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Abstract 

Fixed-slope P.-PH20 diagmms have been gt"nerated for the pseudoternary systems 

for the NI\- and Ca-zirconosilicates, respectively. Two possible topologIes wcrc 

detennined for each pseudotemary based on an interchange of stable and met a st ah le 

invariant points. Although for the SiOz-Na2ZtO]-H20 system the correct topology cannot 

yet be resolved, owing to a lack of constraints from experimental and field observations, 

chemographic analysis reveals that the critical observation would be eithcr the cocxJlilem:c 

or incompatibility of the di variant mineraI assemblage: elpidite + parakeldyshite. 

The observed replacement of armstrongite by gittinsite + quartz in the Strange 

Lake peralkaline complex, Canada, suggests that the preferred topology for the S102-

Ca7...r03-H20 system may be the one in which the calcium catapleiite-, quartz- and 

calciohilairite-absent invariant points are stable. 

Synthesis experiments in the Si02-CaZrOJ-H20 system resultec1 in the formation 

of the compound Ca2ZrSi40 12 as weIl as zircon, baddeleyite, xonotlite and wollastonite 

under various conditions, but synthe sis of naturally-occurring Ca· zirconosilicates remained 

elusive. 
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Résumé 

Des diagrammes de p.-iJII20 à pente fixé ont été produits pour les systèmes 

des relations pour les zirconosllicatf"s sodiques et calciques, respectivement. Deux 

topologies possibles ont été déterminées pour chaque pseudotemaires basées sur l'échange 

de points invanants stables et métastables. Quoi que la topologie correcte pour le système 

Si02-N~ZIÛ3-H20 n'est pas encore résolue, dû au manque de contraintes d'observations 

éxpérimentaux et de terrains, l'analyse chémographique révéle que l'observauon critique 

serait la coexistence ou l'incompatibilité de l'assemblage minéral: elpidlte + 

parakeldyshite. 

Le remplacement observé de l'armstrongite par gittinsite + quartz dans le 

complexe hypercalin de Strange Lakt:. (Lac Brisson), Canada, suggère que la topologie 

préferée pour le système Si02-CaZr03-H20 est possiblement celle dans laquelle les points 

invariants pour l'absence de la catapléite calcique, le quartz et la calciohilairite sont 

stables. 

Des éxpériments de synthèse dans le système Si02-CaZr03-H20 ont donné la 

formation de Ca2ZrSi40 12 ainsi que zircon, baddeleyite, xonotIite et wollastonite sous 

différentes conditions; les zirronosilicates calciques naturelles n'ont pas été produites. 
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Chapter 1 

Introductory Statement 
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Introductor'y Statement 

Alkali and alkaline-eanh zirconosilicates are common accessory mineraIs in fel~ll' 

peralkaline rocks and can constitute several volume percent in ~()me l()cahtlcs Tlm. grOl.p 

of minerals could be useful petrogenetic ir.dlcators of P-T-fY01."II' conditions of fomwtlon 

and subsolidus modification of peralkalme rocks. Unfortunately. the CUITent hody of data 

from reversed subsolidlls phase equilibria e:vperiments 1I1vol vmg thcse I11l11crah is qllltl' 

limited, as is the available thermodynamic data for these phase." ln order for 

zirconosilicate minerais to be llseful perrogeneuc mdlcators. phase dwgrams ha~ed on 

reversed experiments must be generated. This thesis seeks 10 add 10 the currently avaJlahi.: 

àala in order to achieve this goal. 

In the.. second chapter of this thesis, fixed-slope P'-PII20 ulagrams have heen 

generated for the pseudotemary systems Si02-Na2ZrO]-I-I20 and SI02-CaZrO,-HlJ. The 

value in this approach lIes 111 the fact that fixed-slope diagrams yleld only two pO~~lhlc 

topologies based on an exchange of stable and metastable 1l1vanant p(}ml~ f'unhcrrnorc, 

if it is assumed that increasing temperature corresponds to decreasmg PlllO' p.-PII2I) 

diagrams are topologically identical to P-T diagrams. 

The correct topology for each system cannot be estabhshed with œnamty owmg 

to a lack oï constraints from experimental and field relation., However. the key 

assemblage net 1ed to make that determination in each case has been i~()la[ed, eipldJte + 

parakeldyshite for the Na-zirconosilicate system and gllunsite + arm~tronglle for the Ca

zirconosilicate system. Observation of stability of either of the se dlvanant a~~emblage.,; 

in nature or in experiment would allow detennination of the correct topology 
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The third chapter of this thesls reports the reslIlts of the experimental compone nt 

of this project. None of the naturally-occurring Ca-zirconosilicates could be synthesized 

and hence, the ultimate goal of constraining the reaction: 

annstrongite = gittinsite + quartz + ~ater 

could not be achieved. However, many interesting results were obtained and have been 

reported. 
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Chapter 2 

Petrogenetic Grids for the Ca and Na-zirconosilicate Minerais 

The second chapter of this thesis is a modification of the following papcr. 

Marr, R.A. and Wood, S.A. (1992) Prcliminary petrogcnctic grids for sodium and calcIUm 

zirconosilicate minerais in fclsic pcralkaline rocks: 'f!!1' Si02-N,,:!Zr01 and SI()1"CaZrO\ 

pseudobinary systems. American Mineralogist. (10 press). 

This paper comprises original rcscarch pcrforrned by the firsl author mcluding gcncratlOll 

of the petrogenetic grids, with assistance in thc interpret3tion and writing of the manuscripl 

provided by the second author. An expanded diSCUSSion of world occurrences of I..fconosihcatcs 

and a summary of conclusions have becn addcd. 
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Abstract 

Although zircon is the most common zirconium-mineraI, a wide array of alkali and 

alkaline eanh zirconosilicates are known to occur in felsic peralkaline rocks in addition to or in 

place of zircon. The current Jack of experimental phase equilibrium and free energy data for the se 

phases precludes a quantitative understanding of their relative stabilities in P-T space. Therefore, 

fixed-slopc P.-J'fl20 diagrams have becn generated for the pseudotemary systems Si02-NazZr03-

H20 and Si02-CaZrO]-H20 as first approximations 10 P-T phase relations among the Na- and Ca

zirconosilicates, respectively. TIlese lwo Dseudotemary systems contain quartz, water and either, 

elpidite, vlasovile, catapleiite, gaidonnayite, hilairite, and parakeldyshite, in the first case, or 

gittinsite, armstrongite, calcium catapleiile and calciohilairite. in the latter case. The phase 

relations of thesc two systems, which are subsets of the larger N~O-Zr02-Si02-H20 and CaO

Zr02-Si02-H20 systems, serve as staning points for understanding the more compJex phase 

relationships of the complete systems. The phase compositions in the two pseudotemary 

subsystef)1s were projected through H20. Two possible p.-J'mo topologies were dctermined for 

each pscudotemary based on an interchange of stable and metaslable invariant points Although 

for the Si02-N~Zr03-H20 system the correct topology cannot yel be resolved, owing to a lack of 

constraints from experimenlal and field observations, chemographic analysis reveals that the 

critical observation wou Id bc either the coexistence or incompatibility of the divariant assemblage: 

elpidite + parakcldyshite. However, both possible topologies are consistent with vlasovite and 

parakeldyshite as high-temperature phases, limited in upper thermal stability only by their 

incongruent melting at tempcratures in excess of 1200°C. Parakeldyshite stability IS unrcstricted 

al low tempcraturcs, but vlasovite is unstable at low temperatures relative to assemblages 

involving either catapleiite or elpidite, depending on the P-T lOpology. The observed replacement 

of armstrongite by gittinsite + quartz in the Strange Lake peralkaline complex. Canada, suggests 
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that the preferred topology for the SiOz-CaZrO)-H20 system may bc the one in which the calcium 

catapleiite-, quanz- and calciohilairite-abscnt invariant points are stablc. In ciU,cr lopology for the 

latter system, the stability fieid orthe assemblage gittinsitc + quanz increascs to high tcmpcmturcs 

and low pressures. 
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, , .. Introduction 

AlkaJi and aJkaline-earth zirconosilicatcs are common accessory mineraJs in felsic 

peralkaline rocks. In sorne cases (e.g., the St range Lake Complex, Quebcc-Labrador, Canada) Ihese 

minerais can constitutc several volume percent of cenain zones (Miller, 1986). In fact, al Strange 

Lake mineraIs such as elpidite and gittinslte (Table 1) are potential ore minerais of zirconium. The 

alkali and aJkaline-eanh zirconosilicatcs could be useful petrogenctic indicators of P-T-fYolau'e 

conditions of formatio!l and subsolidus modification of peralkaline rocks. However, to our 

knowledge, only one set of reversed subsolidus phase equilibrium experiments involving these 

minerais has been attempted (Currie and Zaleski, 1985), and there are few thermodynamic data 

available for these phases. Severa] workers have carrierl out hydrothcrmal syntheses of 

zirconosilicates (Maurice, 1949; Christophe-Michel-Lévy, 1961; Baussy et al., 1974; Caruba, 1975) 

and have used the infonnation gained from these studies to outline rough fields of stabilily for 

these minerais in pressure-temperaturc-cûmposition space. However, synthesis sludies are Hable 

to metastability problems (Fyfe, 1960). Indeed, based on his inabilily to synthesize any Ca-

zirconosilicates, Caruba (1975) concluded that such phases did not exist! The only other peninent 

cxpcrimental studies are those of Garoinicr (1980) and Lazutkina et al. (1980), who describcd the 

mclting bchavior of some Na zirconosilicates. Clearly, for zirconosilicate mineraIs to be useful 

petrogenetic indicators, phase diagrams based on reversed experimcnts must be determined. In 

order 10 provide a framework for future experimcnts on the Ca and Na zirconosilicate systems and 

for the interpretation of phase relations in nature, wc present h: "'C preliminary schematic pressure-

tempcrature gnds constructed using the theoretical methods .'\f Korzhinskil (1959) and Bun (1978), 

combined with the molar \'olumes of the pha.:;es, the results of the expcriments of Currie and 

Zalcski (1985) and infonnation available from natural occurrences. As will be cvident below, our 

work has becn hampered somewhat by the lack of sufficiently detailed descriptions of natural 
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occurrences of the zirconosilicates. Although many zirconosihcale-bearing rod.s havl' bccn 

described in the literature, one is often sim ply presented with a hSI of the minemls thal occur III 

a given locality and it is difficult, if not impossible, to dClCrmine the slable assembiag<.' fmm IhcM~ 

descriptions. Thus, we hope that this papcr will encourage further well-documented descriptions 

of natural zirconosilicate phase assemblages. 

W~!"ld Occurrellces 

Alkali and alkaline-eanh zirconosilicates have becn idemified al many IOC .. lilics 

wOrldwide, primarily as accessory minerais in peralkalinc granitoids and ncphclinc sycnilcs. Somc 

of the mOSL imp.>rtant occurrences will he discussed in this section. 

Strange Lake Complex, Canada 

The Strange Lake complex of northem Québec and Labrador, comprises a small. Lale

Proterozoic pe:-cilkaltne granitic pluton intruded into high-grade quanzo-feldspalhic, calc-silicate, 

graphitic, dioritic, gabbroic and anonhositic gncisses (Bélanger, 1984). The complex compnses 

three distinct lithologies: (1) hypcrsolvus alkali granite, (2) melanocratic microgr .. nilc and (3) 

subsolvus a1kali granite (Nassif and Manin, 1991; Nassif, personal communication, 1992). The 

hypersolvus granite and the melanocratic microgranitc are bclieved 10 be coeval and prcdate the 

geochemically more-evolvcd subsolvus granite_ Elevated concentrations of Zr, y, Be, Nb and REE 

occur in a highly-altered regioa of the subsolvus granite represented by a SUite of exotÎc minerais 

including several zirconosilicates. 

Dalyite (KlZrSi60 IS> bas been identified in the hypersolvus granite, commonly nmmed 

by elpidite and less commonly by vlasovite (Birkett et al., 1992). Vlasovile has also been observcd 

as an independent minerai in both the !1ypersolvus and subsolvu:; granite. Elpidile and armslrongile 
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have also becn obscrved in both the hypcrsolvus and subsolvus granite, both as independent 

minerais and rclatcd by repb,cement of elpidite with annstrongite. An incrcase in the proponion 

of elpidite with respect 10 annstrongite has been observed as a function of depth in drill core 

studies (Birkett et al., 1992). 

The most imponant zirconosilicate at Strange Lake is gitlinsite. Gittinsile occurs primarily 

in the subsolvus granite as a replacement product of elpidite and armstrongite. ln this occurrence, 

fine clusters of gittinsite arc found intermixed with quanz occupying the onb:nal volume of the 

precursor mineral. A second and much less common mode of occurrence of gittinsite is as bladed 

crystals in association with allanite and quanz. This occurrence may represcnt a late-stage primary 

assemblage (Birken et al., 1992) and is only found in rocks that also contain secondary giltinsite. 

Minor amounts of calapleiite, calcium catapleiite and calciohilairite have also been 

reponed at Strange Lake (Birkett et al., 1992). 

Zircon is a common accessory minerai al Strange Lake. Early subhedral zircon crystals 

are commonly observed in the hypersolvus granite, often embayed by dalyite, vlasovite or elpidite. 

Late-stage zircon has also been reponed as radiating needles panially or completely replacing 

earlier zirconosilicates (Birkett et al., 1992). 

LoV07..ero Massif, Russia 

One of the most imponant occurrences of zirconosilicates in the world is the Lovozero 

massif. Covering an area of approximately 650km2 on the Kola peninsula of northem Russia, the 

Lovozero nephelinc syenitc massif is a layercd intrusion of Devono-Carboniferous age (Gerling 

et al., 1941). The massif consislS of four complexes: (1) a eudialytic lujavrile complex, (2) a 

differentiated complex consisting of altemating foyaites, unites and lujavntes, (3) a poikilitic 

syenile complex and (4) dyke rocks (Vlasov et al., 1966). The eudialytic lujavrites and the 
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differentiated complex lOgether comprise about 95% of the total known CXlent 01 thc massil 

Pegmatites ~ found throughoul the massif and contam many of Ihe exollC mtllcrals 

identified at Lovozero. Vlasov et al. (1966) grouped lhese pegmatites into SIX paragcncllc 

associations: 

(1) nepheline-f1egirine I-microcline-cudialyte; 

(2) nepheline-aegirine I-microclinc with acccssory cudialylc; 

(3) sodalite-nepheline-aeglrinc I-microcline-eudialyte with Zr, TI, Nb and REE rnmerals: 

(4) feldspar-aegirine II with Zr, Ti, and Nb minerais; 

(5) hackmanite-natrolite with REE and Th minerais; 

(6) natrolite-analcite-ussingite-albile with late microcline and Li and Be mlllcral!.. 

The tirsl three pegmatite, types correspond mineralogically and gcochemieally ln Ihe 

eudialytic lujc.vrites, the rocks of the differentiatcd complex and thc pOlk'lIue syel1llc~. 

respectively. The other associations represent more-evolved pegmatites and form separatc zones 

within other pegmatites or indepcndent complexes (Vlasov et al.. 1966). 

Several zirconosilicates occur at Lovozero. the most important bemg mmerals 01 Ihe 

eudialyte-eucolite group. Although eudialyte generally displays a considerable variabllity ln 

composition from one occurrence to another, at Lovozcro this group forms an isomorphous seric~ 

conforming to the formula: (Na.Ca)sZrSi60 17, eudialyte bemg the more sodie membcr and cucohte 

the more calcic. An intermediate mcmber named rnesodialylc has also becn dlstmguished (Vlasov 

et al., 1966). No end member compositions have yet been reponed. 

Eudialyte-mesodialyte reJj"esents a rock-forming minerai m the eudialytic lujavrite. 

crystallizing early with nepheline, microcline, aegirine. slJhcne and apatite (Vlasov ct aL, 19M). 

Late-stage hydrotherrnal alteration of eudialyte-mesodlalytc resulted in crystallil.ation of lovo/.cntc 

ln the differentiated and poikilitic syenite complexes, eudialytc-mesodialytc i~ a much less 
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imponant phase and crystallizes later than ln the eudialytic lujavrite. Again. hydrothennal 

alteration rcsults in replacement of eudlalyte by lovozerite and catapleiite. 

Occurrence of zirconosiJicates in the various pegmatite bodies at Lovozero is rather more 

complex, bUl generally foUows a pattern of early crystaIlization of minerais from the eudialyte-

eucolitc series rcplaced by late elpldite. lovozerite and catapleiite. OccasionaJJy. the more sodic 

eudialyle and mesodialyte are replaced by eucolile. As with the main rock units. late-stage 

crystaUization of pegmatites is believed to occur in a hydrothennal environment (Vlasov et al., 

1966). 

In contrast 10 Strange Lake, zircon is not an accessory minerai in rocks of the Loyozero 

massif. The only reponed occurrences of zircon are in hybrid pegmatites formed by contamination 

of pegmatite melts by country rocks. The formation of zircon instead of eudialyte m the se 

pegmatites was unaffecled by composition of the contaminating host rock. This suggests that the 

physico-chemical conditions for stability of eudialyte arc quite limited and easily disturbed 

(Vlasov et al., 1966). 

Ilimaussaq Intrusion. nreenland 

The Ilimaussaq intrusion is a stratified peralkaline complcx with an age of approximately 

1020 Ma (Bridgwatcr, 1965). Four intruslve stages have contributr'i 10 the formation of the 

llimaussaq complex (Larsen and S0rensen, 1987): (1) early alkali granite. (2) early augite syenite, 

(3) agpaitic nephehne syenitc and (4) late lujavrite. Field relations of the alkali granite are unclear, 

but along with the augite syenite, is bclieved to predate the nepheline syeniLes. 

Zirconium mineralogy is somcwhat simpler at Ilimaussaq than at Lovozero or Strange 

Lake. Eudialytc occurs in all nepheline syenite horizons including the lujavrite. sometimes as a 

major phase (S0rcnsen. 1970). Lovozerite appears as an acccssory minerai in the lujavrite. while 
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zircon and elpidite occur in minor amounlS in the alkali granite. It is intcrcstmg to note that, oncc 

again, zircon is Iimitcd to silica-saturated rocks. 

Mont Saint-Hilaire, Canada 

Mont Saint-Hilaire displays one of the mo~' varied suites of lIfconosilicates to he found 

anywhere in the world. The complex consists of three intrusions of Cretaccous age pcnetrating 

Ordovician shales and limestones. Using the designations of Currie (1989), the oldest 01 thc).,c 

intrusions is the Sunrise s\lite comprising melagabbros omd pyroxenites Intrudmg the Sunnse ~UIlC 

as a ring dyke was the Pain du Sune suite of nephcline diorites, gabbro~ and mOI1/.onltc).,. 

Approximately coeval with the Pain du Sucre suite was the East Hill suite which conMsts of 

neDheline and sodalite syenites, porphyries and brcccias. Extensive quarrying of the northem part 

of the East Hill suite has revealed most of the unusual mineralogy of Mont Saint-Hilaire 

Many of the unusual minerais at Mont Saint-Hilaire are found in sycnitic pegmatites. The 

pegmatite mineralogy commonly consists of microclinc and aegirine with local concentrations of 

serandite, catapleiite and analcime. Other zirconosilicates that have been identllied in unaltercd 

pegmatites are elpidite, gaidonnayite and eudialyte. Sorne allered pegmatites have been round 10 

contain zircon and petarasite as well (Horvalh and Gault, 1990). 

Exotic mineralogy has also been observed in miarolitic cavities in the nephelinc: syenitc 

of the East Hill suite. These small «IDem) cavities have been round to contain cél.'tapleiitc, 

elpidite, eudialyte, gaidonnayite, hilairite and zircon as well as numerous rare-earth silicates and 

carbonates (Horvath and Gault, 1990). The presence of zircon without quanz is mlercsting as it 

defies the tendency of zircon to occur only in saturated peralkalinc rocks 

It should be notcd that il is unlikely that all the zirconosilicatc pha~es al Mont Saml

Hilaire coexisl in equilibrium, in as much as the Gibb's phase rule would appcar 10 be grollsly 
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violatcd. 

Ascension Island, South Atlantic 

Pcralkaline granilic blocks occurring in trachytic breccias on Ascension Island have been 

sludied for many years. The blocks, which are interpreted as having been lom from the walls of 

a conduit during an explosive emption, can he described in tenns of three intergradationaI 

petrographie types: (1) hornblende non-pcrthitie granite. (2) arfvedsonitc/ aegirine ± oligoclase 

non-penhilie granite and (3) arfvedsonite/aegi';~e pcrthitic granite (Roedder and Coombs, 1967). 

Il is this last petrographie type that has bcen observed to contain zirconosilicates. 

The most common zirconosilicate in the peralkaline granite blocks of Ascension Island 

is vlasovile. Aeel and Cann (1967) reponed vlasovite occurring as interstitiaI grains in contact 

with quartz and feldspar and projecting into miarolitic eavities. Associatcd minerais include 

arfvcdsonite, aegirine, aenigmatite, fayalite and pyrochlore. 

Dalyite is much less common lhan vlasovite, bul occurs in sirnilar rocks. Harris et al. 

(1982) reportcd thal blocks containing dalyite are somewhat more miarolitic than those eontaining 

vlasovite, but arc petrographically identical.1l is inleresting to note that dalyite and vlasovite have 

not yet been observed together in the sa me block. 

A rare-eaM- and iron-rich eudialyte has been reported in a dalyite-bearing block (Harris 

et al., 1982). The eudialyte is quite rare, occurring as an interstitial phase in contact with all major 

phascs as well as dalyitc, although il is not apparently in reaclion with the lattcr mineral. 

FinaUy, minor amounts of zircon have been reponed both in blocks containing vlasovite 

and dalyile, although no intimate association has becn reponed. 

The list of zirconosilicate occurrences described in this section is by no means exhaustive. 

( 
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Other peralkaline complexes displaying zirconosilicate rnineralogy includc the Khihm,l m,lsslf III 

Russia, severallocalities in the Langcsundfjord rcgion of Norway, Isle de Rouma. Guinc,l and tlw 

Kipawa intrusion in Canada. Thosc complexes dcscribcd do reprcscnt a gond cnlS\-Scction. 

however, since rnost other agpaitic peralkaline rocks display similar pamgcneses. 

Theory 

As will be shown below, we will be dealing primarily with phasc rclauol1ships in (11+ 3)-

phase multisystems, whcre n is the number of components. In gcneral, therc arc (n+2)(n+3) + ~ 

altemate pressure-temperalUre nets possible in a non-degeneratc (n+3)-phase rnultisystem Ihal ,Ire 

consistent with the rules of Schreinemakers (Zen, 1966; Zen and Roseboorn, 1972; Mohr ,Ill ; 
Stout, 1980; Stout. 1990). Experimental constraints, such as the location of sorne of the univanant 

reactions, molar volumes, etc., and knowledge of nalural occurrences, can elimmatc sorne 

possibilities. However, available dat ' are usually insufficient to identify an unique solutIon 'lmong 

the alternative nets. Another approach is to construct a fixed-slope dJagram lhat has a lopology 

similar to the pressure-tempe rature diagram. One such diagram is the P,-JlIl20 dlagram (Korlhinskii, 

1959; Bun, 1978), where p. represents the pressure on the solid phases and JJII20 reprcscnts the 

chemical potential of water. According to the thermodynamic relation: 

the slopes of univariant reactions on such a diagram can bc detcrmined from the molar volume!'. 

of all the solids in the reaction and the numbcr of moles of water involvcd. The ulllvariant 

reactions on such a diagram should approximate straight lines (i.e., constant slopcs) assummg that 

there is no solid solution and the compressibilitics of the solid phases arc ncgligihlc 

The main advantage of a fixed-slope diagram 18 lhat an (n+3)-phasc mulusyslem ha!. only 
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two altemauve topologies for such a diagram (Korzhinskii, 1959; Burt, 1978). One of the two 

topologies may be derived frorn the other simply by forcing stable invariant points in one topology 

to be metastable in the other topol08Y. According to Burt (1978), for each topology, the labels of 

the metastable invariant points reveal a phase assemblage uniquely stable ln that topology, and 

simil:u!j the labels of the stable invariant points indicate a uni quel y rnetastable phase assemblage. 

The choice betwccn alternative topologies for the phase diagram can then be made by identifying, 

from field observation or experimental results, which of the alternative phase assemblages are 

actually stable. 

Once the appropriate choice of alternative P.-J.l1I2o diagrams is made. the topology of the 

corresponding P-T diagram is also detennined, because decreasing J.lH20 generally corresponds to 

increasing temperaturc (Burt, 1978). However, experimental studies are still requircd to determine 

the exact positions of the invariant points and the uni variant curves in the P-T plane. 

Mineralogy of Zirconosilicates 

As a first step in the analysis of phase relations among alkali and a1kaline earth 

zirconosilicates, we rcstrict our treatment to phase relations in the separate N~0-Si02-ZrOl-H10 

and CaO-SiOz-ZrOz-H20 systcm.i. Sorne of the known phases in each of these systems are hsted 

with their formulae and molar volumes in Table 1. Phases in the quinary CaO-Na10-Si01-Zr02-

H20 system, in addition to those listed in Table l, include: zirsinalite Na6CaZrSi60 t8, loudounite 

NaCa,Zr .. Sit604Q(OH)11.8H20 and eudialyte Na3C~ZrSi6017(OH)2. This quinary system rcpresents 

an unmanageable (n+ 16)-phase multisystem which we do not consider in this paper. It should be 

noted that phases in the K10-CaO-N~0-SiOl-Zr02-H20 system, including wadeite (K2ZrSi30 9), 

dalyite (K1ZrSi60 t,), umbite (K2(Zr,Ti)Si30 9.H20), khibinskite (K2ZrSi20 7), georgechaoite 

(NaKZrSi30 9.2H20) and kostylevite (K,.ZrlSi60ts.2H10), a1so occur in peralkaline rocks. Because 
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of the overwhelming complexity of the complete K20-CaO-Na20-SiO~-ZIÛ2-H20 syslem. ,1I1111hl' 

relative paucity of hydrated phases in the subsystem KzO-SiOz-Zr02-H]O. for whlch JI " 

impossible to construct meaningful p.-PII20 diagrams. the se phases are also Ilot trealcd 11\ thl~ 

preliminary investigation. It should also bc noted that the K-zirconosihcatcs are olten spaually mul 

temporally separated from the Na- and Ca-zlrconosihcates in a given paragcne~ls (lIarn~ et al . 

1982; Birker. et al., 1992). 

Sodium Zirconosilicates 

The chemography of pan of the NllzO-Si02-Zr02- H20 system is deplctcd III FIgure III Wl' 

make th:; simplifying assumption that water is elther always present a!>. a separlile ph,\!>c Of that 

its fugacity is controlled by factors external to the system, and thcrcforc wc proJ":CI WmIXl\JIIOII\ 

from H20 onto the NazO-Si02-Zr02 plane. The probable presence of a separa te water pha~c dunng 

the fonnation of most Na zirconosilicates can he inferrcd from the facl that the~c arc oltcn 11Itc

crystallizing, interstitial phases, occur in miarolitic cavitics or replace earlil'f Zr-hcllnng pha!>.c!> 

(Vlasov et al., 1966; Linthout, 1984; Horvath and Gault. 1990). The advanlllge!-. of lhls as~umplJon 

are two-fold: first, the complexity of the system is rcduced by one component and one p'1a ... c. ami 

second, it eliminates the need to consider the water-absent invanant pomt. whlch 1., <hflïcult 10 

reprer.ent in P.-!JH20 space, because all associated uni variant water-absenl rcactlOns have ICro 

slopes. The drawback to projection from H20 is that the schematlc P-T net!-. that wc WIll ultimately 

derive are not applicable to those situallons wherc the activiry ot waler I!-. nol /ixcd cuher 

extemally or by the presence of a vapor phase. 

In addition to the Na zJrconosilicatc mInerals whose compositIon., arc plollcd III Figure 

la, a variety of Na zirconosilicates have bcefl synthesizcd III the laboralory. cg, Na4Zr2S11012' 

Na..Zr2Si~016' N~Zr2Si40." Nal4Zr2SilO031 and N~ZrSiOs (Baussy cl al .• 1974), none of whlch 
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have yct been repon.cd to occur in nature. Fu rthcnnorc , several mineraIs eXIst in tlle subsystem 

Na.zO-Si02-H20, such as natrosilite (Na.zSi205)' etc. However, thcse mineraIs, to our knowledge, 

are ra rel y assoclated with the zirconosllicate mineraIs considercd here. We therefore exclude a11 

tllesc compounds from this preliminary analysis. 

The system depictcd in Figure 1 a is an (n+9)-phase multisystem, which is still too 

complicatcd to represent graphlcally. Il is necessary 10 further simplify this system by 

systematically excluding phases untii an (n+3)-phase multisystem, which can be handled by 

eSlablishcd metllods, has been obtained. Cnteria for initial exclusion of phases include rarity and 

exhibition of substantial soM solution, whlch could potemially invalidate the assumptions required 

to use P.-J.lII20 diagrams. The simplifying sleps taken here May reduce somewhat the generality of 

the schematic PoT nets derived. However, once the phase relations JO the simpler (n+3)-phase 

multisystem are wel1 understood, the excluded phases May be reintroduced into the system in a 

stepwise fashion. 

As a first step in simplifying the (n+9)-phase multisystem in Figure] a wc omit petarasitc, 

bccausc it IS quite rare and has never been rcported wilhout significant chloride (Le., it does not 

slriclly bclong to the pseudotemary deplcted in Fig. la). Baddeleyite IS rare in fclsic peralkaline 

rocks and is stable relative to zircon and the zirconosilicates only under extremely sihca

undcrsaturated conditions. Tcrskile is also quile rare. Lovozerite. allhough more common, exhibits 

considerable isomorphic subsutuuon of Ca for Na and Ti for Zr, and thercfore is not strictly a 

sodium zirconosilicale Thus, wc aIso omii baddeleyite, tersklle and lovozerite from our 

preliminary anaIysis. In the absence of baddelcyite, terskite, petarasite or lovozeritc, zircon 

becomes an mdlfferent phase in the system. By an mdifferent phase wc Mean that zircon does not 

panicipate in any of the reactions among phases in tlle subsystcm considered and we imply that 

it is stable, given the appropriate rock composition, over the entire range of P-T conditions 
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covered by our pctrogenetic grid. Whe!.her zircon or zirconosihcales or bolh appcar 11\ li nld. 

seems to be more a function of compositIon than of poT conditions (Caruh'l. 1975). Accontlllg 

to Currie and Zaleski (1985), zircon IS generally rare in felslc perall..alme nx:ks taIthough il I~ 

quite common at Strange Lake; Salvi and Williams-Joncs, personal communicatIOn. 199') 

Furthermore, in peralkaline rocks that do contain zircon, such as !.hose at Strange Lake, phasc~ 

with which zircon could react to form any of !.he rcmaining zirconoslhcatcs tclpidilC. vlasovllc, 

catapleiite, gaidonnayite, hilairite, and parakeldyshlle) ln Figure 1 a, such as lovo/.critc. lersklle. 

baddelyite and natrosilite, are apparently not present. Thus, our omission of lircon should nol 

greatly reduce the utility of !.he schematic P-T diagrams derived in !.his papcr Howcvcr. Il should 

he remembered that reactions involving zircon and any of the other cxcludcd ptUlsCS could 

potentially render ponions of our derivcd grids metastablc: whether !.hi!. occurs ean only he 

determined experimentally. 

Note that the remaining phases elpidite, vlasovite, parakcldyshile, cataplclitc, tlll3lrite and 

gaidonnayite aU have the same Na~Zr ratio and plot along a pseudobmary N~Zr03-Si02' logether 

with quartz. We have thus reduced the temary system to a pseudobinary and an (n+5)-phase 

multisystem remains. The bcst-known and most widcsprcad of the Na-zirconosihcatcs. cataplcillc 

and elpidite, occur in this pseudobinary system. Thus, an undcrstandmg of phase rclallom,hlps 

along this simple pseudobinary will be quite useful in the interprelatton of many Na-zlrconosllicalc 

occurrences in felsic peralkaline rocks. Furthennore, bccause this pseudobmary rcprcscnl\ a 

degeneracy in the complete temary system, undcrstandmg of the phase relationships ln !.he former 

is a prerequisite to understanding the phase rclationships in the latter 

A funher simplification is possible by noting that the composition!. of cataplellle. hilmme 

and gaidonnayite ail plot al the same point whcn projected lhrough watcr. The poT dlagram for 

the pseudobinary will therefore he split into three pans by the threc dcgencrate rcaCllon~ among 
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catapleiitc, hilalrite and gaidonnayite (cf. Bun, 1978). Reactions involving any of these lhree 

phases will change slope upon crossing any of th,,! thrce degenerate reactions, but the overall 

topology will remain the same. Thus, the system under consideration can he considered to be an 

(n+3)-phase multisystem, and the phase relations can he hand'ed and depicted using standard 

methods. 

As noted above, an implicit assumption in using P.-JlH2o diagrams to discem phase 

relationships is the absence of significant soUd solution in the phases considered. Published 

chemical analyses of elpidite, vlasovite, parakeldyshite, catapleiite, gaidonnayite and hilairite are 

scarce. Nevenheless, the available analyses suggest that only minor K, Mg and Ca may substitute 

for Na and minor Nb and Ti for Zr, usually Jess than 1-5 wt % combined (Tikhonenkova and 

Kazakova, 1962; Ponnov and RaslSvctaycva, 1966; Kapustin, 1966; Fleet and Cann, 1967; Gittins 

cl al., 1973; Otao et al., 1974; Chao and Watkinson, 1974; Raade and Mladeck, 1977; 

Khomyakov et al., 1983). In most cases, these are bulk analyses of minerai scparates and could 

incorporate microscopie Inclusions of other phases, so the actual extent of solid substitution may 

be less. We are unaware of any data 10 suggest that any of the above minerais exhibit substantial 

compositional variation. 

We should also note a slight complication regarding the mineraI parakeldyshite, which was 

previously known as keldyshite. Keldyshite was first described by Gerasimovskii (1962), who 

assigned Il the fonnula (Na,H}zZrSiz0 7. Subsequently, Khomyakov et al. (1975) showed thatlhe 

minerai dcscribed by Gerasimovskii is actually an intergrowth of lwo dif."~rent lriclinic minerais. 

One of these, with the fonnula NazZrSi201' is now known as parakeldyshite, and the other, with 

the fonnula (Na,H30)2ZrSi207' is apparently as yet unnamed. Evidently, the latter minerai is a low-

tempcrature alteration product of parakeldyshite, related to it solely by the exchange of hydronium 

for sodium ion (Raade and Mladeck, 1977): wc therefore do not consider il further in this paper. 

t '~ 
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Calcium zirconosilicates 

Compositional relationships in the CaO-Si02-Zr02-HzO system are shown in Figure Ih 

This diagram also is a projection from H20. and the justification f(lf this lS the same as th.lI givcn 

for the Na-zirconosilicates above. The system as shown is an (n+6)-phase multisystern. Raghdadilc 

is a rare minerai that apparently does not occur in the same types of environmems as the othcr 

Ca-zirconosilicates. 1be sole occurrence of baghdadite known 10 the authors is m a rnclilttc ~k"m 

in Iraq (Al-Hermezi et al., 1986): it has not yel been reponed from felsic pcralkalinc rocks 

Similarly. other phases in the CaO-SiOZ-Zr02-H20 system not shown in Figure lb. such as 

wollastonite (CaSi01).larnite (C~Si04)' rankinite (Ca3Si20 7). etc. are not known to occur m felsic 

peralkaline rocks and have becn omitted. Baddeleyite and zircon can bc rcrnovcd l'rom 

consideration for the same reasons given above for the Na-zirconosilicates This leavc~ Ihe phases 

calcium catapleiite, gittinsite, annstrongite, calciohilairite, and quanz which cOl1stitule an (n+3)

phase multisystem along the CaZr01-Si02 pseudobinary. Il should bc pointed OUI Ihat sorne 

controversy exists over the formula for annstrongite. Vladhikin et al. (1973). in lhcir original 

description of this mineral, gave the fonnula CaZrSi60.,.2.5H20. How~ver, Jambor ct al. (19K7), 

based on electron microprobe studies, suggested that the number of H20 molcculcs in the formula 

unit should be doser to 3. The value of 3 dctermined by Jambor ct al. (1987) was u!\ed to 

construct the P.-PHZO net in this study. Use of the 2.5 value results in a change in the absolutc 

values of the slopes of reactions involving armstrongite but does not change the overall topology 

of the diagram. In addition to the Ca zirconosilicate minerais liS1cd in Table 1, a phase with thc 

formula C~ZrSi4012 has becn synthesized in the laboratory at tempcraturcs of HXX)·15(J()°C 

(Kordyuk and Gul'ko. 1962; Morgan et al., 1987). but it is not yct known 10 occur ID nature. Wc 

have therefore not included this phase in our analysis. 

As was the case for the Na-zirconosilicatcs. the extent of natural compositional variation 
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of annstrongite, gittinsitc, Ca-catapleiite and calciohiliarite appears to be relatively sm ail. Total 

impurilies, including NazO, ~o, AI20" Ti02' P20,. MgO and F~O,. usually amount t~ 2 wt. % 

or less (ponnov, 1964; Vladhikin el al .. 1973; Ansell el al .• 1980; Jambor et al .• 1987; Boggs, 

1988; Birkett el al., 1992; Salvi and Williams-Jones, unpublished data). 

Experimental Data 

As mentioned above, only duee phase-equilibrium studies involving reversed experiments 

have been reported in the literature. One of these established the ultimate thermal stabilities of 

vlasovite and parakeldyshite at one atmosphere pressure (Gardinier, 1980). In this investigation, 

it was found that parakeldyshite melts incongruently to ZrQz + liquid at1450°C, whereas vlasovite 

meUs incongruently to zircon + liquid at 121OoC. In a study of the meUing relations among phases 

in a eutectic mixture of albite + nepheline + NazSiO, and zr02• Lazutkina et al. (1980) detennined 

that parakeldyshite melted incongruently 10 ZrQ2 + liquid at a maximum temperature of 1:!75°C 

at 1 atm, and mat a eutectic exists al 650°C in this system. .subsequenlly, Cunie and Zaleski 

(1985) examined the dehydration reaction between elpidile and vlasovlte ~ quartz (reaction 6, 

Table 2) and found its univariant curve 10 pass through the brackets 550-557°C at 500 bars, 591-

599°C al 1(XX> bars, 620-630°C at 1500 bars, and 640-648°C at 2000 bars. IL is thus clear that, 

whereas vlasovite and parakeldyshite are each slable 10 very high temperatures, elpidile breaks 

down at much lower temperatures. Cunie and Zaleski (1985) also reponed the synthesis of 

parakeldyshite. This was accomplished using a gel ofbulk composition equivalent to pure elpidite 

as a reactant. However, they obtained parakeldyshite + quanz only at temperatures less than 7000C 

when Na was introduced as NaCI. In ail cases whert Na was introduced as NaHC03, elpidite or 

vlasovile + quartz was the product. Cume and Zaleski (1985) attribute this curious finding to an 

effect of the chloride ion on the activity of either silica or water. However, given that 
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parakeldyshite was only fonned in synthcsis expcrimcl'ls and not in reversed olles. Il IS posslok 

that its appearance is connected with kinctic factors. 

Sodium zirconosilicates have becn synthesizcd succcssfully both hydrothcrrnal1y and hy 

dry methods in a variety of studies, sorne of which arc listed in the introduction. The most usclul 

of these with respect to deterrnination of relative stabilitics of the zircollosilicates is Ihe 

investigation of Baussy et al. (1974). Thcir data suggesl a transition from elpidilC 10 vlasovitc + 

quartz over a range of temperatures (450-550°C) al 700 bars, which is in l'easollable agreement 

with the boundary determined by Currie and Zaleski (1985), a1though somewhal shiftcd to lowcr 

temperatures. A similar temperature range is given by Baussy el al. (1974) for thc transition lrom 

catapleiite to parakeldyshite + quartz at 700 bars. 

ln the case of the Ca zirconosilicates, il is intercsting to point oui that. wllh Ihe exception 

ofbaghdadite (Kordyuk and GuI'ko, 1962; Morgan el al., 1987), nonc of the nalurally occurnllg 

phases listed in Table 1 have been synthesj~:d, in spite of sevcral auemplli (Caruba, 1975: Morgan 

et al., 1987). As mentioned above, 10 our knowledgc, the only olher Ca zirconosilicale 10 have 

been synthesized is CazZrSi.012' 

Determination of Schew..atic P .-PIiZO Diagrams 

The univariant re&clions considercd fOI' each of the two systems arc glven in Table 2 along 

with thcir ~V. values and the slopes of their corresponding poT curves. The volumes were 

calculated from crystallographic data from various sources (fable 1). 

NazZr03-Si02-H20 

As noted above, the phase diagram for this system is affected by the compositlOnal 

degeneracy among the phases catapIeiite, gaidonnayile and hilairile. which cffeclively splits the 
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phase diagram illto threc portions without affecting ûle overall lopology. A P,-}J1I20 diagram 

showing me rclationships among these three degenerale phases was derived according to the data 

in Table 1 and is shown in Figure 2. The phase relationships among the se mree minerais are quite 

straightforward to understand: hilairite is the most hydrated phase so it occurs at low temperatures 

(i.e .• 10"" }J1I2O>. whereas catapleiite has the lowest molar volume and is stable at high pressures. 

We next derived the two alternative topologies for the (n+3)-phase multisyslem mvolving 

quanz, catapleiite, elpidite, vlasovite and parakeldyshite. The two alternative p.-}JH20 nelS for Ûlis 

system are shown in Figure 3. Catapleiite has becn chosen to represent the degcneratc phases ln 

Figure 2, with the realization mat the topology derived for the phase diagram will be the same no 

malter which phase (catapleiite, gaidonnayite, or hilairite) is stable at a given set of conditions. 

The phase diagram depicted in Figure 2, should intersect univariant reactions from whichever 

topology, Figure 3a or b, Ûlat tu ms out to he the correct one, in such a way Ûlat univariant 

reactions involving catapleiite (gaidonnayite, hilairite) are refracted as they cross the univariant 

reactions in Figure 2, and univariant reactions not involving catapleiite (gaidonnayite, hilairite) 

will he unaffected. However, we presently have insufficient data to allow us to locale the invariant 

point and univariant curves in Figure 2, relative to those in Figure 3. 

Il is evident that me assemblage vlasovite + catapleiite + quartz is stable only in the 

topology depicted in Figure 3a, whereas the assemblage elpidite + parakeldyshite is stable only 

in the topology shown in Figure 3b. Thcoretically, il should he possible to choose between the 

alternative topologies given in Figure 3, if it can he demonstrated from experiment or field 

observation that one or the omer of these two assemblages is stable. Unfonunately, there is not 

cnough reliable infonn.:1!ion from descriptions of occurrences of these mineraIs to identify wim 

cenainty me correct topology. Wc Ûlerefore present bom nets. E:.;:periments are currentIy in 

progress to allow me determination of the correct topology and to fix the positions of the various 
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invariant points and univariant curves in P-T space. 

CaZr03-SiOz-8 z0 

The two alternative topologies of the p.-Pmo diagram for We (':1 zirconosilicate syslem are 

presented in Figure 4. The two key assemblages for selecting the correct topology in this system 

are gittinsite + armstrongite and calcium catapleiite + calciohilairite + quanz. In this case il mOly 

be possible to make a choice between the two a1temate topologies. Gittinsite and armslrongilc 

have been reponed together al Strange Lake (Miller, 1986). Our petrographie examinallons (Figure 

5) suggest that. in sorne samples, gittinsite + quanz has replaccd arrnstronglte. Although thls 

cannot be taken as evidence that gittinsite + armstrongite + quartz is a stable assemblage, il does 

suggest that the equilibrium: armstrongite = gittinsite + quartz + water may he slahle (il could "Iso 

be metastable, but we consider this less likely). In the topology shown m Figure 4b, this 

equilibrium is metastable, whereas in the topology of Figure 4a, it is stahle We therc(orc 

tentatively conclude that the latter topology (Fig. 4a) is the correct one for this system. 

Nonetheless, funher petrographie observations and experimental studies will bc rcquired to 

demonstratr. this definitively. 

Discussion 

Phase diagrams expressed in terms of pressure and tcmperatur'C are of grcaler interest for 

representation of the phase relationships in the systems studied heR!. As mdlcated above, P-T 

diagrams should have topologies identical to the analogous P.-PII20 diagram Each of lhe 

alternative topologies in P-T space for the two systems are shown schematically in FIgures 6 and 

7. Experiments and further careful petrographie observations will ultimately bc required 10 

establish the correct topologies and 10 fix the positions of the vanous mvarlant points and 
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uni variant curves in poT space for each system. Nevenheless, il is possible 10 make a few 

observations relevant to natural occurrences and the planning of phase equilibnum experiments 

from the topologies prescnted here. 

Firsl of aU, both topologies for the N~Zr03-Si02-H20 system (FIgure 6) predict that 

vi~ovlte is stable to relatively high temperature at low to intennediate pressure and that 

parakeldyshlte + quanz is a high-tempcrature-high-pressure assemblage. The stability of neither 

parakeldyshite + quanz nor vlasovite(±quanz) is limited on the high temncrature side in either 

topology. As mentioned above. reactions neglected in this study involving additional phases (e.g., 

vlasovite = zircon + lovozerite + terskite) in the complete NazO-Zr02-SI02-H20 system could 

potentially lead to limitations in the higher tempcrature stability of parakeldys}1jte + quanz and/or 

vlasovite(±quartz). In this regaad it is interesting to recaU that the few experimental data available 

(Gardinier. 1980; Lazutkina et al.. 1980) suggest that. at 1 bar at least, vlasovite and 

parakeldyshite remain the stable phases until incongruent melting occurs at comparatively high 

tcmperatures (> 1200°C). This is not surprising for parakeldyshite alone because the chemography 

of the system NazO-Zr02-Si02-H20 does not permit any other parakeldyshite breakdown reaction 

(in the present system, the stability of parakeldyshite alone is unrestricted with respect 10 

tcmperature and pressure because il is a chemographically extemal phase. This would be true even 

if other phases such as lovozerite and terskite were added to the system). However, these 

experimental data do suggest that, at low pressure atleast. none of the possible reactions (e.g., 

vlasovite = terskite + lovozerite + zircon or vlasovite = quanz + terskite + zircon; Figure la) 

involving phases omitted from this study limit the high-temperature stabilities of vlasov:,te. 

Both topologies are consistent with the fact that Baussy et al. (1974) and Currie and 

Z.aleski (1985) found parakeldyshite + quartz and vlasovite + quanz to be the high-temperature 

phases relative to catapleiite and elpidite. respectively; these studies also serve to fi" the iocation 
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of the uni variant cu Ne for reaction (6) in the poT plane. Howevcr, in addition to lhe brcakdown 

of elpidite and catapleiite 10 vlasovite and parakeldyshite. respcclivc1y, Wilh increasing 

temperature. Figure 6a predicts the occurrence of a stable reaclion belwecn cataplciilc + quanl 

and vlasovite, and Figure 6b predicts the occurrence of a stable reacuon belwccn clpidilC .md 

parakeldyshite + quartz. neither of which was studicd hy Baussy Cl al. (1974) or Curric and 

Zaleski (1985). 

Either topology for the Na.zO-SiOz-ZrOl-H10 system predicts that parakcldyshilc + qunnl 

is a high-pressure assemblage compared to vlasovite. However, givcn the prcsclllly avaihlble daln, 

we cannot detennine which of these assemblages is the higher-entropy, and LhcrcCorc, the highcr

temperature one. Thus, in both Figures 6a and b, the slope of rcaclion (8) (Table 2) has bccn 

assigned a value of zero. 

Note that only the topology shown in Figure 6b possesses a divariant field of stability for 

the assemblage of parakeldyshite + elpidite. This is ~n accordancc wilh the rule discussed by Burt 

(1978) and mentioned above, that the labels of the rnetastable invariant points m a givcn p.-JJII20 

topology correspond to an assemblage thal is uniquely stable in that topology. As alrcady 

mentioned, available experimental data and infonnalion from natural occurrences do nOI pcnnit 

an unambiguous choice to he made belwccn the lWO topologies in the N~O-Si02-Zr02-H20 

system. Conclusive identification of the assemblage parakeldyshite + elpidite 'rom natura) 

occurrences or experimental demonstration of a stability field for this assemblage would requirc 

that the topology shown in Figure 6b he the correct one. Attempls lO demonstrate lhe validity of 

me topology in Figure 6a directly from petrographie observations would bc more difficult owing 

to the fact that the unique assemblage Cor this lOpology is univariant, lhus rcquiring the good 

fortune of encountering the exact P-T condilions for this univariam assemblage in nature. 

ln me case of the CaZr03-Si02-H20 system, in both topologies (Figure 7) the slability 
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field for gittinsite + quanz is unrestricted atlow pressures and high tempcratures. In the topology 

shown in Figure 7a, upon decreasing T or increasing P, gittinsite + quartz first breaks down to 

Ca-catapleiitc atlow T and p, to armstrongite at intennediate T and P, and to calciohilairite at 

high T and P. In Figure 7b, upon decreasing T or increasing P, gittinsite + quartz cannot break 

down to armstrongite via a stable reaction, but rather hydrates to form either Ca-catapleiite or 

calciohiliarite depending on the P-T conditions. In either topology, the stabilily of gininsile alone 

is unrestricted as required by the chemography shown in Figure lb. Both topologies have stability 

fields for calciohilainte alone restricted 10 low lemperatures or high pressures or both and the 

calciohilairite + quanz field opens lO high pressures and temperatures. Both topologies also have 

the annstrongite stability field opening up toward lower pressures and tempcratures. 

The topology shown in Figure 7a is the only one that has a divariant slability field for the 

assemblage annstrongite + gittinsite, again in agreement with the rules laid out above. 

Funhennore, only the topology in Figure 7a has the stable univariant reaction: armstrongite = 

gittinsite + quanz. As pointed out above, this reaction may have occurred stably at Strange Lake. 

The critical experimental or petrographic observation required to venfy the validity of Figure 7a 

is the unequivocal demonstration of a divariant field of stability for armstrongite + gittinsite. 

Altematively, demonstration of the stable existence of the uni variant assemblage quanz + calcium 

catapleiite + calciohilairite (potcntially a more difficult determination 10 make), would indicate that 

Figure 7b is the correcttopology. 

Unlike for the sodium zirconosilicate system, wc have no experimental constraints 

whalsoever on any of the potential reactions in the calcium zirconosilicate system. Furthermore, 

wc are aware of only one study where an allempt has becn made to determine the pressure-

tcmperature conditions of formation of any of the zirconosilicates. Salvi and Williams-Jones 

(1990) present evidence that much of the gittinsite (+quanz) at Strange Lake is a metasomatic 
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replacement product of elpidite. These authors have studied primaI)' flUld inclusiOlt .. an quant III 

gittinsite + quartz pseudomorphs after elpidite and have thus eSlirnatcd the tcmpcrature and 

pressure of fonnation of gininsite + quanz to he in the l''dIlge ISOO-2(X)o(' and <S()() bars. 

respeetively. This is consistent with the prediction of either poT topology that gittinsllc + quant 

is a low-pressure assemblage. Furthermorc. if the PoT topology dcpicted ln Figure 701 IS correct. 

then the fluid inclusion data of Salvi and Williams-Joncs (1990) rnay provlde a lowcr pressure 

limit of 500 bars for the reaction: armstrongite = gittinsite + qualU + H20 over the tcrnpcmtun' 

range 1500 to 200°C. 

Conclusions 

We have derived the two alternative topologies of the poT diagrams lor ponlOns of eilch 

The diagrams so generated are applicable to phase relationships among lirconosihcates III 

peralkaline felsic rocks. This work has rcsulted in the following conclusions: 

1) Available petrographie descriptions of natural occurrences and expcrirnental data arc ansufficient 

to discriminale between alternative topologies in the Na-zirconosilicate subsystcm studled A 

tentative choice of topologies has been made for the Ca-zirconosilicate subsyMern StudlCd, based 

on the observed replacement of arrnstrongite by gittinsite + quanz at Strange Lake. 

2) Vlasovite and parakeldyshite are high-temperaturc phases limlted in upper thermal stability only 

by their incongruent melting at temperalures ln excess of 1 200°C. Bccausc parakeldyshitc IS a 

chemographically extemal phase, its stability is unrcstncted allow tcmpcralurcs as weil, whcrcas 

vlasovite breaks down at low tempe rature to assemblages involving vanou!. hydrous sodium 

zirconosilicates, depending on which poT topology is the correct one. Parakcldyshllc + quanz is 
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apparently stable only at pressures in excess of 2kbars and temperatures grcater than 650°C. 

3) Whether or not a field of stability cxists for the assemblrge parakeldyshite + elpidite in the poT 

plane constitutes the critical observation required to choose between alternative topologies in the 

4) In the system CaZrO]-SiOz-HzO, both PoT topologies have the stability field of the assemblage 

gittinsite + quanz increasing to high temperatures and low pressures and the assemblage 

calciohilairite + quanz to high pressures and high temperatures. 

{ 
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TABLE ONE: FORMULAE AND MOLAR VOLUMBS OF SODIUM AND CALCIUM 
ZlRCONOSILICA TES AND RELA TED MINERALS 

Mineral 

NSZH system 

catapleiite 
elpidite 
gaidonnayite 
hilairite 
lovozerite 
parakeldyshite 
petarasite 
terskite 
vlasovite 

CSZH system 

annstrongite 
baghdadite 
calciohilairite 
calcium catapleiite 
gittinsite 

quartz 
zircon 
baddeleyite 

Fonnula 

N~ZrSi,O,.2H1O 
N~ZrSï.O.,.3~O 
N~ZrSi,O,.2H1O 
N~ZrSi,09·3Hl0 
N~Ca(Zr,Ti)Si6(O,OH)1I 

Na..zZrSiz0 7 

Na,Zr1S40.1(C1,OH).2HzO 
Na.ZrSir,O.,(OH}z.H2O 
Na..zZrSi"O •• 

CaZrSÎtO.,.3H2O 
Ca,(Zt,Ti)SilO, 
CaZrSi,O,.311z0 
CaZrSi,O,.211z0 
CaZrSiZ0 7 

SiOl 
ZrSiO, 
ZrOl 

v 
(J/bar-mole) 

14.385· 
23.1181 

15.161' 
15.3Sr 
23.570" 
8.9736 

28.6767 

23.520' 
13.8539 

22.017.0 

11.72911 

15.14S·2 

14.385.3 

8.198·" 

2.26715 

3.931 16 

2.18717 

Abbrev. 

a 
El 
Odn 
Ht 
Lv 
Pk 
Plr 
Tk 
VI 

Ann 
Dg 
Olt 
Cct 
Os 

Qtz 
Zm 
Bd 

Cell dimensions used in calculation of molar volume data obtained from following sources: I.Chao et 
al. (1973), 2.Canillo et al. (1973), 3.Chao and Walkinson (1974), Chao (1985), 4.Chao el al. (1974), 
5.U'yukhin and 8elov (1960), 6.Raade and Mladeck (1977), 7.Ghose et al. (1980), 8.KhomyaJcov et al. 
(1983), 9.Tikhonenkova and Kazakova (1962), lO.Jambor et al. (1987), 11.Al-Hennezi et al. (1986), 
12.Boggs (1988), 13.Pormov (1964), 14.Ansell el al. (1980), Roelofscn-Ahl and PetefS<m (1989), 
15.Hurlbut and Klein (1977), 16.Robinson el al. (1971), 17.Hiemstra (1955). 
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TABLE TWO: REACTIONS IN THE Na AND Ca ZIRCONOSILICATE SYSTEMS WITH !lVs AND 
CALCULATED SLOPES IN PI -J1IUO SPACE 

REACTION 

1) El = Pk + 4Qtz + 3"20 
2) 4Cl = El + 3Pk + 5H20 
3) El = Cl + 3Qtz + H20 
4) Cl = Pk + Qtz + 2H20 
5) El + 2Ct = 3VI + 7H20 
6) El = VI + 2Qtz + 3H20 
7) Ct + Qtz = VI + 2H20 
8) VI = Pk + 2Qtz 
9) El + Pk = 2VI + 3H20 
10) 2et = Pk + VI + 4H20 
• Ht = Cl + H20 
• Ht = Gdn + H20 
• Gdn=Ct 

11) Arm = CCl + 3Qtz + H20 
12) Arm:: Chl + 3Qtz 
13) 4CCI = Ann + 3Gs + 5H20 
14) 40tt = Ann + 3Gs + 9H20 
15) Cel = Os + Qtz + 2H20 
16) Chl = Os + Qtz + 3H20 
17) Arm = Os + 4Qtz + 3H20 
18) ChI = Cel + H20 

• Sec Figure 2. 

!lVI 

(J/bar-mole) 

-5.077 
-7.503 
-1.932 
-3.145 

-10.33 
-4.731 
-2.799 
-0.346 
-4.385 
-5.944 
-0.967 
-0.191 
-0.776 

-0.831 
-0.071 

-10.93 
-13.97 
-3.920 
-4.680 
-4.751 
-0.760 
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-dPI IdJ1H2o 
(bar-mole/J) 

-0.591 
-0.666 
-0.518 
-0.636 
-0.678 
-0.634 
-0.715 

o 
-0.684 
-0.673 
-1.034 
-5.236 

o 

-1.203 
o 

-0.457 
-0.644 
-0.510 
-0.641 
-0.631 
-1.316 
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FIGURE 1: a) Chemography of sorne phases in the N~O-Zr02-Si02-H20 pscudolemary syslem 

wilh the N~Zr03-Si02 binary indicatcd by a dashed line; b) Chemography of sorne phac;cs in the 

CaO-Zr02-Si02-H20 pseudOlemary system with the CaZrOl-Si02 binary indicatcd by a dashcd 

line. AlI compositions in bolh diagrams have becn projeclcd from walcr. 
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FIGURE 2: Topology of the P.-JlIl20 phase diagram for the phases catapleiite, gaidonnayite and 

hilairite. Note: for all phase diagrams presented in this paper, solid and open circles represent 

stable and metastable invariant points, respectively; solid lines indicate stable univariant curves, 

dashed lines rcprcsent metastable univariant curves and dotted lines represent doubly-metastable 

univariant curves. The differences in the slopes of the univariant curves in this and all subsequent 

P.-JlIl20 diagrams have been exaggerated for clarity of presentation. 
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FIGURE 3: The two alternative topologies of the p.-J.IH20 phase diagram for the pseudoternary 

system NazZr03-Si02-H20, ln diagram A, the elpidite- and parakeldyshite-absent invariant points 

are stable, whereas the catapleiite-, vlasovite- and quanz-absent invariant points are metastabl" 

In diagram B, the catapleiite-, vlasovite- and quartz-absent invariant points are stable, whcrcas the 

elpidite- and parakeldyshite-absent invariant points are metastable, Sec caption 10 Figure 2 for the 

significance of syrnbols employed, 
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FIGURE 4: The two alternative topologies of the p.-J.1H20 phase diagram for the pseudolernary 

system CaO-Zr02-Si02• In diagram A, the calcium catapleiile-, calciohilairite- and quanz-absent 

invariant points are stable, whereas the gillinsite- and annstrongite-absent ir"ariant points are 

melastable, ln diagram B. the gittinsite- and annstrongite-absent invariant points are stable, 

whereas the calcium catapleiite-, calciohilalrite- and quartz-absent invariant points are metastable, 

See caption to Figure 2 for the significance of symbols employed, 
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FIGURE 5: Pholomlcrographs of sam pIc from thc Strange Lake Peralkaline Cornpkx. ('i1l1dd.t, 

showing the replacement of armslrongilc by gUlIm,IlC + quant along (a) crach and (h) gral/l 

boundarics The scalc bar in both pholographs correspond"i lo 0 1 mm Sarnpk couIle..,y of T 

Birkctt 
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FIGURE 6: Schcmalic P-T diagrams for the pseudotemary system NazO-ZrOz-Si02 based on the 

topologies iIIustratcd In Figure 3. Note: only stable invariant points are presented for clarity. 
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FIGURE 7: Schcmatic P-T diagrams for the pseudotemary system CaO-Zrû2-Si02 bascd on the 

topologies illustrated in Figure 4. Note: only stable Invariant points arc prcsentcd for c1arily. 
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Chapter 3 

Synthesis Experiments in the CaO-Zr02-Si02 System 
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Experimental Approach 

The initial thrust of the experimental component of this thesis was the gcncration of a 

univariant curve for the replacement of annstrongite by gittinsite + quartz in pressure-tcmpcraturc 

space. It was hoped that establishing the lower stability limit of gittinsitc would reprcscnt an 

important tirst step toward constraining the physicochemical conditions of a hypothetic.tl ÜI-

metasomatic reaction involving the replacement of elpidite by giumsite + quaru wluch h4ls becn 

proposed by Salvi and Williams-Jones (1991) as the mechanism for Zr, Be, Nb, Y and REE 

mineralization at Strange Lake. 

Achieving this goal was predicated upon successful hydrothermal synthcsis of giuinsilc 

and annstrongite. The technique used to attempt these syntheses was modificd from a rnclhod 

outlined by Currie and Zaleski (1985), with which they succcssfully synthcsl,-cd the Na-

zirconosilicates, elpidite and vlasovite. Starting materials were dricd gels prcparcd from rc&lgenl-

grade zirconyl chloride octahydrate, silica gel and calcium hydroxide. An appropriate weighl of 

zirconyl chloride was dissolved in O.1M HCl. Silica gel was added while the Solulion was stirred. 

Stock solution NH .. OH was added to gel the material, which was then dried al 90°C for 12 hours 

and fired at 900°C to quantitatively drive off the chlorinc as NH4Cl. Ca(OHh was addcd to the 

dried gel and the material was agitated for 30 minutes. 

Approximately 0.2g of the starting material was placed in gold capsules along with J(X)-

120pL of fluid. The fluid phase for most expcriments was distilled water, although a few runs 

were performed using a Ca(OHh solution which was saturated al 25°C The capsules were 

immediately sealed by welding. During this procedure, the capsules wcre wrappcd ln wei papcr 

towel in order to keep them cool and prevent loss of volatiles. The sealed capsules werc tested 

for leakage by weighing, heating at 150°C for 15 minutes and reweighing. One or Iwo capsules 

were then placed in each cold-seal vessel along wilh a length of cciitffiic tiller rod and pressuri7.cd 
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to approximately 1 kbar. The system was lefl ovemight 10 check for leaks and then taken to the 

desircd P-T conditions in less than an hour. 

Temperature measurement was facilitated using chromel-alumel thennocouples which were 

calibrated against the melting points of H20. Sb. Bi and NaCi. The thennocouples were placed 

in wells cxtemalto the central bore of the vessel. Temperature measurements are accurate to about 

±soC. aUowing for small thennal gradients along the length of the capsules as weIl as between 

the thennocouplc and the capsule. 

Pressure was continually monitored with Astra Bourdon-tube gauges periodically 

calibrated against a large dial Heise gauge, which was in tum periodically calibrated at the factory. 

Argon was employed as the pressure medium. Pressure measurements are considered accu rate to 

±SObars. 

After an equilibration period of 1 or 2 weeks. the vessels were quenched in cold water 

while under pressure. Quenching to 20°C required less than three minutes. The capsules were then 

removed from the the vessels and cut open. The solid material is removed. Only material from 

capsules with excess water was retained. 

Oxygen fugacity was not explicitly controlled as the reactions investigated involved 

rccrystallization of calcium. zirconium and silicon solids with no change in valency. Hence. the 

reactions were independent of oxygen fugacity. However. the redox conditions of the experimentl: 

were probably held to within a log unit or two of the Ni/NiO buffer due to the buffering effect 

of the pressure vessel. which is made of a nickel-bearing alloy (Chou. 1987). 

Analysis of run products was done using X-ray diffraction. The X-ray diffractometer in 

the Deparunent of Geological Sciences at McGill utilizes CuKa radiation with an operating 

voltage of 40kV and a current of 2OmA. Sorne analyses were also perfonned using a scanning 

electron microscope al an operating voltage of 15kV. 
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Experimental Results 

The first sel of synthesis experiments involvcd staning materials with cation mtios 

equivalem lO gittinsite (i.e. Ca:Zr:2Si). Runs of one week durntion were pcrfonned at tcmperatures 

of 6S00C, 500°C, 350°C and 250°C at a pressure of lkbar. A run at 350°C was also performed 

aIO.Skbar. The runs al2S0°C yielded products which had not crystalliled sufficiently to facilitatc 

identification using X-i1ly diffrnction analysis and will not be discussed fUMer. 

The runs performed al 650°C and 500°C yieldcd IWO phases, zircon and the compound 

CazZrSi.012' which has been synthesized previously (Kordyuk and Gul'ko, t 962; Morgan Cl aL. 

1987), but only at significantly higher temperatures. Photographs of this malerial using a scanning 

electron microscope reveal zircon needles up to Imm in length in the higher temperalure runs 

Zircon growth was not as pronounccd at 500°C, with needles rarcly exceeding a Icw tens 01 

microns (Figure 8). The Ca-zirconosilicale phase occurs as tabular crystals usually about 1 ln 

20pm in length with no significant difference in size as a funclion of tempcraturc. SEM analysis 

of these tabular cryslals indicates considerable variabilily in zirconium content with one crystal 

showing no significanl zirconium al ail. Funhennore, close inspection of the XRD patterns of 

these run products reveal several smaU peales which cannol bc aUnbuled 10 either of lhe ldentificd 

phases. This evidence suggests thal the tabular crystals represent C~ZrSi .. 012 with a minor amount 

of an unidentified calcium silicate phase also present. possibly as a coating or filhng in cracks and 

as rare crystals. It should also be noted that these experiments were repcatcd wilh a sm ail amount 

of altered gittinsite from Strange Lake included in the capsules to serve as a secd. This mea~urc 

had no effect on the run products produced. 

The experiments performed al 350°C yielded similar results at ] and O.5kbar. Strong pcaks 

ofbaddeleyite appeared in the XRD analysis. although several peales which could not he altributcd 

to baddeleyite were also present. Despite extensive examination of thcsc XRD patterns, the olher 
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phase or phases could not bc identified. 

In an altempt to overcome kinetic barriers 10 gittinsite formation. a second sel of 

experimenlS using slarting malerials with calion ratios equivalent 10 gittinsile was also performed. 

Thesc experiments were run for two weeks at 1.2kbars and temperatures of 500°C and 600°C. The 

lower tcmperalure run yielded a complex XRD pattern with c1ear peaks for wollastonile and 

baddclcyitr as weil as other pcaks which could not be identified. although several complex 

calcium silicates malched the pattern closely including truscottite (CaI4Siu05S(OH)z). dellaite 

complex. Wollaslonile was inc1icated once again, but neither it nor any other phase could bc 

identified with certainty. Both analyses are prescnled in Table 3. 

Another set of experiments was performed in which the cation ratio was equivalent to 

armstrongite (i.e. Ca:Zr:4Si). Synthesis experiments of one week al 1.5kbar of pressure and 

temperatures of 400°C and 550°C were run. XRD analysis of lower temperature run produclS 

revealed strong peaks of synthetic quanz. The remaining material apparently did not crystallize 

sufficiently to allow identification since ooly a few small peaks were present which were not due 

to quartz. The higher temperature experiments yielded the same run producls as the high 

temperature gittinsite runs. namely zircon + CazZrSi"OI2' 

In an attempt to determine the effeclS of excess calcium on the synthesis of 

zirconosilicates. a series of experiments was performed at lkbar using starting materials with 

cation molar ratios of 2Ca:Zr:2Si. These experimenlS were carried out at 400°C, 5000C and 700°C 

and indicated a preference for crystaUization of calcium silicates and baddeleyite over 

zirconosilicates. XRD analysis of run products from experiments at 400°C revealed the presence 

of synthetic xonotlite, baddeleyite and possibly wollastonite. 111e presence of wollastonite could 

nOl be verified with absolute certainty due to the weakness of the peaks relative to background. 

t 
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The products of the experiments at 500°C and 700°C both consistcd of synthclIc wollaslonilc and 

baddeIeyite. 

Finally, synthesis of gittinsitc was attempted by way of cauon exchange. The replacement 

of elpidite by giuinsite + quartz proposed by Salvi and Williams-Jones (1990) at Slrange Lake WOlS 

recreated by placing synthelic eipidite + quartz in a capsule with Ca(011)2' Expcnmcllls WCI'l' 

perfonned al 5000C and lkbar with a molar ratio of lwo elpidite 10 one Ca. The mn lImcs of thcse 

experiments was one week. XRD analysis of the mn products only l'Cvcalcd pcaks of clpiditc and 

quartz, indicating that the calcium did not crystallize a ncw phasc or that cation cxchangc did not 

progress far enough to alter the eipidite. 

Discussion 

Il is clear thal calcium zirconosilicale minerai synthesis is impcdcd by kinetic bilfncrs. 

Synthesis of the Na-zirconosilicates, elpidite and vlasovite using the technique of Curne and 

Zaleski (1985) proved 10 be rouline, indicating that this difficulty is Iimitcd 10 the calcium 

zirconosilicate system. Caruba (1975) also encountered problems in his auempls to synlhesize Ca

zirconosilicales. His experiments involved inclusion of zr02 gel, SiOz gel and fluorite in a vesscl 

al 375bars and 450°C for two days. These experiments yieldcd zircon and nuOnle No Ca

zirconosilicates were detected. UnfortunateIy, the relatively short duration of Caruba's synthesis 

runs makes assessment of the kinetic effects difficult. 

The kinetics of subsolidus minerai synthesis IS dominatcd by the 'Ostwald SICp Rule' 

(Fyfe, 1960). By this ruIe, a reaction involving a large decrcase in Gibb's free encrgy will orten 

result in a metastable product if the ~G between the metastablc product and the stable product is 

small. This is often the case in minerai synthesis expcrimcnts since highly-rcactlvc stanmg 

materials such as dried gels or glasses are used to accclerate reaclion. This impedlrncnt can 
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somctimcs bt ovcrcome b} a multi-stage process involving one or more intennediate metastable 

phases and this may be necessary if any naturally-occurring Ca-zirconosilicates are to be 

synthesj'ted. Altematively, malerials cou Id be run in the vessels, removed from the capsules, 

ground together and retumed to the vessels for another run. This procedure could be repeated 

several limes. Finally, it may he necessary to perfonn synthesis experiments with apparatus that 

are capable of altaining higher temperalures and pressures than are possible using cold-seal 

vessels, such as the piston cylinder or intemally-heated vessels. 
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TABLE THREE: XRD ANALYSES OF RUN PRODUCTS OF GITTINSITE SYNT~ESIS 

EXPERIMENTS AT PRESSURE OF 1.2kbar AND TEMPERATURES AT S(X)°C AND 600'C 

- al 500°C at 600°C 

d. 1 d. 1 

5.301 49 5.254 43 
4.894 26 4.541 37 
4.578 S2 4.170 27 
4.316 28 3.494 44 
4.049 18 3.414 41 

3.833* 20 3.321 68 
3.770 29 3.302 54 
3.504* 20 3.2OS 54 
3.333 43 3.138 86 

3.309* 22 3.126 96 
3.222 60 3.072 46 

3.141 100 2.994 63 
3.087* 20 2.957 100 
3.008 72 2.936 88 
2.972* 37 2.824 53 
2.933 22 2.708 29 
2.825 18 2.639 47 

2.649 49 2.582 28 
2.475* 16 2.339 27 

2.286* 16 2.207 40 

2.217 27 2.117 27 
2.151 20 2.015 31 

2.124 18 1.878 29 

2.rm 16 1.810 52 

2.054 11 1.793 35 
2.023 16 1.708 26 

1.932 20 1.665 31 

1.920 10 1.649 26 

1.887 22 1.643 23 

1.854 18 1.346 2] 

1.738 15 1.294 18 

1.732 12 
1.688 10 
1.679 11 
1.668 24 
1.569 16 
1.5OS 14 
1.409 13 
1.375 9 
1.369 13 

Asterisk corresponds 10 peaks of wollastonite IT M RG (pDF 27-(088) 
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l'lllURE S. SEM pholograph of run producls from Ca-zirconosilicate synthesis experiment al 

1 khar and 500°(' PrismatÎC cryslals arc zircon, white the tabular crystals consist of the synthetic 

ph.1Sl' ('a2ZrSI40!1 possibly mixcd with an unidentified calcium sili lte. 
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