
Formation of cryolite and other aluminofluorides: 
A petrologic review 

J.C. BAILEY

Bailey, J. C.: Formation of cryolite and other aluminofluorides: A petrologic review. Bull. geol. Soc. 
Denmark, vol. 29, pp. 1--45. Copenhagen, June 10th, 1980. 
https://doi.org/10.37570/bgsd-1980-29-01

Petrologic reviews are provided for 17 confirmed localities of cryolite, and for occurrences of 19 other 
aluminofluorides. Four environments can be recognised: granitic, carbonatitic, volcanic and aqueous. 

Cryolite, partly replaced by other aluminofluorides, forms at the post-magmatic stage of granite 
evolu­tion in alkali granite pegmatites, albitised riebeckite granites and hydrothermal bodies. The 
associated magmatic granites are post- or non-orogenic, late intrusions often associated with regional 
faulting. They are rich in Na and F, poor in Ca, and low in normative anorthite, acmite and sodium 
silicate. High contents of Rb, Zr, Nb, REE and Li are characteristic. They equilibrated at 1-2 kb P H20 
in agreement with their epizonal setting. Experiments in the granite-HlO-HF system develop 
aluminofluorides in coexisting dense vapours. Equivalent fluids cooled to multi-phase inclusions in the 
Volyn pegmatites, Ukraine, and contain cryolite and elpasolite. Post-magmatic autometasomatism 
extracts and then redeposits F, Na and other elements probably via fluids containing fluoriferous 
complex ions. Quartz-feldspar metasomatites in E Siberia are related to regional metamorphism and 
deep faulting. 

Rare carbonatites and silico-carbonatites with high contents of Na concentrate F in late hydrothermal 
solutions and produced cryolite at Goldie, Colorado and Francon quarry, Montreal. 

Ralstonite is widely reported, and elpasolite and weberite. rarely reported, from · fumaroles and 
HF-metasomatised lavas of basic to intermediate volcanoes. Deposition occurred at 300-100°C. 
Thermal springs and surface runoff froin volcanoes carry relatively high F contents and occasionally 
form gearksu­tite and creedite by reaction with aluminosilicate materials. 

Cryolite is a rare authigenic mineral in sediments of the Green River Formation, W USA. F-rich 
interstitial brines, developed as in the modem Lake Magadi, Kenya, probably reacted with the host 
aluminosilicate sediments. Gearksutite and creedite, plus five other recently discovered 
aluminofluorides, occur within or just. below the oxidation zones, or in the weathering crusts, of 
some F-rich mineral deposits. Low-temperature precipitated aluminofluorides have been produced 
synthetically but are un­known in nature. 

The only economic aluminofluoride, cryolite, was present as several million tons at Ivigh1t, S 
Green­land. Fluorine was concentrated immediately below the sealed roof of a narrow granite pipe. J. C. Bailey, Institut for Petrologi, "ster Vo/dgade 10, DK-1350, Kebenhavn K, Denmark. November 
14th, 1979. 

A,K. K. B3HJIH: 06pa3oaaHHe KpHOJIHTa H µ;pyrax aJIIOMO(P'TOpH/10B (neTpoJIOrll'JeCKHH o63op) BIOJIJie-
TeHL reonolWleCKOro 06111ec-raa )J;aHHH, T. 29, c-rp. 1--45. KoneHrareH, 1980. 

HMeI0111Hec11 neTponorH'leCKHe o(i3op1,1 oxaaTbIBalOT 17 yCTaHoBJieHHbIX MHHepaJIH3a� KpHOJIHTa H 
npo11BJ1eHHl1 J9 µ;pyrnx aJIIOMO<j>TOpH/10B. Pa3JIH'IalOT '1eTb1pe Tuna OOC'raHOBKH HX 06pa3oaaHHJ1; rpa­
HHTHI,IH, Ka<j>6onaTnToa1,1il, ayJIKaHll'JeCKHil u aoµ;u1,1il. 

KpHOJIHT, 'laC'rll'JHO 3aMe111eHHbIH µ;pyrnMH aJIIOMO<j>TOpffllaMH, 06pa3yeTCll B IlOC'rMa<j>MaTH'leCKYIO 
c-raµ;HIO rpaHHTHOH 3BOJIIO�H B llleJIO'IHblX rpaHHTHbIX nerMaTHTax, aJil,OHTH3HpoBaHHblX pH6eKHT0BblX 
rpaHHTax H TH/lpoTepMaJII,HbIX TCJiax. Call3aHHble C HHM MarMaTll'JecKHe rpaHHTI,J npeµ;C'raBJilllOT coooil 
nOCJie - HJIH HeoporeHH'leCKHC HHTPY3HH, CBll3aHH1,1e C peruoHaJibHbIMH TCKTOHH'IeCKHMH HapymeHHllMH. 
3TH rpaHHTI,J OOraTbl Na H F, HO (iep;HI,J Ca; IIJlll HHX xapaKTCpHbl HH3KOe coµ;epJKauue HOpMaTHBHbIX 
aHopTHTa, a1<MHTa H HaTPueaoro CHJIHKaTa H a1,1coKoe co11epJKauue Rb, Zr, Nb, TR u Li. OnH 11oc-rura10T 
paauoaeCHll npH rHIIPOC'raTH'ICCKOM µ;aBJICHHH 1-2 KHJI06apa, D COOTBeTCTBHH C HX 3IlH30HaJibHLIM OK· 
PYJKCHHeM. 3KcnepHMeHTaJibHO e CHC'reMe rpaHHT-H20-HF aJIIOMO<j>TOPffllbl o6pa3yl0Tcll a coeMec-ru1,1x 
ryc-r1,1x napax. :lKH/IKOC'rH noµ;OOHOro coc-raaa, o6pa3yIOIIIHe B pe3yJibTaTe OXJiaJKµ;eHHll MHOro<j>a3oa1,1e 
BKJIIO'leHHll D BOJiblHCKHX nerMaTHTax Y1<paHHbl, coµ;epJKaT KpHOJIHT H 3Jlbila30JIHT. B pe3yJibTaTe IlOC'r· 
MarMaTH'ICCKOro aBTOMCTaCOM8TH3Ma F, Na H µ;pyrne 3JICMCHTbl Bb(JICJlllIOTCll H 3aTeM nepeOTJiaraIOTCll, 
aepOllTHO '1epe3 JKHIIKOC'rH, coµ;epJKa111He CJIOJKHbIC HOHM, HCC)'lllHC <j>rop. Keap�·IlOJieeownaTOBbIC 
MeTacoMaTHTbI Boc-rO'IHoil CH6upu CBll3aHM c peruoHaJibHbIM MCTaMop<j>H3MOM u rny6HHHbIMH p83JIO· 
MaMH. 

B peµ;KHX Kap6oHaTHTax H CHJIHKOKap(ioHaTHTax C BMCOKHM coµ;epJKaHHCM Na <j>rop KOHl�CffTPHpo­
BaJICll D Il03jl;HHX fHIIPOTCpMaJII,HI,[X pac-raopax C o6pa30BaHHeM KpHOJIHTa B MCCTOpoJKACHHllX fOJIAH 
(Konopaµ;o) H «l>paHKOHCKHH Kap1,ep (MoHpCaJib). 

IllupoKo pacnpoCTPaHeHHbiil paJibCTOHHT H peµ;KHe 3n1,na30JIHT H aeoepHT 1<puc-r8JIJIH30BaJIHc1, e <j>y­
Maponax H HF-MeTaCOMaTH3HpoeauubIX OCHOBHbIX H cpeµ;HHX BYJIK3HH'ICCKHX naeax. OTJIOJKeHHC MHHC• 
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pajiOB npoHcxofliuio npH TCMnepaType 3 0 0 - 1 0 0 ° C . TepMajitHbie HCTOHHHKH H noBepxHOCTHue noTOKH 
ByjiKanoB Hecyr OTHOCHrejibHO BLICOKO conep^aHHe iJ>Topa H HHorna, B peayntTare HX B3aHMoneitcTBHsi c 
ajiiOMOCHJiHKaTHbiM MaTepHajiOM, oopasyerca reapKcyrnT. 

KpHOJiHT SBimercx peqKHM ayrHreHHtiM MHHcpajioM ocaAOiHux nopon (}>opMai;HH TpHH ÜHsep Ha 
sanane CIUA BoraTue 4>TopOM n p o M e x y r o i H u e paccoj iu, oSpasoBaBUiHeca nonoSHO paccojiaM coBpe-
MeHHOro 03epa Mara^H B KCHHH, Beposrrao BsaHMoneiicTBOBajiH c BMeuiaioiiiHMH ajiiOMOCiuiHKaTHUMH 
ocaqoHHbiMH nopoflaMH. TeapKCyrHT H KpeeHHT, a TaiuKe IMTB n p y m x HenaBHO OTKpMTbix ajiK)Mo<J)TO-
pHnoB, BcrpenaiOTCsi B npenejiax HJIH non ocHOBanneM 30Hbi OKHcneHHH H B Kope BUBeTpHBaHHa neKOro-
pbix MecTopojimeHHH, 6oraTbix (})TOpoM. HHSKOTeMneparypHbie ocaxneuHbie ajiiOMOcJnopHflM 6buiH 
nojiyMCHW CHHTeTHHecKHJ HO HeH3BecTHbi B npHpofle. 

EflHHCTBeHHbiH anioMO())TopHn, HMeioiiiHH npaKTHHecKOC 3HaHeHHe, KpHOJiHT, HaxoAHJica B Mecro-
poxneHHH, H3MepaBUieMca HecKOJibKHMH MHjijiHOHaMH TOHH, B MsHiTyre, B I02KH0H rpeHJiaHAHH. TaM 
(})T0p KOHijeHTpHpoBajica HenocpencTBCHHO noR IUIOTHO H30jiHp0BaHH0il Kpbiiueö ysKoft rpaHHTHOft Tpy-
bKH. 

/Jx. K. Esüjtu, ØHcmumym nempoAozuu, Ocmep BoAbdzade 10, JlK-1350, KonemaieH K, ffanua. 

Introduction 

Cryolite and the cryolite deposit of Ivigtut, S 
Greenland, have long been known to geologists 
through the wide distribution of specimens in 
mineral collections and the importance of cryolite 
in the electrolytic refining of aluminium. Quar­
rying at Ivigtut ceased in 1962 after 106 years of 
production. Although a number of other cryolite 
occurrences are known (fig. 1), no other 
economic deposit has been discovered and the 
needs of the aluminium industry are now met by 
the manufacture of synthetic cryolite. 

Other aluminofluorides (table 1) have received 
persistent attention from topographical 
mineralogists, crystallographers and experimen­
talists, though their rarity precludes any 
economic applications. In particular, in the last 
20 years, Soviet mineralogists have discovered 5 
new aluminofluorides and many localities for this 
mineral group. The present paper reviews the 
occurrence and formation of cryolite and the 
other aluminofluorides largely from a petrologic 
point of view. 

Previous ideas on the genesis of the alumino­
fluorides mainly centred on the Ivigtut cryolite 
deposit. Among the many workers who studied 
the deposit, Baldauf (1910) considered that the 
cryolite formed by the action of fluoriferous gases 
upon the original granite magma at Ivigtut. 
Fersman (1940) relates cryolite formation to the 
boundary of pneumatolytic and hydrothermal 
processes in the evolution of alkali granite peg­
matites. F and other volatiles may have separated 
from and then been reintroduced into the rest 
acid melt. However, Berthelsen & Noe-Nygaard 

(1965) found several features suggesting deriva­
tion from peralkaline undersaturated magma. 
Pauly (1974) compared the roof zone setting of 
the cryolite deposit with the build up of minerali­
zation connected with other acid igneous activity 
(e.g. Mo at Climax, Colorado and Sn in the 
Erzgebirge). 

Cryolite 

(1) Ivigtut, S. Greenland 
The Ivigtut cryolite deposit is located within the 
roof zone of a pipe-like granite intrusion (fig. 2) 
(Baldauf 1910; Bøggild 1953; Pauly 1960 1974 
and personal communications 1970-1979; 
Berthelsen 1962; Berthelsen & Henriksen 1975; 
Blaxland 1976; Bailey in preparation). The gra­
nite is part of the alkaline Gardar Province of S. 
Greenland and has been dated at 1248 di 25 m.y. 
The Gardar period was a time of post-orogenic 
sedimentation and igneous activity closely related 
to major faulting. 

The Ivigtut granite post-dates a nearby 
nepheline syenite-carbonatite complex (1327 ± 
17 m.y.) and dyke swarms of olivine dolerite, 
phonolite and trachyte. Mineralised faults and 
crush zones (sulphides, carbonates, fluorite), 
often with high levels of radioactivity, Sr, Ba and 
REE, dissect the surrounding region. Just east of 
the Ivigtut granite, a breccia with fragments of 
country rock set in a finer cataclastic matrix was 
probably emplaced by gas drilling. A radiating set 
of granophyre dykes, some altered with the addi­
tion of cryolite, fluorite, siderité and muscovite ' 
(table 2, column 1), centre on the granite and 



Fig. I. Location map for confirmed occurrences of cryolite. 
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Table I. List of aluminofluoride minerals. 

Name 

Cryolite 

Cryolithionite 

Elpasolite 

Pachnolite 

Thomsenolite 

Corlhintzeite 

Jarlite 

Chiolite 

Weber i te 

Ralstonite 

Prosopite 

Georksutite 

Tikhonenkovite 

Yaroslovite 

Usovite 

Colcjarlite 

Creedite 

Chukhrovite 

Bøg gild! te 

Stenonite 

Formula 

N.3A1F4 

Na3U3(AIF4)2 

KjNoAIF^ 

NoCoAIF j .H jO 

NaCaAIF^.HjO 

CojAIF^.H^O 

NaSr2Al2 (F ,OH) , , 

N-s^i j fu 
NojMgAIF^ 

N a ^ M g / l 2 _ ^ ( F , O H ) ^ . H 2 0 

CaAl j (F ,OH)g 

C o A K F . O H j j . H j O 

( S o C a j A I F ^ O H . H j O 

^ 3 * ' 2 ' ' l 0 < ° " ' 2 - " 2 ° 

Ba jCoMgAl jF j j 

NaCa3Al3(OH)2F,^ 

Oj3Al2Fg(0H)2SO^.2H2O 

Ca3Al2(Y,Ce)F,3SO^.10H2O 

Na2Sr2Al2(P04)Fç, 

Sr2AIC03F5 

Symmetry 

P2, /n 

Ia3d 

Po3 

CVc 

P2, /c 

Triclinic 

C2/m 

P4/mnc 

Imma 

Fd3m" 

C2/c 

Monoclinic 

P2 , /c 

Orthorhombic 

Monoclinic 

-
CVc 

Cubic 

Monoclinic 

Monoclinic 

Fluorine w t . % 

Ideal 

54.30 

61.33 

47.07 

51.33 

51.33 

51.52 

45.32 

57.59 

57.76 

55 

31.92 

42.68 

37.65 

45.65 

39.24 

50.75 

30.90 

29.5 

31.60 

26.59 

Observed range 

53.35-54.37 

60.79 

46.98-47.90 

50.51-51.94 

48.60-50.65 

52.1 

43.23-45.50 

57.30-57.81 

53.05-57.58 

39.36-57.70 

29.55-35.01 

35.00-42.68 

33.88 

46.90 

39.80 

47.50 

27.00-30.70 

27.88-28.32 

31.70 

25.84 

Localities 

1-21 

1,2 

3,4,11,14,22 

1-3,11,12,14,23,24 

1-3,5,7,9-12,21,23 

24 

1 

1,2,11 

1,3,5,11,12,14,21,35 

1-3,7,11,12,14,21,23,25-36 

1-3,11,14,37-39 

1-3,5,7,10,11,14,23,27,40-56 

54 

57 

58 

58 

5,27,40,48,52,53,59-71 

48,57,69 

1 

1 

»1 See Pauly (1965, p. 1862). 

Notes: Fluell ite, long listed with the aluminofluorides, is o phosphate, A l 2 ( F , O H ) 2 p 0 4 . 7 H 2 0 (Guy & Jeffrey 1966). 

Boldyrevite, occasionally listed as on independent aluminofluoride, is nnore likely a variety of ralstonite (Stepanov & 

Sokolovo 1963). 

Localities; 1 Ivigtut, Greenland; 2 Miask, Urals; 3 Pikes Peak, Colorado; 4 Volyn, Ukraine; 5 Torbagatay, Kazakhstan; 6 Zerendin, 

Kazakhstan; 7 Burpala, Transbaikal; 8 Lesser Chingo, Manchuria (? ) ; 9 Jos Plateau, Nigeria; 10 Erzin massif, Tuva; 11 Perga,Ukraîneî 

12 E. Siberia; 13 Lake Khanko, Maritime Province, U .S .S .R. ; 14 Goldie deposit, Colorodo; 15 Froncon quarry, Montreal; 16 Green 

River Formation, W U.S.A.,; 17 Lovozero massif. Kola, U.S.S.R. ; 18 Khiblna mosslf. Kola, U .S .S .R . ; 19 Yellowstone Pork, W 

U . S . A . ( ? ) ; 20 Earth, soil (? ) ; 21 Tristan da Cunha, S. Atlantic (? ) ; 22 Nyiragongo, ZaIVe; 23 Gjerdlngen, S. Norway; 24 

Hagendorf-Süd, Bavaria; 25 Vesuvius, Italy; 26 Kamchatka, U .S .S .R. ; 27 Upper Koyroktin, Kazakhstan; 28 S. Prisco, Italy; 29 

Pacaya, Guatemala; 30 Sontlogulto, Guatemala; 31 Izalco, El Salvador; 32 Cerro Negro, Nicaragua; 33 Arenal, Costa Rica; 34 

El MIst I , Peru; 35 Deception Is . , South Shetlands; 36 Kilouea, Hawaii; 37 Altenberg, Saxony; 38 Dugway, Utah; 39 Santa Rosa, 

Mexico; 40 Wagon Wheel Gap, Colorado; 41 GIngIn, W . Australia; 42 Hot Springs, Virginia; 43 Vulcono, Italy; 44 Belukha, 

Transbaikal; 45 Bukuka, Transbolkal; 46 Marysvale, Utah; 47 Northern Kounrad, Kazakhstan; 48 Karaoba, Kazakhstan; 49 Kalanguy, 

Transbaikal; 50 Etika, Transbaikal; 51 Dzhida, Transbaikal; 52 Akmoya, Kazakhstan; 53 Batlstay, Kazakhstan; 54 Korasug, Tuva; 

55 Manzhinsk, U .S .S .R. ; 56 Sor, U .S .S .R . ; 57 Siberia; 58 Upper Noiby River, Siberia; 59 Granite, Nevada; 60 Colquirl, Bolivia; 

61 Darwin, California; 62 Akchotay, Kazakhstan; 63 Eastern Kounrad, Kazakhstan; 64 Bolnozar, Kazakhstan; 65 Nuro-Taldy, 

Kazakhstan; 66 Seltel, Kazakhstan; 67 Shelltovoye, Kazakhstan; 68 Western, Kazakhstan; 69 Dzhaamba, E. Pamir, U .S .S .R . ; 70 

Santo EuloIIo, Mexico; 71 Bergheim, France. (?) unconfirmed localities. 
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immediately preceded its emplacement. The gra­
nite pipe — only 270 m in diameter — penetrated a 
slightly older intrusion breccia, up to 60 m wide. 
Its chilled porphyritic microgranite roof arcs over 
the cryolite deposit and probably acted as a 
capping to F-rich fluids which became concen­
trated in the top of the narrow pipe. 

The Ivigtut granite has suffered extensive 
post-magmatic autometasomatism (table 2, col­
umns 2—4). Approaching the cryoUte deposit, 
fresh roof zone granite passes into hydrother­
mally altered and leached variants, locally al-
bitised granite and then extensive greisens. Be­
neath the cryoUte deposit, the intensity of 
greisenization diminishes down to 550 m depth 
(the deepest drilling) but the same sequence of 
autometasomatism can be discerned in virtually 
every sample. 

The fresh granite is a hornblende biotite 
leucogranite with alkahc affinities. Accessories 
include fayalite, zircon, magnetite, ilmenite, apa­
tite, fluorite and siderite. Hydrothermally altered 
granites show sericitised and partly exsolved 

perthites, and increased biotite, muscovite and 
quartz contents. In albitised granites, albite 
ranges from 45-65 vol. % and replaces quartz 
and potash feldspar. Some albitised granites 
contain abundant late cryolite. During greiseni­
zation, the only feldspar is relict microcUne; mus­
covite and quartz contents increase and there is a 
significant development of mineralised greisens 
with siderite, fluorite, cryolite, topaz, sulphides, 
zircon, columbite and cassiterite. Greisens with 
up to 30% cryolite extend for tens of metres. 

The granite beneath the cryolite deposit is a 
two-feldspar metasomatised leucogranite. 
Leaching plus feldspar exsolution, albitization, 
greisenization and microfracturing occurred in 
that order. Levels of Zr, Nb, Ta, Th, U, REE and 
F are notably high (table 2, column 5). 

A large pegmatite sill, up to 9 m thick, lay 
above the cryolite deposit and crystallised before 
the metasomatic activity. It contained a vugh, 
1.5-2 m across, with quartz, siderite, fluorite, 
muscovite, weberite, cryolite, zircon, columbite, 
arsenopyrite, molybdenite and other sulphides. 

0 100 200 m 

.- ' 
.-'' 

" I . I 1-.. -.y ^ i ~ 

^ ° ! i ^x yV,7 Cryolite « '« ' - 'V 'I 

•100 V,x iV deposit ^ j , " " x J i ' ' 
•', X f V ' , / < " • ! X X ^ i ' ! 
1 / ' - V ''.'•'•"• xN, 

;;"v-'--.-2i^~V'-<>^r,7--'-<'+/.--\''.v-; » 1', 

1/...ÆV .+ • . • • .+ . •^^•- ' _ i_ \ 1 / * > - ^ - - - - ^ _ _ - ' T ^ 1' 
•200 ',r ;; 

.1 ^^c^'^ ' I 

•' 1' 

•30o::_^ - ^ _|- >;• 

'•;+ + + ;;' 
400 

m 

0 

+ 
l - ' l 

m 
u 

H 
D 

Pegmatite 

Quartz-rich leucogranite 

Metasomatised leucogranite 

Greisen 

Albit ised granite 

Hydrothermally altered granite 

Hornblende biotite leucogranite 

Intrusion breccia 

Gneiss 

Fig. 2. Geological section through Ivigtut granite and cryolite deposit, S. Greenland (Bailey, in preparation). 
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The same minerals, formed interstitially at a late 
stage, are also scattered through the pegmatite. 
Lenses and patches of pegmatite also developed 
in the diffuse granite-greisen contact zone. They 
exhibit albitization, greisenization and late 
patches of cryohte, quartz and sulphides. Quartz 
veins containing cassiterite, sulphides, cryolite 
and siderite cut the Ivigtut granite, greisen and 
surrounding gneisses. 

The cryolite deposit itself, about 12.10* tons, is 
volumetrically much more important than these 
earlier pegmatites, and its margins are not de­
fined by any extensive silicate pegmatite material. 
The upper (mined) part of the body consists of 
siderite-cryolite with a few percent of sulphides, 
fluorite and quartz. Locally it contained radioac­
tive, Th-Sr-REE-rich reddish brown fluorite as­
sociated with black cryolite. A large mass and 
occasional veins of pure cryolite also occurred in 
the siderite-cryolite. Around the western part of 
the siderite-cryolite is a shell of cryolite contain­
ing fluorite, topaz, muscovite, weberite, jarlite 
and other aluminofluorides. Underlying this is a 
shell of fluorite with topaz, muscovite and quartz. 
Beneath the eastern part of the siderite-cryolite is 
a siderite-quartz shell. Beneath these shells is an 
extensive unit consisting of quartz with minor 
amounts of siderite, muscovite and sulphides. 
Brecciation characterises the borders between 
the shells and also the contact with the envelop­
ing rocks. 

Of the other aluminofluorides, coarsely crys­
talline masses of chiolite occur in the fluorite-
cryolite shell at the border with pure cryolite. 
Weberite occurs as mentioned in a vugh of the 
pegmatite sill, and is commonly up to a few % in 
the fluorite-cryolite. Jarlite occurs in cavities 
within late barite-rich columnar aggregates in the 
fluorite-cryolite shell and as inclusions in chiolite. 
Cryolithionite occurs as dodecahedral crystals up 
to 17 cm across and enclosed by coarse grained, 
pure cryolite. Fissures and cavities within cryolite 
are filled by secondary phases, roughly in the 
sequence: thomsenolite, pachnolite, prosopite, 
ralstonite, fluorite and gearksutite. Secondary 
cryolite also occurs on such fissures. 

The commonest sulphide of the cryolite deposit 
is sphalerite which is associated with chalcopyrite 
and galena. The ubiquitous association of these 
sulphides with siderite lead Karup-Møller & 
Pauly (in press) to suggest that immiscible Fe-rich 

carbonate-sulphide drops were distributed evenly 
throughout the original fluid body. Sulphides 
form about 2% of the siderite-cryolite shell, 
mainly sphalerite, galena, chalcopyrite and py­
rite. The galena is rich in Ag and Bi and contains 
small amounts of various sulphides (Pauly 1960). 
A pocket of rare Bi-Ag-Pb-Cu sulphides may 
have formed when late fluorite-rich material 
brecciated and mobilised galena-disseminated 
material from the adjacent siderite-rich shell 
(Karup-Møller 1973). 

Based on quartz morphology and the sphalerite 
geothermometer, Pauly (1960) estimated 
maximum temperatures of 51O-590°C for the 
siderite-cryolite. Temperatures of 200-300°C 
have been suggested for the fluorite shell 
(Karup-Møller 1973). 

On geological, geochemical and isotopic 
grounds, the Ivigtut granite can be regarded as a 
residual acid magma which has ultimately frac­
tionated from mantle-derived basaltic material. 
However, both Sr and Pb isotopic studies (Ulrych 
1964; Blaxland 1976) indicate that crustal ma­
terials contributed to the formation of cryolite 
and galena from the metasomatised granites and 
the cryolite deposit. 

(2) Miask, Ilmen Mts., Chelyabinsk district, 
USSR 
In the southern Urals, megacrystalline cryolite 
and cryolithionite filled a 1.1 m drusy cavity in a 
lens-like vein of granite pegmatite. The locality is 
sometimes referred to as the cryolite mine or the 
topaz-cryolite quarry of Gasberg. The quarry was 
opened about 1840 and the cryolite noted in 
1845; excavations have long ceased and the 
dumps also removed (von Kokscharov 1862; 
Zavaritsky 1939; Afanas'yev 1949; Stepanov & 
Moleva 1962; Stepanov 1963). 

According to the general description of the. Il­
men State Mineralogicai Reservation (Zavaritsky 
& Kryjanovsky 1937), cross-cutting granitic 
pegmatites are abundant in the zone of the Vari-
scan granite gneisses. Most are composed of mi-
crocline perthite, quartz and mica. Beryl, topaz, 
tourmaline and phenacite are mainly confined to 
albitised portions and miarolitic vughs. 
Aluminofluorides only occur in the single peg­
matite. 

The cryolite-bearing pegmatite is located 
among amphibolites and granite gneisses dipping 
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SE at 35°. The pegmatite vein, however, dips 
6Q°N and follows a joint system in the metamor-
phic rocks. It is up to 4 m thick. The margins are 
composed of coarsely crystalline granite; then 
comes a graphic granite zone and finally a core of 
pegmatitic granite composed of albitised feldspar 
and amazonite, smoky quartz, and black and 
white micas. In sheet-hke parts of the vein, 
fine-grained white feldspar and garnet predomi­
nate. The pegmatite also contained aquamarine, 
topaz, columbite, phenacite and the alumino-
fluorides. 

The cryolite was located in a nest up to 1.1 m in 
diameter which was separated from the rest of the 
pegmatite by a margin of quartz, cryolite and 
white mica. The nest lay in albitised granite. Ap­
proaching it the abundance of topaz fell rapidly. 

Intergrowths of cryolite with cryolithionite (up 
to. 15—20 cm in diameter) are reminiscent of 
graphic texture. The cryolite, notably at the con­
tact with the pegmatite, was replaced by chiolite, 
green fluorite and second generation cryolith­
ionite. All these phases were replaced by veinlets 
and aggregates of pachnohte, thomsenolite inter-
grown- with ralstonite, and prosopite. Earthy 
gearksutite filled voids in prosopite and, at the 
supergene stage, developed together with hal-
loysite. 

(3) St. Peters Dome pegmatite area, Pikes 
Peak-Mount Rosa, Colorado 
Cryolite and other aluminofluorides occur in 
three alkali granite pegmatites at the Eureka tun­
nel and Cryolite mine, St. Peters Dome district, 
Colorado (Cross & Hillebrand 1883 1885; 
Landes 1935; Frondel 1948; Pauly 1954; Gross 
& Heinrich 1966). Cryolite masses were also 
found in several small quartz-microcUne veins 
north and west of St. Peters Dome (Cross & Hil­
lebrand 1885, p. 41). 

The pegmatites and their parent Mount Rosa 
riebeckite granite are the final intrusions of the 
southern part of the Pikes Peak batholith (table 
2, column 7) (Gross & Heinrich 1965; Barker et 
al. 1975). The batholith is 1040 m.y. in age, 
anorogenic, intruded at shallow level, composite 
and generally subalkahc. Biotite granite and 
biotite-hornblende granite are dominant; a more 
sodic differentiation trend including quartz syen­
ite, fayalite and the Mount Rosa riebeckite gra­
nite is present in minor amounts. In this sodic 

series, average F contents increase from 0.30% in 
quartz syenite to 0.63% in the Mount Rosa gra­
nite and presumably reach even higher values in 
the derivative pegmatites. The Mount Rosa gra­
nite forms a small irregular sheet less than 50 m 
thick. Its mineralogy and textural variations are 
quite complex; there are considerable pegmatitic 
areas. The major minerals are microcline perth-. 
ite, quartz, albite-oligoclase, riebeckite and as-
trophyllite. F is carried by riebeckite, astrophyl-
Ute, biotite, muscovite, fluorite and pyrochlore; 
careful search by Gross & Heinrich (1965) failed 
to reveal cryolite and thomsenolite as in the 
Nigerian riebeckite granites. 

Pegmatites from the biotite granites are 
characterised by quartz and amazonite crystals, 
zircon, biotite, siderite, and minor topaz, allanite, 
cassiterite and genthelvite. The younger Mount 
Rosa quartz-microcline-riebeckite pegmatites 
contain radioactive zircon, fluorite, astrophyllite, 
thorite and lesser pyrochlore, rutile. Nb rutile, 
columbite, bertrandite and aluminofluorides. The 
latter include cryolite, pachnolite, elpasolite, ral­
stonite, thomsenolite, prosopite, weberite and 
gearksutite. Masses of aluminofluorides up to 2 m 
across were found on the walls of the Eureka 
tunnel. CryoUte apparently occurred as fracture 
fillings in the original quartz-microcline-zircon 
pegmatite. It alters to the other aluminofluorides. 
Elpasolite lines solution cavities in massive pach­
nolite (Frondel 1948). 

The aluminofluorides have been assigned to 
the hydrothermal replacement stage of the peg­
matites along with albite, astrophyllite, fluorite, 
sulphides, thorite and bertrandite (Gross & 
Heinrich 1966). The complex pegmatites which 
contain the aluminofluorides occur in the pegma­
tite zone furthest away from the Mount Rosa 
granite. Elements diagnostic of these pegmatites 
include Zr, Th, Ti, Nb, Ta, Ce and Y. 

(4) Volyn chamber pegmatites, N.W. Ukraine 
In the Volyn (Volhynia) granite chamber pegma­
tites of the Ukraine (fig. 3), cryolite occurs in 
multi-phase fluid inclusions and as solid inclu­
sions, in topaz and quartz. 

The Volyn pegmatites lie in the southwestern 
part of the Korostensky igneous complex which 
was formed at the platform stage of the Ukrai­
nian basement about 1900—1600 m.y. ago. The 
complex consists of hornblende-biotite rapakivi 
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Table 2. Chemical composition of granites and other materials related to cryolite occurrences. 

SiOj 

TiOj 

AljOj 

fefy 
FeO 

MnO 

MgO 

CaO 

N o j O 

KjO 

P2O5 

H j O * 

H jO" 

CO2 

CI 

F 

Subfotol 

Less 0 

Total 

Na/K 

NotK/AI (mol) 

Kb 

Sr 

Ba 

La 

Y 

Zr 

Nb 

Sn 

U 

Li 

K/Rb 

1 

69.48 

0.22 

13.09 

0.74 

1.80 

0.04 

0.18 

0.32 

6.72 

3.63 

n.d. 

0.01 

0.56 

0.98 

0.01 

2.40 

100.18 

1.03 

99.15 

1.65 

1.14 

850 

102 

90 

24 

458 

3020 

1530 

127 

70 

228 

35 

2 

70.38 

0.28 

13.80 

1.46 

2.25 

0.08 

tr. 

0.95 

4.48 

4.89 

0.06 

0.43 

0.16 

0.37 

0.04 

0.31 

99.94 

0.15 

99.79 

0.82 

0.92 

280 

44 

330 

110 

115 

546 

177 

6 

9 

20 

140 

3 . 

75.07 

0.02 

13.11 

0.47 

1.18 

0.04 

O.OI 

0.15 

6.38 

2.07 

n.d. 

0.10 

0.02 

0.45 

0.01 

0.38 

99.46 

0.17 

99.29 

2.75 

0.97 

355 

48 

8 

17 

235 

814 

376 

8 

8 

276 

48 

4 

64.46 

0.02 

11.41 

0.84 

2.50 

0.06 

n.d. 

0.01 

7.58 

2.87 

n.d. 

0.69 

0.04 

2.12 

0.01 

9.30 

101.91 

3.99 

97.91 

2.36 

1.37 

405 

149 

27 

17 

219 

3770 

1790 

231 

23 

169 

59 

5 

73.86 

0.02 

13.89 

0.21 

1.10 

0.02 

0.01 

0.19 

4.71 

4.48 

tr. 

0.31 

0.07 

0.41 

0.02 

0.35 

99.65 

0.15 

99.50 

1.05 

0.91 

Trace elements 

520 

12 

85 

18 

115 

2890 

1480 

20 

57 

35 

71 

6 

53.5 

n.d. 

6.9 

1.0 

10.7 

0.4 

tr. 

3.2 

9.0 

0.4 

n.d. 

0.1 

0.1 

6.3 

0^02 

12.9 

105.52 

5.54 

99.98 

20.1 

2.21 

(ppm) 

298 

218 

75 

<2 

11 

17 

< 1 

7 

< 1 

22 

13 

7 

73.4 

0.15 

12.7 

1.2 

1.3 

0.10 

0.04 

0.97 

4.2 

4 .9 

0.00 

0.44 

0.11 

0.05 

0.03 

0.62 

100.21 

0.27 

99.94 

0.77 

0.96 

-
-
-
-
-
-
-
-
-
-

8 

74.31 

tr. 

13.61 

0.49 

-
0.00 

tr. 

0.51 

4.52 

5.45 

-
0 . 7 7 " 

-
-
-

0.54 

100.20 

0.23 

99.97 

0.74 

0.98 

590 

-
-
-

--
-
-
-
-

210 

82 

9 

62.92 

0.17 

19.72 

0.83 

3.13 

0.06 

0.70 

0.59 

6.44 

2.69 

-
0.87" ' 

-
1.72 

-
-

99.84 

0.00 ' 

99.84 

2.14 

0.68 

-
-

-
-
-
-
-
-
-
-

10 

71.38 

0.07 

12.34 

1.96 

0.91 

0.05 

0.16 

0.17 

7.17 

4.17 

. 0.01 

0.30 

0.12 

-
-

1.08 

99.94 

0.48 

99.46 

1.54 

1.32 

1400 

-
-

185 

535 

270O 

140O 

150 

-
575 

25 

- not determined, n.d, not defected, tr. trace, «1 loss on ignition 

1 Cryolife-bearing metasomafised granophyre dyke, Ivîgtut, S. Greenland, sample ]029/EI^60 (Bailey, in preparation). 

2 Hornblende biotite leucogranite, Ivigtut, S. Greenland, av. of 8 analyses (Bailey, in preparation). 

3 Albitised granite, Ivigtut, S. Greenland, sample J4 136,18 (Bailey, in preparafion). 

4 Cryolitlsed greisen, Ivigtut, S. Greenland, sample 201 58.4 (Bailey, in preparation). 

5 Metasomatised leucogranite beneath cryolite deposit, Ivigtut, 5. Greenland, ov. of 16 analyses (Bailey, in preparation). 
f 

6 Cryolite deposit, Ivigtut, S. Greenland (Bailey, in preparation). Total includes 1.0% S. 

7 Mount Rosa riebeckite granite, Colorado (Barker et a l . )976, Table 1 , sample S7NM1), 

8 Orthoclase-perthite-quartz-albite-zinnwaldite graphic pegmatite from PIsarevskoya Guta, Volyn, Ukraine (Gavrusevich 1932). F, traces and K/Rb 

on a different Volynia pegmatite (Stovrov & Bykovo 1961). 

9 Albitised pegmatite, Volyn, Ukraine (Kalyuzhny et a l . 1973, analysis 3) . 

10 Albitised riebeckite granite, Kaffo volley, Liruel complex, Nigeria (Bowden i Turner 1974, Table 3, column 3 and Table 4 ) . Sample also 

contains 0.05% S, 55 ppm Go, 75 ppm Yb. 
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Table 2 (continued). 

SiO^ 

T i 02 

A l j O j 

Fe^Oj 

FeO 

MnO 

MgO 

CcO 

N o j O 

K j O 

P2O5 

H j O * 

H j O " 

<=°2 
CI 

f 

Subtotal 

less 0 

Total 

Na /K 

Na+K/AI (mol) 

Kb 

Sr 

Ba 

La 

Y 

Zr 

Nb 

Sn 

U 

Li 

K/Üb 

11 

73.39 

0.22 

13.18 

1.40 

1.43 

0.04 

0.05 

1.26 

3.52 

4.84 

-
0.22 

0.13 

-
-

0.44 

100.12 

0.16 

99.96 

0.65 

0.84 

-
-
-
-

-
-

-
-
-

12 

73.97 

0.18 

11.75 

0.81 

1.53 

0.01 

0.45 

0.95 

4.50 

4.25 

0.00 

0.14 

1.12"' 

-
-

0.82 

100.48 

0.34 

100.14 

0.95 

1.02 

-
-
-
-

• . 

-

-
-
-

13 

72.23 

0.27 

11.37 

1.82 

2.06 

0.09 

0.10 

0.76 

4.58 

4.93 

0.02 

0 . 3 5 " 

n .d . 

0.10 

-
0.56 

99.29 

0.24 

99.05 

0.83 

1.13 

680 

-
-
-

1700 

-

-
90 

60 

14 

68.90 

0.17 

11.18 

2.34 

3.19 

0.08 

0.10 

0.10 

6.44 

4.23 

0.02 

0 . 4 ^ ' ' 

0.80 

0.03 

-
2.57 

100.59 

1.10 

99.49 

1.36 

1.36 

690 

-
-
-

2100 

-

-
280 

51 

15 

73.86 

0.20 

13.75 

0.78 

1.13 

0.05 

0.26 

0.72 

3.51 

5,13 

0.14 

0.47 

-
-
-
-

100.00 

0.00 

100.00 

0.61 

0.82 

Trace elements 

-
-
-
-

-
-

-
-
-

16 

13.74 

-
10.23 

0.25 

0.21 

-
0.75 

51.74 

0.13 

0.82 

-
0.84 

-
0.21 

-
35.24 

H 4 . I 6 

15.14 

99.02 

0.14 

o.n 

(ppm) 

-
r 

-
-

-
-

-
200 

-

17 

" 1 

-
~ 1 0 

0.09 

-
-

/»I2 

9.3 

~ 8 

0.7 

<1 

-
-
-
-

49.7 

~ 1 0 

~ 1 . 4 

-
2000 

5000 

-

-
-

-
-
-

18 

45.5 

0.27 

19.7 

0.2 

2 .0 

0.25 

0.8 

2.5 

8.6 

4.2 

0.12 

. 3.5 

-
n.o 

0.03 

0.31 

98.98 

0.14 

98.84 

1.83 

0.95 

-
400 

1600 

- , 

440 

840 

-
-
-

19 

27 

0.34 

6.6 

2.9 

-
0.03 

2.8 

6.7 

2.4 

I . l 

0 .3 

4 2 . 3 " 

-
-
-

0.1 

1.95 

0.78 

-
245 

300 

-

60 

-

5.19 

43 

-

20 

73.44 

0.22 

13.61 

0.92 

1.38 

0.06 

0.47 

1.30 

3.13 

4.76 

0.12 

0.42 

0.16 

-
-
-

99.99 

0.00 

99.99 

0.59 

0.76 

-
-
-
-

-
-

-
-
-

- not determined, n*d. not detected, *1 loss on ignition . . 

11 Biotite microcline apogranlte. Large mossif, N .W. Tarbogatoy, Kazakhstan (Mineev 1968, Table 4 , column 4) , 

12 Perga granite, N . W . Ukraine, sample P-17 (Zinchenko 1968). Tofal includes 0.05% SO3. 

13 Riebeckite apogranlte gneiss, E. Siberia (Kudrin 1972, Table 1 , column 5) . 

14 Amphibole apogneissic-schist, E, Siberia (Kudrin 1972, Table I , column 9) . 

15 Average alkali granite (Nockolds 1954). 

16 Fluorite-micQ ore containing cryol i te. Lake Khonka, U.S.S.R. (Rub 1960, Table 46, column I ) . Includes 0.2% ^2^3' 

17 AiuminoFIuoride nodule in Goldie carbonatïte, Colorado (Heinrich 1977, Toble 3) . 

18 Dawsonite-bearing sîlîco-carbonatite sî t l , Montreal Island, Quebec (Jambor et o l . 1976, Toble 6 3 . 1 , F-9). 

19 Rich o i l shale. Mahogany bed. Green River Formation, W. USA (Desborough et o l . 1976, Table IV, sample C154). Includes totol S 1.75%, 

B 6 0 ppm, V 150 ppm. As 35 ppm, Th 7.19 ppm. 

20 Average tin granite (Klomimky & Groves 1970). 
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O 2 4 6 

Biotite-hornblende granite 

L lJ Altered mafic granite 

Graphic pegmatite 

œa Block pegmatite 

Quartz core 

Lid Dissolved,albitised zone 

Quartz crystals 

Feldspar,topaz crystals 

Contraction fractures 

Fig. 3. Schematic geological section through a Volyn chamber pegmatite, Ukraine (after Zakharchenko 1971). 

granites and associated gabbros, anorthosites and 
alkali granites and was associated with a major 
period of faulting. Characteristic accessories for 
the rapakivi granites are zircon, fluorite, topaz, 
apatite, allanite and titanomagnetite. Chemically, 
they exhibit high Fe/Mg ratios and high contents 
of alkalis, Sn, Mo, REE and F (0.13-0.2%) 
(Ivantishin et al. 1964; Galetskii & Zinchenko 
1972; Tolstoy et al. 1973). 

The pegmatites are confined to the margins of 
the rapakivi granites next to the gabbroic rocks, 
in an area which is 100—1000 m wide and about 
20 km long. Near this contact, rising volatiles 
were preferentially concentrated in granites free 
from gabbro contamination. Prolonged cooling of 
roof-zone granites above a deep granite magma 
root and below the unconsolidated gabbros lead 
to enhanced magma-volatile separation. This was 
also encouraged by formation of a rigid roof 
which held back the pressure of the overlying 
rocks and created a low-pressure focus for rising 
volatiles. As the crystallization front of the gra­
nite magma slowly descended segregation of 
pegmatite magma periodically repeated itself 
(Kalyuzhny & Gigashvili 1972). The grain size of 
the host granite, and the contents of F, fluorite 

and biotite all increase gradually into the pegma­
tites indicating closed-system crystallization 
(Stavrov & Bykova 1961; Muzhanovsky et al. 
1970). However, in the late stages of the pegma­
tites the system became open as a result of con-
tractional fracturing (table 3). The pegmatites 
may contain cavities up to 400 cubic metres in 
volume and are mined for quartz, fluorite and 
gemstones. 

A great variety of fluid inclusions have been 
described in remarkable detail from the pegma­
tites. I have attempted to place them in a 
simplified evolutionary sequence: silicate-rich in­
clusions, dense saline brines, and dilute hy­
drothermal solutions (Bailey 1977). Increase in 
H2O, CO2 and carbonates, H2S and sulphates, 
H2O/CI, Cl/F, Ca^+ and Fe^+ZFe^^ can be dis­
cerned in the evolution, which appears to exhibit 
a continuous gradation from granite melt to di­
lute hydrothermal solutions. A similar scheme is 
offered by Zakharchenko (1971) (table 3). 

Kalyuzhnaya et al. (1973) emphasised that the 
Volyn pegmatites undergo variable 
metasomatism during the later stages. They dis­
tinguish albitised pegmatites with a predomi­
nance of Na20 (5.05-6.46%), Li, Be, Zr, Y, Nb, 
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Table 3. Development stages of the Volyn cavity pegmatites, Ukraine (after Zakharchenko 1971, Kalyuzhny & Gigashvili 1972). 

Stage T C 

PRE-QUARTZ INVERSION 

Formation of 700-600 

pegmatite zones 

Chamber formation 

POST-QUARTZ INVERSION 

Acid 1 é00-<500 

Alkaline 1 >500-400 

Acid II 500-300 

Alkaline II 350-250 

Acid III . <250 

pH 

9 . 5 

to 

6 . 8 

5.0-6.0 

7.5-9.2 

6.5-4.2 

7.0-8.0 

7.0-5.5 

Inclusions 

Mt-G+DM 

hom ^ M 

G+L+DM+M 

hom - • VMM 

G+L+DM 

hom '-^ G 

G+L+DM 

hom -*• SG 

G+L+DM 

hom —• L 

G + L 

hom - • L 

L+G 

hom - • L 

Main processes 

Development of zones: 

graphic, pegmatoid/ 

feldspar, block/ quartz 

Chamber formation," 

contraction, atbitizatlcn 

Continued albitizatîon. 

opening of pegmatites 

Early mlcroclinizotion. 

end of cavity formation 

leaching, recrystallizotion 

Albitization, fluorine 

metasomatism, quartzif i-

cation, kaolinization 

Regeneration of quartz, 

crystallization of 

carbonates, Fe -•• Fe 

late mîcroclînizotion 

Kaolinization, 

silicification 

Main minerals 

Graphic and blocky quartz. 

orthoclase, intermediate K-feldspar 

"Honeycomb" quartz, microclîne, 

albite 1 

Ice-l ike quartz, albite 1, 

lopoz 

Smoky quartz and morion, 

microcline 1 

Spotty quartz, cleavelandite. 

topaz, phenacite, beryl, f luorite, 

protolithionite, cotumbite, cryol i te, 

tourmaline, molybdenite, slderite 

Colourless rock crystal, microcline I I , 

montmorillonite-muscovite, f luorite, 

siderite, bertrandite, cassiterite, 

goethite, hematite 

Opal, adularia, earthy f luorite. 

kaolinite, pyrite 

Primary inclusions now consist of M - melt, G - gas, L - liquid and DM - daughter minerals, and homogenise to M - melts, 

VMM - very mobile melts, G - gas, SG - superdense gas and L - liquids. 

Rb and Cs and microclinised pegmatites enriched 
in K2O (2.03-5.45%), Ca, Be, Ba and Sr (table 
2, columns 8, 9). The normative proportions of 
these two types are plotted in fig. 7E. 

Cryolite occurs as (a) accidental pre-inclusion 
crystals (Kalyuzhny et al. 1962), (b) daughter 
minerals (< 10%) in multi-phase inclusions in 
topaz and quartz (Lemmlein et al. 1962; Lyakhov 
1967; Lazarenko 1974) and (c) solid inclusions in 
quartz (Lyakhov 1967; Kalyuzhny & Gigashvili 
1972). Lemmlein et al. (1962) found an Ivigtut 
cryolite assemblage - cryolite, quartz, muscovite 
and fluorite (plus an unknown phase) — in inclu­
sions in topaz. Homogenization under pressure 
formed a hydrous silicate melt at 700°C. How­
ever, Voznyak (1971) considered that these 
daughter minerals were in fact accidental solid 
inclusions, and that homogenization occurred at 
400-3 70°C. Trapping of the solids took place un­
der boiling of the mineral-forming solutions. 

In the most recent evolutionary scheme for the 
pegmatites (Kalyuzhny & Gigashvili 1972) (table 
3), cryolite is assigned to the second acid stage 
when low pH values and low oxygen activity pre­
vailed. Topaz, phenacite and cleavelandite are 

the dominant phases and form as crystals in the 
cavity void or develop metasomatically in 
neighbouring feldspar blocks. Zoned crystals of 
quartz almost stop growing and only in a few 
crystals are found thin zones of spotty quartz with 
inclusions of cryolite. Most of the quartz, to­
gether with the topaz, formed during the altera­
tion of feldspars. 

Cryolite occurrences (a) and (b) may carry up 
to 15% elpasolite, in addition to the more abun­
dant halite and sylvite. Kalyuzhny (1956) records 
that slow heating of elpasolite inclusions in topaz 
gave an incongruent decomposition over 
135-170°C to three different (?) fluoride miner­
als of lower refractivity. Lyakhov (1967) found 
that elpasolite homogenises at 230-330°C. 

Dontsova et al. (1972) considered that fractio­
nation of oxygen isotopes in Volynian phases was 
related only to decreasing temperature and min­
eral-structure controls in a closed system. How­
ever, according to carbon isotope studies, the 
CO2 of the pegmatites was formed by both gran­
itic volatiles and endogene fluids (Mamchur et al. 
1975). Similarly, Naydenov et al. (1972) found 
that early pegmatite zones with only 4-6% at-
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mospheric Ar crystallised under closed condi­
tions, whereas the later cavity minerals contained 
30-42% atmospheric Ar. 

(5) Tarbagatay, E Kazakhstan 
Cryolite and other aluminofluorides occur in 
pegmatoid bodies within albitised riebeckite 
apogranites of the Large massif, N. W. Tar­
bagatay, E. Kazakhstan (table 2, column 11) 
(Beus et al. 1962; Mineev 1963 1968; Vlasov 
1968, p. 95). 

These apogranites lie at the northern end of the 
coeval Akzhaylyau massif. All rocks have been 
dated at 300± 9 m.y.; they intrude Lower Car­
boniferous sandy-argillaceous rocks. Most of the 
Akzhaylyau massif consists of biotite granites 
with lesser granodiorites, quartz syenite and 
pegmatites. At its northern edge are three outly­
ing cupolas of metasomatically altered granites 
which are related to a regional fault zone. 

The host granite for the cryolite (Large massif, 
4.5 km^) consists of porphyritic biotite-micro-
cline microgranites (plagioclase Ani5_i2) in its 
central parts. The main accessories are fluorite, 
zircon, monazite, ilmenite and bastnäsite. These 
granites are slightly albitised and grade into 
metasomatic derivatives: riebeckite-albite gra­
nites, and albite-rich leucogranites (plagioclase 
An6-2) where the mafic minerals are destroyed 
and leached out. Common accessories are zircon, 
gagarinite and Ce-pyrochlore. The most highly 
metasomatised rocks occur in the exocontact 
zone. 

Within the medium grained riebeckite apogra­
nites of the southern part of the Large massif 
occur pegmatoid bodies composed mainly of al-
bite but also containing microcline, quartz and 
riebeckite plus considerable quantities of altered 
gagarinite, bastnäsite, zircon and thorite, and 
sometimes also cryolite, partly altered to other 
aluminofluorides. In the centre of the massif, 
some veins and nests, up to 30 cm in diameter, 
are completely composed of cryolite, partly re­
placed by thomsenolite, weberite and gearksutite. 
Here the associated minerals are lithium micas, 
zircon, rutile and gagarinite. In the contact zone 
of the massif, accessory cryolite and thomsenolite 
were noted in riebeckitic and astrophylUtic 
metasomatites. 

The typical fluoride phase of the metasomatic 
granites is gagarinite, the rare-earth analogue of 

thomsenolite. It was first found in 1958 in in­
tensely albitised granites and associated 
quartz-microcline veins in Kazakhstan, and is 
generally accompanied by riebeckite, pyrochlore, 
bastnäsite and zircon (Stepanov & Severov 
1961). Disseminated fluorite is not especially 
widespread and only reaches significant percen­
tages in parts of the exocontact zones and in 
pegmatites of the Akzhaylyau massif. Gearksu­
tite was found with opal and secondary fluorite 
on the walls of old ditches and shafts along cracks 
in albitised rocks. The characteristic supergene 
fluorides of the exocontact zones are nodular 
creedite and gearksutite. 

The formation of the riebeckite and aegirine 
apogranites together with their rare-metal 
mineralization was due to the process of intensive 
post-magmatic alkali-haloid metasomatism. 
Metasomatism occurred as a widespread diffusive 
process but was also concentrated along fractures 
and in the contact zones of the massifs. The most 
active components were Na, K, Fe'* and F. Ac­
cording to Mineev (1968), AlFe'" was only one of 
several complex fluoriferous ions (FeF'", YFe'", 
BeF4^~, TaFs", TaOF4-) which combined with al­
kalis and rare metals to promote the rare-metal 
mineralization. The introduced F and rare metals 
were probably derived from the deeper zones of 
the massif which consist of microclinised apogra-
nite improverished in these components. 

(6) Zerendin massif, E Kazakhstan 
According to Ginzburg et al. (1970), cryolite has 
been found in the Zerendin massif of 
Kazakhstan. Ginzburg (1979, personal com­
munication) has kindly reported that this massif, 
like locality 5, is located in E Kazakhstan. The 
cryolite occurs as an accessory mineral in 
metasomatic riebeckite granites. No detailed 
publication has been made yet. 

(7) Burpala massif, N Transbaikal 
Small broken veinlets and nests of cryolite occur 
in thin vein-Uke bodies of alkaU granite in the 
Burpala massif (Ganzeev et al. 1969; Efimov & 
Ganzeev 1972; Ganzeev, personal communica­
tion, 1978). 

The vein-Hke bodies cut pulaskite, with a low 
content of nepheUne, from the main intrusive 
phase of the massif. They consist of microcline, 
quartz, albite, aegirine and riebeckite. Together 
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with cryolite are found plumbobetafite, zircon, 
catapleiite, elpidite, astrophyllite, bafertisite, 
neptunite, polylithionite, thorianite and (?) 
gagarinite. The secondary minerals are 
montmorillonite, bastnäsite, gearksutite, ralsto-
nite and thomsenolite. The mineral paragenesis is 
considered analogous to that of the Kazakhstan 
apogranites (Cryolite (5) above). 

Ganzeev & Sotskov (1976) found 1.0 ppm La, 
3.2 ppm Ce, 0.5 ppm Sm and 4700 ppm Sr in the 
Burpala cryolite. 

(8) Lesser Chinga, Manchuria (North East 
China) (unconfirmed) 
Two cycles of granitic activity were distinguished 
in Lesser Chinga according to Wittheft (1936). 
The younger cycle has three related types of 
pegmatites: (a) tourmaline-mica pegmatite, (b) 
feldspar-quartz types and (c) quartz veins with 
minerals of the type cryolite, fluorite and musco-
vite. 

(9) Younger Granites, Jos Plateau, Nigeria 
Cryolite and thomsenolite are common accessory 
minerals in riebeckite-albite granites from at least 
five of the Jurassic ring complexes of Nigeria 
(Arno, Jos-Bukuru, Liruei, Rop and Shere) 
(Mackay et a l . l949; Beer 1951 1952; Mackay & 
Beer 1952; Jakobson et al. 1958; Buchanan et al. 
1971). 

The Kaffo granite of the Liruei complex (fig. 4) 
(table 2, column 10) contains up to 6% cryoUte. 
It is the final intrusion of the complex and was 
emplaced as a gently domed sheet. Bowden & 
Turner (1974) consider the cryolite to have an 
interstitial and vein-like character in this granite 
and Bowden (personal communication in Blax-
land, 1976) relates its presence to extensive or 
complete recrystallization following 

metasomatism by F-rich, late-stage hydrothermal 
fluids. Fig. 15, Plate VI of Jacobson et al. (1958) 
shows cryolite as a broken ring of small inclusions 
within large quartz phenocrysts. According to 
Borley et al. (1976), the peralkaUne Kaffo al-
bite-riebeckite granite is an albitised, low temp­
erature intrusion. F and NaaO contents vary from 
0.08-2.16% and 3.73-7.45%, respectively, and 
show a clear positive correlation. It is not clear, 
however, how these elements are distributed 
between albite, cryolite and Na-F-rich am­
phiboles. Isotopically, the ô^*0 values are similar 

to those of normal plutonic granites and albitiza-
tion was probably a cognate (autometasomatic) 
process occurring at temperatures close to those 
of final consolidation of the granite (perhaps 
600°C). Low ô^*0 values for coexisting riebecki-
tic-arfvedsonites and aegirines may be related to 
special features of their crystal chemistry. 

Pauly & Aho (1959) (fig. 4) divided the Kaffo 
granite into two main types: orthoclase granite 
and albite-orthoclase granite. The orthoclase 
granite contains little or no cryolite. The al­
bite-orthoclase granite is more variable both in 
grain size and mineral proportions; notably, 
cryoUte (a) was consistently present in the two 
centrally placed drill cores (1284, - 7 ) where 
contents increased with height and (b) was from 
3-6 vol. % at the 20 m depth in the four centrally 
placed cores (1284, - 6 , - 7 , - 9 ) suggesting a 
cryolite-rich zone at this level. Flotation tests did 
not yield usable contents of cryolite or 
pyrochlore. Pyrochlore occurs in all samples from 
0.1-0.8 %. 

In general, igneous activity in the Nigerian ring 
complexes began with the extrusion of volumin­
ous rhyolites and the later granite emplacement 
was controlled by ring-fracturing and major block 
subsidence. Amphibole-fayalite granites merge 
into the more siliceous biotite granites and 
riebeckite granites which may be emplaced in any 
order or merge into each other (Jacobson et al. 
1958). 

Magmatic products have frequently suffered a 
considerable history of local albitization and 
greisenization. The degree of albitization is cor­
related with the contents of heavy rare-earths, Nb 
and Sn and the morphology of columbite and zir­
con crystals (WilUams et al. 1956; Pavlenko et al. 
1960; Bowden & van Breemen 1972). Charac­
teristic accessories of albite-riebeckite granites 
are pyrochlore, cryolite, thomsenolite, astrophyl­
lite and zircon but fluorite, thorite, ilmenite and 
topaz are also found. Cryolite, astrophyllite, 
riebeckite and aegirine are mineralogical reflec­
tions of the peralkaline character of these gra­
nites. 

At the present time, the evidence from Sr- and 
Pb-isotopes, the chemistry of the Nigerian grani­
tic basement and melting studies has been taken 
to suggest that the Jurassic granite complexes 
were derived by progressive melting of the base­
ment (Bowden 1970; Freeth 1972; Bowden & 
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Fig. 4. Distribution of rock types and cryolite contents in drill cores through the Kaffo granite, Liruei ring complex, Nigeria (after Pauly 
&Aho 1959). 

van Breemen 1972; Brown & Bowden 1973; 
Bowden & Turner 1974). The same evidence, 
however, has suggested a lower crustal or even 
upper mantle origin for the granites (Wright 
1970; Eborall & Wright 1974). 

(10) Erzin massif, S.E. Tuva, USSR 
In 1959 cryolite, thomsenolite, gearksutite and 
gagarinite were discovered in metasomatised 
rocks of the Erzin alkali granite - quartz syenite 
stock (fig. 5) (Pavlenko et al. 1960; Kudrin et al. 
1965; Kudrin & Kudrin 1968; Ginzburg & 
Fel'dman 1977). 

The Erzin stock, about 1.5 km ,̂ is located in 
the Mongol-Tuva alkali province (Pavlenko 
1974). During Hercynian time, granites of the 
youngest intrusive complex were injected along a 
deep-seated regional fault. In the first phase of 
the complex, biotite leucogranite plutons de­
veloped. These were followed by intrusions of al­
kaline and nepheline syenites, 1 to 60 km^ in 

area. Finally, stocks of alkaline and subalkaline 
granites, 1—2 km^ in area, were emplaced. The 
Erzin stock is confined to the junction of the re­
gional fault and a fracture feathering from it, and 
was emplaced into Precambrian limestones. 

Inside the stock, unaltered rocks - biotite alas-
kite (An2a_25) according to Pavlenko et al. (1960) 
but diopsidic quartz syenite according to Kudrin 
& Kudrina (1968) - only occur in the footwall 
contact zone. Pegmatites (0.1—1.5 m wide) occur 
along the hanging wall contact and pegmatite 
veins cut the massif and enclosing rocks. Near the 
contact, there is formation of greisen, quartz-
fluorite and quartz veins, and skam. Nearly all 
the stock has undergone intense autometasomat-
ism. Four stages can be recognised: micro-
clinization, albitization, Li-mica formation and 
quartzification. Characteristic minerals of these 
stages are: (a) Plagioclase (Aus-g), hydromicas, 
(b) platy albite (Ano-s), riebeckite, aegirine, 
magnetite, columbite, ferrithorite, zircon, fluor-



Bulletin of the Geological Society of Denmark, vol. 29 1980 15 

E 

E 

D 

Skarn 

Greisen 

Fluorite veins, zones 

Quartz veins 

Pegmatite 

Silicified albitised granite 

Albitised riebeckite granite 

Microcl inised granite 

Alaski te 

Marble, gneiss 
Faults 

Fig. 5. Geological section through the Erzin massif, Tuva (after Pavlenko et al. 1960). 

ite, (c) Li-biotite, protoUthionite, zinnwaldite, 
cryophyllite and (d) quartz crystals with concen­
tric rings of platy albite inclusions. The later 
stages are largely restricted to the central areas of 
the stock but also occur in metasomatic veins 
along periodically active fractures. 

Ca was lost during microchnization of Plagio­
clase and this inhibited the later formation of 
fluorite. The high activity of Na and Fe during 
stage (b) metasomatism was responsible for the 
appearance of cryohte and gagarinite instead of 
fluorite, siderite instead of calcite, and also for 
albite, riebeckite, arfvedsonite, aegirine and as-
trophyllite. 

Cryolite I, thomsenolite and gagarinite are 
confined to stage (b) riebeckitic rocks, but form 
after the feldspars and riebeckite, i.e. at the end 
of the Na stage. The content of cryolite and 
thomsenolite ranges up to 5—8% but averages 
2-3%. These fluorides are unstable in stages (c) 
and (d) and gradually disappear from the rocks. 
Cryolite II is more rare; together with occasional 
siderite it lines thin cracks and together with sul­
phides, columbite and malacon it forms a few 
quartz-rich veins which cut all minerals including 
stage (d) quartz. It is still confined to riebeckitic 

zones. Powdery supergene gearksutite forms on 
cryolite. Huorite is virtually confined to contact 
zone marbles. 

During progressive albitization, columbite 
crystals change from platy to prismatic and 
acicular, and then become corroded. Zircon 
crystals lose their prismatic habit and become 
bipyramidal; their colour deepens, fractures be­
come more common and inclusions appear, e.g. 
thorite. The Zr/Hf ratios of zircons fall from 
21-55 to 14-19 (Pavlenko et al. 1957). HfOz 
contents increase from 1.06-3.00 to 
1.85-4.50%, and values of Y, Th, Sn and Ba also 
increase. However, the Nb/Ta ratio of accessory 
tantalo-niobates is unchanged (7.5-24) (Pav­
lenko et al. 1960). 

(11) Perga granite, N. W. Ukrainian crystalline 
shield 
Cryolite and other aluminofluorides occur as dis­
persed impregnations and later veins in quart-
zo-feldspathic metasomatic rocks (Perga gra­
nites) of the northwestern part of the Ukrainian 
crystalline shield (fig. 6) (Zinchenko 1968; Yurk 
et al. 1974; Gurov et al. 1975a). 

The Perga (or Perzhansky) granite has been 
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Fig. 6. Geological section through metasomatic granites, Perga, Ukraine (after Gurov et al. 1975a). 

dated at 120Q-1300 m.y. and is a younger phase 
of the Korostensky igneous complex described as 
Cryolite locality 4 above (Gorokhov 1964). The 
metasomatic rocks were developed in a narrow 
tectonic zone (Sushchano-Perzhansky zone) sub-
parallel to the plunge of the shield. They vary in 
composition from granitic metasomatites to 
quartz-albite-microcline rocks and microclinites 
with a little quartz and biotite. Multi-stage 
metasomatism (notably albitization and greiseni-
zation) and tectonic movements are characteris­
tic. These processes were followed by F 
metasomatism during which the aluminofluorides 
replaced the earlier quartz, feldspars, aegirine, 
mica and siderite. Fluorite is virtually absent re­
flecting the low CaO contents of the rocks (gen­
erally 0.15-0.40%) and the location of CaO in 
acid plagioclases. Values up to 0.95% CaO are 
occasionally found in cryolite-bearing granites. 
Intervening areas of siderophyllitic greisens con­
tain higher Ca contents and fluorite. The cryolite-
bearing granites have high contents of alkalis, 
aluminium and fluorine (0.07-1.20%) (table 2, 
column 12) (fig. 7E). -

Dispersed concentrations of fluorides are rela­
tively widely developed and are represented by 
small nests scattered through the rocks. Lenses of 
feldspathic metasomatites (fig. 6) possess au­
reoles of more intensely metasomatised apogra-

nites with enhanced aluminofluoride contents, 
notably weberite and prosopite. 

The subsequent veins of aluminofluorides are 
highly irregular frequently forking out and 
wedging out. They were intruded after and are 
closely associated with a group of quartz and 
amazonite-quartz veins. Occasionally, there are 
more persistent veins which are 5-8 m in length 
and 3—5 cm thick with bulbous bodies up to 
10-15 cm thick containing quartz, cryohte and 
other fluorides. Cryolite is the earliest to form; it 
is often overgrown by pachnolite and thomseno-
lite which are corroded and replaced by weberite. 
Ralstonite and gearksutite are later still. Weber­
ite is the most widely occurring fluoride and is 
typically intergrown with prosopite, thomseno-
lite, chiolite and fluocerite. Prosopite elsewhere 
appears to be a primary hydrothermal phase like 
the cryolite; it is partly replaced by weberite, 
fluorite and elpasolite, and by gearksutite under 
supergene conditions. Only cryolite and weberite 
are fairly widespread (Mel'nik & Rasumeeva 
1969; Gurov & Gurova 1970 1973 1974; Gurov 
et al. 1969 1970 1971 1972 1975a; Yurk et al. 
1970 1974). Associated minerals include fluo­
cerite, phenacite, genthelvite, siderite, aegirine, 
riebeckite, ferrimuscovite, columbite, bastnäsite, 
fluorite, hematite, molybdenite and galena (Zin-
chenko 1968; Gurov & Marchenko 1970; Gurov 
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et al. 1975b). Cryolite contains 0.45% K, 2.8 
ppm Cs, 10 ppm Rb, 30 ppm Mn, 50-100 ppm 
Ti, 40-50 ppm Gu and 2-5 ppm Ag (Zinchenko 
1968). 

Two-phase fluid inclusions in cryoUte 
homogenise at 470-420°C in greisenised apogra-
nite and 440-370°C in veins from apogranites, 
quartzofeldspathic metasomatites and microcli-
nites. Lower temperature inclusions, 335-275°C 
and 230-195°C, are probably related to hy­
drothermal replacement of cryolite by the other 
aluminofluorides (Yurk et al. 1974). 

(12) East Siberia, USSR 
Feldspar and feldspar-quartz metasomatites, re­
lated to regionally metamorphosed and folded 
rocks in E Siberia, contain cryolite, other 
fluorides and Ta-Nb ores (Arkhangel'skaya 1968 
1974; Kudrin 1972; Ginzburg & Fel'dman 
1977). 

The metasomatites have developed along a 
zone of activation at the contact of Archaean and 
Lower Proterozoic structures and have been 
dated at 1786-1919 m.y. The zone is charac­
terised by widespread palingenesis, dislocation 
metamorphisrri and alkali metasomatism. The 
metasomatites form a plate-like body, 500-600 
m thick and many km long, which is conformable 
with a gently dipping fracture within the activa­
tion zone. The surrounding metasediments are 
folded and have reached greenschist to amphibo-
lite faciès. Inside the metasomatites are xenolithic 
relics of incompletely replaced schists, quartzites, 
gneisses and granites. 

The metasomatites are structurally variable — 
banded, pseudo-stratified, pseudo-gneissose, 
streaky and reticulate; they show variable por-
phyroblastic textures and replacive relations be­
tween all the rock-forming minerals. They con­
tain up to 2-4% F, generally 0.05-1.0%, but 
very httle Ca and Mg (table 2, columns 13,14). 
Agpaitic coefficients reach 1.2 or more and high 
Na/K ratios are typical. 

Metasomatic zonation is expressed by (a) rear 
zones in the core of the activation zone which 
consist of aegirine and aegirine-amphibole rocks 
with the composition of alkah granosyenites, (b) 
intermediate zones comprising amphibole 
metasomatites which are compositionally alkaline 
granites, (c) the frontal (peripheral) zones of gra­
nite-like biotite metasomatites and (d) an outer 

aureole around the metasomatic bodies proper. 
Each zone has its own assemblage of fluorides. 

In the rear zones there is cryoUte and ralstonite, 
as well as alteration products of cryolite (pachno-
Ute and thomsenolite). In the intermediate zones 
are cryolite and gagarinite. The peripheral zones 
have retained some of the Ca of the original rocks 
and typically possess rare-earth fluorite, normal 
fluorite and gagarinite. Fluorite and chevkinite 
are found in the outer aureole. In a narrow band 
between the peripheral and intermediate zones, 
at the onset of albitization, fluocerite appears. 
Mg- and Ca-bearing sodic fluorides (weberite, 
gagarinite, neighborite (NaMgFs)) only occur 
locally where Na-rich solutions avoided the am­
phibole metasomatites and reached rocks of the 
frontal zones which had retained some Ca and 
Mg. 

Cryohte is restricted to areas with sodic am­
phiboles — Fe-arfvedsonite, riebeckite and fer-
rihastingsite. REE-Pb-bearing pyrochlore and 
zircon are typical accessories. CryoUte and the 
secondary pachnohte and thomsenolite occas­
ionally constitute 2-10% of the rocks and are 
potential by-products of the mining (Ginzburg et 
al. 1970). Cryolite contents of apogneissic schists 
(0.6-1.4%) tend to be higher than apogranitic 
gneisses (0.0-0.3%) (Kudrin 1972, Fig. 5). Iso­
lated pegmatitic areas with quartz, feldspar and 
amphibole may also contain cryolite, gagarinite 
and zircon. 

The Ta—Nb deposit is defined by the presence 
of pyrochlore which is fairly evenly scattered 
through the metasomatic rocks. However, con­
tents of REE and Pb, along with the percentage 
of pyrochlore, tend to increase into the rear am-
phibole-aegirine zone. 

According to homogenization temperatures of 
fluid inclusions in the rock-forming minerals of 
the metasomatites, temperatures varied from 
300-350°C in the frontal zones up to 500-600°C 
in the rear zones. 

(13) Lake Khanka, Maritime Province, USSR 
Near Lake Khanka, about 120 km north of Vla­
divostok, cryolite is occasionally found in mi-
ca-fluorite ores formed by the greisenization of 
hmestone xenoliths in granite (Govorov 1958; 
Rub 1960). 

The mica-fluorite ores occur as lenses and 
pipes at the margin of Mid Palaeozoic leucogra-

2 D.G.F. 29 
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nite intrusions associated with complexes of biot-
ite granite and hybrid rocks of syenitic to basic 
composition. During granite evolution F contents 
increased; they reach 0.5—0.54% in the liquid 
phase of fluid inclusions in quartz. Fluid inclu­
sions in the mica-fluorite ores also show abun­
dant F with all other anions negligible (Rub 
1972). 

The earliest stage of post-magmatic alteration 
of the leucogranites produced muscovite-quartz 
greisen veins and albite-oligoclase veins related 
to albitization in the apical parts of the intrusions 
(Govorov 1958). Marbles and skarns then 
formed at the contacts of the granite with lime­
stone. Subsequent autometasomatism of the gra­
nite produced simple muscovite-quartz greisens 
but a later F-richer pulse converted these to 
quartz-topaz greisens and converted xenoliths of 
limestone to the mica-fluorite rock type. In this 
greisen type, unusually low amounts of Si were 
introduced along with the alkalis, Al, F, B, H2O 
and rare metals (Sn, W, Be). 

Mineralogically, the mica-fluorite ores consist 
of fluorite (55-75%), micas (25-40%), tour­
maline, phenacite, chrysoberyl, calcite, scapoUte, 
cassiterite, sellaite and graphite; there is 
occasional cryolite, topaz, quartz, euclase, beryl, 
corundum, diaspore and apatite. Cryolite occurs 
as anhedral grains, 0.01-0.3 mm or rarely 0.8 
mm across. It is closely associated with Li micas 
or more seldom with fluorite and topaz which it 
replaces. It is perhaps significant for the forma­
tion of the cryolite that relatively high amounts of 
K (0.23-2.60%) and Na (0.10-0.67%) (usually 
impoverished in greisens) were introduced and 
lead to the formation of K-micas (muscovite) and 
Na-brittle micas (ephesite). 

(14) Goldie carbonatite, Texas Creek, Fremont 
County, Colorado 
The Goldie carbonatite is part of an extensive 
dyke halo around the mesozonal-catazonal 
McClure Mountain - Iron Mountain alkalic com­
plex of south-centrai Colorado (Heinrich & 
Dahlem 1970; Heinrich 1977). The complex is 
probably close to 600 m.y. in age. It consists of 
peridotite, gabbro, hornblende syenite, ijoUte and 
nepheline syenite and possesses a dyke halo of 
oogenetic lamprophyres (mainly camptonites) 
and carbonatites up to 27 km from the complex. 

The three main carbonatitic types are: (a) sö-

vites and dolomitic sövites with few accessories, 
(b) feldspathic carbonatites which grade into 
feldspathic Th-REE veins and (c) sövites rich in 
barite and fluorine minerals, or late amethyst 
(Heinrich & Shappirio 1966). 

The Goldie carbonatite veins were intruded 
alongside and altered a lamprophyre sill which 
occupied a fracture for at least 250 m (Heinrich 
& Quon 1963; Heinrich 1977). The lamprophyre 
contains microphenocrysts of olivine and titanian 
augite set in a homblende-magnetite-plagioclase 
matrix. Six carbonatite veins, about 10-80 cm in 
width and 1-100 m in length, occur above and 
below the sill. The lamprophyre and carbonatite 
veins are locally separated from country gneisses 
by aplites and fenites. The aplites are partly re­
placed by hematite and calcite. The fenites con­
sist of riebeckite, aegirine and potash feldspar 
and vein and replace the gneisses. The carbona­
tite veins (type (c)) consist of radioactive, hema­
tite-stained, coarse calcite with local masses of 
barite and green fluorite. Minor niobian rutile 
and replacive albite occur. 

On breaking all rock types of the deposit a fetid 
gas of fluorinated hydrocarbons (C5 and Q hy­
drocarbons, F2, HF and F2O) is emitted. The 
fluorine was derived from structurally degraded 
radioactive fluorite; the hydrocarbon gases may 
represent primary inclusions (Heinrich & An­
derson 1965). 

Aluminofluorides occur in four of the Goldie 
carbonatite veins but are only abundant in two. 
They occur as nodules and bands replacing the 
carbonatite. The nodules are up to 25 cm long 
and irregular to ellipsoidal in form (table 2, col­
umn 17). Crude zoning of the nodules can be 
ideally approximated to: (a) cryolite core, (b) 
weberite + ralstonite, pachnolite, euhedra and 
groups of prosopite, (c) prosopite needles in 
comb-structure, (d) aggregates of calcite, purple 
fluorite and diaspore and (e) rims of secondary 
hematite, purple fluorite and sericite. Elpasolite 
and gearksutite are less certainly identified. Ap­
parently only cryolite can occur as nearly 
monomineralic nodules. 

Heinrich (1977) distinguishes three main 
stages in the formation of the Goldie carbona­
tites: (a) marginal fenite and main carbonatite, 
(b) aluminofluorides - cryolite to prosopite, (c) 
purple fluorite stage. Cryolite formation is due to 
reaction between late residual carbonatitic fluids 
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rich in Na and F and primary carbonatitic calcite. 
The Ca released by this reaction formed pachno-
lite, prosopite and fluorite later in the replace­
ment sequence. Heinrich (1977) considers that 
the Goldie carbonatites offer direct evidence for 
the importance of Na, F and gaseous carbon 
compounds in carbonatitic fluids. These primary 
components are usually lost during degassing and 
fenitization. 

The related amethyst-bearing silico-carbona-
tites occur at the greatest distance from the 
McClure Mountain - Iron Mountain complex and 
were emplaced violently. They exhibit a mul­
ti-stage development from magmatic 
feldspar-rich and carbonate-rich phases to hy­
drothermal overgrowths, comb-structure veins 
and smoky and amethystine quartz (Heinrich & 
Shappirio 1966). These late-stage mobile com­
ponents may have been retained because of the 
fairly deep level of the emplacement. 

An interesting contrast is provided by car-
bonatite dykes, 6 km to the southwest, which are 
associated with the Gem Park mafic-ultramafic 
complex. They have been divided into the fol­
lowing types (with median F contents): dolo-
mite-pyrochlore (0.03%), _ dolomite-apatite 
(0.04%), dolomite-blue amphibole-pyrochlore 
(0.11%) and.dolomite-barite-monazite (0.04%). 
Aluminofluorides have not been reported 
(Parker & Sharp 1970). 

(15) Francon quarry, Montreal Island, Quebec, 
Canada 
Colourless to yellow cryolite, more commonly 
crystalline than massive, occurs in cavities with 
calcite, weloganite (Sr-Zr carbonate) and daw-
sonite in a silico-carbonatite sill at the Francon 
quarry, St-Michel, Montreal Island (Sabina et al. 
1968). 

A related sill from the same quarry has been 
described by Jambor et al. (1976). It is 2 m thick 
with a 4—5 cm thick chilled margin against the 
host Ordovician Umestones. Vesicles and cavities 
form several percent of the sill and are normally 
lined with quartz, calcite, Plagioclase and dawso-
nite (NaAl(C03) (OH)2). The chilled selvages 
are essentially microcrystalline intergrowths of 
dawsonite and feldspar with 5-10% dawsonite 
pseudomorphs probably after analcime, plus 
minor albite. In the centre of the sill the same 
pseudomorphs are set in a fine grained matrix of 

orthoclase and dawsonite, with occasionally 
dolomite, aegirine-augite, siderite and analcime 
(partly after albite) and accessory amounts of 
magnetite, pyrochlore, zircon and apatite. Fluor­
ite and cryolite are minor constituents. In one 
part of the quarry, the percentage of carbonate 
decreases and the sill approaches alkali syenite in 
composition. 

The composition of the sill is given in table 2, 
column 18. The high contents of Zr, Nb and Sr 
are held by weloganite, zircon, pyrochlore and 
strontianite (Steacy & Jambor 1969). 

The cryolite-bearing cavity assemblage and a 
dawsonite-fluorite-sphalerite assemblage only 
occur in small areas of particular sills in the 
quarry. The most common" cavity assemblage is 
quartz-calcite-dawsonite ± strontianite, weloga­
nite, dresserite, fluorite and analcime (Sabina 
1976). Weloganite and dresserite (Ba-Al carbo­
nate) (Jambor et al. 1969) are only known from 
this locality. 

The alkali sills of the Francon quarry are be­
lieved to be satellitic bodies related to the 
Mesozoic plutonic intrusions of Mount Royal, 
part of the Monteregian alkaUc province (Clark 
1972; Philpotts 1974). A close comparison to the 
silico-carbonatite sill is afforded by a dawso-
nite-fluorite-bearing feldspathic dyke in 
downtown Montreal (Stevenson & Stevenson 
1975). The Oka carbonatite is also located in the 
Monteregian province. 

(16) Green River Formation, 
Wyoming-Utah-Colorado 
Sparse amounts of authigenic fluorides — fluorite, 
cryolite, and neighborite (NaMgFs) - occur lo­
cally in the Eocene trona-rich Green River For­
mation of western USA (Chao et al. 1961; Milton 
1971 1977). 

In Colorado, cryoUte forms beds and lenses a 
few mm in thickness. It also occurs in dolomitic 
oil shales of Colorado along with dawsonite and 
nahcolite (NaHCOj). Fluorine (700-2100 ppm) 
is located in anhedral grains (5-10 (xm in diame­
ter) of fluorite and cryolite in rich oil shales (table 
2, column 19) (Desborough et al. 1976). Other 
F-rich minerals in the Green River Formation in­
clude magnesioarfvedsonite and fluorapatite 
(Milton 1971 1977). 

The origin of the Green River Formation is still 
under discussion (see p. 36). Most hypotheses 
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invoke the influx and evaporation of alkaline 
spring and river waters rich in Na, Ca, Mg, CO3 
and Cl, and related to nearby alkalic volcanism. 
Freshwater fades with oil shales, saline alkaline 
fades, sandstones and volcanic tuffs all occur. 
The dominance of oil-shale hydrocarbons and 
iron sulphides, and the absence of primary sul­
phates, indicate reducing conditions during sedi­
ment accumulation. 

(17) Lx)vozero massif. Kola Peninsula, USSR 
In the cracks of slightly weathered villiaumite 
(NaF)-bearing nepheline syenites of the Lovo-
zero agpaitic massif were found white porce­
lain-like crystals which represent a cryptocrystal-
line mixture of supergene cryolite and opal. The 
presence of cryoUte was confirmed by X-ray 
studies (Semenov, personal communication in 
Stepanov 1963, p. 47). 

According to Dorfman et al. (1967), Semenov 
only found cryolite in a single sample. These au­
thors were unable to confirm its presence in other 
samples and consider it to be very rare (see p. 
36). 

(18) Khibina massif. Kola Peninsula, USSR 
Cryolite and dawsonite occur in siderite-rich 
veinlets cutting foyaite from the Khibina alkaline 
massif (Kozyreva et al. 1976). They are as­
sociated with burbankite and pyrite. The colour­
less cryolite occurs as aggregates, up to 1 x 1 cm, 
in the central zone of the veinlets and as 
pseudo-cubic crystals, up to 1 mm in size, in small 
vughs. It contains minor and trace element levels 
of Mn, Ca, K, CO2, Mg, Fe, Zn, Sr, Ti, Pb, Zr and 
Mo. The aggregates of thread-like dawsonite 
crystals are generally found in the centre of large 
cryolite aggregates. 

The formation of cryolite and dawsonite in the 
carbonatised rocks of this massif is connected 
with the dissolution of the nepheline and alkali 
feldspar by fluocarbonate solutions (Kozyreva et 
al. 1976) (see p. 36). Dawsonite appears to have 
formed after the cryolite. 

(19) Yellowstone Park, W USA (unconfirmed) 
According to Day (1887, p. 693), a new discov­
ery of cryolite in Yellowstone Park had recently 
been made. No details were then available, and 
the report seems never to have been confirmed. 

(20) Earth, soil (unconfirmed) 
The mineralogicai manual of Lewis & Hawkins 
(1931, p. 48) records that cryolite occurs "on 
rocks, walls, earth; in earth of some caves; in 
soil". There is no mention of cryolite localities 
known at that time or of the igneous milieu. 

Modern papers and soil abstract journals carry 
no mention of cryolite in soil (Mclntyre 1945; 
Robinson & Edgington 1946; Allmann & Korit-
nig 1973). Addition of F to soils in superphos­
phate, BaSiFe or alkali metal fluorides probably 
results in ultimate combination as CaFi, apatite 
or substitution for OIT ions in Al(OH)3 (Bower 
& Hatcher 1967). It is known, however, that the 
addition of F" ions releases Al from the structure 
of the amorphous mineral allophane 
(AljSiOs.nHjO) - which is common in volcanic 
soils - with formation of AlFs^" ions which may 
eventually yield cryolite (Birrell 1961). 

Modern accounts of cave mineralogy, e.g. 
Davies (1958), Bridge (1968 1973) and cave 
abstract journals carry no reference to cryoUte or 
other aluminofluorides. 

(21) Tristan da Cunha, South Atlantic 
(unconfirmed) 
A mineral which could be cryolite or weberite 
from its optical properties is mixed with hierarite 
(KaSiFe) in yellow warty fumarolic crusts on 
trachyandesite lava from Tristan da Cunha 
(Baker et al. 1964). Ralstonite, cryptohalite and 
(?) thomsenolite also occur. ' 

Salient, Spain (discredited) 
According to Heinrich (1977, p. 44), correspon­
dence with a Spanish mineralogist revealed that 
no Spanish mineral collection contained cryolite 
from this locality and recent collecting at Salient 
had failed to find cryolite. 

Evaporite deposits, Bashkir ASSR, USSR 
(discredited) 
According to Mineralogicai Abstracts (1949, p. 
445), cryolite was reported from the Lower Per­
mian lagoonal evaporites of Bashkiria by 
Strakhov & Borneman-Starynkevich (1946). 
Examination of the original article, however, in­
dicates that cryolite is not even mentioned, by 
name or formula. 
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Aluminofluorides outside cryolite 
localities 

Cryolithionite, jarlite and chiolite have not been 
found in cryolite-free localities. 

ElpasoUte 
Elpasolite was found in: 

(22) sublimates within the crater of the 
Nyiragongo volcano, East African Rift, Zaïre 
(Herman et al. 1960). Stalactites of aphthitalite 
(K3Na(S04)2) in concentric layers and crusts are 
composed of gypsum, thenardite and accessory 
elpasolite, haUte, sylvite, hierarite, KCaFj, 
KMgFa and amorphous sulphates. 

Nyiragongo has extruded nephelinites which 
are extremely alkaline (Na20 and K2O about 
6%) and undersaturated (Pouclet 1973). The ex­
ceptionally high K/Na ratios compared with other 
basaltic eruptions presumably explain the de­
velopment of elpasolite (a K—Na alumino-
fluoride) rather than ralstonite (a Na-Mg 
aluminofluoride) which is more abundant in 
basaltic environments. 

Pachnolite 
Pachnolite has been found: 

(23) together with thomsenoUte, ralstonite, 
gearksutite and other fluorides (sellaite, fluorite, 
gagarinite, neighborite) in miarolitic cavities from 
the elpidite soda granite (ekerite) of Gjerdingen 
in the Oslo alkali igneous province, Norway 
(Sæbø 1966; Raade 1972; Raade & Haug, per­
sonal communication, 1977). This late fluoride 
assemblage was not found in cavities of ordinary 
biotite granite (Drammen granite) or of syenite; 
instead a zeolite and carbonate assemblage 
occurs. Ti and Zr are characteristic elements of 
the ekerite cavity minerals. The host ekerite is a 
peralkaline granite and carries aegirine and/or 
riebeckitic arfvedsonite (Dietrich et al. 1965). 

(24) as transparent, thick tabular crystals, up to 
0.3 cm long, in the complex granite pegmatite at 
Hagendorf-Siid, Bavaria (Mücke 1977). 

ThomsenoUte - see Pachnolite (23) 
Carlhintzeite 
(24) Carlhintzeite was recently described from a 
single museum specimen from the Hagendorf 
granite pegmatites, Bavaria; the exact locaUty is 
unknown (Dunn et al. 1979). It is associated with 

rockbridgeite, pyrite, strengite and apatite and is 
younger than the first three of these phases. It 
formed during the hydrothermal alteration of the 
primary triphylite, the precursor of the secondary 
phosphate minerals. 

Weberite - see Ralstonite (35) 

Ralstonite 
Ralstonite exists outside (confirmed) cryolite 
locahties: 

(21) in warty crusts associated with hahte, 
hierarite and (?) cryolite or weberite on 
trachyandesite lava from Tristan da Cunha, South 
Atlantic (Baker et al. 1964). Fluorite and thom­
senoUte were also tentatively identified. The 
bleached lava, though without aluminofluorides, 
was reproduced by attack with HF fumes over 
about 8 hours. 

(25) as small crusts and stalactites in fumarole 
deposits on basalt from Vesuvius, Italy (Carobbi 
1936; Carobbi & Cipriani 1951). It occurs in 
mixtures with merkelUte, haUte, erythrosiderite 
and other minerals. 

(26) in fijmarole deposits (170-98°C) and HF 
metasomatised basalts (300-200°C) from 
Klyuchevsky volcano, Kamchatka, USSR 
(Naboko 1941 1957 1959a, b). The Klyuchevsky 
fumarolic gases contain 2% F on a dry, air-free 
basis, which is higher than other Kamchatka vol­
canoes. 

During HF metasomatism of basalts, Si and Fe 
volatilise in F compounds, and Na and K are 
slightly volatiUsed appearing in fumaroUc subU-
mates as maUadrite (Na2SiF6) and hierarite 
(K2SiF6). Other elements are retained in the 
basalt which is bleached white to a loose mass of 
fluorides (ralstonite, fluorite and others). 
Analyses of two bleached rocks recorded 22.4 
and 43.4 wt.% F. 

(27) as pseudomorphs after creedite, fluellite 
or sellaite in clay gouge of the oxidised zone of 
the Upper Kayraktin W-Bi ore body. Central 
Kazakhstan (Stepanov & Moleva 1962). As­
sociated minerals include gearksutite, nontronite 
and jarosite. 

(28) in fumaroUc fractures of au-
tometasomatised alkaU trachytic tuff associated 
with opal, maghemite and other minerals at S. 
Prisco, Caserta, Italy (Di Girolamo & Franco 
1968). 

(29-33) in fumaroles from five locaUties in 
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Central America: Pacaya and Santiaguito, 
Guatemala; Izalco, El Salvador; Cerro Negro, 
Nicaragua and Arenal, Costa Rica (Stoiber & 
Rose 1969 1974) (see p. 33). 

(34) in fumaroles (125-100°C) of the El Misti 
strata volcano, S. Peru, together with sulphur, 
anhydrite and gypsum (Bimie & Hall 1974). A 
juvenile source is indicated for the parent water 
of the condensates, according to deuterium and 
oxygen isotope analyses. 

(35) in fumeroles (>150°C) from the 
basalt-andesite volcano of Deception Island, 
South Shetlands (Viramonte et al. 1976). These 
fumaroles are zoned, with fluorite in the hottest 
zones and weberite and then ralstonite in outer, 
cooler zones. 

(36) as a common phase along with sulphur, 
opal, gypsum and thenardite (Na2S04) in incrus­
tations around the vents and fumaroles of 
Kilauea volcano, Hawaii (Naughton et al. 1976). 

Prosopite 
Prosopite exists away from cryolite occurrences 
as follows: (37) Altenberg, Saxony (Scheerer 
1854; Gemitz 1876; Pudovkina & Pyatenko 
1970). Prismatic crystals of prosopite occur on 
the walls of cracks in quartz porphyry and 
quartzite in the Altenberg tin deposit of the 
Erzgebirge. Prosopite is almost completely re­
placed by nacrite, fluorite or both of these miner­
als. The deposit is characterised by intense F-rich 
greisenization and hydrothermal alteration of a 
granite stock and enclosing quartz porphyry 
(Baumann & Schlegel 1967). 

(38) Dugway, Utah (Hillebrand 1899). Proso­
pite crystals occur with quartz, fluorite and native 
silver in cracks in slate and (?) trachytic rock. The 
green prosopite is mixed with supergene copper 
minerals. 

(39) Santa Rosa, Zacatecas, Mexico (Dunn & 
Fryer 1976). The blue prosopite, associated with 
azurite and containing 1.39% Cu, is of gem qual­
ity and constitutes a possible substitute for tur­
quoise. 

Schlaggenwald, Czechoslovakia and Mt. Bis-
choff, Tasmania are regarded as insecurely estab­
lished occurrences (Stepanov 1963, pp. 81—82). 

Gearksutite 
Gearksutite, in addition'to occurring at many 
cryolite localitities, has been recorded from: 

(23) see PachnoUte. 
(27) see Ralstonite. 
(40) hydrothermally altered rhyolitic wall 

rocks next to the upper oxidised portion of a 
small fluorite-barite vein near Wagon Wheel 
Gap, Colorado (Larsen & Wells 1916). The vein 
is closely associated with high temperature 
(57-66°C) springs almost certainly related to the 
Miocene volcanism of this area (Emmons & 
Larsen 1913) (table 4, column 6). 

(41) clayey greensand containing glauconite 
and F-rich phosphatic nodules at Gingin, West­
ern AustraUa (Simpson 1920). 

(42) a clay bed in Umestone probably after in­
teraction with F-bearing hot spring water be­
tween Hot Springs and Warm Springs, Virginia 
(Henderson 1929). 

(43) volcanic ash of the island Vulcano, Italy 
(Bernauer 1941). Gearksutite occurs as veinlets, 
nodules, earthy masses and as pseudomorphs af­
ter Plagioclase or volcanic glass. 

^ (44, 45) cavities of quartz veins with kaolin at 
the Belukha and Bukuka wolframite deposits, 
Transbaikal. The mineral was originally called 
paragearksutite (Smolyaninov & Isakov 1946); it 
has more alumina and less fluorine than gearksu­
tite, but X-ray data are similar (Korzhinskiy et al. 
1960). 

(46) oxidised breccia zones of fluorite-bearing, 
U ore bodies in quartz monzonite, Marysvale, 
Utah (Grüner et al. 1951). 

(47-51) a number of Mo-W, Sn and fluorite 
deposits where it occurs directly below the zone 
of oxidation in spaces among unaltered pyrite-
and fluorite-containing ore in association with 
halloysite, montmorillonite and creedite. It also 
occurs in the oxidation zone of these deposits 
with halloysite, creedite, hydrohematite, Umonite 
and nontronite, sometimes with supergene fluor­
ite, chukhrovite, anglesite, brochantite, ilsema-
nite and other minerals. Examples in the USSR 
are: Northern Kounrad, Karaoba, Upper 
Kayraktin and many other deposits in central 
Kazakhstan (Chukhrov 1960; Ermilova et al. 
1960; Stepanov & Moleva 1962) and the Beluka 
and Bukuka (see Gearksutite (44, 45)), Kalan-
guy, Etika and Dzhida deposits in Transbaikal 
(Soloviev & Levando 1958; Grigoriev & 
Dolomanova 1959; Povilyatis 1960). 

At Dzhida (51), there is a characteristic as­
sociation of quartz-hübnerite veins with the 
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gearksutite (Korzhinsky et al. 1960). Replace­
ment of muscovite and fluorite by gearksutite 
resulted from greisen reactions, with subsequent 
hydrothermal deposition of quartz and even of 
heulandite and aragonite. The mineralization is 
thought to be associated with Mesozoic intrusions 
of alaskite granites and granite porphyries 
(Povilyatis 1960). 

(52, 53) the weathering crust of 
granito-pyroxenic skarns with W, Pb and Zn 
mineralization in association with nontronite, 
creedite, supergene fluorite, hmonite and hal-
loysite in deposits of Akmaya and Batistay in 
central Kazakhstan (Ermilova 1963a). 

(54) the oxidised zone of a fluorite-bearing 
iron ore body at Karasug, Tuva (Khomyakov et 
al. 1964) (see Tikhonenkovite). 

(55) from quartz-fluorite veins of the Man-
zhinsk fluorite deposit where it is associated with 
calcite, viseite and kaolinite (Arkhipchuk 1971). 
The veins and concretions of gearksutite occur as 
dense white masses formed during the terminal 
stages of hydrothermal mineralization at <130°C. 

(56) among the quartz-fluorite formations of 
the Sor Cu-Mo deposit, USSR (Sotnikov et al. 
1971). Fluorite impregnation is confined to 
potash feldspar and albitised metasomatites. 
During the final, second phase of the ore-forming 
process clayTlike masses show the following 
evolution: gel-like concretions — allophane, 
fluorite-gearksutite, quartz, pyrite, fluorite-hal-
loysite, quartz, fluorite and pyrite. 

Tikhonenkovite 
(54) Tikhonenkovite was discovered in fissures 
and druses in limonite-hematite ores, with 
gearksutite, fluorite, celestite, strontianite, and 
barite in the oxidation zone of siderite-rich ores 
of Karasug in the western part of the Tannu-Ola 
Range, Tuva (Khomyakov et al. 1964). 

Yaroslavite 
(57) Yaroslavite was first located in the oxidation 
zone of banded sellaite-tourmaline-fluorite ore in 
a fluorite-rare metal deposit in Siberia (Novikova 
et al. 1966). It occurs as oval or spherical aggre­
gates with radiating fibrous structure on fluorite 
in solution cavities of sellaite. 

Usovite 
(58) Usovite was discovered in a fluorite vein 

near the Upper Noiby River in the Yenisei region 
of Siberia (Nozhkin et al. 1967; Povarennykh et 
al. 1974). The usovite is intergrown with fluorite. 
The vein also contains phengite, zeolites and 
halloysite and is related to metasomatic 
feldspathic formations and alkali syenites. 

Calcjarlite 
(58) Calcjarlite was discovered in association 
with phengite, thorite, usovite, daphnite, zeolites, 
halloysite and hydromica in Proterozoic 
quartz-mica schists at the Upper Noiby River in 
the Yenisei Range, USSR (Nozhkin et al. 1970; 
Povarennykh 1973). It was first reported as jar-
lite. The calcjarlite forms colourless radial aggre­
gates in usovite. 

Creedite 
Away from cryohte localities, creedite has been 
found: 

(27) see 62-68. 
(40) in white halloysite clay or associated with 

fluorite at Wagon Wheel Gap, Creede Quad­
rangle, Mineral County, Colorado (Larsen & 
Wells 1916; Foshag 1921) (see Gearksutite 
(40)). 

(48) see 62-68. 
(52, 53) in the weathering crust of 

granito-pyroxenic skarns with Pb-Zn or W 
mineralization in association with nontronite, 
halloysite, gearksutite, supergene fluorite, Hmo­
nite and chrysocoUa in the central part of 
Kazakhstan at Batistay, Akmaya and elsewhere 
(Miroshnichenko 1955). 

(59) with halloysite and wad from the oxidised 
zone of a ! fluorite-quartz-gold vein deposit at 
Granite, Nevada (Foshag 1932). 

(60) in vughs and as massive cement for brec-
ciated quartzite, shale and sulphides in faults 
which cut the main vein system of the tin mine at 
Colquiri, Bolivia (Herzenberg 1949; Frenzel 
1953; Campbell 1947; Cook 1975). The primary 
phase of mineralization involved hydrothermal 
replacement of the host sediments by chlorite, 
cassiterite, fluorite, quartz and sulphides of Sn, 
Zn, Fe, As, Cu and Pb. Subsequent brecciation 
lead to the development of cavity deposition of 
siderite, pyrite, magnetite and marcasite. The 
creedite-bearing zone, less than 100 m*, occurs at 
the 205 and 236 m levels. Well-crystallised vughs 
of creedite indicate primary deposition from a 
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late, third pulse of hydrothermal activity. The 
creedite is associated with limonite, clay and py­
rite. 

(61) in association with pyrite, galena, fluorite, 
carbonates and clay minerals at Darwin, Califor­
nia (Pabst 1952). It occurs embedded in pyrite 
and also lines vughs. 

(27, 48, 62-68) in considerable abundance in 
central Kazakhstan in vein and stockwork de­
posits of Mo-W (Ermilova & Moleva 1953). It 
occurs in fractures within unaltered ores im­
mediately below the oxidation zone and rarely 
within it. It is associated with halloysite, gearksu-
tite, nontronite, limonite, gypsum and sometimes 
with supergene fluorite, fluellite, ralstonite, 
chukhrovite and other minerals. Lxjcalities in­
clude: Akchatay and Karaoba (Ermilova et al. 
1960), Eastern Kounrad (Chukhrov 1960), Up­
per Kayraktin (Stepanov & Moleva 1962), 
Bainazar, Nura-Taldy, Seltei (Smol'yaninova 
1966), Shelitovoye, Western and others (Er­
milova 1963b). Individual localities have their 
own type of creedite crystals though the causes 
for this are undetermined (Smol'yaninova 1966). 

At Eastern Kounrad (63), creedite and geark-
sutite formed as supergene minerals following 
Mo and W mineralization which was associated 
with a granite mass (Chukhrov 1960). The pre­
sence of pegmatite dykes, greisens, microcline 
rocks and quartz ± molybdenite ± W-bearing 
veins is typical for this area. 

(69) from the oxidation zone of the Upper 
Cretaceous Dzhaamba (eastern Pamir, USSR) 
fluorite deposit associated with conglomerates, 
sandstones, gravels, limestones and argillaceous 
schists (Khamatova et al. 1970). Coarse concre­
tions of creedite (25 X 10 cm) occur impregnated 
on the surface of iron hydroxides. 

(70) at Santa Eulalia, Mexico, where a lime­
stone replacement deposit with Pb, Zn and Ag 
ores probably formed at high to intermediate 
temperatures under near-surface conditions 
(Ridge 1972). In the process of withdrawal from 
this old mine, ore extraction from the pillars has 
occasionally revealed pockets of unusual miner­
als. A moderately large pocket of pinkish purple, 
well crystallised creedite was found in one pillar. 
It As often associated with gypsum and galena. 
The size and morphology of the creedite crystals 
are similar to the Colquiri locality (Cook, per­
sonal communication, 1978). 

(71) as white spots on heavily corroded fluorite 
in a vein cutting silicified chalk at Bergheim, 
Haut-Rhin, France (Weil et al. 1975). It is ac­
companied by jarosite, barite and a little galena. 
The sulphur for this assemblage was provided by 
the oxidation of pyrite which is locally abundant. 

Chukhrovite 
Chukhrovite has been found: 

(48) in 1950 in the oxidation zone of the 
molybdenite-wolframite vein deposit at Karaoba, 
central Kazakhstan (Ermilova et al. 1960). The 
Mo-W ores occur in the greisen aureole of alas-
kites and acidic effusives of Devonian age. Chuk­
hrovite is intimately intergrown with hydro-
hematite and halloysite, and associated with 
gearksutite, creedite and supergene REE-rich 
fluorite. Oxidation of sulphides such as pyrite has 
dissolved the primary fluorite of the deposit 
which carries up to 3% REE. 

(57) with yaroslavite in Siberia (Novikova 
1973) (see Yaroslavite). 

(69) in the oxidation zone of thé Dzhaamba 
fluorite deposit, eastern Pamir (Khamatova et al. 
1970) (see Creedite (69)). 

Bøggildite 
(1) Bøggildite was discovered in 1950 as salmon 
pink, columnar aggregates in greisen close to the 
altered margin of the cryolite deposit at Ivigtut, 
Greenland (Pauly 1956). Crystals up to 12 mm in 
length occur. It is accompanied by sericite, fluor­
ite, albite, quartz, zircon, sphalerite, pyrite and 
chalcopyrite. This phosphate fluoride may be 
considered to compositionally lie between tavis-
tockite - CaCa2Al2(P04)2(OH)6 - and jarlite -
NaSr2Al2(F, OH)u. 

Stenonite 
(1) Stenonite was located at Ivigtut, Greenland, 
in thé contact zone between the siderite-cryolite 
ore and masses rich in fluorite (Pauly 1962). 
Cryolite underwent replacement by jarhte, web-
erite and stenonite. The original sulphides were 
recrystalHsed and the siderite partly altered to 
pyrite and hematite. These processes occurred 
from and below 200°C. Stenonite is perhaps bet­
ter regarded as a carbonate-fluoride than an 
aluminofluoride. 
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A) Granitic Albitised riebeckite granites and other metasomatised granitic 
rocks. 
Alkali granite pegmatites and their fluid inclusions. 
Hydrothermal bodies. 

B) Carbonatite and sihco-carbonatite 
C) Volcanic Fumarole deposits and metasomatised lavas. 
D) Aqueous environment Hot springs. 

Volcanic ash fields. 
Alkaline lake sediments. 
Oxidation zones. 
Weathering crusts. 

A. Granitic occurrences 

Experimental considerations 
The association of cryolite with granites has been 
regarded as characteristic for this mineral 
(Kogarko 1966 1968; Evtyukhina et al. 1967; 
Stormer & Carmichael 1970). These authors 
found by thermodynamic calculations and by ex­
periment that cryolite is stable in SiOa-vol-
atile-rich environments with low Ca, relatively 
low Na but high alkali/alumina ratios. With in­
creasing Ca and Na, the complex anion AlFe^" 
dissociates, Na-F (villiaumite) and Ca-F (fluor­
ite) bonds are developed, and Al is linked with 
oxygen. Low silica activity favours villiaumite 
which is characteristic of agpaitic nepheline syen­
ites. 

In fact, cryolite has not yet been synthesised in 
granitic melts. Experiments in the gra-
nite-H20-HF system at 1000 kg/cm^ (Glyuk & 
Anfilogov 1973) formed topaz crystals in the 
melts due to reaction between the HF and biotite 
or feldspars. Much of the Al and alkalis produced 
by these reactions was transferred into the 
coexisting vapour which quenched to give crystals 
of Na2SiF6, KaSiFe and a powdery mixture prob­
ably of different fluorides, aluminofluorides and 
silicofluorides. Similar experiments by 
Kovalenko (1977) showed that at 0.9-1.7 wt.% F 
the coexisting fluid contained 2-2.5 wt.% solids, 
mainly SiOa, Na20, K2O with minor AI2O3. It 
quenched to silicate glass at 800°C but K and Na 
fluorides at 600°C. The Na20/K20 ratio in­
creased from 1.2 to 2 during this temperature fall. 

Wyllie & Tattle (1961) investigated the same 

system at 2.75 kbar and also recorded white 
crusts on the walls of quenched capsules. Quartz 
and different Na-Al fluorides, probably hydrated, 
were tentatively identified. Similar crusts were 
not significant in F-free runs. 

In agreement with these experiments, topaz is 
occasionally recorded as a magmatic phase in 
F-rich granites and rhyolites (Kovalenko 1973; 
Shawe & Van Alstine 1976, Fig. 10; Eadington & 
Nashar 1978) and cryolite is confined to the 
hydrothermal stage of granite pegmatites or to 
post-magmatic metasomatised granites. 

Fluorine is only weakly partitioned into the 
vapours coexisting with granite melts, the coeffi­
cient being about 0.1-0.2 at 1 kb pressure (Hards 
1976). Thus, only rarely will F-rich vapours be 
generated and cool to dense saline hydrothermal 
solutions. Natural examples appear to be rare but 
do occur in fluid inclusions in the Volynia peg­
matites (Cryolite (4)). The presence of cryoUte, 
elpasolite and fluorite in Volynia inclusions 
agrees with the mineralogicai observations in 
laboratory experiments. Butuzov et al. (1971) 
found that when natural feldspar with up to 2.5% 
Na was grown in a F-rich melt, then chiolite de­
veloped within fluid inclusions as a captive min­
eral. 

Above 10-12 wt.% F in the granite-H20-HF 
system at 1000 kg/cm^, the granite melt and the 
coexisting supercritical hydrous solution coalesce 
into a supercritical hydrous fluoride melt (Glyuk 
& Anfilogov 1973). No crystals appeared in this 
melt down to the lowest temperature investigated 
— 575°C. At lower F contents the solidus is al­
ready reached at 640-740°C. The Ivigtut cryolite 
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Fig. 7. Q—Ab-Or normative diagrams. Where modal descriptions were available, cryolite and fluorite were computed and their 
components removed prior to calculation of CIPW norms. 
7A. Q—Ab-Or diagram for experimentally determined ternary minima. 1-1/2,1,2,3, 5 and 10 kb Pmo, Tuttle & Bowen 1958; Luth et 
al, 1964. Minima in An-bearing systems: 2-1 kb Pmo, James & Hamilton 1969; 3-7 kb Puzo, Winkler et al. 1975. Minima in Ac and 
Ns-bearing systems: 4 — Carmichael & Mackenzie 1963. Minima in HF-bearing system: 5—2 kb with 0.5 m HF, von Platen 1965. 
Anhydrous minima: 6-1, 5 and 10 kb PiM Luth 1969. 
7B. Ivigtut, S. Greenland (Bailey, in preparation). • trachyte, granophyre dykes; • hornblende biotite leucogranite; + metasomatised 
leucogranite; o albitised granite; A pegmatite. Q-Ab-Or-An^ phase relations at Pmo = I kb from James & Hamilton 1969. 
7C. Pikes Peak batholilh, Colorado (Barker el el. 1975, Fig. 12). » fayalite-free granite; M fayalite granite; O Mount Rosa granite; A 
quartz syenite. 
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7D. Younger Granites, Nigeria. » granites, quartz syenites, syenites (Freeth 1972, Fig. 1); o Kaffo albite riebeckite granite (Borley et al 
1976). 
7E. Ukraine and Tarbagatay granites. • cryolite-bearing Perga granites (Zinchenko 1968; Gurov et al. 1975a); A granite pegmatite, 
Volyn (Gavrusevich 1932); o albitised pegmatites, Volyn (Kalyuzhnaya et al., 1973); + Large albitised riebeckite granite, Tarbagatay, 
E. Kazakhstan (Mineev 1968, Table 4); 1 Average alkali granite (Nockolds 1954); 2 Average riebeckite-albite granite (Vlasov 1966, 
Table 29). 
7F. East Siberia metasomatites (Arkhangel'skaya 1968, Table 4; Kudrin 1972, Table 1). • unaltered and slightly altered country rocks; 
o metasomatites. 
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deposit may have initially corresponded to such a 
hydrous fluoride melt. Its bulk F content is 12.9 
wt.% (table 2, column 6). Crystallization prob­
ably began below 510-590°C (Pauly 1960). 
Characterization of the body as hydrothermal or 
pegmatitic (i.e. a volatile-rich silicate melt) is 
probably meaningless at these high F levels where 
silicate melts cool and evolve continuously into 
hydrothermal solutions. Some fluid inclusions in 
Volynia pegmatites and in rich ore greisens may 
also be representatives of the transitional sili-
cate-hydrothermal fluids long predicted by gra­
nite experimentalists (cf. Bailey 1977, pp. 20-23, 
34). 

A considerable body of experimental data 
agrees with the observed phenomenon of F re­
lease and re-concentration in epizonal, residual 
magma bodies (Bailey 1977). Differential de­
gassing at the magmatic stage releases CO2, HCl 
and H2O rather than HF. Small amounts of re­
leased HF are readily resorbed at higher levels in 
magma columns, especially those rich in alkaUs. 
Crystallization concentrates F in interstitial melts 
until saturation is reached when a more intensive 
degassing begins. Any F or Na lost, however, is 
probably resorbed by nearby hotter melts and 
will delay their completion of crystallization by 
36—150°C according to different experimen­
talists. Thus F-rich residual magmas may still 
exist when other parts of the intrusion are under­
going post-magmatic metasomatism whose initial 
stages will release more F. Emplacement at epi-
zonal levels is critical since at greater depths de­
gassing of F is restricted while at shallower levels 
F escapes more easily from intrusions which 
themselves become rapidly solidified. 

Magmatic granites associated with cryoUte 
The magmatic granites associated with, though 
not containing, cryolite fall into a well-defined 
petrologic type. Geologically, they were 
emplaced in a post-orogenic (platform) or 
non-orogenic setting, well within continental in­
teriors. Country rocks are typically granites, 
gneisses or metasediments. Cryolitic granites are 
late intrusions of major granitic cycles or exten­
sive basic-salic igneous complexes. Regional 
faulting was prevalent and in some cases control­
led the locus and mechanics of emplacement. In­
trusions were emplaced at shallow levels in pipes, 
dykes, stocks, cupolas or sheets and may be as­

sociated with comagmatic volcanics. Chilled mar­
gins, pegmatites, aplites and hydrothermal veins 
are common along with porphyritic textures. 
Contact alteration, where it occurs, is metasoma-
tic rather than thermal. In agreement with this 
epizonal setting, granite phase relations indicate 
pressures of 1-2 kb at the time of formation or 
re-equilibration of the mehs (fig. 7). Ages range 
from Precambrian to Jurassic with no marked 
concentration at any particular period. 

Chemically, the granite magmas are siliceous, 
with high alkah and fluorine contents, and dis­
tinctly low Mg and Ca contents (table 2). Fe-rich 
mafics are prevalent, e.g. ferruginous biotite, 
riebeckite, fayaUte and siderite, though volume-
trically poor. Plagioclases are oligoclase or albite. 
The high contents of alkalis, large ionic lithophile 
elements, volatiles and in some cases peralkaline 
phases (riebeckite, arfvedsonite, astrophyllite, 
aegirine) define the alkali granite clan. As­
sociated syenites and alkah basalts confirm this 
status. PeralkaUnity indices range from about 
0.8-1.1, generally higher than the value of 0.82 
for average alkah granite (table 2, column 15) 
(Nockolds 1954). Na/K ratios range from 
0.65-0.82, significantly higher than 0.61 for the 
average alkali granite. The cryolitic granites may 
thus be assigned to a sodic group within the alkah 
granite clan. 

The high Na/K ratios are reflected in the nor­
mative Ab/Or ratios (fig. 7). Increases in norma­
tive anorthite, or acmite plus sodium silicate, dis­
place minimum melts and the two-feldspar ther­
mal valley towards lower Ab/Or ratios on the 
Q-Ab-Or triangle; these features are absent. 
High Ab/Or ratios are also consistent with water 
vapour pressures equalling or approaching the 
total pressure and this agrees with the presence of 
hydrous phases and post-magmatic alteration. 

F contents of the magmatic granites are dis­
tinctly high (0.3-0.8%). Typical alkah granites 
contain 0.1-0.2% and calcalkaline granites gen­
erally less than or about 0.1% F (Bailey 1977). 

The genesis of magma series which eventually 
gave rise to cryolite-bearing granitic materials has 
been variously explained. Barker et al. (1975) 
emphasised the association of alkah granites with 
gabbros, anorthosites and syenites. They recog­
nise this association in three cryohte-bearing re­
gions: the Pikes Peak batholith, the Younger 
Granites of Nigeria and the Gardar province; the 
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Korostensky complex, Ukraine, may also be ad­
ded. Barker et al. (1975) proposed a model for 
the Pikes Peak batholith in which alkali basalt 
magma reacts with granuUte fades lower crust to 
produce the quartz syenite parent for the sodic 
series, and this liquid in turn reacts with am-
phibolite facies intermediate crust to produce the 
main granite series of the batholith. Bowden & 
Turner (1974) also invoke crustal melting by 
basic magmas to generate the Younger Granites 
of Nigeria, though this viewpoint was not ac­
cepted by Eborall & Wright (1974). 

In the Gardar province of S. Greenland, the 
low initial *'Sr/**Sr ratios of the salitic intrusives 
(including the Ivigtut granite) suggest that crustal 
processes were unimportant in their formation 
and that fractional crystallization of mantle-de­
rived basaltic magmas was a more plausible 
mechanism (Upton 1974; Blaxland 1976). In this 
model, Na/K ratios are controlled by melting and 
fractionation processes in the mantle. Consistent 
with the fractionation model is the trend of quartz 
syenites and alkali granites, and volcanic equival­
ents, along the two-feldspar thermal valley in 
Q-Ab-Or diagrams (fig. 7). 

In the Mongol-Tuva province, which embraces 
the Erzin massif (CryoUte (10)), Pavlenko (1974) 
suggested that the granitic and alkaline rocks 
were developed by pahngenesis of sialic crust 
with later modifications due to metasomatism. 

CryoUtic metasomatic granites and 
hydrothermal veins 
Post-magmatic alteration of alkali granites is a 
widespread and critical process in the appearance 
of cryolite. CryoUtic pegmatites show analogous 
alterations. 

Zarayskiy & Zyryanov (1973) studied the 
open-system interaction (diffusive 
metasomatism) of fluoride solutions of Na and K 
on biotite and riebeckite granite at 500-600°C 
and 1 kb pressure for 96 hours. Elpasohte (30-75 
vol.%) was widely developed following attack by 
K- or K-Na fluoride solutions but no alumino-
fluorides appeared after reaction with Na fluoride 
solutions. Instead, F was taken up by alkali am­
phiboles, biotite and fluorite. 

Table 4 gives a simplified scheme of 
post-magmatic metasomatism. During stage 1, 
and to some extent stage 2, leaching of many 
elements, including F, takes place and these are 
added to elements already in the residual fluids 
responsible for the metasomatism. Elements are 
mainly leached from micas, amphiboles and calcic 
Plagioclase. F probably combines with various 
elements to form complex ions with alkaline 
properties, e.g. Sn(OH, F)«^", KBeFs, NaAlF4 
(Shcherba 1970). 

With falling temperature, pressure and pH, the 
early fluoriferous complexes decompose and F is 
released into vapours or hydrothermal solutions. 

Table 4. Simplified scheme of post-magmatic alteration of granites related to cryolite occurrences (based on Beus et al. 1962, Mineev 
1968, Kudrin & Kudrina 1968, Bailey in preparation). 

Stage 

1 MicrocünizoHon 

2 AlbîtîzaMon 

3 Greîsenîzatîon 

4 Late albltlzation 

5 Late mîcroclînîzatîon 

Precipitation of 

K, Rb 

Na, Fe, (F), 

Ga, W, Zr, Nb, 

F, Si, K, A I , Li 

Sn, Mo, Zr, Be 

Na 

K 

REE 

Mobilization of 

Na, Si, Li , A I , F, Fe 

Si, L i , A I , K, (F) 

Na 

K 

-

Approximate pH 

9-8 

8-6 

6-4 

6-8 

At Ivigtut and Erzin, greisenization may be divided into early mica formation and late formation of quartz, 

fluorite and sulphides. Stages 4 and 5 are of minor importance. 
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or is precipitated as cryolite, fluorite, muscovite, 
Li-micas, gagarinite or pyrochlore. Some F is 
precipitated during albitization in riebeckite, but 
the bulk of F held in albitised cryolitised granites 
was probably precipitated at the close of albitiza­
tion (Ivigtut, Nigeria, Erzin). Kalyuzhny & 
Gigashvili (1972), however, consider that cryolite 
(and fluorite and topaz) crystallised contem­
poraneously with albite in the most acid stage of 
alteration (pH 6.5^.2) of the Volyn pegmatites. 
In the Q—Ab-Or diagrams (fig. 7), albitised gra­
nites and pegmatites generally plot in a field ex­
tending from the parent granite towards the Ab 
corner. 

Cryolite at Ivigtut and Perga, as well as cryolite 
II at Erzin, also appears after the stage of 
greisenization. At Erzin, cryolite I was unstable 
during greisenization and in general this Na-poor 
environment should be unfavourable for cryolite 
development. Greisenization releases large mas­
ses of Na, due to muscovitization of feldspars, 
and this Na is available for combination with F at 
the subsequent sodic stage. Fluorine, meanwhile, 
is extensively precipitated at the greisen stage in 
micas, fluorite, topaz etc. and only in exceptional 
circumstances will excess F pass into the late 
sodic stage and form cryolite. Such abnormal 
conditions must have prevailed at Ivigtut where 
several million tons of cryolite crystallised in the 
unique cryolite deposit after metasomatic activity 
had ceased. 

The P-T-pH conditions of the later 
metasomatic (i.e. diffuse) stages (stages 3-5) 
overlap those of hydrothermal veining activity. It 
is not uncommon for accessory disseminations of 
cryolite, as well as aggregates, stringers and veins 
of cryolite, to be present in a single host rock. 
Cryolite-bearing hydrothermal veins are re­
corded from Ivigtut, Perga, Erzin, Nigeria and 
Tarbagatay. The typical Ivigtut vein assemblage 
of cryolite, quartz, siderite and sulphides is also 
found at Perga and Erzin. 

Spatial separation of the metasomatic stages is 
limited within pegmatite bodies and no longer 
occurs when post-magmatic fluids become iso­
lated as minute fluid inclusions. The non-disper­
sion of the late F-rich fluids of cryolitic alkali 
granite pegmatites often leads to the metre-sized 
development of aluminofluoride masses, mainly 
cryolite but also with large crystals of chiolite and 
cryolithionite. The aluminofluorides were formed 

after albitization in the Ivigtut and Miask pegma­
tites but contemporaneously with albitization in 
the Mount Rosa and Volyn pegmatites. 

Some of the Volyn inclusions have trapped and 
preserved the crystallization history of hydrous 
F-rich solutions on a microscopic scale and show 
that these cool to multi-phase inclusions with a 
vapour bubble, a dilute solution and a high per­
centage of daughter crystals including cryolite, 
elpasolite and fluorite. 

The Ivigtut cryolite deposit also represents an 
originally homogenous and dominantly isolated 
body, possibly of hydrous fluoridic "melt", which 
subsequently underwent a complex, closed-sys­
tem crystallization history. The massive nature of 
the cryolite and the poverty of hydrous phases, 
aqueous growth textures and voids in the deposit 
all point to exceptionally low water contents in 
this parental melt. Immiscible drops of an Fe-rich 
carbonate-sulphide "melt" may have been distri­
buted throughout the original fluoridic melt 
(Karup-Møller & Pauly, in press). After crystalli­
zation of the early large units of quartz and sider-
ite-cryolite, residual melt pockets in the latter 
cooled to a pure cryolite mass and to a 
Th-REE-Sr—rich fluorite-black cryolite mass. 
Later fluorite-, muscovite- and topaz-rich zones 
demonstrate aqueous replacement and growth 
textures (i.e. a build-up of HjO at this stage), 
exhaustion of Na before F, temperatures of 
200-300°C and mobilization of earlier sulphide 
assemblages. At even lower temperatures, hy-
drated aluminofluorides, baryto-celestite and 
other rare minerals appeared and finally local 
kaolin formation took place. 

Other aluminofluorides 
The formation conditions of the other alumino­
fluorides at cryolite localities are inadequately 
studied. Simpson (1920) generalised that the 
anhydrous alkali aluminofluorides were followed 
by hydrous varieties and then basic hydrous 
gearksutite. In fact, anhydrous elpasolite forms 
later than pachnolite at Pikes Peak, and replaces 
prosopite at Perga. At Ivigtut and Miask, cryolite, 
cryolithionite and chiolite - all anhydrous - did 
form early in the aluminofluoride history. The 
sequence of later OH- and HaO-bearing 
aluminofluorides is highly varied; two or more 
generations or habits may be present. Some 
probably formed by alteration of the earlier 
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aluminofluorides, whereas others crystallised as 
overgrowths or primary phases from hydrother­
mal solutions (prosopite at Perga). Gearksutite 
develops as earthy masses filling closed voids or 
as a supergene weathering crust. 

The anhydrous formation of chiolite, 
cryolithionite and weberite has been studied 
(Holm 1963; Stinton & Brown 1975; Craig et al. 
1978) but these experiments are hardly relevant 
to natural environments. Reproduction under 
hydrous conditions of individual minerals and 
alteration processes at cryoUte localities, com­
bined with an assessment of fluid inclusion data, 
is required. 

Lake Khanka and East Siberia 
The cryolite occurrences at Lake Khanka and 
East Siberia are less directly related to the au­
tometasomatism of parent granites. The 
metasomatised limestone xenohths at Lake 
Khanka provide clear evidence that cryolite may 
form in Ca-rich environments; analogies with 
carbonatite localities might be suggested. Na ac­
tivity was atypically high during greisenization of 
the xenoliths. 

The East Siberian metasomatites developed at 
temperatures just below the formation of granite 
melts and melts in fact may be present at no great 
depth. Significantly, Kovalenko (1977) reported 
that in the presence of H2O and HF at 1000 atm. 
the onset of melting in a granite involves consid­
erable loss of alkalies, particularly sodium, to the 
coexisting fluid. The amount of Na20 entering 
the fluid increases from 0.7 to 1.6 wt.% as F 
contents increase from 0.83 to 1.67 wt.%. The 
high Na, Fe and F activity of the E. Siberian 
metasomatising fluids, and the low Ca contents of 
the rocks, indicate that formation of cryolite and 
the other aluminofluorides followed a very simi­
lar pattern to that in albitised riebeckite granites 
(Kudrin 1972). 

the triangle. The appearance of cryolite is thus 
consistent with the chemical evolution of highly 
fractionated alkah leucogranites, especially their 
metasomatic derivatives. 

The Ivigtut granitic rocks are notable for at­
taining the highest Na/Ca ratios and F contents. 
The cryolite deposit is more calcic than many of 
the associated metasomatites due to the signific­
ant presence of fluorite. 

Although fig. 8 emphasises that an evolutio­
nary path exists from magmas to cryoUte-bearing 
derivatives, it should be noted that most of the 
locahties considered also contain paths which ap­
proach the composition of fluorite on the 
triangle, e.g. Na-poor, fluorite-bearing Ivigtut 
greisens. The critical condition is that fluorite de­
velopment is kept to a minimum in these gener­
ally Ca-poor systems, and that excess F and Na 
are available to locally form cryolite. 

Tin granites: a comparison 
The worldwide "tin" granites are also typically 
epizonal leucogranites with high F-Li—Rb con­
tents and well developed autometasomatism 
(Klominsky & Groves 1970; Tischendorf 1973) 
(table 2, column 20). However, they are virtually 
restricted to the Phanerozoic and are usually 
more intimately related to orogenic structures 
and magmatism. They have calc-alkaUne af­
finities with higher Ca and Mg but lower Na con­
tents. The average Na/K ratio and peralkalinity 
index are low - 0.59 and 0.76, respectively. 
Characteristic accessories are muscovite, topaz, 
fluorite and cassiterite. Sn and B contents are 
probably higher. Greisenization and hydrother­
mal alteration (kaolins) seem more dominant 
than albitization. 

B. Carbonatite and silico-carbonatite 

Cryolite-fluorite competition 
The competition for F between cryohte and 
fluorite in various cryolite-bearing series has 
been followed using a Ca-Na/10-F triangle (fig. 
8). During magmatic differentiation there is a 
trend of increasing Na/Ca and F/Ca ratios. This 
trend continues into the autometasomatic de­
rivatives and their cryolite-bearing varieties 
which approach the position of pure cryohte in 

Carbonatites are dominantly composed of carbo­
nates of Ca and Mg, occasionally Fe, Mn or Na. 
Silicates (feldspar, pyroxene etc.) and accessories 
may also be present. The main F-bearing phases, 
generally in minor or accessory amounts, are 
fluorite, fluor apatite, pyrochlore, bastnäsite and 
phlogopite. Whole-rock F levels are normally of 
the order of 0.05—0.3 wt.%. Experimental evi­
dence confirms the ability of apatite and fluorite 



32 Bailey: Formation of cryolite 

Na/10 

Cryolite 

Fluorite 
Fig. S. Ca — Na/10 — F relations of cryolite-bearing granitic series. 1 Ivigtut, 2 Pikes Peak sodic series, 3 Nigerian Younger Granites, 4 
N. W. Tarbagatay, 5 Perga granite, 6 E. Siberia (see text for sources of data). Granites are divided into magmatic (circles), metasomatic 
(squares) and cryolite-bearing metasomatic (triangles). Stars — average alkali granite (A), granite (B) and granodiorite (Q (Nockolds 
1954; F from Bailey 1977). 

to crystallise from F-bearing carbonatitic systems 
(Wyllie 1966). 

In carbonatites from Africa and India, 
late-stage hydrothermal quartz-fluorite deposits 
occur (Deans 1966; Deans et al. 1972). Fractio­
nation in the Jacupiringa carbonatite, Brazil, 
yielded a rest fluid rich in F and produced small 
veinlets of apatite, magnetite and sulphides 
(Melcher 1966). Fenitised country rocks near 
carbonatite complexes generally show only slight 
increases in the levels of F which is held in am­
phiboles and fluorite. The main added compo­
nents are usually Na and Fe. However, at Alnö in 
Sweden some fenitised wallrocks contain 
20-25% fluorite (von Eckermann 1948). 

Three outstanding examples of carbonatitic 
magmas rich in Na are also rich in F. Two of them 
carry cryolite. 

(1) The Oldoinyo Lengai volcano of Tanzania 

recently erupted lavas of Na—K carbonate with 
high levels of F (1.84 and 2.69% in two analyses). 
The groundmass contains minute crystals of 
fluorite (Dawson 1966). A study of the 
NajCOa-KjCOa-CaCOa system lead Cooper et 
al. (1975) to suggest that these lavas probably 
separated immiscibly from nephelinitic magma. 
These authors consider that alkah carbonatite 
liquids only develop when the activity of silica is 
too low for silicate formation and the magma is 
dry. In the normally wet carbonatites, alkalis not 
held by silicates will be lost in a hydrous fluid 
phase and may cause fenitization. 

(2) The silico-carbonatite sill at Francon 
quarry, Montreal (see Cryolite (15)) averages 
9% NaaO and 0.3% F. Cryolite and fluorite 
crystallised from cavities in related sills of this 
quarry. Jambor et al. (1976) consider that the 
Francon sill initially consisted of albite and anal-
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cime phenocrysts in a K-rich melt highly charged 
with Na, CO3 and H2O. On coohng, at least part 
of the volatiles were trapped and reacted with the 
silicates to form the abundant dawsonite. Dawso-
nite is thought to be a primary autohydrothermal 
mineral precipitated from the residual volatiles. 
Lower temperature hydrothermal solutions, it 
appears, were locally enriched in fluorine and 
produced cryolite-bearing assemblages in some 
cavities. 

(3) The Goldie carbonatite, Colorado, evolved 
to produce late fluids rich in Na and F which 
reacted with the primary calcite to yield cryohte 
and other aluminofluorides (see Cryohte (14)). 

C. Volcanic occurrences 

The HF contents of volcanic gases and fumarole 
condensates are normally about 10-300 ppm 
whereas most volcanic hot springs only contain F 
levels of 0.1-12 ppm (White & Waring 1963; 
Sugiura et al. 1963; Mahon 1964). HF, however, 
commonly forms about 0.1—3 wt.% of the "ac­
tive" volcanic gases and is one of the most reac­
tive gaseous species. HF concentrations rose to 
21 wt.% of the active gases in exhalations from 
the Valley of Ten Thousand Smokes, Alaska. 
Also acid spring waters near active volcanoes 
may contain up to 0.5-0.6 wt.% F, the F being 
derived from volcanic steam which itself can give 
rise to condensates with 2% F (Mahon 1964; 
Roberson & Barnes 1978). 

Much of the gaseous fluorine from volcanoes is 
dispersed into the atmosphere and surface runoff, 
but some is concentrated in fumarole deposits 
and metasomatised lavas. Fluorite is probably the 
most common fluoride of fumarole deposits, 
though a number of rare fluoride species, e.g. the 
silicofluorides malladrite and hierarite and the 
fluoborates avogadrite and ferruccite which are 
confined to this environment, are occasionally 
found. Among the aluminofluorides, ralstonite is 
quite widely distributed whereas elpasolite and 
weberite are only known from single localities; 
suggested cryohte and thomsenolite occurrences 
on Tristan da Cunha need to be confirmed. 

The presence of sihcofluorides and alumino­
fluorides among the exhaled products of vol­
canoes is in agreement with their presence in the 
vapour phase and quenched crusts of experiments 

in the granite-HaO-HF system (WyUie & Tuttle 
1961; Glyuk & Anfilogov 1973). 

Stoiber & Rose (1974) described a generalised 
zoning pattern for incrustations around fumaroles 
(fig. 9). Fluorite and cryptohalite ((NH4)2SiF6) 
are assigned to zone C (150-250°C, pOa 
10r"-10-*) and ralstonite to zone E (<100°C, 
PO2 10"^-1). Within the fumarole vent, zone A at 
400-900°C is characterised by pOa 10"-10~^ 
low CI/SO4 ratios and the presence of thenardite 
(Na2S04). 

If fumarole gases and minerals were in equilib­
rium at 500°K (zone C), then sulphates would be 
likely stable phases. The presence of NaCl, KCl 
and CaFz probably reflects the quenching of the 
sulphur gases, while the haloid gases (HCl, HF) 
remain active and in equilibrium. In lower tem­
perature zones, e.g. zone E, dilute H2SO4 hquid 
aerosols coat the wallrock and cause acid altera­
tion with formation of sulphur and gypsum. 
Hydrated and hydroxyl-bearing compounds, such 
as ralstonite, also become stable, and probably 
result from halogen acid aheration of the wall-
rock. 

Similar low temperatures of formation were 
assigned to ralstonite-bearing HF metasomatised 
basalts (200-300°C) and fumarole deposits 
(98-170°C) of Kamchatka (Naboko 1959b). 

For Hawaiian volcanoes, Naughton et al. 
(1976) pointed out that F-rich incrustations were 

wallrock 

increasing 

T=25°C 

T decreasing 

Fig. 9. Schematic section of a fumarole showing incrustation 
zones A to F. Fluorine minerals characterise zones C (fluorite, 
cryptohalite) and E (ralstonite). Redrawn after Stoiber & Rose 
(1974, Fig. 2). 

3 D.G.F. 29 
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only observed in a few cases where fumarolic 
emission was strong enough to exclude air. A 
single high temperature reduced condensate 
contained 21.25 wt.% F (on a water-free basis) 
whereas eight high temperature oxidised con­
densates averaged only 0.97 wt.% F. This con­
trast , was in semi-quantitative agreement with 
compositions, computed under the assumption of 
thermodynamic equilibrium at 827°C, for con­
densates in reduced (13.40 wt.% F) and oxidised 
(2.24 wt.% F) environments. Below 300''C, water 
soluble condensates are dominated by sulphates; 
F contents only range from 0.007-0.113 wt.%. 

Incrustations collected from drill holes in 
Hawaiian lava lakes contained 0.007—43.93 wt.% 
F, the amount increasing in the more reduced 
samples. Ralstonite was identified in these in­
crustations and also from F-metasomatised basalt 
scraped from the walls of the drill holes. Experi­
mental interaction of vapour from an aqueous 
solution of HF (48%) with tholeiitic basalt at 
140°C yielded mainly ralstonite in the dry reac­
tion product. 

The absence of ralstonite from the high tem­
perature inner zones of fumaroles is supported by 
the experiments of Di Girolamo & Franco (1968) 
who found that ralstonite was transformed to to­
paz at 750°C and to mullite at higher tempera­
tures. 

It should be emphasised that HCl contents of 
volcanic gases and deposits are nearly always 
greater than those of HF. Only locally do 
fluorides play a more active role as at certain vol­
canoes in Kamchatka. 

Volcanic steam, hot springs and the surface 
runoff of volcanoes form a link between the vol­
canic and aqueous environments and are consi­
dered on p. 35. 

D. Aqueous environments 

Rock-, and mineral-water interaction 
There is experimental and natural evidence that 
aluminofluorides, particularly the hydrated vari­
eties, may develop by the interaction of aqueous 
solutions with rocks and minerals, the fluorine 
being supplied by any of these materials. 

During the interaction of Forbearing solutions 
with clay minerals, alumina hydrates and al-
lophane, large amounts of F are taken up. Up to 

50% of the OH~ ions may be replaced, the 
amount increasing with temperature. Evidence 
exists that the F: (a) replaces OH in the lattices, 
(b) breaks up the clay structure and releases OH~ 
and Al^* into solution where cryolite and K3AIF6 
may be formed in highly fluorinated products or 
(c) is loosely adsorbed. In alumina hydrates -
diaspore and gibbsite — hydrogen bonding ap­
pears to strongly inhibit exchange (Romo & Roy 
1957; Birrell 1961; Huang & Jackson 1965; 
Semmens.& Meggy 1966). Only intense fluori-
nation leads to the substitution of 0^~ ions by F~ 
ions and the breaking of Al-O-Si oxygen bridges 
with formation of a silicofluoride (Fijal & Tokarz 
1975). F adsorption at low, i.e. normal, concen­
trations (2-16 ppm) may be largely by exchange 
with OH of Al(OH)3, rather than with crystal 
lattice OH of clay minerals (Bower & Hatcher 
1967). 

In experiments designed to investigate hyd­
rothermal alteration, Leonard (1927) reacted 
feldspars with A^Fe and Na2SiF6 in the presence 
of water vapour at 350°C and 1 atmosphere. 
Silica and cryolite were obtained. Reaction of 
only AI2F6 and Na2SiF6 under these P-T condi­
tions failed to produce cryolite. With the same 
fluorides, cryolite also developed at 400°C (8 at-
mos.) and 575°C (10 atmos.) from microcline. 
Leonard concluded that a hydrothermal (or 
perhaps hypothermal) origin can be assigned to 
cryolite. 

Michel-Levy & Wyart (1948) found that dur­
ing interaction of NajSiF« + AI2O3 + SnCb + 
H2O with sandstone at 500°C and about 4000 
kg/cm^ chiolite formed in preference to cryolite 
when more AI2O3 was used. Quartz and topaz 
also developed. 

Emel'yanova & Zigareva (1960) reacted an 
aqueous solution of H3BO3 (about 14%) and 
NaCl or NaF (about 3%) with topaz, pyrophyl-
lite, or kaolinite, and the oxides of the elements 
in tourmaline at 350-600°C and 400-3000 at­
mos. to produce tourmaline, fayalite, chioHte, 
nepheline and ralstonite. Similar experiments by 
Voskrenskaya (1976) formed cryolite, 
cryolithionite, weberite and elpasolite. 

Beryl is unstable in AP'*'-F"-<arbonate sol­
utions breaking down to aluminofluoride miner­
als or, at low F activity, to aluminosilicate miner­
als (Klyakhin & Lebedev 1974). 

Low-temperature (40°C) laboratory digestion 
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of shales with hydrofluoric acid forms ralstonite, 
KzSiFs, AI2OF4.3H2O and KjAlFs (Hitchon et 
al. 1976). Kukovskii (1962) treated the 
palygorskite of a bentonite deposit with HF for 
48 hours to yield hydrous Mg and Al fluorides, 
fluellite and ralstonite. 

Most of the above experiments were under­
taken with F-rich solutions or acids. Table 5 
shows that river, sea and groundwater have very 
low F (and Al) contents. Samples of South Afri­
can groundwater from alkalic rocks ranged from 
0.7-35.1 ppm (average 8.7 ppm) compared with 
values of 0-9.0 ppm in all other samples (average 
about 0.2 ppm) (Bond 1946). 

Thermal springs and hot waters obtained by 
drilling hydrothermal areas tend to have higher 
levels of F and Al but the dominant F phase of 

precipitates is always fluorite (White 1957) (table 
5, analyses 4-6). A notable exception is at the 
Hortense Hot Spring, Colorado (Sharp 1970; 
Pabst & Sharp 1973) where sublimates of opal 
and kogarkoite (Na2S04.NaF) have formed. 
Aluminofluorides (creedite and gearksutite) were 
developed at Wagon Wheel Gap, Colorado, and 
Hot Springs, Virginia, by reaction between large 
volumes of underground thermal waters and 
aluminosilicate (rhyohte, clay) materials. 

High F levels were found in the early surface 
runoff following the 1947-1948 eruption of Mt. 
Hekla, Iceland (Stefansson & Sigurjânsson 
1957). 6—35 mg of fluoride could be extracted 
from 100 gm of the Hekla ash. Thus groundwat­
ers may leach F loosely held on the surface of fine 
grained particles and react with porous ash layers. 

Table 5. Contents of F and other ions in natural waters (in ppm). 

\ 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Ha* 

6.3 

10760 

35 

815 

94 

477 

44.5 

130000 

99650 

108100 

23230 

A|3+ 

0.2 

0.001 

0.04 

-
0.40 

0.35 

-
-
-
- . 

'wlOOO 

F' 

0.15 

1.3 

0.2 

7.2 

13 

6.8 

0.4 

1500 

77 

13 

12500 

HCO3-

58.4 

142 

215 

177 

44 

1020 

227 

110000" 

9000 

1740cf' 

2314*' 

so/-

11.2 

2712 

36 

53 

101 • 

169 

120.5 

2300 

47350 

40200 

n.f. 

Cf 

7.8 

19353 

16 

1255 

9.5 

206 

18 

85000 

161000 

130200 

70 

,- 2+ Ca 

15 

411 

50 

24 

3.4 

67 

61.4 

0.015*^ 

3.5 

n.f. 

n.f. 

•1 Total carbonates, *2 Estimated from absence of fluorite at 20 C, n. f , not found 

1 River water, median world values (Livingstone 1963). 

2 Seawater (Turekian 1969), 

3 Groundwater, average (Davis & DeWIest 1966). 

4 Volcanic hot springs, average of f ive (White 1957), 

5 Hortense Hot Spring, Colorado (Sharp 1970). 

6 Wagon Wheel Gap Hot Spring, Colorado (Hem, personal communication, 1977). 

7 Postulated source water for Green River Formation (Wolfbauer 1971), 

8 Final saturated brine. Lake Magadi, Kenya (Eugster 1970, Table 2) . 

9 Interstitial brine in mud. Deep Springs Lake, California (Jones 1965). 

10 Brine from 5 feet depth, core HH, Upper Salt, Searles Lake, California (Smith 1979, Table 16). 

11 Deep mine vrtiter, sample 119, Lovozero, U.S.S.R. (Kraynov et a l . 1969), 
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This is the process suggested by Bernauer (1941) 
to explain the formation of gearksutite at Vul-
cano, Italy. 

Volcanic hot springs and groundwaters are the 
natural successors to the higher temperature 
fumarole deposits where ralstonite is widely re­
ported. 

Alkaline lake sediments 
F-rich brines develop in Ca-poor alkahne lakes 
following a complex history of evaporation. Most 
salt lakes rich in Câ "̂ , CI" and COa^ or with 
NOa^" or BOa" do not concentrate F during 
evaporation and it is probably removed by fluor-
ite, clay minerals and biota. 

The alkaline waters of Lake Magadi, Kenya, 
are considered to be modern equivalents to the 
parent lake for the Green River Formation (see 
Cryolite (16)) (Eugster 1970; Jones et al. 1977). 
Lake Magadi is sited in an area of active alkaline 
and carbonatitic volcanism and block-faulting. 
The hydrology is characterised by an extensive 
inflow of stream water and high evaporation rates 
in a closed basin. The F levels of feeder rivers are 
not notably high (0.1—1.9 ppm) and only a little F 
is removed by early fluorite precipitation. F in­
creases significantly through evaporative con­
centration because CaF2 precipitation is avoided 
following the removal of Ca by calcite and dolo­
mite. F levels rise rapidly until viUiaumite (NaF) 
saturation is reached shortly after trona begins to 
crystallise. Concentration is less rapid thereafter 
but rises to about 1500 ppm in the final saturated 
brines (table 5, analysis 8). 1-2% viUiaumite 
commonly occurs in trona from the upper part of 
the series, but locally there is as much as 22% 
(Baker 1958; Sheppard & Gude 1969). Fluorite 
also occurs in Magadi cores and older lake beds 
where it probably formed by interaction of F-rich 
brines with gaylussite- and calcite-bearing sedi­
ments. Cryolite has not been recorded. 

The postulated runoff feeding the Eocene 
Green River Formation is also not notably rich in 
Na and F (table 5, analysis 7). F build-up prob­
ably followed a pattern similar to that established 
for Lake Magadi though viUiaumite appears not 
to have formed. Formation of fluorides, including 
cryolite, occurred after burial presumably by the 
interaction of F-rich interstitial brines with 
aluminosilicate sediments (oil shales, dolomitic 
oil shales). There is probably no need to postulate 

F-rich feeder waters (e.g. with a volcanic F com­
ponent) for the Green River Formation (cf. 
Gross & Heinrich 1966, p. 321). 

The alkaline Deep Springs Lake, CaUfornia, 
also exhibits a significant concentration of F in 
the final brines (table 5, analysis 9) (Jones 1965). 
Carbonates and sulphates, but not fluorides, are 
recorded so far. At the alkaline Searles Lake 
evaporite deposit, California, fluorine occurs in 
the authigenic minerals galeite, schairerite and 
sulfohaUte — mixed salts of Na2S04, NaF and 
NaCl (Smith & Haines 1964) but the brines at 
this locality are relatively poor in F (table 5, 
analysis 10) (Smith 1979). 

Other low temperature sediments possess high 
Na and Al contents but low F. Thus the highly 
alkaline tidal or supratidal flat environment can 
develop authigenic dawsonite (Goldbery & 
Loughnan 1970). Dawsonite is also recorded 
from saline soUs at Olduvai Gorge, Tanzania 
(Hay 1963). 

Agpaitic massifs 
The highest recorded F levels in "natural" water 
were encountered in deep mines in the alk-
ali-F-rich, agpaitic Lovozero intrusion, U.S.S.R; 
(table 5, analysis 11). Highly alkaline (pH up to 
12), waters which had undergone evaporation in 
the mines contained 1 to 1.5% F; they occur in 
rocks with very high levels of vUUaumite (about 
3%). These waters contain 2.02-2.63% Na, 
0.9-1.3% SiOa but relatively low Al (about 
0.1%, single sample), total carbonates 
(0.14-0.27%) and CI (0.006-0.0085%). This 
fluosilicate water precipitates stalactites of 
Na-bearing opal and Na minerals (trona etc.) 
(Kraynov et al. 1969). Considerable F occurs in 
Lovozero natro-opal (0.08-1.27%) and natron 
(6.41%) (Vlasov et al. 1966). 

Cryolite is associated with supergene Lovozero 
opal (Semenov in Stepanov, 1963), though 
Dorfman et al. (1967) regard its occurrence as 
very rare. These authors predicted that cryolite, 
trona and siUca (opal) could develop when 
nepheline reacts with aqueous solutions rich in 
NaF and CO2. Increase in temperature slows 
down the reaction because of faUing concentra­
tions of CO2 and increase in pH of the solution. 
Thus the relatively low carbonate contents and 
high pH values of the fluosUicate mine waters are 
not especially favourable for cryolite formation. 
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In the agpaitic Ilîmaussaq intrusion of South 
Greenland, powdery trona and thermonatrite 
have been described from late solution cavities in 
the mineral ussingite (Sørensen et al. 1970). 
Semenov (1969, p. 29) noted the presence of 
white films, probably of secondary aluminof-
luorides, associated with earthy fluorite in 
kakortokite pegmatite. Inclusions in quartz from 
a quartz vein in alkali granite, and in chkalovite 
from a hydrothermal vein, contain phases with 
refractive indices close to 1.34 which were tenta­
tively identified as cryolite (Micheelsen 1975). 

Alteration of F-rich rocks and minerals 
Various hydrated aluminofluorides are 
occasionally formed at shallow depths just below 
or within the oxidation zones of F-rich locaUties. 
Examples include mineral deposits with abundant 
fluorite, sellaite, fluelUte or topaz in Kazakhstan, 
Transbaikal, Tuva, Utah etc. Fault and crush 
zones combined with suitable hydrography 
promote the flow of groundwater. 

Na- and Mg-bearing clay gouge from crush 
zones appears to be a praticularly suitable host 
material for Na-, Mg-bearing ralstonite 
(Stepanov & Moleva 1962). REE-bearing chuk-
hrovite developed in association with supergene 
REE-rich fluorite and the Sr-bearing tikhonen-
kovite is found associated with celestine and 
strontianite. Further discoveries of aluminof-
luoride species and varieties can be expected 
from the careful investigation of F-rich mineral 
deposits. 

Weathering crusts containing aluminofluorides 
have been recorded on skarns in central 
Kazakhstan, viUiaumite at Lovozero, ? fluorite at 
Ilîmaussaq and, in the case of gearksutite, at vir­
tually all occurrences of cryolite. 

Precipitation of cryolite and ralstonite 
Cryolite is more soluble in water than fluorite but 
less soluble than villiaumite. Cryolite solubility in 
water increases from 0.30 g/1 at 0°C to 0.75 g/1 at 
about 95°C (Buchwald 1940) and is probably 
even higher in the presence of other solutes as in 
natural waters. 

According to Roberson & Hem (1968 1973) 
cryolite and a ralstonite-hke material can be 
readily precipitated from aqueous solutions in the 
laboratory. At 25°C and 1 atmosphere pressure, 
the activity product for the reaction (in water): 

Na,AlFfi 3Na+ + Al»+ + 6F^ 

can be taken as lOr^to+o-s, Equilibrium was ap­
proached from both supersaturation and under-
saturation. CryoUte was precipitated in relatively 
pure form if the pH was above 8.3. At lower pH 
values, the precipitates are mixtures of cryohte 
and a basic aluminium fluoride with the X-ray 
pattern of ralstonite. 

In terms of ionic species, contents of AlFe^ are 
probably negligible in natural waters. In the pre­
sence of A P * and Fe*"̂ , fluoride ions will prefe­
rentially form A1F^+, AlFt and FeF^+ whUe SiFi" 
is a possible species in the Si-, F-rich waters 
which occasionally occur in volcanic condensates 
(Roberson & Barnes 1978). 

Hem (1972) thought that cryoUte could limit 
the solubility of aluminium in natural solutions 
having more fluoride than is normal. At higher 
sodium concentrations, less fluoride is required. 
However, in nature the need for unusually high 
concentrations of F, Na and Al explains the rarity 
of cryolite. In addition, the presence of solutes 
other than those occurring in the cryolite struc­
ture may inhibit or prevent its formation, though 
this has not been extensively tested. In the pre­
sence of 45-300 mg/1 Si02, cryolite is still readily 
precipitated (Hem et al. 1973). Natural phases 
competing for the constituent ions of cryoUte in­
clude gibbsite, fluorite, sellaite (MgF2), haUte, 
fluorapatite, trona, dawsonite and villiaumite. 
The distribution of F in the normally dilute, 
natural waters is generally controlled by the sol­
ubility of fluorite (EUis & Mahon 1967) and to a 
lesser extent by fluorapatite, clays and biota. 
F-rich natural waters also precipitate fluorite and 
more rarely vilUaumite, sellaite, kogarkoite and 
F-bearing opal. The low-temperature precipita­
tion of cryolite or ralstonite, as in the experiments 
of Roberson & Hem (1968 1973), is only known 
from late fissures and vughs in aluminofluoride 
deposits, e.g. Ivigtut. The aluminofluorides of 
oxidation zones, weathering crusts, alkaline 
lakes, hot springs and volcanic ash were all 
formed by the interaction of groundwater (or 
trapped brines) with rocks and minerals. 
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Role of CO2 in aluminofluoride 
formation 

While there is clear evidence that aluminosili-
cates may react with F"-bearing solutions to form 
aluminofluorides, it seems that these reactions 
can also be promoted by the presence of CO2 or 
carbonate ions. The possible role of CO2 in the 
Ivigtut cryolite deposit was considered by 
Stormer & Carmichael (1970) using the reaction: 

albite + acmite + F2 + CO2 -^ NajAlFs + sid-
erite + quartz + O2 

When the activity of the other components is 
fixed, greater CO2 fugacities will promote cryol­
ite formation. Dorfman et al. (1967) found that 
solutions of NaF only decomposed nepheline to 
give cryolite when CO2 was present. Similarly, 
beryl only breaks down to aluminofluorides when 
reaction solutions contain AP""", F" and COs^". 
Reaction with aqueous AIF3 solutions yields to­
paz, quartz and bertrandite (Klyakhin & Lebedev 
1974). 

The importance of CO2 in natural alumino­
fluoride formation is indicated by (i) the 
occurrence of siderite at cryolite localities 1,4, 8, 
9, 13 and 17, (ii) carbonatites at localities 12 and 
13, (iii) limestone at locality 11 and varied 
sedimentary carbonates at 14 and several geark-
sutite localities, (iv) the presence of the fluocar-
bonate phase bastnäsite at locaUties 5, 9 and 20 
and (v) the restriction of tikhonenkovite to a 
siderite deposit. Thus, according to these natural 
occurrences and the isotopic work on carbon at 
Volynia, the CO2 may be either magmatic or en­
dogene. 
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Dansk sammendrag 

Oversigten bygger på en gennemgang af 17 sikre forekomster af 
kryolit og 19 forekomster af andre aluminiumfluorider. Det 
fremgår, at aluminiumfluorider kan koncentreres i 4 geologiske 
miljøer: i det granitiske, i det karbonatitiske, i det vulkanske og 
i det exogene miljø. 

Kryolit, delvis replaceret af andre aluminiumfluorider, dan­
nes under det post-magmatiske stadium af graniters udvikling i 

pegmatiter tilhørende alkaligraniter, i albitiserede riebeckitgra-
niter og i hydrotermale malmforekomster. De tilhørende gra­
niter er post- eller non-orogene, sene intrusioner ofte knyttet til 
regional forkastningstektonik. De er rige på Na og F, fattige på 
Ca og har et lavt indhold af normativ anorthit, akmit og natri­
umsilikat. Disse graniter karakteriseres også ved høje indhold 
af Rb, Zr, Nb og de sjældne jordarter. De afspekler ligevægte 
ved 1-2 kilobar vanddamptryk i overensstemmelse med deres 
epizonale placering. Eksperimenter i granit-H20-HF systemet 
viser, at aluminiumfluorider dannes i den coexisterende super­
kritiske dampfase. Afkøling af denne har i Volyn pegmatiteme i 
Ukraine ført til dannelse af inklusioner med flere faser, blandt 
andet kryolit og elpasolit. Ved post-magmatisk autometaso-
matose ekstraheres og derpå genafsættes F, Na og andre 
grundstoffer via væsker, der indeholder fluoridholdige komp­
leksioner. Metasomatiske kvarts-feldspat-bjergarter i Østsibiri-
en er dannet i tilknytning til regional metamorfose og deforma­
tioner langs dybtgående forkastninger. 

Sjældent forekommende karbonatiter og siUco-karbonatiter 
med høje indhold af Na koncentrerer F i sene hydrotermale 
opløsninger, hvilket har ført til kryolitdannelse ved Goldie, 
Colorado, og Francon Quarry, Montreal. 

Ralstonit er udbredt, hvorimod elpasolit og weberit er sjæld­
ne, ved fumaroler og HF-metasomatisk omdannede lavaer til­
hørende basiske til intermediære vulkaner. Disse mineraler blev 
dannet ved temperaturer på 300-100 "C. Varme kilder og af-
strømningsvand fra vulkaner har relativt højt F-indhold, og lej­
lighedsvis dannes gearksutit og creedit ved reaktion med alumi­
niumsilikater. Kryolit optræder som et sjældent authigent mi­
neral i sedimenter tilhørende Green River formationen i det 
vestlige USA. F-rige interstitielle saltopløsninger, udviklet som 
i nutidens Lake Magadi i Kenya, har sandsynligvis været i stand 
til at reagere med aluminiumsilikater i værtssedimentet. Ge­
arksutit og creedit samt fem andre nyligt opdagede alumini­
umfluorider findes tilknyttet nogle F-rige malmforekomster, 
hvor de optræder i eller lige under oxidationszonen eller i for-
vitringsskorper. Syntetisk har man udfældet aluminiumfluorider 
ved lav temperatur, men denne dannelsesmåde kendes ikke i 
naturen. 

Det eneste økonomisk betydningsfulde aluminiumfluorid, 
kryolit, fandtes i en mængde på flere millioner tons ved Ivigtut i 
Sydgrønland. Fluor blev koncentreret umiddelbart under et 
uigennemtrængeligt tag i et smalt, cylindrisk granitlegeme. 
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