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Abstract

A preliminary examination has been undertaken of fluid inc1usions in four
minerals from the Ilimaussaq alkaline intrusion. The apparatus used in the study
has been developed in the lnstitute of Geology and Geophysics of the Siberian Bl'anch
of the Academy of Sciences, Novosibirsk.

Primary three-phase inclusions (liquid-gas-crystals) in nepheline from naujaite
homogenize in the liquid phase at 850-104c0° C. The gas phase in one analysed inc1u
sion is dominated by CO•. Primary gas-liquid inc1usions in nepheline from green
lujavrite homogenize at 910-970° C in the liquid phase. These temperatures are in
agreement with temperatures obtained on nephelines from Lovozero, Miask and
Synnul' and with data from fusion experiments on the rocks in question.

Primary gas-liquid inc1usions in sorensenite and tugtupite from late analcime
albite veins homogenize at 4c00-4c60° C. The liquid phase of fluid inclusions in tugtupite
contains 21 weight per cent of salts -sodium chloride is assumed to be predominant.
The gas phase in one primary inc1usion in tugtupite is dominated by CO•. Secondal'Y
fluid inc1usions in the two minerals homogenize at 350-100° C. The temperatures ob
tained are in agreement with those estimated from mineralogical evidence.

A big crystal of chkalovite from an ussingite-anaIcime vein contains several
generations of fluid inc1usions. The primary liquid-gas-crystal inc1usions homogenize
at 860-980° C. The solid phase is dissolved at 330-360° C, two immiscible liquids
appeal' at 700-800° C. Half of the ca. 250 fluid inc1usions examined belong to this
category.

The several generations of seeondary inc1usions which embrace liquid-gas
erystal inc1usions, gas-liquid inclusions and gas inc1usions homogenize in sevcral
groups between 760°C and 100°C.

The liquid phase of the high temperature inc1usions contains 4c0-4c4c weight per
cent NaCI. The pressure at the temperature of homogenization is estimated to be
higher than 1000 atm. The gas phase is dominated by CO. and N.+ inert gases.

The unexpectedly high temperature of homogenization of the primary inc1\!
sions of the chkalovite is difficult to explain. A detailed study of this problem is in
preparation.

AHHOTAI~lfH

I1pep,BapI1TeJIhHO I1CCJIeAOBaJII1Ch æl1AHl1e BRJIlOqeHlUI 4c j\ulIIepaJIOB ua IT\eJIO
qHOrO I1HTpY311Ba MJII1Mayccar. AnnapaTypa, nCnOJIh3yeMalI P;JllI 3TOit IjeJlII ,
6hIJla paapa60TaHa B MHCTI1TYTe reoJlorl111 11 reo!flnal1RI1 CO AH CCCP, ]J r.
HOBOCI16I1pcHe.

I1epBI1QHhIe BHJIIOQeHl1lI (æI1AROCTh - ras - RpI1CTaJlJIhI-yarll1lm) B HefreJIllIIe
113 HaYlIl1Ta rOMoreHI1311pYlOTClI B æl1AHYIO !fla3Y npl1 850-1 04c0° C. B COCTalJe
ra30Boit !fla3h! 0AHoro aHaJll1311pOBaHHoro BHJIIOQeHl1lI npe06JlaAaeT CO 2' I1epnlI
'1Hhle ra30BO-æ11AHl1e BHJlIOQeHl1lI B He!fleJII1He 113 3eJleHOrO JlYlIBpUTa rO'rIOrem!3H-
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PYIOTCII l1pH 910-970° C B iRlI:,r~KYIO (paay. 8TH TeMl1epaTypbI HaXO;J;IITCH B CO

rJIaCHI'I C TeMl1epaTypaMH, 110JIYQeHUbIMII ;a;JIII ue.peJIIIUOB ua JIoBoaepa, YpaJIa U
CbIHUbIpa, a TaK1f{e C 3KCnepl'IMeUTaJIbUbIMU ;a;aUUbIMU no nJIaBJIeUUIO il/III no;a;o

OHbIX ropUbIX nopo;a;.

IlepBllqubIe raaOBO-iRl'IiJ;Kue BImIOqeUUII B. copeuceUUTe H TyrTYIIIITe Ha

110a;a;UI'IX aUaJIb~HMO-aJIb6uTOBbIX iRHJI rmlOreUHaupYIOTCII npH r.00-4600 C.

'iRu;a;Kall .paaa BKJIIOQeUHH B TyrTYl1UTe CO;a;epiRHT 21 Bec. Olu COJIeH C BepolITHbIM

npe06JIaAaHUeM XJIOpHCTOro HaTpHII. B raaOBOH .paae O;a;Horo nepBHqHOrO BKJIIOqe

IIIm B TyrTymlTe l1pe06JIa;a;aeT CO.. BTOpl'IqHbIe raaOBO-iRuAKHe BKJIIOqeHUII B

OOOHX MHHepaJIaX rOMoreIluaHpYIOTCII npu 350-100° C. TeMnepaTYPbI, nOJIyqeIl

UbIe B 3KcnepUMeUTax, uaXO,rJ;IITCII B CorJIaCUU C TeMnepaTypHbIMU Ol1pe;J;eJIeIIIIIIMII

;J;JIII MHUepaJIOrWleCKUX )J;aUUbIX.

l{pynubIH HpHCTaJIJI qKaJIOBHTa ua yccuIIrUT-aUaJIb~UMOBOHiRHJIbI COAepiRIlT

HeCKOJIbKO reuepa~HH raaOBO-iRIl)J;HHX BKJIIOqeUHH. IlepBUqHble Tpex.paaOBble
BKJIIOqeUHII rOMoreHIlaIlpYIOTClI l1pU 860-980° C. TBep)J;alI .pa3a pacTBoplIeTcll

"PU' TeMl1epaType 330-360° C, npIl 700-800° C nOIIBJIIIIOTCII )J;Be HeCMeIUHBa
IO~HeCII iRIl)J;KOCTH. IloJIoBHHa Ila 250 UCCJIe)J;OBaHHbIX BHJIlOqeHUH l1pIlHaAJIeiRIlT

3TOH HaTeropuIl.

BTOpUqHble BKJIIOqeUUII Tpex.paaoBble, raaOBO-iRuAHHe, a TaI(iRe cy~ecTBeHHo

raaOBbIe l1pe;a;CTaBJIIIIOT C060H UeCIWJIbKO reHepa~uH (rpynl1), HOTOPbIe rmwreIle

3UPYIOTCH B UHTepBaJIe TeMnepaTyp 01' 760 AO 100°C.
mH)J;Kall (paaa BblcoHoTeMnepaTypIlbIX m(JIIOqeIlUH cO;~epiRHT 40-44 Bec. ulu

NaCl. .JJ:aBJIellHe I1pH TeMnepaType rOMoreHHaa~I'IH, KaI' onpeAeJIeHO, BblIIIe 1000

anI. B raaOBOH .pa3e npeo6JIaAaeT CO. (npucYTcTByeT N. + IIHepTubIII raa).

Qpe3BblqaiiHO BblCOKall TeMnepaTypa rOMorelm3aI\UU UepBUqHbIX BKJIIOQeHIlH

'lI;a.'IOBIlTa TPYilIIO OO'bllCHIlMa. Ilo)J;po6uoe Il3yqeUUe np06JIeMbI np0;J;OJIiRaeTCH.

3*



CONTENTS
Page

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Introduction 7

General principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Methods .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1. Temperature 9
2. Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3. Concentration of salts in liquid phase 9
4. Composition of the gas phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10

Mineral-thermometric analysis of nepheline 11
1. Naujaite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12
2. Green lujavrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. It.
3. Discussion of the results of the homogenization experiments on liquid inclu

sions in nepheline from naujaite and lujavrite . . . . . . . . . . . . . . . . . . . . . . .. 15

Mineral-thermometric examination of sorensenite, tugLupite and chkalovite.. 16
1. Sorensenite....................................................... 16
2. Tugtupite........................................................ 19
3. Chkalovite ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 21

Discussion of the mineral-thermometric analysis of sorensenite, tugtupite and
chkalovite , 27

1. Main results of the preliminary examination of the fluid inclusions. . . . .. 27
2. The temperature of formation of the rocks of Ilimaussaq . . . . . . . . . . . . .. 28
3. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 31

Plates . . .. . .. . . .. . . . .. . ..... . .. . . .. . . .. .. ... . ... . .. . .. . . .... .. . . . . . . .. 33



PREFACE

This paper presents the results of a study of fluid inclusions in some
minerals from the Ilimaussaq alkaline intrusion, South Greenland.

One of the authors (V. S. S.) when visiting the Institute of Petrology,
Copenhagen in the spring of 1967 mentioned the progress made in the
high-temperature inclusion studies in the laboratories at Novosibirsk.
It was then decided to carry out a few preliminary examinations of
minerals from Ilimaussaq and in case the studies were successful to take
up a closer co-operation using the apparatus developed in Novosibirsk.
The preliminary studies gave so interesting results that it is felt justified
to publish them separately. A more detailed examination of the fluid
inclusions in the minerals of Ilimaussaq is being planned.

The experimental part of the examination has been carried out in
Novosibirsk, the petrological part in Copenhagen. The paper has been
written jointly by all those involved in the study.

The Russian parts of the manuscript have been translated into
English by Mrs. A. DEMIN. T. C. R. PULVERTAFT kindly corrected the
English of the manuscript.

The publication is authorized by the Director of the Geological
Survey of Greenland.

Institute of Geology and Geophysics of
the Siberian Branch of the Academy of Sciences,

Novosibirsk, May 1968

lnstitute of Petrolog'y,

Copenhagen, May 1968



INTRODUCTION

Fluid inclusions in minerals have been studied intensively for more
than a hundred years. Misinterpretation of the results obtained from
these studies, first of all the failure to distinguish primaryand secondary
inclusions, has brought this field of research into discredit, but recent
work in a number of laboratories has demonstrated the value of inclu
sion studies to mineralogy, petrology and ore geology. The studies re
ported in the present paper have been carried out in the Institute of
Geology and Geophysics of the Siberian Branch of the Academy of
Sciences, Novosibirsk. It is based partly on the fundamental studies of
ERMAKOV (1950) and LEMMLEIN (1956).

Methods have now been developed which make it possibIe to evalu
ate the physical-chemical conditions of crystallization of minerals con
taining fluid inclusions. The determination of the main parameters of
crystallization (temperature, pressure, amount and composition of dis
solved salts and gases) in primary fluid inclusions gives an idea of the
conciitions at the time of formation of a mineral, while the study of
secondary inclusions sheds light on the post-crystallization history of a
mineral. It is thus possibIe to characterize quantitatively the crystal
lization of the rocks examined and to elucidate their genesis.

The Ilimaussaq alkaline intrusion in South Greenland is made up
mainly of agpaitic nepheline syenites which appeal' to have been formed
from a per-alkaline magma strongly enriched in volatile compounds
(ef. SØRENSEN, 1958).



GENERAL PRINCIPLES

Fluid inclusions are relics of mineral-forming solutions capturecl
either during crystalIization of the minerals (the primaryand pseudo
secondary inc1usions) Ol' during the post-crystallization history of a
mineral, i. e. during healing of fractures Ol' recrystallization (secondary
inc1usions). Effusive and hypabyssal rocks may contain inc1usions of
the melt (either in the form of glass Ol' as partly Ol' fully crystalline
material) captured during the crystallization of phenocrysts.

Depending on the state of aggregation of the mineral-forming me
dium the inclusions at the moment of capture may be in a fused, liquid
Ol' gaseous state. At the moment of their capture the inclusions consist
generally of a homogeneous medium exposed to a certain pressure corre
sponding to the pressure prevailing during crystallization of the minerals.
When subjected to decreasing temperature (and pressure) the content
of the cavities may split up into several phases and at room temper
ature may consist of two, three Ol' more phases depending on the com
position and concentration of the parental solution.

Thus, each microscopic remnant of the mineral-forming medium,
when returned to a homogeneous state, carries within itself information
about the thermodynamic conditions during crystallization of the min
eral examined.

The study of primary inclusions reveals the temperature interval
of primary crystallization of the mineral in question; the study of the
secondary inc1usions gives information about the low temperature
boundary of crystallization.

Up to the beginning of the last decade inc1usions in minerals from
pegmatites and hydrothermal veins were especiaIly studied. During the
last few years inc1usions in minerals formed during the magmatic stages
of crystallization have been studied intensively in the Soviet Union
(BAZAROVA and KOSTYUK, 1963; BAZAROVA, 1965; KOSTYUK and BAZA
ROVA, 1966; SOBOLEV and others, 1967).



METHODS

1. Temperature: the determination ofthe temperature conditions
during crystallization of a mineral and during its post-crystallization
history may be carried out by homogenization of the inc1usions of the
mineral-forming solutions.

In the present study the determination of the temperatures of homo
genization of the gas-liquid inc1usions has been performed in the micro
thermochamber described by DOLGOV and BAZAROV (1965). The thermo
chamber works within a range of temperatures from 20°C (room temper
ature) to 1200°C. The temperatures are determined quite accurately
within a broad range of temperatures (from roorn ternperature up to
1600° C) by means of the platinurn-platino-rhodiurn thermocouple.

The accuracy of the measurements is regularly controlled by the
periodicaI adjustment of the therrnochamber using the temperature of
fusion of the pure chemical substances KCl, NaCl, Ag and Au. The ad
justrnent of the therrnocouple is carried out inside the charnber, which
provides the accuracy necessary for this rnethod.

Inclusions of melt are exarnined in a charnber of slightly different
construetion which works within a temperature range from room temper
ature up to 1600°C.

The temperatures of homogenization have not been corrected for
pressure.

2. Pressure : the pressure in the inclusions was determined by a
method worked out by BAKUMENKO and others (1965), after considera
tion of the recommendations of LEMMLEIN and KLEvTsov (1956) who
applied freezing in order to deterrnine the concentration of the chlorides
in inc1usions. The methods used in the present examination consist in
the determination of the true amount of CO 2 and other gases, as well
as the concentrations of the dissolved salts within an individual inc1u
sion. The total pressure in an inclusion at the temperature of homo
genization (in the hornogeneous state) is subsequently determined by
means of diagrams.

3. Concentration of salts in the liquid phase: the concentra
tion of the dissolved salts in the gas-liquid inclusions was determined by
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using a device for deep freezing, working within the interval from room
temperature down to -1S0°C (BAZAROV, 1966). The composition of the
predominant salt was determined according to a method suggested re
cently by BAZAROV and MOTORINA (1967), which consists in observation
of the phase transformation of a "captive" crystal subjected to cooling
below O°C. At temperatures below O°C NaCI is transformed into hydro
halite-NaCI· 2H20-which does not crystallize in the cubic system.
Crystals of KCI, however, do not transform under cooling. This method
gives a sufficient accuracy for calculation of the NaCI and KCI concen
trations in multi-phase inclusions.

4. Composition of the gas phase: the composition of the gas
phase in the inc1usions was determined using a method of gas analysis
of individual inclusions which has been worked out and presented in
detail by DOLGOV and SHUGUROVA (1966). This method is based on the
selective adsorption of the gases H2S, S02, HCI, HF, NHa, CO2, NO,
H2, 02' CO and the unsaturated and saturated hydrocarbons. The method
makes it possibie to perform gas analysis even on inclusions having
diameters of less than a hundredth of a millimetre.

The sensitivity of this method is 0.5-1.0 volume per cent. The
arithmetic mean deviation is 4.0 volume per cent and the mean square
root deviation 0.4 volume per cent.
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Fig. 1. SjmpJified geological map or lllc Jlimaus aq alkaline intrusion afLer J Oll '
~~F.RG l"S0:l" 19611. Tlle samples ol nalljai l , sOJ'cnsenite and lllgtupite were collecLed
at the coordinate 2-3,17; Ihe chkalovile alS, 15 and Lhe aegiJ'ine lujavrite al 13, '11.

:\lI:\'ERAL-THERMOMETRIC AN LYSI
OF KEPHELI E

Fivc specimen af nephcline-bearing rocks weee examincd dming
the present study uf mineral from 11imalls aq, but only Lwo could be
used. In tlle others therc wcre either no fluid jnclu ions, Ol' the ane
present had lost their fluid becau e of pronounced cl'acking af thc
nephelin grain. In a ample af black lujavrite thc fluid inclusions
had diameters le than 0.001 mm and as Lhe phase boundul'ies could
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not be distinguished these inc1usions could not be used in homogeniza
tion studies. Only one sample of naujaite and one of green lujavrite
could be used.

1. Naujaite. The naujaite of IIimaussaq is confined to the upper
most part of the intrusion where it forms a horizon up to a few hundred
metres thick. It is underIain by lujavrite and is generally overIain by
sodalite foyaite although in places in the northern part of the intrusion
it is in direct contact with the volcanic rocks of the roof, into which it
sends apophyses.

The naujaite, which was first described by USSING (1912), is a
coarse-grained rock characterized by a peculiar poikiIitic texture. Small
crystals of grey to green sodalite are enclosed in anhedra, several cm
across, of microcline perthite, eudialyte, aegirine, arfvedsonite and some
times aenigmatite. Nepheline forms euhedral to subhedral grey grains
which do not display the poikilitic habit of the other essential minerals.
The nepheline grains are a few mm to a few cm across and are rich in
microlites of aegirine and/ol' arfvedsonite. There are often irregular
intergrowths with sodalite (USSING, 1898) and coronas of fine-grained
natrolite.

The sample studied is a drill core of villiaumite-bearing naujaite
from Kvanefjeld in the north-westernmost part of the intrusion. The
naujaite in this locality forms both small and large xenoIiths in lujavrite.
The occurrence of villiaumite has been described by BOND AM and FER

GUSON (1964).
The nepheline grains of this sample contain fluid inc1usions of two

genetic types which differ from each other morphologicaIly and with
regard to phase composition.

The primary gas-liquid multiphase inc1usions are found singly 01',

at most, three together in one nepheline grain when seen in thin section.
The inc1usions usuaIly form negative crystals 01', rarely, are of irregular
shape. Their size reaches 0.01 mm across. The volume ratio gas: liquid:
solid is approximately 15: 15: 70. The vacuoles of the inc1usions are
choked with solid phases which often deform the gas bubbles (see plate 1,
fig. 1). In places the gas phase is squeezed between the waIl of the
vacuole and the aggregates of solid phases so that its shape at room
temperature becomes vermicular with swells and pinches. Only when
heated at temperatures around 250-300° C (when some of the solid phases
are dissolved) does the gas phase acquire the spherical shape charac
teristic for gas inclusions in liquid.

The homogenization of the primary inclusions took place in the
liquid state at 850-1040 C.
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Fig. 2. ~aujaite showing cl'ysLals of sodaJite (~I'ey) which a.re poikiliLically enclosed
in mi 'I'oeline (whiLe), aegirine and arfved oniL!' (black) and eudialyte (dark gn'y).

1atch 4.5 ClJl long (B. L. .Vielsen phot.).

Table l. Chemical analysis at" the gas phase ol a primaflj liquid-gas m
du ion in nepheline from naujaite (in (Jolurne per cent).

(Analyst: N. A. SIfL"GCnovA)

If•. , . O., lIeavy ~2+

~Ha. nel, co. ('o O2 II. hydro- inert

HF

I
rar!Jons gase

0.0 G2.G 4.07 I 0.0 I 4.92 0.0 27.81

lnerease in \'0- I
Jume of the gas
phasr dnring
opening of the
vaellole

]8.3 times

It i importa nt to note that tlle chemical analysis gi \'es onl)' the composition of tht'
gas pha e of the inclusion (in yolullle per cent). and not Lhe gas eonccntration in th('
homogencou solution filJing thr vacuole at the temperaturp of hOlDogcnization. This
could only !Jo dE'trrrnined in tlle case wht'l1 tht' \'olume of thc \'acuole is known.
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Fig. 3. egirinc lujavril displaying poikililic anhcdra of al'fvcdsonitc and a lam
inated matrix of feldspat·, aegirine and ncpheline (equidimensional gre,)" al'cas). Black

poi.nt of match is 0.5 cm lang (n. L. 1\ ielsen phot.).

The dissoluLion of the 'olid pha ·es begins at approximately 200°C
and ends at about 800°C. The composition of the dissolved ions in the
primary inc1usion.. ha.. not been deLermined .

A ehemieal analysi of one primary inelusion was pcJ'fol'lued by
N. A. SIlUl.WHOVA. The composiLion of Lhe ga phase of this inc!usion is
presented in table 1.

The secondary jnclusions in this nepheline are l'epl'esented by a
dense netwol'k af bcad-like chains af inclu ·ion eonfined to healed fl'ae
tures (plate 1, fig. 2).

2. Green lujavrite (no. 64840, Tuperssuatsiait). The grcen lujavri
tes occur, aecol'ding to FEIH;USO~ (1964), al, an inLel'mediate level in the
inll'usion in a horizon of JujavriLes undel'1ying the naujaites. The major
part of thi:; horizon is made up af black, arfvedsonite-bearing lujanites.
The green, aegirine-rich JujavriLcs form bands Ol' Jenses in ihe blaek
roek (SØIlENSE-", 1958; l'EHGUS02\:, 1964) and form thicker masses in the
lowermost part of the lujavrite horizon (FEllG uso"'", j 964).

1'he green lujavrite is genet'ally a fine-grained stl'ongly laminated
rock because of Lho QI'ienlalion oflath-like erystals of micro line and



XI A Preliminary Examination of fluid IncIusions 15

albite, and needle-like crystals of aegirine in the planes of lamination.
Small plates of eudialyte and stout prisms of nepheline, the latter being
up to 0.5 cm in diameter, may also display a preferred orientation. There
is often an interstitial matrix of analcime and/ol' natrolite. The green
lujavrites frequently appeal' to be sheared, the texture being protoclastic.

The sample examined is a very homogeneous, finely laminated
green rock with small spots, about one mm in diameter, of arfvedsonite.
In thin section it is seen to be composed of laths of albite and subordinate
microcline, fine needles of aegirine, small platy crystals of eudialyte and
somewhat corroded short prisms of nepheline enclosed by coronas of
natrolite. The parallel arrangement of feldspar laths, aegirine needles
and eudialyte plates is disturbed around the nepheline grains, so that
they more Ol' less wrap the nepheline crystals. This may be due to com
paction during the consolidation of the rock. There are spots of secondary
natrolite and analcime and poikilitic anhedra of arfvedsonite.

The nepheline encloses small laths of microcline and small needles
of aegirine and contains gas-liquid inclusions of a size less than 0.001 mm
across but with comparatively distinct phase boundaries which enabled
us to make about 30 reliable homogenization experiments.

The inclusions observed ean be divided into two genetic groups :
primary gas-liquid inclusions and secondary gas-liquid inclusions.

The primary inclusiollS are arranged parallel to the hexagonal axis
of the nepheline. When seen in thin section they occur in groups of 3 to 5.
The inclusions appeal' to be shaped as negative crystals. The ratio of
gas to liquid is about 55: 45. Homogenization of the inclusions was
achieved by expansion of the liquid in the temperature interval 910 to
970°C.

The secolldary inclusions are usually confined to healed fissures.
Their homogenization is realised in the liquid state at temperatures
below 600° C.

3. Discussion of the results of the homogenization experi
ments on liquid inc1usions in nepheline from naujaite and Iuja
vrite. According to the results of this study it may be suggested that
the crystallization of the nepheline took place at temperatures not lower
than 850-1040°C. The data on which this assumption is based is clearly
very scanty and fragmentary. There is, however, excellent agreement
with data obtained on nepheline from alkaline rocks in Lovozero (Kola
Peninsula), Miask (the Urals) and Synnur, North Baikalia. For example:
in the nepheline from the Lovozero urtites the temperature of homo
genization of the most high-temperature inclusions varies from 850° to
980°C (BAZAROVA, 1965) and slightly higher, in nepheline from the
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Uralian miaskites from 800° to 950°C, in nephelines from the North
Baikalian synnyrites from 810° to 950°C and slightly higher (PANINA,

1966). In a number of cases these inc1usions are also rich in dissolved
salts; this especiaIly concerns inc1usions in nephelines from the urtites
of Lovozero and the miaskites of the Urals. The high temperature in
c1usions in these Soviet examples have, however, generally lower con
centrations of dissolved salts than the nepheline of the naujaite.

The data obtained is also in fair agreement with the results of ex
perimental studies of naujaite and lujavrite from Jlimaussaq obtained
by PIOTROWSKI and EDGAR (1969). The crystallization of fused samples
of naujaite were studied at atmospheric pressure and at 1030 bars water
pressure. At atmospheric pressure the order of separation (and corre
sponding liquidus temperatures) were for naujaite (no. 57041): sodalite
(1187°C), nepheline (1120°C), eudialyte (1095°C), feldspar (1080°C),
clinopyroxene (1022°C), amphibole (932°C); and for green lujavrite
(no. 57033): feldspar (1102°C), clinopyroxene (1095°C), nepheline (1062°
C), eudialyte (? 1062°C), amphibole (1042°C). At 1030 bars PH 20 for
naujaite: sodalite (895°C), nepheline (? 865°C), eudialyte (845°C), feld
spar (800°C), c1inopyroxene (745°C), amphibole (685°C); and for the
green lujavrite: feldspar (875°C), c1inopyroxene (845°C), nepheline
(? 775°C), amphibole and eudialyte (750°C).

It is a remarkable faet that liquid inclusions homogenize at such
high temperatures as about 900° C without showing critical phenomena.

It should finally be pointed out that the gas phase is made up mainly
of CO2 in the only primary inc1usion analysed chemically.



:YlINERAL-THERMOMETRIC EXAlYIINATION OF

SORENSENITE, TUGTUPITE AND CHKALOVITE

Sorensenite, tugtupite and chkalovite all occur in late veins inter
secting the agpaitic nepheline syenites of Ilimaussaq. These veins are
interpreted as pneumatolytic-hydrothermal formations genetically asso
ciated with the lujavrites. The veins clearly were formed later than the
consolidation of the naujaite since they are often located in zones of
crushing or faulting in the naujaite. The veins do not generally intersect
the lujavrites but there are veins and lenses in a special type of coarse
grained lujavrite in the Kvanefjeld area (SØRENSEN and others, 1969).

The veins often have marginal aegirine (or acmite) and are made up
of one or more of the minerals: albite, sodalite, analcime, natrolite,
ussingite and microcline. There are locally high concentrations of rare
minerals containing rare earth metals, thorium, lithium, niobium, beryl
lium, zinc, etc., for example steenstrupine, monazite, lithium mica,
epistolite, pyrochlore, chkalovite, tugtupite, sphalerite (see SØRENSEN,
1962 and 1967).

In the present paper are recorded the results of the first mineralo
thetmometric examination of sorensenite, tugtupite and chkalovite from
the Ilimaussaq intrusion. The results obtained give only an approximate
idea about the conditions of formation of these minerals, since the
quantities of sorensenite and tugtupite available were not sufficient for
a full experimental study. Furthermore sorensenite is only slightly trans
parent in slides. The pronounced cleavage of sorensenite is a substantial
obstacle for carrying out experiments on the homogenization of fluid
inclusions. Only chkalovite has been the subject of a full mineralo
thermometric analysis. Unfortunately, however, only one sample of this
mineral has been examined so far.

1. Sorensenite. Sorensenite was first described by SEMENovand
others (1965). It occurs in analcime veins and lenses associated with a
coarse-grained type of lujavrite found so far mainly in the Kvanefjeld
area (SØRENSEN and others, 1969). In addition to analcime the veins
are made up of natrolite and sodalite with minor pyrochlore, neptunite,
bIue apatite, monazite, chkaIovite, beryllite, etc. Sorensenite may be
the next most abundant mineral of the veins but generally occurs as

181 2
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scattered lath-like or prismatie crystals up to 10 cm long. The prismatie
crystals often form clusters. The sorensenite may be associated with
large grains of chkalovite and may be covered by secondary beryllite
(SEMENovand others, 1965; ANDERSEN, 1967). Sorensenite has aIso been
found in association with tugtupite which appears to replace the soren
senite (SØRENSEN and others, in preparation).

The sorensenite examined by us contains numerous gas-liquid in
cIusions. Owing to the low transparency of the mineral in the thin
sections studied the phase boundaries are indistinct in most of the in
cIusions. Because of the pronounced cleavage of sorensenite 95 % of the
inclusions suitable for examination Ieak during the first stages of heating.

During the examination of sorensenite two types of gas-liquid in
cIusions were observed: a. primaryand b. secondary.

Table 2. Temperatures of homogenization of fluid inciusions in sorensenite,
tugtupite and chkalovite.

Temper-
Genetic Size of ature of

Mineral type of Types of inclusions Aggregate homogeni- Remarks
inclusions inclusions in mm state zation in

Co *)

Sorensenite Primary? Two-phase Thousandths Liquid 420-400
of a mm

Secondary - - - 300-150
--------------

Primary Two-phase Up to 0.001 Liquid 460-440
mm

Tugtupite Secondary - - - - - 350-310
- - - - - - 260-240
- - - Up to 0.02 - 110-100

mm
----- ----._--.

Primary'/ Three-phase Up to 0.01- Liquid 980-860

I
0.03 mm

Chkalovite Secondary - - - - - 7GO-720
- Two-phase - - - 600-550
- Four-phase - - - 530-500
- Three-phase - - - 420-400
- -- - - - - 160-140
- Substanti- - - Gas Lower Condensation

I

ally gas than room of the liquid

I

I

temperat. phase when

I

cooled beJow

I
O°C.

*) Here and in the text the temperatures of homogenization are given without
corrections for pressure.
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a. 'l'hc primary gas-liquid inclusions are arranged parallel to the
elongation of the mineral. The shape of the inclusions is usually faceted
(negative crystals, plate 1, fig. 3). The phase ratio gas: liquid is about
30: 70. The size of the inclusions does not exceed a few thousandths of a
millimetre. The temperature of homogenization of the inclusions varies
from 420 0 to 400°C; the process takes place in the liquid state. At ap
proximately this temperature the mineral becomes irreversibly dull and
completely unsuited for further examination. Owing to this fact it has
been impossible to analyse the gas phase of the inc1usions.

b. The secondary inclusions are confined to healed fractures in the
host mineral. The shape of the incIusions is usually irregular amoeboid.
The size of the inclusions does not exceed one thousandth of amillimetre.
Often the series of inclusions bear indications of "unlacing". The phase
ratio gas: liquid varies from 20: 80 to 8: 92. HOlllogenization takes place
in the liquid phase in the interval from 300 to 150°C. Twenty repeated
measurements of the temperatures of homogenization of sealed fluid in
c1usions have been made in sorensenite.

By means of the method of freezing (BAZAROV and MOTORINA, 1967)
the liquid phase of the primary inc1usions has been found to contain
21 per cent by weight of salts. NaCI is assumed to be predominant among
the dissolved components.

2. Tugtupite Tugtupite is of widespread occurrence in Ilimaussaq.
It is found in analcime and albite veins intersecting naujaite and augite
syenite. The veins may be contiguous with veins of lujavrite occupying
the same fracture zones and it is therefore believed that the albite
analcime veins have been formed from fluids squeezed out from the
consolidating lujavrite magma (SØRENSEN, 1962, p. 174).

The tugtupite forms aggregates of equidimensional anhedra. There
are often inc1usions of chkalovite in these aggregates. The chkalovite is
intersected by veinlets of granular tugtupite. It appears as if tugtupite is
formed at the expense of chkalovite. The tugtupite is often enclosed in
analcime Ol' occurs in the marginal parts of analcime aggregates in albite.

The sample of tugtupite studied by us was collected in an albite
analcime vein intersecting augite syenite in the Kvanefj eld area. Further
constituents are natrolite, sodalite, pyrochlore, neptunite, sphalerite,
lithium-mica, epistolite, beryllite, chkalovite, etc.

A description of the mode of occurrence of tugtupite is in prepara
tion (SØRENSEN and others, in preparation).

The amount of gas-liquid inclusions in the examined sample of
tugtupite is small. Altogether 45 repeated determinations of the temper
ature of homogenization have been made. Two genetic types of inc1usions

2*
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Fig. 4. Ycin of albitilc wilh patchcs of tllgtupitc (dark shade) in augilc syenilc,
Kvanefj('ld. (13. L. Nielsen phol.).

al'c clcarly dcflned: a. IJt'imar'y Lwo-phase incJusions and b. seconda!'y
two-phase inclusions.

a. '1'110 prima!')" hvo-phase iJle1l1sions are found a' small gl'oups
(made up af 2-3 inclusions) irreguJarly di tributed in the mineral. The
inclusions are faceted (plate 1, fig. 4) and t'each sizes of 0.005 mm. The
phase ratio gas: liquid is approximately 40: 60. Homogenization of the
inclusions takes place in the Jiquid phase in the temperature interval
f!'Om 440° Lo 460°C.

b. The ecolldary inclnsions are confined Lo healed hactures. There
are three generations of secondary inc1usions which may be distinguishecl
by their tempera Lures of homogeni:laLion, by morphology, and by phase
compo ition.

The secondary inclusion- of the fir'st, mosL high-Lempel'aLut'e
generation have partially faceted shapes. Theit' si:le does noL exceecl
ane thousanclth af a millimetre. 1'he phase ratio gas: liquic! is 15: 85. The
homogenizaLian of thcsc inc1l1sions occurs in thc liqnid phase in a tern
perature intet'val from 310° to 350°C.

Secondary in lusions of the econd aeneraLion are arranged in
"chains", and bea!' cleal' indicaLions af "lInlucing" which Look placc
when Lhe conLenL af Lhe inclusions was llomogeneous; Lhis becallsc thcir
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Table 3. The results af quantitatire chemical analyses af the gas phase af
indiridual inclusians (ralume per cent).

I H.S, § ,
I SO. ~ i': i

i NIl. , co. :il i:l I o.
HCl ';r:: .t i

;;..,'
HF ~ I

Mineral

.....
o

co
+

12.0 17.55 j 88.G : 0.0

1. Chkalo
vite

2.
3.

4.
5.
G. Tugtu

pite

980
940

Substan- l
tiaIly gas,

420
8GO

440

0.334
0.5G5
0.442

0.304
0.570

0.255

7.2 times 0.0
14.5 - 0.0

14.75 - li 0.0

10.9 0.0
11.4 i 0.0

i
I

i 23.5 0.0
I 37.2 i 0.0
i 34.3 : 0.0
i '

i 32.2 0.0
: 40.5 0.0

0.0
0.0
0.0

0.0
0.0

0.0

0.0 0.0 7G.5
0.0 0.0 G2.8
0.0 2.7 63.0

0.0 1.5 G6.3
0.0 ! 0.0 ! 59.5

0.0 1.7 2.15

homogenization occurs in a very narrow temperature interval from 240°
to 260° C. The phase ratio gas: liquid is approximately 10: 90.

The secondary inclusions of the third, most low-temperature
generation are characterized partly by their temperature of homo
genization, partly by a web-foot-like shape and by the complex relief of
their inner surfaces (plate 1, fig. 5). They are furthermore of big size,
reaching a few hundredths of amillimetre across. The phase ratio gas:
liquid is equivalent to (3-5): (97-95). The homogenization of the incIu
sions occurs in the liquid phase within a very narrow temperature interval
of 100° to 110°C.

It has not been possibIe to determine the composition of the liquid
phase of the primary inc1usions.

The gas phase of one primary incIusion homogenizing at 440 0 C was
analysed by N. A. SHUGUROVA (see table 3). CO 2 is the predominant gas
in this inclusion making up 88.6 volume per cent of the gas phase. H2S,
S02, NH 3 , HCI and HF make up 7.55 volume per cent.

3. Chkalovite. This mineral occurs in late veins made up mainly
of one or more of the minerals ussingite, albite and analcime. It is often
partly replaced by tugtupite, beryllite, epididymite-eudidymite or spher
obertrandite. The chkalovite always appears to be of early formation.
The grains are often deformed being built up of sectors of slightly de
viating orientation and being intersected by zones of granulation.

The chkalovite is generally in direct contact with ussingite while
almost in all cases it is separated from the albite-analcime by zones or
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Fig. 5. CryslaJs of <.:llkalovite encloseu in lIssingile, tl1() Tasr.q slopr (B. L. Vielsen
phol.).

mm: of tugtupite. The ussingiLe may be inLel' 'ected by zones of flne
arained natl'olite which ar'e again cut by a1bititic material. All thi
indi('ates thaI, Lhe chkalovite-bearing veins may have had a complicated
history of formation. As chkulovitc invariably represents the firsL pha'e
of formation the study of primaryand secondary fluid inclu ions in th is
mineral is of considerable interest.

The sam pIe examined was coJlected in an ussingite vein on the Taseq
slope in the nOJ'Lhern part af the intrusion. The e vein have marginal
zones enriched in aegirine, yellaw odalite and steenstrupine und cor'es
composed af ussingite, chkalavite, analcime, natroliLe, epistolite, lithium
mica, sphalcrite, molybdeni te, chalcothallite, niobophylJite, rare tugtu
pile, etc. (ef. SEME:'lOV and other':, 1967). The ussingite is intersected
by vcin1ets of a1bite. 1 ssingite veinleLs inlersecL the chkalovite crystals
which may reaeh sizes of 20 cm.
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The ehkalovite-bearing veins interseet naujaite. It may be suggested
that they represent totally replaeed nauj aite pegmatites, but it is most
likely that they are formed from fluids expelled from the erystallizing
lujavrite (SØRENSEN, 1962, p.171).

Chkalovite was found to be a very suitable mineral for a complete
mineral-thermometrie analysis. It eontains a great amount of two- and
three-phase fiuid inc1usions whieh ean be subdivided into two genetic
groups: a. primary gas-liquid inclusions and b. secondary gas-liquid and
essentially gas inc1usions.

a. The primary, most high-temperature, inclusions are arranged
parallel to the elongation of the mineral and are distributed compara
tively evenly within a crystal. All are three-phase inclusions (plate 1,
fig. 6, plate 2, figs. 1, 2, 3). The solid phase is represented by cubic or
parallel-epipedal crystals of halite. Very often these "eaptive" erystals
eontain fluid inc1usions made up substantially of gas. This gas phase is,
apparently, the initial part of the gas phase released during heterogeniza
tion of the inc1usion and eaptured during erystallization of halite within
the inclusion (plate 1, fig. 6, plate 2, figs. 1, 3). The phase ratio gas:
liquid + solid is approximately 50: 50-60: 40. In the experiments the solid
phase is dissolved within the temperature interval from 330° to 360° C.
The size of the fluid inc1usions reaehes some hundredths of a millimetre,
but the inclusions suitable for experiments are those not larger than a
thousandth of amillimetre beeause these remain sealed during heating.
The group of high-temperature inc1usions is eharacterized not only by
high temperatures of homogenization but also by certain peculiarities
which have never before been met with in mineral-thermometry. This
peculiarity consists in the appearance during heating within the interval
from 700° to 800°C of some kind of a new liquid phase which does not
mix with the solution within the inclusion. During further heating this
new phase very quickly decreases in size and disappears. Approximately
within the same range of temperature (800°C), the cavities containing
the fluid inc1usions are subject to changes in shape and to an increase in
size. The homogenization of the inc1usions occurs during the liquid phase
at temperatures varying from 980° to 860°C. At the moment of homo
genization the volumes of the cavities containing the fluid inc1usions are
at their maximum. During gradual eooling the whole process is reversed.
The volumes of the fluid inc1usions reach their original size, but the shape
of the inclusions becomes different.

We have previously come across changes of shape and an inerease
of size of vacuoles of fluid inc1usions at temperatures c10se to the temper
ature of homogenization (700°-800° C) while examining inclusions in
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nepheline (BAZAROVA and KOSTYUK, 1963; BAZAROVA, 1965), but in the
latter case this process was irreversible.

Temperatures of homogenization of 980°-860°C are somewhat un
usual for such a mineral as chkalovite. In this connection it is necessary
to emphasize the exceptional ease, with which reactions take place in the
solutions inside the fluid inclusions. When the inc1usions leak and their
content penetrates into fractures a rapid formation of new rows of in
c1usions and their not less rapid "lacing up" occur throughout the ex
periments. There are groups of inclusions with clear indications of "lacing
up" (plate 2, figs.4, 5) that could have resulted in the formation of
inclusions with anomalous phase ratios and, hence, anomalous temper
atures of homogenization. The homogenization of the "unlaced" inclu
sions with phase ratios most similal' to those of the inc1usions homogenized
at 980°-860° C takes place at temperatures not exceeding 600° C. The
primary high-temperature inclusions homogenize in groups of 3-5 Ol'

more at the same temperature and are accompanied by the above
mentioned phenomena which were not observed in any of the inc1usions
homogenized at lower temperatures. The faet that homogenization
resulting in the formation of a gas phase filling the fluid inc1usions has
not been observed also points against the possibility that the high
temperature inclusions were formed by "unlacing". It should at this
point be noted that the chemical composition of the gas phase of the
high-temperature inc1usions is distinguished by the absence of hydrogen.
H 2 (see table 3).

The temperatures of 980° to 860°C obtained for the crystallization
of chkalovite by means of the examination of the high-temperature fluid
inc1usions in the mineral cannot be considered to be definitive at the
present stage of the examination. Future experimental work on more
extensive chkalovite material is needed in order to prove Ol' disprove
our preliminary results.

However, in spite of the unexpectedly high temperatures, no better
results are available at the moment. It may therefore be suggested that
chkalovite crystallized from a peculiar fluid-rich chloride-silicate melt,
as has been suggested earlier by a number of authors (NIKoLAEvand
DOLIVO-DoBROVOLSKII, 1961).

b. The presumed secondary inelusions may be divided into several
genetic groups differing from each other in their temperatures of homo
genization and in the compositions of their fluid phases:

i) Three-phase inclusions are very similar to those belonging
to the primary group with regard to morphology, arrangement and phase
composition (plate 3, figs. 1, 2). They differ from the latter only in some
what different phase ratios gas: liquid + solid phase, which are approx-
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imately (40-45): (60-55), and in the temperatures of homogenization and
composition of the gas phase (table 3). The solid phase of these inc1usions
is represented by halite crystals which are dissolved within the interval
of temperature of 190°-240°C. The NaCl concentration of these inclu
sions amounts to 28-32 weight per cent. Homogenization of the inclu
sions takes place in the liquid phase in the temperature range from 720°
to 760°C. At temperatures close to homogenization no new phase ap
peared. The three-phase inclusions displaying these homogenization
temperatures are found in small number.

ii)Two-phase gas-liquid inclusions with the phase ratio gas:
liquid approximately 50: 50-35: 65 (plate 3, figs. 3, 4) are unevenly dis
tributed in the crystals of chkalovite and are found in small groups of
two Ol' three. The homogenization of the inc1usions takes place in the
liquid phase in a range of temperatures between 550° and 600°C.

iii) The four-phase inclusions more often have an irregular
Ol' partially faceted shape and two crystalline apparently cubic phases
(plate 3, fig. 5), one of which dissolves at 160°C (apparently KCI) and
the other at 330°-350°C (NaCI). Gas makes up 25-30 per cent of the
volume of these inclusions. Homogenization of the inc1usions takes
place in the liquid phase within the range of temperatures from 500° to
530° C. Within this interval several three-phase inclusions have been
homogenized, the solid phase of which was dissolved at 210°C.

iv) These are the three-phase inc1usions which homogenize
within a narrow temperature interval from 400° to 420°C (plate 3, fig. 6).
The phase ratio gas: liquid + solid phase is (20-25): (80-75).

v) Low-temperature gas-liquid inc1usions confined to healed
fractures (plate 4, fig. 1). Their homogenization takes place within the
temperature interval 140°-160° C.

vi) Fluid inclusions dominated by a gas phase and confined
to fractures (plate 4, figs. 2, 3). The liquid within these inclusions is
revealed only during cooling.

Altogether over 250 measurements of the temperature of homogeni
zation of sealed fluid inclusions in chkalovite have been undertaken.
More than 50 per cent of these measurements fell on the high-temper
ature inclusions (980°-860° C).

The results of the measurements of temperatures of homogenization
of fluid inclusions in chkalovite, tugtupite and sorensenite are presented
in table 2. The results of chemical analyses of the gas phase of individual
inclusions are presented in table 3. The analyses of the gas-phase were
undertaken by N. A. SHUGUROVA.

It should be mentioned that the data presented in table 3 represent
the composition of the gas phase of individual inclusions. The values
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indicate the part of the volume of the gas phase of these inclusions made
up of various gaseous components. The data do not reflect the gas eon
centration in the homogeneous fluids contained in eaeh fluid inc1usion.
The composition of the gases held in solution ean only be determined
when the volume of an inclusion is known.

The ehemical composition and the concentration of the dominant
salts in the liquid phase of the three phase inclusions in chkalovite were
determined by L. SH. BAZAROV by means of freezing of the inclusions
(cf. p. 10). The identification of a predominant salt ("captive" crystal)
was carried out by means of the method worked out by BAZAROV and
MOTORINA (1967). The procedure for the examination consists of thorough
studies of the behaviour, properties and phase transformations of the
solutions trapped in the vaeuoles at minus-temperatures. The physical
chemicaI diagrams which present the data obtained are then compared
with the properties of various salt systems.

From this examination it may be conc1uded that the solid phase
("captive" crystals) in the high-temperature inc1usions is represented by
NaCl. The concentration of the other salts dissolved in the solutions,
which reduce the temperature of true eutectic crystallization of the
solutions (towards - 46°C), is low because these assumed salts (possibly
CaCI2) do not produce a crystalline phase during the eutectic crystalliza
tion. The approximate concentration of NaCI in the solutions of the in
c1usions (the crystals of NaCI are dissolved at 330-360°C), as calculated
from the diagram of the two-component system NaCI-H 20 (STYRIKO

VICH and KHAIBULLIN, 1956) is equivalent to 40-44 weight per cent. The
pressure during the formation of the fluid inclusions may be estimated
by means of the methods worked out by BAKUMENKO, DOLGOV and
BAZAROV (1965). The pressure at the moment of homogenization of an
inc1usion is estimated to be higher than 1000 atm.



DISCUSSION OF THE MINERAL-THERMOMETRIC

ANALYSIS OF SORENSENITE, TUGTUPITE
AND CHKALOVITE

1. Main results of the preliminary examination
of the fluid inc1usions

a. Sorensenite was formed at temperatures of 420°-400°C from
strongly saline hydrothermal solutions containing about 21 weight per
cent salts, mainly NaCl. The pressure at the temperature of homogeniza
tion is estimated to be 280 atm. (ef. STYRIKOVICH and KHAIBULLIN,
1956). The phase ratio gas:liquid is about 30:70 in the primary in
c1usions.

Secondary inclusions gave a temperature of homogenization of
300°-150°C.

b. Tugtupite crystallized at temperatures not lower than 460°
440° C. The phase ratio gas: liquid is about 40: 60 in the primary in
clusions. The gas phase in the only primary inclusion examined was
strongly enriched in CO 2 (88.6 vol. per cent), while (H 2S + S02 + NH a +
HCl + HF), H2, and N2+ inert gases were of subordinate importance
(see table 3).

The secondary inclusions homogenized in the temperature intervals
350°-310°C (faceted vacuoles), 260°-240°C (bead-like strings of vacuoles)
and 110°-100°C. Thus the second generations of fluid inclusions were
formed by healing of fractures.

c. Chkalovite appears to have crystallized from a water-rich chlo
ride-silicate liquid phase at temperatures of 980°-860°C and at pressures
exceeding 1000 atm (see p.24 and ef. BAKUMENKO and others, 1965;
SOBOLEV and others, 1967). The phase ratio gas: liquid is about 50: 50
to 60: 40. The presence of crystals of halite, etc. at room temperature
indicates a high concentration of salts in the liquid, according to the
present examination 44 weight per cent. The gas phase of these high
temperature inc1usions is dominated by N2+ inert gases and CO2, while
H2 is absent.

There are several generations of secondary inclusions. Three genera
tions have homogenization temperatures between 760° and 500°C, one
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generation homogenizes at 420°-400° e and two at temperatures below
1600 e. The gas phase of the secondary inclusions is dominated by N2 +
inert gases and by eo 2• H2 may be a minor component.

d. It is a remarkable faet that all the inelusions studied, even those
homogenizing at 600°-980° e, are filled by the liquid phase at the tem
perature of homogenization. This indieates that the liquids were so saline
(and the pressure so high) that the liquids did not show eritieal phe
nomena.

e. In a restrieted interval of temperatures (800°-700°C) there are
two immiscible liquid phases in the high temperature fluid inclusions in
ehkalovite. Within the same range of temperatures the vacuoles are
subjeet to ehanges of size and shape indieating a pronouneed solution of
material fromthe walls of the eavities. This may indieate that the
ehkalovite was formed from a strongly saline liquid enriehed in sodium
aluminium-silieates and volatiles. This liquid (melt?) split up into two
liquids during eooling, the one a silieate-rieh phase, the other an aque
ous solution rieh in alkali halides. The silieate-rieh phase in the fluid
inelusions was partly used up by deposition of a film of ehkalovite, etc.
on the walls of the cavities.

2. The temperature of formation of the rocks of Ilimaussaq

As mentioned above PIOTROWSKI and EDGAR (1969) have examined
a few rocks from Ilimaussaq experimentally. They found that at 1030
bars water pressure the liquidus temperatures for naujaite and green
lujavrite are 910 0 e and 885°e respectively, and that the solidus temper
atures of these rocks at the same pressure are about 430° e. Thus these
roeks are characterized by very long melting intervals.

The faet that the lujavrites contain pure mierocline in association
with pure albite indicate a low temperature of formation (USSE'W, 1912,
p. 160 and SØRENSEN, 1962, p. 180); perhaps the final temperature of
eonsolidation was as low as 400° e. Microcline and albite occur as discrete
crystals indicating that both minerals crystallized as separate phases
from the lujavrite magma. In contrast the feldspar of the naujaite is a
microcline microperthite which may well represent the unmixing of a
homogeneous feldspar as aresult of the long interval of consolidation.

3. Conc1usions

The hydrothermal veins of Ilimaussaq are most probably genetically
connected with the consolidation of the lujavrite magma (SØRENSEN,

1962). They may have been formed from fluids squeezed out during the
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consolidation of the lujavrite. The texture of this rock indicates that it
crystallized during a period of deformation. The lujavrites are the most
fine-grained agpaitic nepheline syenites of Ilimaussaq indicating a rather
short period of crystallization. This may be aresult of intermittent ex
pulsion of fluids during the crystallization. The temperatures of homo
genization of sorensenite and tugtupite are in excellent agreement with
the temperatures obtained experimentally and from mineralogical data,
that is temperatures of 400°-460°C. The association of sorensenite and
tugtupite with analcime, and the late formation of tugtupite in most of
the veins in which this mineral has been found, are also indications of
rather low temperatures of formation. Thus the fluids responsibIe for
the formation of sorensenite and tugtupite may be considered to have
been residual liquids genetically connected with the lujavrite magmas.

As to the chkalovite the high temperature of homogenization of the
primaryand some secondary fluid inclusions appears to be incredibly
high. The great number of measurements shows, however, that these
extraordinarily high temperatures are not due to experimental error8.

As mentioned above, chkalovite is the earliest Ol' one of the earliest
minerals in the veins in which it occurs. It forms crystals of pegmatitic
dimensions which might be regarded as remnants of naujaite pegmatites
that have otherwise been totally replaced. Chkalovite is, however, ap
parently a rare mineral in naujaite pegmatites and it is furthermore most
unlikely that a great number of apparently pneumatolytic-hydrothermal
veins should replace naujaite pegmatites selectively.

The next possibility to consider is that the chkalovite was formed
from fluid s expelled from the lujavrite magma at approximately liquidus
temperatures. These fluids as mentioned above, have been highly saline
silicate liquids Ol' melts. The separation of such fluids at liquidus con
ditions necessitates an interplay of immiscibility relations between the
lujavrite magma and sodium silicate-rich liquids. It appears to be rather
unlikely that such liquids of early formation could be so enriched in
beryllium that chkalovite could crystallize as an early phase.

ROEDDER and COOMBS (1967) have examined inc1usions in peral
kaline granites from Ascension Island and have demonstrated that im
miscibility played a role during the crystallization of these granites. The
multiphase inclusions observed by them, e.g. those containing silicate
glass, a large halite crystal, a saturated aqueous solution and a gas
bubble, have not been observed in the present study. They also found
evidence of boiling during the trapping of the fluid phase, a phenomenon
not observed in the present study. They found homogenization temper
atures of about 600°C (not corrected for pressure).

The phase relations of the fluid inclusions excludes a pneumatolytic
origin of the chkalovite and also formation from a boiling liquid.
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It is thus hard to understand that the chkalovite could have crys
tallized at such high temperatures as indicated by the homogenization
experiments. l t is to be hoped that the continued studies may bring
the answer to this problem.

Villiaumite (NaF) is of widespread occurrence in lIimaussaq. Its
presence has not been proved in the analyzed primary fluid inclusions.
Villiaumite, is, however, a late mineral and may be present in low
temperature secondary inclusions for which analyticaI data are not yet
available. This is in accordance with the results of an examination of
fluid inclusions in nephelines from Lovozero (lKORSKY, 1966).

I. A. PETERSILlE (paper in preparation) has found that the gases
collected at room temperature from crushed naujaite and lujavrite are
enriched in hydrocarbons, just as the agpaitic rocks from Lovozero and
Khibina (PETERSILlE, 1963). The rocks of Khibina and Lovozero, which
have been albitized, have low contents of hydrocarbons. This indicates
that the hydrocarbons are not related to the pneumatolytic-hydrothermal
period of mineralization (Petersilie, op. cit.).

The hydrocarbons appeal' to be restricted to pores and micro-fissures
in the orthomagmatic rocks. The high temperature primary fluid in
c1usions in nepheline from the Lovozero urtites are rich in CO 2 (about 98
volume per cent), while hydrocarbons are predominant in secondary
inc1usions homogenizing at 600-400° C (BAZAROVA, 1969).

The high contents of N2 and inert gases in the chkalovite and
nepheline are hard to explain on the basis of the available data. It is
also toa early to discuss the high contents of CO 2 in nepheline and
tugtupite and the low content of this compound in chkalovite. A detailed
study of the fluid inclusions in a number of minerals from lIimaussaq is
in preparation.



REFERENCES

ANDERSEN, S. (1967) On beryIlite and bertrandite from the Ilimaussaq alkaline in
trusion, South Greenland. Meddr Grønland Bd. 181, Nr.4II, 11-27.

BAKUMENKO, r. T., DOLGov, Yu. A. and BAZAROV, L. SH. (1965) Method of deter
mination of pressure in inc1usions by means of joint application of homogenisa
tion and cryometry (In Russian). Thesis from report presented at the II AlI
Union conference on geothermo-barometry. Novosibirsk 1965.

BAZAROV, L. SH. (1966) The equipment for freezing of fluid inc1usions in minerals
(In Russian). Materials on genetic and experimental mineralogy, v. IV, Novo
sibirsk.

BAZAROV, L. SH. and MOTORINA, r. V. (1967) Determination of composition of solu
tions of individual multiphase fluid inc1usions by the freezing method (In Rus
sian). Dok!. AN, U.S.S.R., v. 176, no. 6.

BAZAROVA, T. Yu. (1965) Mineralo-thermometric examinations of inc1usions in
minerals of some nepheline rocks (In Hussian). Dok!. AN, U.S.S.n., v.161,
no. 4.

- (1969) Thermodynamic conditions of formation of some nepheline-bearing rocks.
(in Russian). Ed. "Nauka".

BAZAROVA (KERKIS) T. Yu. and KOSTYUK, V. P. (1963) A mineralo-thermometric
study of nepheline from Botogol (East Sayan) (In Russian). Dokl. AN, USSR,
v. 150, no. 5.

BOND AM, J. and FERGUSON, J. (1962) An occurrence of villiaumite in the Ilimaussaq
intrusion, South Greenland. Meddr Grønland Bd. 172, Nr.2, 1-12.

DOLGov, YU.A. and BAZAROV, L. SH. (1965) A chamber for examination of inc1usions
of mineral-forming solution and melts at high temperatures (In Russian).
Sbornik Mineralogie thermometry and barometry, v. I, Moscow. Ed. "Nauka".

DOLGov, Yu. A. and SHUGUROVA, N. A. (1966) Examination of individual gas inclu
sions (In Russian). Materials on genetic and experimental mineralogy. v. IV,
Novosibirsk.

ERMAKOV, N. P. (1950) Examinations of the mineral-forming solutions, Kharkov.
(English translation): Research on the nature of mineral-forming solutions.
International Series of Monographs on Earth Sciences, vol. 22, Pergamon Press.

FERGUSON, J. (1964) Geology of the Ilimaussaq alkaline intrusion, South Greenland.
Part r. Description of map and structure. Meddr Grønland Bd. 172, Nr. 4,1-81.

IKORSKY, S. W. (1966) Inc1usions of villiaumite and their connection with organic
matter in the rock-forming minerals of the Khibina Intrusion (In Russian).
Geochemistry, no. 8.

KOSTYUK, V. P. and BAZAROVA, T. Yu. (1966) Petrology of the alkaline rocks of the
eastern part of East Sayan. Ed. "Nauka".

LEMMLEIN, G. G. and KLEVTSOV, P. V. (1956) The effect of concentration upon the
temperature of homogenisation of systems consisting of aqueous salt solutioIlI'
(In Russian). Notes of the All-Union Min. Soc., Part 85,3.



32 V. S. SOBOLEV et al. XI

NIKOLAEV, V. A. and DOLIVO-DoBROVOLSKII, V. V. (1961) The principles of a theory
of the processes of magmatism and metamorphism (In Russian). Moscow, Ed.
"Gosgeolteknizdat".

PANINA, L. L (1966) Certain data on the temperature condition of formation of the
Synnul' alkaline massif (In Russian). Dokl. AN, U.S.S.R., v. 170, no. 6.

PETERSILlE, LA. (1963) Organic matter in eruptive and metamorphic rocks of Kola
Peninsula. In: VINOGRADOV, A. P., ed.: The chemistry of the earth's crust.

PIOTROWSKI, J. M. and EDGAR, A. D. (1969) Melting relations of undersaturated
alkaline rocks from South Greenland, compared to those of Africa and Canada.
Meddr Grønland, Bd. 181, Nr. 9, 1-62.

ROEDDER, E. and COOMBS, D. S. (1967) Immiscibility in granitic melts, indicated
by fluid inc1usions in ejected granitic blocks from Ascension Island. J. Petrol.
v. 8, 417-451.

SEMENOV, E. 1., GERASSli\!OVSKY, V. 1., MAKSIMOVA, N. V., ANDERSE'<, S. and PE
TERSEN, O. V. (1965) Sorensenite, a new sodium-beryllium-tin-silicate from the
Ilimaussaq intrusion, South Greenland. Meddr Grønland, Bd.181, Nr. 1, 1-19.

SEMENOV, E. 1., SØRENSEN, H., BESSMERTNAJA, M. S. and NOVOROSSOVA, L. E. (1967)
ChaIcothallite-a new sulphide of thallium and copper from the Ilimaussaq
alkaline intrusion, South Greenland. Meddr Grønland, Bd. 181, Nr. SIl, 13-26.

SOBOLEV, V. S., KOSTYUK, V. P., BAZAROVA, T. Yu. and BAZAROV, L. SH. (1967) In
c1usions of melts in phenocrysts of nepheline basalts (In Russian). Dokl. AN,
U.S.S.R., v. 173, no. 2.

SØHENSEN, H. (1958) The llimaussaq batholith, a reviewand discussion. Meddr Grøn
land, Bd. 162, Nr. 3, 1-48.
(1962) On the occurrence of steenstrupine in the Ilimaussaq massif, Southwest
Greenland. Meddr Grønland, Bd. 167, Nr. 1, 1-251.
(1967) On the history of exploration of the Ilimaussaq alkaline intrusion, South
Greenland. Meddr Grønland, Bd. 181, Nr. 3, 1-33.

SØRENSEN, H., DANØ, M. and PETERSEN, O. V. (in preparation). Tugtupite from
the Ilimaussaq alkaline intrusion, South Greenland. Meddr Grønland.

SØRENSEN, H., HANSEN, J. and BONDESEN, E. (1969) Preliminary account of the
geology of the Kvanefjeld area of the Ilimaussaq intrusion, South Greenland.
Rapp. Grønlands geol. Unders. no. 18.

STYRIKOVICH, M. A. and KHAlBULLIN, L KH. (1956) Phase diagrams of the systems:
NaCI-H,O; Na,SO.-H,O; CaSO.-H,O; SiO,-H,O (In Russian). Dokl. AN,
U.S.S.R., 109, 962-965.

USSING, N. V. (1898) Mineralogisk-petrografiske Undersøgelser af grønlandske Nefe
linsyeniter og beslægtede Bjergarter. Medd. Grønland, 14, 1, 1-220.
1912: Geology of the country around Julianehaab, Greenland. Meddr Grønland,
Bd. 38, 1-376.

Færdig fra trykkeriet den 20. januar 19iO.



PLATES



Plate 1

Fig. 1. Primary multiphase inc1usion in nepheline from naujaite. x loOO. Temperature
of homogenization 1OloO° C.

2. Secondary inc1usions in nepheline from naujaite. x loOO.

3. Primary inc1usion in sorensenite. Temperature of homogenization loOO°C.
x loOO.

- lo. Primary inelusion in tugtupite. Temperature of homogenization lo20° C.
x loOO.

5. Secondary (the most low-temperature) inc1usions in tugtupite. Temperature
of homogenization 100° C. x loOO.

- 6. High temperature inc1usion in chkalovite. x loOO. Temperature of homoge.
nization 860° C.
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Plate 2

Fig. 1. High temperature inc!usions in chkalovite. x 400. Temperature of homoge
nization 9800 c.

2. High temperature inc!usion in chkalovite. x 400. Temperature of homoge
nization 910 0 c.

3. High temperature inc!usion in chkalovite. x 400. Temperature of homoge
nization 980 0 c.

4. Groups of inc!usions in chkalovite with indications of "unlacing". x 400.

5. Groups of inc!usions in chkalovite with indications of "unlacing". x 400.
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Plate 3

Fig. 1. Secondary three-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 7600 C.

2. Secondary three-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 760 0 C.

3. Secondary two-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 600 0 C.

4. Secondary two-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 5500 C.

5. Secondary four-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 5300 C.

6. Secondary three-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 420 0 C.
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Plate 4

Fig. 1. Secondary three-phase inc!usion in chkalovite. x 400. Temperature of homo
genization 160°C.

2. Secondary substantially gas-inc!usions in chkalovite. x 400.
3. Secondary substantially gas-inc!usions in chkalovite. x 400.
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