
The zeolite facies, wit 1 comments on the interpretation 
or hydrothermal syntheses 

.0. S. COOl\UIH,.1\ .• J. I';I.I.IS,* W. N. 1.'n·I" /1,lld .1\. ~L 'J'AYLOJt 
j)OJlIt"L'IlOIlL~ or Ou:)I"/.(.1 ,,, ,,I ( ·1 ... ",i" II'.1 . 11" i ""'·~'I.I' "I' (1I "';0. Now Z""llLlltl 
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A b!itrnct - 11'il'ld, poLl·ogl·'\.phi(~ ILIlt! 11'1"'1' 11 111' 111 11 1 4'\ ' idl'lh'I ' IH JII'Pt-. ' ·III,f'd Oil HHl-'l'IIIIJllIgnH invulving Cn- AI 
IIl ul :\IL -AI sil il:1l LOH, WII.I'I'ILII till~ I'''('I':~IIII H I II ,,1' 11 '/ ,1 'cdlt ,· 1'1I 1·jp:-I . 'I'll is J'l lf'il'~ 11I1 '~oly bl'idg( ':; 1.111' gill) ImLwoou 
,l lIlg"IH'~ iK nod ('OIlVllltt,iollld IIHlllIl l ll1 l'jd,I', ! II. '1 '1 11 \ 111I ' jil1110I'ld 1i 4' g" 'Illtg y or t,iln ~nw /'onl'lIld (:t 'OH,V'H'lino 
l'i I',. \· jnw"d ,Llld zl ~l)liIJ' ) rlll'it "s 1'1'1'1,.; .II'f· : ... 1111\\ 11 fft 11f ' uf I'I ·g" HII.! P \l n IlL. 'P11O'y illl'ludu IOWi" " gl'H.dt l 
Ilt' , lid lldiLtl · 'llIlIlf'illlO CjIlIl,I't,1'. 1I r{.,""4",,l dol:~"·' HlId hig llt ' I' gl'lLd n 1:1 111110111 jj.fI albiLo qUllrt'l. ill LlIrrH jl.lld 

"llIt' l lIlit, g'I'O'yW1Lt:i{IlH, TholllHolliLn iH 1'11111111 ill hll,"Ij,. ig ll(lOtlH 1'0(,1, 1-<1 ur (. 110 Ot,H.l1l1\. ('(lIlIplt\x, Hopn.",,,j,illg 
l it" z .. olil,,' l'Ot;kH frOlll LYl'ita,1 ';I'''' 'II ~, ' III 'I'' i ~ " 1,,',"1<1 1II'It with '1"111'1,,, I'I'IIitlliLo ","l qUl'I' tZ pllIllpollyitu 
.I ";;'I I")ll1gl'~. 

'1'1", "igllif1r".nco or ',ooliLo HII'I"""""" ill '"I1,vg""I ('~ i" o n"lI 1I 11,,,11,',, o f dUllhl., lJ11L zooliLu rIl'OIl''1'OIlI':OH 
III ... t·dilJ'OIILHl'Y l'oeks, lH!Liv() LluH' IIHI.IIII't 'Il:-:, olk/l.lil1l) ig lll()\IH nU' k", lIllIl IlliliCollH,llo0UI:i joinLs n.Jlu ("uNitios 
",Hi """'0 lilll'l'ort to Lwo hl'lllLrI 1.(",""'"liz,,l.illll", (il'sl,I.I' Llto \\'111 ",' "III1Lll llt J'ol,.Livo 1.0 (Cn,. 11 2)0,1\1.03 
!. li cl ..; Lo iIH'l'UIlHU fur lownl' LOlnpt' I'n.I.III't 'H o r {'Ol'lll ll. l i011 ill ; 1I ' f 'O l'clltllC'(\ ,viLh Lhool'oLicn.l oxpceLn.Lions 
1.,,,, ,01 1111 IJIII.I'IJI'Y; ""t'olldly ",,,,III ,"H " " " I ... d,,,id,'" illlu (,I,,"'" I~"""PH U'IHOU 011 AiliclL conLonL: thoso 
IIho"o U('flIlI,,'.,nt'O iH r"vollI'od hy ,Ill "" I'i,""",,,,,,L HIII"" ':<I1 I ,,,'"I., ''' III ~ ilit,,,. l.h080 Lhn.t orLon couxi~L wi~h 
10 11111'11" Ilud t ,hUHO f'ILV()Ul'Oti hy Hilic ' t\ - fl (' (il , j"11l (·lIvil'fIlIlIlO IlI H. 

• 'I'IBJ I:OllllnOIl :-IponioH in Lilo \Vlli, '; d"" j t-I It ' rlllltI HI'''.lo HI'O llHlI'dt'llitt \ !I.IHl \Vn.il'n.ldto, ho(,h of \\rllich fLl'O 

n 'ndily H,vIlU",,,izlll[ Whtll'UIIH 1.,111110,,1 il,,, ""cl hUlIllllldil.o, tYl'ic1\1 or I'Ogiol1ILI 1l10~n'no"rJ';~I11. ""U 110 t 
I'""dil.l' Hyn(.hoHiz(,tl. 'I'hi>! r"nl., I.ogl' I. I "'I' \\'il\t I,\to I'l'Orolll1d illfillO'H'O or ~L'\.I'Lil1~ IIml,u,'i,dH on l'o"oLiol1 
111'oduC'IH in ityc1l'ol,IH' I'IIII1,1 K,ynl,IIf'Hlh". t ' llIpil llhi/,I 'H 1,11(1 Inf'1c of o'llliliIH'illln ill (JUI' nXptH'ilt101lI,H, uvnn in. 
'',"' ,, "f' :10 d".I'''' '1'\t(1 fi"ld of' high 'Hili, '''' pit" "" ,, HIII'\t " ,; ",,"'lIollil.o iH oxl,,",do([ WJIOII LllIl Hili"" ""I.ivil,y 
iM higlHH' t,IUIIl tltll.I, or '1'"1,I'I'h, 'l'lt., "frlll,t, t d' diIY"l'illg' l'I'lII/1 nlld l'II\tO Oil iIIlPOI't,fI,III . t.t'IlIlHit,iollH Hllnll IIH 
Illllllc ' illln I·, 1jIIlIl'I,'t. I "II,il,o I ~ ,vH.I,I II' iH 0:\111111',,11 011 l ,htlIJl'ut,inll,1 gl'tllllldH , j'~XptH'illlnl\t IH plll('o t,lllll'Wlld.ioll 
1 " '"P""lLI,II!'O Ill, :.!HIl"() ILL lOOt) I""'H w"(' "'I"·"S~ III'''. 111,1, I,lto '"l"ilil".ill'" 1.0II'P'"'II,I,11l'III1I1LY lIu 1I1111'1,lowI!r, 
l'I'"lilllillltl',V HolullililJ'y ,vol'k illdieajllH '" 1't'1I1 ' 1 itlll 1,111111'111'1\,1,\11'" IHUll' :!OO"U o.t HIII.tll'II,Lt,d 'VH,t,(ll' V'tpfnll' 

PI'I' f'oM IIJ'O, Ulldol' oUlldiLit)liH ,,,"1\1'0 Inllt! 1 ,,'I IM:-O 1 11 '0 ClqlllllH I,h,'oo tl illlHH I,!to 'V,~L(Jl' Ill'OHHtll'O 1,ilo LOIllpOI'U.LUI'O 
'"11 )' ho lowol'o<l Ity , ... l>01l~ ~lOO"(!, 'I'ltll "1'1" ' (' li,"il, Cll' J.llIl z,'ulit.u r"";"H ili I;oliuvud Lo ho ILUO\lL aOO"C, 
wl" '1I WlltO!' "lid IOIl(l jl"IIIl>.lIIl'OIl !I,"O "1'1 "'0' j" " tI,.,I,1' (1'1"111. 

Jo'iolds 0(' Hynl,hllHi8 1\l'O givon f')I' 1.1'0 rolluwi11g: lI.n"l"iIlHl- wai""kil,o MO"ioK, Nn- CIL J1Hl,'rlollil.o 1l0l'inB, 
"I,istilltiLO. I'l'OhniLu "'lid ILrI 1I11idCln(.ifi'1l1 "ItIlHO 7" I'ltilli" ... il,u WItH Hynl.hoHizod fl'U 11 , ulmhll"iLo. 'rho 
"1'1'<'" lillli~ 0(' LholllHoniLo is oonl:!idol'Od t,o un 111' 11" :100"C WIIOI'O iL Ul'OakA down to 1I1l01'Lhil,(I , 

Tlto 1'11111;1) of' compo>.liLiol1 mul dC' IIHil.y or ,",I.III'lIl1y-o('flllI'I'ing zoolitos iR roviowocl. Now "'lII1y~08 
"lid opl.iclll <1"1.,, 'lI'O givon fOl' hllull1lldil.o from (;,.po 13 Iu 111 idoll , ' OVil Scotiu, und [01' pl'ohnito from 
l'I'O~I"'et Qu"n'Y, Now South W"IOH, 

(W, !), 1('" n, s, C,) 

THE writers consider that minera.l a:;:;emblagcs in which zeolites arc characteristic 
" re of such widcspread occurrence that a new mineral and metamorphic facies, the 
zeolite facies, should be recognizcd, as has recently been proposed by TURNEl~ (in 
F¥l<'E et al., 1058), Field and laboratory studies indicate that the range of con­
ditions under which the mineral assemblages of this facies form are at least as 
extensive as for other recognized major facies, The zeolite facies bridges a wide 
gap between sedimentary proces:;es and the hitherto recognized metamorphic 
facics and it allows a more complete model of the evolution of metamorphic rocks 
in progressive regional metamorphism to be ueveloped. 

• ;o.fow ut Dominion Luboro.tory, D,::U,R" '\Vollington. 
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TUltNm"t wrot.e as ["ollnws: "I':s Kol,,\ (I !I: \D, p. :HIi) discl1sscd the possibility of 
C1'ectillg a. zeoliLc fa('j( ~s to ineitl(lo Lhe JllallY and vn.rietl a,::;scmblage::; of zeolites 
alld a::;sociated milH'l';ds ['o l'nlPcl by dC'lIl 'rie and hydrothermal proco::;::;es at low 
prcl>s1ll'es and relll ti "cI,\' lOll (,('Ill pel·n,tu)'e;;. ]f e rejected Lho idea, however, on the 
supposition tha.t SUl'1 1 lI.ss(·lllh l.tges do !loL rC'p)'ei:iollt systems in equilibriulll. He 
noted, moreover, j,h; 1 I I)('(';I,IISO of t.hcir hydrol hOl'lnH.1 origin, their natl1l'e 'depends 
In.rgely 11pon Llle l'1l1l1pnsil ion, relLotioll alld concenLl'I1tion of the introduced 
solution'." Largely .,I 'll t.II\' hHHiH of fi(,ltl n.lld pe! rogrn.phic studies in southern New 
Zcaland (COO~II\S , I ~I.) 1) '1'1' It :'\ I'; It Lh('ll pro('cedecl to revive the "zeolitic fn.cies" 
(herei nl1.ftor rerem' cI (n :II' ( hn z('oliLe [.tei('H) "Lo cover on Iy regionl1.lIy devolopod 
zoolitic n.flflomblltgc·H t Ilat l:lI' ,~('I'y f'('plnc'(' LI\(' "ro-oxisting rocks 11.11(1 conform to the 
minol'n,logicld 11.11<1 (·ll<'l1li,·,,1 rOll'lin·llwllt.H Ill' n ll1otltmorpllic fn,cio::; ttS specifLOd in 
ClmpLor J." 

'.l'11O llllrpofio of (his [1;111\'1' is 1,0 PI'O!-;(\I1t. lic'lcllLll(llni>omLory oviclollCO I>onrillg on 
this problelll, Lo oxplul'o cl\(' (IX LCIIl . Co whiell eC(llilibrinm iti I\,ttaill(:el, I\,l1e1 to SllggOHt 
tlll1t the fn,cio::; COIH:("p( , (:;\.11 jllHLili;l.l>ly iJ(\ (: .xt.onclo(l to tho zonOH of uiagel1o:;i:; n.nd 
low gmclo t)10La1l101'1llii s 11 1. 

Irrospective of (.11<' (. '( ;wL deli 11 i Lio n t.1I:\.I . iH uHed for a moLn.ll1orphic ft~eio!;, ill 
our view tho sLiollllllS .1I1d IOllg-I';),llge v.dllc of the flteies concept rc:;tH in tho 
belief thl1t, in LilllP , (11(' phys i (~()chol1l ic;tl conditione; 11nder which a rock of given 
bulk oomposition f Ol'llls ;L g iven It:;::;embiltgo of minol'l1ls will be detc1'mined within 
uefinito limits. 

If wo wil:!h to follow , f;lty, the comploLo ovolution of n. grn.nulite f1'om n,n un­
motamorphoseu sediment, we mllst bo pl'opn.red to exn.mine each sta.go in tho 
process and to rocognize <1:; markors each obsorva.ble chn.ngo of phase. This has 
bcen done in some doLn.il for tra.nsitions from groenschist a.ssombla.gos onwn.rds, 
but lower grades hn.vc not heen widely recognized, 

FYlm (lD55a) snggcsLcd. tlmt it wn.s unlikely that greonschists would form 
much below 300°0, If tllcre is .tny sulmtancc in this view, thOll, for so long as we 
ignore this gap of :WOo, we a.rc ignoring n.bout one-third of the possible therma.l 
l'I1nge ofnorma.l regiolln.lll1otn.mol'phiHlll. Field and In,bol'l1tory evidonco, imp~rfect 
as they may bo, indiclttc thn,t this noglecLifi not justifi.ttblc n,nd tha.t a largo number 
of importa.nt pha.se changeI'! mny occur in this temperatur~ interval. Zoolites are 
sometimes major rock-forming minemls and show 01, significn.nL numbor of such 
phase changes. 

In considering n.ny facies covering the lowest grades of motamorphism it is 
obvious that certain difficulties will arise which 111ay be less appn.rent in higher 
grades. First, at low temperatures, the roplacement of pre-existing minerals will 
tend to be a slow process and ma.y not reach completion . * The socond difficulty 
arises from the fact that in low-temperature environments metastable phases may 
have a considerable chance offormation and survival. In the task ofreconstrncting 

... Partly for thiH ronHon i ~ is l:ullvonient to com:ici"l' Ro me ~('olitie rocks in terms of tho mineral fllcie~ 
concept (ESKOLA, 1020, pp. 14:;- 1,16) . rnthel' Lht1n in 1.("'II1s of metamorphic fl\cie~, U,e l\s~omblllge of 
coexisting minol'olR eonC'ol'lllld fel'm ing pOl'haps tin inLerHtitio,l mierooggl'ego,te in a sediment or 0, singlo 
~OJ1e in an mnygdnle. On 1.11<' othor hand som" (If' I.he roeks doseribed CO,ll o,pproprintely be considered 
moto,morphio in tho 8on~o thnt thoy arc extensively or even eompletoly reconstituted. 
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T ho zeolite fo.c ies, wit h CO IIIII ,,''' 1., "It 11", int"ri '1' .. 1 IlLioJl of hydrol,he rlllil.l Ayntheses 

a. h istory it may often be po:;~il)ll\ io draw interesting conclusions from t he 
occurrence of a metastable pluu;c, bllt J.;inotic fn,ctors 1ll11:;(, lead to a large degree 
of unccr t ainty. For the corrclation of physic<tl environmen t with mineral assemb­
lage to be approached with any cerla.inty, some a::;sum nce tha t equilibrium has 
been a pproached is necessary. I n the re\-iew that follows it will become apparent 
that similar zeolite-bearing assc mblagc::> do in fact appear to form in similar 
environments. It also appears l11'o1>a,/)le that in somc circnmstances metastable 
growth takes place in nature under ('onditions (,hat 111 <1,y be comparable with those 
produced in the laboratory. 

On the basis of widespread O('CtIIT('llt 'e of zeo liLic eo ments in Russian sedi­
mentary rocks (reviewed bolow) 1: 1:'d;.U~'L'E:\ ( l !) :) O) p roposed a "geochemieal 
zeolite facies." It was snggcstccl t.hat rat her spee ia,l chC'll1 ical conditions including 
the prcsence of n.llmline, colloichl ;;oltI1.iolls of ~ ili cn. n.nd n. llllnina and a high oxygen 
p otential were nccessary for z('oliLiz:tt io n Lo occur. The oxygon potential was 
believed to d isting ni sh the zco liLe j':wi('s 1'1'0111 a g i,L1 1C()lI iLo fn.eies although zeolites 
and gln.uconite have ::;ul>scqlle Il LI.y be(;1I :-;llOW ll i,() ooexi:-;L (BU::>HINSKY, l!)GO; 
VAi:lIL'BV, 1!)G4), We do not be iieve Lh;tt I{,J';i\"Oi\ lt'I'i';:-r's views wore justified. 

2. TJm Zl';OL['l'I'; l~A C II';S 1:-1 '1'111'; N I';w hl '; AI. A;-\ J) GEOSYNOLINB 
AND 'l'JlB 'l'HANI:; I'I' IOX '1'0 '1'111'; UltE I,:m;Ullll:; 'L' li'AOlES 

(1) . i::l, C.) 

2.1. Geological setting: the N ew 7Jcntflnrl Geo8'!Jncline (Fig. 1) 
The dominant structnrn.l fe;tt lll'os or N e w Zea land geology are those related to 

the New Zealand Ooo::;ynclino (W I';LL\lAN, lO;,) u), in Wlli ch deposition prococded 
froll1 pre-Perl1lian times well into the .Tnl'ass ic. I n Otago, early greywaekos, 
siltstones and occasional volca nic:; of t he gcosynclin o have been metamorphosed 
into the extensive ehlorite-zol1 c ~s('hi:;ls, ma<le well -kn own through the work of 
TURNER (H138) and H UTTON (I !lIO). ThC';;c seh ists continue northwards as a 
narrow belt, the "Alpine Schisb," on t llO \l'C~tCl'Jl flanks of the Southern Alps. 
At the sonth end of this b olt" 'l'l'1::\ I':I: ( 10:\:1) CRLthlixhcd chlori t e, biotite tLlld 
nligoclu.se zones, whilo fur t he r 1l000t.it ill Lho Fm,])z .fo;;o f'-Coplo,nd :River sector 
L I Lr;m ltnd MAHON (1 !)[)(j) lllwo II Ia-Pllc'c1 (dtl o l'i Lo, bioii Lo alld garnet z;on OH , ]301l1del's 
of kyn,nito gneiss in ]?lLringlt H.i \,(\1' :\,\1 <1 11.1. IllIn L:,I Ihmeit to the west have boon 
eollectod by OUKLL (pcrl:;on ,t1 wllllnl lnic'ILLio ll) , ;LIHI Rllggest that kyanite­
zOlle conditions were aLtained ,tL lea~(. Inc:.diy . 'rho Alpino Sohis tl:; gn1.de progress­
ively etLstwards into "unmetalll<ll'pitos('d" (prehni Lo-zoll e) g reywaokes described 
below. 

I n the southern part of the SOIII h 1 Sl,l nd, thc schiHt belt strikes south-east and is 
flanked on its south-wost side, a 11(1 a pparently ovorl a. id, by folded and steeply­
dipping Upper Paleozoie greyw<1ckr,.;, siltstones and some voleanics, the thickness 
of which is g iven by WOOl) (1 !J .jG) as llcing grea,ter t han :W,GOO ft . The Upper 
Pa.leozoic rocks are in turn overl a id by Tl'iassic a nd Jurass ie beds in the Southland 
Syncline which includes at 'l'aring:1t llra t he a rea tha t prompted TURNER'S re­
erection of the zeolite faeies. The 'l'l'iassic sediments vary in thickness along the 
north limb of the syncline from ab ont 10,000 t o 30,000 ft (COOl\1DS, 1950), but t hey 
are mneh thinner where exposed on t he south limb (WOOD, 1053). The thickness 
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l·'ig. 1. GoologiCo.l ~kc(,ch mo.p showing rocks of tho Now Zoo.land Goosyncline (Based on 
WELLMAN, 1956, and on tho 1 : 2,000,000 geological IDo.p of New Zoo.land, N,Z. Geological 

Survey, 1058). 
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Tho zcoliLo fl.wios. Will. ,,,I.,,,., ,,\., "" 110,' IlIif·rIJl·,·I:oliClII 01' hydroLhormnl synLhoMoH 

of thc Juru,s::;ic beds is CUlllllllll dy ;~l>lJllt; iD,OOO fL . Pctrogmphica,lly, the Lower 
and Middle Um;ozoic rocks or the ~()IIt.Jliand Synclino consist almost entirely of 
volcn,nic gl'eywackci:i, i:iilti:it()IIl~i:i ;~Ild tld!"s with .::;eatt(,l'('d ]enscs of conglomerate. 
Thoy belollg to the "Hokolllli ]'ae i('s" of \VT,;"""rA)\" (I !)!i:2) , wltieh is alf:lo prcHel'ved 
non.1' Nolsbn fond in the coastall'cg iolls of tht) sOllth -\\,('st p:~ 1' t of A11c](ln,nu province. 

On tho north flank of the O t:~g() :-)chisli; (i\J A( 'K 11':, I n:W), as on tho east of tho 
Alpino Schir:;ts (W]~LTJMAK, Gln~IlI.I·:Y ,tile! .\fVi\Jlfo:'\, 1!).-;:2), aro Hemi-schisl:-; th~1t 
locally contn,in '.I.'riu,ssic fossils , follo \\·C'(l hy (I.n exLclIsi\' e hell, of "gl'oywacke" of 
\V]~LLMAN'r:; "Alpine Fa.cieH," * l:1rg<'ly l\)l'sozoic in ago, bllt including elements 
conta.ining the l'el'mian fOHsil Jl lcl'/l/.lIli(,8'11ut Hp . in :-)0111,11 Cantel'lHl l'Y. This belt 
formH tho lll'Lin mOlllltaill l'n,ng('H of ('<Lnt01'I>III'Y alld .i\\arlbol'ollgh, and reappears 
to (.ho llOrth as the umlcmollt 1If' mll(;11. oC 1;1Ie . orLh TsllLlld. 'l.'hicknotiHCS arc ltu'goly 
lInlmOWIl, alLhollgh \"/t.:LJ,MA :\ ('I ((l. (I n!i~) COllHirlor tlm('. for lmrt of t.ho '1'l'ilLHSiu 
111, JOI~S(i (,hey 1\,1'0 gl'( :LLol' th:l.lI ill th.o Ilo/;olllli Flwinf.{. Gmdod, gl'0ywlLo]w-Lypo 
HI~I\(IHLol\OH ILlld HiILHtoIWi'\ 11.1'(' dorllilll1.nl.. 'I'ho VOlf:/LIlOgolli{) f'm<:l.ioll is II'HS {)()Il­
r:;piclIolll:l thall ill tho I fokolllli 1,':wiI'H. :1.lId (h-LriLnl qlll\.I'Lz, potl~Hh reJdHpl~I' n.IHl 
mllscovite lLI'O {)OITospol\clillgly 111111'(' l1illlI Iflallt. Oec:n,Hiollld in(,orlw(lded volcltllicH 
are mostly Hpilitic pillow la\' :ts, ill cOlltmsL (,0 tllrfH of' ILlldesiLe-clac ite-l'hyolite 
Itfrillitiml and. rare nn<leHiLic iltil'llHiolls whi('h OCClll' ill ('.h(' I folwlllli ]r'ILCieti. 

The cbncept has growlI :LlllOllg New hClLl:1.IId gco logistti of a pl'Ogrc:-lsive 
metamorpliitil11 conscqucnt. lIpon illcrcasing dcpth of 1>1Il'ial, depth being held to 
bc the ma.in fn.ctor controlling kll1jl(, I'n.Lll r('. The :Lbsence of ma.jor intrusives in 
thc New Zca.land Geosynclil\e :L IHl , at 1("Lst in the cn.se of rocks of the zcolite facics, 
the seqllcnce of minern.log iea I ('JuLllg('S arc hot,h co n1 pn.tiblc with this vicw. At 
Icn.st thrce factors may mod if.v 11t i:; si III plc conccption. First, the gcothermal 
gmdient ma.y ha.ve varied in differcnt pn,rts of the geosynclillo, tho gradient being 
likcly to ha.ve bcon lowest whcro sedimentation wn,s thickest and most rapid . 
::;ccondly, structura.l evidence (GuNN, 1056; LILLIE et al., 1957; ROllINSON, 1958) 
inclica.tes the possibility that in ('ile higher grade rocks importa.nt folding preceded 
the mctamorphic ma.ximum. Thirdly, it iH cOllceiva.ble that intorna.l cleforma.tion, 
which in the schi sts is often intcntio, may havc aIIectcd the position ofminemlogi­
caILy-dotermined. isogl'ads by ]Jl'oll1oting rcactions or by call sing slight rises in 
tempcrature. 

Opinions diffcr as to thc (laLe of thc "ma.in" metamorphism and as to. whether 
sedimenta.tion was essentially co.llti n nOllM i il the a.xin.l region s of the geosynclino. 
J\'IUTCH (191)7) a.nd WELLMAN' (J fl,:JG) ha.vc suggcsted tha.t there is a. co.ntinHous 
thickening of formations from tho Southl[md Syncline towards the Otago. schist 
axis, and considcr thn,t the ma.ximum grade of metamprphism was atta.ined in the 
axial region of the geo.syncline where these and Lower Jurassic fo.rmations were 
assumed to. have achieved their greatest thickness. If this is so, there is a continuous 
gmda.tion from the zeolite facies through a broad trn.nsitional belt into the green­
schist and higher grade facies . In two columns, MUTCII indicates 50,000 and 
95,000 ft of pre-Jurassic cover for the schists down to the Ch1.2 subzone. Evidence 
of metamorphic grade in thc Otama a.nd I(aka Point areas does no.t altogether 

.. Named from the South~rn Alp~ or. ·PI\" Zua]o.nd. 
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support the eOl1c('p l (If' (' 0 111 illll!lIIS t"i('k('ning, a.nd it is eoneeiva.ble thn.t ill Lower 
~Ieso;-;oic tilllcx ill S,~;lI 11<'1'11 ~('I\ /: (·;tial\(1 t Il<'l'o were more or less sepa.ra.to troug hs 
of deposition fOl' t I,, : 11'". ,~ (·dillj('lIi a 1'." f;u' il':-' , 

An upper lilllit IIi ,1\1' dillp lit' 1I11·t:tIlI()I'I)"islll Uond of erosion dcop enough to 
expose chlUl'iLC-Z()I ,.· ,1,1. Is i:-. 11I'Il \'i d(·d hy t he deposition of the K'yohlll'n a.n(l 
Henley form;1Lions. 11Jf' 11;1,,11.1 1I1('IIJi)('I'S of' ,,"i, :h Ilm'y be n.s ol(l as UpJlor .Jura.ssic 
;LIHl Lower CretU(·(·(l IIS. J'(';' JI('('l.i\'(·ly (11 ,\ ItlU N(:'I'ON, I nr;;'j) . I~'y this tillle , accordillg 
to the concopt of' \\ ' I ':I.I.~I IN (I!Jrl(i, Jlr) . 1:1, :11), IlOW goos'ylwlillCS woro f'Ol'll1illg 
on tllO oallt sido or f Ill' l\(lI't.11 Islallll ;Llld ill t.11(~ Ilo rth-oltxt (litl't of LilO :)Olltll .Ls1;1I1d 
to the east of' t.1l<' ""IV lirllliy ill(lllr:t\.e(l wolt 0(' older gcos'yllclinn.l sodilllonts. 
Pebbles 111\(.1. gmills 01' 1/ 1I;['l't.J',' s(, l'ieik JlIIIIIJl{'I/'yite Hell1i-Hchist in congloll1eru.tos 
a.nd gro'ywa.ckcs (II' 1'1'1I1);Lble Low('1' Cn'\;w()OUS a.ge (D. IfA~irUl,'oN, personl11 
communication) ill 1.11(' 1IIII'lllllli COl'go ;LI'(':L aro evidence that in North CantCl'bl11'y 
the old~r geotl'ylle/ill al !-«'di I1H'l1t s wore pl'Ovi<ling low gmde metn.lllorpliic m<1teriul 
to 11 trough in whic h yOllllg(~1' gl'e'ywackc suites were being deposited. 

Similn.rl'y, lo\\'-grado JIlct..'1I11orphics sllch I1S n.ctinolitic meta.voleltllicH alld 
qun.rt;-;-sericite SOlll i s(:h ists [Lro 1I0t.. \lI1C01111110n at; fragment::; in the Tria.ssic I1lld 
.Jlll'l1::;sic gre.Ywl1ckes ;LIHl conglolllemtes of Southln.nd. WOOD (l!)5:~, 1 f):'jU), JiltS 

given evidencefrolll northern :-)ollth /a,lId for n.t Joast three" ma.rginal unconfonnities" 
(i.e. ma.rginal to the ~ew Zealalld Geos'yncline), which exposed t;l1ccessively younger' 
members of the l'cl'mo-Tril1ssic sequence to erosion . None of these brea.kt; can be 
corre1a.ted with a genl'ra.l Ol'Ogony <111(1 metamorphism, but, at len.st in the case of 
the break between the vV;tipa,hi alld J\l'thurton groups (Permil1n), the cffects 
oxtended far from the ll1a.l'gills of' the goo!-1yncline n.s i<l shown by the omplu.cement 
t1t Ota.1lI11 of n.n iglloolls (:()lllpleX (doscl'iIH\d later) which is interpreted 11::; u. el'lldely 
sheet-l ike m11.ss llea,rly .~ Illilos t.hick. 

Dinicnlties in Ulll':wcllillg Lhe histol'Y or 1'.ho New Zealo.nd Geosyncline a.rise from 
the monotonolls llllif'ol'1l1iLy of extmol'c1ill:Ll'ily thick and sparsely fossiJifero\lll 
groywaclw sui tes, knowll to l'H.lIg0 in I1ge fL'OIll Vermi;1n to Crota.coollS I1nd commonly 
proserving gcnoral I1 nii'oI' Illity or llt l'ike. Tho prcsent writer cOllsiders tha.t evidonce 
for unrest throughout the mobile hell.. of th.o New Zen.lu.nd Geosyncline is likely to 
incroase ",rith the pn.ss,tge of the years u.nd tha.t the concept of continuous sedi­
mentation, with thickening towl1rds the u.xis of the geosynclino, il:! likely to prove 
at best n.n over simplifica.tion. It it:; sllggested thl1t the locus of mOl:!t rapid sedi­
mentl1tion ma.y l1<.we llligmtec1 l'opea.tcdly, itS indeed it has during New Zoaland's 
later history, and tha.t Lho llloLnmorphi c mitximum was not rel1ched simultaneously 
at all points. The main Hignifica.nce o[ this interpretation, as far as the present 
p.:.per is concerned, i;,; 1,11:\,(. <111 \1llchn.llo1\ga.ble transition from the zeolite faeies to 
typical greensehist fa.cies l'Oeks Citl1l10t yet be demonstrn.ted for anyone section, 
nor is it yet possible t.o sLa.te with any grea.t accurn.cy the depths of cover under 
whieh chlorite-zOl1e and higher grado metl1morphism occurred. Nevertheless 
numerous sectiolHl of vast thickness arc iwailn.ble for study a.s described below, 
some of them 11llC0ll1plicc1t.Cll hy ullconformities, igneous intrusions or structural 
disturbance, an(l fI-()1l1 1.1\('1'(' Lhe genera.l trend of n. meta.morphic sequence from the 
zcolito fa.ciel:! th1'01Igh :1 vor'y 1>1'0;1(1 zone clutrl1cteri;-;ed by pl'ehnite I1nd pumpellyito, 
to the greenllclii:-;t 1111(1 henco Lo higher facies, seems clel1r. 
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'I'he ~colit,o fucic;-.\, '\",i Llt \ 'OllllIJl'IlIS 011 illl' illj"rlH'. ·j;11111I1 .d· h~·dl'otho rn1o.1 Rynt.hosos 

Jl [csozoic sediments of thr J/(J/;uI/,lIi jt'(t('iI'8 

2.2.1 . T(J.1'inyal1tra. In 1,11(' 1l(Jl'l hel'il p,lrL o[ 111(' Tal'ingatnra, district on tho 
north limb of the ~onthlllnd NYllt'l ilJ(' is a, sll'npl,)' dippillg Heqllenco, a,pproxiHlately 
:W,OOO ft thick, of Holwl11li Fauil's HC'dillw nt.s l'<tllgillg from about Lower to 
Uppermost Trial:lsic in n.go (CO Il \11::->, I !);-;O). 'I'!to a 1'(';. is freo from H,ny vcntH 01' 

intrwliollH of 'l'l'iasl:lie or b{,nr :.g". all d de f'nrll1al .i()1I is confll1ed primarily to the 
simple folding of the syn('lin <', .ldj lls!.l1lnnL 10 whi('h has been ,loCC0111pliHho<l hy I,dip 
01\ widoly-spneed l)('ddillg pl; II~'''. 'I'll(' ,tlll!)llnl, (II' 1",s \. -'I'ri<tHHic ovorhllr<lon thnL 
llllly havo heen n :lllov(:d iH lll1kllll\\'II, 11IIL it. iH llldil\\,I.v 1,0 hllvo heoll m oro th[l.ll 
lO ,O()() to I :i,()()() fI;, !LIlt! i l; 111:1 .\ IrH.I (\ 11('('11 1I111eh I ,':-;s , 

C()()~1I1S (I Dr.,I.) Hhowed Llml gh:-;,~ ill :lsh 11('.[:; ill 1,11(1 11[l[1!\1' pllrt of Lhe Hoo\.ion lw.s 
UOOII eompleLoly I'Opln,o('(l by 11('III:III <lil.<- * 01' II'HH (~OllllllOlIly by Iln;1,loimo. Both 
zeoli{,oH c()()xiHL wiLIi f[lInl'Lz ILlld lillt, g mill('d plt'ylI() siliCll~[.oH. '1'ho gl'on,t mn.jority 

... ~I.A·' ''*T--,,-;t 

.~ I" Al.ulf ,I ":"l ,"UIII'/Ll' 

L!'I.!l'.lI l. ______ _ 

1'11l!IU'I. 

1"" 1.411 11 111 ' 

--------
..... Wll .. "·_'t 

rAI' "I' '' ... •. "' ''',1,,,'11.'.1 

. ------~----~ 
IO,tJ()O ~,ooo 

Fig. 2. ::Ifill( ·I·,~logi,'u.1 fOILLu"CH ill 1',.1,,1 i"" I 0 ~t.r"t igl'llplii(, dopLI! holow Llio liigh(\HL hut1i ILL 
]ll'uHonL oxpu~od, 'l'lLl'ingnL"I'II, S .. "I 1 11 11.11 d , Now t.OIL!.Llld ("fLur COO~IJlCl, lU(i ,~). 

o 

of rockl:l here cOlltu.in frosh uetri tall imo-bea,l'ing pll1gioclaso as a major constituent, 
but from successively lower hOt"izons it is fonnd to be missing from moro [l.nd more 
specimens, In its place [l.re Jl~eu<1omorphs of dusty albite with sericito inclllsions, 
although some "islands" rieh in rolict andel:;ine perflist almost to tho base of the 
section . Simultaneously with the albitizu.tion of pla.giocl[l.se, analcime [l.n<1 
lleulandite disappear. Analcimo has not hoen observed in rocks from lower than 
ahont 17,000 ft bolow the top of tho section, itH phce being taken mainly by 
albite, but [l.lso in somo CaHel:; by psoIl(lolllOl'pll H of a.cllil:ll'in. or In,lIJ11ontito. 1 foula.n­
dito porsil:lts to gre[l.tcr depLhs, but iL appc.~nl Ln g ivo w[l.y to In.lI111ontito pIllS 
qun,l'tz and tho lower part of tho so<:l.ioll cOlltninH ])1I111e1'OnS beds of I.ltcl'od aHh, 
some of them very thick, in whielt lallJllontito is the dominant cOllstituenti. First 
Immpellyito, then pl'ohnito appeLl,r ItS ,1CCeSHOl'Y minemls. In somo eases [l.t lea.st , 
notably in qn[l.rtz-[l.lbite-[l.dnlaria.-pumpellyite mctasomatites, tho pumpellyito 
hu.s clcu.rly formed at the oxpense of laumontito, magnesium and iron being 
provided by cela.donite and ehloritie minerals, 'Tiny granules of epidote that 
[l.ppear to have grown in placo are seen in thin sections from most stratigmphic 
levels, but they are always quite sn hordinate in CJ nantity. Stilbite is occasionally 
fonnd in joints of lato formation. It il:; to be emplm:,;ized that with this exception 
the zeolites oceur as essential constit.nents of the rocks n.nd not as the fillings of 
veins or joints, although lanmontite do('s occur as a. roplacemont of fossils. 

Chemical [l.nalyses, includillg spectrographic <latl~ on trace elemonts, are 

• Includ ing clinoptilolite. 
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COllljliLLilJlo with l,ile ('u ll (' lm, i()11 IlmL :i1t litlll gh 1.110 it/Lored rocks doviitLo Hotnhly 
from j-,)l(Iil' ol'igilli\,1 (" 'IlI Jltlsi t. i()ll , I Il< ' 1I1I' 1:ISlIl lI al iHm il'l COlllpllllllOlILII,l'y Itlld it il'l 
ulllilwly Lllltt III:LLl~ I'i : 1 1 II':lS 1II'()llg III, ill f'J'() 11 I (lilLsido Lilo HodilllOIlLILI'Y pill), 

't'l1t) l'lef(IIOIH:04)r Illilll' J':ti tlg i(':1.I (:!liLll g(IS ( I"ig, :.l) IllI1,y bo 1i1lllUllltl'izcu a:-; follow:; : 

(1) Altomtioll of' ~,Ia ,;: ' ill Ildl',., L( ) il( ' liI:tIIdiL(1 ClI' 11.Ilaicimo, 
(:.In) Roplnu(lllwlIl (Ii' I ll<' assl'l il hl :lgo all:I,lciIIHl- qlll1,l'tz by alhij,e- qlHlI'tz , 
(:.lh) .ItcpheclIllC'llL 1If' IH'lilall<lik hy I:LlIllIllllt.iLc, Itncl of ([eLJ'ital calcifo l'oll:i 

plagioela:-;o l)y :1,lhiLo alld l:wllIonLiLo, 
(:l) HlllmliLIILioll or 11I1I1I1H'llyil(' a,lld ]>J'('hlliLo ('or Iltlll1lolltite, 
(4) Post-tcctollic pJ'(' (! ipiLa,LiOIl or I'lLilhil I' ill joints, 

It is not pUKtii I li(' ill (1)(, 'l'al'i Il glLLIII':L cl isL l'i ct to map i:llmrply-dofineu zonC1:l 
de pcl\dent on Lho :-;La.gn ,d' all .emt. ioll , alLilollgl1 hed:; ,tbove Lito prcsent 1.7,000 ft 
lcvel arc dOl11ill:Llli Iy ill :1 hl' II!rI ·,lli i l l' - II'IIII/ci '/Iw sir/up. wheeett:; Lilo:-;e below 17,000 [t 
MO dOll\illltllLly ill it / 11/111 /,/1/1./,:/1' Sll/UI:, whiln :t 'l1/'f' lmitc-pmIl.7)(; /.t!Jilt: slllfft: ,Lppel11':; 
Hpal'lllloc1ielLlly Lowi\,J'<i s I,IIC' imtit' , ()hsC'I'V('d :L:;:-;elllblngw; or c()exi:-;Ling J\ ()Il- c[ct.rit .. 1 
milloml:; fWIIl '1'l1l'illgIL('III':L ill(:!III\(' (,11( : fol/owing , Jlll'lLeh CILH( I'lenly jlh'ylloHilie.~toH 
or VlLI'iOllH HhltdcH ('1'0111 W('('1l (.0 IJI'OWII IL llll 0(' lIlodomt,o to l,igh hil'Ofril\golleo :Ll'O 
1'1l1'I./Jol' I)()HHi bin pIIIl.HI'H, 

8t(l(JI~ I (/JOIIIII.JHli(.( ' /1. 11: 1 i<-i 1111 1 H(,ng('): 

11011111.1 1<1 il.<'- IIH )11 (,1111 'I'i 11. 1\ \Oil I q III~I'(,Z 
110111ILII d i ('o- 'q IIiLI'(,'1. Cl 'I/\'( I Oil i Lo 
n.llnl eime- q tllLl'!'/', .. (:('I;Ld () Ili Lo 
hellla,ndi tc-q 1I arLZ- lW II~( I 0 1I i LO- Hphol\o, 

Stage 2 (laumontit o Hinge): 

laul1lontite-ttllii l e (1II<t l' (,z- cebdollite-Hphono 
laumontite- :11 hi It' ~ al I I Ilari;L- q lIltl'Lz- colauonito 
qUl1rtz-alhi Le- ,tdlll.Ll'iiL- ll1 Oil tlllorillonoiU-sphene. 

Stage 2 01' 3: 

albitc-quartz- chlorjte-sphono 
albitc-chlorite- c::tlci tC- H p hene, 

Stage 3 (prehnite- pll l\1 pcllyite Ht n.gO): 

qun.rtz-u.11itc- n,cl I1 I ILl'i:l,-P 11 m pollyito 
1111ite-c11 101'ito- pl 1111 prllyiLo--:;phono 
111bite- chlol'itc - pm!t 1\ iLc- CJ II:trLz, 

Discussion, The rclu.tioll of alteration to uepth and hence by infereneo to 
temperature, seems clear, although the gross overlapping of zones is to be empha­
sized, The sequence heulandite, lanmontite, pumpellyite, prehnite, epidote is one 
of decreasing hydration aeeompanicd by release of silica as indicated in Fig, 3, 
I1lthough in the case of the non-zeolitos dehydration is complicated by changes in 
the alumina content which must involve reactions with aluminollS minerals such 
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'1'110 '1,( 'uliLo rU(:iCH, willt "1 1 .lI ll t ' / I I ,-.; 11 1111\1 1 IlItl'l'llI'ptufioll or hy<il'ofllf'I'l1lHl ,..y nt,Ij( lt,,('~ 
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Vig, :1. 'I.'ho K(\(l"OI1<'O or ('110' ,\1 Kili( 'ld,IlH I, ~, :1, :3', I[ C()(,xiHt.illg willl 'l"lll't.~. nnd waLot' 11ndol' 
I'ogional conditiollH ill Aoutlhll'lI (\Il\V Z",lilllld, I II 1111<1 11, 111'0 1.110 Hi licoo lIH '''1(1 u.luminoll~ 

O:\. IJI'U IIH'H ur LIlt' ]wlllnlld iLo NI'I'iPH , 

as clayI-!, micas and. chlol'itcs, Using convcnti()nal f'1lI'1l11iln,o, wo h::wo: 

or 

hOlllllndlto IllulllonLiLo -I- 'IlIfil'LZ -I- wuter 

la.nmontito + cehdonito - )- Ca'lMgAluSi(J02:J(01-I);s,2n~O 
jllllllJlll llyllo 

I, 
1I1111l1lnllll" Hll lmI.I'. -I- 'IIIIII'L~, + wntll r 

lalllllontito - )- Ca~!\ I):)i;s(\ o( 011')2 1I11111111101lH Hlllell!.eo <+ qlllu'L,,) -I- wllter 

pl'dl/illu 

l<:pidoto, Ca2(Al,:Fe)aSiaOl~() I 1"), is ehamotel'i,d,ie of tho greonschi:;t facios 
of Ota,go and it ma,y bo )1l'otblCed from pnmpcllyito and prehnito by fllrthor 
dehydration reactions, The final Htop in the series is the well-known decomposition 
of epicloto in the amphibolite f:1CicH, anortliite entering the plagiocln.se and exces:; 
alnmina being taken up by Ruch mil1C'mls as amphiholcs, Dchydru.tion IS also 
involved. in the formation of a.lbite fro m <tt1alcime and quartz, 
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j Hell]n.llclite exi~l ~ 01"'1' . 1 II·id(· rilllg(' of ~ili(:;L content (Appendix 2) a,nu high­

Hi lien, hClilalHlitc (1 ;1 , i l l Fig , :q CIl I iI , I 11w()r('1 i"ally he deily<lI:n.ted into high-aln mina. 
heula.nuite (tb), lhll ~ : 

fi(C •• , N ,, ~):\:'\ I ,,~i : lO() 7 ~ .:2 I II ~() • :l (( 'a , N,L2) [,A 11IlSi2(;On.~·1I f 20 
l"i illl.plih dltl ' ( la) itclIlnlltlltt' (lit) 

'i~ Si02 + -I-H I r~o 
qllllrll. wut,t' I' 

Thi:; rca,ctioll is (;oll 'l lii('al('d h,\' 1.h(' 1':1<'1. Ih'1,t clilloptilolite tends to be richer in 
,dkalis th.L11 typiC'<l1 IH' lI la llllite ;1,lld lIH' clH'llli(,H.1 nature of the pal' 'Ill, ILHIl Il1(LY well 
provide the lHlLill ('01111'01 (lV('l' 1,lw C()lllpo~iLi()1l of the phn.HC found. ~Lilhite is 
ehemicn.lly eqllival" 11 1 10 ;L 11Or1llH,1 or hip;lt-a,llImilllt ilellhnclite plus a.dclitional 
wn.ter. Tt:; posi1.iOl ' :l~ ;1 10\\' -1 (,1l11l(~l'11.LIIJ'( ' , ]lo~t-orogenie joint-filling is therefol'e 
not illcompatihl(' Ililll 1111' ~\lI!,!!('~ li()1l Iltnl 1l'llIj>emt.Ul'e exercise:; a ma,jor control 
over zeolite 0('('\11'1'111< '1' ill 11 11' Tarillglli Ill'; . i\n'n. 

2.2.2 J/llk()/lII ; " t/ls "",I " .. lIlh 11 , ,,1 ()lu(l lJ. 1·:""i,·"I"III" 1I('llu' Tl'ill>;Hi,' 1)(,1t,.; "('lh"'I'nl'illgnl'ln~ 
.11 illH, IIH w(111 IIH II\" ' , ·I.\' II "~ .1 "":I t-N i, ' 1"'1'111111 '"11H. olll,'r"I' HllIlI'HI, ('nlll illll(lllHfy 1'01' lOO Illill'H 10 
1,111\ 1-\00It.lI-"IIKI" 11'1 ... ,· .. II,, ·.\' 1'I ,.",h I h" H"II, :-;"1111, ·1" '.1 (l1)Kl!l'vnl.iIlIlH illdi('alll Hilllillll' nlt.''1·ILI iOIl 
)111(1110111(11111, !.O I.III1HII d" h.' I'II,, 'd Ill,,, ,·.·. 1,"1 il 11111.1' h" IInl,I'd I,IIILI, 1lIllIlHlld,illl 1'(\1'1n.1·(l1-\ I'In.gil)(·IIIHo 
in cIII'!.nill .i1I1·IIHHi,· 1"·.1,, " I' I h. · 11""""11' IlillK ( ( ' <I"~III:-;, .I I)!,:!. p. XI:\) I,hlll l'nlllllLl'dly IlIwo hnl'lI 
\)1I1';cJI1IIH dU"loiy II.H Il l" , ,,:,, ,, ,1 .1' ,1"lill ,'d IILII 1111111 I il" '/,'"11\ n/,'I'ILI·il1gll!.lIrH . 

.Ill 1I,j,O 11.(. ,1000 1'1 " I' I I,,· 1 .. ,\1'1' ,\ I id , 11" 'l'rim:" i,' "i 11 ... IOII(lH IIX]I"I4I·d 1111 (.11(1 ('OIlHI, III'ILI' .1\ 11 klL 1'0; 11 I., 
IIV. I' :Wf) t.h;II, \\'1110-1' 111,'( .".11 I .. ,.i" 1111.\,,, 1"" '11 nll""('d to 1"'ldollil,tI ('IJlll~~illillg' III IlI.Lllllil,;'/,(ld 
(clinopl,ilolitic) glIlK'" ... ·11'·1 '. I .. 1I ~"' '' '';': III''K "I' III,"ll1l1ciilll. 11lil'I'ol'l'YHlnllillll qlllll·!.'/, 111111 ('liLY 
lnill{\I'ltlH, (ll' to 11.11111", "" .11 ,, 1 '1"I1 " I 'l .... 1111 1"'111 "'''; 11I1I'I,ildly ]'('pllw('<i by Idhit,(l. C"lndoniJ,o iH 
oi'f,pn pn'H(,11 I,. j)l'f I'i (,cl (' 11 J,- d', 'l'OIlK I'lng ioelllK" 1111.1 fi'I'I'Olllugl1(1HilU1H nl'(\ Jnl'g('ly lllmlf w'nt! hol" 
in 1.110 tuffH IU1(1 ill I I if' nS,",II ,· jlll.,d Hilh.;1 C11\('H ill ","il·11 o(,(,lIl'\iollll,1 gllH;H HllIlnlH 111'0 hOIlIIUI<iil,i'/,('(1. 
'I'h i,; plwl, or 1.110 H("" 11 111 iH i 1111" dOlllil1l1nlly ill [,ho h(,\lJI~I\(lilo-n.l1l1killlo HlHgo 0[' Idfel'nLioll as 
dofiJlod for TaringullIl'Il, 

At Nuggl't 1'oinl, H(' \"' I'III mil('R to tll" HOlllh-cltRt" Kuihikunn (l\fi<illlo TriHHHic) ush if! ill purt 
hC1l1nnd itizC'd or b"l1ll1llill(' IIlIL i" mOHlly 1.llel'cd ~o lllumont,i('o in beds which arc locnlly 
m't.asomaLized 1.0 nIhil !' rock. l'lagioclllHC' in 1,110 l.uff:; and t1Hsoeil.led volcltnic gl'cywnel{('s 
and al'cniter; is of ton albitiz('d, bilL mliel; t1nt1csino i" somcl,illles founel. LaulllontiLo ocellr!:! in 
minor cnvih zonos. 'I'hi,; pnl't. o f Lllll "C'cLion is dominantly in Iho laumontilo stage of alteration, 
but its Ht,rucLnl'a1 rcll1t.ion 10 the tU'C'a of loss alLored Lower Triltsflic beds to tho norLh of it is 
not yet fully elucidated. 

;-)l':C;I1BN (1050) hus (lescriiJt'll holli ","celil if) 1111(1 qllartz-ll.lhite- prehnile n.ssC'lllhll1g!'s from 
Jm·Q.Ssic bcds in I,ho CI111inH tliHtrie t ,.;1 iJl furl ht'1' t,o Lho south. A signi(jeltl1L pl1(,l1omenon notC'il 
by Sl'l~DEN is I,ho din'cl, l'('pla(:"II1<'111. of ('uki('orous plagiocluso by heulul1tiito 01' analcimc, 
indicating tlmt in t,hl' n,l1l1li'i1lH'- lwulnnilil 0 HI ago 1 hcso zcoliLcR n.ro HI/tbln l'C'lative to plllgioclnflo 
pIllS watC'L', oven thougli I il iH III t NU I inn .... ld", n 1'l'ncccclc; fn,r, pl·C'sn11lIlbl.v duo to slow renct,ion 
rates or lack of HIlf1\cicIlI, waL"I' nI, t 110 I!l'I\in iJo\1ndrl.l'ios. Tho Cn.LliIlH flecLion dC'scl'ibed by 
Sl'Ef)]~N, ) 1,700 fL t.hiek, ie:; ciominllnlly in tllO lauTllont.ito Htage, although anomalow;ly it is in 
ono of tho upper formation!; thnt IJol.h I,h o proll11iLo and h eulltllllite-unlLlcime ussembh1gcs wel'e 
ebservc(l. 

2.2.3. Nelson and 8ollth-'II'e<;t Auckland. AndeHitie volcanic gl'eywaekes, tuff!; and >lilLstoncs 
of the Nlytilus beds (O l n.mitan stage, Cn,rnian) at 'Vail'oa Gorge, Nell:!on (O.U. 15822-15827) 
show heulancliLe-anaJeillle slage altel'al,ion, much UB dese],ibed for TIll'ingatul'a, aplut from 
tho abundanco of eltlcit o Ilecomponying ono or ot,her of 1,heH0 zeolitcs in the mn,trix. Near 
Maralwpa in south-wcstAuckln,ncl (O .U. 11426 et 8eq.), Middlo (,0 Upper 'l'l'illHsie beds (CAMl'DKLL, 
1055) form the lower 11,000 ft of the wost limb of a Triussic and Jurassie synclinal section 
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e~llIllll\l·d I).v .i\1AltWIUK (J!l ,I(j) 10 I., ' .!:--.tll 11 I 1'1 II'II,k. S", ', 'r,,1 1IIIIIIIn'') thin ill'i1H of "ill'i(' 1,\11'1' 
alll' ... ·" lu il11]'1I1'I' 1"llIlllllltil , ' r ll,'k .I"" ";\IH',~"" : tllIlI ~ 11<" ",.,1,;1 . 1'lng iociaHu is ill pHI·t r"i'lac!'.! 
hy 1;111I"1H>l11 ill' Hlld ill ]lart iH l'i( IlI ' r ,iI I ,j IIZo ·.1 \I 1111 s,,,i ,, i I,' i I Wlll"" 'IlS or l'I'mai IlH I!.l; J'el iG(, 01 iglll'la;;,· 
W' IIIHII ·"iIlP. Sllilol'llinntll H)lO11 g ," 1"·.1,,,;\, iH 11 01 1I1 I" '>lll1lll 'l\. ill lHlIlTlnllLit.izoll vi( ,rie t1Ln~~, 
11\ till' gr(lIl IHlmnl'!'; of erYHtnl t ,\l fl~ "", I ".1 ... 1111., ;.fr,·,' \I :It'k,'s .. ", , I ill (,dTHc'('mu; HillsLOlll'H. L'nleilc-
11I1I1111)lIli(<, vui",; 111'0 l' {(,,,j,\lI'(' ,,), ,'11,1, /"".':' . ""I,,·.·i .dl., .d""g Ih" 1~".lding plmw:;. Hioti t" 
I<'IId>l 10 hll ellloJ'i(,izocl, [tn(l H(·'·IIII ,i.II" " ",,11 .. ""!"I\" . ,·ld"l'It.- nllcl HphollO ocelU·. gOl'k:; in 
t l ", l\('ul,uHlite ~lu ,.;() W('l'O lIokd l)1ll "1'1" 11' I II I,,, "'11'", 

:!.:1. Tit!' O/(lmn igneous 00'1111)/' ,,' 111/'/ (!s.WH'irt/!·I! F('I'III.ia'}f. 8('(Zimen/s 

~.:l.l, (/cologiw/81'I/inr;. (0'1<111 ' nli/(''; nor! h-<'aHtw;\.rcls across Lhe Htl'ike from the 
lowcst Tl'iaHsic beds of the 1I O/WIl Ili II i /Is, is Lhe Late Paleozoic OLama Intl'lIHive 
(,olllplex of which a.bout Hi Sfllt;U'O miles are exposed. IL con:;ists dominantly of 
Ilwtagn.bbros and albite micro-gmnites, <1.ssoeia.tcd with ker<1,tophyl'ic and Sl)ilitie 
ndcanics, some of which are hOl'nfelsed by the inLrusives. Although individual 
nH'1ll hers IU'e not all stril.tifol'lll in a.rra.ngomellt the ma.:>s is roughly concordant 
with Lhe enclosing sediments and is i nLcrprct.ed by WOOl> a.s having been overturned 
Lhl'Ough a.n angle of 110°. On jtH norLh Hide, t,l1(\ complex is in steeply dipping 
t.hrIlHL-contacL with pl'ehllit.c-iwaring grcyw;wkes which, as far as is known, grade 
nortll\vards through progl'eHHivci,Y Jllore 1ll<'[.;l.lHOl'p/los('(l rocks of the Tll'l.peka 
{;rolljl into Lht' Lypien,1 schi,;Ls of' COlllml Ut,a,go t.YPl" 

l'crllli'l.n VOICIl.llie gro,Ywackes and :1.HHfWi;1.kd d;u:it.ir: jjllfT:-l imnwdill.Lely :-lollth 
of tho cOlllplcx <1.1'0 pal'tly in CIl<! hClIin.ll<ii1.{: s(,,1.g{' or :1.ILnl't1.Lion a.nd pn.r(,ly ill thc 
l;wlllonLito :>Lage, Uond it W;1.S frolll Lhis :~I'e'Ll. thaL J I.U'l"l'ON (l!HDb) first drew 
a.ttention to the llletamorphic signifie;1.Ilco of laumontite. 

~,:l.~. Alteml'ion of the O/auw, G'O'llI'1Jle;t;. At lea.st Lwo typeH of Il.ltera.tion are 
ropre:>enLe<l: contt1.Ct met"1.ll1ol'phic cFfeet:> prodllced during the emplacement of 
:>Ilcccssively younger intrnsions; (1.!H1 !H1bsequent low-grade alteration of (1. more 
l'eg iomtl nature that has affcctecl the igncous complex and sedimenta.ry rocks 
alike. For example the conversion of kemtophyreH into plagioclase-hornblende­
cpidote and plagioelase-hornblcnde- diojlsicle hornklses bclongs to the first type; 
~Libitization of the pJagioelase and vpining of the' "n.l11e 1'0elo:l with prehnite and 
l>ol11ct.imes Ianmontite belongs to tile secolltl Lypl', The later a.ltcration has 
undoubtedly been promoted by intclIHe crllH/Jing a/moHt Lhronghout the complex. 
ThiH has allowed free access to It ' ·:1.Ht slIrfaee-ar<.':l. of rock, of the water eHsential 
for the form:1.tioll of thosc miIH'mj,; (lia g nm;t.ic of z.eolite faeies conditions, and 
without which a high-tem]>emt1il'C' igncolls milleml assembll1.ge will be preserved 
at low tell1 pel'l1.tures virtually th t'CllIgllOllL geologiea.1 ti 111e'. J n both the basic alld 
more acidic rocks calciferou:> pln,gioc/:tHc is HOl11ething of a l'a.rity, its pJace being 
Ll\Jwn by cloudy albitc [1.nd/o,· a y,u'ioty of oth~r soconcla.l'Y minerals including 
epidote, pnmpellyite, prchniLc, la.llll1onLite, thomsonite and al1[1.1ei111e. Crush-zone 
laumontite associated with prchlliLe ha~ already been described (COOl\IBS, 1D52), 

The more basic rocks are of particular interest in showing the effects of zeolite 
facies metamorphism in an enyil'onment devoid of free silica. The most typical 
Ca-AI-silicate in these rocks is tholllsonite. 

An unusually fresh, bo.sic noritic gabbl'o, no. 946, from 125 chuins NE of Otama. Hull, 
,consists of bytownite AnS3' uugite flnd hypersi.heno aomotimcs mantled with hornblendo, minor 
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iron 01'0 and 1'11,1'0 psoud"" ",r 01, I' "'ll ,,' :'". , Id .. ", ... laR(' shows Ininor <thc·ration to 
feathery wir;ps and films or I h,· " .. ,,, .. ~""; ,,,1"1'111 iOIl ,» 111 '11'(' ndvl1ncocl in a slight,ly crushcd 
o.northusitic Bogl'('gltLion, Ill). !I:.II. rI'''''' Ill, "'Il'H' .11',,:1. ha"illg bytowniLo AIlN] os its mujor 
primary phaso. lt iFi riddl" d 1\1111 11,·. '1-, .. "I' 111""'''''1111" \\'I,i('h 111'0 (,Rp('cinlly a!>undunL Ileal' 
irregular eriHs-cl'osRing l)llllds .. I' ;dll''',~1 1"'1'" "',,Iil,'. I'nllll \\ hic:h illll1lJl1<'J'ahl() ollgul,tr pmlmy­
mcn!'s ('xLond into thll f,·ld sl"'1'. 1;"" "' 11,· · 1<1·. ,' ('I\lsl,'I'~ ill' pl"'hnito 11,1'0 oflt'n (,1H'loH('d within 
I,ho tlHllnt-lOniLo and t.II(·)'o Ill',' 11 IH. " 1' •. \\ ' I ",..·.It I" "I' .1' , "I "' I,,, "-gI'OllP lllillllnd, (:hhll'il.ic filmll 
Itnd tnW('H 0[' Ot.IUll· '.lIolit" " . \ 111',,11.10 1'1'1'1'"..ti" . 11"1 ,,·,·,, ,,, ... h II<{ Cl J·r,~7, ),l·r,:IS illdicltt.o 
.J.1'llllinolls In/,lllh('!'H Ill' LIII' 11'''"'" '''"1'' H"I'i,'''' (I I,·: \" 1!l:I:!II. I'. 7!l). '1'0 It fin;(, appl'o"im'Ltion, 
R1IC:h alt.ol'nt.ion or (,ILI"ic: 1>.V'''\\II,,," 10 1I'"'''''"l1il,' I'"'' I .. , !'I',:':lIl'd,'cl IlH " Hilllplc) ltydl'lLLill" III 
CaAI 2Ni}\.2 •. 111 ~o. III I hI' 1l,",,1 "1'11,,1 ... .1 ]'(1\'kl< plagi, ",111 " " i" (,IIIn]>I(,t ,'Iy rOJll, wed hy t,holllsonito 
with llOHLIl 0[' pr01\1) i Lo, III i Illll' 1.11 III lOll I i 1 C' ",,,d I i"y v"i.d,·I" Ill' Hlli(\ontifiocl fiI)l'OllH zcol ito. 'I'hol'o 
iR m1l011 rc'lict; Hllgit.o, HIlIIHl II IIl'ldd"IIc1, ' ""d ('Id'll'it i(' "HlI,'rill\. 

AnOi,hol' hypon.t,lwll(l gnl,J,i't '. iiX X. rrUII! ~H ('''"ill'' c\(JII'iU;t,]'('am from ]'yramicl Hl'idgo, 
I:Iholl'6 la1l1'1LuOl'ilo AII.1! IHli -\ " III1'd ,11111 1':11'1 illllr 1"'1,1"1,,·11 hy UlOllll:lonito, pools antllLLlot' voinA 
of lUmlcimo, minor hLlllnon t.d, · :111.1 II!!I·, .. "i,lllal Ill'"t" "I' jll'l.lmit(1 wit.hin t.ho I , JlOmR()Jlil~' . JII 
Homo 1"9~ocintcd n1('lngl~hlll'\l'; i',,1dHI':II' h"s hr,'n ('IlIl1pl,'I" ly ,knt]'oy('cl. Tho (,1Ll'li('I' 1~lln1eimo 

if! ponnt,ratod by Ilc'oult'H of 1,Il!lllIHlllliLO alld iti likl' l,v to Ilm'\l OOOXiHtod in oqnilibrillll1 wit.h it,. 
Tho lumleimo 11l'CHull1l~bly l'('PI'''HI'liI,'; OXCC'SH "odi'llll 0""1' tlmt, t'Llwn 11]) by t,lIo tllllmHonilo. 
l1opJacol1wnt of t.ho IL1IJiLO (:"nIIHlIH 'lI t, 0(' I'lngill('I""" 1).1' IIl111luimo wOlllc[ J'Ofndt in 1110 l'(11(,ILHIJ 
of l:Iilicn.. A HllllLll n.monnt of' t,h iH (,(Hild Iw tllk"1\ "I' h.I' ,"l incl' tlHO in Lho ::;i : AI ratio of t.hlJ 
tholllHonito and it, iH tompt,ing 1.0 ('onnid,,1' t.11II1, t 1,,' l'I ' llIailling OXCOHI:I silielL hllfl eauBcd Lilo 
formation of' I.ho mOl'O l:IiliclL-ric'h )'.1'IIlitc" In'"""I1I,it<'. 

A Htill \to",; lH\sio (1 i ff('J'('nt illt P, I :iH 1, illl up:Li.i t ('-I H'1l1'i Ilg hol'll hlel1<1o hYl)OrHt,lil'l1o g'LhbI'o 
from about 2~ miles NE of Utmlla lInll hns AnaG ['01' it,.; 1'1lLgioo\tLAO and I:IlIows incipiont a\t('I·ILt.ion 
to lallmolltit.o. Anot.IIN' Rlw('ilIll'll, lr,H,I, which IT\I1Y illit.inlly havo boon J'ILLhcr Himiln.l', hits 
Imd its calcifllroml plngioc:II1I'" (',"npld(lly 1'(']1101"',1 hy Itlhit(', II\umontiLo anti prolmito_ ThcHo 
roclu; al'o aHHoci'Ltod wit,]1 hllmh], '"<I,, Hllc\ pY"II"""" 1I11(1I'Hillitl'H, ILR wcll ItK Idhit,iU'H (o.g. lr,S7) 
voill('(llmcll'idd1c'(l wit,ll IIIIIIIlllllt.it,·. Pl'IlIIIIII.('. and "pidlll,', HIIggOHLillg 1,IULt t,hoy \\'1 '1'0 I)I'odllc()d 
by 1,110 ILII,oJ'tLtioll (lf ILndl'K illill 'H or oligoc'llI<{it,(lH 1111<11'1' ('n IHli LioIlK t,I'ILnHit.iOlHLI IHltW("'1I t.hn 
zool i [.0 flL()il'H ILII([ 1.110 gl'C'llllHl'h iHI, f,u:ic'H. III Homo (:IlHI'H 11,0 ]1l'Ohn i 1,0 n]1plllLI'H 1.0 bo J'(ll'ltwing 
OIwlioL' ImllnonLit,o. 

Tho OLlLnm alhito nlierogl'<lllitl's, IIo)'ubl!'II(I(, miC:l'ogl'lLllitl'H uncI gl'lLl10phYl'CH ,LI'O 1'0 111 ILl'imbl 0 
for n OILt'-llllivonml signli of' "III:"'lml iH, r,ll' Lho ltnil'nl'lllly 1HlI'oly lLlbitic pltLgioelu.Ho which iH 
UHUlLlly Flom()wlmt cloudy I1lld (I"I'k"I[ wil,\l HOl'icil.lI, ['01' I,hoir libnml sprinkling ILlltl vt,jlling 
o.long Cl'11Hh-banur; wiLh lll,,'lnlitl'. "I,ic\llt.c< Illlll in HOIllO OItHI'H pumpollyiLo u.ntl for t,ho ]llLueiLy 
of potl1.Ah folclflpar. Chlorit it: lnill"mh. ILnd H('('onrlm'y H1'1l('no Itro widcRpl'oad. Zcoliti;>;ILLion 
is raro both ill theso IIn(l ill t,ho all,it.c:-humblllnd,,- np idni.('-Hphono hot'nfolRofl, ILnd oxeopt, for 
a lato voin of IlLilbiLo (D72S) and IIn ()(·C.lITC'nCO of Hllu1"imo in Lt myloniLo (0683) tho only zeolito 
noted BO far in theso qu!\riz-b('nrillg l'o(·kR iK lu.utnonl.ito. In ono caso (074]) this appears io 
bo in tho pl'OCCSS of J'Oplll c(, lll('n L by PllllllwllyillJ 1111(1 pl'ohnite. 

Tho usual mineral llRRC'mhlagl' in I hI' tillhol'llff'lsc'd lWI'!1tophyt'ic and spilitic volci\nics is 
albitc-cpidoto-chlol'ito-flpllt'Ilf'(-(llllu·t )'.). In ot h('r cnscs pumpollyit.o (0736), or pl'chnite an<.l 
pumpollyito (0734), largely \ .I~ko the placo of opidote. 

Summarizing the above obscrvations on the Otama rocks it may tentatively be 
concluded: 

(1) At some time snb:,;cqncnt to con solida.tion , the Complex was subjected to 
regional cataclasis and alteration undcr conditions ranging from those of ' 
thc zeolite to thc grecnschist facics, qual'tz-albite-epidotc-chlol'ite-sphene 
assemblagcs being typical of the la.tter. 

(2a) Calciferous pln.giocla,!-;e in the microgranites, hornfelses and spilitic 
volcl1nics was replaced by a.s::;emblages of albite plus prehnite, pumpellyitc 
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or cpiclote, together with elilnritC' ;(11(1 splH'Il(' (l('rivccl from the fcrl'O­
Illngllc:-;ian,.; . 

(:!IJ) rn ;1, few cu,:-;es in I,h(',.;(' rocks (11(· prl'hn ite ;\,nel Jlllll1pellyite n.pp0:1.1' I () 

rl'plllc(' l'11J'liel' Iaumon(i(('. 
(:111) 111 t.hl' 1110;;t ha:-;ie Iwril ic gald>l'lIs I IlOll1";IIIIi!.(' is (.hl' e:illl.r:w(;('ris(.ic z('ulil ic 

IIltrmLion ]Jl'oclnct, H-Ile[ ill :-; ()JlI,' 1':\141':-; is jLs('lf' ill 11I'O(:l'S:-; of repllLcl'IlH'IlL by 

pl'l'hl1i1.('. 
(:Ih) 111 tho le:-;s bn,:-;ic gILhi>I'(J";. I IJI"II:-;ollill' i,.; :W(:oll\p:LIIi(~d hy v/l,rying ILIHOllllt:-; 

of :tnn,lcilllO 111ll111WlIIOllt.ik, ;11140 ";lIlllet ill\c,.; IHLrLinlly replaced by prchnice. 
(-I) L:wlllontite is the only early IIll'l:l.l110rphic zeolite recordecl from qnn.rLz­

ben.ring members, but ;wnlcillH' and ,.;White oeenr in a.ddition in 1n.to 
\'cin let.s and erush-zoncs. 

:!. 'I. U(I'yu'(Jcl,:es (wil (flJsocinl('(l voZ(,((lI-i('8 (~r Ihr' ".'lIpinl' P(((;ir'8" 

:l.·l.l. JIirl·Conlcrlmry. 'l'he' Ill:lin IligiJ\\"il.V fro III ('iJl'is(.c.;l\UI'c.;h 1.0 the \\'0:-;1. 

('OIlS(, of (,he SOllth hln.ntl VilL ArCh llr,.; j'ass Ill'OI i"(~s a di,;('oJlI illllOll:-; Hection n.bollt 
:J(l mile's IOllg frollt thc cd go of (Ill' \ ';llill'l"llI ll",\" l'I;lim; (1) .\I'(,hllrs "Pm;~ on the Mail! 
()i,·id('. The lmsclllon(; 1'o<:];:s IIIJ· I"I.~It(l1l1 (1lis dis(illl\'(' itn' ll101l0tonous, steeply 
dipping gl"cywn.cke~ and n.H;;Ol;i:L(('t! I"Iwk:-; ()I' \\'I·;Lr, \I.\, ·S ":\lpino Facies ." Their 
gel!eral trclld is tru,Jli:;vorso to Lht' lilll' Id' S(T I iOll, hili .. Lhl'ir :-;t,l'l1etnl'e romains to be 
l'lllcidaLed. 

XI'lIf lhl' em;!. unl1 of t.ho AecLi()lI. Iilll,' ,,11,'1"1'.1 g"".\I\'Il<'I«·,,; (1~,' II · lG71 ·1) con(.(tininp; I.ho 
1I1I1\(,lill Tuc(j('lfillu 1I/.1(cl~a!Ji, of )ll'Obllbl, 'I'I"I.ISSI(' IIg(', ai'" ('xII<,,,,'t! nl . Lilc' IIp(101' ](owni HivI,r 
hridgl'. ])o(,ri[al gminH includo 1l11ll.!t1' ... ·.j :ll1d""i,,,, 1I11t! ,,1,'111 if',,1 bird it,ll which f:lhO\\,R ilwipi('nl, 
]'11'1I1'ilil1g IInd In!;>! or iJil'(,rrinW·III·('. as \1',·11 i1~ (1"I(rli\, IlIIlK"\l\'ill', tlr(.h'lI'l",,,,,, Il.CcnH"OI·Y lllilllJl'IIlH 
1I1It! n \'lIl'i(,I,y of 1'0(:1< frllgIlH,nl ,H . V,'r.\' lil"'-grllllli,d l'\'I'IlIIKLitlll('d .. Idllrilie ll1n,lurial (Llld clIlI·ilc, 
" ... <iiKS('lllilm(.pci (,IIl'01lgh (,ho groundlllll,,'; .. lllilll,. ar •• rillI'll wilh I·/tl,·il". HOllldol'>! (IG701{­
I !i7 1 0) 1'1'0111 I,ho Kowai Itivol', w!linit !I"" i I S ,..(1111',',· ill 11", '1'01'11'14"" 1<1111).(" I~bont [j mil,''; Ilorl ,l, 
of IllI' hl'itigll, inclJl(lo pl'(lhl1il,().h(,, "·illg gn·.\· 11"1 "'1;:,.". \'Ill'iolili,' Hpilill' lI"iLh voiru:I of (l'ml'(.~.­

pllfllpl·llyilo lUll} (mlcil,O-)1l'ohnilo (\1I11I1,,'II.\'ill·( 1'()itio!.I'), Hnt! I'IItii()IIl" 'il~n moLnchol'L wil,h 
1'IImpl'll.\'il (' chloritc-cjlU1.rLi\(--opidoL!-) V,'II IH. 

'1'hl'l'01l1i ll'R 10 I,ho 1I01'Lh-w('H(, aI, 1'(lI·I"r.~ I':l ss . \.h,· ).(r,'ywllc-i'I'H (l:,715 1f>71fJ) arc dil:lLinCl,ly 
11101'0 nit ('l'('ci t.han nt J(owai llridgll nll l1<lll ~ I, III ",,"\(l Cllll!''; oligoc],1-HU - lIl1dosino stll'vivef:l amongliL 
th,' otl,,'rwi~o IIlhitie dolrilal plngioc:IIlH,'. 1',·.,I,"il,· ill It v.win,hlu l)tIl, on,olL pluJlLirul (;onsLi('uon[" 
'>('('III'1'illg w, HpOl1gy uIlc1ulol:!1l grain>! 01' us 1)('11 ('I'-formed grOIl])!; oC cry,..(als in t.ho grOlmclmasl>, 
.1._ inelll>iiol1f; in phtgioclnso and !;omul.im('H ('\'('n Ill-! pln(,e!; Bopttmling [ho cloavngo planc" of 
bioli(<" which shows mn,r]{('cl lowering of iJin,rringl'n(:() (er. KOSSO\,:-;KAYA Itnd ~ILUTOV, 1fJl3l3) . 
1'I,i<1ulo is not n,buoclttnt and i!; in part <11'1 .l'iiHl. The rocks ar(' ('''pioIlHly tn:worsed by qUltl'tz­
]>l'l'hlli lo veino; varying from 0. f1'o.cLion of ;tlllilliml'tro (0 (11'0 cI'1I1 ill1d I'l'H 01' more in t.hickness 
"lit! .I]lpnrcntly conlrolled by eo.rly.formcd slmttl'l' Rysfpms, Its i" (·tllllmonly tho caso in rocks 
()j" t hi .. IlWlItmorphic condit,ion in Kow Z{'allJ.llll. ::;ev('nLl IljliHOdcH of CrlH4hing (tncl recomcntn.1 ion 
of till' HlL1l10 voin nro o[(,on ItppnronL. In Rom\, "nSl'S n 1[11(1I'!.i\--pnn1jlpllyit.o zonll occurs noO!' 
thl' lI'ullH of tho vein, tho pUlllpcllyito bl'ing nn iron-pool', palc-gl'l:('n varicty. Porler", PaRR iR 
nil t hu [raco of 0. major' active f,.ult and n youngl'l' :;lmt.Lol' syt;;Lcm hUt! bcon imposod on 1.ho 
(lllil-I', Homo of tho YOlmgeI' frac(,ures being fillecl wit It lrtumon[ ito. 

l{ai h('[' :;imilm' pl'ohnit.c-st.ugo greY\\"IlI·kl'~. i'r('I'I,v t nLVCl'sod hy quttr(.z-prohniLo or' qUlll'ti\-
1'I'I'irnitCl-I.l1lll1PC'lIyilo voin/:!, may bo culleci.l'd Itt mtn101'0l11:l )Joints bllLwcon POl·torf:l P,tss, !.ho 
\\'nimulml'iri H.iv<'l· and l,ho ]\fain Divide. A purl iClllm'ly "insl,l'lIc(,iv{) spocimon (113707) from 
IWI1r I he bridgc OVOI' Cl'nigioburn HivoI' l,n,; I h(\ IISS1Hl111n.gl' <!lllu·(,i\-n.lbiLo-pl'olmilo-chlol'il.o­
Hl'i1CIW(-opido('o) amongst it ,/:! ro('ol1sLiLu\.t'(l milh'mls, tOgOj,llOl' wit,1t (,ho uS\lal rolict cleLritnl 
milleml~, inoluding orLhochtso which appeil ,'" I () IlL,,.,,iRI; nnnlte,.ou undor prehnit.o-f:ltago conditiol1l;. 

(j r: ,) 
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'I'ho rock if! ~n1vunU'cl hy IlIIIlI","lIl" qllal'll: 1'1'..Jlllill' \ 'I'iIlH \\'hic'h al'\l CU\, by laLer fl'll<'tlll't,~ 

('c'llwnl('c! by laumllnl ill' ,,,'Iill,'d \\'ilh (\'1"1,\' ulla l"il111', lllldl»), >;till h11('1' joinls fillud with slilbiL(', 
Tho prl'hniLo 1'1'0111 11", ,d)OI\'" r(H'"'' 111'1"'<1 1'''' t" il,' I'alh('r ulliflll'lnly iron.pool', Opli('1I1 

1'l'o1'I'I'I,i!'>I of bettor.('rY"lnlllllt' 1II,'I"I'i,,1 ai'(' a 1,(;l.i, 11 1'(iZ,I, y}'G'14 ± O'O():!, 21';,67 .t :!, 
ciiH}l{'n-lion iln))('l'eOpl,iblt,; :--;Il~u.'sl ill,!..! nhfllll I IIt·t' j'I'II1 1"I \~()a' 

2.'1,2 , IV ell illUto//. 1'(' 11 ills"II/, I< 1·:1,: I' (I !I,-, i) has ",'''I<'ri I)('d l ,hn 1ll't.rolllgy of t h(, gl'( 'Y\\'II,'k.,,,, 
ILl'gillil'('H, Hl'ili\.t'H tLl1d jll "I "'I'" ;,I,, "I' \\ ,'III1'~(\l1I I " 'lIillti ltllL, 11" hl'i!'fiy l'L'I'ol'cl", H"('OIHlllry 
('"Ieil(l, Imlln(llll,il(, IIl1d ]>I'I'hllll" :\s ('oal ill~H 1111.1 v(lills ill "l'llHh Z()II('H "lid ()(llIsidcl'(',J 1 hl'lIl (Il 

h u 1111 ' 1'l'odlwL 0[' HllI'I1I'ill~ (1:1':1: 1>, 1!1.'i7 , ]>, IS). l'II'I1I'"llyil . ., iH n'('()J'cll'(\ fl'olll 1111' Hl'ilil<-,... 
'I'ho ]lI'l'Hol1l, 110t,(,H HI1I'PlulIlI'l1l. 1 hl'HO O"H"I'VILt iOI1H 1111 I I", b'tKi" of "n l'xlLlllilmLioIt of "1"'l'illll'IlH 
([,1\)51-}-1\)7·1) from \,111) j[i,OI)() f'L KOlll ,h'<:OllSL H('('I i,," f'mm J IOllgiILon BILY Lo :)i'H'I'Lil' ""lId 
(Bll0D1Jo:, }{lG:l). QlIartz )lI'I'llIlilo VOilllolH, with 01' without, calciLo, fll'l'iciLC, albiLu nlld chlol'ito 
arc hel'o ll1agnificellLly d('v,'ll)lwci in Illl1Hion fl'ne\.lIl'l'H nllci Hlmt.t'('I '.plancH in groywnek('H unci tl) 
lL IOHK oxlonL in Iwgillit,('H t,ltl'Ollghollt Lh" H,'ol,ion, Tho ]11'1,lltlit.o 1l111y bo eOI1l'HC ( ...._ 1 mill) Ill' fill(', 

K]lllllgy 01' woll oI'YHL'1I1iz(·d. H.(lpl 'l'~()n t .l1t.ivo Hpoc:illH'IlK Ill) noL val'y Kignifie'LIII.ly in t.1t"il' 01'1 ic'nl 
jll'OPlll't,i,'>; f'mm l.hoHo 1'1'()O I'''I'<l ahovo fill' (JuIILo!'i)III',Y ]lI'OlllliL(':-;, ] n Ino>!L ('lLK('K dO\.l'iial plllgi,). 
e\aHo iH 1IIli[oJ'Iuly albili o 'l,n<1 pf'('lmito iH of'L<'n. i ,hillly diHHOlllil1l1l'(>d Lhl'llugh Iho ll1ui.l'ix 01' Ihe 
)'()(d{, l)11t, in sorno e!l>!('fj with HI"LI'HO fihn·liko vI,illl .. tH o[ caleito-pl'oltniLo ills\.('ud of f[lIlLl'lz -
1>1'I,lllliLo, IInI1IL(' I'('<1 <ll'lril lLl "lig,wlnK!' Ulld('Hino \,'IIS ,,1,,;(,l'v('(1. AL JHland H'1Y, Jall1l10nt itl' \\'l\~ 
oIJtil'rved 1,0 I'oplaeo plllgi<)('IIls,' ill HOlllO ('IlHt'>!, In tl," mol'O 111\,(>1'('([ rock>!, hioLit" showl'! tnlLl'kl'(l 
10>lH of' bil'ofring<'llC(', 1'1""'i 1ll,'IIS ( I,' 071)- 1·1 Il,!)) fl'oll) \ VOI'HOI' 1311,Y on Lho weKL "hol'u of \ YollingLon 
llarb0111' W(,l'O f')lIlHl till ... I,',~,; " 1I "1'(''', Tlw'y Im:k <ill,"'t Z \'l,iIlH or 1)],l'hniLo, ealcifol'Ou8 plagioclllHO 
romains o.n(l deLl'ital hillt il<' I"IS ,(11111)0;1, J()l'Innl ('0/0111' '"1<1 bil'ofl'ingoncc , 'rho rango of o.lLo1'l1Lioll 
pheJ1omono. on \ Vellingi"ll 1"'llimillilt thw; ('lm;l'ly l'1lmlh'ltl Lhl1L in mid·Cn.nLcrblll'Y. 

2.4 ,3. OthC1' OCCW'/'I' I/I'I'S, HllOTII]>ItS (I \I i'j H) Hhll\\'('d pl'chniLo to ho impOl'Ll1nt both in tho 
mo.trix und in qutl.rl.z-pl'!'\tllilo vllino; in (Im.8iOIl fmet.lu·es of groywucketl from :NorLh Aucldl\\ld, 
o.nd HUT'roN (1\)400.) hm; 1"'P'Il'1 ('(1 pr('hnito und minor pumpollyiLO from groywuckos of KlLpit,i 
Islo.nd. 

2.4.4. D-isC7'('ssion. PUll1pcllyite 1111(1 pl.'chnite, especirLlly the la.tter, are clel1rly 
of key importance in the metl1morphic hi~toJ'y of vast tracts of W]~LLJ\oTAN'i:) 
"Alpine Facies." They aro here intcrpreted n,s having been derived mainly from 
the breakdown of detritld (;n.lc if(,l'Oll~ pla,gioclase and perhaps in part from calcite 
and clay minerals 01' en.l'licl' !';()olitcs, 

The following (dt('J'iLt iOll ::;tages may tentttt,ively be recogniwd for the lowest 
grades of metamorphisll1 of tile }\ Ipine Facics, three of them bcing progressive and 
one retrogressivc: 

(1) Little visible mincmlogicn.l change n.pal't from some loss of birefringence of 
biotite and the formation of very fine·gmincd chloritic or clay minerals in the 
matrix. Zeolites in the matrix are 1'I1re, 

(2a) Detrital plagioela.se partly or completely altered to albite commonly 
accompa.ined by prehnite, Associn.tecl voleanics (spilites) have mineral assemblages 
conta.ining albite-ealcite-pumpcllyite-chlorite, and less characteristically epidote 
and/or prehnite and somctimes minor quartz. 

(2b) Prehnite i~ eonccntra,tecl in monomineralic veinlets and prehnite-ealeite 
veins, without much quartz, 

(3) Greywackcs hc,wily vcilleu with <PHtl'tz-prehnite with or without pump· 
ellyite. 

(4) Fracture planes producecl sllbse\jllcllL to the metamorphic maximum are 
filled by a sequence of miller"IH 1. , h~tt i" onc of in Cl' ea. sing hydration, namely prclplite, 
laumontite, stilbite, with ,LIHtlci mG a.lso posHible before stilbite. 
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t' , lltlllllOll1 i I (\ \\'IIOl 

,it" Ol1l0\\'Ol 1ll/ll'k('<I 

Inrn of \ \'(111 illgl,O\ I 
i 1'( 11'01 L~ ping i nc IlIs(' 
'1~llg{\ 0(' aiLcI'u,tioll 
I'bllt·y. 
'ULllt boUt in Lhe 

I North Auc:idnlld, 
rWl\ckes of Knpil,i 

ter, 11.1'0 c loa!' ly 
of WJ~LLMA N'H 

)o'd mn.inly from 
.trt from ca,1cite 

. for the 10WOi-;t 
\p rogr'esHive a.l1(l 

birofringence of 
minera.ls ]n the 

bite commonly 
'ra.! assembla,ges 
. ~ticn.lly epiclotc 

prehnite-cn.lcite 

without pump-
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'n", ZI'oiil(' rlll'il ·~. willt ('UIIIIIII ' 1I 1 :-, lI ll 1111' i n t" l'!II'I'1.11 111/ 1 Id IIY'!l'llt llt 'nnnl :"~ Ilt , h(\so~ 

Till' f1rHt Htage corrC'HjloIH]» il l jl,ll' j, n1. 1(,:1»1 In flit' Z('(,jife facieH of SO\lthl,tlld, 
zt."l it< 'H !lc'illg ntn' largely Oil ;t('( '''"1 11 o r Lill' Ht';treiLy or Hllifa,ble rea,cting llmtcrial:;. 
It i" a lso con('<'ivltbk that. H('ti illl('llf ;dioll \\'a» 11 10 l'l' r:t.pi(l Itl\(! Llle gt'ot.hl'rll1lt! 
I-! r:u lil'lIt cvC'n IC ~HS HLt'(~P ill Llw :\Ipillt' Fnei('N ch illi ill t.lio I rokolllli Faeiel-;, Tliis 
('{ ,lIld h:t\'(' O;WHl'd wa(,el' to 111101 '(' IH'('ll ('xjl('II('(l ;~Ilt! pOI'ONit.y lost by eOlllptwtioll 
111'1',, 1'(\ zc'olit,C'H cOllld rOrill Itl. all :1I'1"'l'c,ia,hlo r:dc'. I"Lilgo:l CO I'l'C'Hpon<is direeLly to 
th(' prc'hlliLe- pllllllH'llyit,(\ Nt.!lg(' ItH d<,lillC'd for 'l'n,rillg;ttolll':1 1\,ILhollgit oHnIOLi(; 01' 
\\'; \1 ('I'-c!t-licit'll L cond i tiolls o()llld ('oll('ei \'ahly ('Il,IIN(' 1.11(' ('()I'II1;tLiOIl of' proll II iLo at lowDr 
tC'l1 lj wJ'at III'(,S LIUloll in '1',tringnflll':l, (H( '(' .f,Ii, ·1.10). The apP('ilmIlC() of plo ilL if III v('in 
qllarfz in Ht.;tgO :1 (ZC)110 of qllarf'l. pr('lllliLe Vl'inH) 1l1;t'y w('11 in<li(;ltLe It highor t.01ll­
I)('rat IlJ'O Itnc! if! not reltdily cOlllp;tl.iIJJl' witli :tll,)' KlIggt'Htioll ofwltter-deficiont COll­

dition:;. \\'Jo:r.l.~IAX cl at . (l!l!!:l) h:we Ktl '('HHt'(l theimpOi't.:tnco of "qlln.rtz" vein H IS 

11 lIll'iltlllOl'Jlhio ind ielt(,ol' in .New Z(,:t!;wd, and n.lthollgll this it! a critorion to bo 
·u ~( ·<l with greaL calli.ion, the ,,('inH \wing jll'tllYloLed hy Hilltt.Ll'ring 01' the opening of 
t('IlHiOIl fmeLufC'H, the allllntinllf ilwllnling of qllHol'fz-IH'ltring veins is here aecepted 
iI" \willg of pofential l1letn.nlOl'pllie "ig llifi(:an o(' , ;tH fllrt.lwl' disellsKed on theoretieal 
groulldH ill a l:tLer lioctioll. 

The H('qU('noe of vein filling:; Ilot.ed in stage -I: iH n. l'evc!'Hn.l of the trenu reeoJ'(led 
for progl'CHHive ll1etamorphiHIll lIndel' increaHing lon.d and tempera,turo a.lthough 
wit h t!LilLite taking the pla.ce of heulamlite, n.nd it ca.n be correlated with tho 
filling of frn.ctures under conclitionH of progressively decrea.sing loa.d and tempora,­
t uro <l11ring denudation. Lltllmontit,e in minor faults in ohlorite-zone tiChists n,t 
F i \'ll :'11 ile Creek, an<l in join Ls in gn'olH'iohiHLs neal' SllOtoVel' J3l'idge, both ne,t1' 
()IH'cnsLowll, Centra,] Otn.go, h;tH It si mi I ,tt' I'(~Lr()greNHi vc signi ficance. Ap,tl't from 
t IH: possible effect.s of differing roeJ, 1)1'(,H:;111'0 :111<! voin-wn,tol' pI'OSHllt'e af:! diseus:;cd 
Jnl<'r, and in the I1bSellCO of the ill(:oll1ing of newly heated solutions, tho meta,­
lllorphic significanc~ of <), late z('olit.o- 01' prehnite-bel1ring vein is t hat the rock it 
C:lIts hits pn.ssed through .t meL:1lllorphie ma.ximum with P-'P conditions a.t 
1l'IlHt. as severe as those of which t.ho vein minera.l assembl:tge is dil1gnostic . 

2 . .') . LateI' ,Mcsozoic (Jcos!Jnclinal s('climwnt8 
All.dcimo n.nd heula,ndito in Lower Crotl1ceous greywackes, in part tuffaceolls, 

('ollt'cted by D. HAl\IlL'l'ON from tho H1ll'unui Gorge n.bove Ethelton in North 
Canterhury, veinlcts with In,u "," Ilt.ite and calcite and In.llmontitc replacement of 
plagiocla.se ]n the Cretaceous 'i':tit.a i :-;;wd"tonc from Motu Fa,lls, Poverty B<ty, 
Hhow that zeolitie altemtion also occurs in thick seclimC'ntary sequences of New 
Z(':tland younger than those of the 1l1nin New Zealand Geosyncline. 

:!.6. A prchnitc-pttmpell!Jite :'0'/1 (' 

The a.bove descriptions sho\\' t ha t prC'hnit.c-bcaring rocks arc ofregiona.l extent 
in Xew Zealand. They appear to grade cont.innously into ehlorite-zono schi:;t:;, 
and pl'ehllite-bearing a.ssemhla.gcl; a.l'C also found in the more altered members of 
the zeolite facies. TUl~NEl~ and Hu'l"l'oX (sce TUltNEH, 1048, p. 38) have divided 
the "chlorite zone" of metamorphism in Southern New Zea.la.nd into four textw'alty 
defined subzones, these being progressively more reconstituted from subzone 
Ch!. 1 to ChI. 4. l"ORINSON (LD5S) shows that pumpellyite occurs freely in semi­
:;ohi:;ts of subzones ChI. 1 and 2 on the ea.st Otago con.st south of Brighton, but 



D.;-;. ( ,," , ".; , ,\ . ,1 , 1':1.1 ,1'-, \\ . ;-;. ,,', ' 1'1'; nnd A,::'Il. '!'.\YLOH 

disa.ppearH ,~t l~botlj, (']' 1, :.1)(',\.11111 III:! " II ('pid ()Le iH thc only Ca,-Al sil icate a.P(~l't 

frol)) acLillolite, 1'llll'lH'llyil(' i" 1"1\\' 1,110',\ 11 III ht';~ clH1rn,e1,eris1,ie Ca-Al silicate of 
sCllli-HchiHt:; of sil\\il:ll' IJI"[ a lll(d'ldli(: gl';\Jk d('sc'ribccl by MAUKUc (ID:Hi) from his 
1,r;werse t;Ollth or (,Il(' \\ ';litaki I:in'r, alt hlill,c(h ep iclotei:; also pl'CHent, It iH al:;o 
COlllnlOn, fur (,x;~Il 'l"{ ' , ill Ill(' IO)lIi'I' !(I'\Ilv ,'('ll ist.s of north-west Oti1g0 (lh; 'j"I'OS, 
I 037) in tho .I\.ak;ulll i I:allgc's ('1'\ ' 1::\ 1':1; , ill \\'Jr.r.r>,ilIHO;\, J n:H); A"lfi';:-:; , I !)ij:2) ill 
:::;ollLh CI~Ilt.el'hlll''y (. \ \III :S, I !);'O). illll l in l ;jl Jl('1' Pnleol'.oic HpiliLcH, gl'eyw:1ck<.'I-J /Lnd 
tufT's of :~bollt ChI. I gl';1(lc' j'1'O 11 \ 11I)I'I,i1l'l'll ;-;()IILld;Ll1cl (H.'·;IW, ] D,jO), 

Mutually aHHoci;lll'd III illera,ls ill Lhl' ;\ I pi lie Facies groywackcH include quartz, 
albite, prehniLe, j>lllllJl<'lIyitc, (')l lol'iL!', Hp IH' I)(l and detrita.l orthoc]a.se; a.nd in 
typica.l Chl. 2 roek" fr011l 1': ",1'1, ()t ago l,hero i:s some combination of tho following: 
quarLz, albite, ehlo\'il!', t-ipIIC'IlC , ilc;tino lile , llluscovite, stilpnomeln.ne, pUlllpellyiLe 
and opidote , 1\ 11 (· .'\'I'(·I1I1'ly hr()ad I'.{) I l(' call th lls he mapped in New Zealalld. 
eh;Lmctel'il'.cd by Jl ~"llIlil " and/Ill' PIl111IWIl .\'i l(', The incoming of acLinolite a,lIel 
sLilpllomelall0 in 1'I)\''' s 1>1' :tp pl'opl'ial n ('OIIlIH)sitioll, tlto conversion of ol'tltoclaHe to 
mien" n,ncl tlw dis l1l 'I"'l1l':1llC'(' or 1'1'C'lll1it(· l'('I)rc:;cnt possiblo iHogl'adic markers 
within tho I'.OIIl' , 1;, ',\ IIlId :\ 1'.1111(' (d' t 1':llIs.il iJ)ll. zcoliLt'H dislLJlI)(,l1r alltl Lho J'(J<:ks 

Itro 1101. Lo ho 1'1:1.(:( '" ill Ill(' ",'olill' fllc' i('H, \\ 'c· HIIggOSt Lh:Lt it m:ty provo (:oll\'l'llil'llt. 
j,o ('roeL I~ now l':wi('s Ill' IJl\\' g l':Jd{ ' Hldd':1,c'i" H "I' Lho gl'(IOIlHOhisL f:l.C:i(,H j,o aC(:Ollllllo<i:tLe 
Lhoso me),s hilL Lhal flirt hl'l' livid \\'ClI'I, "11 Llll·il' Hlli>tliviHioll il:l d('simblo lwforo t,ldH 

. iH clono , Jt will 1)(' I'I'{';III ,'" tha,L J\ll\',\Sl111W I1n<1 BANNO (l!JGS) Imvo reCOil ",)' 
Hhown thn,t PIl111IH' lIyik {,{ '( :III'S ill 1,1lJ' IJ)\\'(,HL gmdo HchiHLH of 1,ho Su.nbagawl1-
Mikn,hu :l0l1O in ,fa p.ill :11111 1 hat, 1)10; 1:IJIo:n:1t (10:'0, 1flfifj) hal:l n.lroacly slIggosted 
that pllm)1oJi,)'i1.c-IH':1 I'illg HHSl'III\)!n.gt'S Ilc 'lo llg to a speciu.l I:mbfn,eies, perh:1ps of 
the gl'conHchist foLeic' '' . 11 is i'111'1.ilcL' :SllgW'H1,ioll tlta.t it represcnts 11, very low-gl'll,de 
equivalont oftho gi:J. I1 (·op lw,ll(, :-;('hiHt facies iH hardly a,pplica.blo to the New Zealand 
occurrences in which gi:1 I1copha,ne is almost unknown. 

2,7. Distribtttion oJ / hI' llJwr.r 1II1·/r/?ll.O'rphic grades in New Z ealand 

As far as is known , a 11 Lower l\J csozoic f01'll1l1tions of the Hokonui sedimentary 
facies (Fig , 1) show :leolite facies alteration althongh, as recorded above, tra.ntlitiolll:i 
occur to prehnite-pul1lJlellyit.e tLI-Jsemblages , At least some of the sediments of the 
La.ter Mesozoic geosyncline are to be included a.nd probably also some of those of 
the Alpine sedimentary facies, as well as part of the belt of Late Paleozoic rocks, 
including the Otama. Igneous Complcx, which separates the Lower Mesozoic 
rocks of Southland from the Ota.go schists, The remainder of this belt, a corre­
sponding Qelt to tho welit. of the higher g rade schists of Marlborough and almost 
certainly most of the Alpine FtLCic:; rocks belong to a prehnito-pumpellyito zone 
as described above, 

3, H.:t,;vn;w ov O'l'JIF.lt ZEOLITl!~ OcculmENcEs 

(D. S ,C., A. J, E ,) 

In the following section, the principal types of zeolite occurrence as reportcd 
in the literature will be hriefiy reviewed to test their bearing on the facies concept 
and on the condition:; of :leoliLe forma.tion, 

(is 



;ilicate apart 
Al silic<1te of 
:16) from h i~ 
It. It is :1,Il:lO 
fa (Hu'r'l'ox p - , 
ms, 19;-;2) in 
ywackes and. 

;lude Qll<1rtz, 
m;c; and in 
he following: 
pumpellyit c 
~ew Zeall1ll(l. 
Jtinolite ;111(1 
rLhocln,~ to 

die ma,l'kel':-; 
ld the )'ock;; 
o convenient 
ccommodato 
[e bofore this 
ave recently 
Smlbagawa­
y suggested. 

, perhaps of 
1'y low-grade 
Ncw Zealand 

!:icuimentary 
e, transitiol1r-1 
irncnts of the 
10 o£ t1lOl:le of 
eozoie l'OCkR, 
vel' Mesozoic 
belt, a con'e-
1 and almost 
pcllyite zone 

e as reported 
acies concept 

:1.1. Xcotilc8 i'lt 8clli-mcn{(JI'!J TOcks 
::.1.1. U.S.S .R. Ana,]cimc, "1I111i·dcIlitl·" <l1](l la,lllIlOlltitc ha,-c been reported. 

,I" :luthigcn ic CC11lent:; in a wide \'ari('ty of "cdill1cntl:l of Pormiltll to 'l'crti<1l'Y agc 
(,Olllill<f from ,oast .11'ea:; of H,n:'l~i;1, HIlll Siberi11 (e.g . H,E~Q_\.g'rEX, 10..10, ID-.!,;), 1!);,)0; 

'" 13(}L1n'ltl,YA, 1()53; DZO'rSK~"IJ)ZE allcl SKHllt'J'r..\DZB, 1!) :,):l; BUR'YAXOVA, l!l;j,*, 

I!I.'ilj; V.\~rL']'Y, 1954; KOL1HX al1(l 1'1\11ll"IW:;KAYX, In .');); KOSSOVSKAYA and 
, '11 1'TU V, 1 D:);-;; VASITJ'EV, KOLn IX ancl 1\ ltASX OV.\, U);)(j). According to BUSHIX8KY 

( I ~j.'il )) aSl:lociated authigenic 111 i Il('ra II'> in LJ pper .In ras~ic and Cl'etaceol1l:l clays, 
"alldl'>tolles, 1l1arls and chalk pf ! II(' J: m;;;iall plt1t.fOl'l1l inelncle glal1conite, opal, 
chalcedollY, quartz, mOlltlllOl'i ll'Jllit(" IlolltI'Olli t('. ('al('ilt', pyrite or marcasite, 
Il\'drolllica, and the phosphates kllrskit ·p and i'l'allcolit(,. 
. 011 the ·basis ofitt:i rerr[\,cLi\'(~ illCli('l'1'> <l1lc1l'lm,y ImlJi1. as figlll'ed hy HU~III~~KY 

and in tho absence of X-l'a,y dat ;t, 1 ht· presl'IlL w['it.erl'> believe thn,t much of t,he 
"llIordt'nite" of the a,hove !L11thors is li kely to 1)(' (:iill{)ptilolite, the silioa,-rieh 
varil'ty of heul:mdite. VMill.'J,V (I !I .-,·I) ,.; i\' ('1'> :L (ablt ' ()f (·rysLnllogmph ic 111('a.S1l1'0-
11 1l'1I h:of cl'yt:itaJ:.; isol!1Led from t ll(' phosphorite·s or 1\ashp1l1', and shows tha.t they 
C'Olllpare closely with those of' 1) ,\ ;\ \ (1~ !J2 ) for ·'I1HJI·d('llil.t'." DAN'A'S cryst<LUO­
graphie data. were obtained frolll 111:1j,pri:1l frum Iloodou :'IIts ., 'vVyoming, which 
was I'>U hs('qnent[y taken by • 'CIr,\ l.L l':l~ (10 :12) a,s his t,ype, (;1 i noptilolite, ltlld. shown 
by IIJ-;Y and HAxKIs'J'Jm (1 U:H) \.() ho silica-riL:h houln.nclitc. Crystal.logm,phieally 
tlli ;; is quito distinct from true J)1ol'(1cllite. 

Tho n.ll~si:1,n anthors do not, 11 jl P(,;tl' t.o lw.ve l'ecogllizec.l any zoning in the 
OCC:lllTcnce of the above zeoliLe:;; ill f;tet ill Lwo ease~ (Itl':N'OAlt'l'KN, 1950; KOLllIN 

and :PL\IllUltOSKAY -, ID!).')), !Lnnl('i lll(' a.ncl J:1lI11lotltite occnr together, whereas in 
~O\lt hem )Jew Zealand they al't' ('1:a1'<l(;t (,l'isLic of, LIHlIIgh not confined to, two 
distinct depth zones. Sigl1il1cnll~ 1 () the COll(;('pt of mineralogical :lOning with 
depth i:; the work of K01:;80V81(A \' \ :tllrl :-)1l1"1'()Y ( 1 n .•. » who recognize a progressive 
~l' q\l('nce of changes in the u.ltC'l'[tt lO ll "f' (·I:t:;\,i0 bil)titc to chlorite n.t varying depths 
in more tJutn 1)000 m of P el'lni; '! 1 ,j, ras~i(' all(1 (' r('tnc:l'ollS sediment:; o£ the 
V('!'khoY1Lllsk geol:lyncline ill II{)! '! I1 ,'a"L SiiJni:L. La,lll11olltite iF; recorded al:l 
()(;c lll'L'ing 11.8 n, cement in tllo Low ('I ' ('1'(.[ a(,(,OIIS I11clllhers, whol'o;1,S t.he cement ill the 
LTPl'l'l' Per1l\il~l1 consist:; of <Ili aI'll' 011111 albllp \ViLli Il<'W-f'orllle<i JilllolliLo Itlld 

!'util(' , :wd ill tho .Lowor' Pel'111ia ll Il l' Ijll:lrlz ;\Ilcl Illlls(:()vite. ~,,1JsoqllontJ'y (10:>G) 
till' Sll lllO ,L"Lhon; J'epOl'LellltllLliigc'llic' <'I"doil' ill (,JlO S;I,Ill(' pile of seuilllcntR. 

:1.1.~. U./-J.A. 'l.'he work oJ' Hl( ,\])1.ln: (1!l:!S. Jf)~n ), I{m.;~ (1!)2S, ID,n) ;LIld 
KELLlm (1 !)[)], 19:32, 1(58) on yeI',\" 1(,\\ ll'lllpl'mt,lIl'c scdilllOlltary analcime is well 
known. HlcADY (1 (52) has <let('(']('d ( he 111i l1C'ntl ill IL ('()[ora.do oil shale whi 10 
}'os'l')m and FEICn'I' (104G) c1,ncll:o'l.I·:\'J)U. (I!);)7) h;1Ve found it in coal. Similarly 
H1L\;\!Ll':'l''l'}; and POSXJ.\CK (H):~:I) Il IHI KlmR and C,uuwox (19:36) hn.ve demon­
ti trated the common OCeUlTell(;(' or clilloplilulitic hClllandite partly preserving 
glnss 8h;1.1'(l:; in bentonitel:l, whil e U1 Ll : El<'I' and :\IcAxDREWS (19'*8) have described 
llutltigenic henln.ndite celllent in .\lioce:le sandstone from Santa Cruz Co., Cali­
fol'1l ift . 

Laumontitc cements have been reported by GU.BERT (IDol) from Mendoeino 
Co., Cn.lifornia, by KALEY and HAXSOX (195;)) from lVIioeene feldspathic sandstone 
at:t depth of 11,000 ft in a well in San ,Joaquin Valley, California, and by HEALD 

;c: • 



j 
I 

I 

I 

I 
! 

_._- - -» 
~--. -

(U15G) from the flllvi at il,' :\('\\' I\a \ ,'1 1 ;ll'kos('s of Connecticut. The agg!'cga.tc 
m;tximllll1 thickllcss of t lil' 'l'riassi(, of' ('OJlIW('\ i(: lIt iH given as rn.Lhcl' mOl'e thltll 
1 G,OOO It and tlw I;ou Jl1(llil ill' is ('('puI'Led to Ol'(;l1l' spol';l,dically ill the lowel' pn.r't of 
Llle HccLion. CClil('11I S I'i' ;Ill t lii ,:'('l lit: ;1.I\,itl' alld POtltSIt feldspal' al'C :~hlllldn,nt 

LhrollghouL t.l1O (:01111 1111, ;ilt Il oll gl l Cl,<,,\' OC(:IIl' ill Lm(;('s only in 1.ho Ja.lllllonLit.o­
be;tl'ing rocks. '1'11('1'(' is IllilI OI' ,-," (·OII<!".I'.\' qllil.I'Lz ill 1.11(\ (;('II1l'IlL ;~IHl spol';~dic 

HCl'iciLe. I[J,:AI,Il COllsiri( 'I''' liJ,,!. Silll'(' t.ll(' hlllllOllLiLo OCCI II'S :~s ill1.('l'sLiLild fillings, 
p;trt of its l1lILLcl'j ltl, as (.t' 1.11(\ s('(:()ndill',V ".Ihit G, nlllst; IHtVe beon in tl'odllced. 
DCl'ivn.tion from thl' 'I'l'iassic di;L\.ilses "'n.s Hllggt'sLed. It mc~y he pointed out, 
howover, that tho .dl,emLion or (;,dcic plltgioclltHe to Imllnolltite involves tUl 

eqUu.tioll sllch as: 

CaA 1~~i2()~ 1- 2~iO~ + 411 2() -~ CaAI2Si 'J012.4 1120 
207 cm 3 

Hence, if thiH 1,)'\1<' "I' ;ilt('J'.~t illn (I(;(,I II'S. SOI IlC of the In.lImonLiLe cOllsLituonts 
ml1l'it migrate fl'om a ll ;lltl'n,d pl ngio (,]:t.S( ' (· I·.\·S!,: .! n.t lcu.st aH fa,!' I" vh e nearest pOl'e 
space (cf. AN'l'UX , \ ~I .. :;. I', ti~)). ~11I:h a ('('IIH'JlL does not roquil.'o an outside del'iva­
tion. Whu.tever LIII' ,,1,. IlIi(':! I ()n~ill or t hc' i:tl llllOntite or of 1,he anthigenic n.lbiLe, 
the aHsembJage of i I 11 ('1',,1 i I i;d III i :1<'1':1 Is. :d hit (', potash fol(1);]1,tr, hUlllontite and 
quartz, suggestH condi tiolls \'cry similar tCl thoHe prevailing in the midille and 
lower parts of tho '1'" I'i Ilg"tlll·:t Hel'! io n or SI) \I t horn New Zea.land u.s reviewed above . 

More recently I{oss (I qG~) lIas cI('S('l'il)('cl Imllnontitized tuffH from wells ill 
Clinch County, Ge()l'gi;~, whiell ,11'0 I'elllark;~bly l;imiln.r in texturo and mineral 
aHsemblu.ge to UlOHC or 'l'aringatllr;L. '1'11( ' a I LC)J'at ion of celadonite to chlorito and 
its association with s;tpllllik aro to bc' llOt('(l. 

3.1.3. AU8I.ml·ilL. <:ILL (ID:'7) Ims rec('ntly n:portecl la.umontite replacing wood 
in richly feldsp:ttlti c: ,J III':l ss i<: ;~rk()HeH frolll EltsL Gipp:;ln,nd, Victoriu., and obscrva­
tions hy onc of liS (I) . S. < '.) s11011' LlmL the IIlj itcrn.l occlIrs in the grollnclmasH and 
al; u. repllWell1cllL procill!:!. or plag ioc:la.s() ill Lite same i)el'ieR of rocks. GTLL (pel'l;ollu.l 
communication) HlI g.~('st" :111 original Govel' or ,tl>01.lt 3000 ft for the rocks concorned. 
COOM1IS (lOGS) 11:1H sltowit1,hn,t glasH in Cltl'bonif'erous volcanic a.shes oftho K1.Ittung 
Series, neu.r Sen.ha, III , :\"mv ~ouLh \V:tleH, hn,s beon alt~red to c]inoptilolite coexisting 
with quartz, colacloniLe :tnc1 spllono. ,Toint" ill the same rocks aro cou.ted with 
stilbito, but somotimcH contain 1:1,111110ntil,e as wcl!. 

3.2 . F01'malion of zeol·ile.s in active lhf'l'?n(f /. (((('(/,,~ 

3.2.1. Wairakei , N(l'I'lh hila,nil, New ~l'(ll(I'JI,(l. At VV11ira](ei, 11 hot-Hpring and 
fumn.role area in the volcctllic region of Now Zealand, numerous wells have been 
drilled to provide sLeam al1d hot W~tter for electric power generation. These wells 
provide an unnsuu.1 opportunity for studying tho mechanism a.nd properties of an 
active hydrother rn ,1,1 sy::;tem. l!'rom drill cores and cuttings, S'l'EJNElt (1!l5:3, 
1055a, b) has d0l1lO11l;tratecl the fnl lowi ng zones of hydrothermu.l alteration (Fig. 4) 
c:1llsccl by the IwLioll of steam and hot solution:; on a sequence of rhyolite tnffs and 
broccias intel'hcc1clccl wit.h minol' 1111H1HtOIlOS :tnd chYtitonel;. Tho hot solutions are 
sl1tlll'l1tecl in sil ic.t ",hielt procipiL{\,!'eH IL1; 1\.11 lovels . 

(a) Surface aci!L le;u;lw(\ ~one: TIle characteristic minerals 0.1'0 kaolinite, 
alunite and opa,). 
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D . 1'. ('n(\~IIIS. :\ .. 1. J·: I.I.I', \\'. H. }'YFE ftnd A. M. TAYLOn 

(b) Z011P of <ll'gillizlttion: n h.\Tolik glass is changed to montmorillonitic cl:tyJ':. 
PlagiocIase cry~tals arc RometiJl1c~ 111 Htltcrecl but are sometimes replaced bv calcitc'. 

(c) Zone of zcolitizuLion: Tlli .· is' snpcrimposcd on thc Z0110 of m'gilliz,ttiol1 
and is subcli"itlcd into 1111 upper <1,11([ .~ lowcr zone. In the uppcr zonc the iimc-soda 
zeolite "ptilolite", structurally illdi"Li Ilguisha bIo from mordcnitc, is charactel'i:-:t ie. 
and fills vcsicJc~ in pumicc. In ~ome cascs it is associated with minor hOlllitnditc. 
Plagioclasc phonocrysts n.rc pmctically unaltered. In the lowor zcolito zonc 
wairakitc (calcium analcillle) l'cpll1Ces anclesine and also fills veins and cavities hy 
direct erystallization from solution. . 

Laumontitc h;1s subsequel\t,l.v bCC'll found by STEINER (personal eommllnicatiC1ll) 
in a Z011e ueLm't'1l I't.ilolito a,I\([ " 'nirakiLo at a depth betweon 500 and 1)00 ft \\'hel'(' 
tempcratures l'HlIgil1!!; from 1 !l:-, L') :!:,W°C have been measurcd. It 11<ts also b(,(,11 
found at grcaLer cJt'pt.lt In'low the waimkito zone in a decp drill-holo whorc a rCVl'rs:t1 
of tho telllperatlll'C' gr;uli"I,L itjlpt';~r" to ooent'. 

(d) Feldspnt.ltizaLioll :I.onC': An upper Ruuzone is charactcrizcd by albitizatioll. 
and a 10\\'01' Ollt' b)T ;tt!ll!:tl'il1 I'l'Jlll~eillg pla.giocln.se . Secondn.l'Y sphenc (t.iht110-
morphitc) is selLt.t('l'cd t.hrough j·he l'Oeks and in bore no. 11 aduJaria and RJlhcll(, 
are accompuincd by prclmik through a short vertical range. Calcite is localJ.,· 
prccipitatcd, Itnc1 tlte allcmtiul1 of plngiocll1SC to calcitc and n.lbite was obse1'\'c<1. 

(e) Zone of h:vdromicit: in Lhi:-: Will', which exists below about 2000 ft, primn.r.,· 
plagioclase is replD,ced by n. hy(ll'Olllieit as a result of leaching of alkalis by carbon 
dioxide solutions enterillg thc 7.onc from below. 

Thc concent.mtions of sodiull1, pota.ssium and calcium in the waters collected 
from bores at various depths (:E:LTJrs and VVILSON, 1955; ELLIS, 1 D(8) correlate 
vcry wcll with this sC'luPllCO of altorH,t.ion. The hot solutions in the dccpest 7.0J1CS 
tapped have a· high concC'ntration of potassium, which is progresRiYcly lowcrcd by 
the formatioll of n.dularilt frolll 01(; original plagioclase. Thc concentratiol1f; of 
sodium and enloi U III al'c i I1cr('asc<i correspondingly until in the zonc of zeolite 
formation SOll1(' of thesc iOIlR itl'C' agai ll precipitated. J3y this Rtage thc atomic 
ratios Na/I" and CLt/K ltlwe ill(·I'(·:t>'.,([ from about nand 0·06 in the hydromicit 
zone, to 2(1 and 0·] fi, l'cspecLi n'I.". 'I'hc pervading solutions n.l'e approximat.e!." 
0 ·05 N in SOtliUlIl (·hlori,· ... saLllrat('(l wiLl! siliclt, and their pH is contt'ollcd by the 
uicaruonn.k-carIWll dioxide sys!.t'tU. Under pl'Cl-iSUre decp wiLhin the arc:t the 
wl1ters conLain sllfliciclIt. carbon diuxide to mako jihem slightly acil l with rcspect 
to ]lltrc wat.er ,tt thc sall1l' Lcmpcntttll·o. e.g. at 2t.lO°C, pH = i)·0 (approx.) al1d for 
pure water pH = :' ,7 (n,ppl'ox.). i\t.lo\\'cr prcssurcs towm'ds t;ll(' stIl'fnce t,11C' carbon 
dioxide is lost from sollltioll alld th(' \mtcrs uecomc slightly a.lIm:il1c with bicarbon­
ate . 

3.2.2 . Ot7tf'r act-ivf' tlir'oJl,a/ '/1'1118. The rccent recognition of wn.irn,kitC' from 
Tho Gc),sC'l'S, Cnlii'ol'llia (!-i'I'I-:1\ "::L 1 !I:'''J 1l1:t.V be noted. 

Some daLa from (hill ('()re~ I'rCllll ! ' 11' Pppcr Ba.sin, Yellowstonc ~n.tionlll Park 
(F]~XNER, lD:~(i) a,re inclllded ill '\';;1,1, I. Thc introduction of potaRh feldspltr ill 
the lowcr le\'els js 1101c\\'()rth.\' .. 1;; :1', \\·airn.kei. 

\VEED (1!)(J()) describl'(L;1 elos(' :l ,~:-:() ciation of quartz, stilbitc, cn.jcitc anc1a litLle 
opal in veins from which the l)oul(lcl' hot springs, :Montana, now iSRllO at tcmpcr'k 
tnrcs up to 73°(' . Similarly tile Hunters hot spri'lgs (Wmm, HIO+) containil 'g 
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Thc zeolite fnl' i l'~, wilh ("omllwlIl~ Oll tl, (' illil'l'l'l'dation of hydrothermal synthcsos 

abundant CO 2 and seme- H 2S, issuc at 64°(' from a vein-system of gypsum seamed 
1)\' stilbite. In both cases WEED relates depoRition of the stilbite to the present as 
,,'ell as ancestral waters, but WHITE (Hl!):-;) considers the evidence inconclusive. 

S.\KL'RAI and HAYASIII (1952) luwc described the silica-rich lime zeolite 
yugiL\\"[l.ralite from andcsitic tuff which has been much metamorphosed by hot­
I'pring action about 300 miles from the pre ent Yugawara hot spring. Japan. 
('()e-xistillg minerals arc quartz, and minor hnmontite, chabazite and mordenite 
(pti lnlitc). Epistilhite. hCl1hndite and stilbite are also reported (SAKURA1, 1!J[):~). 

ft is well kno\\"11 tlla,t chabazitc, ehrist.ia,nite (phiLlipsite), rarer mesot.vpe 
(Il:llrol itc) [LIHl possiLlI.\' othcr z('olitt's h:~n' been deposited in the w,tl!-work of 
l:Olllall baths at Plombiorcs and else\\"herc (DAUllRl!JE, 1870) where hot spring 
wate-I' clllerges at n, maximum iclllpe l"aLlll"e or 70°C. The zeolites occur both within 
t he pores of old tilcH [1,11(1 in tlH' mort:tI". :LIld nee accompanie-d by opal, chalcedony, 
plol1lbieritc, calcite and !I.pophyllitc. 

:\.:1. JJic!t.ioun copper ,Zeposi ls 

BIWIJEHICK (1!J2!J, lU:3l; esp. 1929, Figs. 4, 7, 8) has described a crude zoning 
related to depth in the copper-bearing am:vg(bloids of KeweelHtw Point. SuccesRive 
i' .• HIl'S in dOWl1Wl1rd order ttre cilaracL{'rizcd by zeolitization (with lnumontite, 
IIl1aleime, natrolite, stilbite. datulitc. apDphyllite); prehnitization overlapping on 
to the zcolitizntion zone and chamcterii',(,( L I).\" :tbll ndant adl1laria as well ttS prehnite; 
alld serioitizatioll an(1 VI'opyJiti/',nt.ioll in ",hich Hericite takes the place of adularia, 
alll L slIlph ides n,nd ltnkerite are i ntrodu("('1 L. Persistent in all zones are cpidote, 
"l1ll1(ll' ''yitc, calciLc , qml,rtz, ohlo1"i((o a, IIcL l1n,tive copper, and late veins and 
. lI~-fi" ings of lallnlOntitc, preltllik a,n(l datolite. Assemblages typical of the 
d,"'pcI', highcr-tel1lpentture zoncs pCl1('trlttc upwards in thc ncighbourhood of 
lisl' l1r('s Ruggesting inv<;1,::;ion by heated solutions. Apo,rt from the prescnce of such 
flli ne-rals !LS apophyllite, datolite, COP[Wl' :tIld sulphides, tho zoning is broadly 
alla logOtlf; lo t.Jt:Lt of the gre-ywltckes :1.IHl Hcmischi::;ts of southern New Zcaland, 
lI:ttwlite and thomsollito, which arc ml"('1" tlutn lanmontitc and anltlcime (BU'I'I,lm 
alld BU1WAXK, 102D). possibly being illdic:d ive of 10ca.1 silicn.-tlcHciont conditiolls. 
The ,"('sides arc consiciel'cd hy ]~u'I't.lm fllIci J>UltHAXK to Imvc heen filled ,~rkr 
/U'('l lltltllnl iOll and t i I Li IIg of tltI' w 11(11(' la \'a sCC[ "clJon alld overlying secli mOll tal'Y 
f •• I"lllll I,ioll". 

:lA. Zrolilf's in mlt!lOcllllf'S . joinls anrllJl/tr' l" ("(1l)ili<:8 

The 1:l.rger pltrt of Zl'oli\'o }il.('mture re[('!"s to OCClllTcnccs in amygdnlC's and to 
fillin.:..:s of ot.her cavitics, C'spcci,tlly illiglH'OIlS rocks. Yet snch occurrenceR arc 
l'articll larl~r dilTicult to interpret fl"OIII It phYHicochcmicltl point of vicw. It hIts 
)'''I ' lI customil.r." for Ituthors to publish Imragenetic sequences based largely on 
tl':\lllm l cOI1~iderations which arc often questionable, andfnrthermoro the sequenccs 
h~t\'(' often heen pieced together frol1l incolllplete series in separate cadties (e.g. 
:\ !(;r;r,ul al., 1 !l·W, Fig. 212), a proC'ed 11 r(' cd' d f HI btflll signiftcancc unless comp08ition 
1)1' I he dt'posit.ing s(llll! iOlls can 1)(' CCjII:dl·l l. An ousen-ed sequence of c:1.\"il,.\· 
tilli ngs Jllay he ,t funcl ,ioll eil h('1' of c:ilan;.dllg ('nmposition of the d('positin~ solntiolls 
I'r of changing 1'- 1' ('ontlitiOl1s. or 1)()t It. 

,...., 
/.) 

-= -"'-~. 



\ 

D . ~. C'()I)~IIIS, . \, .J, ELLIS , iV. S. FVFE and A.M. TAYLOR 

In the case of a,mygcla.lc descriptions, there is often an underlying assumption 
that the zcolites hn.-ve been deposited from magmatic solutions with falling tempera­
ture durillg initial cooling of It r.Wtt flow. It may well be that minor coatings of 
zeolites on the walls of ca.vities in some massive flows may have this origin but 
zeolites are rare or absent in the vesicles of newly cooled lavas. 'vVALKER (1951) 
has shown convincingly that 7.eolite deposition in the Garron plateau of Ireland 
post-dates effusion and cooling of a pile of some forty to fifty flows, in all about 
1000 ft thick. It is in a sensc metamorphic, as has also been shown for the 
Keweenaw ,~mygda,loids . 

The prc::icllt writer:,; consider that sequences in cavities may be related to 
fQ.lling tenl[)l'mtur('s during initial cooling of a thick lava flow or intrusion, to 
rising tem pl'I'aturcs ,wet presstll'e following burial, to rising temperature resulting 
from new int.I'lISioll:-; of nHtgllH1. or new influxes of hot gases or solutions, or to 
falling Ll'lllpcl'aLul'e \\'hcll t.itt'so conditions arc relaxed. Thus McLIN'l'OCK (lD15) 
has clearly tloiwl'i\)ed It GOllsi:,;tellt sequence epidote-prehnite-seoleeite in olivine 
basalts or Ben .l\1ol'e, Mill], which he attributes to increasing hydration with 
falli ng tt'lIl pemtul'e i n ,-~gre('llwJlt with CORNU'S "rule" (1908) , followed by a reverse 
sequellcc or dehydn~tion enllllillating in garnet, and promoted by thc thermal 
metamorphic efreds of a subReql lent intrusion. 

Publishcd zeolit.e sequences often show no obvious consistent trend. Neverthe­
less in view of the difficulties outlined above, we do not consider that this fact 
should outweigh Lhe evidence from well-studied hyffi'othermal and regionally 
altered area,s whem with increasing temperatures progressively less hydrous 
zeolites tend to form. 

A general eOl'l'eln.tion also emerges between the silica content of zeolites and 
the a,vaihtbility of free silica. Thus descriptions given above, together with 
observation:,; of many other writers, show that the typical zeolites in veins and 
jointR of <iuart~-be"ring rocks a,ro stilbite, heulandite, laumontite and analeime. 
Other 7.polil<'s in surl! envirollll1ents appear to be quantitatively insignificant, 
although Hcoleeito alld cilahazite are reported by NIGOLI et al . (1940) in 
"Alpine cleft" loe(tliti('H ill qlmrt~ose rocks such as gneisses and t he Aar gl'anite. 
The u,lll,Ygdalo Hcqlll'nee ll1onlolliLo, heulandite, chabazite, stilbito, accompanied 
by qUttl't7., ehaleedullY or opal repor ted by MASON and CnEI~Nlmno (1953) from 
HOllthcl"ll Bm7.il is OIlO of illcrcftsing hydration in silien.-rich 7.001ites, except for 
ehn,ba7.it .o which iH meo n.lId WI\.s gellern. lly fOHnd to oeom' Itlono. Olmorvations ut 
Wairakei n.nd Yugawa,ra Rhow tha,t monlenite is typical of active the rn1l1.1 areas 
where silica activit,v is particularly high, although it alHo occurs in tholeiitie 
bn,salt amygdttles . 

In eontraHt, tlte main limo 7.eolites of the Oarron Plateau olivine basalts are 
ehaba7.itc, le\''yIll', lilolllsonite, Il:ttrolite, mesolite and phillipsito (\VALKER, 1951), 
all these tpllclillg to hp lOll' ill l'ili(~a, and similar assemblages haye been roported 
frolll man.\' other 1I1Id('rsl~tl!ra,t( d J"(Jclcs. In eonsideratiolls of phase equiliiJria, 
it is Illuch l!lon' import,Hllt to kllOW the phases which actua,lly coexist with each 
otlwr Limit tlte inferred ore/Pr of their erystalli7.atioll. Wc believe that the grouping 
of zeoliLes ill Ji'ig. [) illustrates their general tendency to occur in immodiate 
environments, A snpersaturated with respect to quartz, i.e. eoexiRting with opal, 

74 



I 
I 

YLOR 

mderlying assumption 
Is with falling tempera­
hnt minor coatings of 

have this origin uut 
UNas. WALl om (U)fjl) 
'on platcau of Ireland 
fty flows, in all about 

bccn shown for the 

cs ma.y be relatcd to 
flow or intrusion, to 

temperature rcsulting 
3CS or solutions, or to 
us MoLIN'rOOJ{ (I!) 15) 
te-scolecite in oJivine 
asing hydration with 
, followed by a revcrse 
oted by the thol.'lllu,1 

tent trend. N evcl'thc­
onsider that this fact 
erma.I and regionally 
ssivc ly loss hydrolls 

ntent of zeolites and 
above, together with 

zeolites in veins and 
ontite and analcillle. 

tatively insignificant, 
OLl cl al . (l!) 'W) in 
and the Aar gmnite. 

stilbite, accolllpanicd 
F.K;-" BBRO {l U5:1) fro In 

h zeolites, except for 
onc. ObHervations nt 
. active thermal areas 
o occurs in tholeiitie 

au olivine basalts are 
~)Site (W ALJOm, ]f)51), 
'S have been reported 

of phase oqllilibl'in" 
lly cocxist with each 

ove that the grouping 
occur in immediate 

coexisting with opal, 

h 

::'0. --

'rho zoolito Jill'il'H, wit It C,,"I"I"JJIH "JI I I,,· i"ll·I'PI'ot.\tion of hydl'othol'lTI.d RynthoBoB 

cristobalite or silica-rich glai-ls, I~ Hn.t.llmtou, C undersaturated with rospect to 
quart7-. Many oxcCptiOI1H whielr coul(l bo inforred from pnblislreu parlt­
gonctic scqucncex 1-\(,('111 to be 1Il0rt' appa,rent than real, although exceptions 
ll11dollb~edly do exiHt. J " parLiclllal' cl1;Lil<Ll'.ite, which is ohemieally equivalent to 
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Fig. n. Oomp(.sit,io" ill .noll\" J,,'op() .. ~iOIlH or tilllo·";ch "('olitoR (HOO Appondix 2) a.H1 of 
eOl't,\in oth,,,' ('1\ '. \ 1 si li""tflH. 1"01' t.)". "l>"lit.'·H ILllt! I\llol'titito, (elt, NIt.)O is 1lull1o"i('ldl,v 
oqufll to AI.O" , ,\, Fi(I I,[ "f' I'has!'s 1'''\''1''''1''' by ~(JP(H·IlI~t.Ul'atioll ill Hili"". H. ]<'iol([ or 
phaHoH whi('h "1\11 """"lHm l,V ,,,,, ,xi, l, \\·il .I, 'I""d,,, (o";onito COOXiALH wi!.I, opal) , C. Fjolt! 0(' 

plllLHoli f"vlIu,'"d hy a Hili .. a-clo fi"iont onyil'ollTnont. 

stilbite with 1eHX Hilie;t rtncl Lo IfLIIIllonl,iL(' with additional water, fallA in the field 
of the less siliceous zl'll lill'x :vet llax o['Lnll been reported in association with qnltrtz 
(e .g. in the NOV1L SeoLia tmpH, WALI\I>JJt ILnd PAH.80NS (LD22) p. 42), altholl~h not 

lICCCHfllLl'ily jll equilibriulI1 with it. Rillliln,l'Iy it ha,f; been syntltesil'.ed with qllartz 
(fice 'J'aulo 14). 

3.G. Gronndmrtss zcoliles in 1'ynf'01t8 1'O('.7,·s, 1)c(f1nalo'ids an(l (flasses 

Tt is well known that anal('imc and other zeolites ltre common in the groll1ldll1[LSA 
n.nd peglllatoids 0[' i'HXic, albLlinc la ";IX ;lIlcl shallow intrufiives. Apart frolll the 
f,Lc:t that thcy ,LJ'(' rlrnractcrisLically "ili(';' [loo r I'.eolites, they provide little direct 
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evidence on zeolite stabijity. It is known (YODER, 1(53) that analcime is stable to 
a.bout 570°0 at 2000 bars in the absence of free silica and may thus form at much 
higher temperatures tha.n in the presence of quartz (sce later). Experimental 
evidence is jnadcClllate to inLorpl"Ct the occurrence of phillipsite in the mesostasis 
of ItpJlMellLly frCHh ba:><Lllite:> (COOMDS in BROWN, 195G, p. 370) but thomsonite 
appl'iWH to b)'eak tlown to 11110rLhite noal' 300°0 (FYl!'E, 1(55) and can be interpreted 
as oillH'l" ll1etnllHJrphio, as in the Otama metl1gabbros, or low-temperature, late 
stage hyurothermn,l as in the case of groundmass thomsonite in the vVaihola 
thomliLo (HU'l"l'ON, in J~K .·ON, 1(42). POVARENNYKII (1954) has discussed how the 
rcln,ti vc pl"oport iollK of Jlophelinc, albite and anorthite in fcldspathoidal rocks 
control tIle proportions of nn,trolite, analcime and thomsonite in thcir zeolitic 
alLemtioll products. . 

.rn the Ju.tel' hYllrot..herlll ai stage in pegmatites of quartzose rocks on the other 
hand, the typical zeolitcs arc the laumontite-heulandite--stilbite group (e.g. 
RIOlll\lOND, 1937 ; vVm'l'lmousE, 1(37), while HARRIS and BRINDLEY (1954) have 
described an interesting case of the natural devitrifieation of a highly siliceous 
pitchstonc gla,ss to mordenite. Similarly HAYASIII and SUDO (1957) have recognized 
mordenite and opal in the bentonitic hydrothermal alteration products of Japanese 
rhyolite tuffs . f::luch examples provide further evidence for the silica-content 
corrclation dcscri ued above. 

3.7. Concrl£s-ion 

Similar reclll'J'ing a:>scmiJlages in a variety .of environments of widely differing 
age s\1pport the validit..y of Lhe r.eolite facies concept and we consider that it may 
bc exLcllded, ill t.he f01'11l of minera.l facies rather than of metamorphio facies, to 
the r.one of (liagcllP,.;iH wit·,h iLH heull1ndite-qual'tz-montmol'illonoid aRsemblages as 
weH 0.8 to the fillillgs or Il1lt1ly VUiWl and mnygdn.les . Nevertheless o.s stn.tod a,bove 
JOw-tclllpemtll1'lI (lolHliLiol1s :11'l' pl'obably particularly conduoive of non-OClldlibriuIII 
ItIHl SOIllO of LILo pamgolH':-I('H, t'Hpeoin.J1y thORO with. phltSOR slloh n.s mordcnito and 
epiHt..ilbito, /\.1'0 pl'obably Lo he l'l'gn,l'Ilod aR motastablc. . 

OeCUI'I'ollCCH ill hytll'O(lH'I'Il\;d ILrCt1s,like that of phillipsitc in marine I:!edimcnts 
(MUltRAY alld H].;NA lW, .1 SD I; (JoLDlllmo and AJtJtJlRN'WR, H)!,;8), provide somo 
infol'lllaliull 011 ILeLIl<d tC'llll'l'I'Hll ll'('H aml prCSRures of fOl'l11ntion. 'l'hcHe d/~tt" are 
SllJllllllll'izl'd ill Tahll' I. 

4. '.l'lJEOH1"l' l( ' \ I. ('UNH I I)JUl.A'l'IONS ON ZJWLITE S'l'ADILI'l'Y 
(A. J. E., W. S. F .) 

Th(' hl'oo.d pu.t..tel'll of' prugrcssive regional metamorphism is one of incrca.sing 
dehydmLion a.s the mineml assem blages of low grade rocl{s pass to the less llydmted 
high grado aSS0ll1uJl1ges . COllpkd with this dchydration is 0. telldency for phl1se:> to 
incl'ease ill density , o\'en mor~ thall is implied by dehydru,tion. The genoral feature's 
a1'O COIlHisLcllt wiLII thOHl' which would bo deduco(1 if the roc](s we're subjected Lo 
inCl'el1Hing tompemtul'cs n.t sLC'IH lily illcreasing pressures. 

Oll grounds of ontropy, l.ll(l sLnhlo mineral n.ssemblage at lolV tempomtlll'cs 
nnlRt ho Lile 0110 ·wit.h tIle lllltxi11111III possiblo hydmtion and it will eOllHist lltrgcly of 
clay minl'mls /.1.1\(1 z('()litl's. ' l'lm(. s lleh I1H:>embln.ges n.ro cOllllnonly developed, aL 
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The zoulito fil()ill~, wit h COIJlIIIUIlLl:! on Lho intol'pl'etntion of hydl'Othel'lllnl fJynthoBo~ 

Table 1. TUlll!'l'ntLlu'l'S of OCCW'I'OHCO of somo natural zeolitos and rolnted minol'als 
(dallt dUl'ivod [l'om ro[ol'ol1COS givon in text) 

Minoro.l OCOUl'l'l'IICU Tomporo.ture Depth 
(TOC ) (m) 

Phillipsito Doop SOlt Sl't! i l11('n t R 0° 4000-5000 
Chabazito, Masonry, ROlllnll ul1Lhs 40-70° Surface 

phillipsite, 
natrolito 

Clinoptilolito, Diagoncsis Low 
analcimo 

Stilbito Huntol's, Bouldor Hot 164°, ?73° Surfnco 
Springs 

Clil1optilolite Ynlloll'llLono 125° 19-26 
Analcimo YollolI'stono 125- 155° 26-60 
M:onlonito \Vn.il'l1lwi 150-230° 73-300 
Houlandito \Vltimlwi within range of mordenito 
Lnumonito Wttimlwi 1%-220° 150-275 
Wl1il'o,kito Wl1imkoi 200- 200° 180-600 
l'l'ohniio \Vaimkoi ...... 200° ..... 100 
Aluito \Vai1'llkei 160- 240° 100- 600 
Aduhtrill \Vttimkui 2:10-250° 385-600 
Zcolitoand tiLL-am 130aL Springs" 170° 52 

adlllm'ilt 

NoLo: (I) 'l.'ho lflllXll1l11ll1 tOlllP'H'ILLl1l'OH l'o(lord"rI 1'01' Llto \Vniml<oi bot'oholUR IlI'O 21i0-2GO°C;. 
(2) '1'ho nppo,u'nooo of' IdhiL" alld 01,111 '" Iltilllll'll!tI nt 1L111lOI'll,ally low tOlllPOI"lLlll'ClH 1L1Id Hlll~llow 

dupt.h~ in ~olno \Vui1'lllwi hOit 'H HllI.~~,'~L Lllll~ il1 thOHO C'ltlOS thoy Il1lty hl1vo hoon dOpOHiLlII l 
umior Ul1 olU']jor rogimu at' high"I' t"I1II'Ul'atUl'ol:l. 

• Soe WJU'l'l~ (1055), 

loast partiltlly. IlaH bOl'lI Ile/llO/lslnt!(,d in. Lho previous survoy. Further, the 
I'CClll'l'onco of simplo aSflclllulagl's Sllggl'Stli that oqlliliurium is ofton approached. 

·k l. 1'he 'importunc/' of 8iliC(I aclivity 

[n tho low tompol'l'l.tlll'O I'cgiollal onvil'Onmont whore ;"oolito fl'l.O ics minol'l1.ls arc 
for'llIod. oqllijiul'illlH with siliOlt Jlol'll1ldly implies eqllilibrium with quartz, ]~lIt in 
flumo of tho cnvi/'olllllontl:l whor~ ;"co.lil.os tUO formod on a hugo scalo, less stll,blo 
lIlouifiClttioll1:! of l:Iilica, such Ml opal Ol' cl'istolmlito, Illay uo prOI:lOllt, This commonly 
occurs in aotivo hydrothermal 1l,1'('ttH it/ilL ItIHO in I:Ilutllow Hedilllollts whoro opalillo 
Ailica mn.y bo a comont. A SOlllLioll whiclt is notivol'y prueipitll,t iLlg optdino silioa 
JlIlIHt ho Hllpel'lmtul'I'l.te(l with /,PIi\l('(:t t () qllaJ'L;", alld cx porimelltal ilal./t indicate that 
Lho lii liClt ItoLivil'.,Y could ho ~ /'('I~L('/ ' t.ha/I ill olL'Jilib/' illlll with <I'IltI'Lz by It fltoLol' of 
10 (KLLTS ILlHL l!'YI"/~, IHI)7), 1';xp('/,illlf'/tlli (L('Hcl'iiJed laLo/' RII~~(\lit thl'l.t a ChltllgO 0[' 

t'IlVil'Ollll1ellt fro/ll 0110 slLf,lIl'1d('d ",it.1I 1'/'ilit,olmliLo 1,0 O/l(' HI~LllmLull wiLlt 1J11lt1'L;" 
Il\UMt clll'l.lIgo Lilo /lllLXillllllll LUlllpt'm!,III 'p of HtabiliLy of n. mineral aHHt·/llulagn. 
Natllml zeoliLolLHSO/lIhllLgt'li /'('por\(,d al)()\'t~ SUppOl't this cOllclllRioll. 

In any rcaction of type: 
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pho,so A~BvG. wi 11 form ovcr /1, wideI' l'n.llgO of conditions if the Hta,to of G is not the 
stablo form at the gi\'ell IH'cRRllre a.nd tcmpcrn.turc, and if OthOL' fltctors such a.s 
nucleation do not. illt,f'l'rel'c. 'l'his cm'd, which is not rostri¥tod to I>ilica may be 
In.rgo. COl1sidor, {'lll' iIl HLn.Ilr.<' . till' )'cacl,ioll: 

A (:-li0 2),1 -I 2:-l i0 2 -+ A(Si02)o 

n,t equilibrill III 1Lt. !,lr. (! 11' 11('1'(' t:,r: () illld (.110 stl1blo si lien. phnso is q IIfLrLz. As Lhe 
free energy of yil 1'('0118 8i lir.n iH :\ !ceal lilOI'(' pORitivo than that of qnn.I'Lz nt this tOIll­
perature (LATHl J': H, 1 nil:!) i [8i I i('n. is n.r/(lpd 118 glass, ilG a.t 2fjoC wi 11 now bccollle- GOOO 
cal and the ficlcl or i\(:-li()~)1I will bc cxpallded. Tho silien. (or n.ny oLhcl' componellt) 
may bo n.dd<'d ill 1111 (,XIH' I'il1l<' IILall'IIII ill 11.11 ItlllOl'phOllH HtlLLo ILIHL /l,t the olld of Lhe 
l'111l mo.y hCl rp(~()\,l'I'nd pal'Lly f)J' (Ill t,i1'e1.v l\.I'i qlllLJ't,Z, Novol'tJHJlnHH, pilILHC'H m/l,y hrwo 
gl'OWIl whilo 1.110 Hi lic '/I, :1C'j,iviL,v WIIH higll 1I,lId llllty 1H'I'HiHt. ill t.Il(\ fillnl PI'CH[lIutH. 

UOIlHi<i(lI' LII!' (,m,l'! IIIiH HiliC'I1, nuf,ivit,y ImH Oil It Ilypion.1 hycil'll,Ln hOlllHIILI·Y. Du,Llt 
fl'OlI1 HyllLlloLin HI,lIdic 'H illtii(,I1I(, LllII.l, I,ho 1'('/wLioll: 

CI\.J\I~:-\il()I~,~II~() - ~ CILJ\1 2:-li 20 S + 2Si02 ·+- 211 20 
\\,111 I'll Idl ll nl""U,lln + ,,"MI,7, ' + WII(Br 

may bo at equilibl'illlllltl'OII1Hl :lI)()OU ",nd 1000 bars. SolnbiliLics (1(Ir.NNJWY, 1!Jr,On.) 
indicn.te that Lhr. f'1'(,O OIlCll'gy of n.1lI01'phOlIH F!ilica iF! n.bout 1liOO cl1l/mol0 (~bovo thn,t 
of C(llartz. ~1'hlll; wilJh n.ll1orphow.l HiJiclt t,hn nbove proccFls will Imve n ilG of -1- :1000 
CIL!. The il8 of r/l'hydrat.ioll 1I11ty hc of' Lho ordor of 10- lG cal/wn.LOl· moleculo and 
tho oq\lilihl'illll1 !<'Il1})('l'Ilt,III'O wiLh 1'<'I'Pt'<:t. to l~morphonH siliclL mn,y be 100- 11)0°0 
higher. ThiH i8 wc'lI d('lIlomd nt!('d hilI" ill dil'ection alld mngnitude by the do.to. in 
Tl1blo 3. 

4.2. Rel'alil1c 1;'/11./111 1'111"1/1' (' (~r sifil'll ('f)'l/ tl'Ut (('flit water c01~/ent 

In this Pn.llI'l' :l1 kill inn iH focll scd Oil 8ili(!n.-l'ich Aystoms. 011 the bltRis of ~ntropy 
it would he c:<pc'('ll'd t./ml, I,ht' 1(,ItHt. "ydl'n.ted phnse would also be tho high tom­
perature }llmfm . ./<'lIl't.llC'l', i r I,wo nHSC'11l hlllgPH IllLvo dilTorent It 111 011 ilLs of HiliClt bound 
in silicn.tes it lllighL 1)(' ILllt.i(lipl~k(l t.llII.L Lho /Lsl:iombln.go with tho gL'CI1LOl' o.mount of 
bound siJiClt wOI"d bc Lho IlIOl'e Rt.n.blo. I t is n, fn,ct tlmt n.Hf:!()l1lbli~goH sllch I'l.H 
llopholino- qulLl'(,z , LholllHOlliLo qlll1l'Lz. olivillo-qlll1l'Lz 111'0 not HLnhl(. It llIight 
thel'efoi:o bo f:!lIl:(g(,Hkd thnt. Lho Iltl'g<'1' HilielL eonLent OfFlOdi1l1ll IlIOL'cioniLo I'olal,ivo to 
ann.lcimo eOllld c!ollC:('ivlthly inomlLHo it.H HLlthility I1nd he1lco IlmJw it the hight'r 
tomperntllL'c pitHH<'. 11(lw(\vcl', Lho I'clwt.ioll: 

NnJ\l:-\i r'()12·:I·IiIl~O - ~ N/tAIN.i200' H20 + 2·{)H20 + :J~i02 
must have l~ IHlHit.i\'(' (,11i.I'OP'y uh/tngl' <[110 to tho largo entropy of fl'ee wn.tOl' in the 
gas or liqllicl HI.Il\.P. 'l'hiH implio!; t;Jml, 1tllltlcilllO becomcs mol'o al.nble I'l.t high tem­
pOl'atlll'esl'clu,tivc t.o Illonlollite. Analci1llc Hood not bo sto.bJo n,t all, but it would bo 
most remnrlmhlo if n.1I1tlcime was Htn.bJe nt lower tempomturos tila,n mordenito. 

Tho siliea-ddicicnt zeolit,e J1lttroliL(' (Na2A12Si:Plo.2H20) is llllJike]y to occur 
with free quartz for I1ltho\1gh itA formllla Huggests intormedio.te hydration botween 
mordenite o.nd al1n.Jcirne, on thc baf:!is or itA Nn./HzO ro.tio it is hydt'l1ted to the samo 
extont I1S aJ1o.1cime but has [ess silica. Natrolite would be expected to occur only in 
silica-deficient ellvil'Onments. 
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Tho 7.ooliLo fnri('A. wiLh (:o"'""'nIH on I hI'. inl,l' l'JlI't,lnlion of hydrothermal synLhCl!ip>i 

The situation with tho calc ium l':eoJites is more complex owing to the grcat 
Ilillllbcr of posHible phn.scs. j l"l l'titer , the range of composition of n. singlc phase 
(o .g. heulallditc I1nd its poss ible polylllorph c pistilbite) is oftcn cons idcrablc (sce 
Appcndix 2). In Table 2 Home- or t.llC pm;sihlc compositions of calcium cnd 
Illembers are Iistcd in onkl' of deel't'!tsing w/tLn eo n(,e-nt in relation to anorthiLe n.nd 
quartz. 

'l'he entropy argum e n t. used nhov!' wOllld II'nd OIlC to suggcst thn.t tho orde r of 

'I'ablo 2 

111I1/1'Llldilfl (\ ' 111'. "lill,,!,1 i l"lil (!) 
( !Imlllw.il .. 
.I\11l1·(I(!l1il n 
NI,ilhil.(\ 
Il ol1lltl1<iil,ll 
Clmhm:il,(\ 
Nt.ilhi\,o 
llnt/lltlul it.o 
.I~piHI , ilhil.o 

CllllhlL7.i t,!) 
LOV.Vl1 n 

J 1!'t/llUl!lil (l 
YIII.(I~wl"' ·l\lil( ' 

LILII 111 1111 I il, · 
GiAITHlIlIlill( ' 
Kco]ocilo 
ThomAOllilo 
Thom soni LI' 
WlLimkil () 

--' 
Composition 

1\11 HNi0 2 + HI1 2() 

.1\11 :I '!'%()a -I- 7·!.!IIaO 

.1\11 I HNi()2 -I- 711 20 
1\ 11 + liNiO g + 711 20 
1\11 -I- liNi()2 + (111 2° 
.1\11 -I- 2N i02 + Ollz() 
.1\11 I· :1 ·2Hi0 2 + fHllf 20 
.1\11 -I- .INiO z + {j'~1I120 
.1\11 + tlNi0 2 + (j ' :J1I 20 
.1\11 I 1·:IKiO g -I- fi·:11 f 20 
1\ 11 ·1 2Ni0 2 + fi " 2() 

" " + :\· 2Ki0 2 + " 'HI1 20 
,\" -I- :lNi0 2 + 411 20 
.\ 1\ -I- 2Ni0 2 + 411 20 

i\" I- ONiO z + 411. 2° 
All + 1~i02 + 31[20 
An + O'Sl:li0 2 + 311 2° 
.l\n + OSi0 2 + 2·4H20 
An -I- 2Si0 2 + 2H20 

stn.bility would be hn.r-li cn ll y (:() n LI'OII!'1l by waLPr (;olltent. Ji'ul'ther, ono might ant,iei ­
pato thn.t, givell oqultl WII.i.('J' cO IlLollt. , t ho 1110St". Ht;n.hlo Hpecie8 n,t n.ny Le111pemLul'o 
would be thn.t with tho 1l1OSt, Hi I i(,It. Ji'i(~ld <lltt,lt i Ild iwL\,o t;hM, th if:! lattor' suggoHt,ion iH 
flot gellel'n.lly vltl ill; rol' (. x 1\,111 pi!' y " gll.\\'ltl'lll i t,o HIl(lI"d he Rtable l'olltti vo to l/Lulllon ­
tite, bllt tho In.ttel' is thl' (:() 1l11l1l111 1.001 i Ln. 1,u.j,omLol'Y /LrHl Held studiofl811ggest thn.t 
although tho sil ion. COil 1.( '1 tt , or ~l'() 1 i I.('S l'oflecLR Lhe s i lica activity, the siliol), eiTect 
does not override tiro \\' :\.t l1l' nll"oot.; wiLh reRpocL to wn.ter oontont (cl1lculated 
relati vc to (Cn., Na2) O. A 120:) , co n ka. t ()o I~NU, 1 n08) , the order of stl1bility is normal. 

4.3. D chydmtion rcactions at high lJ1'cS81t1'C8 

The experimental bOllndn,l'ics between lIeolites n.nd feldspars are normally steep 
but as they I1re ill-defined it is a matter of difficulty actually to measure the slope . 
Changes in slope of zeol itc- felds par boundaries JIlllst occur at high pressures owing 
to the ll1rge molar volumes of IIcolitcs. At vcry hig h water pressures some zeolites 
should be dehydrn.ted to anhydrous phase8 (of. GltIGGS and KENNEDY, 1956). In 

79 

i' .;- . 

--



j 
I I 
I I 
I I , , 

~ 
'1 

1 
I 
1 

1 
I 

J). ~. ('()O~fHS. A, J, Er.r.r A. \V. S. Fyl"l': oml A, l\f. TAY],OH 

genern.l, suece88ive dehy<1ra.tion boundaries tend to become steeper at low telll­
pel'l1tures, n rcsult of the increasing departure of water fl'Om irleal beho.violll· at low 
temperatures (ELT,TS and FYFE, 1!)I',7). 

The following examples will iIlnstrn.t.e 8110h effeots. From the d.ata of Appendix 2 
tho !:i V's of reaot ioll foJ' Lhe following hayo been calculated n,t 2GoC. 

(1) 

(2) 

(3) 

(4) 

HEUL. 

T 

Fig. 6. Posaihh' f""111 nf phORO 1'0latiOllS h otwecn hculandito, Io.umontite. wnirukite nnd 
rmol'thite based Oil volumo relations. 

hcul andltc laumontltc + Quartz + watcr 

!:iV = - 60m3 

CaAI2Si40 12.4H20 -- CaAJ2Si4012.2H20 + 2H20 
llltlmontlto walrnklte + watcr 

!:i V = + 22 cm3 

CaA12Si4012.2H20 -- CaAI2Si20 s + 2Si02 + 2H20 
Wlllfllkltc Illlorthl lo + quartz + wutcr 

!:i V = - lOomS 

CaJ\l 2Si '1012.4H20 -~ CaAI2Si20 s + 2Si02 + 4H20 
I tl tlll1flllLlt o IInor l.I,iJ.o + qunrtz + watcr 

!:i V = + l:~ em3 

These values fLRSl1me a wo.t,cr dCIlRi!,y of unity; as equilibrium occurs at low 
temperaturcs, the vn.lu08 so calculated could be meaningful at model'l1te pressure. 
In a normo.I dehydmLion Rel'il'H !:i V is positive for eaoh step. This is obviously not 
the case in the above sel'ics and examples of negative boundary slopes and re­
stricted low press ure fields (e .g. wn,irn.kito) arc to be expected (Fig. 6). 

Experimental Rt,ndies arc usually ljmited at low tempemtnres to pressures 
equal to or higher than the vapour pressure of liquid water. As boundaries pass 
through the two-pho.sc region of water the slopes must change rapidly, but above 
this region they will be steep over a wide range of pressure. 

4.4. Entropy of annlcime 
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FYFE et al. (11) :')8) have discussed some general features of entropies of silicates bt 
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f entropies of silicates 

Tho zoolito fn.ciPR , wiLh (,lIIlI1I1,,"I,H 0 11 I.ho illl,orpl'" I,1l1 inll of hydroLhorml\\ synthosos 

",it,h cmphllRis on the limiLa t.iollH of 1,110 I1::tHl1mpt iOIl Llmt entropies of constitl1enL 
oxides are additive. 1'0 the wriLeI'''' know ledge, t,ho ontropy of only onc zeolito hns 
been determined, namely lI.llIL leilll e [01' \\'hi(~h K [NO (l!)I)G) reports a value o[ 

liG·O cal/deg mole. This ellLr()p.)' if! \'cry hig h cO ll1jllt red with the sum of the entropy 
of the oxides, 44·Q cal/(lcg IllOle. Howover, a large cntropy is to be cxpectcd since 
Lhc molar volume of ana.lcime if! large. Following the arguments used in F'1!'J~ 
et al. (1958) we estimate a.n entropy of 1)7 ·0 cal/deg mole which includes a volume 
correction and a correction for randomness in the AI- Si arrn.ngell1ent (BEA'l"L'm, 
19(4). Similarly wairakite would be expected to have a large entropy which is in 
accord with its ready nnclen.tion and growth (cf. cristobalite). Further, the ap­
parent moln.r volume of wator in ltnn.lcime is ll1uchlarger than with most hydrn.tes. 
Tho largo ~ntropy of analci mo leaaR t,o Ro mo tl1111stll11 featur~s of its breakdown. 
At 2lioO, tho !:l.S of tho 1'('lLc t,ioll : 1i. lllt]ciIlI O + qllfLrt7. -- albito + wat~r (liquid) if:! 
+ O·!)[) cal/dog molo, It vII,hle YC'I'y Ileal' >1,01'0. Ifor most dohydration reactions 
rOJlloval of ono wat~r molpcl d!' 1,0 givc liquid watel' at 25°0 is aecompanieu by an' 
entropy ineroaso of 7 OlLl/tLt'g molo (an avomgo of tw~nty-four cases) . 'I.'ho smltll 
change noted above indicateR the danger of using avorago figuros with zeoJites. 
In fact it could be possiblo to have ncgative ~ntropies of dehydration at low 
tempol'l1tures and pressures. 

4.5. Osmotic conditions 
Data indicate that r.eolitcs will be stable minel'l1ls in a low temperature 

cnvironment or under condi tions of moderate depth of burial. In thcRO ellviron­
ments open pores must 1)(' com mon. In hydrothel'mal areas such a.s Wn,ira.kei, 
New Zeland, tho pressuro lIleaslIred in fissmes is often that of the water column 
and js therefore rehLtcd to 1'0 'k Tlrcssnre in thc rn.tio of water density to rock 
density. It is thus neccRRltry to conRider conditions where the pressure on the solid 
phases is greater than the pressure in thc fluid pha,se and in particular conditions 
where Pn •o ro-J ~ PIOI\(I' For thiR to ho relevant it is nccessary that alteration pro­
duces a zeoliti7.ed rock whieh is st ill poro11s yot in which the zeolites support tho 
load of overburden. In contrast the zcolites in a cavity in a basalt grow in an 
environment where clearly P = P uao, At great depths continuous pore systoms 
must become unstable unless some fluid can support them. If the porosity is low 
and water is being expelled on a. large scale by dehydration reactions the most 
likely conditions are P IT• o c::: PIIl/"I' 

For phase changes in hydratc Ryste llls where density relations are "normal", if 
the pressure on the solid plutses is grea.ter than the pressure in the gas phase the 
vapour pressure of the solid wi ll be increased (FYl!'B et al., 1958). If molar volumes 
of all phases are known the extent of the effect can be estimated. 

Consider the effect on the analcime-albite bonndttry. In Fig. 7 curve A is our 
boundary based on synthesis for the experimental conditions that P = Prr•o• At 
1000 atm it passes through 280°0 ± 10°. If at the equilibrium temperature at 
1000 atm we add 2000 atm rock load (Plond = 3Prr•o) then the free energy of the 
reaction: 

becomes 

6 

analeime + quartz -- albite + H 20 

2000 X !:l. Vsollds X 0·024 cal 
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I"il{, 7, 1·:qllllihl'illlll vnpolll' I'roAMIlI'O of tltn rOlwl,;",,: 
'LlIIII";"""1 cl'llt"I,~, ~ nlhilo ' l wn.t"", CII"VO A i>< 
1,11101, MlIgg('~I~'cI hy Rynlhl1RiR, Curvo 11 i>< l,h'll o><l,i· 
Hml,od ro, ' l,lto cOI"IiI,ionR tlu\t PLot.n1 = 3 }'II,O. 'ft.o 
clultod 11)( 1,(1I 'RioI1H '\1'0 8ohomntio I\nd illt'HLrnto Lho 

hnh'lVioul' oxpootod nl low proRBtJroR, 

3000 
x y 

Fig. 8, Din.grmn illuALrnl,;ng I,lto clill'ol'nlHlo ill ronotion 
tomporntur08 in o.l'oIlRwllo,'(, "I.otlll = PH.onnn whnro 
Ptotnl = 3Pn,o,X, Y IUHI7, rllproRclIlL tlto orl',ilihl'imn 
vnpour rroAsuroA for AIlr.crHHivo clohyclrn I,ion rOllotionA 
when PLotnl = 1')[1°, nn,l X', 1", tU,,1 7,' ropl'C1Hont 
vnpour rroBsur08 for Uti) HIIIYtO ronoliol1R whon /'tolnl 

-= 3PUI O, A grudionL 01' :lOn/km is [188111t11'cI : 

O·A~--------------~~ 

IOLU81L1 

WT% 
0'3 

0·1 

100 200 300 400 500 
TOe , 

Fig, n, Ocnol'nl form of tho 1750 bo.r8 solubilit,y ourve 
or qllnrl,z in water (nfter !{ENNEDY. 1050a), 

z 
o 

300 

To regain equilibrium, t,ho temperature must be lowered at constant pressure such 
that a term ~T~S eql1als the above ~p~ V term. In this region the ~S of the above 
reaction will be of tho orcler of U COol/mole and ~ V801ld8 = 19 cm3 so tho new equi­
librium tempemtlll'e will be 150-200°C below the experimental value. The result is 
that of ourve B (Fig, 7). Yomm (19u4) has reported failure to produce the expocted 
differential pressnl'O oJToet wjLh analeime. The subject warrants further investi­
gation (see also HARICTIJR, 1!)58). 
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constant pressuro snch 
iOIl the !:is oftlro above 
) cm3 so the new oql1i­
tal valuo. Tho result is 
o produce the expected 
,rrants further investi-

r 
Tho zoolite fll cies, with ('11 '"11 \1'11" "" Ill" illtI'l' PO'l't.llti(l1l Il f' hydrot,h I'm,,1 8ynl,h0808 

From tho above wo cutlcl,,<!( ' t,ha t, IL t. :-; lmlltllV d( ~ I't,it1-\ the experimontal curveR 
will suggest transit;ion tl'Il1IH't'H (It 1'(' :-; Litat. I\.l'e Loo it igh, tho diRcropancy hcing snmll 
n.t vel'y shn.l low dort,hs bttL h!'illg ('OIl:-;id!'mlJle' I\.t tlPpLhs of moro thn.n J km. ·At 
groat depths tho f reo pore cOIHli(,ion prolmhly no IOllg('/' Itpplios so that tho expori­
ment,al results will apply tlHlI't' e lm,e ly Lo (,Iw Jl aL llml conditions . 

.I.f tho rocl{s are well R(,lIkd and 11, fi1-\i-lIIl't, OIH'I1 S \\'(\ l1ln.y' hn.vo in tho rock that 
PII,Cl = PI!""I w h ilo in the' fiss11I'!'H 1'11,0 c:::= A'\.lId, so thn,t n.n n. lcimo might grow in 
tho rock whilo n.lbito growR in (.1\(' fi liS III'(' , Hu(, if t.ho conditions in tlLo rock Itrc 
oRl11otie, i.o. P 'oncl c:::= 3P",n, Itlld :\, fiRSlIl'O forlllR /Lnd is held open f01' froo growth, 
thon where n.lbit,o growR in /,1)(' l'IWk , Itnnleilllo cottld grow in tho fissllro. 

'.rho above offects Itppen.1' (,0 pl'OYillo IL posAihlc cxpll1llatioll for ovcL'lILpping of 
l.eolito 1.0lles at Tltringlttlll'lI,. III ]In,d,icn IILI' , tho 1'1'1 ict hcnln.ndito o.sSOI11 bllLges low 
ill tho Rcctioll chn.mctcris l,i('n fl y O(' ( ~ III' ill 1I01l -I'ot'OIIS, woll comonted hods, whor~ It 
CIOHOI' ItJlfll'On.ch to the cOIlc/il iOIl 1',.,"" 1'11.0 IIIlLy IHl oxpeetefl thltll ill Homo of 
tho eon.I'ROI' beds which hlL\' (''' II( '('1l ('ollv('l'k(ll;o 11I,lIl1lOIILiLo. V,tri'ttioll in compolii ­
tinll if! ILnol,hol' rnn,jo!' facl,()1' I (I Ill' ('OIlRidl'I'('d, 

It, should be lIot.ed (.itll.l. III hig h t.(\IIIJ)( ~ I'II, t.III ' (· H t,IH' OHlllotio oOl'l'oot,ioll will ho 
Slllltllor itA tho Ollt/'O]l'y or <I I'" ,"tiI'll t,ioll is IILI'g(II' . 

AR tho It I' PlLl.'Oll l, molll,I' "OIIlIlH' of' wu.Ltll· ill IIlOHI, hy<lmt.{'R iH in tho mllgo ) tl _~() 
o III a, /,ho high vltlll() lInillg L.vpi( ·n.1 of' low dl'llf!it..Y ;t,('olit,( 1'1,1,110 t.ol·m !:i VKnlh'K ill IllORt 
zoolito rOlto(.iollR will ho Hilllillll' (,,, 1,IlII,L rot' 1.110 /l,lIl\.leiIllO- ftlbit.o rOILcLioll, ILlld tho 
dirforontin.1 j1"eRAUl'O ofl'od will hI ' Silllilll,1' in 1ll11 ,~ltit.ll(lo . Noyol'thoJeRA Lho thomml 
gmdjent in J1atllrn.1 SyHt.OIlIH OIlI'I'u.f '('1-\ t.o 1'('HI',riel, Lho dfeet. '[n Fig. 8 Itn n.tl.ompt iH 
mltdo to summn.ri7.o tho (.Y Ill' 0 f' nfl'l'dH ILllt,iei pltLed in an environmont whoro 
P IIIO = Plnl\,1 (fulllinoA) alld \1'11('1'1' P" ,n ...: A l" O'"1 (dltAhod linos) in n.n n.l'oa wiLh 
0. tompern.tmo gl'ltdient. 0(' :10 ''<'/11111, Th o cl'oH~illg poillts on the gl'ltdiollt lilies ItrC 
changed by about Io-nooe, If 1.110 (,IHll'lllld gmdient Wo.s less, tho o.djuRtment wo 11 Id 
be larger and convol'lmly, :I 11 I it e l"llla.l,tl'OltS RIICh n.s Wn.irn.koi whor~ gradients may 
be as largo as 200°C/km t.hl' ORIIlO(,io cOlTections should be small. 

4.0. The significance of qua,rlz veins 

In New Zeland the appeltrance of quartz veins OIl a large scale is typical of rocks 
near the zeolite-greenschist facics tl'l1l1sition and these veins continue into tho 
greenschists. Where they firRt appear they commonly carry prehnite and/or 
pumpe]]yite. In a very broa.d sense theAo voins mn.y serve as an indication of the 
temperatures in the prehnite zone, KENNEDY'S work (1950a) indicates that high 
pressure solubility isobars have the form shown in Fig, 9. In the region of liquid 
wat~r, i.e, at tomporatures 'below the cri(;icn.1 temperature, pressure hl1s1ittle effect 
on solubility. Abovo the cl·j('icn.1 temperature tho isobars steepen rapidly with 
increasing tompel'l1ture. 

If water is moving out from high tempcl'I1tl1l'e al'easat a pressure of 2000 bars thon 
between 250 and 350°C 100g of wa.ter wOllld depos it about 0 ' 12g of silica, In the 
range 250-150°C the amount depositod is only 0·04g. It is apparent that the extont 
of solution and deposition fa]]s off rapidly below the 300°C region. ExperimentaJ 
data (see Figs. 17 and 18) indicate that the incoming of prehnite relative to zeo­
lites should oceur at similar temperatures. 
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4,7. pi r 1)(1 ,.il/I /11/1 

III llltLIII'n l f.:.\ 'H I ('illS f il(' pl'ill('ipal lIg('IIL 1'('APOIIHiblo for CllltllgCR ill pi r IllllAt ht' 
on.rhol1 dioxide' ; (' liallgt'A ill if,H nOll(!(lllf.ml.iolJ will Itn'oot I'llll,tivo sollluiliLioH or 
silicl1tcH n.nd 110 11( '( \ Lilo l'oHiLiOll of phnHo bOllndn.rios. Expol'il1lcI11,s dosigno(l to 
tOf:lt thiR eITcct will 110 diHC! lIHHCd In,Lel'. All ilICl'cltscin n.lkn,lillity o.ccclemtcs thc 
format.ioll of <lllltri.'l. from n.ll1ol'phollA silicn. AO t,hn.t, vn.riation in Hilicn. n.cLivit,y it! a 
com pi icn.ti ng fn.cLo 1'. 

Tho flignifi 'ltnC'(1 or pi I vn,l'in(,ion on high lovel OCCllrl'CnCOH of cn.loitc-lItnll1onLito 
voinR a.lld of htllll lonf if<~ l'I'plltcemcllt or Hlu'll mlttoria.1 in fOASils is n. mo,ttel' fOl' 
futuro inves(,igll.( iOII H. 

4,8. Water co?lI(,?l1 

Tho tot,nol zcolif il',l1 f i(lI) of:l f('ldHjlnt.hi(! l'Ilek rO<lllirOR It lltl'ge rl'l(l,llLiLy of watol' 
(nl'OllIHl 10 POI' eC'IIL) IIolld ill IJIHII,\' ('IlH('A LIIiH may not be IwnilltlJln. 'I'JUIH ill IllHolly 
l'ogionfl AllhjeeLed f 0 f II(' I ' '/1 (:o llrii LioIlA of (,ho 7.eolito fCLcim; rtitomLioll mltY bt' 
incipiont only. ' l 'hiH ill IJO WII-.\' ill vll lida(,I'H tho l'ocognit,ion of zooliLo f,wi('H 
oOlJdiLiolJs. ]~()1I11f1 1l.I'i(,H 1H't.\\'('('11 hydm('{'H will OC011r at tho Aamc tOlllpomtlll'OI; Itlld 
),H'oAHlIroH n.R ill I\. H,YHfc'llI \ViLh Hlllli ei(HI f. \\'a.1.CI', Itllowing of COlll'HO, fol' )lOHHib lo 
OFJlllo(iio eonditioll H. 'l' hIIH, aH rILl' n,H l.hnlllll,lhiHtiol'Y ill 00IlCe1'llcd., tmCOFJ of'l.oolit·,i ­
'l.n.tioll n.fl in Borne I'o!'\o; of Lho t\ I )lino ].'lIoeiI'H o[ Now 7,ealand will bo.i UHt nH Riglli rionn t 
as completo noit.t'I'1l Lioll. 111 t.h(l pn,l'l,in."), ILIL('I'( '(l Tltringlttll1'lt I'Ocl<H the n.HHt'1ll hlngo 
hel1lo.ntiito + uC(,l'i 1111 pllLgior.iI1,HO dOCH not, I'nproHcnt eql1ili hl'ill m, N evo l't ll o]oHH the 
houln.l\dito iR foll o\\·(·t\ h.Y 1ItIIlllOIlt.i(,(', :Llltl/ltIIlllont,ito by sWI l osfl hydl.'OllH ph n.FJOH. 
Providing sllce(,HHi\'n d(' llydl'fI,(,ioll t.rlLnsitionA FlUoh I1H hOlllo.ndito -lrttllllOlltito nee 
observed wiLh illt 'l'l'll14illg ten lpemt,lll'c iL II1fLy bo infelTod thn.t P IfIO hn.A 1>oon 
fLxod by oxt,!, 1'1111 I ('llll cli Lioll fl. 1l0LlLhly dcp(.h, ItIlU the ron.sons fOl' PCI'fliRte llco of 
reliot plagiocln,se (or o(,II (' l' WlttCI'-POOl' phn.AOS) (1,1'0 oithor kinotio Ol' tho rOl:lu/t of 1n.ck 
of I1CCOSS by watel' to gro. in bOllncln,rieR. tlnelt conditions 0.1'0 not thoso of tru~ wltter 
doficionoy. On tho 0(;1101' hn.nd Romo high-lovel ooourroncos of lltmnontito oould bo 
uuo to water doficio1lc.v. 

4.\). Phase rule 1'elltlio'/l.shi1)S 

At oquilibriull\ in oiLhl' l' 1,110 HYHLcrn Na20.AI203-Si02-H20 or CaO,AJ20 ;)-Si02-

H 20 up to two tec(,()Ailicn,(,eR Il1 ItY coox ist with an I1q1100Ufl Rolution at any ttruitl'nry 
tompomtmo n.nd PI'CHA III'C a1ld honco thoro will bo only ono 7.ooJito in tho pl'll::lOnCO of 
0. si/ico. phl1RO. 1n 1;ho llli xc(l f:lodi llll1- (lItloinm systom throo toctofli/icn,tos JI1!tY 
cooxist a.ncl two in t,ho presonco of qlln.t'L~, The OOOUITonco of throo-plllloAo ~oo]it.o 
assemblages such nR thoTnHollitc- IrLlIlllontito- n.nn.loimo n.t Otn.Illn., does not t horcforo 
necossarily imply (liscquilii>l'illll1. In cn,RCS of variablo o.llmli-alumin!1 rn.tios 01' 
un'der conditions whel'o lloll-tccLoAilicn.tes sHch as garnet, epidote or prohnito Jllay 
form, yet another plllloRO will be possible. 

4,10. Significance of (!:J:pe1'imental data 

If data Oil stability fiohls of minemlA IU'O to be applied in potl'Ogone!'io in{;cl'­
pl'etn.tion, the t\,otnn.l rcactions. involved in mineral formation nocd to ho l{nowll 
(note the effects of coupled reactions , FYFE et al., 1958), In some cnses theso appear 
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11Itllgl'H ill plf IllUHt bl' 
rclaLivo solulJ.iliLicH of' 
pori lllent.H dCHignc(L t.o 
n,1 i 11 i I.y n.oCCI('I'lttCIl Lhe 
11 in silion. n.otivity is It 

s of cn.loite-ln.umontite 
fossils is n. mo.tter for 

\rgo CJlln.lltity of waLeI' 
~ill\iJlc, TlulfI ill lllallY 
' icH altomLion )lllty 1)(' 
t.ioll of ~eoliLo flt( :it'H 
It lllO t.o III porn.tlll'OH and 
of CO III'HO, I'm' POHH i hl(l 
1I'Ilod, i,meol; of ~oolit.i ­

illlwjllHtltH Aigllirloltllt 
t !'ool,1; Lho ItHHOIll hlltga 
illm, Novol'tholoHA t.ho 
11 ICSH hy<lI'OIlH ph,tHOE! , 

elito -~ In.umontito M'O 

that PH 0 ho.s bOOIl 
2 

lO llS for pCfsiRtcnco of 
t ic or tho result of In.ck 
hot thoso of true wn.tCI' 
If letumontito eould bc 

001' Cn.O,AI 20 a-Si02-

IlItion at any n.rbitmry 
olit,e ill tho IH'cscnco of 
'co tcotoRilion.tos mn.y 
of t,hl'('c- phItHO zoolit.e 

.111 0., dOOfl not I. 11 01'0 fOl'o 
mli- n.llllllilllt mt.ioR 01' 

illato Ol' Pl'Ohllito Illlty 

in pctl'ogenetic intol'­
on nccd to be known 
me co.scs these o.ppear 

'rho 7.oolito fncin~ , wit,h ~(lIII"" ' III " nil 11", illlr" ·p ... 'ltllillll nf hydrothormn.1 AYllthoHO" 

tiO bo cleett' Cllt, ItS ill 1'.110 {:OIlVl'I'Hinn or I\. lmkilllo t.o pHOIldoll1orphA of n.lhitC', re 
cn.lcie hou In.ndi te n.ltel'A to clLl<:ic 11111 111011 Li j,o 1.ho ill Le rprcLn.tion iR Ai III plc hilt if HO( li 11111 

iR presont its dist"ibntiol1 hetween I,ho plHtROR will bo importn.nt n.nu thiH factor hits 
not yot been oxn.mined ()xpol'i mon LltIl,Y, Si m iln.r1y tho oxpel'i mentn.l I'en.ctioll : 
pl'ehnite -~ n.northito + woJIn.atollit.e + vn,pour <l008 not ocollr when pl'ehnito hl'onJ{f1 
down in l'egionn.l motamorphiRm n.nu it will eorto.inly not tn.ke pln.co under tho 
same P-T oonditions, 
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Fig, 10. ItoHlIlta of nrYAI,nlli:r.nl.iol1 of oxil[n l1liXOA of COllll'oHiLion: n.lhito + SiO •. 'l'ho filII 
lino 1'I1pI'oAontB tho low(ll' Iimil, of nlhil.n IIntl iR tloIlAi(I"l'nd t,n ho 1l0l\ror tho oquilibrillm 
hOIlIHIn.ry thl\n tho "ppO(' tin,," !)') Iillo whi"h r<ll'roRnl1l.H I.ho IIppor limit of n.nn.lniIllO. Hlln 

l.im!'R vl\ry fl'Ol1l 4 Lo :HO hr, 

5, FIELDS Ol!' SYNTJm!'!JS Ax n N'l'ABILT'I'Y OF Zl~OTJT'I'J~S AND RELA'l'ED PHASES 

(.\ . .T. I'; .. W. N. F.) 
5,1. General 

In large pn.rt this IllII S\. II{' ('olll'idl'ITd it progl'!:HH roport on wOl'k which hn.s 
alrco.dy occupied about :J y(,n 1'1' all( l l~ 1'C'\'iH ioll or Ho mo provious work by ono of tho 
writers (FYFE, 11)55), ThC' 111 '('1'1:111 pm<it.ioll iH Ilot, 0110 of finality; in fn.ct it n.bounds 
in problems which n.ro inr'olll pld.el,Y l:lo lvo(l. )I~xJlcl'imontal dn.ta 0.1'0 rocorded in 
Appondix 1. 

Tho majority of oxpol'i mC'1I (,101 I'r port ('d here involvo the cl'ystn.llizn.tioll of gln.sses 
or oxido mixes, Gols WOl'O not 11 HI' rl for rrll RO Il R ollt.lined bolow. Mixos woro made 
ll1n.inly fl'om cn.lcillln oxici(, /41 HI ill 111 il 'ydl'Oxi<in Holtd,ioll, n.otivo ohl'omlttogl'/~phio 
n.lllll1inn., n.nd Mltllillckro<lt. A . I~,. Hili cio acid, rt. hecamo olon.t' ItS work pl'Ocoelio(l 
that thcAo miX(lH f,wolll'od W0(/III·.LH high ill Hilien., HO ill In.ter mixos grollnd qun.rtz 
was nsed with little appn.I'('"I. ('hn.llgo ill tho tillHlH IlrcoRsn.ry fOl' roaction, Mu.ny 
experiments WCI'O contllleLt-d ll Hill g lllill('mlH aR starting materials, 

A wido range of n.ppa.n'llt phaHc bOl1l1darieA hn.ve beon recordod for tho sa.mc 
phn.sc using difforent stu.rLin g lnltLcriaJs, Although in many oases no satisfn.otory 
conclusion on.n be drn.wn n.bout lihc trll e equilibrium boundary, it js cortn.in thn.t jf 
attainment of equilibrium is desired the worst possible starting materials are the 
most reaotive, i.e, gels, mixes and glasses, These are so unstable that 0. large number 
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of metastable intel'111C'ciiat.t'H limy f01'1H Itlu1 perRil:!t. However, with leRs unAtablc 
stfl.l'ting materia.IH J'('ILct.ion l'ateH are commonly too Alow for recrystallization to be 
l1ohioved. 

.It 1ll1l8t bo Atl'l'HRCd 1,IHLli the floW of synthesis of a. given pha,Ho I1co(l bell,r no 
rel'Ltioll to tho fiold in whieh l,hiA phltHC iH Hl,n,h lo. ]~f(\IilihJ'i\lm ill indica.liod only if It 
reaction if! rover'Hi hlo 01', IOHA dt CiRivoly, if It 1111 III hOl' of diffol'Ont AtilLrting mlLiorilLlH 
produco tho 8111110 l'I'furlt.H. 'l'hiA ha,A 1101, heon domonRtl'atod for any of tho hydro­
therll1al synt.heseH d('HI:ri "f'd in l,h ill papcr'. 

6.2. ~l'hc 8?Jslern (/,lbi/ ('.- 81:tiw,- wa.ler 

Thero is n. wido fiellL Wig. LO) in whiolt both n.nn.leime and albito appear f!"Om 
OOlllpoAitionfl wit.hill thiH HYHI,{l1ll cont,n.ining exceAR silica, a. type of bohaviour typical 
of many of tho sYHl,elllR Htudicd. Tho following oonolusion!:! are drawn from the 

'oxperimontal data. . 
(1) Tho aprn.ront IlPI)('r Hl,ahility limi t of analcime in the prCRel1ee of qlllUtZ, as 
estl1blished by synl.IH'His. iH 2RO°C ± 10° Itt 1000 bars. The boundary is steep. 'l'hil:l 
is in ren.sonable agreement with obl:lervatiol1s of FYFJol (105Gb), SAND et a.l. (11)67). 
and llARRlm and WJlJ'I'g (1%2). 
(2) The fact that 111H11cimo alono I1ppOn.rS in short rnns I1bovo 280°C and that albite 
I1ppel1rs in longer rllnH (V ATJI'Y, 11){)7) sl1ggcsts that n.naloi me grows readily in 
regions where I1lbite if! t.he 8tn.ble phl1Se, I1nd that the figures in (1) above represent 
a higher tempemtllJ'o t.Imn that for true stability of n.naloimo. 
(3) Preliminl1ry expcriments by OAMPDELTJ (1068) on the solubility of albite in the 
presence of nl1turu.1 analcime n.nd ql1l1l't7. indioato that the I1nalcime + quu.rtz = 
albite + wl1ter eqllilibrium tempomture is near 200°0 I1t sl1tumted wl1ter vl1pour 
pressure. 
(4) The possibility of synthetic high siliel1 I1nl1leimes suggested by MAoKENzm 

(1057) is supported hy the I1bsonce of a silicl1 phl1se in the reerystl1llization of 111bite 
gll1ss to analcime. Ann.lyses of nl1tu1'l1l I1nalcimes (Appendix 2) do not indicl1te u. 
wide variation of composition. 
(5) In experiments using I1morphous silica I1nd gll1sses mordenite appears I1t 
temperatures below 2ilO-245°C I1t 2000 bill'S. FYFE (1955b) found that anu.lcime 
WI1S replaced by mordenite below 220°C I1t 300 bu.rs. 
(6) When quartz iR llRec! in pln.ce of amorphous silica I1na1e1me, not mordenite, 
appears at tempCI'I1t llrC8 118 low as 115°C (Tl1ble 9). 
(7) Lowering the pH hy u.ddition of sodium bicarbonate in runs with I1morphous 
silica raises the 1;('111 pnn.tnres u.t which mordenite appears. This effect can be 
correlated with t.lw influence of pH on siliea activity since high pH increases the 
rl1te of formation of qu artz. 

5.3. The s?Jstem ano'rthite-silica--water 

The following main oonclusions I1re drl1wn from the experimental dl1ta (Ap­
pendix 1). 
(1) From allstl1rting materials used in experiments in this system wairakite is the 
highest temperature ca,lcic zeolite to form. The temperature up to which it forms 
is greatest when amorphous silica is used in the starting materials. A summary of 
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apparent field boundaries i.' gi\ \"1 ill 'I';Lb lc :1. The fact that anorthite appears as 
low as 340°0 in the pl'escne(' of' tI'Jarl.?' xIlggcstH that wail'l1kite is not stable above 
this temperature. Al\ms a.nd N.\ :-,' J) (I D;/8) atHl KOIZUMI and Roy (1\)1)8) have 
produced wairakite from rcact in' IlHLt.l'l'ia,1s at 11 ighcr temperatures. 
(2) Oalcium mordenite repl a(,(,H wairal,ite at lower temperatures when the silica 
activity is high in the sam(' wn,y aA Hodilllll mordenito replaces analcime (Figs. 11 

'l'n.hlo :J 

Starting matorials PJ'!'RAIII'O _I Uppor limit Lowor limit 
(bltrH) of wairo.lcito of anorthito 

Oxido mixos :I:11i 440·C 4<l0·C 
Glass 2000 ,1/jO·C 420·C 
G1aRf! /jOOO "IiO·C 4GO·C 
Oxido mix wiU\ quarl,:r. w.v.p. :17/j·C :HO·C 
XonoLliLo + quartz 2000 !JHO·C :100·C 
SLilhito 1i000 40:loC + nol, doLorminod 
Clmlm:r.il,o w.v.p, :IIO·C+ not detormined 
Laumontito (amorphous) 2000 :IHO·C+ not dotorminod 

+ qunrL:r. 
Lrmmont,ito + qunrt:r. 2000 400°C+ not dotorminod 
LILwAonito + Rilicn :1000 <I ,IO·C 4iJO·C 
LnwRonito + quart7- 2000 400·C+ :loonc 
Houlandito (n.morphous) 2200 410·0 
Houlandito (amorphous) w,v.p. 370· 370·C 
ProhniLo + Si0 2 (gIMs) 2000 4IJO·C :IOO·C 

Tnblo 1-

p Lowor limit Upp~r limit 
Starting matorials. (bars) of wn.irakito of opistilbito 

(·C) (·C) 

Glass 2000 325 3GO 
Glass 5000 not dot. 350+ 
Oxide mix with quartz w.v.p. 285 285 
Xonotlite + quartz 2000 310 320 
Stilbito GOOO co., 300 ca. 390 
Prchnito glo.ss 5000 (missing) 3GO 

+ Si02 

and 18). When the silica activity is reduced by the use of quartz, calcium mordenite 
does not appear even at 212°0. Its field of synthesis is thus lowered by at least 
200°0 by reducing silica activity. 
(3) With many starting materials epistilbite appears as the common low tempera­
ture calcium zeolite. A summary of upper lirnits of synthesis for epistilbite is given 
in Table 4. Its ready synthcsis contrasts with its comparative rarity in nature. 
(4) The naturally important zeolite heulanclite appeared as only a minor phase in 
a few runs. It is doubtful ifthese represent equilibrium (see A.1.6.8). As heulandite 
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and epistilbite arc dl('lllic'aliy sim il a r n,nd Ilt,ty be polymorphs with rather similar 
structures the llllci!'aliOlI or either phase may inhibit the formation of the other. 
(5) Laumontite was 1I0t, sYllLlws il';cd althollgh on the basis of water content it might 
be expected to form at te mpemtures intermediate between those of epistilbite I1nd 
wairakite. This contrn l'iLs with its copious occurrence in nature. Our failllre to 
synthesize laumontite (antI. that of KOIZUl\1I Ilnd Roy, 11)1)8) is a clear indication 
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I • PHASE I 
MZ 

0.25 0.4 0.5 0.6 0 .75 Ca 
Fig. 11. Phnscs foo'lIlpd by h ydl'oLhorll1l1,\ cry~L(tll iwt,ion of oxido mixes of foldapnr corn­

l'os it,ionA. (FOI' PO'08HllO'O datn. seo Appondix I). 

of the lack of equilillrilllll in tlH' Ry ntheLi c rORltltR. On the basis of water content, it 
is possible that n. Held or sco lec iL( could ooom betwe.cn hLUmontite and wairakitc. 
(0) lNFJO (I !)()5b) fo IIIH 1 LlmL ill 81101'(' 1'II1IH .Iltlllllontite I1nd heu In.ndite formed ren.dily 
over a wide range of tClllporaLIII'('8 from their "amorphous" dehydration products. 
Longer runs have F,lhown t!Ju,t SlI clt 11111tel' iltls appear to retain a nucleating memory 
and tend to form the pltront plHLRo ovor too wide a range. Datn. in 'fable 15, 
however, indicate t hl1t ]u,unlon ti j,o cOllld he Htable relative to wairakite nOl1r 300°C 
for, whilo at 310- 32:loC only ]l1l1l11 ont.it,(, was obseryed in the products, above this 
tempemture wairn.l<iLe was observed .in lOllg rllns and in one run at 240°C chabl1zite 
was observed. 
(7) Our suggestion that the true analcime + quartz -+ albite boundary is near 
200°C and the sequenco at Taringatura Wig. 2) indicate that heulandite should also 
be stable to about 200°C, and lIinmontite at rather higher temperatures. 

5.4. Plagioclase-silica-tvalel' compositions 
Phases syntheRil';ed from compositions within the above system are indicated in 

Figs. 11 and 12. '1'. \0 In.ek of 11 Held of synthesis for calcium ,zeolite + albite, a 
common assemblage' ill z('o li t i ~ed roc]{fl, is sLrong evidonce that oquilibrium was 
not established. Jt-, appears t hat a continous series of ana]cimes are formed. 
Epistilbite was formed only from calcium-rich glasses. Refractive index data 
suggest that mon.lcn itos Lend to be calcium-rich and feldspars sodium-rich eOI11-
pared with the starting matel'ju,l. Nl1turn.l plagioclases and synthetic anorthite 
produced no zeoli tes in GO dl1Y runs in the range 250-350°C. 
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Tho 7.001il,o fncioH. wiLh eOll1 l1l o l1l.H Oil the illl,('I 'pl'c lllt.ion o f h ydl'ot.hormnl synthoROs 

fiJi. Synthcsis oJ pl'chnitc 
l l'rom glass of its own COlllPORiLioll t.IH'l'l' \I'as lit.Llo difficulty in growing prehni1,o 

at prcssurcs abovo 2000 aLI11. Below 1,11 is PJ'l'SS lIl'f\ a mngo of motastable phaseH 
appears at low temperatnrcs. Pl'C'hllitc ali:lo forlllcd reltdily from glasses of epidote 
composition. In rnns with g ln,s8es high in silica prehnite was much more reluctant 
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400 lFo 
FO 

350 lFo 

300 iFa 
FO 
FAO 
FA8 
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No 

GLAS EXPERI~ENTS 
Fe FO Fq 
FO F(,'lO.__ FAO 

F!AO.----·--FAO AFO 
FP. _.,.--~'~O FAO AFO 

F 0 FA g"- r~ g ~~~b' ~)( 
•• -- FAA MAFO'--"-'" •••••• A(5 

F 0 .... F __ - - - ••• - . Mf" !t18 
F O' • • • • • -... :;;: t ~~ EAMO 

.. .' MA A~ F~'i /~~ r M ~M~~ tHl~H EEl 
,/MA l M (M1H '!laIH 

IM (M E 
MA 0 M l F • FELPSPAR 

A. AN LCIME 
MA 0 M· MO DENITE 

H • HE LANDITE 
E • EPISTlLBITE 

U·2 004 0 ·6 0 ·8 Ca 
Fig. 12. Phllsos formod by ltydrotltol'mnl crystl\l1i7.nt.ioll of pln.giocln.ao pIns si licn glnsRo8 nt 

2000 bars. 

to grow but appeared as a major l'hn.se in rllns n.t [,000 bars. Tho followillg eOll· 
clusions emerge. Experiments wiLh three different starting materials (Figs. 13, 14, 
15) indicate that prehnite p nsf;('s 1,0 al1orthito plus wollf\stonite at about 4['0°C at 
5000 bars. At tempern.tul'e'i hr-Iow 300°C (FYJm, 1(55) we consider thomsonite to 
be the stable phase in silicn-deficient environmonts as is also suggested by the 
thomsonitie alteration ofthe o t,n.nU1 gabbros. In these earlier experiments although 
thomsonite and anorthito grew ren.dily, prehnite was most reluetant to form. Datn. 
fonnel previously are 8ummltl'ized. in Fig. 16. With more siliceous glasses as starting 
materials prehnite is eut off in the low temperature and. pressure regions by the 
7.eolites wairaldte and epistilbite. 

The reerystallization of cpidote glass indicates that prehnite and vesuvianite 
form readily. 

6. CORRELATION 01.' FIELD AND EXPERIMENTAL DATA 
(W. S. IT., D. S. C.) 

In active hydrothermal n,reas :,;nch as Wn.irn.koi zeolite-forming reactions occur 
in an area of steep thermal gl'l1dient, and so]utionR moving upwards tend to be 
supersaturated with silica. At vVairakei the pl'ineipal zeolites are wairakite and 
mordenite, phases readily formcd in the laboratory by using amorphous silica in tho 
starting materials. However, laboratory data suggest a higher temperature for 
the metastable transition from morelenite to wairakite than is observed at Wairakei. 
Three factors may contribute to this lack of temperature correlation. There is 
evidenee that the degree of silica supersaturation at Wairakei is small (ELLIS and 
WILSON, 1955; ELLIS, 1958) even though amorphous silica is deposited in bores. 
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Jo'n'jc (LUliCib) (uf. J"ig. 1:1). 

This will LOlltL tu dilllini:;h Llro fiold. of mOl'denite with respeot to thnt d.etol'll1inocl 
experimollLally. AhlO, tho oOlldiLiollS n,t these shallow depths may be to some extont 
OSll1ot.ie It:; disclIssed above, an(L fina,lIy it is possible that the thermal gl'l1diellt Ims 
becn steoper j 1\ the pa:;t. 

In tho liLI'ge scale rcgional zcolitization of sediments, a process consequent upon 
increasi ng Lelllpel'l1turo ,l,nd pressnre caused by depth of burial, a different suc­
cession of zeolite:; occurs. Heulu.ndite, analcime ancllaulllontite are clominnnt. In 
the 'J.'aringa.tllm scctio n cleRcl'ibed earlier the transition nnalcime + quartz ~ 
albite + waLel', OCC\lI'S u.bulIL half-way down the section. Assuming n thermll.l 
gradient 110 stee per than nVl'l'!l.go it is unlikely thn.t the tempcmtuJ'e at this depth 
could lIXCPptL 3.fO°C !l.nd a 10WPl' value is 1110re likely. Data from vVn.imkoi u.nd 
YelJoWHLono are alHO cO ll'lmt.iblc with an n.nn.lcimo + qun.l'tz ~ n.lbito transition in 
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Tho zeolite facies, with comments on Lho interpretation of hydrothermal synthosos 

the range 150-240°C (Table 1), and honco with our suggested figure of 200°C. The 
relation of the heulandite field to that of ana.lcime has been discussed above (5.3). 

There is a suggostion (Table 15) tlmt lallmontite may be stable near 300°C. 
STEIN ER has reported its formation aL 1 %-220°C at Wairakei. Incoming of 
laumontite above 200°C and gradual transition to a prehnite assemblage at tem­
peratures around 300°0 SOCIll!; possible and is oompatible with its main field 
occurrences in the New Zcaln.nd Gcosynolillo. Nevertheless, a number of occur­
roncos havo boon noted (e.g. JUl'ltHHio of JTokonni Hills and Victorian arkoses) whero 
lttllll10ntite wOltld ILPPCIH' to htLVe boclI fOl'llled at lower tomperatures. 

VVn.irakite has HO fa,' beon dcscl'i bed (lllly from active thermo.l areas. 'rhe 
sequcnce o.t TlLl'i IlgnLnl'll, Sllggt\RLH Lha L Zt'() I i LizaLion limIer regional mctamorphic 
conditions could bc termillatcd Itt tlll' la l1l11olltite stage by thc coupling effect of 

I other rcactions leading to (lrchllite. FlIl'Lllel', it is possible that wairaldte is not 
stable at high prCSl:!ul'o ItS shown ill 11'il4. H ~~'}(l hypothctically in Pig. G. 

7, CON()f,U~IONS 

(W. 8. l~., D. S. C.) 

, (1) H.ecurrent formation of similar, zeolite-bearing mineral assemblo.ges in rocks 
varying in age from Upper Pltlcozoic to Tertiary justifies the recognition of a 
wolite facies, '.L'hiH flLcil'H largely bridges the gnp between uiagenesis and conven­
tional metall}orphiHtn. 
(2) As certain zeoJiLeH ltI'll Htnllle in IL Hilioa-defioiont environment to temperatures 
at least tts high ItS [j[iOO{), we PI'OPOHO tlmt Lhe zeolite fo.cies shoulu be defined to 
illcluuo ILl, lelLHt ILIt thORO fLRH(llllhlagoH pl'olillco(l limIer physico.l conuitions in which 
tllll followillg Me COll1l1lOlll.v i'ul'Illod: q Ilnl'Lz- an,doime, quartz-heulltnd.ite, (jlllLl'tz-
11tH mon tite. 
(:1) In scdimentfLJ'Y I'OCkH tho ohn,l"tcLPl'iHLio min~rals include heulandite and ano.l­
cime with quartz ill it low grade sLaf.(l', ntHI In.umontite, albite and quartz in a 
higher gmde sto.ge; together wiLll adlllal'ia , eeJadonite, saponite, montmorillonoids, 
t'hlorite, calcite lLnd splwllo. J 1l HiliclL-dclicinnt environments thomsonite is con­
Hidel'ed to represent all cf)uivaJent stago of metamorphism. 
(~) In well-studied areas, thoro is l\ genoml tendency for less hyum,ted zooIites to 
ocem at higher' tOll1pel'lttul'es ill confol'llliLy with expel'imental rosults and thermo­
dynamic prediction. 
(5) Thero is a tendency for zeoJites to fl~J1 into three gl'OUpS accoruing to thoir' mode 
of occurrence: silica-pool' zeoliteH favollrod. by an environment Jacking free silica; 
zcolites which coexist with quartz; and highly siliceous zeolites which may only be 
Ht-able ill solutions :->llper:mtumLed in HilielL with reference to quartz. 
(U) Where zeolitizatioll iH confil1NL to Lltc' l'(\tnents in sediments, or to cavity fillings 
in other' rocks the ,issl!lIllJlages of llew-forlll('r! minerals may be considered in terms 
of ESICOT...A'S minel'n.1 facies cOllcept. III Litis l'cl:lpect we are extending the range of 
the zeolite facies pt'Oposed by TUHNJ-:It ('01' JlIetltlllorphic assemblages only, 
(7) Between tho rooks of the zeoliLo racil'S Itl1d typical greenschist facies in Now 
Zc!dttnd, there is n. vcry extcIIHive 1.0110 chlLracterized by pl'ehtliLe n.nd/ol' pum­
pollyite. There appeaI'H to bo j IIStilion.tioll for the erection of a distinct Sll bfacies 
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of the greenschist facies (01' possibly a new facies) to accommodate the rocks con­
cerncd. 
(8) Extensive laboratory studies on systems related to zeolites have emphasizcd 
limitations of synthetic methods of establishing equilibrium phase relations. 
Ohange of starting materialR has been shown to change apparent phase boundaries 
by more thaJl 200°0 ovcn when run times exceed 30 days. 
(9) 'rhe detel'lninu.tiOH of »hase boundaries by measurement of solubility may 
provide a s01mdor I.tpproach to the study of some silicate equilibria. Prolirnillal'Y 
work on al1alcime appoars promising and suggests that the al1alcime + quartz -­
albite + water transition occurs near 200°0 at low prcssures. 
(10) '1'he stato of silica, in starting materials appears critimd where the phases on 
opposite sides of a phase boundary have different silica contents. The field of 
high-silica phases snch as waimldte and mordenite is extended when the silica 
activity is higher thltll that of quartz. Observed effccts of silica activity can be 
COl'l'C'ltttcd with thcrmmlynamie expectations and with natural occurrences. Similar 
cOfl(d lIHiol1s cOllId be drawn for other components in othcr systems. 
(11) \Vc considor that in quartz-bearing systems sodium and calcinm zeolites are 
not stu,ble above tCIllPOl'Il,t1ll'es of about 320°0 although they may be synthesized 
readily at temperatur~s aB high as 450°0. 
(I~) WO cOllsiu.er that tht' prehnite subfn,eies, transitional betwoen the zeolite 
facies n,nd gl'ccJ\8chiHt flLt'il'H, may come in at temp~raturcs around 300°0 (±500) 
ill nlgiolls wh!'l'o waLl'1' allll load. pressures are approximatcly equal 'and at lowcr 
tomperaLlIrc!:) if oSlllOLic ('ollllitions occur. 

/lCkIL01VI .. dfJ,,,IItCll/.'1-Al'JlI', ,(·iILLillll i8 expressed to 0.11 those individucds wllo hu.ve U.BRisLeu the 
tLbovo 1'I'Oj,'nt. Jlldllll"d Hili"" /-: 1.11080 ueo l\ll·. J. D, CAMrDlllLr., Dr. M. aAOl~, Mt·. D, HAlIur.'l'ON', 
])1'. ] I, W. WJI;t,I ,MAN t~"d 1)1'. A, J. H. WJLl'l'lll who Imve disCllHHod flome of the pl'oulorrts ntul 
)llll'tioll:; ut' I,\t e JntUlIII:I('I'il'l,. J\II'. A. Fh'JtlNICH IlnB provided unptllJliHhotl cJl~tn on \,V'Limkoi (~nu 
HIHII'illll '"H flJl' lI xtLtrliIlILl.ioll. 01 It(\!, Apooimens have boen provillod Ly .l'rof'lIHHOl' S. BONA'l"!'!, 
]\11'. I':. J). c: 11.1 " 1\11'. I) . .11 AM II.'I'ON, ProfoBso1' n. MASON, Dr. 13. NARUAll, Dr. N. E. ODlla,t" 
]'l'tI!" 'HHIII' A. I'AIIS'I', 'Ill'. :-l . ( ~ . ItOUIN:;ON, Dr. C. S. Ross, Dr. K. SA KUltAr, P1'OfosBor L. \V. 
:-;'1' :\ 1' 1 oI ':S, IIlId I) ,' . n. I'. L . \\'AI. I(]~ It. Dr, D. A. DllOWN nnd lVr'·H. A. U. Cooll1ns hlWO (tBAiRWcl 
willt II'ILII KI"I ill"". 'l\vII "I" '",i'·al,uIILIYHcl:I Ly Mr. J. A. RITOJlJE were providod uy the Dominion 
.I.nl)(H,ltl.llry. 

III "",,:1 i"III",' \I'll \I ",I, 10 ""PI'Cl:lfI OUI' gratitudo for Univol'llity of New Zoo.lmul I'oaoltl'ch 
/-:I'll ll l K I "11'lu'd:; li.,ld (';>'1" II K"H, Hlld 1'01' tho PUI'CllUBe of o.PPltl'Utu8 including (L l'hilips X-ray 
difTrnl'l" ,,, ,'ll'I' "hi,, 1t \\" K r"l.!, ldllrly llHOd for idontifico.tion of phu.so8 ill Loth the oxporiment.nl 
111111 1,, 'I ""'''Y'' l'h i, ' ""1'1 " .,1' 11", wo rk. '1'ho exporimontl~1 work WIIB 0.1 HO gl'ontly fiR>liHtod hy the 
J'II':I.I.' II( 1"\llI d. \ IIIt"d". , 1,·,·h"i(·1l1 holp wus provided uy J\[eSSI'H. G. CLAJtl(SON, L. SEIWWEN, 
V. '1'\'1(1(1 :1.1. IIl1d 1..\\· YI. 11'; . 

A I. 1. A 1)7Ju1'll11t,~ 

APl'ENDlX I 
Experimental 

(A. J. E., W. S. F., A. M. '1'.) 

A great Illtlllh,' l' ()f ox).' J'iflll' nLs were conducted in small closed vessels of cnpacity 2-10 cm3• 
Two li'utul'l'S of' I IH'fll) HhOldd 110 HoLed. Fil'stly they are mOBt so.t.isfactory in the wu.ter liquid­
VllpOlll' J'llllg", i,('. III 1' 1111111 d" /-: l'l'f'f:! of filling and tomperatures below the cl'it,icnl tompol'aturo 
of' \l'ILI (II'. Ill, HI'I"'I'<'I'illl' lIl 1"1111 HI I'111 111'(' 8 t.ho donsity of the fluid wn.s mninln.inorl nt n.ppl'oximl\toly 
0 ·:1:.1 Ulld PI'l'HHIII"''< 1\I ' r> , "llk"IILI,'d from the d(\tll of K]~NN]mY (1{)50b). Hucondly, t.ho illi Lial 
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HiLy of Now J':uaiaIld l'I '~(lIu'c: h 
l.lIlI inohlllillg 1\ J'hilipll X.my 
UtHl'H ill lJO!.h ihu lIXPUl'iJllOII !.ld 
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1:1. O. 'l~AJlJ(HON, L, Nl':Ir,UWl~N , 

d vossols of capacity 2-10 cm3. 
lLiflfncLory in iho watol' liquicl­
bolow iho cl'il.icul tcmpomtmo 
l8 mllintnincd nL npPl'ox imntcly 
(1050b), Hocondly, t h e init ia l 

- L 

'l'he zeolite racies, wiLh OOIlUllenLt! on Lile intol'pretation of hydrothormal synthosos 

mate rials and water must bo 10Lldod in tho col cl bomb and the possibility exists of crysto.llization 
during the h eating.up poriod which wua normo.lly o.bout 3 hr. However, in runs whore the same 
materials were kopt d ry dUl'ing initial heating and were then pumped to prossuro at tho fino.l 
tompomtul'o, idont,ical J'('i:lllltR W0ro p r'oduced a nd h ence the objection do os not appear sorious . 
Tho other typos of VCSi3l'I!'l wK'd WOI'O hot·Boal bombs and tost·tube bombs 14 in, long with cold 
s(,Llls, All thoso Wl'l'O ]lumpocl io pros sure ut tomperatm e . Samplos were normally on closed 
in s ilvcr cnpsulcR (unsoulccl) llnd noiLher lonching nor cOl'fosion cllused concern. 

'J'l\blo 5, X.rn.y ]lOWdfll' paitern of phaso Z 

lH;2 
H ':l~ 

7'7H 
U'OH 
1l'7:1 
·I'O/l 
:H}(J 
;3-\1 :1 
:I 'S-I-

1(j 
1 
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,t 
·1 

20 
IH 
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:3,(iI; 
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:\,·111 
:\ , 1;1 
:1·f)·11l 
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2·7 11 
2'(;·11. 
2';;-1 1 

_I __ ~I ___ (_t _) __ ~_I __ __ 

10 
l(j 

lU 
{l 

U 
4 
2 
1 
1 

2,474 
2,:307 

, 2':3'J4 
2,:J05 
2,105 
l,O!lIl 
1-010 
1 ,807 
1,767 
1,705 

4 
2 
1 
1 
1 
1 
1 
2 
1 
1 

1'~I ' I'ors in t omlt/'I'IIIIII'(', il1\'tlh illg "(11111'1>1. IIH 'H811l'omont, o.nd allowanco for gradients in 
V(,ASl'ls 0.1'0 withill I :i t' and ill 1I1":it I'" ,,, ,,; :\ C, PJ'OIlBlll'OS wm'o m Olls ul'od wiLh HOlll'do ll 
IlliJO g uugos culiltra!I't1 IlgaillHf. It IIlIllIgllllill l'nil gllllgu und rcslIl ts Itl'O bolioved io bo nCOlll'alo 
to ± Ii pOl' 0011 t., 

Al.2. Notcs on 1)lIwlI'8 1I!/lIlhc8izl't/ 

I'hlll:lOS WOI'O idollLifie d by dil'oct eom plll'i HOll of X.ray cliffro.oiomotol' plLtLol'1lB. '1'ho iUolllifi. 
cMioIl of tho 1'1111 HHHOlllhlllgO of plimlOs ]>I'Odlllllll l WlL8 often 0. ml\ttor of grout <limolllty, lLllll in 
glllluml Lho plmHltH I'IIl' lI rt llc L IlI'lI IhoHO wlii(.1i c,oll,;LiLuLo t.ho major prodllotf!. Tho iLionLificlltiollR 
of h UIIIHIldiLu ItlHl 1"IIIII'IIf()l'i~o nrll HOJlH,w lmL dOllb~flll. Ollly tlll'OU liJlOH of hOllll~llditu WOI'\\ 
1I0t IImHitul b y IlI.III' '' III'HR"H, ' I'ho pall,III'IIH "I' H,ynl.ilot.i o 1l1'il:lLilbite oo mpltl'oll o\oHoly wil,h 
IIpitltillJiloH 1'1'0111 YOgllII'Ill'It Iilll. HIJI'illg, .JlljlllO Hud fl'olll KI'UHHIIIIl 'H, loullllld . .I LydL'Ogltl'l lIl!.tj 
IlIld I' II fl 'IUJI.ivo illdi l'l'H ill I Ill' I'UlIgtl 1,IlUIl I '7~ri ill di "IILi llg 11 eOIlHidlll'ltiJit, WHt.UI' ('OllLl",L (YOllIUIl, 
IIl Ii O) , 

Thol'Cl it! ovidl'iH'u (I ': I,I.IH, I lJliH) i'l'ItltI 1'1 d'l'Iw! i\'(\ illdi('IIH t.hlll; IL lOClIl1plllt.o I'nngo Ill' HYlil,llIlti n 
allHl uilllOt! 1'I'UIII Hodillll l III clt leill.1I1 C'tld ' IIIl'II11"'I'H IIlI\y lIavu boun I'ol'lnod . '1'lIiH iH 1101, ill m:uord 
wit.h oi>HI' I'vnt.ioIl H Ill' :-;'1'10: 1 N Im ( I !I:':') 01' 11 ,\ 11I1I':lt ( I UIlO). i"iynl,huLio Wllil'llkito lilw Llio Ilnt.1I1'1l1 
11 lILt Ill'illl (COUM 11';, J !)[)Ii) c loudy Hhu\\,,; t hCl :!OO l'u(Joct.ioll wll ioll iH nIJHont in Ail'i cLly C\lbi c 
ullllleimo Hnd wI'llk ill untlu'lt! lI'Hl 'l\ ld,i l' Illlltll'imllH, '('IHI ,100 J'u(ioction, IIl i h o ug h IJJ'Ollll llllnll, 
WIIA noL clonl'iy n'snl\'l'd inln 111111\11111 '1. (hidll Inixl'll yiolc1od Lho oloso1' lll'Pl'OIlCit to till> o\lbio 
IlIlIdiflc'l\liOIl, \\,ilh I 11111'1 it'lli!I' IIIH" It l'O Il Hid ,'ml,let l'lIl1g0 of illl o l'n\OdiaLu COIIl]1oHiLions lLP]ll'ltl'(l(l 
t,) Im\'o bOl'll f'lI'lI l1'd I"'III'('/lll Hlldil lll1 IIl1d 1'lI l('i lllil und·momboJ'B. FoldBpal'H ldl iondud iowm'dA 
tho h igh t.UIlIJll1I'ld 1I1'{' r"I'''"H (~I.\I ' I( Jo:NZII': , 1 !I:17). 

A l'I'YRlldlilll' I'I"I HI' ,t!. 1It110HlII'1l ('lIl1lpU';i! iOJl, " phaso ZOO WI1.8 found up 'to tompol'atUI'oB of 
Itbolll. :1:30" f1 '0 1l1 ""lit glll""'I',; ILlld (lxido mix!'H, IJIlL mn.inly from tho hltlor, It. WitS fOllnel only 
frlllll IlIi xl'd HlJdi lllll I'/ll"illltl ("lIll]HIHitiollH, Ulld WllS prosollt llRunlly tlH BII1llll t.hin 1'0ctllllglllllr 
]lIntI'll, or IlO ll ll'tinll'1l IlM 1lIl'L:l'r il'J'I'glllul' tuhlc'Lll, Tho hil'ofringonco WItA vory wl'uk, extinction 
Htrtliglit, IIl1d thl' H,t. mngl'd from \ ·-17 :1 - ;' lit composition 0,75 Ab to 1·48-1--0 ut O·~:1Ab. 
'I'11lI X -my >lpllcing>! lire giv~n in 'J'llblll 5, 



D, S, Comms, A, J, ELLIS, W, S, FYFE and A, M, 'rAYLOn 

The following abbreviations are URod: 

A analcime 
Ab albite 
An anOl'thi tu 
Ch clutba;-;iLu 
C cl'istobalitu 
E opistilbito 
H heulantl i to 
Hg hydrogrossu.lar 
Hx hoxagonal anorthite 
L lo.umontite 
M mordoniLo 

Al.3, Expet"imenta using oxide mixc,~ 

Ph ph ill ipsite 
PI' prehnite 
Q quo.rtz 
S stilbite 
T thomsonite 
W wairakite 
Wo wollastonite 
Xo xonotlite 
Z phaso Z 

Ovor 200 exporimont.s woro cuni( u out ut s,w,v.p. or at 0. vo.pOUl' donBity of 0,33 in closod 
bombs on compositioJls in tho pllLgioc'llIHO BOt'ios. The mixtw'es WOI'O mlLdo [!'Om OILI(!illlll oxido, 
Bouillrn hydl'Oxi(\o, lLot.ivo IIhuniJllL alld Hili(lio Mid, Tho nOl'mo.lrllll timo WltR 4 W(I(li<A. ILlLhough 
duplio(Lto nUlB iIHlicaLod thlLt pl'(HIIIOLH aftol' 2 wooks woro probably tho SILmo. On tho ol.hol' , 
ho.nd, short l'IlllH of 2,~ hI' 01' l(lflH PI'OdlLCIHI di(ToI'out rosults fl'orn thoso of 0. monLh's Ulll'lLLion: 
At the sotIo.·rich onriiimd solutiont:l WOfO always alkalino (pH c. 10), 
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Fig, 17. Vnl'intiol1 or Hilicm plll'H"" 1'111'/1",,1 <llll';ug (lI'YHtlllli1,'Ltiuu or oxidu Illix(lij or r"ldHflILl' 

(Jo'''pu" ;ti')!'H with ox, OHM HilioH, 

SOVOJl cOlTlpOtliLiollH Wl!l'Olll:lod ('IH'I'(\HI)(lIl1lillg to Lho fulluwing: Ab + OHi0 2• :lAb, An. 24::;i02, 

3Ab. 2An. :IOHiO~, Ab, An , J 2Hi0 2• 2Ai>, :JAn. :1O::;i0 2• Ab, :lAn. 2'I~i02' An + OSiO~. 
'rho I>n ..... il' I'PHultfl 111'11 Alllfllfllll'izl'd in Fig, 11. Qllal't,:.\ WILS o.lwlLYs PI'UdllCO(\ in 1'IU18 from 

o.lbito to III I'">! iI illll, '1'11(\ ('''!'Innt iOIl 0" (11I1Ir[;-; f:«'omA 1,0 UO Btrongly ro!,lLnkd iJy t.ho }Jrl'I:IOneO of 
cn\oium ILwl th,' I illw ('01' Ih,. ILPI"'III'llI1('O of qtUUL:.\ iA nppl'oxilllllLuly inVI'I'R(,ly Pl'opol'tionld 
t.o Lt.o ('III( ' iIl1l1 ('1111111111, (I , HPI"'ILI'>! I.u>!~ iblll thaL 0. film of ctLicillll1 l:IiliclLlo IlIlLY pl'llLucL tho 
cl'il:lLuludil(1 "I.",,, lil'H! H"!,('IU'H, '1'1.1' dILII~ 111'0 slunmlll'izod in II'ig, 17. A mol''' dut.llilod I:ILndy 
of tho CI'YHllllli;-;1I1 illll or oxid" lI1ixl'H (re t I", Hodillm fl'yst.om WIU:! CI11'1'iod ollL hy U, ,v. V Al.l')' (lOm). 
A gl'oaLl1I' \ 'lIl'illly ur 1'1111 t,ilrWH \VHI'! ILKI'd alld mixcs WOI'O pwnp(lc\ 1.0 J"'(1I'!I:IIU'U Ill. 1.110 PI'OPOI' 
LOlll]lomtul'o, 'l 'hI'HO OXl'tll'ilflOIlLH eLl'" Higllifiellllt ill illdicatillg UIILL Iuml<:imo t,ulldH t.u porHiHL 
abovo iLH 11'110 Hlability nuld [Lnci to g l'uw mpi(lIy, ' ('ho 1'01:IUILfI al'lJ 1:I(lInllllLl'izllU ill II'ig, 10, 'rho 
]tnHiLioll of thl' IHllllld.II'Y lit, IIIW 1'i'('HHIII'! 'H iH VI I'y ciOHO to UmL indicntou by tho datll of (I'ig, 11. 
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The zeolite facies, wiLh comments on the interpretation of hydrothermal syntheses 

AlA. Experiments with glasses 

Experiments were carried out on 130 glass samples having the following compositions and 
refractive indioes: 

A 
B 
C 
D 
E 
14' ... 

Oomposition 

Ab + 4·25 Si0 2 
0'8Ab + 0'2An + 4·25 Si0 2 
O·GAb + O·4An + 4·25 Si0 2 
O· ,Lt'-b + O·M u + 4·25 Si0 2 
O·2Ab + O·SAn + 4·25 S i0 2 

An. + 4 ·25 Si0 2 

R.I. 

1·472 
1·484 
1·490 
1-502 
1-508 
1·515 

The lowor silica contont of tho g lusses is rofiootod in the lack of free silica in somo end produets. 
Tho orystallization was oonductod ut 2000 blll'S for 14 days in eaeh cuso. Caloium-rich glassos 
r eact roadily above :.100°C, !.Jut wiLII inerouAi ng flodn contont tho ton.t1oncy to C1'YBtallizo falls 
off, The sodium glass wouhl not CJ''ys t,/llIi~,() in ~ wooks ut 300°0 ovon at a waLor PJ'OSBlII'O of 
5000 !.JIWS. To oiJt,l\illl'OImiLI:! 1'1'1101 thill g lllHH, Hodilllll f1uorido WM addod aB u. flux (t molo of Nu l" 
JlOl' mol a of NI~L\J8iaOd)' WiLh 1'ILII:itllll IlHII IlI)II I'H Nul" (;oulJ )lot IJO mldud ItH ill80hlblo olLJ uilllll 
1I11ol'idu wOllld 1'lll·lIl. 'I 'ho uI'YHt.lllli ~.a l , i(1Il of LIlO HodIL·I'iU'h Jnll ll1i>UI'H WI~H lIrl'ClLiu IIIHI iL IIppIlHl'H 
(,lmL HII1I1I1I1I1HHIIlI.H or .illllllll'it.i IlH Illlly Imv!! ILIt illtlllonoll. 

1'111'0 ullIllitUIl glllHHlHl did nOL 1'l"~I :L 1'IIJlidly bllluw 27Go nt :1000 !.JUJ'I:! !Jut lIL 5000 blll'B UI'YAtlll­
liza(.iull WlIH faiJ'ly I'ILJlid a(, 100~AI; down to ~ 12"U, Tho major I'OAIlII,8 tu'u summl~!'izod in I"ig . 12. 
1n Tablo (I J'OH IIII.H at GOOO hlWB 1\1'1) Hlllnnllu·izl'd. 

' I'ab lo (l 

J T OC Produets 

},' ~12 I~ 
,11)0 W,An,Q 
,I(JO An,Q 
,17() An,Q 

lJ j!jO E 
:I:lfi M+E 
:1;'0 M+E 

Romo HopllmLn IIXP"l'iIlHIII(H ('1'11 1)1 11 7) WI'1'l1 "CIIHllIute tl Oil tho ol'yat,lIl1i:r.lILion of al!Ji(,() I-(llIHA 
lit 2000 UI\I's. '.1'1 1\1 g lilHH ( It.! . I ·· IHH) WIlH 11111(1. , Iry moll,ing Lllo vory PllJ'O ulbiLo from Al1lolia, 
Virginia. Onco m ol'u Hodillln r1lwl' idll \Villi Ild d"d Lo flwilitnte ul'ystnlli:r.ntion. 

T( OC) 
Products 

:! IO 
:\ 

' l'l\lrl" 7 

. \ 
270 
A 

298 
Ab 

310 
Ab 

Tho boundul'Y int! ipat 1'( I iH ('lmlO I () I IIIlI, or \ ' .\ 1.1 " , IIsing oxide mixos, but as fOlmcl by l\fACKJ1:NZIE 

(11l57) 0. silico. phWlO WIlH not ohlailll'u ill HlllJi('il'lIt l}lllmtitioB to pl'oduco an ::-C-ro.y ptLttern. In 
the pl'csonco of {hlll!'id" the HigllilicIlOC(' oC [hill o!JHorvation must be troated wi t h caution us 
Homo silica may be hold in Aollltioll liB Hi 1"62- '1I' Hocl ium silicato. 

· r 
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Al.5. 1I1ixe8 with qua1·tz in place oj silica 

Results for the pure calcium systom (corresponding to anorthite + 8 quartz) are summarized 
in Table 8. The crystallization was carl'ied out in closed vessels at water vapour pressure or 
density of 0·33. 

Table 8 

T( OC ) 400 385 375 303 MO 330 
Pl'ollucLs An An An.W W.An W(An) W 

285 265 220 
E.W E E 

The results of lL s imilur suries of l'xpuriments with the Bodium ByBtem and quartz are liBted in 
Tablo D. 

335 
Ab.Q 

303 
Ab.Q 

Table 9 

279 
A.Ab.Q 

Al.6. 1I1ixe8 with 80dium carbonate ancl bicarbonate 

267 
A.Q 

265 
A.Q 

260 
A.Q 

160 
A.Q 

ll5 
A.Q 

13n.r 

unl, 

Ric 
11.8 

A BerieB of exporimen~s wus conducted with mixes of compoBition Na20. Al20 3• 18Si0 2 pp. 
where tho Boda was adderlas bicarbonato or carbonate. The pH of theBe Bolutions iB lower than 
that of mixcs using sodium hydl·oxide. At 250°C the pH of molar NaHCOs iB about 9·0 and of 
an equimolar Bolution of cal'uollnll>--uicl1rbonate. about 10·8 (ELLIS and FYFE. 19(7) . The 7'1 
reBults 111'0 f:l lUllIllHrizod ill'I'ahlo 10. 

'I'able 10 

SOLlium compolUld 

I 
T Products (OC) 

NuHC03 255 M.A.C.Q 
NnllC03 258 A.M.Q 
Nit] lC0 3/Nu2COa 258 (A.).(M).Q 
NallC03 205 A.l\LQ 
Nn.llC03/Nu2C03 205 A.Ab.Q 
NlLII C0 3 202 M.A.C.Q 
N,d ll 'Oj 275 ]\[.A.Q 
Nldl C0 3 2HO Ab.Q 
1', all CO;)/:O\ 'L~( '( )" 280 Ab.Q 

AI. 7. Experiment8 'u8ing mineral::! WI ~t(//·ting material8 

Al.7.!. Xonotlite. In a furthor atLempt to roduce the aotivity of the Btarting matorials 
the minoml xonotlito WUB uscd aB a Bomco of oalcium and was mixod with quartz and activo 
alumilllL. Thu oomposition usou COlTuBpondod to caloium mordenito. HosulLs m'o Bummarized 
in Tablo 11. 

1'(OC) 
l'(bllI'M) 

l'l'oduolH 

:l!)O 
GOOO 

AIl .Q 

:lRO 
:W()() 

W.AIl.Q 

:11.;0 
8 .\".\'. p 

W .AII.Q 

Tnblo 11 

aOI> 
2000 

\V.AIl .Q 

96 

300 
R.W.V·l 

W.AIl.Q 

:120 311> 310 
B.W.V.p {juon ~WO() 

B.W.Q \V.KQ W . I,;.Q 

2(15 
400(1 

I-:.Q 

J 

I'ro( 

con' 
nL .j 

whi 
nun 
by 

pl'()( 
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ite + 8 quartz) are summarized 
Is at water vapour pressure or 

I 

340 
W(An) 

330 
W 

system and quartz are listed in 

I 

5 
Q 

I 

200 
A,Q 

100 
A,Q 

115 
A,Q 

nposition Na20, Al 20 3, 18Si0 2 
[ of theso solutions is lower than 
10.1' NaHC03 is about !l·0 and of 
(ELus and FYFE, 1957). The 

I 

-'roulIets 

LA.C.Q 
, .M.Q 
·\.).(M).Q 
, .l\LQ 
.J\b.Q 

LA.C.Q 
.A.Q 
b.Q 
b.Q 

ity of tho starting matorials 
mixed with quartz and nctivo 
niLo. ReRulLs 0.1'0 sumrnarized 

320 sin 310 265 
v.v.p IWOO 200(J ·WOO 
W.Q W.E.Q W.E.Q KQ 

I 

::u sa 

I 

I 

~ 
L 

The zeoliLo fllCios, with ('011111101l!:i OH tho intol'pl'etation of hydrothermal syntheses 

AI.7.2. Nepheline. A study was made of t.he reaction of nepheline from the Halibm·ton­
Bancroft area, Ontario, with natural quartz, Table 12 

T(OC) 
P (bars) 
Products 

396 
2000 
Ab.Q 

385 
2000 
Ab.Q 

380 
2000 
Ab.Q 

Table 12 

360 
2000 

Ab.A.Q. 

346 
2000 

A(Ab)Q 

338 335 310 
2000 2000 2000 
A.Q A.Q A.Q 

250 
w.v.p. 

A.Q 

A1.7.3. Stilbite. A few exporiments were conducted on the breakdown of stilbite from an 
unknown localil,y (Tablo 13). 

1'(OC) 
P (bars) 
Products 

315" 
. 8.W.\·.[1. 

:-; 

'J'nblo 13 

350 
5000 
S (E) 

370 
5000 

E 

403 
5000 

W+Q 

AI. 7.4. Ohabazite. In Table 14 rosults are given for the breakdown of chabazite from 
Richmond, Victoria, a locnlity that hus yioldod highly aluminous, alkali-rich specimens such 
as (Ca3.3NaG•2Kl'2) A113Si23072·30H20 with variable Ca: Na : K ratios, (DOEL'.rElt, 1!l21, 
pp. 75-77). 

TnlJlo 14 

7'(OC) 310 285 255 2.Jfj ~5U 240 230 220 180 
P B.W.V.p s.w.v.p 8.W,V.p s.w.v .p :i.w·\',P S,\\'.v.p 5000 •. w.v:p B.W.V.p 

Produots W W W + I'll W -I- Ph W -I Ph W+Ph Ph -I- W + C Ph + W + Ch Ch 

AI. 7 .5. L(£umul1titc. Laumontite, Rhown by analysis to be almost alkali-free (PABs'r, porsonal 
communication) from Pine Crook Mine, Inyo COlmty, California, with quartz producod wail'l1kito 
at 400°C, and 3HO°C, at 2000 bars. 

A1.7.0. Dehydrated laumunWe. When laumontito is heatod to 800°0 it pl~f!ROS into (~Rtl~te 
whioh givos no X-my pattorll (KOJZUM( and KJlUYAMA, 1053) . This matorial waR used in a 
numbor of :IO-clay rLLns ('l'nblo 15) which wore muoh longor tlmn thoso of pl'eViOHR oxperimonts 
by ono of tho uuthors (FYlI'lll, 10GGb). 

'I'1~blu 15 

J' (bat'H) R.W.V.p fl.W.V.]> :lOO(J :WOO B.W.V.]> s.w.v.p 2000 nOD 
'1'( OC) 240 :11 (I :1 10 32:1 3:10 :14 '~ :HlO :IHO 

Produots Ch + Q L L I Q L+(), W W.L.(ll) W +Q (L + W) 
ltemarks Q 100% () Q 100% J Luul. Q 3 dl~yR 

added added addud doubtful addud 

AI.7.7. LaW8unite. LawBonito from VallllY Ford, California, with natlU'al quartz gave 
products indicated ill Tablo 10. 

7 

I' (blwl:I) 
'I'( OC) 

l'l'odlll ' IH 

I :W{)O 
·100 

An,\\',() 

-

07 

2000 
305 

An,V{,Q 

2000 
382 

W,Q 
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These r esults may bo compm'od wiLh results on lawsonite and amorphous silica obtained 
previously by FYFE (1955b) (Fig. IS), Unfortunately the reaction could not be followed to 
temperatures much lowor than t he range shown as the rate of r eaction is too slow. 

A1.7.S. Dehydmted heulandite. The amorphous phase formed by hoating heulandite 

p~o 
(bars) 

3000 

2000 

1000 

300 

WAIRAKITE 

'T I , : 
MORDENITE I I ANORTHlll 

400 
TOe, 

; ' QU.4.RU. 

soo 

Fig, 18, Ph!ISCS formed by l'e!l.ction of lo.wsonite with amorphous silica, 

(Appendix 4) waR used in som e long ,'ImR of morc than 30 days. Tho results (Tablo 17) dif'!h l' 
oonsidorabl y from thoso of l!'Yll'J;; (I \)551» from ShOl·t runs on Lhe same maLorial in whi oll 1001)01' 
oont crysttLlli~ation Lo hell landi [.o \I' l l,.. o\),;l(ll'vod, 'rho appourunoo of wuirakiLe in Lho l ong l'llJ18 

implies LlmL it is m Ol'll Alltb lll t lmn lu'\ dllnclito in tho rungo ~tlldiocl, 

P (bal'fl) 
~L' ("C) 

Prod \ U' t,H 
ltllnULl'kH 

2000 
2HO 

11 I \\' 
q wld, 'd 

:lUOO 
:1 ·10 

11 I \ \ ' 

Table 17 

2200 
300 

H, + \V -!-l\'[ 

w,v,p 
370 

An -!- (W) 

2200 
410 

l\'[ + W -!- An 

A1.7,\I, 'J'h IJJns(JIIil l·. NILLll ml IllIlIIIHllniLo (i'om OLnmlL, Now Z(Jnlmul, mixod wil,ll 1111lU'L~, 

PI'OdllOlld wltimldLI ill t 1111 1'lLllgl ' :lI'iO :1 10°0 at )JI'OAfI\U'OR ('wm H.W,V.p. to ,IOUO IJlLI'H. ' I'ho 
r lllL(J t,ioll "1111 Id /lot, IH ' Kllld il" I Ill , 1'"1'111 ' lomjlOI'at,UI'lIt1 HI:! :lO.dn,y I'W)H }ll'odl\(\l\d 1,0 dot,(lllt,'Lhl ll 
alLw'llt,ioll, 

A I.H, h',I '/II ' I'/II((' llis ill ,.,,/,., "il (//"88 " S "l /11'1 '" /1 i ll' r.omJ1olJitiO/~ 

'I'llu w:-ud!", Ill' l 'I',\'Htlllli'l.lll iOIl .. I' glll:4H fOl'Il1l1l1 by flLHillg n Ilntul'al PI'Uhllitll (AJlJl{llldix 3) 
ILl'e HIUIIIIIILl'i,-;,'d ill TlLhlt, I H Hlld ill I" il!, 1:1, 

A AIII'il '" 01' t Itil'l,y -Kix l'IJlIH IIIIH 1'1111 ,," I OHt, nn a gln.J:JB fanned from Lhe samo pJ'(JhniLlI aA nuo~o 
uuL wiLh Hilioll nlidl)d to g ivo n 11101111' I'llt in o fpl'ohnit,o : Ailica of 1 : 4, 'I'ho l'ulucLallcu ofp l'ohni t,o 
to f01'1ll UX('llpt, Itt, high 111'1''''' 111'1 '''' i" 11I\ illdicnLion of m oluHLalJlo cl'YHLnllil'.fLLion (TAYLOlt, HI57). 
Tho rOBlllt.s aru HIlIlllntLl'il'.cd ill Fig, 1·1, 

Al.!). J!J:cl)cr illl(''IIt8 '//Jith e}Jitiole Y/U 8.Q 

A g lltHH \VII!'! Pl'lldllC'('d !Jy I'wiillll "f' IL li l'op groen opicloto (0 ·2 POl' cont Fe20 3 ) llntl tho r OBulLs 
of cryH ! III I il'.lI t,iOIl ('I'A ),I.Olt, 1\):,)7) 1If' t.wunLy-fivo samplos lU'O Rummlll'i~ed in Fi~, 15. ThORO 

r Ulmlt.t:l di rkr f'1'I)l1I 11".,..,''' 1' 1':IIJ.1.;Jts (1\)r;:I) wllo found no field of (11 'OlllliLo or vestlviltnilu. 

AL'!'ENDIX 2 

('/I/IIj)l}8il ion aml Density DJ Zeolitcs 
(D. H. 0.) 

Busic dlltlL 0 11 CII IIII" .,;it illll, dLlIlHit y nnd sLructul'e of zeolitlls UI'O in many casos inadoquate 
fur a PI'IlI)!! I' l'OI1Hidl'm! iulI Ill' 11 1111"111 l'l'lul ionshipli mld stlLiJilit,y fil·l clR llnd (\, tonli{fwy 1'0mnillA 

!lS 

-,..-



1. TAYLOJ\ 

d amorphous silica obtained 
ion could not bo followed to 
,tion is too slow . 
. mod by h eating houlandite 

1I110l'phOUR ailicn. 

Tho results (Table 17) diffllr 
ame mUiOl'ial in which 100 pcw 
of wldmkiie in iho long rllns 

t. 

w.v.p 
:170 

n + (\\') 

22()O 
410 

M + W -I- An 

Zoaland, mixod wiih qUl\l'i:l, 
s.w.v.p. to 4000 bars. The 
l'lUlS produccd no t1otoctablo 

lO.tul'al prohnito (Appondix 3) 

m tho same prehnito as above 
: 4. Tho I'oluctanco of prchniio 
I'YBio.lli:lation ('l'AYLOJt, 1957). 

r ccnt Fe20 s) and the resulis 
mmari:led in Fig. 15. These 

Jrchnite Or vesuvianite. 

are in many casoa inadoquate 
fil'lds and a tendoncy romains 

-

h 

The zoolite fo.cioB, with C01l111101lt~ on ti lO intoJ'pretation of hycil'othCl'l11o.i SYJlth080B 

Tllhlo 18 

Tomp. Pl'llSaUI'O 'l'imo 
Prodncts (DC) ( bIWH) (dfly8) 

270 :11100 J., Hx(s) 'J'b(s) 
21lG !WOO 10 Hx(s)PI'(a) 
:100 :W()O H HX(fl) Tb(s) 
:120 :1000 IX Pr(H) 
:1:10 !W(JO I PI'(a) HX(A) Xo(s) 
338 luon !I Pr(H) I1x(s) 
340 :WUO ].I Pr(s) 
:H7 1000 S , Hx(s) Xo(a) 
3GO 1700 ,I ' ] I x(s) Xo(s) 
3G3 .!lIOO H Pr(B) An(w) 
:IG7 2()UU 17 1'1'(\,B) 
3G7 2UOO 2 ]>I'(s) An(w) Wo(w) 
300 :W()O !I Hx(s) An(w) Pl'(W) 
377 !WOO 11) Hx(a) 
380 2000 1 An(a) Hx(s) Xo(s) 
380 3000 10 1'1'(a) 
386 2000 12 1'1'(a) AIl(Ii) Wo(s) 
400 :1000 !i J'J'(H) An(s) Wo(s) 
400 :\(I()lj :1 ] '1'(1:1) 
40G :1001l ,I An(H) Wo(s) 
4(1) ,IIIOl) :1 1'1'(1'1) Au(vw) 
4 I G ·11100 f) 'J>I'(H) An(a) Wn(H) 
41G ·1000 An(li) ' ... ·U(H) I'I' (w) 
42fi :\()o() !I An(H) WO(H) 
42fi fioon :1 ]?I'(H) 
427 :1000 I Ii An(R) WO(H) I'I'(vw) 
4:10 :1000 7 An(R) Wo(s) 1'1'(w) 
4.J0 [j()OO 7 1'1'(H) An(H) 'vVo(s) 
4'12 2(1011 Ii An(H) "VO(H) 
445 ,lOOt) fi 1'1'(s) An(H) Wo(s) 
44 I:! ~WOO 1 I An(>l) \Vn(H) 
'HiD :W(lll 17 An(s) \VO(A) 
450 :1000 !I An(R) Wo(;;) J'J'(w) 
4G:1 :1~Hi() :1 AII(H) \\'o(s) 
455 .JOOO :I An(R) \\'o(s) 
455 5000 fi An(s) Wo(s) 
457 50UO ·1 An(s) Wo(s) I'I'(w) 
469 :1000 !) An(s) \\'o(a) 
.nG ·1 .• 011 :! An(s) \\ 'o(a) 
490 ·1000 :, AII(;';) \\'o(s) 
.J9U ·1000 .i An(s) Wo(s) 
492 ~UOO :! An(s) \\'O(s) 
GIG ·170l) :1 AI1(8) \\ '0(>1) 

_A _ !iSW 
~ ---
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for soma workors to oxproRA uonqJOsitions in torms of "idoal" formulae which can obscure 
relu,tionsliips rn.Lhor t.1ltLll clo.rHY 1,ll om . Considerable confidonce can bo plo.ced in tho viow tho.t 
tho numbor of oxygon atoms wiLhin tho framowork of linkod (Si,AI)04 totruhed.ra is virtually 
cOIlJ,tLctnL tar tho unit cell of IllW11 Hpooios. 'fhis numbor must bo evon. is commonly a multiple 
of 8. nlJtl clI.n bo dotol'll1inod ullambiguouBly from l'oasono.bly prociso ohomicl\I, X-ray nnd 
density data. Following' Ill':\' (I U:12a) and othors, unit coll contonts on tho ba.sis of this idoal 
numbtll' of HI.l'lwt.llml OXygl'lIH JIILVtl boon calculnted by tho writer for 0. lo.rgo number of zoolito 
amllyscl:!. J\foro lLLtcnLioll htUl bl'uu giv~n to variations in tho Si : Al ro.tio than to variations 
in tho oLhl'l' CILtiOJlR, (lS t h(l lat I pr 0.1'0 subject to secondary. baBe exchange effectB and 0.1'0 
thol'ofol'o I ('AI'! fLUulnmculnl in j'(·n,·ding conditions of formation . Nevortheloss a.s the various 
limll 'l;polilC'H ItpP(,!lr to accl'pl HlJI'Il olomonts as No., le and Sr into thoir lattices to varying 
d egJ'cl'H, t IH' CO III"'utml iOIl of t 1"';;11 lnttor olements in the environmentR of formation must 
influonce HLab ility Jil'ld>i. Till .' ,\l g. llt·o.l'ing spocios fOl'rierite und t ho bo.rium zoolitoB 0.1'0 not 
hero conHid"J'NI. 

Tt will IJI' Jinllld COIl\'l'uil'lIt to doscribe the range of composition of cOl'tain zooliteEl not only 
in t, :rlll l:l or Iho lilJnilim' iRoIJlorpllic substitutions: (i) NaSi for CaAI; and (ii) Na2 for Co.. or moro 
genomlly (Nl\, K)2 for (Cn, HI', JlIL) but also in tormB of tho substitution: (iii) Al for Si wit.hin 
tho totmbocll'l11 fmmework wi t h wlditionul W group cations (Nit, K, Cut) occupying ot.herwiso 
vacant lattice l:IiLoR. 'J'hifl J'olildts in 0. mm'kod vul'iation in the number of \V group co.tions po!' 
unit coli (tnt! is cqllivulont. t.o HimultcLnoouB oporat.ion of tho othOl' two typos of replacoment. 

Tho rungoR or compoHiLioutontu,Livoly acoeptod for valid spccios aro listod bolow togothor 
with ostillllltOR of t.ho spl'cific g mvity 1'01' some or the compositions listod. Specific gmvity is 
nut HignilicLLJltly nl'fuctnu by LIlO Hl lbHtituLion of Na2 for Ca (comparo analcimo n,nd wo.iraldto), 
bllt it dol'S VlLl'Y lllltJ'kodly wiLIi 11111 nl,hor typos of substitution. Tho VltlUOR given hnvo been 
lloloc Lou, Iwofltg'd ni' illiPJ'polal< 'd frolll proviously publishod uoLorminlLLi olla ILnd in I:lomo cnBOR 
m'u capnblo of cOJlRid('J'al)l(I J'( ,filll'III(lIIL. Ouly n fuw hmding J'oCoroncos llnvo boon cited; many 
ut.hol'H lllwo boon ClIIIHiduJ'l·d. 

In I"i l-( . Ii ('OIllJlllHi l,juIIH "I' t,ltn ('Itll'iroruus zoolitoA aro plotted in molocull1.l' proporLioJls on 
thn 1,l'iIUlgI,. ({)It, llL~ , K JO : :.! ll 20 : 21:)i0 2, the componont ({)n, NU,2' 1(2)0 boing lllunol'icnlly 
eqllal 1,0 A 12°3 for zL'o liLI 'H IllJei 1'01' othor truo toctosiliontos such !lB nnorthiLo, IIori'l;onLal lines 
1,11l'J'( ' l'm'!' l'l'pl'cl:lt'IIL tho l'llllge of val'iaLion in Si : AI raLios Lhrough oach SOl·ios . Prohnite, 
Illlllll H'lIyil(l alld (ll'iiluLo Jnwu bl"Hl ploLted for comparison LLnd in. theso tho AI 20 a content is 
noL dil""'lly l'UILLLcd 1.0 tho OUII'I' components. Tho wltter contont Ims beon plottod arbitrarily ut 
thu \'lti'J( ' which iH jlulgod to bl'Ht I'ufloct tho ohomioullmulYHoB umI stluctuxal lhtt.u. In sovoral 
CUIi,'H it iK "P('1l to I[IWHt iOIl. ('oJllpoHit.ions plottod m'o busod on unlllysoB of o.ppurontly good 
cpmlil,y 11(' lJal.lll'lLl woli Lt'''', LllbomLory orYHt,nlli'l;lltion fl'om highly roae~ive IUld unst.able 
H\.",·I ill l-( "",I,·,·i ,.lH Hll"" lIH g laHHl'A iH likely 1.0 load 1,0 U gront,or rllngo of m oLastnblo compoHiLioJls 
thlLll in 1,1". "aAO of Lhu Imt.III·,d JJ1l1.t,()rialH. 

A'llfllcime. Nll17AI17Si~l()UO' lUll ~O to NI\14Al14Si3~OOIl' HlH 20' wi~h minoJ' l:lubatiLuLioll of 
(K,C'LI) for Nu; comlllonly Jlual' NltAH:)i 200.1 I 20; Z = 10 (u.g. HA H'l'WJ(I, J 02t!; COO~UJS , 1\151»; 
J) = 2·205 :1: 0·01. ,'AHA (lOG7) hits indico.Lod thut synthotio l.tJllllcimuH lIluy mllgo from 
NuAIHia0 8.?lH20, to Nl\AI~i04.1II1120, pl'of!umubly with Z = 12 1t1l(1 Z = 2·t rospeotivuly. 

Ashcl'ujtine. IIO(KNuCIIAI4HifiOJR.t!H20); D = 2·01 ± O·Ou (l-IJ~Y undHANNHl'J'J~ lt,lO:J:3), 

Olwi.Jaz'ite. ({)a,N"2,K2)6A1l oHi ~o()72.:IOH20 to (Cu,N u2,K2)0.nAlls '6Hi22'6072,:J(I·1I 20. Alkalis 
sumlll,imNI (Ixcllod CI L. /:)'I'ltJlNY. (.1 (11i0) giv(ls (Ca,NIL2)AI}';i40l2.0J[20; Z = 0; j) = 2·082. 

1~/lislilb ile . HTIIIINZ HIHI TI~NN \,HON (lUuO) I:(ivu {)IIAI 2Hi UO\o.r.11 20; Z = 3. 'Ill oight out 
of lil'l"1111 IIIIILlyHI' ''' "oIJHidllJ'(lt\ Ily LiJo ]ll'('H(lnt writ,ur, Lhlll'U aru lli·7 to 10·:1 H 20 pOL' unit eull, 
t.I111 Ot,!ltU'H HlluwilJg I'lL I hilI' IPH... . " '0 I ontHLivuly IICCCl[lt 10 j r 20 )JIl I' unit coli, which wOllld muku 
upiHtillJil ll IL LI'lIl'. iJig lltJI' dt ' JlHi ly, polylJlOrjlh of ltuulandiLo wiLh Lho I\l'proximo.tu l'ltllgo 
(Cu,N"~)~'H~AI 6'7Si I R .30~8.J()Jl~O t.o (Co., N0.2)3 ' 6AI7Si1704s10J(20; ]) typicully 2·2u ± 0·0:1. 
CLt jH dominant. 0\'01' LLlkuliB. 

DnC'll iu nlil o iH Hhown by X-my powdor diifraction. to be s t.l'llcLul'Ill1y roluted to opiHt,ilbite. 
It hus It highor LLllmli t'ont.ont wit.h ILbout l:)i l 9-1Ul for 48 0. 

JiJ-rionite. (Nl1.2,K2.{)ll,;\lg)4'6Alu i27072.27H20; D (calo.) = 2·07 (/:)TAl'LES and CAllD. 19GB). 
l"cmjalJile. NC'nJ' (:'IIa~,C'lL)l . 75AI3'5I-ii" ' 5024.1(lH20; Z = 1(1; D = H12 (of. STRUNZ. 19(5). 
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'ormulae which can obscure 
n be placed in the view that 
A1}04 tctrahedra is virtually t 

ven, is eommonly a multiple 
)rociso chemioal, X-ray and 
ltS on tho basis of this ideal 
for a lurgo numbor of zeolito I 
: AI mLio t11o.n to variations 
so oxcho.ngo offocts 11.nd 0.1'0 
Nevortholuss 118 I.ho VItJ'iOU8 
to thoir h\LLioos to val'ying 

onmont.s of formution must 
t.ho bUl'inm )';oolitof:l aro not 

n of cOl'tl1in zoolitoA not only 
; I\ntl (ii) N(\,. fot' Ca, 01' mol'o 
tut,ion: (iii) Al fol' Hi wit.hin 
le, CIL~} oC()llpyillg ot,}WI'IViHO 
nl>or of W gt'OllfJ cnt,iollfl Pl'l' 
L' two t'YPOH of l'opll\()(lIllNl I.. 

tiC's [\.l·0 lifltod boluw togl·tllOl' 
8 listod. Spocific g1'l1vity is 

111'0 anl\Icimo and wairukito}, 
Tho valuoR givon havo boon 
'minations and in somo CllSOS 
ncos Imvo been citod; many 

in molecuJI1.l' proportions on 
~(\2' 1(2}0 being nllmOl'iCl\lIy 

anorLhito. HorizonLal linos 
ough ouch soriuli, 1'l'ohniLe, 
n t,hrso tho AJ 2()3 conlent it! 
1\8 boon plottod lLl'biLml'ily l\t 
tl skuctW'a! data, In liovom! 
(\nuJYHoB of uppul'onLly good 
ighly l'rtwLivll and ullHLablu 
001' molAlHtnlJlu clIlnpoHit,iona 

wilh Iniql'lI' HUIJHI,it,lIt.iulI of 
It'I'WJ(I, J 1l2H; COOMJlH, 1\1('G); 
HlllLlcitn('H tnl\y J'I\llgo fwm 
let z = 21rllHpf'cl.ivoly. 
Y nnd 13ANNlH1.'lm, 1Il:.l:I}. 
113.sHi22-6072.:30.] 120. Alkalis 
20; Z = 0; j) = 2·082. 
lH20 ; Z = 3. In oighL out 
)·7 to 10·3 H 20 POl' unit coli, 
, uni~ coli, which would mako 
lith LILO approximaLo rallgo 

J) typically 2·25 ± 0·0:1. 

'Lllmlly roll~tccl to opiHtilbito. 

17 U';'l'Al'r,}:~ and GAltD, 10IiH}. 
f) = 1·1l2 (cf. HTlmNz, 1!)61i). 

~ _______________________ L 

'rhe zeolit.cJ lilCilll!, wiLII COIllI!lOIlL~ OIL Lhll iIlL<'I'[1I'etn.tion of hydrothermal syntheses 

Gis1no1tcl-ine. CaAl2Hi 20sAH2(): Z = H (KLtAIlS, 1939) to Cao'9~l-84SiH60s.4H20 with 
modcrate substitution of (K,~i1). 10[' '11.. 

Gnwlinit.e. AccoJ'(!ill~ lo H'l'lt~r "lz (l!.lIiCi), po lylllorphous with Na-rich chabazite, and often 
containing chl1ba)';ito ill lalllC'lIar illkq~I'O\I't h: (N ' L2,Cn}AI2Si,012.0H20; Z = 4; D = 2·028. 

Gonnardite. J~olymoI'JlIt'lIIH wit.!. f ItClIlIHtI"itll Hnc! 11l0HLly near (Ca,Na2}4.3Als.oSin.404o.12H20 
(MF.IXNHR et al ., 1%0) hill. "nn nlHo I"LVl' 11 ig It !'I' rnlio:i of Al:Si (MASON, 1907). D = 2·27 ± 0·02. 

Heuumdite. ~ol'll1UlIy ill t.he l'itllgo (('n,NIL2}4-RAlg.oSi20'4072.24H20; D = 2·21 ± 0·0:1; to 
(Ca,Nn.2}4A1s:-:ii2HO,2.2.f.II20; D = 2·1H 1: 0·0:3. '1'1101'0 is often appreciable K and/or Sr. In 
the silica-rich val'ill~Y dinopLilolito, I.ho compoflition Ilpproachos Ca(Na,K}4AloSi300n.2'i H 20; 
D = 2·14 ± 0·0:.1. 

/.u,1I11WI1tite. ClI4'25AI8 ' 6Hi15.~O '18.l(1l [20 Lo CU:I .76AI7.5SilO.604S.10H20 wiLh minol' ropJt\co­
mont of Cn. by Na2, i.o. n01l1' CnAl2Si4012.4Jl20; Z = 4; D = 2·20 ± 0·02 (COOlllDS, 11l52). 
Loonhm'diLo is a partially d hydmlocl variol.y with I\bout 14 H 20. 

Levyne. Porhaps ClIA12Si ,1012.fiI 120 1.0 ('nl'IAI2.2Si3.S012.oH 20 with modorato roplacomont 
of C[\ JJy (Nlt,K}2' /-i·I·ItI) N),; (I \}(in) HlIggC'HI.H PolYlIlorpholl1l and sLruoturnl roJl~tionHhipfl wiLh 
cJmlmzit.o 11tH! giV08 n "20; 7J ~o 11; /) ~ 2· 1·10, 'I'IIU fow aVI\ill\ulo anl\IYBoS appom' to indicato 
G H 20 ml,hl'l' UIIUl U 11 ~O. 

A (" .wlitc. BHHlHILildly NII2<':I1~AI"Siu():t!l'H"~(): 7J r .. il; j) = 2·20; minol' NI\2 1'01' CIl 
(11/olY, 11l3:3). 

Mct(l.~colccilc. J I igh(ll' 1.11I11 [H)l'aLII1'0 )1olYIl11 lI'l'h .. f' HeoJuoiLo (HMY, 1030). 
Morclcllile (1Jtilolilc). (NI~2,K2,<':a}AI2Hilll()24.7112(); Z = 8 (o,g, WAYMOU'l'l[ et al" IIl:.l8). 

wiLII nllmlis USllldly dOlllillall~ OVOI' Ca. j) = ~·12 1: 0 ·03. l!'il'st-clllss anaJYf:les (as dofinod by 
} []';Y, 1032n.) show val'illf iOlltl 0(' no ITlClI'U IllIm 0·15 Al and Si. SynLhotio mordonitos rango 
f/'Om pure Cu t.o puro .Nil mombel's (13AH11I':lt, 1948 and Appondix 1 of this papor). 

Nalrolite . NI12AI2,'i:l010.:!~1~0; Z = !j; ]) = 2·24. Up to 1 in 10 Na roplaced byKllnd 1 
ill 4 NI\ I'('plaoctl hy ('ILl (III';V, 19:1211). 

j'hilliJll<ite. (Cn,}i:~)~ . 6t\ 1r.:-:iin03~.l2lf ~O t.o (Ca,K2ls'5A17Si OOSg.12HgO with Na usually 
Hllbordilluto (cf. \VYAlt'l' IUHl CHA'L'I':I ,AIN, 1Il:.l8). D = 2·20 ± 0·02 for typicnl intol'modin.Lo 
Ilwmbol't! 01' t.ho AoriuH. 

'IPHrlldcJIlatrol-ite, ~(,Ill' (C'I.l.,N,,)"I~Siu()lR.GH'20 (HEY, 1950, p. 1(2). 
Scoleeilc. CaA1 2r:li 30 1 0.3 11 20; Z = il; /) , 2·27 ± 0·02. Minor No.2 for Ca (HlllY, 10:30), 
• 'liIIJite. Approxill1aLuly (Cn,Na2}4AI~:-;i28072.2ilH20; ]) = 2·15 ± 0·02; 1.0 (C[\,Na2}6 

AlloSi2u{)n.2H 11 ~O; Jj = 2·18 ± 0·02 (Ill'. Hl~KAN INA Imd WYAJtT, 1030). Tho lwol'ngo 
wlLll'l'lwr unit cnll for tlUl110 two dozon l'Opl'OHont.n.t.ivu analytlos is 28'7 H 20 as against 24·2 fur 
houlnndiW. Tho s uggostion uf 8TltUNZ nnd ' l'llJNNYIlON (J 05U) LIIL\~ a COl'l'OOt formula HJlUllltL 
Rhow 2·1 11 20 nH in IWlllallliito lU1I1 t.IllLt 1,110 (,WCl minorals al'o polymul'pllfl afl Wl1ll itA IIIWillg 
n ,tull'd (LhOllgh diITOl'onL) HLI'\wL\Il'~'~, it< 1101. Ilwn,fi,,'o nc(:"pLou. 

'/'/""""011 11('. «('!." N"~)M . ~A I " ""i'i ~:\'~()M",:!·I II ~(); I) b; 2·:10 to (Cn,NI\~ho'2GAI ~O ' 6:::;j lU'60"0 
.!! .III~(): J) !.q :.!':'l!:1 (Ill':\', IU:I:.!,,). ('ILAI~Si~()" . !! .. I" ~O; 7J ... 10; J) !:; ~':17, iH a pOHHihlo 
H)'nllll'l it' IIll.ndJOI· (U()I.IIH~II·I · II, J 1l!i2). 

lI'u'ml"'/r' . t'1~AI~Sil()' ~ '!! " }); 7J , H; 7J , ~·2UG (H'I'JUINlatt, 11l5O; COOM1JH, Jlllili). 
J'71(ju/t'w'u/'ilc' UJlit. ",,11 (·OIlI.I,"I,H wdc\llat.I'd fl'oll1 1,110 dl\tl\ of BAKUHAI and iJAYAHI/( (11lIi:'.) 

Ilro ILppl'oximatoly t 'I\" .H.I( N n, I, )O . 34AJ7.6~Hi21 ' 3~0 66.1 G·31J 20' COl'rosponding roughly to 
1CuAI~Si5014'.11120, J) = 2-:W. 

Al'l'j,;NOJX :.I 

OIWlILir'ul and Physical Data OIL lIwlancl-ite aml I'1'ehnite 

(A.M. '.1.'., D. r:l. C.) 

CIll'mit'I\\ nnl\JYH R ILIHl 01.1101' (\111.\\ Oil I.hn h,'ldl\lll,litu u.lld lwuhllito \tHed if\ oKJ1cwimnn l,fI 
dl1llcriUl'd nuovo 1l1'0 ~iVl'lI bl'low. 

III'uTIIl/elite 

Lot'IlJil.y: CHJlll IllulI1icl'JIl, XOVIL S, ·utilt. ( 'I""""" '>!:-I t'I'YSL1\J8, 
SiO~ Ij(I ·H; AI~()3 ](1,11; I"op:! 1,1'.; iI\ l!;() 11'. ; l'aU G·8; :11'0 2·0; N1l20 1·0; 1(20 0·8; 
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D. S. Com1Jls, A. J. EI.L1B, W. S. FYFE and A. M. TAYLOH 

Li 20 tr.: H 20 + 110° 12·45; H 20 _ 110° 3·3; Ti02 n.f.; P 20 6 0·01; MnO n.f., CO 2 n.f. 
Speotrographio analysis: Ag 0·015: Pb 0·015; Sn <0·01: Ba 0·05. Not dotnoted: 

V, Cd, AB, Be, Zn, W, Mo, Ni, Cl', Co, Bi, Sb, B, La, Yt, Ce. Total: 99·44. J. A. HITCHll~ 
anal., s. g. 2·23 ± 0·01. 

Struotural formula: (Ca2.gSro'5Nal'6Ko'6)Alg.2Si26.s072.24·8H20 in satisfaotory agl'l'umont 
with that of HEY and BANNIW1'Elt (1 fl34) and Appendix C above. 

Rofmotivo indieos val'iablo, C( HiOO-1·505 ± 0·001, f3 1·500-1·506 ± 0'001, r j.;j06-
1·512 ± 0·002. 

Prehn'ite 

Looltlity: PI'OApoOt QlIItl'L'Y, Nu\\' K()uLh \\ 'o.los. Largo, tl'anslllsoont, vor)' palo gl'O()1l b()tl'~'(li dal 
massos in oavitioR in doIOl·iLl'. 1\ "('mgc' of compl\rablo anltlysos by A.M.T. and h~' J. A. 
Rl~'OI!lE, Dominion Labol'lltol')" W" lIington: Si0 2 43·7; AI 20 a 24·05: 1"0 2°3 0·n:3: l~oO 
0·03; l\1g0 0·11: CaO ~0'85: Na20 ()'{)4: K 20 n.f.; Li 20 n.f.: H 20 + 110° 4·5·~; H 20 _ lIon 
0·03: 'l'i02 tr.: P205 0·02 : !\lIlO n.f.: CO 2 n.f.; Spoetl'ographie ItnalYlliA (Dominion 
LaboratOl'Y): Ag 0·01: Pb 0·04; KilO 0·01; BnO < 0·003. Not detected: \ ', Cd. ('te., 
ItS abovu. Total: 100·36: H. g. 2.0:1. 

Formulu on bllAill of ('Iovoll oxygell ntoms: 
(CaJ.gSMgo,oINuo'Ol)(A Il'95Foo'05)Ki:\ 'O I01l'] ·04H20 in vory closo agl'oomont with t.hl) con· 
voniiollal fOl'mula CH2AI 2Hi}\o(OII ):! . C( 1·015 ± 0·001: /J 1-(;24 ± 0·001: y 1·04:3 ± 0·002 : 
y - C( 0·02R; 2 Vy OB o I 2" r ~. /} ,,11'()ng. 

A8 iH ('0111111011 in IH'('llIlil !' ['1'0111 ~ lI ch environments, and in eontrllst to the pL'oltnito 
dOfl<' l'ilJod ill Hcclioll 2 I\bovo 1'1'11111 Lho ~ow Zoalaml greywnck('s, basal A('elion!< show 
eomplpx 1ll.lIll1l1nl' 1 willllillg, 111111 \\"11t'1I thick, anomaloufJ inwJ'rt'l'oncc tinlA /tnd illeomploto 
cxtindinn. 

Ar.ml; L. L. 111111 KAND L. B .. (lHi'iH) II.vdl'lIlirclI'mnl ayntllolliA ofwail'al<ito nnd cal('iul11-mol'dollit.o. 
Amcr. Min. 43, ·1·70- ·IHO. 

AlI111CH A. U. (1IHill) All illll'IIMillll Ill" I ""·I,IIYl'il.o nOlw Wn.ilmo 1.'01'1<1-', :-;Ollt.1t (',~nt~'J'blll'Y. 'I'mns , 
Ro.'!. SOl:. N.?-. 78. '27] :17IJ. 

AMIICI-! A. u. (1\)(1'2) l'uLI'lIll1gioHI I'I',tLIII"'M 01' Llto )'OOi<H of I,ho M,II'llwullim diHI.J'inl., ~(lI'lh ()11~g(), 

'I'wns . j(oy. 801'. N.?-. 7D, :I7U- 3!:!1i. 
AN'l'lJN I'. (I Uf/:q I ,HlII110IlLil,(l d, HlII'(Hlllt., Ann. SOD. Oeul. ncllj. 77. 130:1- 7 I .• 
UANWIOJ.L C. ,)., COOI'I". I\ I';. H., '1'1I0~1I'H()N G. K K. 11.lId McCltmlG K. ,J. (I lHi7) 1'1t.Ii~il':i nf Llto 

Now /': " Idlmol Lhlll'lI1ld mUll. 11ull. ,V. :.! . /)ep. 8ci. Incl/t.~tr. Rc.y. 
BAHltlm It. 1\1. (IV·IIl) l"ynl ll\'HoH nlld I'PIII'liont! ofmorlienito. J. Cite///. . 8uc. 21liH 21():1. 
UA Itltlm It. M. (1I1f/O) 1 oll ·,'x,·IIHllgl' 1I11c1 i.l/I.Miuvo jlI'OC"HKlIH ill ('J'YHt Idl i,lt' 'l:oolill'H . ./. ('ht·lII. Soc. 

2:1'1'2- '2:1f/O. 
HAIUlI':!t H. i\1. !Lilo! \\ ' 111 '1'1': E. A' I). (11)52) Hynt,hutiu OI'YMlllllino flo(lilll11 ILlull1il1oKi l it'ltll'A . 

J. UI"·III . .'Ill". l .ilS l llill. 
1310./\'1'1'11': I. I {. ( I (l.i·1 ) '1'1 11' " ll'ltel.lil·(' "I' It! IIdci 10 11.11(1 ion-oxoIIILIIW,d fOl'lllH of mmleill'. .-1 rl(t (J/'lJlit. 

7, :1f/7 :Ilill. 
. UJ':NHON \\' . 1\. (I !l12) 'I'1t., IJIlHi" igllt '"IIM 1·,l/·kM of' Eltlltpl'll Ol,ago and 1.lloil' tllciOllio l,nvil'oIlITIPnL, 

I'ILJ·t:\. '1'/"(//1 .•. HII!J. S(/I'. N .?-. 72, 1110 ]Hfi. 
HOI,J)Yltl':VA /I. 1\'1". (IU:i:1) AIII.itig' ·lIi(· ILlII1I('iIllO in UppOI' I'ol'mian Hl'dimollLs of tit" Ultlmlovft 

/llld Aldyllll/IIHI< diMll'i, ·IH. "','111. sw'. /'I/q,vl' milt. 82, 2UI - 21l7: (J/il!llt . AI/,vtr. 48, fit) :lUf. 
IIltAIII.I·: \" \I ' . 11. ( 1!l 2H) Z,·"lil" h,·oI" ill 11".1:1'1'(\11 Hi vol' ('ol'llllttioll. Sdl' lIce 07,7:1- 7·1. 
BI\AIlI.I·:\' \I'. 11. (I !l2!1 ) '1'1" . 0""111'1"'11"" 111111 tll'igill or ttllalcito lUll! 1I11"'I'HUlmllll1 IH'dM in tho 

<:1'/((111 l( i\"'1" 1''' ''lIl1lli'''1 .. I' l 'llIl l . ( '"I"l"lI d .. 1111<1 \"yoming. lI.N. (/('01.8111'11. J'/"o]. 1'(Itu'r 
A 158, I · 7. 

IIltA ~II.I·:· I · I · I ·: :\1. ;'\. /11111 I'OSN.I .II, I" . (I !I:I:I) /':uuliLio alt('mLion of })),I·o('IIIRti( ·I-I . _·II///' /,. -'Iin. 
18, 1117 171 . 

JlIt()III': IIII ' I, '1'. :'11. (IH20) ;r.,,"illg ill :'Ili( 'irig/l1\ oopp!'1' c11'poAitfi Iwd ilH Higllifil'IIIl l'''' H(·U1~. {(col. 
24, I ·I!I - Itl:.! nnd :11 I :!~(j . 
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·01; ~InO n.f., CO 2 n.r. 
n, 0·05. Not dot oct<.'d: 
11: 99·44. J. A. Hl'l'C' IUE 

n snLisfactol'~' ngl"l'l'mont 

1·506 ± 0'001, Y 1·500-

(lI'Y pedo gl'Ot'll but I"yoidld 
),Y A.M.T. an(l h.v ,), A. 
~'1·0u; FlI})a o·n:l; PoO 
+ ]10" 'I ·G·1; 11 ~() - ] 10 ' 
hic nnlllYHiR (Dominioll 
drtput('d: \', Cd. l'LC., 

Igl'Coment wilh t hI' COil ' 
0·001; y 1·0·1:1 . !. o·n02; 

·olltl'lI.RL to 1,110 [ll'ohn i to 
.CH, bmmi RN,t ion!! Hlu)w 
1('0 tint,H and incomploto 

lllnt! catoiIl111·l1llll·dollitll. 

lIlll CILn1,tH'hI1l',v. '1'l'flllH. 

·71, 
J. (I !)G7) 1'''.vl-li l'>4 of' t.ho 
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