both arfvedsonite and the 

sulphates it forms when roasted (hematite dispersed in a melt mainly con­

taining Na2SO ) catalyze SOj formation (cf. section 5 .11 .3) . The S O L - S O , 

equilibrium is thereby adjusted. 

The weight increase in sulphatising roasting i s used as a measure for 

the reactivity of the mineral. It is supposed that most metal ions released 

by the crystal structure are bound as sulphate. Oxides, alkaline sulphates 

and pyrosulphates might, of course, also be formed. The equivalents of 

SO. take-up might therefore not be proportional to the equivalents of metal 

ions released from the crystal structure. We do not know much about the 

equilibrium conditions in the sulphate phase, but the rate of weight increase 

is supposed to be a usable measure for the reactivity. 

Figure 4.1 shows the weight increase versus time for the sulphatising 

roasting of the investigated minerals. Analci ne is rather special because 

the weight increase depends upon the rate of heating to the reaction tem­

perature. This phenomenon will be discussed in section 7. 1. 

The minerals nepheline and naujakasite were not investigated in pure 

samples, but in fractions enriched in these minerals. The roasting rate 

of these fractions clearly indicates that these minerals are among the faster 

reacting ones. 
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From these experiments it is concluded, contrary to Asmund's con­

clusions, that an essential part of the sulphates formed by roasting of a 

lujavrite sample must originate from the white minerals, especially sodalite. 

natrolite, and analcime. An additional experiment was made to get a rough 

estimate of the proportion between sulphate formed from arfvedsonite and 

from the white minerals in an ore. Some average samples of the ore were 

prepared by E. Sørensen and T. Lundgaard from several drill cores (cf. 

chapter 9). From the first sample a fraction greater than 75 microns was 

magnetically separated into a predominantly arfvedsonite and a predominantly 

white mineral fraction. Figure 3.2 shows the weight increase versus time 

for the sulphatising roasting of these samples. The reaction rate is higher 

for the white mineral fraction than for the arfvedsonite fraction. The ore 

is supposed to consists of approximately one third arfvedsonite. Thus, for 

instance, by roasting for 15 minutes at least 60% of the sulphates must 

originate from the white minerals. The SO- take-up for arfvedsonite in a 

lujavrite sample may be greater than the take-up of a pure sample, because 

the content of Na„SO in the sulphates is increased on account of the white 

minerals, and the stability of ferric sulphate is thereby increased (cf. 

Wickert6 5 )). 
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4.2 . Discussion 

Minerals such as natrolite, sodalite, steenstrupine. and probably also 

nepheline and naujakasite, are fast-reacting minerals in roasting, while 

arfved^onite and analcime are slower, and the felspars and monazite react 

very slowly. 

The fast-reacting minerals make up a smaller part of the ore, but their 

contribution to the sulphates is essential. Arfvedsonite is the mineral that 

contributes most to the sulphates, as about 40% originate from this mineral. 

Analcime is rather special because the weight increase is proportional to 

time; thus if an analcime-containing sample is roasted Tor a long time, a 

greater part of the sulphates will originate from this mineral. 

The two arfvedsonite samples investigated had almost the same reaction 

rate, in spite of different compositions (cf. section 5. 4). 

The roasting rates found here for the pure fractions were found to be at 

least qualitatively correct for the lujavrite samples (cf. section 9.4). 
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5. STRUCTURAL STUDIES OF ARFVEDSONITE 

j . 1 . Introduction 

Although arfvedsonite is not a uranium-containing mineral , it is one of 

the most important minerals in relation to sulphatising roasdng of the 

lujavrites. It is the most widespread mineral and, as shown in chapter 

four, approximately 40% of the sulphates originate from *his mineral . In 

addition, arfvedsonite and the sulphate phase formed by its roasting (hema­

tite dispersed in a predominantly Na-SO. phase) catalyze the formation of 

so3. 
The present investigations were concentrated on a comparative s t ruc­

tural study of heat- treated and roasted arfvedsonite. 

5. 2. Raw Material 

Arfvedsonite is widespread in the lujavrites and in many places it is 

found in large c rys ta l s . A coarse-gi ained pegmatite arfvedsonite, orig­

inating from the position marked 1 on the map in fig. 9 . 1 , was used in most 

of these investigations. It was ground and magnetically separated, and 

yielded an at least 99% pure fraction. 

A microprobe investigation of arfvsdsonite from six drilling core 

samples showed that this arfvedsonite had an unusual composition for the 

lujavrites, because the SiO„ content was ra ther low. Hence a few micro-

probe investigations were carr ied out on an arfvedsonite of more common 

composition. A fraction was made from a sample from drilling core 1 6 

(71-73 m depth) by magnetic separation. A'- at least 90% pure fraction was 

obtained. 

5 .3 . Crystal Structure 

Arfvedsonite is an amphibole, so the s t ructure consists of double chains 

of Si-O te t rahedrons. It is depicted in fig. 5 . 1 . 

The chains a r e separated and bound with layers of cations. The cations 
2+ occupy the positions M. (nearly octahedral symmetry, usually contains Fe 

2+ 3+ 
and Mg ), M9 (distorted from octahedral symmetry, usually contains Fe 

3 2 + 2 + 
and Al ), M, (nearly octahedral symmetry , usually contains Fe and Mg ) 

+ 
and M4 (highly distorted from octahedral symmetry, usually contains Na , 

+ + 2+ 

Li , K , and Ca ). The A-cation position is usually coordinated with 

10-12 anions and is occupied by Na . Si occupies the tetrahedral positions 

Si, and Sig. Al may substitute for Si to a l e sse r extent. 
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Fig. S. I. Crystal structure of arfvcdaonite, projection on the (110) plane, 

after Ghoae51'. 

There are seven different anion positions, of which six are occupied 
2-by O , and the seventh, O,. is occupied by a monovalent anion such as 

52) OH or F . The theoretical formula of arfvedsonite is given by Ernst ': 

Na 3 Fe 2 +
4 Fe 3 + (Si 8 0 2 2 ) (OH, F)2-

5. 4. Chemical Analysis 

The composition of the pegmatite arfvedsonite was determined by a wet 

chemical and by a microprobe analysis. The material was homogeneous, 

so the microprobe analysis was made on one grain. The arfvedsonite 

sample from drilling core 16 was also analysed by microprobe. The com­

positions are given in table 5. 1. 

A formula was calculated from the two microprobe analyses. This is 

based on 23 oxygen and one H 2 0 atoms per formula unit. The pegmatite 

arfvedsonite: 

( N a 2 . 54K0. 33 C a 0 . 0 7 ) ( F e 3 ! l 8 F e ? ̂ 41 C a 0 . 2 4 ^ 0 . 08 T i 0 . 0 7 M * 0.02 

( S i 7 . 5 2 A 1 0 . 4 7 ) O 2 3 ' ( H 2 O ) ' 
2+ 3 + Tne Fe /Fe ratio is not known for the lujavrite arfvedsonite, but 

the same ratio i s assumed. 

The lujavrite arfvedsonite: 

<Na2. 44K0. 60 ,<F e2*57F e?*1 0 M n 0 . 22A10. 1 6 T i 0 . 1 0 C a 0 . 06M«0. 02> 

S i 8 . 2 5 ° 2 3 ' ( H 2 0 ) ' 
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The formula of the pegmatite arfvedsonite is in excellent agreement 
with the theoretical one (cf. section 5. 3). Al occupies tetr^hedral positions. 

2+ The M. and M, positions must be almost completely filled by Fe , while 
3+ 

the M? position contains some other cations besides Fe 
The lujavrite arfvedsonite has a higher Si content. The SiO, content 

is too high and the sum of the cations occupying the M,, M,, and M_ 

positions is low. 

5. 5. Heat-treatment, Sulphatising Roasting, and Reduction Experiments 

Heat treatment experiments were carried out in the interval 300-800 C, 

mainly in an oxidising atmosphere, but a few experiments were carried 

out in an argon atmosphere. The roasting experiments were carried out 

in the interval 650-750°C. The roasting gas was 5 or 10 volume % SOz in 

atmospheric air. No catalyst was used. 

Two grain fractions 56-400 and (20 microns were used in most of the 

experiments. 

Table 5.1 

Analysis of arfvedsonite 

SiOz 

A 1 2 ° 3 
MnO 

CaO 

MgO 

T i 0 2 

NazO 

K 2 0 

FeO 

F e 2 ° 3 

total 

Pegmatite arfvedsonite 

Wet chemical 
analysis 

49. 8 » 

2.73 2 ' 

0. 62 2 ' 

O.S22> 

-

-
9. 30 2 ' 

2.09 2 ' 

21.9 3> 

. 2 . 2 3» 

99.2 

Micrnprobe 

analysis 

47.1 

2.5 

0.6 

1.6 

0.1 

0.6 

8.2 

1.6 

23. 7« 

11. 7« 

97.7 

Lujavrite arrvedsonite 
Microprobe 

analysis 

50.4 

O.S 

1.6 

0.3 

0.1 

0.8 

7.7 

2.9 

29.9 as F e 2 0 3 

94.3 

1) 

2) 
Analyst, K. Gram Jeppesen. 
Analyst, A. Thorbo«. 

3 ) Total Fe determined by A. Thorboe, and the F e 2 + / F e 3 * ratio 

4) 
determined by MOssbauer spectroscopy (cf. section 5.11). 
Total Fe determined by microprobe, and the ratio by MOssbauer 
spectroscopy. 
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It has been possible to regenerate OH groups in heat- treated iron-
53 54 55) containing amphiboles that resembles arfvedsonite * * . This was 

also tried in the present investigations. The reductions were car r ied out 

during a 4-hour period at 600 C in an atmosphere of 50% hydrogen and 50% 

argon. 

These samples were used in the s tructural studies (cf. section 5 .8-5 . 11). 

5.6. Results 

5 . 6 . 1 . Heat-treatment Experiments 

DTA-TG curves a re shown in fig. 5. 2 for the grain size fraction 56-

400 microns. There is a minor weight loss in the interval 100-450 C and 

a minor weight increase in the interval ) 500 C. The weight increase 

increases for decreasing grain s ize . 

The colour changes from bluish-green to brown on heating the mineral 

to 400 C. The grains take on a reddish tinge on heating the fine-grained 

fraction to 700 C in one hour. For the coarse-grained fraction this colour 

i s first obtained after several hours of heating. 
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Fif. 5.2. DTA and TG curve« of arfvedtonite. 

800 

In one experiment the fine-grained sample was heated to 700 C for 40 hours . 
2+ 

Table 5. 2 gives the weight increase and the calculated percentage of Fe 
3+ that was oxidised to Fe . This is the only reaction that can explain the 

weight increase. 
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T»bl* 5. 2 

Heat-treatment of 

Heat-treatment 
at 700°C. (hours) 

l 

5 

10 

20 

40 

a fine-grained (ample at 700 C 

Weight increase, 
(per cent) 

0.35 

0.65 

0.90 

1.25 

1.80 

Per cent of original 
2+ Fe oxidised 

14.5 

26. B 

37.0 

51.5 

74.2 

2+ Thus most of the Fe was oxidised in the 40-hour heat-treatment 

and hence the original crystal structure must have been almost destroyed. 

5. 6. 2. Sulphatising Roasting Experiments 

In fig. 5. 3 the weight increase versus time is shown for the roasting of 

a coarse-grained fraction and a fine-grained fraction at 700 C by 5 volume % 

SO? in atmospheric air. 
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Fig. 5. 3. Sulphatising rotating of srfvedsonil at 700 C by 5% SOz in 
atmospheric air. 

The fine-grained sample reached a constant maximum weight increase 

of approximately 21-22 per cent within one hour of roasting. The maximum 

weight increase increases on decreasing the temperature in the interval 

600-750°C. It is approximately 20% at 750°C and 40% at 600°C. These two 

values are almost independent of the S0 2 partial pressure in the investigated 
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range 5-15 vol. % SO-, while it is more dependent in the interval 650-700 C. 

A sample roasted to a maximum weight increase at one temperature, and 

then cooled or heated to another temperature with continued SOg 8upply, will 

reach the same maximum weight increase as if it was roasted at the new 

temperature. The maximum weight increase as a function of temperature is 

shown in fig. 5. 4. A similar dependence between weight increase, tempera­

ture and SO, partial pressure is also seen for samples roasted to smaller 

weight increases. 

There is a Fe 2 (SO,) 3 *• Fe_0„ + 3 SO- equilibrium in this temperature 

interval, as discussed in section 5 .12.3 . 

Water vapour in the roasting gas had no effect on the roasting rate at 

580 and 700°C. 

50 
i 1 1 1 

5 % SO2 in atmospheric 
lair 

CO 

2 30 or o 
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Fig. 5.4. The maximal weight increase versus temperature. 

5. 7. Microscope Investigations 

The raw material, heat-treated and roasted samples were investigated 

in plane polished samples. One roasted sample was investigated in a thin 

section. 

The raw material was homogeneous. 

There were many cracks in the heat-treated and in the roasted samples, 

and most of them were parallel to the cleavage directions of the arfvedsonite. 

Samples heat-treated at 700 C for a couple of hours or more were clearly 

altered along the surface and the cracks. These areas had a red shine in 

dark field illumination. 

Samples roasted from a few per cent to maximum weight increase were 
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investigated. It was possible to distinguish between three different layers, 

a sulphate layer situated on the surface of the original arfvedsonite grain. 

an altered layer unevenly distributed along the surface and in cracks of the 

arfvedsonite grains, and an apparently unaltered core that was anisotropic. 

The three layers are outlined in fig. 5. 5. 

50 microns 

£2 Strongley altered area 
Sulphate filled crack 

Fig. S. 5. Sketch of « roasted »rfwUonit« grain. 

The sulphates were unevenly and apparently randomly distributed on 

the surface. Fine hematite grains were dispersed in this phase. 

The altered layer had a reddish shine probably because of precipitated 

hematite. The thickness of the layer varied but it did not grow along special 

crystallographic directions. The most altered areas were rich in cracks. 

The altered part of the grains increased with the weight increase, and the 

samples roasted to maximum weight increase contained no unaltered core. 

The altered surface layer was much thicker in the roasted than in the 

heat-treated samples. 

One sample roasted to 10% weight increase at 700 C was heated in a 

high-temperature microscope. The sulphates began to melt at approximately 

640°C. 

5. 8. X-ray Diffraction Investigations 

The raw material and a sample roasted to 12. 5% weight increase at 

690 C were investigated by high-temperature diffractograms. The samples 

were heated to 800 C. Some other samples roasted to different weight 

increases at 690-700°C and the reduced samples were investigated by normal 

diffractograms. 

Two changes were registered on the high-temperature diffractogram of 

the raw arfvedsonite. At 300-400°C there were some small displacements 

in a few lines corresponding to a small contraction in the unit cell. Some 
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new lines appeared at approximately 600 C. A new crystal phase identified 

as acmite was formed but the arfvedsonite lines did not disappear. 

The formation of acmite is discussed in section 5. 12.1. In appendix 2 

the diffraction lines are given for the raw material before heating, and after 

heating to 400°C and 700°C, respectively. 

The following phases were identified on the diffractograms of the roasted 

samples, hematite, Na3Fe(SO.)3 , NaFe(S04)2 and arfvedsonite (the lines of 

the heat-treated sample). Acmite was not identified. Hematite was only 

identified in samples roasted to more than approximately 6% weight increase. 

The arfvedsonite lines did not disappear before the sample was roasted to 

maximum weight increase. 

The Na_Fe(SO.)3 and NaFe(S04)2 lines disappeared at 450 and 520°C, 

respectively, on the high-temperature diffractogram of the roasted sample. 

No new lines were observed as a result of the heating and the subsequent 

cooling of the sample. The diffraction lines before the heating are given 

in appendix 2. 

The diffractograms of the samples that were heat-treated or roasted 

and then reduced were almost identical to the original arfvedsonite dif­

fractogram. There were some small differences of 0. 01-0.02 Å in some 

lattice parameters. An average diffractogram is given in appendix 2, and 

the slight shifts are indicated. 

5.9. Electron Microprobe Investigations 

These investigations were mostly carried out on the pegmatite arfved­

sonite, but a roasted sample of the Iujavrite arfvedsonite from drill core 

16 was also investigated. Raw material, heat-treated and roasted samples 

of the pegmatite arfvedsonite were investigated. 

The raw material and a sample heated to 700 C were homogeneous. 

The altered surface layer was too thin to be detected. 

The following roasted samples were investigated. The pegmatite 

arfvedsonite: s fraction of 40-100 microns roasted to 3.1 and 8,6% weight 

increase, respectively, a fraction of 56-400 microns roasted to 9.0%, and 

the lujavrite arfvedsonite: a fraction of 40-100 microns roasted to 6. 2% 

weight increase. The roastings were performed at 700 C with 5% S 0 2 in 

atmospheric air. 

The mechanism of sulphatising roasting in the lujavrite and the pegmatite 

samples is undoubtedly identical in both. 

The three phases, which were already mentioned in connection with the 

microscope investigations, were also found here. Outside the original 
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arfvedsonite grains were the sulphates with dispersed hematite grains. The 

sulphates were also found in the cracks in the grains. Na and Fe were the 

dominant metal ions in this phase, but small amounts of the others were 

also found. Usually Si was not detected in the sulphates, except for the 

most roasted samples. It is supposed to be present as fractions broken 

away from the silicate structure and not as dissolved SiO«. 

The borderline between the sulphates and the silicate structure was 

very well-defined. The altered surface layer was depleted with respect 

to most of the cations found in the sulphates. Al moved slower than Na, K 

and Fe. A higher concentration of Si was measured in the surface layer, 

probably as a result of the depletion of the other ions. The layer was very 

inhomogeneous. 

Na, and to a small extent K, move to the sulphates from the unaltered 

core of the grains. The movement from the core was very small in the 

sample roasted to 3.1%, while it was considerable in the coarse-grained 

fraction roasted to 9.0%. In the last-named sample the Na concentration 

1 2 ^ 3 21 1 2 3 2*1 

1. Sulphates 
2. Altered surface layer 
3. Unaltered core 

Fig. 5. 6. Microprobe X-ray intensity profile« through roasted 
arfvedsonite grains. 

fell to a lower and rather constant value in the core. The Na concentration 

varied in the two samples roasted to 6. 2 and 8. 6%. This is shown in fig. 

5.6, where some typical X-ray intensities measured for different elements 

are shown versus distance for the last-named sample. The large variations 

in the Na concentration show that the reaction is not controlled by bulk dif-
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fusion from the interior of the grains to the surface, but instead by short-

range diffusion in the silicate structure to sulphate-filled cracks, in which 

the further transport to the surface takes place. 

5. 10. Infrared Spectroscopical Investigations 

Infrared spectra were made from the raw material, the heat-treated, 

the roasted and the reduced samples. 

In the interval 3600-3700 cm* there was a OH absorption band and in 

the range 600-1700 cm" there were silicate ring and chain absorption bands. 

The absorption peaks of the investigated samples are given in table 5. 3, 

where the preceding treatment of the samples is also described. The spectra 

of arfvedsonite resemble those of other amphiboles such as crocidolite 

(cf. Patterson and O'Connor '). In the interval 700-1600 cm" the spectrum 

may be resolved in 5 peaks. In the OH absorption band there i s one very 

strong and some very weak absorptions. Some parts of the spectra are 

shown in fig. 5. 7. 

The OH groups are coordinated to 2 M. and 1 M, lattice positions. 

Different cation combinations in these positions will give different absorp-

t ions , so these positions are mainly occupied by the same cation which is 
2+ Fe , as shown by the chemical analysis in section 5. 4. 

The first change was observed at 300-500°C by heat treating arfved­

sonite in oxidizing atmosphere. The OH absorptions and the absorption at 

1132 cm" disappeared. Simultaneously, the silicate absorptions were 

displaced towards higher figures. This displacement continued on further 

heating to 700°C. 

The sample heated in an argon atmosphere to 700 C showed some weak 

traces of the original OH absorption band. The OH groups were therefore 

not completely lost. 

The spectra of the roasted samples had weaker and broader absorptions 

than those of the heat-treated samples. 

The spectra of the samples that had been heat-treated and then reduced 

were similar to those of the original arfvedsonite. The absorption at 1132 

cm" was regenerated, but a couple of the original very weak OH absorp­

tions were missing. The absorptions of the spectrum of the roasted and 

reduced sample were much weaker than of the heat-treated and reduced 

sample. 
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Tabt« 5. 3 

Preceding treatment of arfvedsonite samples 

from which IR spectra were made and the measured IR absorption peaks 

Sample 

1 

2 

3 

4 

5 

6 

7 

a 
9 

Sample 

number 
1 

2 

3 

4 

5 

6 

7 

8 

9 

Heat treatment/ 
Roasting temp. 

(°C) 

Untreated 
300 

500 

700 

700 

Atmosphere 

Atmosphe 
»t 

»i 

Argon 
695 for 2 hours Atmosphe 
695 ' 

Samp 
t t 

2 " Roasting 

ric air 

" 
i t 

ric air 

Grain size Weight 
fraction. increase 
microns by roasting 

(*) 

< » 
<20 

< 2 0 

( 2 0 

56-400 
56-400 

e number 6 reduced for 4 hours at 600°C 
I I 

Absorptions 

743 

746 

751 

755 

750 

755 

753 

743 

745 

968 

969 

964 

998 

980 

985 

986 

966 

978 

7 

.1 cm 

1075 
1075 
1086 
1090 
1082 
1085 
1083 

1070 
1083 

it » 

1132 
1132 

1125 

1127s 
1125s 

1130 

4 

1580 
1580 
1580 

1580 
1580 
1580 
1580 
1580 
1580 

" " 600°C 

3627 3640 

3629 3644 

3646s 

3643 
3630 3641 

6% 

3655 3669 
3655 3670 

3670 

The absorptions showing an s are much diminished compared to the 

original ones. 

5 .11 . Mossbauer Spectroscopy Investigations 

Mossbauer spectra were made on raw material, on heat-treated, on 

roasted and on reduced samples. 

Roasted arfvedsonite shows a complicated Mossbauer spectrum com­

posed of the hematite and the arfvedsonite residual spectra. The hematite 

i s situated on the surface of the grains and is easy to dissolve in concen­

trated hydrochloric acid, in which the arfvedsonite is insoluble. This was 

done to all the roasted samples. 
2+ 3+ A Fe /Fe ratio was determined from the Mossbauer spectrum. 

The concentration was proportional to the absorption area. A correction 
2+ 3+ 

was required, since the fraction of Fe and Fe that absorbs and emits 
the gamma quanta without recoil differs for different lattice positions. For 

2+ 3+ arfvedsonite, the measured Fe /Fe absorption area ratio has to be 

multiplied by a factor of 1.1 7 (cf. E. B. Andersen, J. Fenger, and J. Rose 
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Hansen ). This value was also used for the heat-treated and roasted 

samples. Its use is justified in appendix 1. 

Appendix 1 also shows some of the spectra. Mention is made of the 

criteria after which they are resolved, and the calculated parameters are 

given. 

The spectrum of the raw material is similar to other arfvedsonite 

spectra . It may be resolved in three doublets of which two refer to F e 2 + 

3+ in the lattice positions M, and Mj and the third to Fe in the M, position. 

The absorption areas of the two Fe absorptions overlap very much. The 
2+ standard deviation ( s .d . ) on the Fe contents in these positions is there-

3+ fore large. The s .d . on the Fe absorption i s , on the other hand, small 
2+ 3+ 

and thus the total Fe and Fe contents may be determined with a s .d . of 
approximately 2%. The contents in the lattice positions are given in table 
5.4. 

Table 5. 4 

2+ 3-f 
Fe and Fe contents in lattice positions of arfvedtfonite 

Absorption % or total Standard Corrected Fe and 
3-f absorption deviation % Fe contents 

2+ Fe in M, 

F e 2 * in M, 15.2 12.0 

50.8 9.0 
69.4 

F e 3 * in M, 34.0 1.5 30.6 

This solution of the arfvedsonite spectrum is statistically acceptable 

according to the computer program. 
2+ The absorption of Fe in M„ is rather broad. This indicates an over-

2+ 2+ 
lap of another absorption, perhaps Fe in M9 . The Fe in M. absorption 

2+ is therefore rather large compared to the Fe in M, absorption. The M. 
2+ position is supposed to be completely occupied by Fe , while the M» 

position is only partly filled. 

The MOssbauer spectrum of arfvedsonite changes if the sample is heated 

to temperatures higher than 300 C. In fig. 5.8 the total Fe" content is 

shown versus temperature. There is a remarkable decrease in the interval 

300-500 C, and a much smaller decrease at higher temperatures. 

The spectra of the heat-treated samples may be resolved in 4 doublets, 

3 of them have almost the same parameters as the untreated arfvedsonite. 
3+ A new doublet is supposed to originate from Fe in the M. position, as 

described in appendix 1. The parameters of some heat-treated samples 

are also given in appendix 1. 
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2+ 3+ 
The two Fe and the two Fe absorptions overlap mutually, so the 

s .d . on the absorption area determination is very large. However, the 
2+ total Fe content is determined with a s .d . of approximately 2%. 

3+ Except for the new Fe in M. absorption, it is difficult to see what 

has happened at the single lattice positions, because of the overlap. 
57) Ernst and Wai investigated the heat treatment of ribeckite 

(Na 2 Fe 3 +
2 Fe 2 +

3 Si 8 0 2 2 (OH) 2 ) . The Mossbauer spectra of this amphibole 

and heat-treated samples are in principle identical to the similar ones of 

arfvedsonite. However, there are differences in the interpretation by 

Ernst and Way of the heat-treated spectra of ribeckite and of arfvedsonite 

in the present investigation. These differences are shown in appendix 1, 

where arguments are put forward for the correctness of the present inter­

pretation. 

The spectra of the roasted samples (the hematite formed by the roasting 

was dissolved before the spectra were made) were identical to those of the 
2+ heat-treated ones. In table 5.5 the Fe contents in heat-treated and roasted 

samples are compared. 
2+ The differences between the Fe contents in the two compared samples 

are in all cases within the s.d. of the measurement. 

In appendix I two spectra of heat-treated and roasted samples are 

shown. They are identical. 

Four of the samples used in the comparison of the heat-treated and 

roasted samples were reduced for 4 hours at 600 C. Two of the spectra 

and the parameters are given in appendix 1. 
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Table S. S 

Sample 

number 

t 

2 

3 

4 

5 

6 

A comparison 

Grain size 

fraction 
(microns) 

20 

20 

56-400 

56-400 

20 

20 

of heat-treated and roasted samples 

Heating/ 
roasting-
temperature 

<°C> 

690 

690 

695 

695 

695 

695 

Heating/ 
roasting 
(hours) 

0.5 

0.5 

2.0 

2.0 

1.0 

1.0 

Weight 

increase 

(%) 

18.0 

6.0 

6.0 

F e 2 * ab-

sorption 
are« (%) 

35.0 

37.2 

42.4 

39.2 

35.0 

37.6 

The spectra .vere resolved in the same way as thoi« of the untreated 

arfvedsonite. The following contents were measured in the single lat t ice 

positions as given in table 5. 6. 

The reduction was not complete for samples 4 and 5. The broadness 

of the F e 3 + absorptions indicates an overlap of another absorption, prob­

ably F e 3 + in M, . Samples 3 and 6 a r e more reduced than the original 

arfvedsonite. This is probably because some O , positions in the arfved-
2-

sonite were occupied by O . 

Table 5. 6 

2+ 3+ The Fe - Fe contents of the different lattice positions 

Sample number 
(table 5. 

3 

4 

5 

6 

5) 

in reduced arfvedsonite samples 

F . 2 * - F , 3 + at 
lattice position 

(%> 

Fe 2 * in M. 
2+ Fe '* in M, 
3* " 

F e ' * in M2 

Fe 2 * in M. 
2-f Fe '* in M, 
3* * 

Fe '* in M2 

2+ 
Fe '* in M. 

2+ Fe '* in M, 
3+ J 

Fe '* in M2 

Fe 2 * in M, 
2+ F e ' in M3 

F e 3 * in M2 

i t . 8 
20.2 
28.2 

37.6 
26.2 
36.2 

37.8 
28.4 
33.7 

47.6 
22.0 
30.2 

Standard 
deviation 

(%) 

3.7 
5.2 
t .2 

2.8 
3.8 
1.1 

7.4 
10.2 

1.2 

2.8 
4.0 
0.8 

Corrected 

Fe content 

74.9 

67.3 

69.7 

72.9 
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5.12. Discussion 

The discussion of the present resul ts may be divided into three p a r t s . 

1. Heat t reatment of arfvedsonite. 

2. Sulphatising roasting of arfvedsonite. 

3. The sulphates formed by the roasting. 

5. 1 2. 1. Heat-treatment of Arfvedsonite 

The changes that a re observed in arfvedsonite as a result of hea t - t rea t ­

ment in an oxidizing atmosphere a r e given in table 5. 7. 

A corresponding set of reactions is known for s imi la r amphiboles such 

as crocidolite and r iebeck i te 5 3 ' 5 4 ' 5 5 ' 5 6 * 5 7 ' 5 8 ' 5 9 ' 6 0 ' 6 1 ' 6 2 ) . Uncombined 

water is lost in the interval 100-400 C. A dehydrogenation takes place at 

300-500 C. This may be described by the react ions: 

1. In the mineral : 

F e 2 + + OH" s F e 3 + + O2" + H + + e". 

2. At the surface: 

H + + e" + 1/4 O z ss 1 /2H 2 C 

Hydrogen ions and electrons a r e supposed to move to the surface during 
55) the dehydrogenation ' , because the electron movement may occur through 

3+ the Fe a toms. 

A continued oxidation of Fe takes place at tempera tures above 500 C. 

This is a surface oxidation in which acmite and, in long-time heat t reatment , 

also hematite are formed. 

The dehydrogenation only occurs in oxidizing a tmospheres . A dehydroxy-

lation was observed at 600-700 C in neutral or reducing conditions. The 

crystallographic changes were smal l in dehydrogenation. The coordination 

numbers were unchanged, but the unit cell pa ramete rs were diminished 
3+ 2+ 

approximately 1%, because the Fe ion is smal le r than the Fe ion. 

Dehydroxylation is a much more destructive process than dehydrogenation 

because oxygen ions a re removed from the lat t ice. 

The continued oxidation of arfvedsonite above the dehydrogenation t em­

perature is character ized by acmite formation and, if heat- t reatment continues 

for many hours, also by hematite formation. Acmite is formed first because 

there a re considerable s t ructural s imi lar i t ies between the arfvedsonite and 

the acmite s t ruc ture . The transformation demands in principle only some 

displacements in the Si-O te t rahedrons , but no long-range diffusion. 
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An incipient thermal decomposition of the arfvedsonite structure might 

be expected at 700 C. It is probably seen as a less intense Si-O band in the 

IR spectra. Patterson investigated the decomposition of the mineral 

crocidolite (a). At 800°C it is decomposed into hematite (h), a spinel (s), 

acmite (p) and cristoballite (c). The decomposition products are oriented in 

proportion to the original structure after the following planes: 

(ioo)a;; (loo) 'J (oooi) h ; i ( i i i ) s i ; ( o i n c . 
p 

and the following directions. 

c !| c II c. || {211} | | a a ; • p1' h" l ' s ' ' c 

Tabic 5. 7 

Heat treatment of arfvedsonite in oxidizing atmosphere 

Temperature Change 
C°C) 

100-400 A minor weight decrease on the TG curve. 

300-500 Loss of the OH band in the IR spectrum. An exothermal 
2+ reaction is observed on the DTA curve. The Fe fraction 

of total Fe is decreased from 70 to 42%. There is a small 
contraction in the unit cell parameters on the X-ray dif­
fract ogram. The colour of the grains alters from bluish-
green to brown. 

) 500 A minor weight increase is observed on the TG curve, 
2+ especially for fine-grained samples. The Fe fraction of 

total Fe still decreases but at a much slower rate. 

600 Acmite is observed on the X-ray diffractogram. 

700 Hematite is formed if roasting continues for a few hours. 

Acmite is formed very easily, while the formation of the other crystal­

line compounds demands more transformations and more diffusion. Cris-

tobalite formation is especially difficult. Spinel and cristobalite were not 

identified in the present investigation. 

It was possible to almost regenerate the original arfvedsonite structure 

in a sample heated to 700 C by reduction. The small changes in Mossbauer 

parameters and in lattice parameters indicate a slightly different structure. 

The structure of the oxyamphibole at 700 C is therefore rather un­

changed from the original. A surface oxidation takes place and probably 

a thermal decomposition of the structure begins, but these are rather slow 

processes compared to the roasting time. 
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5. 12. 2. Sulphatising Roasting of Arfvedsonite 

Roasting is a surface process taking place both at the outside surface 

of the grains and in the many cracks in the stricture. We may distinguish 

between three layers in the roasted grains. The sulphates are situated on 

the surface of the grains and in the cracks. The silicate structure, which 

is nearest to the sulphates, is strongly altered, while the rest of the struc­

ture is almost unaltered. The altered layer has a red colour indicating 

hematite formation, and the layer is depleted with respect to metal ions, 

especially Na. 

The unaltered part of the grains is almost unchanged, althouth in some 

areas it is depleted with respect to Na. The majority of the metal ions in 

the sulphates originate from the altered layer. 

We may distinguish between the following processes taking place during 

roasting. 

1. Na diffusion from the unaltered areas of the grains. 

2. Surface alteration. 

3. Metal ion diffusion from the altered areas. 

These processes are undoubtedly connected to each other. 

The cracks are an important factor both in the alteration - there are 

always numereous cracks in the most altered areas - and in the movement 

of Na from the unaltered areas and metal ions from the altered areas, 

because the metal ions diffuse through the silicate structure to the sulphate-

filled cracks and through these to the surface. The diffusion in the sil icate 

structure is therefore short-ranged compared to the dimensions of the grains. 

The diffusion in the altered area must be a rapid process compared to 

the diffusion in the unaltered areas because the original silicate structure 

must have broken down. Na in the A position of arfvedsonite i s labile com­

pared to the other cations in the structure, because the A positions form a 
63) 

channel-like system. Papike et al. exchanged Na for K in this position 

in the amphibole richterite (Na,K)2(Mg, Mn, Ca)_Sig02 2 (OH)2 by heating the 

mineral to 850 C in a salt melt. 

Asmund proposed a roasting mechanism composed of the following 

two reactions: 

+ 2-

1. a) diffusion : 2Me + O to the surface, 

b) surface reaction : 2Me+ + O + SC^ + \02 *» M e 2 S 0 4 . 

2. a) in the lattice . 2Fe + u 2 F e 3 + + 2e", 

b) diffusion : 2Me+ + 2e" to the surface, 

c) surface reaction : 2Me* + 2e" + S 0 2 + 0 - 1 5 Me2S(>4. 
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2+ The present Mossbauer investigations clearly showed that Fe is not 

oxidized in the unaltered parts of the grains. However, it i s undoubtedly 

oxidized in the altered surface layer; as proved by the red colour of the 

hematite and by the Mossbauer investigations of Asmund '. The second 

reaction might therefore occur in the surface layer. The oxide ion might, 

on the other hand, have a sufficiently large mobility in the altered layer 

for the first reaction to occur, perhaps as a pore diffusion through micro-

cracks. 

We cannot explain the Na diffusion in the interior of the grains by an 
2+ 

oxidation of Fe . An oxygen ion bulk diffusion, as proposed in the first 
-14 reaction of Asmund, must be impossible. If a diffusion coefficient of 10 

2 
cm / s is supposed for the oxygen ion diffusion in the lattice (the real value 
is undoubtedly much lower), the penetration of the diffusion profile for a 

i . 1 4 i 

diffusion time of 15 min should be (IX)2 = (10 x 900)2 cm = 0.03 microns. 

The Na diffusion in the interior of the trains must therefore be explained 

either by pore diffusion of oxygen ions or by a counter diffusion of another 

cation such as H . The counter diffusion is unlikely because the reaction 

rate did not depend on the amount of water vapour in the roasting gas, in 

contrast to, for instance, natrolite (cf. section 7. 3). 
5 .12 .3 . The Sulphates Formed by the Roasting 

Arfvedsonite, hematite, Na 3 Fe(S0 4 ) 3 and NaFe(S0 4) 2 were identified 

on the diffractograms of the roasted samples. Na and Fe are the main 

cations in the sulphates. The maximum weight increase decreases with 

increasing temperature in the range 650-750°C. An equilibrium must exist 

between the sulphates and SC>3 in this interval. 

Theoretically, there is a possibility of pyrosulphates, sulphates, basic 

sulphates or oxides in the sulphates, depending on the equilibrium conditions 

in this very complicated multicomponent system. 

A general view of the system can be obtained by considering the main 

component system, N a 2 S O 4 - F e 2 ( S 0 4 ) 3 - F e 2 0 3 - S 0 3 . Literature on this 

system is sparse. The N a 2 S 0 4 - F e 2 ( S 0 4 ) 3 system has been investigated by 

Bolshakow et al. '. The phase diagram is shown in fig. 5 .9 . 

Vickert investigated the stability of the two above-mentioned double 

sulphates in the presence of SO.,. His r e s u l t are shown in fig. 5 .10. Basic 

sulphates, such as 6Na2SC>4, F e 2 0 3 , Fe 2 (S04>3, may be formed by the 

decomposition. The stabilities of some Na 2 S0 4 -Fe 2 (S0 4 ) 3 mixtures are 

shown in fig. 5 .11 . Fe 2 (S0 4 ) 3 is stabilised by the presence of Na 2 S0 4 , 

The diffractions of Na 3 Fe(S0 4 ) 3 and NaFe(S04)2 disappeared at 520 
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Fig. 5. 9. The Na.SO. - Fe2(S04)3 phase diagram, after Bolshakow et al, 64) 

and 450 C, respectively, on a high temperature X-ray diffractogram. The 

phase diagram of Bolshakow et al. gives 420 and 680 C, respectively, 

so the agreement is very poor. This might be a consequence of the oc­

currence of other cations in the present system. 

The two double sulphates are present on the X-ray diffractograms of 

the samples roasted at 700°C, so the Na to Fe ratio in the sulphates must 

lie in the range 3:1 to 1:1. The ratio must be a function of gas composition. 
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°C 
Fig. 5. JO. Decomposition of N«3Fe(S04>3; the SOg loss wss determined 
after 6 h of heating in an atmosphere of 0.7 vol% SO3 in atmospheric air. 
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Fig. 5 .11. The decomposition of some Na2SC>4 - Fe2(S04>3 mirtures. 

a) F e , ( S 0 4 ) 3 in atmospheric air. 

b) Fe_(SO.), in atmospheric air with 9 vol* SO } , 

c) F e , ( S 0 4 ) 3 / N a 2 S 0 4 mole ratio 1/1 in the atmosphere of "b", 
d) Fe_(S04)3 /Na2SO. mole ratio 1/3 in the atmosphere of "b", 

e) Fe 2 (S0 4 ) 3 /Na 2 S0 4 mole ratio 1 /» in the atmosphere of "b". 
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Fig. 5.12. S 0 3 pien up and loss by heating a mixture of Na 2 S0 4 and 
F e , ( S 0 4 ) 3 in a flow of 9 vol* SO, in atmospheric air. 
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temperature, and cooling conditions (slow cooling rates with a continued 

SO, supply give equilibrium at lower temperatures, while a rapid cooling 

might maintain the high temperature equilibrium). 

The samples roasted to maximal weight increase at 650°C still contained 

hematite in the sulphates, thus it is impossible to roast all the hematite to 
get 

sulphate. This agrees with the results of Vickert . who roasted a mixture 

of Na-SO. and Fe^O« at different temperatures. The theoretical SO, uptake 

was not obtained at temperatures above 400 C. 

Vickert also investigated the presence of pyrosulphates in the Na^SO.-

F e 2 ( S 0 4 ) 3 system. As shown in fig. 5.12, there i s no pyrosulphate present 

above 450 C. So the presence of F e 2 ( S 0 4 ) 3 decreases the stability range of 

pyrosulphates. A mixture of Na 2 S0 4 , F e 2 ( S 0 4 ) 3 and hematite is an SOg 
g e t 

catalyst at these temperatures . Presumably it is the sulphates, rather 

than the arfvedsonite, that catalyze SO, formation during most of the roasting 

period. 
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6. STRUCTURAL STUDIES OF STEENSTRUPINE 

Steenstrupine might be described as a Na -Ca -Fe -Mn- ra r e ea r th -s i l i co-

phosphate that contains small amounts of U and Th. The composition can 

vary within wide l imits . The most important property in relation to the 

sulphatising roasting is its degree of al terat ion. The recovery of uranium 

from lujavrite samples containing different types of steenstrupine is r e ­

ported in chapter 9. The recovery is shown to depend on the degree of 

al terat ion, as the best recover ies a re obtained from the most al tered 

samples and the poorest from the homogeneous ones. Most of the uranium 

not recovered by the sulphatising roasting i s thus contained in the homogen­

ous and the partly al tered steenstrupine. 

A perfect steenstrupine for an investigation of the mechanism of the 

sulphatising roasting should be homogeneous and all grains should have the 

same composition. Probably such a steenstrupine does not exist , because 

there a re always variations between the gra ins . 

Investigations of two different steenstrupines a re reported in this chapter . 

Most of the experiments were carr ied out on a pure sample hand-picked 

under the microscope from a steenstrupine vein in drilling core number 1 

at a depth of 44 m. A few microprobe investigations were made on steen­

strupine grains in a lujavrite sample from drill ing core 24 at a depth of 

86.50-86.75 m. (This sample is also described in section 9.3). 

6. 1. Raw Material Investigations 

A microscopic investigation of the steenstrupine from the vein showed 

it to be isotropic, the colour yellow-brown in t ransmit ted light. The natural 

grain size is } 100 microns, so the grains a re free of each other in the 

fraction of ( 56 microns used for the experiments . 

The X-ray diffractogram showed some very weak lines that were ident­

ified as originating from acmi te . As expected, there were no steenstrupine 

lines because the mineral is metamict . 

The fraction was supposed to be at least 90% pure . By microprobe 

investigation, the following elements were detected: Ca, Si, Y, P, La, Ce, 

Nd, P r , Mn, U, Th, Na, and t r aces of K, Sm, Al, Ti , and Z r . The grains 

were not completely homogeneous and there were variations from grain to 

grain. 

The U content was 1.04% determined by a chemical analys is . A com­

plete analysis was impossible because the amount of steenstrupine was too 

smal l . The variations in composition made a microprobe analysis very 
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difficult. A qualitative microprobe investigation showed a composition that 

was not abnormal. The average ratio of Si to P was between 2:1 and 3:1. 

The Th/U ratio was about 4:1. 

6 .2 . Heat-treatment Experiments 

TG-DTA curves are shown in fig. 6. 1. The weight loss below 700°C 

was approximately 8 per cent. Most of the water was lost below 300 C. 

The following peaks were registered on the DTA curve: 

Peak maximum 120°C (interval 60-180°C): Endotheric reaction. 

Peak maximum 300°C (interval 290-310°C): Very weak endothermic reaction. 

Peak maximum 600°C (interval 590-610°C): Very weak endothermic reaction. 

Peak maximum 660°C (interval 650-665°C): Exothermic reaction. 

Interval 760-900°C: Endothermic reaction. 

The last-named endothermic reaction might be composed of two reac­

tions, the first in the interval 670-680°C and the second in the interval 

690-900°C. 
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Fig. 6,1. TG-DTA curves of •tMnatrupine. 

An X-ray diffractogram of a sample heated to 700 C for two hours 

showed only one weak and very broad line, which might be the strongest 

line of monazite. 

Monazite and a (U, ThJO, compound were identified on diffractograms 
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of samples heated to 800 and 960 C. The diffraction lines a r e given in 

appendix 3. Thorianite was found by heat t reatment of another steen-

strupine sample '. 

The sample heated to 700 C was investigated in the microprobe. The 

grains were more inhomogeneous than in the raw mater ia l , but it was not 

possible to detect a monazite or a sil icate phase. 

6 . 3 . Sulphatising Roasting 

A steenstrupine fraction of ( 56 microns was used in the sulphatising 

roasting exper iments . The fraction was roasted to different weight in­

c reases with and without a Pt catalyst at 700 C. The roasting gas was 

usually 5 volume per cent SO« in atmospheric a i r . The weight increase 

versus time for the two experiments is shown in fig. 6. 2. The initial 
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Fig. 6.2. Sulphatiaing roasting of ateenatrupine, influence of a Pt-catalyat. 

with catolyst 
without catalyst 

roasting ra te was increased by the presence of the catalyst, but the maxi­

mum obtainable weight increase was the same. The maximum obtainable 

weight increase depended on tempera ture and S 0 2 partial p r e s s u r e . It was, 

for instance, 28% when roasting at 700°C with 5 volume% S 0 2 in the gas, 

but 33% at 600°C with »5% S 0 2 . 

X-ray diffractograms were obtained from samples roasted to different 

weight inc reases . The sulphates were first extracted by a 0.1 n sulphuric 

acid. Monazite was identified on all the diffractograms. No other phases 

except for Ce 2 (S0 4 ) 3 were identified. This phase was very difficult to 

dissolve and something remained insoluble after extraction of 100 mg 

sample with 5 ml of the acid solution. 
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The recovery of uranium versus the weight increase is shown in fig. 6. 3. 

The recovery is below 60 per cent at the maximum weight increase. 
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Fig. 6. 3. Sulphatiaing rotating of •teenatrupine, 
yield of urmnium. 

When steenstrupine was roasted at 580 C and 700°C, the roasting rate 

was increased by increasing the amount of water vapour in the roasting gas, 

but the effect was small at 700°C. 

Some samples roasted to weight increases below 15% were investigated 

by microprobe. An altered surface layer was depleted with respect to 

metal ions, especially Na. U and Th seemed to be rather unchanged. This 

sample was, however, unsuitable for an investigation of the mechanism of 

sulphatising roasting because of the differences between and inside the grains. 

Some microprobe investigations were instead performed on steenstrupine 

grains from the lujavrite sample from drilling core 24. The steenstrupine 

grains were almost homogeneous, but there were, of course, variations 

from grain to grain. A lujavrite sample was roasted. A fraction of ) 75 

microns was magnetically separated in a predominantly arfvedsonite and a 

predominantly white mineral fraction. In one experiment the latter fraction 

was roasted to 3. 5% weight increase at 700 C. A steenstrupine grain was 

1. Sulphates 
2. Altered surface layer 
3. Unchanged core 

50 microns 

Fig. 6 .4 . Sketch of • ro«i(«d lUtnatrupint grain. 
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investigated in a polished sample. In a microscopic and microprobe exam­

ination three layers may be distinguished, a s outlined in fig. 6 .4 . Outer­

most there was a sulphate layer that gradually changed into a s i l icate-

phosphate-sulphate layer . The core in the interior of the grain was un­

changed and the borderl ine between this and the mixed phase was quite well-

defined. In dark field illumination the mixed phase was character ised by 

a red colour. 

Profiles of the measured X- ray intensity versus distance a re shown in 

fig. 6 . 5 , where the three zones a r e marked. In a few profiles there was 
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1. Sulphates. 2. Altered surface layer, 3. Unaltered core 

Fig. 6.5. Microprobe X-ray intensity profilet through » routed eteenatrupine 
grain. The profiles are made perpendicular to the surface with intervals of 
a few microns. 

an indication of a fourth layer between the unaltered core and the s i l ica te-

phosphate-sulphate layer , as shown in fig. 6 .6 . This new layer was very 

thin and rich in Na and S, but poor in Si and P . It may, however, have 

represented a sulphate-filled crack, although a s imi lar layer was seen when 

roasting sodalite (cf. section 7.2). The sulphate-filled cracks were few in 

number compared to arfvedsonite. 

A higher X-ray intensity was measured for the elements Si, Fe , and K 

in the silicate-phosphate-sulphate layer . The higher Fe and Si intensities 

could be caused by a change in matrix effect owing to lower concentrations 

of other cations, while there was probably a real enrichment in K in this 

layer . Fe was undoubtedly found as hemati te, because of the red colour of 

the layer . 
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F i ( . 6.6. Microprobe X-njr intensity profiles throagh a roasted steen­
strupine grain. 

The altered surface layer was depleted with respect to some metal ions, 

especially Na and Ca, while there was no sign of a depletion in the unaltered 

core, except for a Na diffusion from the outer few microns. 

6 .4 . Some Investigations on the Raw Material Used by Asmund 

A few investigations were made on this raw material. The fraction 

used by Asmund in his experiments was l ess contaminated with other 

minerals than the fraction investigated here. The analysis of Asmund's 

steenstrupine is distinguished from other analyses by an Al-O« content 

of 6.23%, where it is usually below 1%. A microprobe investigation showed 

a much lower A100„ content in the steenstrupine grains. Albite was detected 

on an X-ray diffractogram, and a microscopic investigation showed other 

impurities in the sample, so this steenstrupine fraction must have contained 

an essential proportion of impurities. 

A cursory investigation of a number of the steenstrupine grains was 

made by microprobe; some grains were homogeneous but most were partly 

altered. A definition of this type is given in section 8. 3. 

Asmund's original X-ray diffractograms of heat-treated and roasted 

steenstrupine were examined, too. Monazite was detected and the intensities 

of the diffraction lines were increased by higher weight increases. Besides 

these lines, there were others that were impossible to relate to any mineral 

in the ASTM card file. The intensity of these diffractions varied. 
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6.5 . Discussion 

Little is known of equilibrium conditions in the multicomponent system 

of steenstrupine composition. One sample was investigated here , but 

because of the variations in the compositions of different steenstrupines it 

is not likely that they all react exactly as the present one. 

The investigated steenstrupine began to melt at 680 C and at 700 C it 

was composed of a fine-grained monazite phase, an amorphous phase, 

perhaps a (U, Th)0 2 phase and a minor amount of melt . When heated to 

higher temperatures , the amount of melt increased, so the grain size of 

the monazite and the (U, ThJO«, compound was definitely identified. 

The amounts of r a re earths and phosphorus usually correspond to the 

composition of monazite, so it is most likely that these elements were 

concentrated in this phase. The amorphous phase and the melt were the re ­

fore prevailing s i l i ca tes . 

Asmund found that the roasting ra te for steenstrupine at 700 C 

depended on the amount of water vapour in thp roasting gas. The roasting 

ra te , for the steenstrupine sample investigated by the present author, 

showed a similar dependence at 580 C, but at 700 C the rate only slightly 

depended on the amount of vapour. The difference was not further in­

vestigated, but it might be caused by different compositions of the steen­

strupine samples or by a higher degree of impurity minerals in the sampie 

investigated by Asmund. 

The reaction between S 0 2 or SOg and NaO - A1„03 - S i0 2 and NaO -

CaO - SiO~ glasses also depends on the amount of water vapour in the 
7fi 7 7 7R \ r» 

roasting gas ' ' . A t 100-600 C, the reaction with water involves 

the exchange of sodium ions by hydrogen ions and the reaction was limited 

by the diffusion of Na ions through a compacted layer of glass at the surface 

that a r i ' es from a secondary dehydration reaction. The reaction between 

SO™ and ^Lass may be described by the equation 
Na+ S i 4 + 

Si 4 + O 2 " 

S 0 3 (• g l a s s 0 2 - + HzO ss g l a s s y + Na 2 S0 4 

etc . H 2 0 

e tc . 

With anhydrous reagents, the SO, or SO, reaction involves the simul-
+ 2-

taneous diffusion of Na and O ions to the glass surface and the speed is 
limited by the rate of diffusion of oxygen ions; above 700 C this process 
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predominates over the ion exchange, a l so when roasting in a tmospheres 

containing water-vapour. 

The effect of water vapour i s undoubtedly the same in s teenstrupine . 

Sodium ions and perhaps a l s o ca lc ium ions may be exchanged by hydrogen 

ions . 

A sulphate and a combined s i l icate-phosphate-sulphate layer were 

formed by the roasting of s teenstrupine. Metal ions diffuse from the 

combined layer and Na a l so from the outer layer of the unaltered core 
2 -out to the sulphate layer, while S O . or SCL diffuse into the combined 

layer . Diffusion of uranium and thorium was only demonstrated from the 

outer few microns of the combined layer . 

The roasting rate at 700 C of the steenstrupine investigated by the 

present author i s probably l imited both by a combined diffusior of cat ions , 

e spec ia l ly sodium, and oxygen ions and by a disintegration of the surface 

layer as the sulphates penetrate into this layer. Asmund found that 

sodium and calcium were the dominant cations in the sulphates when 

roasting to s m a l l e r weight i n c r e a s e s , whereas , for instance , a high 

recovery of uranium was found only when roasting to high weight i n c r e a s e s . 

The recovery of uranium i s therefore l imited by the disintegration p r o c e s s . 

The combined diffusion of cat ions and oxygen ions must be l imited by 

the low mobility of the oxygen ion. Steenstrupine is metamict and it is 

partly melted at 700°C. The diffusion coefficient of the oxygen ion might 

therefore be rather high compared to the coefficient in the other minera l s 

invest igated. It is not poss ible to decide whether it i s a bulk diffusion 

or a kind of pore diffusion as suggested by Asmund '. 

The recovery of uranium is only approximately 50 per cent as a result 

of roasting to maximal weight increase . Thus it must be bound in a phase 

that is not roasted. The most l ikely explanation i s that, during the t r a n s ­

formations accompanying the heating and roasting, s o m e of the uranium 

enters the monazite phase. 
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7. STRUCTURAL STUDIES OF ANALCIME. SODALITE. NATROUTE, 

AEGIRINE. MONAZITE, MICROCLINE. AND ALBITE 

Some of these minerals are among the fast-reacting ones in connexion 

with sulphatising roasting; however, this discovery was made rahter late 

in the present work, so they have not been investigated as thoroughly as 

desired. 

7 .1 . Analcime 

The TG-DTA curves of pure analcime are shown in fig. 7 .1 . Two 

endothermic reactions were observed: 

435°C (peak top) strong endothermic reaction, 

630°C (peak top) weak endothermic reaction. 

The strong endothermic reaction is due to a loss of structurally bound 

water of approximately 8.4%. 
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Fig. 7 .1 . DTA-TG curv«« of «n»lcime. 
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X-ray diffraction patterns were almost identical for the raw material 

and for samples heated to 700°C. The crystal structure is therefore rather 

unchanged by the heat- treatment and the dehydroxylation. 

The weight increase ver sus temperature is shown in fig. 7. 2 for ihe 

sulphatising roasting of analc ime at 700 C with 5% S 0 2 in atmospheric a ir 

and different heating rates up to the reaction temperature . The connexion 

between heating rate and weight increase is not complete ly understood. 

There are probably two reaction m e c h a n i s m s , one in which the rate of the 

weight increase is direct ly proportional to t ime and one in which it d e c r e a s e s 

with t i m e . The rate i n c r e a s e s by increasing the heating rate . It i s , how­

ever , rather slow if the sample is heated rapidly to 350 C and kept at this 

temperature for 40 minutes before the heating is continued. These differ­

ences might be a consequence of the alteration of the crystal structure as 

a result of the dehydroxylation. A fast heating rate must destroy more of 

the crystal structure and form more cracks than a s low rate , and the 

roasting rate must thereby be increased. However, the differences in 

alteration were not detectable on X - r a y di f fractograms. 
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Fig. 7. 2. Sulphatwing roasting of analcime; the dependence of the reaction 

rate on the heating rate up to the reaction temperatur«, 700°C. 

When analcime was roasted at 580 C, the roasting rate was increased 

by increasing the amount of water vapour in the roast ing gas , while there 

war; no effect at 700°C. 

The diffractogram of a sample roasted to 14% weight increase showed 

the same diffractions a s the heat-treated s a m p l e s . 
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In a ntéeroscopical and microprobe examination it was possible to 

distinguish between three layers, as outlined in fig. 7. 3. Outermost, there 

was a sulphate layer followed by a silicate-sulphate layer rich in Al but 

poor in Na. The core of the grains seemed unchanged. Some microprobe 

X-ray intensity profiles through a grain in a sample roasted to 9. 1% weight 

increase are shown in fig. 7 .4. It is possible to distinguish between the 

unchanged core and the silicate-sulphate layer in the roasted grains, if the 

plane polished sample is etched by hydrofluoric acid vapour. The silicate-

sulphate layer is very unevenly distributed along the surface of the original 

analcime grain. There are no distinct borderlines between the three layers. 

The S concentration is low in most of the silicate-sulphate layer. 

1. Sulphates 
ZAItered surface layer 
3. Unchanged core 

30 microns 

F i f . 7. 3. Sketch of a roasted analcime grain. 
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Fig . 7 .4 . Microprobe X - r a y intensity profile« through a roamed analcime 

grain. 
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7.2 . Sodalite 

There was no reaction on the DTA curve of sodalite, and an X-ray 

diffractogram of a sample heated to 700 C was similar to that of the raw 

material. 

When sodalite was roasted at 580°C, the roasting rate was increased 

by increasing the amount of water vapour in the roasting gas, while there 

was no effect at 700°C. 

A sample roasted to 10.2% weight increase at 700°C with 5% SO? in 

atmospheric air was investigated in the microscope and in the microprobe. 

Four layers could be distinguished, as outlined in fig. 7. 5. Outermost, 

there was a sulphate layer followed by a silicate sulphate layer rich in Al 

1. Sulphates 
2. Silicate - sulphate layer 
3. Sulphate-silicate layer 
4. Unaltered core 

30 microns 

F ig . 7 .5 . Sketch of • roasted sodalite grain. 

but poor ;n Na and CI. The third layer was a very thin sulphate silicate 

layer that was rich in Na and S and poor in Al and Si compared to the second 

layer. The interior of the grains seemed unchanged except for a Na depletion 

in the outer few microns. Some average X-ray intensity profiles are shown 

in fig. 7.6. The borderlines between the Na-rich, sulphate-silicate layer 

and the two surrounding layers are well-defined in contrast to the other 

bord3rlines. The zone that has been attached by the roasting is of uniform 

thickness in sodalite, in contrast to the minerals analcime and natrolite 

(cf. section 9 . 1 , and 9.3). 

The ion movements through the layers, which must have taken place 

during the roasting, are outlined in fig. 7. 7. Transport must be bulk dif­

fusion or diffusion through microcracks, because it was not possible tc 

detect sulphate-filled cracks in, for instance, the second layer. It is not 
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Fig. 7.6. Microprobe X-ray intensity profiles in a roasted sodalite grain. 
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Fig. 7. 7. Ion diffusion during the sulphatising roasting of sodalite. 

known how Si and Al move through the third layer . The most likely ex­

planation is that the silicate s tructure is dissolved in the sulphate-sil icate 

layer and precipitated as the silicate-sulphate layer rich in Al and Si. 
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There seems to be a loss of the Cl" ion. It could be lost as Cl9 or HC1. 
67T These compounds may be formed when NaCl is treated by SO- . According 

to the Na_S04-NaCl phase diagram. NaCl should be dissolved in Na-SO. 

at 700°C f 4 > . 

There is a difference between the present sodalite and that seen in most 

of the lujavrite samples from the drilling cores, because the latter usually 

turn a blue colour on heating to 700 C. This difference has not been in­

vestigated . 

7 .3 . Natrolite 

The DTA-TG curves are shown in fig. 7 .8 . There is only one endo-

thermic reaction on the DTA curve, i . e . at 350 C (the peak top), and it is 

caused by a 9.8% loss of structurally bound water. The water is lost in a 

temperature interval that is narrow compared to that of analcime. It is 

therefore possible on a TG curve to roughly distinguish between the water 

lost by these two minerals, and hence to give an estimate of the amounts of 

the two minerals in mixtures. 
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Fig. 7.8. DTA-TC curves of natrolite. 
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An X-ray diffractogram of a sample heated to 700 C was almost 

identical to that of the raw material. 

When natrolite was roasted at 580 and 700 C, the roasting rate was 

increased by increasing the amount of water vapour in the roasting gas. 

The roasting rate for natrolite is the highest measured for the minerals 

investigated, as shown in fig. 4 . 1 . 

A sample roasted to 14.0% weight increase at 700°C with 5% S 0 2 in 

atmospheric air was investigated in the microscope and by microprobe. 

Three layers could be distinguished, as outlined in fig. 7. 9. Some X-ray 

intensity profiles are shown in fig. 7.10. The roasted natrolite grains were 

quite similar to those of analcime. The altered surface layer was depleted 

with respect to Na, and S was detected, although in low concentrations in 

many places. Etching by hydrofluoric acid vapour makes it possible to 

distinguish the unchanged core from the silicate-sulphate layer. 

1. Sulphates 
2.Altered surface layer 
3. Unchanged core 

40 microns 

Fig. 7.9. Sketch of a roasted natrolite grain. 
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Fig. 7.10. Microprobe X-ray intensity profile« through a roaited 
natrolite grain. 
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7.4. Aegirine 

This mineral is not particular interesting in connexion with sulphatising 

roasting because the reaction rate is rather slow. 

A few investigations were performed on the sample that Asmund used 

in his experiments. It was not a completely pure fraction, and there were 

some impurities of white minerals. Asmund found an Al^O« content of 5.0%, 

but the major part of this was definitely caused by the impurity minerals. 

Al was only detected as a trace element in the aegirine by microprobe 

examination. 

A sample roasted to 4. 5% weight increase at 700°C with 5% S 0 2 in 

atmospheric air was investigated in the microscope and by microprobe. 

The colour of the grains changed from green to light red probably because 

of hematite formation, although this phase was not detected on an X-ray 

diffractogram. There was no sign of a diffusion of any of the cations, so 

the roasting process had only attacked a thin surface layer. 

Asmund found the reaction rate to increase if roasting continued for 

many hours; he also found that the X-ray diffractograms altered at the same 

time. The increased reaction rate is undoubtedly due to a structural de­

composition. An X-ray diffractogram shown by Asmund ' could indicate 

hematite and cristoballite as the new phases. 

7.5. Monazite 

According to Asmund , monazite from Kvanefjeld is one of the fastest 

reacting minerals in sulphatising roasting, while monazite from Malaya is 

a very slowly reacting mineral. 

Asmund's Kvanefjeld monazite was investigated by microprobe by the 

present auther, using a more impure fraction than that used by Asmund. 

The sample contained 50-60% monazite. 

The monazite contained Si as a trace element, but the SiO, content was 

much lower than the 13. 9% stated by Asmund. There are many impurity 

minerals and the high Si content found by Asmund must have originated from 

these. One of the impurities is uranothorite, in which the major part of the 

uranium and a considerable part of the Th is contained. The U content in 

the monazite itself is at most a few parts per thousand. 

The impurity minerals were not detectable on an X-ray diffractogram 

because there are many different minerals. 

A sample roasted to 4. 2% weight increase was also investigated by 

microprobe. Some of the impurity minerals were severely attacked by 
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the roasting, but it was not possible to detect any attack on the monazite. 

It may therefore be concluded that monazite is one of the slow-reacting 

minerals with respect to sulphatising roasting. Uranothorite must, on the 

other hand, be a fast-reacting mineral, because the recovery of uranium 

from the roasting of the monazite of Asmund is rather high . 

7.6. Albite and Microcline 

These minerals are among the slowest reacting in sulphatising roasting. 

They were only investigated by microprobe in a lujavrite sample from 

drilling core 24 (at a depth of 86. 50-86. 75 m). The sample was magneti­

cally separated into a predominantly white mineral and a predominantly 

arfvedsonite fraction. The white mineral fraction was roasted to 3.5% 

weight increase and investigated by microprobe. There was no sign of an 

attack on these minerals as a result of the roasting. 

7. 7. Discussion 

The minerals albite, microcline, aegirine, and monazite are among 

the slowest reacting minerals with respect to sulphatising roasting. They 

are therefore of limited interest in this connexion. 

Natrolite and sodalite are two of the fastest reacting minerals, while 

analcime reacts at a medium speed. The reaction rate of analcime depends 

on the heating rate up to the roasting temperature. A fast rate is obtained 

by a fast heating rate, probably because the structure of the mineral is much 

more destroyed hereby. 

There are some points of resemblance between the roasted grains of 

analcime, natrolite, and sodalite. Roasting is a surface process in which 

a sulphate phase is formed on the outside of the grains. The surface layer 

of the original grains is a mixed silicate-sulphate layer rich in Al and poor 

in Na. The interior of the grains is rather unchanged. In the case of 

sodalite there is a fourth layer separating the mixed silicate-sulphate layer 

and the unchanged core. This very thin layer is a mixture of silicate-

sulphate, rich in Na and S but poor in Si and Al, The borderline between 

this layer and the unchanged core is very well defined in contrast to the 

other borderlines in this and the other minerals. 

The cations in the sulphates originate mainly from the mixed surface 

layer. This is of a uniform thickness in the case of sodalite, while it varies 

very much in the case of analcime and natrolite. 

The mixed silicate-sulphate layer might be regarded as an aluminium-

silicate phase where SO,, or the sulphates have diffused into the phase and 
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Na out of the phase. We do not know the structure of this phase but it is 

most likely to be amorphous. Nevertheless, we cannot exclude the pos­

sibility of a crystalline silicate-sulphate phase. We know, for instance, of 

a (2CaO,Si02)2 • CaS0 4 phase in the CaS04-CaO-Si02 sy s tem 6 8 ) . A small 

but distinct solid solution of CaSO.. is also seen in alpha 2 CaO • SiO„ at 
o 68) 2 

1000 C . 

The roasting rates for analcime, sodalite and natrolite were all in­

creased by increasing the amount of water vapour in the roasting gas, when 

roasting at 580 C and the rate of natrolite was also increased at 700°C. 

The effect of water vapour was discussed for g l a s s e s 7 6 ' 77* 78^ and for 

steenstrupine in section 6 .5 . The reaction involves the exchange of sodium 

ions by hydrogen ions, and the reaction is limited by the diffusion of the 

sodium ion. At 700 C the roasting rates of analcime and sodalite were not 

affected by water vapour and the rate of natrolite was very fast with 

anhydrous reagents. The cation diffusion into the sulphates must therefore 

be controlled by a simultaneous diffusion of oxygen ions. We do not know 

much about the diffusion coefficients of the metal ions and the oxygen ions 

in these minerals. Sodium self-diffusion coefficients have been determined 
69) in some minerals by Sippel '. His results are shown in fig. 7 .11. The 

0.8 1.0 1.2 U 1.6 1£ 2D 

Fig. 7.11. Na •eir-diffueion coefficient« in some mineral«, after SipB»iM\ 
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coefficient is ra ther high for analcime but low for the other minera l s . The 

oxygen ion self-diffusion coefficient must be extremely low in the minera ls , 

so a bulk diffusion of this ion cannot explain the sodium ion diffusion. A 

kind of pore diffusion is likely. 

The roasting mechanisms a re supposed to be s imi la r for natrolite and 

analcime. These minerals are similar in composition to albite, but they 

roast much faster . The most important difference between them is the 

crystal water in the first two, so it is likely that there is a connexion, 

between these two relat ions. Water is lost on heating to the reaction t em­

perature and the crystal s tructure must be partly destroyed hereby and 
2-microcracks formed. SO, or SO. may diffuse into the s t ructure through 

+ 2-

these cracks and Na and O may diffuse out. The diffusion taking place 

in the silicate s t ruc ture is therefore short-ranged compared to the diffusion 

in the c racks . These were not identified in the microscopical and mic ro-

probe examinations, probably because they a re too thin. In natrolite a 

counter diffusion of hydrogen ions might be of some importance, as the 

reaction rate depends on the amount of water vapour in the roasting gas. 

In the case of sodalite, the reaction is supposed to be controlled by 

the dissolution of the mineral grains by the inner sulphate-sil icate phase. 

Al and Si have to be moved through this phase to the other silicate-sulphate 

phase. 

It may be difficult to extract the sulphates from the mixed si l icate-

sulphate layers in analcime, sodalite, and natrol i te , as discussed in section 

9 .4 . 

Al is closely related to the mixed phase and is only found in small 

amounts in the sulphates. According to the Na SO. - Al_(SO.)~ phase 
70) diagram , a considerable amount of Al could be expected in the sulphates. 

The lower mobility of Al compared to Na might explain the lack of Al in 

this phase. 
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3. URANIUM MINERALISATION IN DIFFERENT LUJAVRITE SAMPLES 

8 .1 . Introduction 

As already mentioned in chapter 2, there is a considerable difference 

between lujavrite samples from different places in Kvanefjeld. The miner -

alogical composition and the uranium mineralisation may vary. 

Twenty-six lujavrite samples from the mine mater ial , the drilling cores 

and from outside the drilled a reas of Kvanefjeld were investigated in o rde r 

to see how the recovery of uranium depends on the mineralisation. A geo­

logical description of the samples is given in appendix 4. Some charac ter i s t ic 

uranium minerals were investigated and characterized by an electron m i c r o -

probe investigation. These resul ts were compared to the recovery of 

uranium by sulphatising roasting. The resul ts from the roasting experiments 

are reported in chapter 9, while a survey of the uranium mineralisation is 

given below. 

Uranium mineralisation proved to be the property determining the 

recovery of uranium. 

Steenstrupine and pigmentary material occur in almost all the 26 samples 

investigated. Steenstrupine is the most important uranium mineral in most 

samples, while pigmentary mater ia l is in a few samples . Monazite/thorite 

occur in some samples, but are usually of minor importance. Monazite is 

U-deficient and the uranium is usually contained in associated thorite or 

uranothorite. U-Nb mineralisations were found in a few samples. 

8.2. Steenstrupine 

Bøggild and Sørensen investigated the occurrence of steenstrupine 

and classified it into a few groups according to mineralogical c r i t e r i a . 

In connexion with the sulphatising roasting of steenstrupine, one 

property is of most significance, namely the degree of al teration. This 

will appear from the results given in chapter 9. 

The steenstrupine may vary from a homogeneous to a strongly al tered 

mineral . In the present investigation, the steenstrupine is divided into 

three groups. 

1. Homogeneous or almost homogeneous steenstrupine. 

2. Par t ly a l te red steenstrupine. 

3. Strongly altered steenstrupine. 

A short description of these types and of some microprobe investigations 

of the types is presented below. 
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8. 2 . 1 . Homogeneous and Almost Homogeneous Steenstrupine 

The single grains a re homogeneous or almost homogeneous in this type. 

There a re samples where the steenstrupine grains a r e al tered in some 

a r e a s , for instance along the surface, but significant a r ea s of the s teen­

strupine grains a r e homogeneous. These steenstrupines a r e included in 

the homogeneous group. 

The colour of the steenstrupine grains in these samples var ies from 

colourless to yellow and to red-brown. The composition var ies from grain 

to grain in a thin section. A 50% variat ion can be seen in the elements 

Na, Ca, Fe , and Mn, while Si, P , and the r a r e ear ths a re more constant. 

Some analyses a r e given in table 8 . 1 . 

This type of steenstrupine was found in seven of the samples invest i ­

gated. A description of the samples is given in table 9.1 and in appendix 4, 

to which the sample numbers given in this chapter refer . 

It is a mat ter of discussion whether the steenstrupine in samples 24 

and 26 is homogeneous or not. Many of the gra ins , especially in sample 

24, a r e a l tered along cracks and at the surface . This is shown in the 

microprobe distribution pictures described below. This might be another 

kind of alteration than that described in section 8. 3 for the part ly a l te red 

type where the whole grain is a l te red . Samples 24 and 26 a r e surface 

samples , so a weathering process might have caused the al terat ion. 

Pla tes 1 and 2 (pictures 1-15) show microprobe back-scat tered electron 

pictures (abbreviated B-S-E) and element distribution pictures of a s teen­

strupine grain from sample number 24. The grain is approximately 

250 x 400 mic rons . The first B-S-E picture shows most of the grain, 

while the second shows a magnification of the central part of the first 

p ic ture . The dark bands on the pictures a r e due to cracks in the thin s e c ­

tion. The grey a reas a re the homogeneous par ts of the grain. The in-

homogeneous (or al tered) a r ea s a re dark and composed of a Na-Al-s i l ica te , 

a Na-Fe-s i l ica te (arfvedsonite or aegir ine) , a Ca-Mn-si l icate and a Z r -

s i l icate . A very light area to the right in the picture is a r a r e earth 

phosphate. Some of the phases identified in the inhomogeneous a r ea s a r e 

probably inclusions while others a r e al teration products . 

Plate 3 (pictures 1-5) shows some element distribution pictures from 

a ra ther inhomogeneous grain from sample number 26. U, Th, and Zn 

seem to be homogeneously distr ibuted, while Si and P may vary. They 

partly substitute for one other. 
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8 .2 .2 . Quantitative Microprobe Analysis 

Steenstrupine grains were analyzed from the following samples: number 

2 (mine sample), 13, 19, 20 (from drilling cores 4, 24 and 28) 24 and 26 

(from outside the drilled a reas of Kvanefjeld). In addition, a sample from 

Tugtup agtakorfia, kindly provided by H. Sørensen, was analysed. This is 

a homogeneous anisotropic steenstrupine having the GGU (Geological Survey 

of Greenland) number 21063. 

Steenstrupine is a very difficult mineral to quantitatively analyze by 

microprobe. There is usually a considerable loss of Na when the sample 

is hit by the electron beam and the structure is in some cases destroyed, 

whereby a c ra te r is formed in the sample. Point analysis (equal to the 

resolution of the microprobe, 3 microns) was impossible. Instead, a r ea s 

of 90 x 90 or 45 x 45 microns were analyzed by scanning the electron beam. 

Nevertheless, it proved impossible to avoid a minor Na loss , especially 

in the sample from drilling core 4. A cra ter was made by the electron 

beam in the sample from outside Kvanefjeld, number 26. A loss in Na 

usually increases the other X-ray intensities, but c ra ter formation does 

not seem to change them very much. The operating voltage was 10kV when 

determining Na, and 15kV in all other analyses. 

The analyses a re given in table 8 . 1 . Y analysis was not performed 

because no Y standard was available. The measured Y intensity, given in 

counts/10 s,is instead listed in table 8 .1 . The background is subtracted 

For comparison, the measured intensity is given for a monazite standard 

containing 0.11 per cent YgO,. This standard was kindly provided by 

J . Rønsbo. 

Analysis numbers 7 and 8 differ very much from the others . Si and 

Na a re low, while U is high. F was not detected by microprobe examination 

of these two grains, and Be, Li and B were only found as t race elements 

by an emission spectrographical examination on a separated steenstrupine 

fraction. This also confirmed the low Na content. An X-ray powder dif­

fraction examination was performed by J . Rose-Hansen, but the lines were 

too weak to determine the s t ructure of the mineral . The unusual com­

position might indicate a new minera l . 

Analyses 1, 3, 4, 5, and 6 a re s imilar , although there is some variation 

in the N a , 0 content. The total is very high in analysis 2, so the H ? 0 content 

in this sample must be low. Analyses 1-6 are similar to other steenstrupine 

analyses from Ilimaussaq ' ' . Analysis number 6 was made on a homo­

geneous grain. A qualitative analysis of two homogeneous areas in al tered 
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Analysis number 

Sample 

S i 0 2 

p 2 o 5 

uo2 

ThOj 

^2°* 
C « 2 ° 3 

P r 2 ° 3 

N d 2 0 3 

CaO 

MnO 

N a 2 0 

F « 2 0 3 

A 1 2 0 3 

K 2 0 

ZnO 

number 

Table t . 1 

Microprobe analysis of steenstrupine 

1 

2 

30.9 

9 .0 

1.03 

4 .8 

S. 7 

14.5 

2.2 

4 .2 

3.1 

4 .3 

2.3 

3.8 

1.1 

-

-

2 

21063 

28.2 

12.4 

0.13 

0.73 

a. s 

19.4 

2.4 

5.2 

1.0 

5.6 

14.2 

3.2 

-

-

-

3 

19 

24.7 

10.4 

1.03 

4.1 

10.1 

13.7 

2. S 

4.3 

2.3 

3.4 

8 .9 

3.9 

-

-

-

4 

13 

29.2 

10.4 

0.90 

3.8 

9.1 

15.6 

2.2 

4 .7 

1.8 

4 .0 

6.3 

4 .2 

-

-

-

5 

20 

28.6 

9.6 

0.84 

3.5 

10.6 

15.1 

2.5 

4 .0 

2.5 

3.2 

8 .0 

4 .7 

-

-

-

6 

24 

28.2 

9.2 

0.86 

3.6 

10.2 

15.0 

2.4 

4 .0 

2.1 

4 .8 

3.2 

4.2 

-

-

-

7 

26 

10.8 

12.0 

1.82 

4.1 

11.3 

17.6 

2.6 

5.3 

0 .5 

1.3 

0 . 2 

4 .4 

0 .2 

C. 3 

. 0 

8 

26 

8.3 

11.7 

1.67 

4 .2 

11.5 

18.6 

2.6 

4 .8 

0 . 9 

4 .1 

-
4.1 

1.5 

0 .3 

0.6 

total 90.5 101.3 89.3 92.2 93.1 87.8 73.4 74.9 

Y (counts) 204 83 394 436 425 361 783 307 

Y standard (0.11% Y J O J ) 25 

grains in this sample showed a much lower S i /P rat io, which lay between 

the "normal" one and that of analyses 7 and 8. It was not investigated 

whether there was any connexion between alteration and S i / P rat io in this 

sample. 

A few per cent NbgO, has been determined in most of the previously 

reported analyses of steenstrupine, but it was not detected in the present 

investigations of both homogeneous and altered steenstrupine. There were 

inclusions of a Nb-Ti - ra re ear th (Ce part)-U mineral in the steenstrupine 

grains from GGU 21063. Steenstrupine is therefore not a Nb-containing 

mineral , but N. may be found in the inclusions. 

8 . 2 . 3 . Part ly Altered Steenstrupine 

This type of steenstrupine was found in ten of the samples investigated. 

The grains have a varied appearance in thin sections. Some areas a re 

anisotropic and others a re isotropic. The colour may also vary within a 
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grain; usually it i s yellow, brown or grey. The refractive index is seen 

to vary within the grains when they are observed in reflected light. 

An incipient decomposition into a predominant si l icate and a pre­

dominant phosphate phase has occurred in this type of steenstrapine. In 

fig. 8.1 som* concentration profiles (uncorrected measured X-ary intensity) 

Fig. 8.1. Microprobe X-ray Intensity profiles through a atecnatrupinc 
grain of the partly altered type. 

are shown through a grain from a sample from drilling core 16 (sample 

number 8). All the profiles are made in the same track. 

The rare earths are concentrated in the phosphate-rich phase, while 

the other metal ions are concentrated in the si l icate-rich phase. Although 

i'.ot evident from fig. 8 .1 , a partial separation has occurred between the 
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Ce part and the Y part of the rare earths . Y is concentrated in the s i l i ca te -

rich phase. The s m a l l differences in ionic radii must explain this separation. 

This descript Ion applies in general for this type of steenstrupine. The 

degree of separation between the phosphate- and the s i l i c a t e - r i c h phases 

may vary and s o may the "grain s i ze" of the separated a r e a s . The con­

nexion between isotropic 'anisotropic a r e a s , the uranium content and the 

s i l icate/phosphate rich phases was not investigated. 

8 . 2 . 4 . Strongly Altered Steenstrupine 

This type was only found in three of the samples investigated, s o it i s 

probably more rare than the other two. 

A complete separation in severa l s i l icate phases and usually only one 

phosphate phase occurred in this type. The grains are very inhomogeneous. 

Plates 3-5 (pictures 1-14) show microprobe e lement distribution 

pictures of a part of a grain- from a naujakasite lujavrite from sample 

number 17. The grain i s most c lear ly demarcated by the light areas on 

the Ce picture. The dark a r e a s on the back-scat tered electron picture 

are microc l ine . The P and Si pictures c lear ly indicate a complete s~per-

ation in several s i l i cate and two phosphate phases . The Ce part of the 

rare earths is bound in a phosphate phase (a monazite or a monazite- l ike 

phase). The Y part of the rare earths is bound in a very fine-grained 

Th-Y-(Mn) phosphate phase. A complete separation of Ce and Y occurred. 

It was not poss ib le to make a quantitative microprobe analysis on these 

grains but a qualitative est imate gave a rather high P content compared to 

the homogeneous s teenstrupines analyzed. 

There i s a low concentration of a few per cent Th in the "monazite" 

phase, while the U-concentration is much lower. The major part of the 

uranium is bound in a very f ine-grained phase, probably an oxide one. 

The other metal ions , Ca, Mn, Fe , and Na, are bound in different s i l icate 

phases . 

Plate 5-6 (pictures 1-11) show microprobe e lement distribution pictures 

of a part of a large steenstrupine grain from an arfvedsonite lujavrite from 

sample number 23. The grains in this sample are general ly very large, 

500 microns or m o r e . 

On the back-scat tered electron picture there i s a very bright area 

result ing from a Th-U s i l i ca te . This area is weakly anisotropic , and has 

a faintly yellow colour. The ratio of Th to U in the grain is approximately 

2:1. This might be uranothorite, although the uranium concentration is 

very high for this minera l . 
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Ce was mostly found in a phosphate phase but occasionally it was also 

found in the si l icate one. Na, Al, and K were bound in fe lspars , and Fe 

in arfvedsonite. There was a minor amount of Zr in a s i l icate phase . 

Some of these phases might be of pr imary origin. 

This steenstrupine grain is unusual because of the large a rea of 

uranothori te . The same phase is found in other grains but in much smal le r 

a r e a s . A few concentration profiles were made on the uranothorite grain, 

which is not homogeneous and the variat ions a r e pronounced, especially 

for Si. 

8 . 3 . Pigmentary Material 

The te rm "pigmentary mater ia l" is he re used to denote al tered Z r -

containing sil icate minera ls , which contain a minor amount of uranium. 

The al tered minerals have not been identified, but they might, for instance, 

be eudialyte ((Na, Ca, Fe)gZr(OH, CI) (S i 3 0 9 ) 2 ) . lovozerite ((H, Na. K) 2 0 . 

(Ca, Mg, Mn)0, (Zr , T i ) 0 2 , 6Si0 2 ,3H 2 0) , and kataplei te (Na2ZrSi .Og.HgO). 

The grains a re usually grey or yellow in thin sections and they look crackled. 

In some cases tl.e pigmentary mater ia l looks like strongly al tered steen­

strupine. The pigmentary grains a r e usually sma l l e r than 100 microns in 

s ize , but l a rger grains may be found. They a r e often found in grain bound­

a r i e s in connexion with arfvedsonite, but they may a lso be found as inclusions 

in, for instance, analcime and microcl ine. Small grains of neptunite a re 

often found in connexion with the pigmentary mate r i a l . 

Plates 7-8 (pictures 1-10) show microprobe element distribution pictures 

of a pigmentary mater ia l grain from a medium- to coarse-gra ined arfved­

sonite lujavrite, sample number 3. This is a r a the r large pigmentary grain 

of 150 microns in size that lies between grains of analcime and microline. 

There a re two smal l arfvedsonite grains at the lower right corner . 

The main elements in the grain are Si, Z r , Mn, and Ca with minor 

amounts of Y, Ti, Fe , U, Na, and Al. The grain is of si l icate which is 

decomposed into several phases as seen on the B-SrE picture. There are 

3 or 4 homogeneous a reas in which Si, Zr and a lit t le U a r e found. These 

a r ea s a r e anisotropic. The highest uranium concentration, approximately 

1 per cent, is found at the lower left corner of the grain. The more diffuse 

a r ea s on the B-S-E picture a re mainly composed of a Ca-Mn-Y sil icate 

phase. The other elements a re found outside these phases and are more 

scat tered. 

Plates 8-9 (pictures 1-T4) show microprobe element distribution 

pictures of a pigmentary mater ia l grain from a medium- to coarse-gra ined 

arfvedsonite lujavrite, sample number 2. 
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This pigmentary grain i s found in another sample from the mine mater ia l . 

The grain is approximately 200 x 200 m i c r o n s . A few smal l arfvedsonite 

grains are found to the left at the top and at the lower left corner of the 

pictures . A neptunite grain l i e s at the top left corner . The pigmsntary 

grain i s surrounded by analc ime. Three very bright a r e a s are seen on the 

B - S - E picture. They result from destruction of the carbon layer with which 

the samples are coated to secure conductivity and do not indicate any dif­

ferences in the e lement distribution. 

The main e lements in the grain are Si , Zr , Mn, and Ca, with s m a l l e r 

amounts of Na, Al . Nb, Ti . U. Zn, and Y. U, Nb, Ti , a.id Zn are forming 

an independent phase. The separation of the grain in several phases i s not 

as distinct as for the previous grain. 

The neptunite grain i s c l ear ly seen on the Ti picture. The uranium 

content in the right part of the grain i s approximately 3%. Sporadically, 

it i s , of course , higher. 

P la tes 10-11 (pictures 1-12) show microprobe element distribution 

pictures of a pigmentary material grain from a arfvedsonite lujavrite, 

sample number 24. The pigmentary grains in this sample are very s m a l l , 

6-7 grains are seen in (he middle and in the lower part of these p ic tures . 

There are two oblong arfvedsonite grains at the top left corner parallel to 

the borders of the picture. A few of the e lement distribution pictures are 

displaced relative to the B-S-E picture. 

The main e lements in this pigmentary grain are Si , Zr, Mn, and Ca, 

while U, Na, F e , K, Zn, and Y are found in smal l concentrations. A 

decomposition into a Ca-Mn-Y s i l icate and a Zr s i l icate phase has occurred . 

Na was problematic in the microprobe examinations of the pigmentary 

materia l , because it was extremely eas i ly lost in the electron bombardment. 

A few investigations were made with a low accelerat ion voltage to get an 

est imate of the Na content. It was below 5% in the investigated samples 

and the concentration was higher in the Ca-Mn s i l icate phase than in the 

Zr - s i l i ca t e phase . 

8 . 4 . U-Nb Mineral isations 

Probably only a small amount of the uranium is found in these rare 

compounds in the lujavri tes; however, the uranium concentrations in these 

grains may be as high a s 10%. 
1 72) 

A steenstrupinorlike U-Nb mineral has previously been found ' 

Asmund a l so mentions a steenstrupine containing 10.2% Nb, and 7.32% 
72) U 0 9 . Another sample contained ~ 50% Nb and 7% UO„ '. This sample 
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was investigated by electron microprobe; besides Nb and U. it contained 

smal le r amounts of Si, Fe, Mn, Ti , Ca, and the Ce part of the r a r e ea r th s . 

Plates 11 and 12 show some element distribution pictures from a 

medium- to coarse-grained arfvedsonite lujavrite sample from the mine 

mater ia l . The U content is as high as 1700 ppm in this sample, which 

contains much monazite. This sample was not further investigated. 

Some grains of a rather unusual composition were found inside a 

cluster of arfvedsonite grains . These pictures show a part of a grain that 

is 75-300 microns in s ize . There a re some dark bands on the B-S-E 

picture due to cracks in the polished sample . 

The main elements in this grain a r e Si, Mn, Ca, U, Ti , Z r , Nb, and 

Y. There a re small amounts of the Ce part of the r a r e ear ths , Na, and 

Fe . The U-content is approximately 10%, and it is concentrated in a 

Nb-Ti-U phase. Ca is rather uniformly distributed, while Zr and Y a r e 

more sporadically distributed and found a s s i l icates . 

Fur ther grains of this type were found within the cluster of arfvedsonite 

grains . A Nb-Ti-U phase was character is t ic for these grains . 

These grains may have features in common with the normal pigmentary 

grains . The cations a re the same except for Nb and Ti , which in part 

replace Zr and Si. 

A medium- to coarse-grained arfvedsonite lujavrite from the mine 

mater ia l contained a large piece of pyrochlore and numerous small pyro-

chlore-like c rys ta l s . The uranium concentration in the large piece of 

pyrochlore was 0. 3% at most. An X-ray diffractogram showed the dif­

fraction lines of pyrochlore. The pyrochlore i s , however, composed of 

several Nb-Ce part of the r a r e ear th-Si -phases . 

Three of the small yellow grains were investigated by microprobe. 

They a re homogeneous, the uranium content is 1-3 per cent and the SiO„ 

and Nb2Oj. contents are approximately equal. Zr and the elements charac­

ter is t ic of pyrochlore were detected. 

U-Nb-Ti compounds were also found in a sample from position 6 on 

the map in fig. 9 . 1 . The uranium content in this sample is approximately 

1%; the phase is very fine-grained and found in a Ca-Mn-Mg phase. There 

is no Si in the Nb-Ti-U phase, while it appears as a t race element in the 

other phase. 

As already mentioned, U may be found in a U-Nb-Ti phase in the 

pigmentary grains. Nb-Ti-Si-U inclusions were also found in the s teen-

strupine grains from the sample from Tugtup agtakorfia (sample GGU 

21063). 
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8.5. Monazite/Thorite 

Microprobe investigations *ere carr ied out on a few monazites. The 

mineral is U-deficient in all the samples investigated and it is often a s ­

sociated with grains of uranothorite. 

Plate 13 (pictures 1-5) shows microprobe element distribution pictures 

of a medium- to coarse-grained arfvedsonite lujavrite, sample number 15. 

A ser ies of light areas on the B-S-E picture a re mostly monazite as seen 

on the element distribution pictures. There is , however, a single 

uranothorite grain in the upper part of the picture. There is a few per cent 

Th, but less than 0.2% U in the monazite, while there is approximately 20% 

UO, in the uranothorite. 

Plates 13-14 (pictures 1-5) show microprobe element distribution 

pictures from a medium- to coarse-grained arfvedsonite lujavrite, sample 

number 2. 

A part of a monazite grain is shown. In the middle of the grain there 

is a uranothorite area where the UO„ concentration is approximately 

12%. 

8.6. Discussion 

Steenstrupine is the most widespread uranium-containing mineral in 

the ore . It is usually found in homogeneous or partly altered types. An 

incipient phase separation into a predominantly phosphate and a predominantly 

silicate phase has occurred in the partly altered steenstrupine. The strongly 

altered steenstrupine is more r a r e ; in this type a complete phase separation 

into silicate phases and usually one phosphate phase (monazite) has occurred. 

A separation of the r a re earths into the Ce part and the Y part has begun 

in the partly altered steenstrupine, and the separation of Ce and Y is com­

pleted in the strongly altered ones. 

Pigmentary material is found in almost all samples but it is the main 

uranium mineral in only few. It is a silicate "mineral" and the most im­

portant metal ions a re Zr, Ca, Mn and (Na). U and Y are always found in 

minor concentrations, while Fe, Al, K, Zn, Nb, and Ti may be found in 

smaller amounts. 

Usually, the material is not homogeneous but decomposed into various 

phases. Areas of 20-30 microns of an anisotropic Zr-si l icate were found 

in a few cases . The uranium is usually found in this phase, but in Nb-Ti-

containing pigmentary material U is always found in a Nb-Ti-U phase. A 

fine-grained Ca-Mn-Y-(Na) silicate was also seen in some cases . 
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The composition and the degree of decomposition of the pigmentary 

material vary, probably because this originates from a few primary 

minerals that have been al tered to different degrees. 

The uranium content in the pigmentary material is usually below 2%. 

In Nb-Ti-containing samples it may be higher. 

The pigmentary material is the main uranium mineral in the mine 

material samples. It is usually widespread in samples where the Th/U 

ratio is low. 
1 fi) 

Hansen found hematite in connexion with a kind of pigmentary 

material from some radioactive veins. Only small amounts of Fe were 

found in the pigmentary material from these samples, so hematite cannot 

be characteristic of the pigmentary material from the lujavrites. 

Monazite is found in many samples but it is usually U-deficient. 

Uranothorite is often found in connexion with it, and the main part of the 

uranium in these a rea r is bound in uranothorite. 

U-Nb mineralisations a re found in a few cases . The U content is below 

10%. Th is not found in these a r e a s . Both Nb-Ti-U and Nb-Ti-Si-U 

compounds are found. 

9. SULPRATISING ROASTING OF DIFFERENT LUJAVR1TE SAMPLES 

9 . 1 . Introduction 

Twenty-six different lujavrite samples were investigated. The samples 

were chosen from the mine mater ial , from the drilling cores , and from the 

areas around Kvanefjeld where a further drilling programme is planned. 

The positions from which the last-named samples were taken is marked on 

the map in fig. 9. 1. The ore types arfvedsonite lujavrite, medium- to 

coarse-grained arfvedsonite lujavrite, and naujakasite lujavrite are rep­

resented in these samples. 0 .2-2. 5 m of ore were selected from the drilling 

cores; pieces with the dimensions of 5-10 cm were selected from the sur ­

face samples. 

Although the samples were rather arbitrari ly chosen, most had an 

uranium content above the average. 

The results from the roastings of these samples were compared to the 

roastings of some average samples made by mixing samples from many 

drill cores . 

The samples were crushed in a hammer mill and ground in a rol ler . 

The fineness was 80-90% below 150 microns, which is the degree which 
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after H. Sørensen . Equidistance« 100 m. 

The numbers refer to the test. Igdhmguoq 

will probably be chosen for an industrial utilisation of the ore. Many of 

the grains were released hereby. 

9 .2 . Grain-size Distribution 

The samples had different natural grain-size distributions as also the 

ground samples. A few grain-size distribution curves are shown in fig. 9 .2 . 
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Fig. 9 .2 . Grain atxe distribution curves of some of the (round samples. 
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The samples from drilling cores 30 and 32 are extremes, while the other 

two are more common. 

9. 3. Description of the Samples 

Table 9. 1 gives a very brief description of the samples. A more 

elaborate one is given in appendix 4. 

The following abbreviations are used in table 9. 1. 

arf 
anal 

mic 

alb 

aeg 

nef 

sod 

nau 

nat 

ste 

pigm 

mon 

tho 

arfvedsonite 
analcime 

microcline 

albite 

aegirine 

nepheline 

sodalite 

naujakasite 

natrolite 

steenstrupine 

pigmentary material 

monazite 

thorite 

1) the minerals were determined by X-ray diffractogram 

2) the minerals were determined by X-ray diffractogram and thin section 

3) the uranium mineralisation was determined from a polished section. 

Thin sections were made from most of the samples. A description of 

these is given in appendix 4 through the kind help of H. Sørensen. Some 

of the samples were only investigated as plane polished samples. Uranium 

mineralisation may in most cases be described from these. It is possiole 

to distinguish between homogeneous, partly altered and strongly altered 

steenstrupine, and pigmentary material may also be detected by this method. 

The main minerals were determined by X-ray diffractograms. 

9. 4. Sulphatising Roasting of the Samples 

The samples were roasted at 700°C with 5% S 0 2 in atmospheric air. 

The samples were quenched after roasting with a continuous supply of SO,. 

The weight loss through heating to 700°C, the weight increase through 

roasting, the roasting time, and recovery of uranium are given in table 9 .2 . 

The present roasting experiments were carried out without the addition 

of waste liquor and pelletising of samples that would be done if the ore was 
4) utilized industrially . The waste liquor is a slightly acid solution and 
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some steenstrupines a r e easily soluble in it, so some of the uranium would 

be dissolved by the waste liquor and some by the roasting. Because the 

roasting process was under investigation in the present experiments, the 

waste liqour was not added. 

Table S. 1 

A brief description of th« 2( samples investigated 

Sample Drill core 

number r -nber and Main miners.'« Uranium mineralisation Remarks 

.«pt 
( - meters) 

1 
2 
3 

4 
K 

6 
7 

e 
5 

10 
11 

12 
13 

M 

IS 

It 
17 

It 
19 

20 
2) 
22 

23 

24 

25 

26 

mine sample 
mine sample 
mine sample 
mine sample 

32 

30 
15 

16 
16 

39 
39 

39 
4 

5 

22 

22 
32 

7 
24 
26 
17 

33 m 
13 m 
41 m 

71 m 
73 m 

25 m 
64 m 

152 m 
112 m 

120m 
119m 

HI in 
II m 

113 m 
•7 m 

90 sn 
110 m 

40 143 m 

point 2 on 
the map 
point 3 on 
the map 
point 4 on 
the map 
point 5 on 
the map 

art. anal, m'lt. raic 2) 
arf, anal, raic 2) 
arf. anal, mic 2) 

arf. anal, alb, mic 1) 
aeg. sod, alb 2) 

arf. anal, mic 2) 

arf. anal, mic, nef 2) 
arf. anal. 2) 

art. anal, mic. alb 2) 
arf, anal. alb. aeg I) 
arf, nau, anal, mic 1) 
»rf, alb 1) 
»rf. anal, nat 2) 

arf, alb, mic, nef 2) 

art. anal, aeg 2) 

arf. aeg, mic. nat 2) 
nau, aeg, arf, anal, 
alb 2) 
arf, nan, alb 2) 
arf. alb, sod, mic 2) 

arf, mic, new 2) 
•rf, ami, alb. nat 2) 

arf, mic, aeg, sod, 
alb, nat 1) 
arf, anal, mic 2) 

arf, anal, mic 2) 

arf. aeg, anal, nef 2) 

srf, anal, acg 2) 

mainly ptgm 
mainly pigm. a little ate 
mainly pigm, a little ste 

not determined 

mainly strongly altered ste 

partly altered ste and pigm 
partly altered ste and pigm 

partly altered ste 
partly altered ste 
pigm 
partly altered ste and pigm 
partly altered ste and pigm 
homogeneous ste 
partly altered ste 

partly altered ste. pigm. 
and mon/tho 
pigm and mon 
strongly altered ste 

partly altered etc 
homogeneous ate 
homogeneous ste and mon 
portly altered si* 

pigm 

strongly altered ste 

homogeneous ste, and 
pigm 
pigm 

homogeneous ate and 
pigm 

arf is >trongly altered to aeg 

much neptunite in pigm 

natrolite-rich samplr 

arf partly altered to aeg 

arf partly altered to aeg 

anal poor and nau-
rich sample 
anal poor sample 
red-brom ste 
colourless ste 

large inhomogeneous ste 
grains 

ste of very unusual 
composition 
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Table 9.2 

Sulphatising roasting of samples 

Sample 

number« 

, 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

Drill core 

numbers 

the mine 

the mine 
the mine 

the mine 
32 

30 

IS 

16 

16 

39 

39 

39 

4 

5 

22 

22 

32 

7 

24 

26 

17 

40 

Weight toss 
by heating (%) 

3 . 5 

2 . 2 

2 . 0 

2. S 
1 .0 

3.75 

2 . 5 

2 . 5 

3.25 

1 . 0 

1.25 
0 . 5 

3.25 

1.25 

2 . 0 

3 . 0 

3 . 2 

1.25 

0 . 6 

1 .5 

2 . 0 

0 . 6 

2 . 5 

3.75 

1.25 

3 . 0 

to different weight increases 

Weight increase 
by roasting (%) 

6 . 0 

12.0 
19.5 
6 . 0 

6 . 0 

12.0 
6 . 0 

6 . 0 

11.5 
6 . 0 

13.5 
18.0 
6 . 0 

14.5 
6 . 0 

12.0 
18.0 

6 . 0 

12.0 
18.0 
6 . 0 

6 . 0 

6 . 0 

6 . 0 

12.3 
17.3 

6 . 0 

12.0 
16.8 
6 . 0 

6 . 0 

15.0 

6 . 0 

17.8 
6 . 0 

15.0 
6 . 0 

12.0 
6 . 0 

6 . 0 

13.5 
6 . 0 

12.0 
2 . 0 

6 . 0 

12.5 
6 . 0 

12.0 

6 . 0 

13.0 
6 . 0 

12.0 

Roasting 

time (min 

17 

53 

170 

19 

12 

62 

13 

15 

78 

15 

40 

62 

9 

63 

16 

60 

230 

16 

48 

93 

25 

6 

6 

7 

26 

60 

7 

50 

230 

12 

8 

85 

11 

85 

6 

38 

13 

100 

5 

7 

48 

8 

70 

8 

40 

140 

25 

100 

12 

70 

25 

'23 

Recovery 

) of ura­
nium (%) 

47 

50 

54 

60 

44 

62 

32 

72 

77 

44 

64 

74 

27 

33 

30 

45 

63 

18 

43 

62 

65 

40 

33 

20 

30 

42 

20 

50 

64 

46 

35 

38 

72 

76 

24 

32 

28 

42 

22 

10 

44 

39 

84 

56 

83 

88 

48 

66 

70 

80 

54 

81 
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9. 4. 1. The Rate of Roasting Compared to Ore Composition 

There are large differences in the mineralogical composition of the 

samples, and so the rate of weight increase as a resul t of sulphatising 

r tas t ing also var ies . 

The weight loss through heating of the samples var ies from 0. 5 to 3. 75%. 

The majority of this water is contained in the minerals analcime and na t ro-

lite, so the content of these two minerals var ies from a few to almost 40 

per cent. 

The roasting time for 6% weight increase varies from 5 to 40 min. 

The slow-reacting samples may, for instance, contain arfvedsonite, 

analcime, microcline, aibite, and aegirine, while the fast-reacting ones 

may also contain natroli te, sodalite, nepheline, and naujakasite. The las t -

named minerals were all found to be among the fast-reacting minerals in 

pure fractions (chapter 4). 

The roasting rate measured as a weight increase versus time is prob­

ably not the same when the mineral is roasted in a pure fraction or in a 

lujavrite sample. The different sulphate compositions may affect the 

ra tes , and they definitely affect the equilibrium conditions. The stability 

of Fe„(S04)o and Al2(SO.)„ depends on the composition of the sulphate phase. 

The reaction rate , however, does not change significantly from the pure 

samples to the lujavrite ones. 

9 .4 .2 . Recovery of Uranium 

The recovery of uranium by roasting to 6% weight increase is chosen 

as a standard of reference. 

It is impossible to give the uranium minerals in all samples an identical 

treatment because of the differences in mineralogical composition and in 

grain size, and thereby in reaction rate and sulphate composition. This 

standard of reference i s , however, applicable. 

The following conclusions may be drawn frorr ihese resul t s . Recoveries 

a re high from strongly altered steenstrupine, from pigmentary material 

and from uranothorite, while they are low from the homogeneous and partly 

altered steenstrupines. A review of the samples is given below. 

The recovery is above 40% in the following samples : 1, 2, 3 (from the 

mine material), 5, 17 (from drill core 32) 10, 11 (from drill core 39), 15 

(from drill core 22) 23, 24, 25, and 26 (from outside Kvanefjeld). 

The uranium is contained in strongly altered steenstrupine in the three 

samples 5, 1 7, and 23, where it is found in highly concentrated but small 

a reas within the steenstrupine grains. In samples 5 and 1 7 it is probably 

bound in an oxide phase, while it is in a silicate phase in sample 23 (section 
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8.2.4) . This fact does not seem to influence the recovery. In section 7.5 

it was also demonstrated that a high recovery is obtained from uranothorite. 

It must be rather easy for the SO- to penetrate through these strongly 

altered steenstrupine grains and attack the uranium-containing par t ic les . 

The coherence of the steenstrupine grains may be small because of the 

phase separation. Some of the silicate phases in the grains a re undoubtedly 

also attacked during roasting. 

The strongly altered steenstrupine is only found in these three samples, 

so it is probably r a r e in the lujavrites, but in connexion with sulphatising 

roasting it is very attractive, because of the very high recovery. 

Uranium is found almost exclusively in pigmentary material in the two 

samples 10 and 25 , where the recoveries are very high too. 

According to H. Sørensen, the same mineralisation is found in samples 

22 and 25. It i s , however, easier to obtain a high yield from the last sample. 

The recovery from samples containing pigmentary material is high, and 

it may be compared to the recovery from the strongly altered steenstrupine. 

Samples numbers 1 ,2 , 3, 6, and 11 contain an essential part of the 

uranium in pigmentary material , while another part is contained in steen­

strupine of the homogeneous or partly altered type. These two steenstrupine 

types give a poor recovery as will be shown below. The relatively high 

recoveries from these samples are therefore due to the pigmentary mater ia l . 

Sample number 1 5 contains uranium in partly altered steenstrupine, 

pigmentary material and uranothorite in connexion to monazite. The re la ­

tively high recovery from this sample may be caused by the uranothorite. 

The two samples from outside Kvanefjeld, numbers 24 and 26, mainly 

contain steenstrupine of an unaltered type and some pigmentary mater ia l . 

The recoveries from these samples are higher than could be expected. The 

steenstrupine in these samples is , however, of a very unsual composition. 

It has apparently a higher affinity with the sulphatising roasting. 

In most of the other samples investigated the main part of the uranium 

is found ,n steenstrupine of the homogeneous or partly altered type. There 

is no remarkable difference in the recoveries from the homogeneous types 

like those in sample numbers 13, 19, and 20 and the partly altered types 

like 8, 9, 14, and 21, A higher uranium recovery is obtained from th<? 

last-named type, if >! r^a^iVae. is continued to higher wei^'-t icrease» 

such as 12 or 18%. 

Thi; '-ecovei-y of uranium was only ELghtl> inc?f;,r-f.; 1» amples . \ 

7, 16, \"<, 18. f, and ^ ; wc-.^. : • lasted o higher «vtr.g!-. ir.ci • e» the*' C'%. 

Sample nunbf * 5, ' 7, '..', -and 25 t'ave a very lugii recov.fi/ by roastii g 

http://recov.fi/
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to 6%, and it is apparently difficult to get a recovery higher than 70-85%. 

Sample numbers 7 and 16 have a ra ther high content of monazite. The 

uranium content in this mineral is at most a few par ts per thousand, but 

an essential par t of the uranium might be in this mineral in these samples ; 

therefore it is not recovered by the sulphatising roast ing. It is not under­

stood why the recovery was only slightly increased in sample numbers 1 

and 18. The uranium might be concentrated in a phase that is not roas ted . 

There was no indication of such a phase in the raw mate r i a l , but it might 

be formed by the roast ing. We know little of the equilibrium conditions in 

the sulphate phase, and we cannot exclude the possible formation of an 

insoluble oxide or basic sulphate phase during roasting. This might a l so 

explain why the recovery in the other samples cannot exceed 70-85% per 

cent. 
72) E. Sørensen has shown that a fraction of the sulphates formed from 

some samples is insoluble in the subsequent leaching. The fraction is 

increased by continued roast ing. Uranium might be connected to these 

sulphates, although it has not been detected by microprobe investigation 

of such a sample . The insoluble sulphates a r e connected to some of the 

white mine ra l s . The investigations of, for instance, natrol^te, (section 

7.3), sodalite (section 7.2), analcime (section 7.1), and steenstrupine 

(chapter 6) showed the existence of a sulphate-si l icate layer . The sulphate 

from this layer is probably very difficult to dissolve, so it might explain 

the insoluble sulphate. 

Fig. 9. 3 shows the recovery of uranium versus weight increase for 

sample numbers 8 and 1 3. The recovery per added S equivalent is highest 

2 100 

z 80 

1 60 
LL 

O 40 
a 

> 0 
0 5 10 15 20 

WEIGHT INCREASE M) 

Fig 9. 3. Recovery of uranium vereu« weigh: increase for two s»rr>pl»» 
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for the first few per cent weight increase but for continued roasting it is 

almost directly proportional to the weight increase . This phenomenon is 

seen in most of the samples containing steenstrupine of the homogeneous 

or partly altered type. Presumably the pigmentary material is roasted 

first and so the high recovery at the beginning of the roasting can be 

attributed to this material. The uranium recovery from steenstrupine i s 

almost proportional to weight increase as it was previously a l so shown for 

the roasting of the pure mineral (section 6 .3) . 

Table 9. 3 gives a comparison of the uranium recoveries from the three 

types of ore from which samples were investigated. There i s no indication 

of one ore type giving better recoveries than the others. 

Table 9. 3 

A comparison of the uranium recoveries from different ore type« 

Number of samples 

Average uranium 
recovery (6% »eight 
increase) 

A rf vedsonite 

lujavrite 

16 

4 2 . 6 

Medium- to 

coarse-grained 

arfv. luj. 

6 

36 .0 

Naukasite 

luj&.vrite 

4 

39. S 

The best recoveries of uranium were found in samples from near the 

surface. This is probably because pigmentary material i s more widespread 

in the upper part of the ore. This will be discussed later in section 9 .6 . 

The four samples from outside the area of Kvanefjeld drilled hitherto 

are probably the most interesting ones in this investigation. The recovery 

of uranium was high in all of them. The steenstrupine in these samples 

was strongly altered (sample 23) or had a very unusual composition that 

makes it more suited for roasting (samples 24 and 26). The samples also 

contained more pigmentary material than usual, especial ly sample number 

25. 

According to H. Sørensen, th*;re should be large r e s e r v e s of the ore 

from sample 25 This should be of the same mineralisation as that found 

at the bottom of drill rore 40 (sample number 22). This sample gives a 

rather high recovery, so there is at least a well-founded conjecture that 

these samples are mor« prom*, ng than those* from the drillen area of 

Kvancfieid with respect to sulph.atiaing roasting. 



- 88 -

9. 5. Sulphatising Roasting of Different Grain Size Fractions 

A few experiments were made in order to see how grain size influences 

the roasting rate of the lujavrites and the recovery of uranium. 

Some of the samples investigated in the above section were separated 

into the three grain size fractions (36 , 36-75, and )75 microns . Each 

fraction makes up at least 20% of the unseparated sample. The following 

samples were investigated: 1, 6, 7, 13, 14, and 17. 

Table 9.4 

Sample 

number 

1 

6 

14 

7 

13 

17 

Sulphatising roast ing of different gra in s i z e fract ions 

Dr i l l 

c o r e 

number 

the mine 

30 

5 

17 

4 

32 

Grain s i - e 

fraction 

(microns ) 

<3B 

36 -75 

; 75 

< 36 

36-75 

; 75 

\ 3 6 

36 -75 

75 

,v 36 

36 -75 

75 

< 36 

36 -75 

75 

( 3 6 

36 -75 

;. 75 

Uranium 

content 

(ppm) 

865 

651 

972 

615 

515 

778 

423 

406 

786 

638 

654 

897 

680 

465 

697 

546 

441 

448 

Weight 

i n c r e a s e 

(%> 

9 . 0 

4 . 2 

2 . 2 

1 0 . 8 

5 . 0 

3 . 2 

9 . 7 

5 . 5 

4 . 2 

1 3 . 3 

8 . 7 

3 . 3 

1 6 . 0 

8 . 5 

5 . 5 

1 4 . 0 

6 . 3 

4 . 0 

Recovery 

of uranium 

<%> 

57 

45 

30 

50 

32 

23 

42 

27 

14 

45 

25 

6 

33 

22 

10 

70 

70 

72 

All the fractions were roasted for 15 minutes at 700 C by a mixture 

of 5% SO« in atmospheric a i r . The uranium content in the fractions, the 

weight increase and the recovery of uranium are given in table 9. 4. 

The Tine-grained fractions ( 36 and especially 36-75 microns were 

enriched in arfvedsonite, while the coarse-grained one was enriched in 

white minera ls . 

Different types of uranium mineralisation were found in these samples; 

unaltered steenstrupine in number 13, partly altered steenstrupine in 

numbers 6, 7, and 14, strongly altered steenstrupine in number 17, and 

pigmentary material in number 1. There was also an essential part of 

pigmentary material ir. number 6. 



- 89 -

Usually, there is a coherence between the uranium mineralisation 
and the distribution of uranium in the ground samples. In samples where 
uranium is mainly found in steenstrupine of the homogeneous or partly 

altered type, there is usually an enrichment in the coarse-grained fraction. 

This is because the natural grain size of steenstrupine is normally above 

100 microns. In samples where uranium is mainly found in steenstrupine 

of the strongly altered type or in pigmentary material , there is usually a 

distinct minimum at 50-75 microns. These iwo types of mineralisation 

a re alike, because the coherence of the grains must be small on account 

of the phase separations. The grains a re easily ground and they will there­

fore be found in the fine-grained fraction. Some of the grains will be con­

nected to other grains and therefore be found in the coarser fractions. 

They may be more connected to white minerals than to arfvedsonite, 

because there is usually a minimum in the uranium content at 50-75 microns. 

A comparison of the present resul ts with the previous ones concerning 

roasting of unseparated samples shows no remarkable difference in the 

average roasting rate whether the fractions a re roasted separately or 

whether the unseparated fraction is roasted. 

By a Vc-ry rough calculation, we may suppose the average grain sizes 

in these fractions to be 25, 56, and 125 microns, respectively. The ratio 

between the surface areas is then 1:5:25. The ratio for the weight increases 

for these fractions by roasting for 15 minutes i s , on the average, 1:2:3:5 

for the investigated samples. The weight increase is therefore approxi­

mately directly proportional to the linear grain dimension. 

Uranium is recovered very easily from the coarse-grained fraction 

of the sample containing steenstrupine of the strongly altered type (sample 

1 7), and rather easily from the samples containing much pigmentary 

material (samples 1 and 6), while the recovery is poor from the samples 

containing much steenstrupine of the homogeneous and partly altered types. 

9. 6. Average Samples 

E. Sørensen and T. Lundgaard previously made average samples from 
72) many drill cores . Numbers 1 and 2 are made from the part of the ore 

that is covered by gabbro, while 3 and 4 a re from the uncovered part . The 

samples are picked from different horizontal sections in the ore . Each 

sample consists of two 10-cm-long pieces of the drill core selected at a 

10 rr. ' i t T v a l , Samples 1 and 3 are from levsls near the surface, while 

2 and 4 art- from 30 m lower ievels. Appendix 5 gives the drilling core 

numbers p^.d the depths from which the samples were chosen. 
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X-ray diffractograms of the 4 samples showed no significant differences 
in the mineralogical composition. As shown in section 6. 3, it is possible 
to distinguish between analcime and natrolite on the TG curves, and thereby 
to roughly calculate the contents of these two minerals in the samples. This 
is done in table 9. 5, which also gives the uranium content of the samples. 
The calculation is based on the theoretical content of water in the two 
minerals. 

T»M« 9. 5 

V content in the four average samples and a rough estimate of 
analcime and natrolite content 

Sample 

number 

l 

2 

3 

4 

U content 

(ppm) 

299 

302 

326 

2S7 

Weight l o s s by 
heating to TO0°C 

2 . C 

2 . 0 

3 . 2 5 

2 . 7 5 

% analc ime 

25 

20 

30 

25 

% natrolitr 

5 

3 

9 

7 

The uranium contents are in excellent agreement with an average con­

tent of approximately 300 ppm for the ore. 

The contents of analcime and natrolite are highest in the samples from 

near the surface. 

The samples were roasted to different weight increases at 700 C by a 

mixture of 5% S 0 2 in atmospheric air. Table 9. 6 gives the roasting times 

and the recoveries of uranium. The recoveries of uranium by roasting to 

6% weight increase are of the same magnitude as the recoveries from the 

samples where uranium is mainly found in steenstrupine of the homogeneous 

or partly altered type. The recovery from sample number 3 is a little 

higher than from the others. This is undoubtedly because this sample 

contains more uranium in pigmentary material; it includes piece s from 

the drilling cores in the same area as the mine material, which was shown 

to contain much pigmentary material (section 9.4). 

The recovery is best from the surface samples. This is probably 

because of a different pigmentary/steenstrupine ratio and perhaps because 

of a surface alteration of the uranium minerals. 

Some weathering processes have occurred in the ore. Water has 

penetrated the upper part of the ore. Williaumite i s , for instance, dis­

solved in the upper part. Oxidation has also occurred; on treating samples 

from the bottom of the drilling cores with diluted sulfuric acid H„S is 

released, but this does not occur, when a surface sample is treated. Pyro-
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Table 9. 6 

Sulphatising roasting of average samples 

Sample Weight increase, % Roasting time. min. Recovery of 
uranium. % 

6.0 

12.0 

20.0 

6.0 

12.0 

18.0 

6.0 

12.0 

19.0 

6.0 

14.0 

22.5 

8 

28 

86 

12 

36 

113 

12 

30 

120 

8 

35 

120 

24 

56 

65 

21 

41 

57 

28 

51 

80 

19 

37 

77 

thite (FeS) might release HgS, but it has not been reported in this ore . 

However, there is no indication that such a weathering process has affected 

the uranium minerals , except perhaps for samples 24 and 26 (cf. section 

8.2. 1). Homogeneous steenstrupine is , however, found in the mine material 

that was taken from only a few metres below the surface. 

The recovery of uranium is roughly proportional to weight increase . 

This was also seen in section 9. 4 for samples where the uranium is mostly 

concentrated in steenstrupine of the homogeneous or partly altered types. 

These recoveries of uranium a r e very small . An addition of waste 

liquor and a pelletising of the ore would increase the recovery. A few ex­

periments seem to indicate that the recovery is not increased to the same 

extent for all samples. The best increase in recovery was obtained for 

sample number 4. This should probably be connected with the observations 

that there are distinct differences in the rate of solution of steenstrupines 

in the waste liquor. Some are dissolved in a few minutes (e. g. sample 

number 13) and others a re almost indissoluble, (e .g. sample number 19). 

9.7. Discussion 

The present experiments have shown that uranium is easily recovered 

from pigmentary material , strongly altered steenstrupine and from 

uranothorite, while it is difficult to recover from steenstrupine of the 

homogeneous and partly altered types. Through roasting to 6% weight 

increase , the recovery is s imilar from the two last types. A further 

roasting gives a better recovery from the partly a l t f e d type, but roasting 



- 92 -

has to be continued to weight increases above 12% to get a recovery of 50% 

or more from these samples . These roastings were performed without 

addition of waste liquor and pelletising of the ore before roasting. Recovery 

would be increased by such treatment, but it would still be poor. 

The roasting of the average samples showed that the main part of the 

uranium in the Kvanefjeld is contained in steenstrupine of the homogeneous 

or partly altered type. 

Four samples were investigated from outside the a reas of Kvanefjeld 

where the previous drilling programme took place. The recovery from 

all were better than from the Kvanefjeld samples . The uranium content 

in this part of the intrusion is probably not much lower than in the area of 

Kvanefjeld drilled hitherto, and because of the much better recovery these 

ores a re more promising with respect to sulphatising roasting. However, 

further samples from those a reas and especially from drilling cores will 

have to be investigated before any definite conclusion can be drawn. 
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10. SUMMARY AND CONCLUSIONS 

The present investigations a r e far from a complete description of the 

sulphatising roasting of the uranium ore from Kvanefjeld. The subject is 

much too comprehensive for this . 

The investigations concentrated on the reactivity and the mechanism 

in sulphatising roasting of the different minerals in the ore and a com­

parison of the uranium mineralisation with the recovery of uranium. Some 

microprobe investigations were made in this connexion in order to charac­

ter ise the uranium minera ls . 

The most widespread minerals in the ore a re arfvedsonite, analcime, 

the feldspars microcline and albite, acmite/aegir ine, nepheline, sodalite, 

and natroli te. The contents decrease through the se r i e s . 

10.1 . Uranium Mineralisation 

Uranium is found in the minerals : 

Steenstrupine : Na-Ca-Mn-Fe- ra re earth-phospho-sil icate. 

"Pigmentary mater ia l" : Zr-Mn-Ca-s i l ica te . 

Monazite : CePO. . 

Thorite: (Th,U)Si04 

Nb-U compounds Nb-Ti-U and Nb-Ti-Si-U compounds 

(including pyrochlore). 

Sternstrupine is the main uranium mineral , while pigmentary mater ia l 

is of some importance and the others of minor importance. 

Three types of steenstrupine were distinguished in the present investi­

gation: 

1. Homogeneous or almost homogeneous steenstrupine. 

2. Partly altered steenstrupine. 

3. Strongly altered steenstrupine. 

The steenstrupine grains a re homogeneous or almost homogeneous in 

the first type. The composition, however, varies from grain to grain, 

especially in Na, Ca, Fe, and Mn. 

Decomposition into a predominantly s i l icate and a predominantly 

phosphate phase had occurred in the partly altered steenstrupine. The Ce 

part of the ra re ear ths was mostly found in the phosphate phase, while the 

Y part was mostly found in the silicate phase. 

A complete decomposition into several silicate and one or two phosphate 

phases had occurred in the strongly altered steenstrupine. Cerium was 
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found in the phosphate phase together with small amounts of Th but very 

little uranium. Yttrium was mostly found in a Ca-Mn-Y silicate phase. 

Uranium was found in one sample as a Th-U silicate and in another as a 

U-oxide. 

The designation "pigmentary material" is here used to denote altered 

Zr-silicate minerals containing smaller amounts of uranium. It could be 

defined as a Zr-Ca-Mn-(Na)-silicate containing small amour.ts of U and the 

Y part of the rare earths; Fe, K, Al, Zn, Nb, and Ti are found in some 

cases , but the Ce part of the rare earths, Th, and P are missing. A 

phase separation into a Zr silicate and a Ca-Mn-Y-(Na)-silicate phase 

was observed in many cases. Uranium was usually found in the Zr phase, 

except in Nb-Ti-containing pigmentary material, where it was always found 

in a Nb-Ti-U phase. The uranium content was usually below 2%. although 

it may be higher in Nb-Ti-containing grains. 

The original Zr minerals, which are now altered, were not identified, 

but minerals such as endialyte ((Na, Ca, Fe) Zr (OH, Cl)(Si3Og) ), 

lovozerite ((H, Na, K)20, (Ca. Mn, Mg)0, (Zr, T i )0 2 , 6S i0 2 , 3H20) and 

catapleite (Na2Zr SUO«, H20) are likely. 

Monazite is uranium-deficient and contains at most a few parts per 

thousand. It is , however, often found in connexion to uranothorite, which 

may contain up to 20% U02-

U-Nb-Ti and U-Nb-Ti-Si compounds are rarer than the other uranium 

compounds, and probably only a small percentage of the uranium of the 

Kvanefjeld lujavrites is contained in these compounds. 

10.2. Sulphatising Roasting 

The ore is treated by SO« and air at approximately 700 C in sulphatising 

roasting. The ore catalyses the formation of SO,, which attacks some of 

the minerals whereby a sulphate phase is formed. 

Some of the minerals in the ore have been roasted and investigated as 

pure samples. The minerals natrolite, sodalite, steenstrupine and pyro-

chlore had fast reaction rates, while arfvedsonite had a medium rate, 

analcime a slower rate, and albite, microcline, aegirine, and monazite, 

hardly reacted at all. Nepheline and naujakasite were not investigated in 

pure samples but the results indicate a fast reaction of thesr minerals too. 

Because of its widespread distribution arfvedsonite is the mineral that 

contributes most to the sulphates, A very rough calculation gives about 

40% of the sulphates from this mineral in an average sample. Another 

essential part originates from analcime. The six fast-reacting minerals 
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are not as widespread as arfvedsonite and analcime, but their contribution 

to the sulphates is essential because of the fast reaction rate. 

The roasting rates for the minerals analcime, sodalite, steenstrujune 

and natrolite increased on addition of water vapour to the roasting gas 

when roasting at 580 C, but at 700 ~ a marked effect was only seen for 

natrolite. A similar effect of water vapour in sulphatising roasting has 

been reported for some glasses ' * The reaction with water involved 

the exchange of sodium ions by hydroge.i ions and the reaction was limited 

by the diffusion of sodium ions through a compacted layer of glass at the 

surface that ar ises from a secondary dehydration reaction. Above "00 C 

the roasting of the glasses was limited by the diffusion of oxygen ions. 

The mechanisms of the sulphatising roasting of the minerals and of the 

glasses are undoubtedly in principle identical. 

There are some points of resemblance between the roasted minerals. 

The grains are unchanged in size and shape. We may distinguish between 

three layers in a roasted mineral grain: a sulphate layer, an altered 

surface layer and an almost unaltered core. The sulphate layer is unevenly 

distributed on the surface of the grains. The layers are, however, of dif­

ferent character. In sodalite and steenstrupine the reaction zone is of 

ralher uniform thickness, while it varies in the ethers, analcime, natrolite 

and arfvedsonite. The last contains many sulphate-filled cracks around 

which there are altered layers, characterized by a red colour caused by 

hematite. The borderline between the altered layer and the sulphates is 

distinct in the case of arfvedsonite in contrast to the other minerals, where 

the altered layer might be characterized as a mixed silicate-sulphate layer 

rich in Si and Al, but poor in Na and S. In the case of sodalite, we may 

even distinguish between two altered layers, because there is a thin 

sulphate-silicate layer separating the silicate-sulphate layer rich in Al 

and Si and the unaltered core. This layer is rich in Na and S, but poor in 

Si and Al. The borderline between this layer and the unchanged core is 

well defined. In the case of .steenstrupine and arfvedsonite, the borderline 

between the unaltered core and the altered layer is rather well de'ined, 

in contrast to analcime and natrolite. 

The altered surface layer is depleted with respect to metal ions, 

especially Na. The majority of the metal ions in the sulphates originate 

fror.i this layer and only a minor amount of Na originates from the un­

changed core. 

The structure of the unaltered core is rather similar to tha* of the 

untreated mineral, because X-ray diffractograms show no changes, except 
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in the case of st^enstrupine where a phase t ransformation, resul t ing in the 

formation of a monazite phase and a minor amount of mel t , takes place 

around 700°C. 

It is not known whether the mixed si l icate-sulphate layer is a rea l 

mixed phase or whether the sulphate is found in cracks in the si l icate 

s t ruc ture . If there a r e any c r a c k s , they must be very fine, because they 

were not observed by the microprobe . Mixed si l icate-sulphate phases a r e 

known in the CaO-SiOg-SO« system and might a lso exist in this p r e ­

dominantly Al 2 0„-S i0 2 -SO„ sys tem. 

Sulphatising roasting is therefore a combined diffusion-alteration 

p roces s . Metal ions diffuse especial ly from the a l tered part 01 the grain 
2-to the sulphates and, except for a»-fvedsonite, SO. or SO~ diffuse into 

the altered layer . The Na diffusion might be the first step in the roas t ing. 

The crystal s t ruc ture is broken down hereby and the a l te red layer i s 

formed. The diffusion through this layer i s , of course , faster than that 

through the unaltered s t ruc tu re , and the other metal ions, which have a 

lower mobility than Na, may therefore also diffuse in this a l t e red layer . 

Electroneutral i iy has to be maintained during roast ing so the diffusion 

of metal ions to the sulphates must be followed by a simultaneous dif­

fusion of an anion to the sulphates , or by a counter diffusion of another 

cation such as H . When roast ing at 700 C, the metal ion diffusion must 

be limited by an oxygen ion diffusion, except for natroli te where a counter 

diffusion of H might be of some importance, a s the reaction r a t e depends 

on the content of water vapour in the roasting gas. The oxygen ion diffusion 

is likely to occur through pores or microcracks because of the low self-

diffusion coefficient of this ion. Arfvedsonite contained many sulphate 

filled cracks and a lot of mic roc racks must have been formed by the de-

hydroxylation of analcime and nat rol i te . Long-range diffusion may the re ­

fore occur in these cracks and the diffusion in the lat t ice s t ruc ture is 

therefore shor t - ranged. 

In the case of sodali te, a sulphate-si l icate layer r ich in Na and S, but 

poor in Al and Si, is formed between the si l icate-sulphate layer and the 

unchanged co re . The ions have to diffuse through this layer to the s i l ica te-

sulphate layer and to the sulphates. The sulphate-si l icate layer is probably 

a melt at the reaction tempera ture and the reaction is controlled by the 

dissolution of the unchanged core in this melt and the reprecipi tat ion of the 

si l icate-sulphate phase rich in Al and Si. 

In the case of s teenstrupine, a monazite phase and a minor amount of 

melt a re formed by heating to 700 C. The melt formation and the amorphous 
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structure must give rather high diffusion coefficients, but it is not known 

whether the diffusion occur as a bulk diffusion or it occur through pores. 

10. 3. Recovery of Uranium and Uranium Mineralisation 

The connexion between uranium mineralisation and recovery of uranium 
was investigated. Twenty-six samples taken from different locations in the 
ore were examined. The uranium mineralisation and the main minerals 
were determined from thin sections. The samples were roasted to different 
weight increases, and the recovery of uranium was determined and com­
pared to the mineralisation. The samples were not pelletised before 
roasting, because some steenstrupines are very easily soluble in the weakly 
acid solution that is used as pellctising liquid. 

The recovery of uranium was low from steenstrupine of the homogeneous 
and the partly altered types and from monnsite. The recoveries from the 
two steenstrupine types are comparable if they are roasted to 6% weight 
increase. The partly altered type gives a better recovery if it is roasted 
to higher weight increases. A high recovery is obtained from the pigmentary 
material, from steenstrupine of the strongly altered type, and from 
uranothorite. 

Unfortunately, the present results indicate that most of the uranium 
is contained in steenstrupine of the homogeneous and partly altered types. 

Four samples were investigated from areas in which a further drilling 
programme is to take place. A high recovery was obtained from these 
samples, so there is a possibility that this part of the ore is better than 
that drilled hitherto. 

A steenstrupine of a very unusual composition was found in one of the 
last-named samples. The S i 0 2 / P 2 0 e ratio is -~I, where it is ~ 3 in 
normal steenstrupine, and the Na and Si contents are extremely low. This 
material might constitute a new mineral. 
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APPENDIX I 

Mossbauer Investigations of Arfvedsonite 

1.1. Mossbauer Spectra and Parameters 

Some of the Mossbauer spectra are shown in fig. 1.1. The preceding 
treatment of the samples is given in table 1.1, which also gives the treat­
ment of some other samples where the parameters are given in table 1.2. 

The abbreviations I. S. Q.S. and H. W. are used for isomer shift, 
quadrupole splitting and half-width, respectively. The isomer shifts are 
given relative to alpha iron. 

The spectra of the untreated sample, the sample heated to 300°C, and 
the two reduced samples may be *-esolved in three doublets, while the 

samples heated to temperatures above 300°C and the roasted ones may be 
2+ resolved in four doublets. This is because Fe in the arfvedsonite structure 

is oxidized by the dehydrogenation that takes place at 300*500 C. The 

spectra of the samples heated to 300, 400, and 500°C show that Fe in Mf 

absorption is diminished from 52.2% to 18.4%. Thus the oxidation must 
have taken place at this lattice position. The new absorption must the re -

3+ 2+ 2+ 
fore be Fe in M.. The Fe content in Fe in M, seems to increase at 

3+ the same time. This could be explained by an original Fe content in this 3+ position, which is now reduced, or by a reduction of some original Fe 
2+ in the M, position, which now overlaps the original Fe in M, absorption. 

The Fe in M« absorption seems to be rather unchanged, but the standard 

deviation on this absorption area is large because of the overlap with the 
3+ new Fe in M, absorption. 

These complicated spectra are difficult to resolve. There is usually 
more than one statistically acceptable resolution. The spectra of the heat-
treated and roasted samples have to be resolved in four doublets, but the 

3+ positions of these are uncertain, especially for the two Fe doublets. 
The present resolution, where the new doublet is thought to have a higher 

quad ru pol splitting than the original one, must be correct because the 
spectrum is seen to be changed by an increased absorption at the position 
of the new doublet, and because the parameters of the original absorptions 

are not much changed. The structure of the oxyamphibole is very simular 

to that of the amphibole, and so the two Mossbauer spectra must be alike. 

The spectra of the long-time heated samples 10 and 11 are even more 

complicated because acmite is found in these smaples. Hematite was also 
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SOURCE: P d l 5 7 C o l 

ROOM TEMPERATURE 

/ 

a . 
a: 
o 
«/> at < 

ABSORBER* Arfvedsonile 
the numbers refer to tabte 

_ J E t ! l i D _ M t _ _ 

1.1 

In 
Fe* in M, iimr 

r 
/ 

-4 .00 - 2 . 0 0 OJOO 200 i.00 

RELATIVE V E L X I T Y BETWEEN SOURCE ANO ABSORBER 
lmm/t| 

Fig. 1.1. M6Mtavcr aytcm. 
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I 
i SOURCE' Pd(S7Co). ABSORBER Arfvtdsonite samples. 

the numbers refer lo table I-1. 

-4.00 -2.00 0.00 200 4.00 
RELATIVE VELOCITY BETWEEN SOURCE AND ABSORBER 

(mm/s) 
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Sample 

number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

to 

11 

Table 1.1 

Preceding treatment of arfvedsonite samples 

Grain sixe fraction 
(microns) 

< 20 

58-400 

56-400 

x 20 

/ 20 

< 20 

< 20 

< 20 

Treatment 

untreated 

heated to S00°C and immediately 
cooled 

heated to 695°C for 2 hours 

roasted to 6.0% weight increase 
at 695°C 

sample number 3 reduced by fl­
at 600°C for 4 hours * 

sample number 4 reduced by H, 
at 600 C for 4 hours 

heated to 300°C and immediately 
cooled 

heated to 400°C and immediately 
cooled 

heat .»d to 690°C for 30 minutes 
and immediately cooled 

heated to 660°C for 5 hours 

heated to 690°C for 66 hours 

The calculated parameters of these samples are given in table 1.2. 

formed in the case of number 11, but it was dissolved in concentrated HC1. 
2+ The original Fe in M, absorption was almost lost and it was not possible 

2+ to resolve the spectrum in two Fe absorptions in sample number 11. 

Ernst and Wai investigated the heat-treatment of ribeckite. The MOss-

bauer spectra of this amphibole and samples heat-treated to 700 C are, in 

principle, identical to the arfvedsonite spectra, so the same processes 

must have occurred. However, these authors interpret the spectra dif­

ferently. Table I. 3 shows the difference in interpretation of the four ab­

sorptions. 

2+ If the interpretation of Ernst and Wai is correct, then the two Fe 

absorptions must change positions during the heat-treatment, and this was 

not seen in the present case. Ernst and Wai only heat-treated ribeckite 

to 700 C and not to any intermediate temperatures. If the present inter-
2+ 3+ 

pretation is applied to the data of Ernst and Wai, the Fe - Fe contents 

of the lattice positions would be as shown in table 1,4, 

This could indicate that nothing occurred but an oxidation at Mj. How­

ever, the standard deviations are not given, so we cannot say anything 

about the reliability of the absorption area determination. The standard 
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deviations are thought to be rather large because cf an overlapping similar 

to that seen in arfvedsonite. 

Samples 3 and 4 may be compared since they were given the same 

treatment, except for the roasting of sample 4. The spectra of the two 

samples are identical. The parameters are not completely identical, 

because of the great overlap between the absorptions. The computer 

program has difficulties in resolving the spectra as several solutions are 

statistically acceptable, and the program chooses the statistically best 

one, which is not necessarily the correct solution. 

Table 1.2 

MOssbauer parameters 

Sample Absorption I.S Q.S. H.W. Absorption Standard 
number (mm/s) (mm/si (mm/«) area (%) deviation 

(») 

10 

11 

Fe , in M. 
Fe ,* in Ml 
Ft in M, 

F*2* in M, 
F*, in M, 
F.f* in M, 
Fe in M, 

FelT in M. 
Fe'* in Ml 
FtZ* in M, 
Fe 3 * in M, 

Fe?*, i" M, 
Fe*.* in Ml 
Fe , in M« 
FeJ in M, 

Fe?,* in M, 
F e - . in M, 
Fe 3 * in MJ 

Fe?,* in M, 
F e , , in M, 
Fe3* in MJ 

Fe?! in M. 
Fe** in M, 
Fe 3 * in M | 

Fe?* in M. 
Fe,T in Mi 
Fe: t in Mj 
Fe 3 * in M, 

Fe** in M. 
Fe ,* in Ml 
Fert in M3 

Fe3* in Mf 

Fe** in M, 
Fe ,* in M, 
Fe3* in M, 
Fe3* in Mf 

2-f Fe,. in M, 
Fe 
Fe 3 + 

in Mj 
in M. 

1.13 
1.13 
0.39 

1.16 
1.18 
0.39 
0.42 

1.09 
1.18 
0.38 
0.41 

1.12 
1.15 
0.38 
0.40 

1.15 
1.06 
0.41 

1.15 
1.08 
0.41 

1.15 
1.14 
0.43 

1.14 
1.08 
0.41 
0.48 

1.22 
1.18 
0.39 
0.38 

1.21 
1.19 
0.40 
0.37 

1.07 
0.40 
0.42 

2.80 
2.29 
0.52 

2.72 
1.99 
0.65 
1.03 

2.68 
2.06 
0.71 
1.00 

2.76 
2.09 
0.61 
1.05 

2.80 
2.14 
0.53 

2.76 
2.10 
0.59 

2.78 
2.22 
0.54 

2.81 
2.40 
0.51 
0.93 

2.58 
2.01 
0.60 
1.03 

2.54 
1.09 
0.55 
0.97 

2.46 
0,53 
0.91 

0.37 
0.54 
0.42 

0.35 
0.62 
0.40 
0.47 

0.27 
0.74 
0.42 
0.40 

0.29 
0.71 
0.38 
0.45 

0.38 
0.55 
0.37 

0.37 
0.57 
0.47 

0.37 
0.53 
0.39 

0.31 
0.52 
0.39 
0.46 

0.39 
0.62 
0.33 
0.49 

0.33 
0.60 
0.28 
0.54 

0.68 
0.29 
0.54 

50.8 
15.2 
34.0 

18.4 
27.4 
30.6 
23.8 

5.6 
36.8 
37.4 
20.2 

7.6 
31.6 
23.0 
37.8 

51.8 
20.0 
28.0 

37.6 
26.2 
36.4 

52.2 
16.0 
31.8 

24.6 
29.6 
32.0 
14.0 

10.2 
24.8 
20.0 
44.6 

8.2 
22.4 
12.4 
57.0 

22.2 
11.4 
66.2 

».0 
11.5 
1.3 

1.9 
2.9 
$.9 
6.3 

3.0 
4.9 

15.0 
15.4 

4.3 
8.0 

11.0 
12.4 

3.7 
5.2 
1.2 

2.9 
3.8 
1.1 

4.2 
5.0 
0.8 

6.0 
8.2 

12.2 
14.0 

6.1 
7.3 
8.6 
9.7 

2.7 
13.4 
3.5 

30.9 

2.0 
9.3 

10.9 
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Table 1. 3 

The different interpretations et heat-treated 
ribeckite and arfvedoonite apectra 

Ernst and Wai Tha present investigation 

Fa2* in M, * Fa 2* in M, 

Fa2* in M, « Fa2* in M, 

Fa3* in M2 « Fa 3 * in M, 

Fa 3* ii: M, • M3 • Fa 3* in M, 

2* The contanta of Fa and 

Untraatad 

ribackita 

Heated to 

700°C for 
1 hour 

Table 1.4 

Fe 3 * on diffarent lattice poaitiona in ribackita 

Fa 2 * abaorptiona 

Fa 2 * in M, 

36.« 

M.5 

Fa** in Mj 

19.0 

21.3 

Fa * abaorptiona 
Fa3* in M2 Fa3* in M, 

44.6 

42.6 24.6 

I, 2 f-factor Correction 

Iron atoms may be bonded differently in different lattice positions in 

arfvedsonite. Tnus their f-factor (cf. section 5,11) may differ, and they 

may not be detected with the same efficiency. 

There is a possibility of determining the ratio between the f-factors 

for different lattice sites by recording MOssbauer spectra at different tem-
731 peratures (cf. G.A, Sawatzky, F. van der Woude and A. H. Morrish ', 

and E. B. Andersen, J. Fenger, and J. Rose Hansen '). The temperature 
50) dependence of the f-factor is given by 

6 E R °D 
f(T) = exp( i , ) for T ) -g , (1) 

kB<D 
-3 where E n is the recoil energy of the T-quantum (1.95 " JO eV in the case 

57 -1 
of Fe), kg is the Boltzmann constant (0.862 eV K ) and T is the absolute 

temperature. '„D is the so-called Debye temperature. Thus 9 D may be 

determined by 
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d T A 

If there are two different Fe positions in a lattice, then the ratio be­

tween the contents of these is given by 

n A f 

nII AII fI 

where A is the measured absorption area. If equation 1 is used in 3, we 
have 

n A 6E T , 
J . = yL exp ( * _ <_^ ^ _ » . (4) 

The Debye temperatures for the two positions may be determined by a 

delineation of InA = InT versus T (cf. equation 2) and thus the correction 

ratio may be determined from equation 4. 

In the case of arfvedsonite, we have three different Pe-containing 

lattice positions. In the calculations of E. B. Andersen, J. Fenger, and 

J. Rose Hansen ', the two Fe positions were treated together. The 

situation is more complicated in the case of the heat-treated arfvedsonite, 

Tahit i . S 

MOasbauer paramtttr« of a baat-trtntttJ aampl* 
at two difftrtnt ttmptratvraa 

2+ 
Ttmptratwrt Absorption I.S. Q.S. Ft absorption 

(°C) (mm/a) (mm/a) art* (%) 

22 

• 196 

F t 2 * in M, 
2* Ft** in M, 

F t ' * in M2 

F t ' * in M, 

F t 2 * in M, 
F t 2 * in M-
Ft** in Mj 
F t ' * in M, 

i . l »to. 01 
I.I»*0.01 
0.30*0.01 

0.40-0.01 

1.24-0.02 
1.33*0.01 
0.47*0.02 

0. »1*0.02 

2.72*0.01 
I . N - 0 . 0 2 
I .M-0 .02 
1.02*0.01 

2.M*0.02 
2.11-0.03 
0.00*0.03 
1.I4-0.00 

45 .3-1 .0 

40.0*1.0 

2+ 3+ 
because here we have both two Fe and two Fe positions. We have to 

consider them as 1 of each in the calculation. 

The measurements were made on an arfvedsonite sample heated to 
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500°C (sample number 3. section 1.1). The measurements were made at 

room temperature (22°C) and at -196°C. The parameters are given in 

table 1.5. Two measurements were made at 22°C and three at -196 C. 

Both isomer shift and quadrupole splitting increase for decreasing 

temperature. 

These measurements did not have the same geometry in the Mossbauer 

arrangement, and because the total intensity of the spectrum depends on 

both geometry and temperature, we cannot use the above equation for 

determining %. and G However, we may approximate equation 4 by 

*I 
n. II 

I 6E 
=*- = - « M ' -

II 

_R_ 
B 

1 

DI 

1 

DII 

- ) T ) 

AII _[[n „ 6 E R 
*T nI "V DI DII 

• ) T ) . 
(5) 

XX) 200 300 
TEMPERATURE (K) 

400 

Fig. I. 2. F« /Ft absorption »r«» vtrout temperatur«. 
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The area ratio is depicted versus teirperature in fig. I. 2. (—* m— ) 
is hereby calculated to 0. 340 x 1 0"6K"2, and UDI °DII 

6 E R T 1 1 + 
exp ( —j- (—j— - -~2—)) - 1 . 1 5 - 0 . 0 6 at room temperature. The 

2 + | +
 CDI nDII 

Fe /Fe ratio determined has therefore to be multiplied by this factor 
in order to determine the real value. 

The present determination may only be regarded as a rough estimate 
because of the approaches made, and also because the low temperature 
measurements are made below 9^/2 . The Debye temperatures were in 

+ 2w + 3+ 
determined to 350 - 12 K for Fe and 490 - 37 K for Fe for arfvedsonite. 

The correction fa. Dr of 1.17 - 0. 02 determined in may therefore also 

be used for the heat-treated and roasted samples. 
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APPENDIX II 

X-ray Diffractions of Arfvedsonite 

Table II. 1 gives the diffraction lines of the untreated pegmatite arfved­

sonite, of the samples heated to 400 C and 700 C, respectively, of the 

samples roasted to 12.5% weight increase at 700°C, of the average dif-

fractogram of the roasted or heat-treated and then reduced samples, and 

of the ASTM standard card file for arfvedsonite, acmite, hematite, 

Na3Fe(S04)3 and NaFe(S04)2 . 
The 

d: 

Int: 

v s : 

s : 

m : 

w: 

vw: 

- D : 

A: 

Ac: 

H: 

N F : 

N3F 

var: 

following abbreviations a re used: 

Internal spacing in Ångstrøm 

Intensity 

very strong 

strong 

medium 

weak 

very weak 

diffuse line 

Arfvedsonite 

Acmite 

Hematite 

NaFe(S04)2 

: Na 3 Fe(S0 4 ) 3 

variation in internal spacing (Å) 
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Table 11.1 

X-ray Diffraction« of Arfvedsonite 

Untreated 

d. (A) Int 

8 . 6 vs 
4 . S m 
4 . 0 0 w 
3 . 7 0 vw 
3 .41 m 
3 . 2 9 w 
3 . 1 7 m 
2 . 9 8 vw 
2 . S 5 vw 
2.71 s 
2 . 5 9 m 
2 . 5 2 m 
2 . 3 4 w 
2 . 2 8 w 
2 . 1 7 w 
2 . 0 5 vw 
2 . 0 2 vw 
+ weaker l ine« 
< 2 . 0 0 A 

Heated to 400"C 
d. (A) Int 

Heated to 700 C 
d. (A) Int phase 

8.5 v . 
4 .5 Ri-D 
4.0 w 
3.69 vw 
3.39 m 
3.28 w 
3.14 m 
2. 96 vw 
2.81 vw 
2.73 vw 
2.70 s 
2.59 m 
2.53 m 
2. 34 w 
2 .27w 
2.18 w 
2.16 vw 
2.04 vw 
2.02 vw 
+ weaker 
lines < 2.00 A 

8.7 s 
6.5 w Ac 
4.5 m 
4.02 w 
3.69W 
3.41 m 
3 .29w 
3.15 m 
3.02 m-DAc 
2.93 w Ac 
2.91 vw 
2.72 m 
2.80 w 
2.54 m-D Ac 
2.50 vw Ac 
2.34 vw 
2 .27w 
2.22 vw Ac 
2.16 w 
2.06 vw 
2.02 vw 
+ weaker lines 
( 2.00k 

Roasted to 12.5% 
weight increase 
d. (A) Int phase 

Reduced samples 
(average) 
a. (A) Var Int 

Arfvedsonite ASTM 
card file 14.633 
d. (A) Int 

(relative) 

8 . 4 m 
7 . 3 w 
6 . 8 w 
6 . 0 vw 
4 . 4 5 w 
4 . 2 0 w 
4 . 0 0 w 
3 . 7 5 w 
3 . 6 9 s 
3 . 4 3 w 
3 . 3 9 w 
3 , 1 5 m 
3 . 0 5 m 
2 . 9 5 w 
2 . 8 0 w 
2 . 6 9 s - D 
2 . 5 0 s - D 
2 . 3 6 w 
2. 31 vw 
2. 25 vw 
2. 20 vw 
2 . 1 5 vw 
2 . 0 4 vw 
2 . 0 0 vw 
1 .82 m 
1.68 m 
1 .59 vw 
1 .58 vw 
1.51 vw 
1.48 m 
1 .45 m 

A 
N F 
N3F 

A 
NF 
A»N3F 
NF 
H+A 
NF 
A 
A+N3F 
N3F 
A 
N F 
H+A 
UA 

A 

A 
H 

N3F 
NF 
M 
H 

NF 
H 
H 

8.5 0.04 s 
4 .5 0.03 m 
3.40 0.01 m 
3.28 0.01 w 
3.12 0.01 m 
2.94 0.01 w 
2.71 0.01 s 
2.59 0.01 m 
2.53 0.01 m 
2.32 0.01 vw 
2.27 0.01 w 
2.17 0.01 vw 
2.13 0.01 vw 
2.06 0.01 w 

9.05 
8.51 
4.82 
4.53 
4.26 
3.883 
3.423 
3.298 

.161 

.028 

.991 

.834 

.732 

.604 

.550 

.406 

.345 

.339 

.283 
158 

2.082 
2.043 
+weaker 
< 2.00 A 

2 
70 

8 
14 
2 

18 
45 
20 

100 
4 

16 
12 
80 
35 
25 
10 
24 

2 
20 
35 
10 
20 

lines 
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H*m»UU ASTM Acmit* ASTM MkPHSO.), ASTM 
ctrd fil* 13-334 a r t IM* 3-MH car« MM* 1-0311 
4.(A) bit 4(A) to« d. (A) to* 

Irt l tUw) (r«tott»«) (r»toti»») 

3 . M 
2.0» 
2. SI 
2.20 
I . M 
1.00 
1.40 
1.45 
1.31 

25 
100 
50 
30 
40 
M 
35 
35 
20 

• . 5 9 
4.43 
3 .M 
2.00 
2.11 
2.54 
2.40 
2.20 
2.12 
2.03 
1.73 
I.SI 
1.40 

40 
40 

7 
100 
40 
00 
ri 
20 
20 
2* 
13 
13 
13 

(only •troag IteM) 
1.73 19 

(••ly atrwg Mass) 

7.20 
4.02 
3.74 
3.44 
2.70 
2.72 
2.50 
2.30 
2 .0* 
2.01 
1.05 

75 
20 

100 
75 
75 
30 
40 
50 
34 
25 
25 

Na-FctSO*), ASTM 
rar* life 
d. (A) 

0.00 
3 .M 
3.10 
3.04 
2.04 
2.30 
2.03 
1.00 
1.50 
1.54 

1.500 
tot 
(rctotl**) 

75 
40 

100 
75 
20 
20 
20 
30 
20 
20 

(only strung lines) 
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APPENDIX III 

X- ray Diffractions of Steenstrupine 

X-ray diffraction lines are given for the steenstrupine fraction from 
drill core I . and of samples heated to 700. 800 and 9€0°C. respectively, 
in Uble III. 1. Also given are the ASTM card files for monasite. (U.ThK), 
and steenstrupine. The same abbreviations are used as in appendix II 
together with the following new ones: 

M: Monaxite 

U: (U. ThK>, 

T a U a m . l 

X - r a y Diffract* 

. . . Htwtcw la 700"C Haata* l a I 
A. (A) tat akaaa a. (A) bx ahaaa *. (A) btf 

0 .7 vw > .«4 - 4 . M w 
C.3 vw Ac J . 15 w - D Mf-HI) 4 . 4 t w Ac 
4 .4« vw Ac 2.27 w Ac 3 . M vw-D M 
2.27 w Ac 2.27 vw-D M 3.35 • 
2 .22 vw 2.52 vw Ac 3.32 w M 
2 .SI vw Ac 1.4S vw Ac 3. IS wt-D O 
2.4S vw Ac 2.24 vw 3.14 m M 
2.27 vw 2. IS vw 2.22 vw Ac 
2.23 vw 2.00 vw 2.27 m M 
2.21 vw ———^^—^— 2.74 w 
2 .12 vw - A«rac » - 7 1 W " D u 

MewWlta A 9 T M » a « __ 

a. (A) M 2 - M *• *« 
«. (A) M 

2.7 
4.44 
4.22 
4.13 
4.12 
3.33 
3.32 
3.13 
3.10 
3.22 
2.24 
2.24 
2.71 
2.40 
2. »3 
2.12 
2. IS 
2.143 
2.14 
1.27 
1.22 
1.23 
1.22 
1.77 
1.74 
1.23 
1.433 
I.S7 
1.S4 

vw 
vw 
vw 
w 
vw 

M 

M 

• • D M 
m 
• 
m 
V W 

vw 
m 
m 
w 
vw 
vw 
vw 
vw 
vw 
w 
m 
vw 
vw 
vw 
vw 
vw 
m 
vw 
V W 

M 
U 
M 
M 

M 
U 
M 

M 
M 

M 
M 
V 
M 
M 
M 
M 
M 
U 
V 
M 

S.22 
• . 4 4 
4.17 
J . SI 
3 .30 
3. S t 
3 . 2 * 
2.27 
2.21 
2.44 
2 .13 
2. IS 
2.13 
I .2S I 
1.223 
1.270 
1.243 
1.742 
1.737 
1.427 
I.S3S 

13 
14 
2S 
2S 
SO 

100 
12 
70 
12 
12 
12 
2S 
» 
2S 
13 
13 
12 
13 
23 
12 
13 

2.43 vw Ac 
2.24 vw 
2 .12 v w . D 
2.14 v w - D 

Of. TUlOj ASTM 

car* M a S-»42 

a. (A) kat 
(ralaitva) 

2.14 100 
2.73 SO 
1.24 02 
1.25 20 
I .S4 20 
I .2S 30 
(anly atraag Una«) 

(only B i r o * , Una«) 
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APPENDIX IV 

Description of the 26 Lujavrite Samples Investigated 

A description is given of all the lujavrite samples mentioned in chapters 

8 and 9. Most of the samples were investigated in thin sections; a few were 

investigated in polished sections. The essential minerals were determined 

from the thin sections and from X-ray diffractograms. Uranium mineral­

isation was determined from the thin sections and. in cases where these 

did not exist, from polished sections. It is possible to distinguish between 

the three steenstrupine types and the pigmentary material by reflection 

microscopical investigations. 

The thin sections were kindly examined by H. Sørensen and the de­

scription was much improved by his comments. 

Sample number I. 

Arfvedsonite lujavrite from the mine material. 

Uranium content: 934 ppm. 

Mineralisation (thin section of a grain size fraction ) 75 microns + dif-

fractogram). The essential minerals are arfvedsonite, analcime, micro­

cline, and albite. Uranium is mainly contained in pigmentary material. 

Steenstrupine of the partly altered type might also be found in smaller 

amounts, but it has not been definitely identified. 

Sample number 2. 

Medium-to coarse-grained arfvedsonite lujavrite from the mine material. 

Uranium content: 412 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, analcime, and microcline. Albite, neptunite, brown sphalerite, 

steenstrupine, and monazite are found in minor amounts, Arfvedsonite 

often found in aggregates of small crystals. Pigmentary material is the 

most important uranium mineral, but steenstrupine of a rather homogeneous 

type and monazite 'uranothorite are also found. The pigmentary grains are 

often found in connexion with neptunite. The steenstrupine grains are 

isotropic and yellow, although the colour varies inside the grains. They 

frequently appear crackled and are partly altered in some areas. 
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Sample number 3. 

Medium-to-coarse-grained arfvedsonite lujavrite from the mine mater ia l . 

Uranium content: 532 ppm. 

Mineralisation (thin section + diffractogram). 

This sample is almost identical to number 2. The steenstrupine content is 

lower and it looks more altered than that of sample 2. However, isotropic 

and rather homogeneous a reas a r e still found in the gra ins . The sphaleri te 

content is ra ther high in this sample. 

Sample number 4. 

Medium-to-coarse-grained arfvedsonite lujavrite from the mine mater ia l . 

Uranium content: 359 ppm. 

Mineralisation (diffractogram). The essential minerals a re arfvedsonite, 

analcime, microcl ine, and albite. Uranium mineralisation was not de ter ­

mined. 

Sample number 5. 

Arfvedsonite lujavrite from drill core 32 (32.90 - 33.35 m depth). 

Uranium content: 404 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals a re 

aegirine, albite, and sodalite. There a r e minor amounts of analcime, 

arfvedsonite, nepheline, and microcl ine. Arfvedsonite is much al tered to 

aegirine in this sample. Uranium is contained in strongly al tered steen­

strupine and pigmentary mater ia l . 

Sample number 6. 

Arfvedsonite lujavrite from drill core 30 (12.06 - 14.36 m depth). 

Uranium content: 586 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals a re 

arfvedsonite, analcime, and microcl ine. There a r e minor amounts of 

nepheline, aegir ine, and steenstrupine. The analcime ground mass con­

tains corroded grains of microcline and nepheline. Uranium is contained 

in partly altered steenstrupine and in pigmentary mate r ia l , in which the 

sample is rather r ich. The sample might be inhomogeneous because a thin 

section from 14.37 m depth shows a sheared volcanic rock. 
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Sample number 7. 

Medium-to coarse -gra ined arfvedsonite lujavrite from drill core 15 

(41 .08 - 41 .35 m depth). 

Uranium content: 263 ppm. 

Mineralisation (thin sect ion + diffractogram). The essent ia l minera l s are 

arfvedsonite, analc ime, microc l ine and nepheline. There are minor 

amounts of aeg ir ine , sphaleri te , endialyte, neptunite, and steenstrupine. 

Arfvedsonite i s most ly found in aggregates of smal l c r y s t a l s . A minor 

part of it is a l tered into aeg ir ine . Uranium is found in partly al tered 

steenstrupine and in pigmentary mater ia l , which in this case i s altered 

endialyte. Fresh grains of this mineral are a l s o found. 

Sample number 8. 

Arfvedsonite lujavrite from drill core 16 (70 .50 - 71 .45 m depth). 

Uranium content: 751 ppm. 

Mineralisation (thin sect ion + diffractograin). The essent ia l minera l s are 

arfvedsonite and ana lc ime . There are minor amounts of albite, s teenstrupine, 

nepheline, aeg ir ine , and neptunite. There are a l so a few grains of a faintly 

yel low sphaleri te . There are corroded grains of albite and nepheline in the 

analcime ground m a s s . The sample is rich in partly altered steenstrupine 

but poor in pigmentary mater ia l . Some of the steenstrupine grains s e e m 

to have a zonar s tructure . 

Sample number 9. 

Medium-to coarse -gra ined arfvedsonite lujavrite from drill core 16 

(72 .65 - 73.45 m depth). 

Uranium content: 396 ppm. 

Mineralisation (diffractogram + polished sect ion) . The essent ia l minerals 

are arfvedsonite, ana lc ime , albite, microc l ine , and a little aegir ine. 

Urarium is contained in partly altered steenstrupine. 

Sample number 1 0. 

Arfvedsonite lujavrite from drill core 39 (25.25 - 25 .40 m depth). 

Uranium content 257 ppm. 

Mineralisation (diffractogram -f- polished sect ion) . Arfvedsonite, analc ime, 

albite, and aeg ir ine . Uranium is mainly contained in pigmentary material 

(this was confirmed by a microprobe examination). The sample is not 
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characteristic of the drill core, because the Th content is extremely low 

just around the cho>en sample8). 

Sample number 11. 

Naujakasite lujavrite from drill core 39 (64.00 - 64.20 m depth). 

Uranium content: 226 ppm. 

Mineralisation (diffractogram + polished section). The essential minerals 

are arfvedsonite, naujakasite, analcime, and microcline. The sample is 

rich in pigmentary material but partly altered steenstrupine is also found. 

Sample number 12. 

Arfvedsonite lujavrite from drill core 39 (151.20 - 153.20 m depth). 

Uranium content: 388 ppm. 

Mineralisation (diffractogram + polished section). The essential minerals 

are arfvedsonite and albite. There is a minor amount of nepheline. 

Uranium is found in both partly altered steenstrupine and in pigmentary 

material. 

Sample number 13. 

Arfvedsonite lujavrite from drill core 4 (112.05 - 112.50 m depth). 

Uranium content: 492 ppm. 

Mineralisation (thin section + diffractogram). Arfvedsonite, analcime, 

and natrolite. There are minor amounts of the two felspars, nepheline 

and steenstrupine. Corroded grains of the felspars and the nepheline are 

found in the analcime ground-mass of the thin section. A TG curve shows 

that the amounts of natrolite and analcime are approximately equal. 

Uranium is found in a homogeneous steenstrupine. The grains are isotropic 

and faintly yellow. They usually have well developed crystal faces. 

Sample number 14. 

Arfvedsonite lujavrite from drill core 5 (119.05 - 120.85 m depth). 

Uranium content: 486 ppm. 
Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, albite, nepheline, and natrolite. There are minor amounts 

of aegirine, steenstrupine, and yellow sphalerite. Uranium is mainly 

found in partly altered steenstrupine, but also in a little pigmentary material. 
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Sample number 15. 

Arfvedsonite lujavrite from drill core 22 (118.40 - 119.00 m depth). 

Uranium content: 328 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, analcime and aegirine. There are smaller amounts of 

sodalite, microcline, nepheline, and steenstrupine. Arfvedsonite is in 

some areas completely altered to aegirine. Uranium is found in steen­

strupine of the partly altered type, in pigmentary material and in 

uranothorite associated to monazite. 

Sample number 16. 

Medium-to coarse-grained arfvedsonite lujavrite from drill core number 

22 (110.82 - 111.08 m depth). 

Uranium content: 161 ppm. 

Mineralisation (thin section + diffractogram). Arfvedsonite, aegirine, 

microcline, and natrolite. There are minor amounts of analcime, sodalite, 

monazite, and neptunite. Arfvedsonite i s partly altered to aegirine. 

Uranium is found in pigmentary material and in monazite. The sample is 

rich in monazite, so an essential part of the uranium can be found in this 

mineral although the content is at most a few parts per thousand. 

Uranothorite was not found in this sample. The pigmentary material is 

associated to much neptunite. 

Sample number 17. 

Naujakasite lujavrite from drill core 32 (10. 70 - 11,10 m depth). 

Uranium content: 516 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

naujakasite, aegirine, analcime, albite, and arfvedsonite. There are 

mi nor amounts of strongly altered steenstrupine and of a red-brown 

sphalerite. Arfvedsonite is much altered to aegirine. Naujakasite is 

also altered, because it has a brown colour. Uranium is mainly found in 

strongly altered steenstrupine, but there is also a minor amount of 

pigmentary material. 

Sample number 18. 

Naujakasite lujavrite from drill core 7 (113. JO - 113. 40 m depth). 

Uranium content: 607 ppm. 
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Mineralisation (thin section + diffractogram). The essential minerals are 

naujakasite, arfvedsonite, and albite. There are minor amounts of 

natrolite, steenstrupine and microcline. The sample is very poor in 

analcime. Uranium is contained in partly altered steenstrupine and in a 

little pigmentary material. Many of the steenstrupine grains have a 

zonal structure. 

Sample number 19. 

Arfvedsonite lujavrite from drill core 24 (86.50 - 86.75 m depth). 

Uranium content: 912 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, albite, microcline, and sodalite. There are small amounts 

of aegirine and steenstrupine. The steenstrupine has a red-brown colour 

that varies inside the grains. They are partly isotropic and anisotropic. 

The grains are not completely homogeneous. This steenstrupine might be 

defined as being intermediate between the homogeneous and the partly 

altered type. (cf. section 8. 2). 

Sample number 20. 

Naujakasite lujavrite from drill core 28 (90.25 - 90.60 m depth). 

Uranium content: 395 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

naujakasite, arfvedsonite, and microcline. There are minor amounts of 

aegirine, monazite, and steenstrupine. Arfvedsonite is partly altered to 

aegirine. Uranium is found in steenstrupine, pigmentary material and 

monazite. The steenstrupine is sparse; it is homogeneous, isotropic and 

colourless. There is much monazite, but uranothorite was not detected 

by microprobe examination. 

Sample number 21. 

Arfvedsonite lujb ,-ite from drill core 17 (110. 10 - 110.60 m depth). 

Uranium content: 742 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, albite, analcime, and natrolite. There are minor amounts 

of nepheline, ussingite, aegirine, steenstrupine, and a little villiaumite. 

Albite and nepheline are found as corroded grains in the analcime-natrolite 

ground mass. Arfvedsonite is in some areas partly altered to aegirine. 

Uranium is mainly found in partly altered steenstrupine, but pigmentary 

material is also found. 
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Sample number 22. 

Arfvedsonite Lujavrite from drill core 40 (152.44 - 152.85 m depth). 

Uranium content: 310 ppm. 

Mineralisation (di'Tractogram + polished section). The essential minerals 

a re arfvedsonite, microcline, albite, sodalite, aegir ine, and natroli te . 

Uranium is mainly found in pigmentary material . Many of these grains 

are ) 100 microns. 

Sample number 23. 

Arfvedsonite lujavrite from the foot of Steenstrup Mountain. 

Uranium content: 506 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, analcime, and microcline. There is a minor amount of 

aegirine. Uranium is mainly found in strongly altered steenstrupine. The 

grains a re large, very i r regular and very inhomogeneous. 

Sample number 24. 

Arfvedsonite lujavrite from the Tasseq slope (outcrops of lujavrite). 

Uranium content: 506 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, analcime, and microcline. There a re minor amounts of 

nepheline and steenstrupine. Corroded microcline and nepheline grains 

a re found in the analcime ground mass . The sample is rather rich in 

pigmentary material , but most uranium is found in a ra ther homogeneous 

steenstrupine. It is difficult to determine whether this steenstrupine is 

homogeneous, because many grains have both altered and unaltered a r e a s . 

In most grains there a re homogeneous and isotropic a r ea s , so the alteration 

seems to differ from that seen in the partly altered steenstrupine type. It 

might be the result of some weathering process , because the sample is 

from the surface. There seems to be a chemical difference between the 

homogeneous and unaltered grains and the homogeneous a reas in the 

altered grain of steenstrupine, because the S i 0 2 / P 2 0 j . ratio is approxi­

mately 3 in the first and 2 in the second case. 

Sample 25. 

Arfvedsonite lujavrite from the northern area of Kvanefjeld (Fixpoint 114). 

Uranium content: 285 ppm. 
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Mineralisation (thin section + diffractogram). The essential minerals a r e 

aegir ine, analcime. arfvedsonite, and nepheline. There a r e minor amounts 

of the felspars. Nepheline and the felspars a r e much altered to analcime. 

as also arfvedsonite to aegirine. Uranium is found in pigmentary material. 

Sample number 26. 

Arfvedsonite lujavrite from the northern area of Kvanefjeld (Fixpoint 10«). 

Uranium content: 415 ppm. 

Mineralisation (thin section + diffractogram). The essential minerals are 

arfvedsonite, analcime and aegirine. There a r e minor amounts of 

nepheline, microcline, sodalite, and steenstrupine. The steenstrupine in 

this sample has a very unusual composition (cf. table 8.2). It is weakly 

anisotropic. The SiO^/P-O,. ratio i s approximately 1. Some of the grains 

a r e altered in the same way as the steenstrupine in sample number 24. 
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APPENDIX V 

Average samples 

Table V.I. gives the drill core numbers and the depths from which 

the average samples were chosen. Two pieces approximately 10 cm 

in length were chosen at 10 m intervals from each drill core. 

Sampl* 
numbers 

1 

2 

Dril l cor« 
number 

1 

2 

3 

5 

• 
9 

16 

17 

21 

3 

4 

3 

7 

9 

10 

11 

12 

14 

16 

17 

21 

Depth 
(m) 

37 47 

47 57 

62 72 

67 77 

32 42 

27 37 

47 57 

52 62 

47 57 

110 120 

120 130 

112 122 

92 102 

72 82 

82 92 

132 142 

102 112 

116 126 

92 102 

97 107 

92 102 

Sample 
numbers 

3 

4 

Dri l l c o r e 
number 

6 

15 

18 

20 

22 

23 

25 

26 

27 

29 

30 

31 

33 

6 

15 

18 

20 

22 

23 

25 

26 

27 

31 

33 

Depth 
(m) 

26 26 

21 31 

21 31 

16 26 

11 21 

11 21 

1 II 

16 26 

1 11 

6 16 

11 21 

2fi 36 

16 26 

74 84 

74 84 

70 80 

67 77 

64 74 

64 74 

54 64 

69 79 

54 64 

69 79 

67 77 
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