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The zeolite facies, with comments on the interpretation
of hydrothermal syntheses

D. S. Coomss, A. J. lGnuas,* W. S, Fyem and A, M, Tavror
Dopartmonts of Goology wnd Chemistey, University ol Otago, Now Zoaland

(Lreceired 20 September 195H8)

Abstract —Itiold, potrographic and oxpermnental ovideneo is prosentod on assomblages involving Coa—Al
and Nic-Al silientos, warranbing rocogitnon ol a zeolite feios, This facies Taegoly bridgos the gap botwoon
dingenesis and convontionnl motamorpdisan, The metamorphic geology of the Now Zoaland Goeosyneline
i roviowod and zeolito facies rocks dre shown to bhe ol rogional extont, Thoy includo lower grado
Beulandito -analeimo —quarctz  assomblages aod  higher grade laamontito-albito-quartz in tulls and
voleanie groywackos.  Thomsonite is found in basie ignoous rocks of tho Otama Complox.  Soparating
thie zoolitie roeks from typical groenselists is abroad belt with quartz-prohnito and quartz-pumpollyito
as=einblnges,

Tho significance of zoolito soquences in wmygdales is often oo matter of doubt, but zoolite oceurroncos
in sedimontary rocks, activo thermal arvous, alkaline igneous rocks and miscollonoous joints and cavitics
Joand somo support to two broad generalizations: firstly the witer content rolative to (Ca,Na,)0.A1,0,
Condds to ineroase for lower temperatures of formation in accordance with theoretical oxpectations
Lased on entropy;  secondly zoolites can be divided into three proups based on silica content:  thoso
whoso oceurronco is favoured by an onvironmont supersatucated in silica, thoso that often coexist with
aunrtz, and thoso favoured by silica-deficient. environimonts.

" Pho conmon spocios in tho Wairakei thormnl aroa aro mordenito and wairakito, both of which aro
readily synthesizod whoreas lnumontito and houlandito, typical of regional motmnorphism, are not
rendily synthesized. This fact, together with tho profound imfluenco of starting matorials on ronction
products in hydrothermal synthosos, eniphisizes the lack of oquilibrittm in our oxperimonts, oven in
runs of 30 doys, Tho fiold of high-silica phases suchc as mordonito is oxtondod whon the silica activity
in highor than that of quartz, "T'he offoct of difforing Plona and 11,0 on important transitions such as
anadeimo - quartz o albito |- wator is oxplovod on thoorobical grounds, KExporimonts plico tho ronclion
tomporatiro ab 280°C wb 1000 hives wakor prossuro, bub tho oquilibrium tomporatiuro may bo much lowor,
Proliminary solubility work indieatos o veaction tompernture none 20070 ab saburatod wator vapour
pressuro, Undor conditions whoro load prossire oquals threo timos tho wabor prossure tho tomporature
may bo lowered by about 200°C. "The upper il of the zeolito facios is bolioved to be about 300°C,
whoen water and lond prossures aro approxinbely oqual,

IMiolds of synthesis aro given for (ho following: annleimo-wairakito sories, Na—-Cu mordonite sorios,
epistilbito, prohnite and an unidontifiod phaso Z.  Phillipsito was synthesized from chabuzito. The
uppor limit of thomsonito is considored to bo near 300°C whero it broaks down to anorthito.

Tho rango of composition and density of naburally-oceurring zoolites is roviowed. Now analysos
and optieal data are givon for houlandito from Cape Blomidon, Nova Scotia, and for prehnite from
Prospect Quarry, Now South Wales.

1. INTRODUCTION
(W.S.F.,,D.S8.C.)

I'ne writers consider that mineral assemblages in which zeolites are characteristic
are of such widespread occurrence that a new mineral and metamorphic facies, the
zeolite facies, should be recognized, as has recently been proposed by TUurRNER (in
I'yre et al., 1958). 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 processes and the hitherto recognized metamorphic
facies and it allows a more complete model of the evolution of metamorphic rocks
in progressive regional metamorphism to be developed.

* Now at Dominion Laboratory, D.5.I.R., Wellington,
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TUrRNER wrote as follows: “lskona (1939, p. 345) discussed the possibility of
erecting a zecolite facies (o include the many and varied assemblages of zeolites
and associated mincrals formed by deuteric and hydrothermal processes at low
pressures and relatively low temperatures. He rejected the idea, however, on the
supposition that such assemblages do not represent systems in equilibrium. He
noted, morcover, that hecause of their hydrothermal origin, their nature ‘depends
largely upon the composition, reaction and concentration of the introduced
solution’.” Largely @ the basis of field and petrographie studies in southern Now
Zealand (Coonpes, 1951) TuvrNer then proceeded to revive the “zeolitic facies™
(hereinafter referred to as the zeolite facics) “to cover only regionally developed
zoolitic assomblages (hat Largely replace the pre-existing rocks and conform to the
mineralogical and chenical roquirements of o metamorphic facies as speeified in
Chaptor L.”

The purposo ol this paperis Lo presont ficld and laboratory evidonce bearing on
this problem, to explore the oxtont to which equilibrium is attained, and to suggost
that tho facios concepl can justiliably he extended to the zones of diagenesis and
low grade motamorphism. ‘

- Irrespective of the exact delinition that is used for a metamorphic facies, in
our view the stimulus and long-range value of the facies concept rests in the
belief that, in time, the physicochemical conditions under which a rock of given
bulk composition forms a given assemblage of minerals will be determined within
definite limits.

If we wish to follow, say, the complete evolution of a granulite from an un-
metamorphosed sediment, we must be prepared to examine each stage in the
process and to recognize as markers each observable change of phase. This has
been done in some detail for transitions from greenschist assemblages onwards,
but lower grades have not been widely recognized.

Fyre (1955a) suggested that it was unlikely that greenschists would form
much below 300°C. If there is any substance in this view, then, for so long as we
ignore this gap of 300°, we are ignoring about one-third of the possible thermal
range of normal regional metamorphism. Iield and laboratory evidence, imperfect
as they may be, indicate that this neglect is not justifiable and that a large number
of important phase changes may occur in this temperature interval. Zcolites are
sometimes major rock-forming minerals and show a significant number of such
phase changes.

In considering any facies covering the lowest grades of metamorphism it is
obvious that certain difficulties will arise which may be less apparent in higher
grades. Tirst, at low temperatures, the replacement of pre-existing minerals will
tend to be a slow process and may not reach completion.* The second difficulty
arises from the fact that in low-temperature environments metastable phases may
have a considerable chance of formation and survival. In the task of reconstructing

* Partly for this reason it is convenient to consider some zeolitic rocks in terms of the mineral facies
concept (IBsxona, 1920, pp. 145—-146), rather than in terms of metamorphic facies, the assemblage of
coexisting minerals concorned forming perhaps an interstitial microaggregate in a sediment or a single
zone in an amygdale. On the other hand some of tho rocks deseribed can appropriately be considered
metamorphic in the sense that they are extensively or oven completely reconstituted.
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a history it may often be possible to draw interesting conclusions from the

liht).' of occurrence of a metastable phase, but kinetic factors must lead to a large degree
‘,f,e;)litcs of uncertainty. For the correlation of physical environment with mineral assemb-
ab “ow lage to be approached with any certainty, some assurance that equilibrium has
Jout Ehs been approached is necessary. In the review that follows it will become apparent
ft' Ly that similar zeolite-bearing assemblages do in fact appear to form in similar
pesnds environments. It also appears probable that in some circumstances metastable
‘Zoduced growth takes place in nature under conditions that may be comparable with those
3 1\.10\:: produced in the laboratory.
facies On the basis of widespread occurrence of zeolitic coments in Russian sedi-
reloped mentary rocks (reviewed below) Ruscanrruy (1950) proposed a “‘geochemical
j to tl.xe zeolite facies.” It was suggested that rather special chemical conditions including
jidud, mn the presence of alkaline, colloidal solutions of silica and alumina and a high oxygen
; potential were necessary for zeolitization to occur. The oxygen potential was
jreg 00 believed to distinguish the zcolite [acies from a glauconite facies although zeolites
sl}ggcsb and glauconite have subsequently been shown to . coexist (Busminsky, 1950;
ﬂsw — VAsIiL'EV, 1954). We do not believe that ReNaarrin’s views were justified.
:
cies, in 2, Tun Zuonrrs Facies N e Niuw ZBAnaND (JEOSYNCLINE
in the AND TiHE TRANSITION TO TR GREENSCIST IPACIES
{ given (D. 8. C.)
within 2.1. Geological setting: the New Zcaland Geosyncline (Fig. 1)

The dominant structural features of New Zealand geology are those related to
alrad the New Zealand Geosynecline (WeLLaiaN, 1956), in which deposition proceeded
e ]t % from pre-Permian times well into the Jurassic. In Otago, early greywackes,
- :18'8 siltstones and occasional volcanics of the geosyneline have been metamorphosed
e into the extensive chlorite-zonc schists, made well-known through the work of

'd form TurNEr (1938) and HU'MjON (1940). These schists continue northwards as a
narrow belt, the “Alpine Schists,” on the western flanks of the Southern Alps.
€ aE" w? At the south end of this belt, Tun~xun (1933) established chlorite, biotite and
h(fl?m oligoclase zones, while further north in the Ifranz Josef~Copland River sector
"}:;:jgz L n.'nd MA.S"ON.( lQSS)IIHWQn!u.ppml chlorite, biotite and garnet zones. Boulders
;itcs . of kyanito gneiss in Paringa River and Mf “l.llll}ﬂ Beach to the west havo bfwn
:of e collected by Obpnrn (personal coninunication), :Ln(.l suggf}st that kyanite-
zone conditions were attained at least locally. The Alpine Schists gradoe progress-
by 6 0 LV(;ly castwards into “unmetamorphosed” (prehnite-zone) greywackes described
; elow.
‘alf;g‘];ﬁll' In the so_uthern part of t]}c South Island, the schist l).elt strikes south-cast and is
kisioulty ﬂfmk.od on its south-w'cst side, and z\.mmrently overlaid, by fol.ded and s.tceply-
s may dnppm.g U.ppe‘r Paleozoic grcywaglfos. sxlts‘tones and some volcanics, the‘ thickness
ructing of whxcl.1 is given b'y Woon (lf)n‘b) as hc.mg.greater tha.n. :36,50Q ft. The Upper
Palecozoic rocks are in turn overlaid by Triassic and Jurassic beds in the Southland
. Syncline which includes at Taringatura the area that prompted TURNER’s re-
if%}n‘;‘;"g'; erection of the zeolite facies. The Triassic sediments vary in thickness along the
1 a single north limb of the syncline from about 10,000 to 30,000 ft (Coomns, 1950), but they .
|°““id°“’d are much thinner where exposed on the south limb (Woob, 1953). The thickness
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Fig. 1. Geological sketch map showing rocks of the New Zealand Geosyncline (Based on
WEeLLMAN, 1956, and on the 1 : 2,000,000 geological map of New Zealand, N.Z. Geological
Survey, 1958).
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of the Jurassic beds is comuonly about 10,000 ft. Petrographically, the Lower
and Middle Mesozoic rocks of the Southland Syncline consist almost entirely of
volcanic greywackes, siltstones and tuffs with scattered lenses of conglomerate.
They belong to the “Hokonui Facies” of Wrrnnman (1952), which is also preserved
near Nelson and in the coastal regions of the south-west part of Auckland province.

On the north flank of the Otago Schists (Mackii, 1936), as on the cast of the
Alpine Schists (WennMaN, GriNorey and Munnpiey, 1052), are semi-schists that
locally contain ‘I'riassic fossils, followed by an extensive belt of “groywacke” of
WeLLmMaAXN's “Alpine Facies,”* Jargely Mesozoie in age, but including elements
containing the Permian fossil Alomodesma sp. in South Canterbury. This belt
forms the main mountain ranges of Canterbury and Marlborough, and reappears
to the north as the basement of much of the North Island. Thicknesses are largely
unknown, although WiLLman el al. (1952) consider that for part of the Triassic
ab Joust thoy are greater than in tho IHokonui Facies. Graded, groywacke-type
sandstones and siltstones are dominant.  'I'he voleanogenic fraction is less con-
spicuous than in the Hokonui Ifacies, and detrital quartz, potash feldspar and
muscovite are correspondingly more abundant. Oceasional interbedded voleanics
are mostly spilitic pillow lavas, in contrast to tulls of andesite—dacite-rhyolite
allinities and rare andesitic intrusions which oceur in the Hokonui Facies.

The concept has grown among New Zealand geologists of a progressive
metamorphism consequent upon increasing depth of burial, depth being held to
be the main factor controlling temperature. The absence of major intrusives in
the New Zealand Geosyncline and, at least in the case of rocks of the zeolite facies,
the sequence of mineralogical changes are both compatible with this view. At
least three factors may modify this simple conception. Tirst, the geothermal
gradient may have varied in different parts of the geosyncline, the gradient being
likely to have been lowest where sedimentation was thickest and most rapid.
Secondly, structural evidence (GuNN, 1956; LiLuie ef al., 1957; RoBinsow, 1958)
indicates the possibility that in the higher grade rocks important folding preceded
the metamorphic maximum. Thirdly, it is conceivable that internal deformation,
which in the schists is often intense, may have affected the position of mineralogi-
cally-determined isograds by promoting reactions or by causing slight rises in
temperature.

Opinions differ as to the date of the “main’ metamorphism and as to whether
sedimentation was essentially continuous in the axial regions of the geosyncline.
Muren (1957) and WELLMaN (1956) have suggested that there is a continuous
thickening of formations from the Southland Syncline towards the Otago schist
axis, and consider that the maximum grade of metamorphism was attained in the
axial region of the geosyncline where these and Lower Jurassic formations were
assumed to have achieved their greatest thickness. If this is so, thereis a continuous
gradation from the zeolite facies through a broad transitional belt into the green-
schist and higher grade facies. In two columns, Murcu indicates 50,000 and
95,000 ft of pre-Jurassic cover for the schists down to the Chl.2 subzone. Iividence
of metamorphic grade in the Otama and Kaka Point areas does not altogether

* Named from the Southern Alps of New Zealand.
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support the concept of continuous thickening, and it is conceivable that in Lower
Mesozoice times in senthern New Zealand there were more or less separate troughs
of deposition for the two sedimentary facies.

An upper limit to ihe date of metamorphism and of erosion deep enough to
expose chlovite-zone ~chists is provided by the deposition of the Kyeburn and
Henley formations, ihie hasal micmbers of which may be as old as Upper Jurassic
and Lower Cretaccous, respectively (Harwinaron, 1955). By this time, according
to the concept of Wrniman (1956, pp. 13, 31), new geosynclines woroe forming
on the east sido of the North Island and in the north-cast part of the South Island
to the cast of the now firmly indurated wolt of older geosynclinal sediments.
Pobbles and grains of quartz—scricite--pumpellyite semi-schist in conglomerates
and greywackes of probable Lower Cretaccous age (D. Haminron, personal
communication) in the Hurunui Gorge area are evidence that in North Canterbury
the older geosynclinal sediments were providing low grade metamorphic material
to a trough in which younger greywacke suites were being deposited.

Similarly, low-grade metamorphies such as actinolitic metavolcanics and
quartz—scricite semi-schists are not uncommon as fragments in the Triassic and
Jurassic greywackes and conglomerates of Southland. Woop (1953, 1956), has
given evidence from northern Southland for at least three “marginal unconformities”
(i.e. marginal to the New Zealand Geosyneline), which exposed successively younger
members of the Permo-Triassic sequence to erosion. None of these breaks can be
correlated with a general orogeny and metamorphism, but, at least in the case of
the break botween the Waipahi and Arthurton groups (Permian), the effects
oxtended far from the margins of the geosyneline as is shown by the emplacement
at Otama of anigneous complex (deseribed later) which is interpreted as a crudely

sheet-like mass nearly 4 miles thick.

Difficulties in unravelling the history of the New Zealand Geosyncline arise from

the monotonous uniformity of extraordinarily thick and sparsely fossiliferous
greywacke suites, known to range in age from Permian to Cretaceous and commonly
preserving general uniformity of strike. The present writer considers that evidence
for unrest throughout the mobile belt of the New Zealand Geosyncline is likely to
increase with the passage of the years and that the concept of continuous sedi-
mentation, with thickening towards the axis of the geosyncline, is likely to prove
at best an over simplification. It is suggested that the locus of most rapid sedi-
mentation may have migrated repeatedly, as indeed it has during New Zealand’s
later history, and that the metamorphic maximum was not reached simultancously
at all points. The main significance of this interpretation, as far as the present
paper is concerned, is that an unchallengable transition from the zeolite facies to
typical greenschist facies rocks cannot yet be demonstrated for any one section,
nor is it yet possible to state with any great accuracy the depths of cover under
which chlorite-zone and higher grade metamorphism occurred. Nevertheless
numerous scections of vast thickness are available for study as described below,
some of them uncomplicated by unconformities, igneous intrusions or structural
disturbance, and from these the general trend of a metamorphic sequence from the
zeolite facies through a very broad zone characterized by prehnite and pumpollyite,
to the greenschist and hence to higher facies, seems clear,
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The zeolito facies, with comnents on the interpretation of hydrothermal synthesos

2.2, Mesozoic sediments of the Hokowwi Facies

2.2.1. Taringalura. In the northern part of the Taringatura district on the
north limb ot the Southland Synecline is a steeply dipping sequence, approximately
30,000 1t thick, of Hokonui Facics sediments ranging from about Lower to
Uppermost Triassic in age (Coones, 1950). The area is free from any vents or
intrusions of Triassic or later aze, and deformation is confined primarily to the
simple folding of the syncline, adjustment to which has been accomplished by slip
on widely-spaced bedding plaics. The amount of post-T'riassic overburden that
may have been removed is unknown, but it is unlikely to have been more than
10,000 to 15,000 ft, and it may have been mueh less.

Coomus (1954) showed that ¢luss in ash beds in the upper part of the section has
been completely replaced by heulandite® or less commonly by analeimo. Both
zeolites cooxist with quartz and fine-grained phyllosilicates. The great majority
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Fig. 2. Mineralogical fontures in rolation to stratigraphic dopth bolow tho highost boeds at
prosont exposed, Taringatura, Southland, New Zoaland (after Coomns, 1054).

of rocks here contain fresh detrital lime-bearing plagioclase as a major constituent,
but from successively lower horizons it is found to be missing from more and more
specimens. In its place are psecudomorphs of dusty albite with sericite inclusions,
although some “‘islands” rich in relict andesine persist almost to the base of the
section.  Simultancously with the albitization of plagioclase, analcime and
heulandite disappear. Analcime has not been observed in rocks from lower than
about 17,000 ft below the top of the section, its place being taken mainly by
albite, but also in some cases by pscudomorphs of adularia or laumontite. Heulan-
dite persists to greater depths, but it appears to give way to laumontite plus
quartz and the lower part of the section contains numerous beds of altered ash,
some of them very thick, in which laumontite is the dominant constituent. Iirst
pumpellyite, then prehnite appear as accessory minerals. In some cases at least,
notably in quartz—albite-adularia—pumpellyite metasomatites, the pumpellyite
has clearly formed at the oxpense of laumontite, magnesium and iron being
provided by celadonite and chloritic minerals. Tiny granules of epidote that
appear to have grown in place are seen in thin sections from most stratigraphic
levels, but they are always quite subordinate in quantity. Stilbite is occasionally
found in joints of late formation. It is to be emphasized that with this exception
the zeolites occur as essential constituents of the rocks and not as the fillings of
veins or joints, although laumontite does occur as a replacement of fossils.

N

| .
d pumpellyite A : : a
pumpetly1se, Chemical analyses, including spectrographic data on trace elements, are
* Including clinoptilolite.
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4 | compatible with the conclusion that although the altered rocks doviate notably
: i from their oviginal composition, the metasomatism is complementary and it is
! j unlikely that material was hrought in from outside the sedimentary pile.
: ! The sequence of mincralogical changes (Mg, 2) may be summarized as follows:
|
1
| (1) Altoration of gluss in tulls to heulandite or analeimo.
' 4 (2a) Replacement of the assemblage analeime—quartz by albite—quartz.
| (2b) Replacement. ol heulandite by laumontite, and of detrital calciferous
“ plagioclase by albite and laumontite.
i (3) Substitution of pumpellyite and prehnite for laumontite.
(4) Post-tectonic precipitation of stilbite in joints. '
It is not possible in the Taringatura district to map sharply-defined zones
dependent on the stage of alteration, although beds above the present 17,000 ft
level are dominantly in w hewlandile—analeime stage whereas those below 17,000 ft
i are dominantly in w lawmontite stage, while a prehmile—pumpellyite stage appears
1 spasmodically towards the base. Observed assemblages of coexisting non-detrital
1 minorals from Tarvingatura inelude the following. I'neach case sealy phyllosilicates
f o . . . . . a
§ of various shades from green to hrown and of moderate to high birefringence are
further possible phases.
Stage 1 (houlandite analeime stage):
houlandite—montmorillonoid ~quartz
; ‘ houlandite-—-quartz -celadonite
1 analcime—quartz-celadonito
] ! heulandite—quartz-—-celadonite-sphene.
Stage 2 (laumontito stage):
laumontite—albite—quartz—celadonite—sphene
laumontite—albite-adularia—quartz—celadonite
quartz—albite—adularia—montmorillonoid-sphene.
{ 1 Stage 2 or 3:
L] . .
i albite—quartz—chlorite-sphene
i albite—chlorite—calcite—sphene.
| : :
| Stage 3 (prehnite—pumpellyite stage):
d quartz—albite—adularin—pumpellyite ) ’
;‘ | albite—chlorite-pumpellyite—sphene
‘ | albite—chlorite-prehnite—quartz.
|
j Discussion. The relation of alteration to depth and hence by inference to
; temperature, seems clear, although the gross overlapping of zones is to be empha-
{ sized. The sequence heulandite, laumontite, pumpellyite, prehnite, epidote is one
13 of decreasing hydration accompanied by release of silica as indicated in Fig. 3,
. ] although in the case of the non-zeolites dehydration is complicated by changes in
| . . . . . . .
| ! the alumina content which must involve reactions with aluminous minerals such
i
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\ \‘.’l LBITE
.L< 2\ \a
| LAUMONTITE HEULAYDITE
|
I
|

|
7*3 PUMPELLYITE

'3, >~
T,_ PREHNITE

L4EPIDOTE

vy

(Ca,Na,)Ov - , ANORTHITE

TWig. 3. Tho sequence of Cu—Al silicates 1, 2, 3, 37, 4 cooxisting with quartz and wator undor
rogional conditions in southorn Now Zoaland. 1o and 1h are the mlu,umu; and aluminous
oxtromes of tho houlandite serios,

as clays, micas and chlorites. Using conventional formulae, we have:

CaAl,Si,0,5.6H,0 — CaAlSi,0,,.41,0 4 38i0, + 2H,0

heulandite laumontite -+ quartz - water

laumontite + celadonite — Ca,MgAl;Si;Oy,(OH), 21,0
pumpellyite
ulumln;xﬁu silleates < quartz < water
laumontite — Ca,AlSi,O(OH),
prehnile
lipidote, Cay(AlXe),Si 0,,(OH), is characteristic of the greenschist facies
of Otago and it may be produced from pumpellyite and prehnite by further
dehydration reactions. The final step in the series is the well-known decomposition
of epidote in the amphibolite facies, anorthite entering the plagioclase and excess
alumina being taken up by such minerals as amphiboles. Dehydration is also
involved in the formation of albite from analecime and quartz.

aluminous silieates (<4 quartz) - water
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Heulandite exists over a wide range of silica content (Appendix 2) and high-
ie. 3) could theoretically be dehydrated into high-alumina

silica heulandite (Ta in Fig. 3

heulandite (1b), thus:

5(Cay, Nawy) AliSiy O 2E 1,00 -5 3Ty Nay) Al oSing0qp: 24,0
Deulandite (10)
72 S8i0, - 48 H,0

quartz water

elinoptilofite (1n)

This reaction is complicated by the fact that clinoptilolite tends to be richer in
alkalis than typical healandite and the chemical nature of the parent ash may well
provide the main control over the composition of the phase found. Stilbite is
chemically equivalent to o normal or high-alumina heulandite plus additional
water. Its position as a low-temperature, post-orogenic joint-filling is therefore
not incompatible with the suggestion that temperature exercises a major control

over zeolite ocetrrence in the Taringatura area,

2.2.2 Jlokonui 1ills and south-cast Otago, Fquivalents of the T'rinssic beds of tho Taringatura
Iills, as woll as overlyine Jurassic [ormations, outerop ahmost continuously for 100 miles to
tho south-cast, where thoey reach the sen. Seattored observations indicato similar altoration
phoenomona 1o those deseribed above, bat il may bhe noted that lmumontite ropliees plagiocelaso
in cortain Jurassie heds of the Tlokonui Hills (Coomns, 1062, po 813) that ean hardly havo boen
buriod as deeply s the vaguely detined lnnmontito zono of Taringatura,

I about 4000 1ol the Tower Middlo "Prinssic silstonos oxposed on the const near Kaka Point,
ovor 300 thin, waler b ash beds havo been altered to bentonito containing houlanditized
fo agereates of healandito, microcerystalline quartz and cluy

(clinoptilolitie) glass velicta
Celadonite is

minerals, or to analeie aud quartz sometimes partially replaced by albito.
often present.  Detrvital culeiferous plagiocluse and forromagnesiong aro lnrgely unaltored hoth

in the tuffs and in the associnted siltstones in which oceasional glass shards are hewlanditized.,

This part of the scetion is thus dominantly in the heulandite-analeimo stage of alteration as
dofined for Taringaturi.

At Nugget Point, several miles to the south-cast, Kaihikuan (Middle Triassic) ash is in part
heulanditized or bentonitic but is mostly altered to laumontite in beds which are locally
metasomatized to albite rock, Plagioclase in the tuffs and associated volcanic greywackes
and arenites is often albitized, but relict andesine is sometimes found. Laumontito occurs in
minor erush zones. This part of the seetion is dominantly in tho laumontite stage of alteration,
but its structural relation to the area of less altered Lower Triassic beds to the north of it is
not yet fully elucidated.

SrEDEN (1956) has described both zeolitic and quartz—albite—prehnite assemblages from
Jurassic beds in the Catlins district still further to the south. A significant phenomenon noted
by SrepeN is the direct replacement of caleiferous plagioclase by heulandite or analcime,
indicating that in the analcime-heulandite stage these zeolites are stable relative to plagioclase
plus water, even though this alteration seldom proceeds far, presumably due to slow reaction
rates or lack of suflicient water at tho grain boundarics. The Catlins section deseribed by
SrepeN, 11,700 ft thick, is dominantly in tho laumontite stage, although anomalously it is in
one of the upper formations that both the prehnite and heulandite-analeime assemblages were
observed.

2.2.3. Nelson and south-west Auckland. Andesitic voleanic greywackes, tuffs and siltstones
of the Mytilus beds (Otamitan stage, Carnian) at Wairoa Gorge, Nelson (0.U. 15822-15827)
show heulandite—analeime stage alteration, much as described for Taringatura, apart from
the abundance of calcite accompanying one or other of these zeolites in the matrix. Near
Marakopa in south-west Auckland (0.U. 11426 et seq.), Middle to Upper Triassic beds (CAMPBELL,

1955) form the lower 11,000 ft of the west limb of a Triassic and Jurassic synclinal section

S
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estimuted by Marwicik (10-416) to b 25000 11 (hick, Soveral handred thin bods of viteie tulf
altered to impure lnumontite rock arc exposed alons tho const. Plagioclaso is in part replaced
by laumontite and in part is cither albitized with sericite inclusions or remains as relict oligoclase
or andesine.  Subordinato spongy precluite is not uncommon in laumontitized vitrie tufTs,
in tho groundmass of erystal tuffs and voleanic proywackes, and in tulTaceous siltstones,  Caleite—-
especially along the bedding plancs.  Biotito
feite, chilorite and spheno oceur. Rocks in

Jaumontite veins are o feature of creushe zonies
tends to be chloritized, and secondary oaitz, ca
thoe heulandite stage were noted bt appear (o bo varo.

2.5, The Olwma Igncows Complia and associated Permian sediments

2.3.1. Geological selling. IPour miles north-castwards across the strike from the
lowest Triassic beds of the Hokonui Hills, is the Late Paleozoic Otama Intrusive
Complex of which about 16 square niiles are exposed. It consists dominantly of
metagabbros and albite micro-granites, associated with keratophyric and spilitic
voleanics, some of which are hornfelsed by the intrusives. Although individual
members are not all stratiform in arrangement the mass is roughly concordant
with the enclosing sediments and is interpreted by Woon as having been overturned
through an angle of 110°, On its north side, the complex is in steeply dipping
thrust-contact with prehnite-bearing greywackes which, as far as is known, grade
northwards through progressively more metamorphosed rocks of the Tuapeka
(troup into the typical schists of Contral Otago type.

Permian voleanic groywackes and associated dacitic tuffs immediately south
of the complex are partly in the heulandite stage of alteration and partly in the
Jaumontite stage, and it was from this arca that Hurron (1949b) first drew
attention to the metamorphic significance of laumontite.

2.3.2. Alteration of the Otama Complex. At least two types of alteration are
represented: contact metamorphice effects produced during the emplacement of
successively younger intrusions; and subsequent low-grade alteration of a more
regional nature that has affected the igneous complex and sedimentary rocks
alike. For example the conversion of keratophyres into plagioclase~hornblende—
cpidote and plagioclase—hornblende-diopside hornfelses belongs to the first type;
albitization of the plagioclase and veining of the same rocks with prehnite and
sometimes Jaumontite belongs to the sccond type. The later alteration has
undoubtedly been promoted by intense erushing alimost throughout the complex.
This has allowed free access to o vast surface-arca of rock, of the water essential
for the formation of those minerals diagnostic of zeolite facies conditions, and
without which a high-temperature igneous mineral assemblage will be preserved
at low temperatures virtually throughout geological time. In both the basic and
more acidic rocks calciferous plagioclase is something of a rarity, its place being
taken by cloudy albite and/or a varicty of other seccondary minerals including
epidote, pumpellyite, prehnite, laumontite, thomsonite and analeime. Crush-zone
laumontite associated with prelinite has already been described (Coomss, 1952).

The more basic rocks are of particular interest in showing the effects of zeolite
facies metamorphism in an environment devoid of free silica. The most typical
Ca—Al-silicate in these rocks is thomsonite.

An unusually fresh, basic noritic gabbro, no. 946, from 125 chains NE of Otama Hall,

consists of bytownite Ang,, augite and hypersthene sometimes mantled with hornblende, minor
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iron ore and rare pseudomorpdis e olivine. The plicgoclase shows minor alteration to
feathery wisps and films of thonsonie, Suel alteration is more advanced in a slightly erushed
anorthositic segregation, no. 950, [ram the sune arch, having bytownite Ang, as its major
primary phase. It is riddled with flecks of thomsonito which are especially abundant near
irregular criss-crossing hands of almost pure zeolite, from which innumerable angular embay-
ments oxtend into the feldspar.  Rosette-like elusters of prehnito aro often enclosed within

tho thomsonito and there wre alzo o fow threads of ane epidote-group mineral, ehloritie films

and traces of othor zoolites.  Variablo relvactive ndices sueh as e 14627, 9 1538 indicato

aluminous momboers of the thionmsonite sevies (Hhey, 19320, p. 79). To o first, approximation,

such altoration of caleic hytownite o thomsonite can bhe regarded as o simplo hydration 1o

CaAlSi,04.2.41,0. In the miost erushed rocks pligioclise is completely roplaced by thomsonito
with nests of prehnito, minor lumontite and tiny veinlets of unidentified fibrous zeolite. 'There

is much reliet augite, somo hornblende and ehloritie material,

Another hyperstheno gabbro, 588, [rom 20 ehains downstream from Pyramid Bridge,
shows labradorito Ang, not-veined and partially vepliced by thomsonite, pools and later veins
of analeimo, minor laumontite and occasional nests of prehnite within tho thomsonite. In
some associated metagabbros feldspar has been completely destroyed. The carlier analeime
is penotrated by needles of thomsonito and is likely to have cooxisted in equilibrium with it.
Tho analcime preswnably represents excess sodinm over that taken up by tho thomsonite.
Replacement of the albito component of plagiocluse by analeimo would rosult in the releaso
of silica. A small amount of this eould he taken up hy an inereaso in tho Si: Al ratio of tho
thomsonite and it is tempting to consider that the remaining oxcess silica has caused the
formation of the more silica-rich zeolite, lawimontite.

A still less basie differontinte, 1581, an apatite-hearing hornblende hypersthene gabbro
from about 2} miles NI of Otama Hall has Ang, for its plagioclase and shows incipient alteration
to laumontite. Another specimen, 1584, which may initially have been rather similar, has
had its calciforous plagioclase completely replaced by albite, lanumontito and probmite. Theso
rocks aro associntod with hornblendo and pyroxeno andoesinites, as well as albitites (c.g. 1687)
voined and riddled with lvmontite, prehinite, and epidote, suggosting that thoy were produeed
by tho alteration of andesinites or oligoclasitos under conditions transitional botween tho
zeolito facios and tho greensehist facies.  In somo cases the prohnite appears 1o bo replacing
carlicr lamunontite,

The Otama albite microgranites, hornblende microgranites and granophyres aro remarkablo
for noor-univorsal gigns of cutaclasis, for tho uniformly purely albitic plagioclasoe which is
usually somowhat cloudy and flecked with soricito, for their liberal sprinkling and veining
along crush-bands with prehinile, epidote and in some cases pumpellyito and for the paucity
of potash feldspar. Chloritic minerals and secondary sphene aro widesproad, Zeolitization
is rare both in these and in tho albite—hornblende—opidote—sphone hornfelses, and oxcept for
a late vein of stilbite (9728) and an occurrence of analeimo in a mylonite (9683) the only zcolite
noted so far in these quartz-bearing rocks is laumontito. In one case (9741) this appears to
be in the process of replacement by pumpellyite and prehnite.

The usual mineral assemblage in the unhornfelsed keratophyric and spilitic volcanices is
albite—epidote—chlorite-sphene(—quartz). In other eases pumpellyite (9735), or prehnite and
pumpellyite (9734), largely tuke the place of epidote. q

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

(1) At some time subsequent to consolidation, the Complex was subjected to
regional cataclasis and alteration under conditions ranging from those of"
the zeolite to the greenschist facies, quartz—albite—epidote—chlorite—sphene
assemblages being typical of the latter.

(2a) Calciferous plagioclase in the microgranites, hornfelses and spilitic
volcanics was replaced by assemblages of albite plus prehnite, pumpellyite
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The zeolite facies, with comments on the interpretation of hydrothiermal syntheses

or cpidote, together with chlorite and sphene derived from the ferro-
magnesians,

(2b) In a few cases in these rocks the prehnite and pumpellyite appear to
replace carlier laumontite.

(3a) In the most basie noritic gabbros thomsonite is the characteristic zeolitic
alteration product, and in some cases is itself in process of replacement by
prehnite.

(3h) In the less basic gabbros, thomsonite is accompanied by varying amounts
of analeime and laumontite, also sometimes pactially replaced by prehnite.

(4) Laumontite is the only carly-metamorphic zeolite recorded from quartz-
bearing members, but analeime and stilbite occur in addition in late
veinlets and crush-zones.,

2.4, Greywackes and associated volcanics of the “Alpine Facies”

2.4 1. Mid-Canterbury. The main highway from Christchurch to the west
coast of the South Island via Arthurs Pass provides a discontinuous section about
30 miles long from the edge of the Canterbury Plaing to Arthurs Pass on the Main
Divide. The basement rocks throughout this distance are monotonous, steeply
dipping greywackes and associated rocks of Waennaman's “Alpine Facies.” Their
general trend is transverse to the line of section, but their structure remains to be
clucidated.

Near the cast ond of the section, little altered greywackes (15711-156714) containing the
annelid Zercbellina mackayi, of probable Trinssic age, are exposed at the uppoer Kowai River
bridge. Detrital grains inelude unaltered andesine and plentiful biotito which shows incipiont
bleaching and loss of birefringence, as well as (uartz, muscovite, orthoelase, accossory minorals
and o variety of rock fragmonts. Voery line-geained reconstituted ehloritic matorial and caleito
are disseminatod through tho groundmass. Joints aro fillod with caleite. Bouldors (15708-
15710) from the IKowai River, which has its sourco in the Torlesse Rango about & miles north
of the bridge, includo prohnito-hearving greywuckes, variolitie spilite with voins of quartz—
pumpellyite  and  caleite—prohnite-pumpellyite(-epidote), and  rcadiolarian motachert  with
pumpellyite-chlorite—quartz(—opidote) veins,

Three miles to tho north-west ab Porters Pass, the groywackes (15715-15719) arve distinetly
moroe altered than at Kowai Bridge althoush in some cuses oligoclase-andesine survives amongst,
the otherwiso albitie detrital plagioclase.  Prehuite is a variablo but ofton plentiful constituent,
occeurring as spongy undulose grains or as better-formed groups of erystals in the groundmass,
as inclusions in plagioclase and sometimes even as plates separating the cleavage plancs of
biotite, which shows marked lowering of birefringence (ef. Kossovskava and Suurov, 1955).
Iipidote is not abundant and is in part detrital. The rocks are copiously traversed by quartz—
prehinite veins varying from a fraction of a millimetre to two centimetres or more in thickness
and appurently controlled by early-formed shatter systems, as is commonly thoe case in rocks
of this metamorphie condition in New Zealand, Several episodes of erushing and recementation
of the sumo vein are often apparent. In somo cascs o (uartz—pumpellyite zone occurs necar
the walls of the vein, the pumpellyite being an iron-poor, pale-green varicty. Porters Pass is
on the trace of a major active fault and a younger shattor systern has been imposed on the
older, some of the younger fractures being filled with laumontite.

Rather similar prehnite-stage greywackes, freely traversod by quariz—prehnite or quartz—
prehnite-pumpellyite veins, may be collected at numerous points between Porters Pass, the
Waimakariri River and the Main Divide. A particularly instructive specimen (15707) from
near the bridge over Craigioburn River has the assemblage quartz—albito-prehnite-chlorite—
sphene(-epidote) amongst its reconstituted minerals, together with the usual relict detrital
minerals, including orthoclase which appears to persist unaltered under prehnite-stage conditions,
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The rock is traversed by mumerous quariz-prehnite veins which are cat by later fractures
cemented by laumontite or lined with dusty analeime, and by still later joints filled with stilbite,

Tho prehnite from the above rvocks appears to be rather uniformly iron-poor.  Optical
properties of better-crystallive matervial e o 1615, 1-624, p 1-644 4 0:002, 2V, 67 4 27
dispersion impercoptible; sugeesting about T per cent Fe,0,.

2.4.2. Wellington. Peninsule. Reen (1957) has deseribed the petrology of the greywackes,
argillites, spilites and jasperoids of Wellington: Peninsula, Ho o briefly  vecords sccondary
caleito, lnumontite and prehnite as coatings and voins in erush zones and considered them to
bo the product of shearing (Rsin, 1957, p.o 18). Pumpellyiteo is recorded from the spilites,
T'ho present notes supploment theso observations on the basis of an examination of specimens
(14951-14974) from tho 15,000 {t south-coast section from Houghton Buay to Sinclair Tead
(Bropim, 1953). Quartz-prehnito veinlets, with or without caleito, sericite, albite and chlorite
are here magnificently developed in tension fractures and shatter-planes in greywackes and to
a less extont in argillites throughout the seetion. Tho prehnito may bo coarse (=1 mm) or fine,
spongy or woll erystallized. Ropresontative specimens do not vary significantly in their optical
propertics from thoso recordod above for Cantorbury prehnites. In most cases dotrital plagio-
claso is uniformly albitic and prehnito is often thinly disseminated through tho matrix of the
rock, but in some cases with sparso film-liko veinlets of caleite—prohnito instead of quartz-
prehnito, unaltered detrital oligoclage andesine was observed., At Island Bay, Jaumontite was
observed to replace plagioclase in some eases.  In the more altered rocks, biotite shows marked
loss of birefringence. Specimens (14975-14979) from Worser Bay on the west shore of Wellington
Harbour were found to he less altered. They lack quartz veins or prehnite, caleiferous plagioclase
remains and detrital biotite has ahmost normal colowr and birefringence. The range of alteration
phenomena on Wellington Peninsula thus closely parallels that in mid-Canterbury.

2.4.3. Other occurrences. Burorunirs (1956) showed prehnite to be important both in the
matrix and in quartz—prchnite veins in tension fractures of groywackes from North Auckland,

and Hurron (1949a) has reported prehnito and minor pumpellyite from greywackes of Kapiti
Island.

2.4.4. Discussion. Pumpellyite and prehnite, especially the latter, are clearly
of key importance in the metamorphic history of vast tracts of WrLLmaN's
“Alpine Facies.” They are here interpreted as having been derived mainly from
the breakdown of detrital calciferous plagioclase and perhaps in part from caleite
and clay minerals or earlier zeolites.

The following alteration stages may tentatively be recognized for the lowest
grades of metamorphism of the Alpine Facies, three of them being progressive and
one retrogressive:

(1) Little visible mineralogical change apart from some loss of birefringence of
biotite and the formation of very fine-grained chloritic or clay minerals in the
matrix. Zeolites in the matrix are rare.

(2a) Detrital plagioclase partly or completely altered to albite commonly
accompained by prehnite. Associated volcanics (spilites) have mineral assemblages
containing albite—calcite—pumpellyite—chlorite, and less characteristically epidote
and/or prehnite and sometimes minor quartz.

(2b) Prehnite is concentrated in monomineralic veinlets and prehnite—calcite
veins, without much quartz.

(3) Greywackes heavily veined with quartz—prehnite with or without pump-
ellyite.

(4) Fracture planes produced subscquent to the metamorphic maximum are
filled by a sequence of minerals that is one of increasing hydration, namely prehnite,
laumontite, stilbite, with analcime also possible before stilbite.
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The zeolite facies, with comments on the interpretation of hividrothermal synthesoes

The first stage corresponds in part at least to the zeolite facies of Southland,
zeolites being rave largely on account of the searcity of suitable reacting materials.
It is also conceivable that sedimentation was more rapid and the geothermal
gradient even less steep in the Alpine Ifacies than in the Hokonui Ifacies, T'his
could have caused water to have been expelled and porosity lost by compaction
before zeolites could form at an appreciable rate. Stage 2 corresponds directly to
the prehmite—pumpellyito stage as defined for Taringatura although osmotic or
water-deficient conditions could conceivably cause the focmation of prehnite at lower
temperatures than in Taringatira (see L4, 4.10). The appearance of plentiful vein
quartz in stage 3 (zone of quartz-preluite veins) may well indicate a higher tem-
perature and is not readily compatible with any suggestion of water-deficient con-
ditions. WELLMAN ¢t al. (1952) have stressed the importance of “quartz” veins as
a metamorphic indicator in New Zealand, and although this is a eriterion to be
“used with great eaution, the veins being promoted by shattering or the opening of
tension fractures, the abundant incoming of quartz-bearing veins is here accepted
as being of potential metamorphic significance, as further discussed on theoretical
grounds in a later section.

The sequence of vein fillings noted in stage 4 is a reversal of the trend recorded
for progressive metamorphism under inereasing load and temperature although
with stilbite taking the place of heulandite, and it can be correlated with the
filling of fractures under conditions of progressively decrcasing load and tempoera-
ture during denudation. Laumontite in minor faults in chlorite-zone schists at
Iive Mile Creek, and in joints in greenschists near Shotover Bridge, both necar
Queenstown, Central Otago, has a similar retrogressive significance. Apart from
the possible effects of differing rock pressure and vein-water pressure as discussed
later, and in the absence of the incoming of newly heated solutions, the meta-
morphie significance of a late zcolite- or prehnite-bearing vein is that the rock it
cuts has passed through a metamorphic maximum with -7" conditions at
least as severe as those of which the vein mineral assemblage is diagnostic.

2.5, Laler Mesozoic geosynclinal sediments

Analcime and heulandite in Lower Cretaccous greywackes, in part tuffaceous,
collected by D. Haminrox from the Hurunui Gorge above lthelton in North
Canterbury, veinlets with lawmontite and calcite and laumontite replacement of
plagioclase in the Cretaceous Taitai sandstone from Motu TFalls, Poverty Bay,
show that zeolitic alteration also occurs in thick sedimentary sequences of New
Zealand younger than those of the main New Zealand Geosyneline.

2.6, A prehmite—pumpellyite zone

The above descriptions show that prehinite-bearing rocks are of regional extent
in New Zealand. They appear to grade continuously into chlorite-zone schists,
and prehnite-bearing assemblages are also found in the more altered members of
the zeolite facies. TurNErR and Hurrox (see TurNur, 1948, p. 38) have divided
the “chlorite zone” of metamorphism in Southern New Zealand into four texturally
defined subzones, these being progressively more reconstituted from subzone
Chl. 1 to Chl. 4. Rominsox (1958) shows that pumpellyite occurs freely in semi-
schists of subzones Chl. 1 and 2 on the east Otago coast south of Brighton, but
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disappears at about ('l 3 beyoud which epidote is the only Ca—Al silicate apart
from actinolite. Pumpellyite is now known to be a characteristic Ca—Al silicate of
semi-schists of similar metamorphic grade deseribed by Mackie (1936) from his
traverse south of the Waitaki River, although epidote is also present. It is also
common, for example, in the lower grade schists of north-west Otago (Hurrox,
1937) in the Kakanui Ranges (Tvryer, in WiLniamsow, 1939; Awmiess, 1952) in
South Canterbury (Asiis, 1950), and in Upper Paleozoic spilites, greywackes and
tufls of about Chl. | grade from northerin Southland (Reep, 1950).

Mutually associated minerals in the Alpine Facies greywackes include quartz,
albite, prchnite, pumpellyite, chlorite, sphene and detrital orthoclase; and in
typical Chl. 2 rocks from ISast Otago there is some combination of the following:
quartz, albite, chlorite, sphene, actinolite, muscovite, stilpnomelane, pumpellyite
and epidote. An extremely broad zone can thus be mapped in New Zecaland,
characterized by pechnite andfor pumpellyite. The incoming of actinolite and
stilpnomelane in rocks of appropriate composition, the conversion of orthoclase to
mica, and the disappearance of prehnite represent possible isogradic markers
within the zone. Deyond a zone of (ransition, zeolites disappear and the rocks
are not to be placed in the zeolite facies. We suggost that it may prove convenient
to erect a new facies or low-grade subfacies ol the greenschist facies to accommodate
these rocks but that further field work on their subdivision is desirable bolore this
J48 done. It will be recalled that Mivasimiro and BANNo (1958) have recently
shown that pumpellyite oceurs in the lowest grade schists of the Sanbagawa-
Mikabu zone in Japan and that i Rogver (1950, 1955) has already suggested
that pumpellyite-hearing assemblages belong to a special subfacies, perhaps of
the greenschist facies. His further suggestion that it represents a very low-grade
equivalent of the gluncophane schist facies is hardly applicable to the New Zealand
occurrences in which glancophane is almost unknown.

2.7. Distribulion of lhe lower melamorphic grades in New Zealand

As far as is known, all Lower Mesozoic formations of the Hokonui sedimentary
facies (I'ig. 1) show zeolite facies alteration although, as recorded above, transitions
ocecur to prehnite—pumpellyite assemblages. At least some of the sediments of the
Later Mesozoic geosyncline are to be included and 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 Complex, which separates the Lower Mesozoic
rocks of Southland from the Otago schists. The remainder of this belt, a corre-
sponding helt to the west of the higher grade schists of Marlborough and almost
certainly most of the Alpine Ifacies rocks belong to a prehnite-pumpellyite zone
as described above.

3. Review or OrHer ZEOLITE OCCURRENCES
(D.S.C, A J.LE)

In the following section, the principal types of zeolite occurrence as reported
in the literature will be briefly reviewed to test their bearing on the facies concept
and on the conditions of zeolite formation.
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The zeolite facies, with commwent= v the mterpretation of hydrothiermal syntheses

1. Zeolites tn sedimentary rocks

3.1.1. U.S.8.R. Analcime, “mordenite” and laumontite have been reported
as authigenic cements in a wide variety of sediments of Permian to Tertiary age
coming from vast arcas of Russia and Siberia (e.g. RENGARTEN, 1940, 1945, 1950;
BOLDYREVA, 1953; DzorseNipzi and SKHIRTLADZE, 1953; BUR’yaxova, 1954,
1956; Vasm'mv, 1954; Koopix and Pivsureskayy, 1955; Kossovskaya and
Sivtov, 1955; Vasin'sv, Konsiy and KrasNova, 1956). According to BusHINSKY
(1950) associated authigenic minerals in Upper Jurassic and Cretaccous clays,
sandstones, marls and chalk of the Russian platform include glauconite, opal,
chalcedony, quartz, montmorillonite, nontronite, calcite, pyrite or marcasite,
hvdromica and the phosphates kuvskite and [rancolite.

" On the basis of its refractive indices and platy habit as figured by Busninsky
and in the absence of X-ray data, the present writers believe that much of the
“mordenite” of the above authors is likely to be clinoptilolite, the silica-rich
varicty of heulandite. Vasin’my (1954) gives a table of erystallographic measure-
ments of erystals isolated from the phosphorites of Kashpur, and shows that they
compare closely with those of Daxa (1892) for “mordenite.” DANA’s erystallo-
graphic data were obtained from material from Hoodoo Mts., 'Wyoming, which
was subsequently taken by Scmanner (1932) as his tiype clinoptilolite, and shown
by Hey and BaNNisTer (1934) to be silica-rich heulandite. Crystallographically
this is quite distinct from true mordenite.

The Russian authors do not appear to have recognized any zoning in the
occurrence of the above zeolites; in fact in two cases (RuENGARTEN, 1950; Konnix

and PIMBURGSKAYN, 1955), analcinie and laumontite occeur together, whereas in

southern New Zealand they are characteristic of, though not confined to, two
distinet depth zones. Significan! 1o the concept of mmu‘alomcal zoning with
depth is the work of Kossovskay .y and Sitvrov (1955) who recognize a prowressxve
sequence of changes in the alteration of elastic biotite to chlomte at varying depths
in more than 5000 m of Perminn. Jurassic and Cretaccous sediments of the
Verkhoyansk geosyneline in novth-cast, Siberia.  Laumontite is recorded as
oceurring as a cement in the Lower Cretaceous members, whereas the cement in the
Upper Permian consists of quartz and albite with new-formed limonite and
rutile, and in the Lower Permian of quartz and muscovite. Subsequently (1956)
the same authors reported authigenic epidote in the same pile of sediments.

3.1.2. US.4. The work of Branury (1028, 1929), Ross (1928, 1941) and
KeLLer (1951, 1‘)5‘ , 1953) on very low temperature sedimentary analcime is well
known. Huapy ( .).,) has detccied the mineral in a Colorado oil shale while
Fosrer and chn'r (1946) and Rozuxparn (1957) have found it in coal. Similarly
Brayrerre and Posygacrk (1933) and Kurr and CamrroN (1936) have demon-
strated the common occurrence of clinoptilolitic heulandite partly preserving
¢lass shards in bentonites, while Giniert and McANDREWS (1948) have described
authigenic heulandite cement in Miocene sandstone from Santa Cruz Co., Cali-
fornia,

Laumontite cements have been reported by GmserT (1951) from Mendocino
Co., California, by Karey and Haxsox (1955) from Miocene feldspathic sandstone
at a depth of 11,000 ft in a well in San Joaquin Valley, California, and by HEaLp
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(1956) from the fluviatile New Haven arkoses of Connecticut. The aggregate
maximum thickness of the Triassic of Conneeticut is given as rather more than
15,000 ft and the laumontite is reported to occur sporadieally in the lower part of
the section. Cements of authigenic albite and potash feldspar are abundant
throughout the column, although they occur in traces only in the lawmontite-
bearing rocks., There is minor sccondary quartz in the cement and sporadic
sericite. TEALD considers that sinee the lnumontite occurs as interstitinl (illings,
part of its material, asx of the sccondary albite, must have been introduced,
Derivation from the ‘Mriassic dianbases was suggested. It may be pointed out,
however, that the alteration of calcic plagioclase to laumontite involves an
equation such as:

CaAlSi,0, | 2810, + 41,0 — CaAl,Si,0,,.41,0

207 em®

~1

o

101 em? 45 emd

S

Hence, if this type of alteration occurs, some of the laumontite constituents
must migrate from an altered plagioclase crystal at least as far as vhe nearest pore
space (cf. ANTUN, 1905, . 69). Such o cement does not require an outside deriva-
tion. Whatever the chiciical origin of the laumontite or of the authigenic albite,
the assemblage of interstitial minerals, albite, potash feldspar, laumontite and
quartz, suggests conditions very similar to those prevailing in the middle and
lower parts of the Taringatura seetion of southern New Zealand as reviewed above,

More recently Ross (1958) has deseribed laumontitized tuffs from wells in
Clinch County, Georgin, which are remarkably similar in texture and mineral
assemblage to those of Taringatura. The alteration of celadonite to chlorite and
its association with saponite are to be noted.

3.1.3. Australic. Qi (1957) has recently reported laumontite replacing wood
in richly feldspathic Jurassic arkoses from 1Sast Gippsland, Vietoria, and observa-
tions by one of us (. N. €'.) show that the mineral occurs in the groundmass and
as a replacement product ol plagioclase in the same sories of rocks. Ginn (personal
communication) sugeests an original cover of about 3000 £t for the rocks concerned.
Coomns (1958) has shown that glass in Carboniferous voleanic ashes of the Kuttung
Series, near Seaham, New South Wales, has heen altered to clinoptilolite coexisting
with quartz, celadonite and sphene. Joints in the same rocks are coated with
stilbite, but sometimes contain laumontite as well,

3.2. Formalion of zeoliles in aclive thermal areas

3.2.1. Wairakei, North Island, New Zealand. At Wairakei, a hot-spring and
fumarole area in the voleanic region of New Zealand, numerous wells have been
drilled to provide steam and hot water for clectric power generation. These wells
provide an unusual opportunity for studying the mechanism and properties of an
active hydrothermal system. From drill cores and cuttings, STEINER (1953,
1955a, b) has demonstrated the following zones of hydrothermal alteration (Fig. 4)
causcd by the action of steam and hot solutions on a sequence of rhyolite tuffs and
breceias interbedded with minor mudstones and claystones. The hot solutions are
saturatod in silica which procipitates at all levels.

(a) Surface acid leached zone: The characteristic minerals are kaolinite,
alunite and opal.
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|
| (b) Zone of argillization: Rhyolite glass is changed to montmorillonitic clays, abun
| Plagioclase crystals are sometimes un:};ltcred but are sometimes replaced by calcite, by st
) 1 (¢) Zone of zeolitization: This is superimposed on the zone of argillization woll
! and is subdivided into an upper and a lower zone. In the upper zone the lime-soda - S
j zeolite “ptilolite”, structurally indistinguishable from mordenite, is characteristic, yign
| and fills vesicles in pumice. In some cases it is associated with minor heulandite, ;‘prin
Il Plagioclase phenocrysts are practically unaltered. In the lower zeolite zone Coex
| i wairakite (calcium analcime) replaces andesine and also fills veins and cavities by (ptile
| direct crystallization from solution. 1
Laumontite has subsequently been found by STEINER (personal communication) (natr
in a zone between ptilolite and wairakite at a depth between 500 and 900 ft where Rom
f temperatures ranging from 195 to 220°C have been measured. It has also been wito
! found at greater depth below the wairakite zone in a deep drill-hole where a reversal the p
| _ of the temperature gradient appears to ocecur, plom
l, (d) Feldspathization zone: An upper subzone is characterized by albitization,
; and a lower one by adularia replacing plagioclase. Secondary sphene (titano- 3.3
i morphite) is scattered through the rocks and in bore no. 11 adularia and sphene B
] i are aécompuincd by prehnite through a short vertical range. Caleite is locally relatd
‘ precipitated, and the alteration of plagioclase to calcite and albite was observed. ZONCS
(e) Zone of hydromica: In this zone, which exists below about 2000 ft, primary anale
plagioclase is replaced by a hydromica as a result of leaching of alkalis by carbon to the
| dioxide solutions entering the zone from below, and s
1 The concentrations of sodium, potassium and calcium in the waters collected and
i I from bores at various depths (Enris and Winsow, 1955; Ernis, 1958) correlate pum
| ‘ very well with this sequence of alteration. The hot solutions in the deepest zones vug-f
; tapped have a high concentration of potassium, which is progressively lowered by deep
the formation of adularia from the original plagioclase. The concentrations of fissur
sodium and calcium are increased correspondingly until in the zone of zeolite minej
) formation some of these ions ave again precipitated. By this stage the atomic anaiof
ratios Na/K and Ca/K have increased from about 9 and 0-06 in the hydromica natra
A { zone, to 20 and 0-15, respectively. The pervading solutions are approximately nnd
0:05 N in sodium chloride, saturated with silica, and their pH is controlled by the The ‘
‘ bicarbonate—carbon dioxide system. Under pressure deep within the arvea the neeny
3 ' waters contain sufficient carbon dioxide to make them slightly acid with respeet formg
! to pure water at the same temperature, e.g. at 250°C, pH = 5-0 (approx.) and for )
pure water pl = 5-7 (approx.). At lower pressures towards the surface the carbon 4.4
dioxide is lost from solution and the waters become slightly alkaline with bicarbon- 8
ate. ““ill}.
3.2.2. Other active thermal areas. The recent recognition of wairakite from purtif
The Geysers, California (Srrrver, 1958) may be noted. been
Some data from drill cores from the Upper Basin, Yellowstone National Park textig
(FENNER, 1936) are included in Table 1. The introduction of potash feldspar in have
the lower levels is noteworthy, as at Wairakei. .\'xt.:(;“
WEenD (1900) deseribed a close association of quartz, stilbite, caleite and a little of tl
opal in veins from which the Bonlder hot springs, Montana, now issue at temper:- filling
tures up to 73°C. Similarly the Hunters hot springs (Wrrp, 1904) containing or of
{ i 72
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abundant CO, and some H,S, issue at 64°C' from a vein-system of gypsum seamed
by stilbite. In both cases WEED relates deposition of the stilbite to the present as
well as ancestral waters, but Warre (1955) considers the evidence inconclusive.

SakvrAr and Havasnr (1952) have described the silica-rich lime zeolite
yugawaralite from andesitic tuff which has been much metamorphosed by hot-
spring action about 300 miles from the present Yugawara hot spring, Japan.
(oexisting minerals are quartz, and minor Jaumontite, chabazite and mordenite
(ptilolite). Epistilbite, heulandite and stilbite are also reported (SAKURAIL, 1953).

[t is well known that chabazite, christianite (phillipsite), rarer mesotype
(natrolite) and possibly other zeolites have been deposited in the wall-work of
Roman baths at Plombiéres and clsewhere (DAUBREE, 1879) where hot spring
water emerges at a maximum temperature of 70°C. The zeolites occur both within
the pores of old tiles and in the mortar, and are accompanied by opal, chalcedony,
plombierite, calcite and apophyllite. '

f 3.3, Michigan copper deposits

| Broprrick (1929, 1931; esp. 1929, Figs. 4, 7, 8) has described a crude zoning
related to depth in the copper-bearing amygdaloids of Keweenaw Point, Successive
zones in downward order are characterized by zeolitization (with laumontite,
analeime, natrolite, stilbite, datolite, apophyllite); prehnitization overlapping on
to the zeolitization zone and characterized hy abundant adularia as well as prehnite;
and sericitization and propylitization in which sericite takes the place of adularia,
and sulphides and ankerite are introduced. Persistent in all zones are epidote,
pumpellyite, caleite, quartz, chlorite and native copper, and late veins and
vug-fillings of laumontite, prehnite and datolite. Assemblages typical of the
deeper, higher-temperature zones penetrate upwards in the neighbourhood of
tissures suggesting invasion by heated solutions. Apart from the presence of such
minerals as apophyllite, datolite, copper and sulphides, the zoning is broadly
analogous to that of the greywackes and semischists of southern New Zealand,
natrolite and thomsonite, which are rarer than Jaumontite and analeime (BurLer
and BurpaNk, 1929), possibly being indicative of local silica-deficient conditions.
The vesicles are considered by Burrnur and BUurBaNk to have been filled after
accumulation and tilting of the whole lava sequence and overlying sedimentary
formations, I

8.4 Zeolites in amygdales, joints and other cavilies

The larger part of zeolite literature refers to oceurrences in amygdales and to
fillings of other cavities, especially in igncous rocks. Yet such occurrences are
particularly difficult to interpret from a physicochemical point of view. It has
been customary for authors to publish paragenetic sequences based largely on
textural considerations which are often questionable, and furthermore the sequences
have often heen pieced together from incomplete series in separate cavities (e.g.
NiGerret al., 1940, Fig. 242), a procedure of doubtful significance unless composition
of the depositing solutions can be equated. An observed sequence of cavity
fillings may be a function cither of changing composition of the depositing solutions
or of changing P-7T' conditions, or both.
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In the case of amygdale descriptions, there is often an underlying assumption
that the zeolites have been deposited from magmatic solutions with falling tempera-
ture during initial cooling of a fava flow. It may well be that minor coatings of
zeolites on the walls of cavities in some massive flows may have this origin but
zeolites are rare or absent in the vesicles of newly cooled lavas. WALKER (1951)
has shown convincingly that zeolite 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 sense metamorphic, as has also been shown for the
Keweenaw amygdaloids,

The present writers consider that sequences in cavities may be related to
falling temperatures during initial cooling of a thick lava flow or intrusion, to
rising temperatures and pressure following burial, to rising temperature resulting
from new intrusions of magma or new influxes of hot gases or solutions, or to
falling temperature when these conditions are relaxed. Thus McLinrock (1915)
has clearly described a consistent sequence epidote—-prehnite-scolecite in olivine
basalts of Ben More, Mull, which he attributes to increasing hydration with
falling temperature in agreement with CornNu’s “rule” (1908), followed by a reverse
gsequence of dehydration culminating in garnet, and promoted by the thermal
metamorphic effects of a subsequent intrusion.

Published zeolite 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 the evidence from well-studied hydrothermal and regionally
altered arcas where with increasing temperatures progressively less hydrous
zeolites tend to form.

A general correlation also emerges between the silica content of zeolites and
the availability of free silica. Thus descriptions given above, together with
observations of many other writers, show that the typical zeolites in veins and
joints of quartz-bearing rocks are stilbite, heulandite, Jaumontite and analcime.
Other zeolites in such environments appear to be quantitatively insignificant,
although scolecite and chabazite are reported by Nicerr et al. (1940) in
“Alpine cleft” loealities in quartzose rocks such as gneisses and the Aar granite,
The amygdale sequence mordenite, heulandite, chabazite, stilbite, accompanied
by quartz, chalcedony or opal reported by Mason and GrRErNBERG (1953) from
southern Brazil is one ol increasing hydration in silica-rich zeolites, except for
chabazite which is rare and was generally found to occur alone. Observations at
Wairakei and Yugawara show that mordenite is typical of active thermal areas
where silica activity is particularly high, although it also occurs in tholeiitic
basalt amygdales.

In contrast, the main lime zcolites of the Garron Plateau olivine basalts are
chabazite, levyne, thomsonite, natrolite, mesolite and phillipsite (WALKER, 1951),
all these tending to be low in silica, and similar assemblages have been reported
from many other undersaturated rocks. In considerations of phase equilibria,
it is much more important to know the phases which actually coexist with each
other than the inferred order of their erystallization. We believe that the grouping
of zeolites in Fig. 5 illustrates their general tendency to occur in immediate
environments, A supersaturated with respect to quartz, i.e. coexisting with opal,
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cristobalite or silica-rich glass, BB saturated, C undersaturated with respect to
quartz. Many exceptions which could be inferred from published para-
genetic sequences seem to be more apparent than real, although exceptions
undoubtedly do exist. In particular chabazite, which is chemically equivalent to
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Fig. 5. Composition in molar proportions of lime-rich zeolites (see Appondix 2) and of

cortain othor (i 'Al silicatos. For the zeolites and anorthite, (Ca, Nua,)O is numerically
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phuses fuvoured by a silica-deficient environment.

s

x;zilbite with less silica and to laumontite with additional water, falls in the field
of the less siliceous zeolites yet has often heen reported in association with quartz
(e.g. in the Nova Scotia traps, Wankur and PArsons (1922) p. 42), although not,
necessarily in equilibrium with it. Similarly it has been synthesized with quartz
(see Table 14). ‘

3.6, Groundmass zeolites in igneows rocks, pegmatoids and glasses

Tt is well known that analcime and other zeolites are common in the groundmass
and pegmatoids of basie, alkaline lavas and shallow intrusives. Apart from the
fact that they are characteristically silica-poor zeolites, they provide little direct




SUOSREN Temr = _,._,‘_& = e

D. 8. Coonns, A, J. Ernis, W, S, Fyre and A, M, TayLor

evidence on zeolite stability. It is known (YopER, 1953) that analcime is stable to
about 570°C at 2000 bars in the absence of free silica and may thus form at much
higher temperatures than in the presence of quartz (see later). Iixperimental
evidence is inadequate to interpret the occurrence of phillipsite in the mesostasis

" of apparently fresh basanites (Coomss in Brown, 1955, p. 370) but thomsonite
appears to break down to anorthite near 300°C (Fyrg, 1955) and can be interpreted
as cither metamorphie, as in the Otama metagabbros, or low-temperature, late
stage hydrothermal as in the case of groundmass thomsonite in the Waihola
theralite (Hurron, in BENsoN, 1942), PovARENNYRH (1954) has discussed how the
relative proportions of nepheline, albite and anorthite in feldspathoidal rocks
control the proportions of natrolite, analcime and thomsonite in their zeolitic
alteration products. : ‘ ; '

In the later hydrothermal stage in pegmatites of quartzose rocks on the other
hand, the typical zeolites are the laumontite-heulandite-stilbite group (e.g.
Ricnmonp, 1937; Warrenouvss, 1937), while Harris and BriNpLEY (1954) have
described an interesting case of the natural devitrification of a highly siliceous
pitchstone glass to mordenite. Similarly Havasurand Supo (1957) have recognized
mordenite and opal in the bentonitic hydrothermal alteration products of Japanese

rhyolite tuffs. Such examples provide further evidence for the silica-content
correlation deseribed above.

'

3.7. Conclusion

Similar recurring assemblages in a variety of environments of widely differing
age support the validity of the zeolite facies concept and we consider that it may
be extended, in the form of mineral facies rather than of metamorphic facies, to
the zone of diagenesis with its heulandite—quartz—montmorillonoid assemblages as
well ag to the fillings of many veins and amygdales. Nevertheless as stated above
low-temperature conditions are probably particularly conducive of non-equilibrium
and some of the parageneses, espeeially those with phases such as mordenite and
epistilbite, are probably to be regarded as metastable. .

Occurrences in hydrothermal areas, like that of phillipsite in marine sediments
(MurrAy and RuNarp, 1801; Gonpprre and Arrnexivs, 1958), provide some

information on actual temperatnres and pressures of formation. These data are
summarized in Table 1.

4. TurorErical, CONSIDERATIONS ON ZEOLITE STABILITY
(A.J.E., W. 8. F.)

The broad pattern of progressive regional metamorphism is one of increasing
dehydration as the mineral assemblages of low grade rocks pass to the less hydrated
high grade assemblages, Coupled with this dehydration is a tendency for phases to
increase in density, even more than igimplied by dehydration. The general features
are consistent with those which would be deduced if the rocks were subjected to
increasing temperatures at steadily inereasing pressures.

On grounds of entropy, the stable mineral assemblage at low temperatures
must be the one with the maximum possible hydration and it will consist largely of
clay minerals and zeolites, T'hat such assemblages are commonly developed, at
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The zeolite fucies, with comnments on tho interpretation of hydrothermal synthoses

Table 1. Temperatures of oceurrence of some natural zeolites and related minerals
(data derived from rcfoerences given in text)

: -y Tomperature Depth
Mineral Occurrenco (T°C) (m)
Phillipsite Deep sea sediments 0° 4000-5000 “
Chabazite, Masonry, Roman baths 40-70° Surface ‘I
phillipsite, i
natrolite |
Clinoptilolite, Diagenesis Low ? :
analcime |
Stilbite Hunters, Boulder Hot 164°, 173° Surface !
Springs [
Clinoptilolite Yellowstone 125° 19-26 '
Analcime Yellowstone 125-1556° 26-60

Mordenito Wairakei 150-230° 73-300
Heulandite Wairakei within range of mordenite \
Laumonite Wairakei 1905-220° 150-2175 i
Wairakite Wairakoi 200-250° 180-600 :
Prehnite Wairnkoi ~200° ~100 : 5wl
Albite Wairakei 160-240° 100-600 I

Adularia Wairnkei 230-250° 385-650
Zeolite and Steam Boat Springs* 170° 52 ‘
adularia |
|

Note: (1) Tho maximum temperatures recordod for the Wairnkei boreholes are 250-260°C.

(2) "Tho appearanco of albite and other minorals at abnormually low temporatures and shallow
dopths in some Wairakoei holes sugeest that in these cases thoy muay have beon dopositod
under an earlier regimo of higher temporatures,

* SBee Warne (10505).

least partially, has been demonstrated in the previous survey. Iurther, the
recurrence of simple assemblages sugeests that equilibrium is often approached. 1

4.1, The importance of silica activity
In the low temperature regional environment where zeolite facies minerals are
formed, equilibrinm with silica normally implies equilibrium with quartz. But in
some of the environments where zeolites are formed on a large scale, less stable
modifications of silica, such as opal or eristobalite, may be present. "T'his commonly
oceurs in active hydrothermal areas and also in shallow sediments where opaline
silica may be a cement. A solution which is actively precipitating opaline silica
must ho supersaturated with respect to quartz, and experimental data indicate that
the silica activity could be greater than in equilibrium with quartz by a factor of
10 (Brras and 'ywe, 1957). lxperiments deseribed later suggest that a change of
environment from one saturated with eristobalite to one saturated with quartz
must change the maximum temperature of stability of a mineral assemblage,
Natural zeolite assemblages reported above support this conclusion.
In any reaction of type: ’ ,‘

"l.ch(”z = ""mBuCz—w + Cw
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phase 4,B,C, will form over a wider range of conditions if the state of €' is not the
stable form at the given pressure and temperature, and if other factors such as
nucleation do not interfere. This effect, which is not restricted to silica may be
large. Consider, for instance, the reaction:

“‘\(Hi()ﬂ)'l -} 2Ni()2 — A(Si02)0

{
{
5
i
1
{

at equilibrium at 25°C where AGC— 0 and the stable silica phase is quartz. As the
free energy of vitreous silica is 3 keal more positive than that of quartz at this tem-
perature (LAaTiveg, 1952) if silicais added as glags, AG at 26°C will now become— 6000
cal and the field of A(Si0,), will be expanded. The silica (or any other component)
- may be added in an experimental run in an amorphous state and at the end of the
1 run may be recovered partly or entirely as quartz, Novertheless, phases may have
grown whilo the silica activity was high and may persist in the (inal produocts,

Consider the effeet this silicn netivity has on o typieal hydrato boundary, Data
from synthetic studics indieate that the reaction:

CaA LSO 211,0 = (WALSLO, -+ 28i0, -+ 211,0
wairnkite anorthite A quartz 4 water

may be at equilibrium around 350°C and 1000 bars. Solubilities (IKuNNEDY, 19504)
indicate that the free energy of amorphous silica is about 1500 cal/mole above that
of quartz, Thus with amorphous silica the above process will have a AG of --3000
cal. The AS of dehydration may be of the order of 10-15 cal/water molecule and
the equilibrium temperature with respeet to amorphous silica may be 100-150°C
higher. This is well demonstrated hoth in direetion and magnitude by the data in
Table 3.

S S R eSS R e =

SSRE

4.2, Relative importance of silica contenl and waler content

In this paper attention is focused on silica-rich systems. On the basis of entropy
it would be expected that the least hydrated phase would also be the high tem-
perature phase. Iurther, if two assemblages have different amounts of silica bound
i in silicates it might be anticipated that the assemblage with the greater amount of
| bound silica would be the more stable. It is a fact that assemblages such as
nepheline-quartz, thomsonite-quartz, olivine—quartz are not stable. It might
therefore be suggested that the larger silica content of sodium mordenite relative to
| , analeimo counld conceivably inerease its stability and hence make it the higher
i = temperature phase. However, the reaction:

| N AISi 0,0, 3:511,0 —> NaAlSi,04.H,0 + 2:6H,0 - 380,

must have a positive entropy change due to the large entropy of free water in the
gas or liquid state. This implies that analeime becomes more stable at high tem-
peratures relative to mordenite. Analcime need not be stable at all, but it would be
| ‘ most remarkable if analcime was stable at lower temperatures than mordenite.
: The silica-deficient zeolite natrolite (Na,Al,Siy0,0.2H,0) is unlikely to occur
! with free quartz for although its formula suggests intermediate hydration between
Q mordenite and analcime, on the basis of its Na/H,O ratio it is hydrated to the same
i i extent as analcime but has less silica. Natrolite would be expected to occur only in
: silica-deficient environments. :
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The zeolito facies, with comments on the interpretation of hydrothermal syntheses

The situation with the calcium zeolites is more complex owing to the great
number of possible phases. Further, the range of composition of a single phase
(c.g. heulandite and its possible polymorph epistilbite) is often considerable (see
Appendix 2). In Table 2 some of the possible compositions of calcium end
members are listed in order of decreasing water content in relation to anorthite and
quartz.

The entropy argument uscd above would lead one to suggest that the order of

T'able 2

Zoolite Composition

Houlandite (var, elinoptilolite) An |- BRiO, -|- 811,0
Chabazito An - B:2Ri0g - 72110
Mordonito An - 88i0y - TIL,0
Stilbito An - BRIOy, - 711,0
Houlandito An |- BRiO, + 611,0
Chabazito An - 28104 - 011,0
Stilbito An - 3:28i04 -+ 5:011,0
Houlanditoe An =48I0, + 5:3H,0
Lipistilbito An 4810, + 6-311 ()
Chabazite An 1 .l\l()n - b .lll,O
Lovyne An | 28i0, + b11,0
Heulandite An - 32810, + 4-8H,0
Yugnwaralite An - 3810, + 41,0
Laumontite l An - 28i0, - 4H,0
Gismondinoe { An - 05i0, + 4H,0
Scolecito | An - 18i0, + 3H,0
Thomsonito ; An -+ 0:85i0, + 3H,0
Thomsonite | An + 0Si04 + 2:4H,0
Wairakito | An + 28i0, + 2H,0

stability would be basically controlled by water content. Further, one might antici-
pate that, given equal water content, the most stable species at any temperature
would be that with the most silica. Ifield data indieato that this latter suggestion is
not generally valid; for example yugawaralite should bo stable relative to laumon-
tite, but the latter is the common zeolite. Laboratory and field studies suggest that
although the silica content of zeolites reflects the silica activity, the silica effect
does not override the water elfect; with respeet to water content (calculated
relative to (Ca, Na,) O. Al,0,, contrast CorNu, 1908), the order of stability is normal.

4.3. Dehydration reactions at high pressures

The experimental boundaries between zeolites and feldspars are normally steep
but as they are ill-defined it is a matter of difficulty actually to measure the slope.
Changes in slope of zeolite—feldspar boundaries must oceur at high pressures owing
to the large molar volumes of zeolites. At very high water pressures some zeolites
should be dehydrated to anhydrous phases (cf. Gricas and KENNEDY, 1956). In
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|
, general, successive dehydration boundaries tend to become steeper at low tem-

¥ W
peratures, a result of the increasing departure of water from ideal behaviour at low o
temperatures (Iiruis and Fyvr, 1957). be

| The following examples will illustrato such effects. Irom the data of Appendix 2 5t
! the AV’s of reaction for the following have been calculated at 25°C, of
} tl
{ el
|
g 1
‘| P ac
H,0 ‘
= pi
HEUL 'l“
Al
H
rc
el
T el
Fig. 6. Possible form of phase relations between heulandite, laumontite, wairakite and In
anorthite based on volume relations. ta
3 (1) CaAl,Si 0,4.5:3H,0 — CaAl,Si,0,,.4H,0 + 28i0, + 1:3H,0 4
heulandite — laumontite 4 quartz <+  water
AV = —6 cm? el
(2) ('aAl,Si,0,,.4H,0 — CaAl,Si,0,,.2H,0 + 2H,0 Q‘
lnumontite — walirakite + water . *
AV = 422 cm3 ?lld
(3) CaAl,Si 05,.2H,0 — CaAlSi,04 + 28i0, + 2H,0 : pi
N walrakite — anorthite + quartz <+ water W
i || AV = —10 cm3 (11{
| (4) CA1,Si,0,5.4H,0 — CaAlSi,04 + 2810, -+ 4H,0 lo

l ! Inumontite - anorthito + quartz <  water Ol]:

| AV = 413 cm3 ; :I:f

'1 ; ; L et =

g These values assume a water density of unity; as equilibrium occurs at low lil

1 temperatures, the values so caleulated could be meaningful at moderate pressure. 7

| In a normal dehydration series AV is positive for each step. This is obviously not tl

H \ | the case in the above series and examples of negative boundary slopes and re- Vi

’ ’; stricted low pressure fields (e.g. wairakite) are to be expected (Iig. 6). of

i ; Experimental studies are usually limited at low temperatures to pressures

ﬁ | equal to or higher than the vapour pressure of liquid water. As boundaries pass b

: { through the two-phase region of water the slopes must change rapidly, but above 1(

F i this region they will be steep over a wide range of pressure. 1(

1 | ; : re

£l | 4.4. Entropy of analcime

| : FyrE et al. (1958) have discussed some general features of entropies of silicates be
! 3
!
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with emphasis on the limitations of the assumption that entropies of constituent
oxides are additive. To the writers’ knowledge, the entropy of only one zeolite has
been determined, namely analcime for which Kine (1955) reports a value of
56+0 cal/deg mole. This entropy is very high compared with the sum of the entropy
of the oxides, 44-6 cal/deg mole. However, a large entropy is to be expected since
the molar volume of analcime is large. Following the arguments used in Fyri
et al. (1958) we estimate an entropy of 57-0 cal/deg mole which includes a volume
correction and a correction for randomness in the Al-Si arrangement (BuaArTin,
1954). Similarly wairakite would be expected to have a large entropy which is in
accord with its ready nucleation and growth (ef. cristobalite). Further, the ap-
parent molar volume of water in analeime is much larger than with most hydrates.
The Jarge entropy of analcime leads to some unusual features of its breakdown.
At 25°C, the AS of the reaction: analeime -|- quartz — albite - water (liquid) is
-+0+95 cal/deg mole, a value very near zero. For most dehydration reactions
removal of one water molecule to give liquid water at 25°C is accompanied by an’
entropy increase of 7 cal/deg mole (an average of twenty-four cases). The small
change noted above indicates the danger of using average figures with zeolites.
In fact it could be possible to have negative entropies of dehydration at low
temperatures and pressures.

4.5. Osmotic conditions

Data indicate that zeolites will be stable minerals in a low temperature
environment or under conditions of moderate depth of burial. In these environ-
ments open pores must be common. In hydrothermal areas such as Wairakei,
New Zeland, the pressure measured in fissures is often that of the water column
and is therefore related to rock pressure in the ratio of water density to rock
density. It is thus necessary to consider conditions where the pressure on the solid
phases is greater than the pressure in the fluid phase and in particular conditions
where Py o =~ } Pjo,q. For this to be relevant it is necessary that alteration pro-
duces a zeolitized rock which is still porous yet in which the zeolites support the
load of overburden. In contrast the zeolites in a cavity in a basalt grow in an
environment where clearly P == Py ,. At great depths continuous pore systems
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 Py o =~ P,

For phase changes in hydrate systems where density relations are ‘“normal”, if
the pressure on the solid phases is greater than the pressure in the gas phase the
vapour pressure of the solid will be increased (Fyre 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 boundary. In Fig. 7 curve 4 is our
boundary based on synthesis for the experimental conditions that P = Py ,. At
1000 atm it passes through 280°C 4 10°. If at the equilibrium temperature at
1000 atm we add 2000 atm rock load (P,,q = 3Py,o) then the free energy of the
reaction:

analcime - quartz — albite + H,0

heome 2000 X AVoys X 0024 cal
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®
H20 "
2000
A
1500
1000
B g, 7. Bauilibrinum vapour prossuro of tho ronction:
annleime - quartz = albito |- wator, Curvo A is
500 that suggested by synthosis, Curvo I3 is that osti-
W mnted for the conditions that Piotal =:3 ’11,0.  Tho
’ dottod oxtonsions are schomatic and illustrato tho

: behaviour oxpocted at low pressurcs.
I00 150 200 250 300

e

X
A 3'420

Fig. 8. Dingram illustrating the difference in reaction

tomperatures in arcas whoro Piotal = Pir,0and whoro

Ptotal = 3P11,0. X, Y and Zropresont tho oquilibrium

vapour prossures for successivo dohydration renctions

when Ptotal = Pi1,0, and X', ¥, and Z’ roprosont

vapour progsures for tho snme reactions whon (otal
= 3P11,0. A gradiont of 30°/km is nssumed.

o
soLuBIL
wr %

(o)

0.2

Ol

Fig. 9. General form of the 1760 bars solubility curve
of quartz in water (after KENNEDY, 1050a).

100 200 0300 400 500
TC.

To regain equilibrium, the temperature must be lowered at constant pressure such
that a term AT'AS equals the above APAV term. In thisregion the AS of the above
reaction will be of the order of 5 cal/mole and AV, 4, = 19 em? so the new equi-
librium temperature will be 150-200°C below the experimental value. The result is
that of curve B (Ifig. 7). Yonur (1954) has reported failure to produce the expected
differential pressure effect with analcime. The subject warrants further investi-
gation (see also HARKER, 1958).
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The zeolite facies, with conments on the interpretation of hydrothermal syntheses

Trom the above we conclude that at shallow depths the experimental curves
will suggest transition temperatures that are too high, the discrepancy being small
at very shallow depths but being considerable at depths of more than 1 km, At
great depths the free pore condition probably no longer applies so that the experi-
mental results will apply more closely to the natural conditions.

If the rocks are well sealed and a fissure opens we may have in the rock that
Pi,0 = Piou while in the fissures Py o ~ § P4, 80 that analcime might grow in
the rock while albite grows in the fissure. But if the conditions in the rock are
osmotic, i.0. Pjq = 3Py 0, and a fissure forms and is held open for free growth,
then where albite grows in the rock, analcime could grow in the fissure.

The above effects appear to provide a possible explanation for overlapping of
zeolite zones at Taringatura. In particular, the relict heulandite assomblages low
in the seetion eharacteristically oceur in non-porous, well cemented beds, where a
closer approach to the cmul‘ilinn Pt Pyi,0 may be expeeted than in some of
the coarser beds which have heen converted to Innmmontite, Variation in composi-
tion is another major factor to he considered.

It should be noted that af high temperatures the osmotio correction will bo
smaller as the entropy of dehyvdration is lnrgor.

As tho apparent molar volume of water in most hydrates is in tho rango 14-20
em? the high value being Ly pical of low dengity zeolites, tho term AV, in most
zeolito reactions will he similar to that for the analeimo-albite reaction, and thoe
differential pressure effect will he similar in magnitude. Nevertheless the thermal
gradient in natural systems operates to restriet the effeet. In Iig. 8 an attempt is
made to summarize the type of elfects anticipated in an environment where
Pir,0 = Pigpa (full lines) and wherve Py = J Py (dashed lines) in an area with
a temperature gradient of 30°C'/km. "T'he crossing points on the gradient lines are
changed by about 10-60°C'. I the thermal gradient was less, the adjustment would
be larger and conversely. In thermal areas such as Wairakei where gradients may
be as large as 200°C/km the osmotic corrections should be small.

4.6. The significance of quartz veins

In New Zeland the appearance of quartz veins on a large scale is typical of rocks
near the zeolite—greenschist facies transition and these veins continue into the
greenschists. Where they first appear they commonly carry prehnite and/or
pumpellyite. In a very broad sense these veins may serve asg an indication of the
temperatures in the prehnite zone. KueNNEDY’S work (1950a) indicates that high
pressure solubility isobars have the form shown in Fig. 9. In the region of liquid
water, i.e. at temperatures below the critical temperature, pressure has little effect
on solubility. Above the critical temperature the isobars steepen rapidly with
increasing temperature.

If water is moving out from high temperature areas at a pressure of 2000 bars then
between 250 and 350°C 100g of water would deposit about 0-12g of silica. In the
range 250-150°C the amount deposited is only 0-04g. It is apparent that the extent
of solution and deposition falls off rapidly below the 300°C region. Experimental
data (see Figs. 17 and 18) indicate that the incoming of prehnite relative to zeo-
lites should occur at similar temperatures.
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4.7, |)| I variation

In natural systems the principal agent responsible for changes in pH must he
carbon dioxide; changes in its concentration will affect relative solubilities of
silicates and hence the position of phase boundaries. Kxperiments designed to
test this effect will be discussed later. An increase in alkalinity accelerates the
formation of quartz from amorphous silica o that variation in silica activity is a
complicating factor.

The significance of pll variation on high level occurrences of ealeite-laumontite
veins and of Jnumontite replacement of shell material in fossils is a matter for
future investigations.

4.8. Waler contenl

The total zeolitization of a feldspathic rock requires a large quantity of water
(around 10 per cent) and in many cases this may not be available. "Thus in many
rogions subjected to the -7 conditions of the zeolite facies altoration may be
incipiont. only. 'I'his in no way invalidates the recognition of zeolite facies
conditions. Boundaries hetween hydrates will ocour at the same temperatures and
pressures as in o system with sufficient. water, allowing of course, for possible
osmotic conditions. Thus, as i as thermal history is concerned, traces of zeoliti-
zation ag in gome rocks of the Alpine Facies of Now Zealand will be just as significant
as complete alteration. In tho partially altered Taringatura rocks the assemblage
houlandite - detrital plagioclase does not represent equilibrium. Nevertheless the
heulandite is followed hy lammontite, and laumontite by still less hydrous phasoes.
Providing suceessive dehydration trangitions such as heulandite — laumontite are
observed with increasing temperature it may be inferred that Py o has been
fixed by oxternal conditions, notably depth, and the reasons for persistence of
reliet plagioclase (or other water-poor phases) are cither kinetic or the result of lack
of access by water to grain boundaries. Such conditions are not those of true water
deficiency. On the other hand some high-level ocourrences of laumontite could be
due to water deficiency.

4.9. Phase rule relationships

At equilibrium in either the system Na,0.Al,04,-8i0,-H,0 or Ca0.Al,0,-Si0,—
H,0 up to two tectosilicates may coexist with an aqueous solution at any arbitrary
temperature and pressure and hence there will be only ene zeolite in the presence of
o silica phase. In the mixed sodium-calcium system three tectosilicates may
cooxist and two in the presence of quartz. The oceurrence of three-phase zeolito
assemblages such as thomsonite-laumontite—analoime at Otama, does not thorefore
necessarily imply discquilibrium, In cases of variable alkali-alumina ratios or
under conditions where non-tectosilicates such as garnet, epidote or prehnite may
form, yet another phase will be possible.

4.10. Significance of experimental dala

If data on stability ficlds of minerals are to be applied in petrogenctic inter-
pretation, the actual reactions involved in mineral formation need to be known
(note the effects of coupled reactions, Fy¥r e al., 1958). In some cases these appear
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to bo clear cut, as in tho conversion of analeime to pseudomorphs of albite. Tf
calcic heulandito alters to caleic lnumontite the interpretation is simple but if sodinm
ig present its distribution between the phases will be important and this factor has
not. yet been examined experimentally. Similarly the oxperimental reaction:
prehnite — anorthite - wollastonite 4 vapour does not oceur when prehnite breaks
down in regional metamorphism and it will certainly not take place under the
same P-T' conditions.
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Tig. 10. Rosults of erystallization of oxido mixes of composition: albite + 8i0,. Tho full

lino roprosonts tho lowor limit. of albito and is considerad to ho nenrer the oquilibrium

boundary than tho uppor dashod line which roprosonts the uppor limit of analeime. JRun
times vary from 4 to 340 hr,

6. TIELDS OF SYNTHESIS AND STABILITY OV ZBOLITES AND RELATED PHASES
(A.J. K., W, 8. F.)
5.1. General

In large part this must he considered a progress report on work which has
already occupied about 3 years and a revision of some previous work by one of the
writers (Fyrs, 1065). The present position is not one of finality; in fact it abounds
in problems which are incompletely solved. Ixperimental data are recorded in
Appendix 1.

The majority of experiments reported here involve the erystallization of glasses
or oxide mixes. Gels were not used for reasons outlined below. Mixes were made
mainly from ealecinm oxide, sodinm hydroxide solution, active chromatographio
alumina, and Mallinckrodt, A.R. silicic acid. Tt becamo clear as work proceeded
that theso mixes favoured products high in silica, so in later mixes ground quartz
was used with little apparent chango in the times necessary for reaction. Many
experiments wero conducted nsing minerals as starting materials.

A wide range of apparent phase boundaries have been recorded for the same
phase using different starfing materials. Although in many cases no satisfactory
conclusion can be drawn about the true equilibrium boundary, it is certain that if
attainment of equilibrium is desired the worst possible starting materials are the
most reactive, i.e. gels, mixes and glasses. These are so unstable that a large number
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of metastable intermediates may form and persist. However, with less unstable
starting materials reaction rates are commonly too slow for recrystallization to be
achioved,

It must be stressed that the field of synthesis of a given phase need bear no
relation to the field in which this phase is stable. Kquilibrium is indicated only if o
reaction is roversible or, loss decisively, if a number of different starting materials
produco the same results. This has not heen demonstrated for any of the hydro-
thormal syntheses deseribed in this paper.

65.2. The system albile—silica—waler

There is a wide field (Fig. 10) in which both analeime and albite appear from
compositions within this system containing excess silica, a type of behaviour typical
of many of the systems studied. The following conclusions are drawn from the

‘experimental data.

(1) The apparent upper stability limit of analcime in the presence of quartz, as
established by synthesis, is 280°C 4= 10° at 1000 bars. The boundary is stecep. 'This
is in reasonable agreement with observations of Fyrm (1955b), SAND ef al. (1957).
and BArrer and Wirre (1952).

(2) The fact that analcime alone appears in short runs above 280°C and that albite
appears in longer runs (VAnry, 1957) suggests that analcime grows readily in
regions where albito is the stable phase, and that the figures in (1) above represent
a higher temperature than that for true stability of analcime.

(3) Preliminary experiments by CAmpnerLL (1958) on the solubility of albite in the
presence of natural analcime and quartz indicate that the analcime 4 quartz =
albite + water equilibrium tempoerature is near 200°C at saturated water vapour
pressure.

(4) The possibility of synthetic high silica analcimes suggested by MACKENZzIE
(1957) is supported by the absence of a silica phase in the recrystallization of albite
glass to analcime. Analyses of natural analcimes (Appendix 2) do not indicate a
wide variation of composition.

(5) In experiments using amorphous silica and glasses mordenite appears at
temperatures below 230-245°C at 2000 bars. Fyre (19566b) found that analcime
was replaced by mordenite below 220°C at 300 bars.

(6) When quartz is used in place of amorphous silica analcime, not mordenite,
appears at temperatures as low as 115°C (Table 9).

(7) Lowering the pH by addition of sodium bicarbonate in runs with amorphous
silica raises the temperatures at which mordenite appears. This effect can be
correlated with the influence of pH on silica activity since high pH increases the
rate of formation of quartz.

6.3. The sysiem anorthite—silica—water

The following main conclusions are drawn from the experimental data (Ap-
pendix 1).
(1) From all starting materials used in experiments in this system wairakite is the
highest temperature calcic 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 is given in Table 3. The fact that anorthite appears as
low as 340°C in the presence of guartz suggests that wairakite is not stable above

this temperature. Amgs and Savp (1958) and Koizumr and Roy (1958) have
produced wairakite from reactive materials at higher temperatures.

(2) Calcium mordenite replaces wairakite at lower temperatures when the silica
activity is high in the same way as sodium mordenite replaces analcime (Figs. 11

Table 3
l Prossure U imi imi
3 : ) ppor limit Lowor limit
Blarting thllstinls i (bars) of wairakite _of anorthite
; e ST - —
Oxide mixes ‘ 336 440°C 440°C
Glass 2000 450°C 420°C
Glass 5000 450°C 450°C
Oxido mix with quartz WV, 376°C 340°C
Xonotlite + quartz 2000 380°C 300°C
Stilbito 5000 403°C + not, dotormined
Chabazito W.V.D. 310°C + not determined
Laumontito (amorphous) 2000 380°C + not determined
-+ quartz
Laumontito -+ quartz 2000 400°C + not dotermined
Lawsonito - siliea 3000 440°C 440°C
Lawsonito + quartz 2000 400°C 4 390°C
Houlandite (amorphous) 2200 410°C
Houlandite (amorphous) W.V.p. 370° 370°C
Prohnite + SiO, (glass) 2000 440°C 300°C
Tablo 4
P Lower limit Uppor limit
Starting materials. (bars) of wairakite of epistilbite
(°C) (°C)
Glass 2000 326 360
Glass 5000 not det. 36504
Oxide mix with quartz w.V.. 286 285
Xonotlite 4+ quartz 2000 310 320
Stilbite 5000 ca. 390 ca. 390
Prehnite glass 5000 (missing) 360
+ Si0, 1

and 18). When the silica activity is reduced by the use of quartz, calcium mordenite
does not appear even at 212°C. Its field of synthesis is thus lowered by at least
200°C by reducing silica activity.
(3) With many starting materials epistilbite appears as the common low tempera-
ture calcium zeolite. A summary of upper limits of synthesis for epistilbite is given
in Table 4. Its ready synthesis contrasts with its comparative rarity in nature.
(4) The naturally important zeolite heulandite appeared as only a minor phase in

a few runs. It is doubtful if these represent equilibrium (see A.1.6.8). As heulandite
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and epistilbite are chemically similar and may be polymorphs with rather similar
structures the nucleation of either phase may inhibit the formation of the other.
(6) Laumontite was not synthesized although on the basis of water content it might
be expected to form at temperatures intermediate between those of epistilbite and
wairakite, This contrasts with its copious oceurrence in nature. Our failure to
synthesize laumontite (and that of Korzumr and Roy, 1958) is a clear indication

°c
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Fig. 11. Phases formed by hydrothermal crystallization of oxide mixes of feldspar com-
positions, (I'or pressure data sce Appendix I).

of the lack of equilibrium in the synthetic results. On the basis of water content, it
is possible that a field of scolecite could occur between laumontite and wairakite.
(6) Fywm (1965b) found that in short runs lnumontite and heulandite formed readily
over a wide range of temperatures from their “amorphous’ dehydration products.
Longer runs have shown that such materials appear to retain a nucleating memory
and tend to form the parent phase over too wide a range. Data in Table 15,
however, indicate that laumontite could be stable relative to wairakite near 300°C
for, while at 310-323°C only lanmontite was observed in the products, above this
temperature wairakite was observed in long runs and in one run at 240°C chabazite
was observed.

(7) Our suggestion that the true analcime -+ quartz — albite boundary is near
200°C and the sequence at Taringatura (Fig. 2) indicate that heulandite should also
be stable to about 200°C, and laumontite at rather higher temperatures.

5.4. Plagioclase—silica—waler compositions

Phases synthesized from compositions within the above system are indicated in
Figs. 11 and 12. The lack of a field of synthesis for calcium zeolite - albite, a
common assemblage in zeolitized rocks, is strong evidence that equilibrium was
not established. It appears that a continous series of analcimes are formed.
Epistilbite was formed only from caleium-rich glasses. Refractive index data
suggest that mordenites tend to be calcium-rich and feldspars sodium-rich com-
pared with the starting material. Natural plagioclases and synthetic anorthite
produced no zeolites in 60 day runs in the range 260-350°C.
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5.5, Synthesis of prehnite

T'rom glass of its own composition there was little difficulty in growing prehnite
at pressures above 2000 atm. Below this pressure, a range of metastable phases
appears at low temperatures. Prehnite also formed readily from glasses of epidoto
composition. In runs with glasses high in silica prehnite was much more reluctant

o
C| GLAS$ EXPERIMENTS
4 FlQ Fi
450 o FI0.--  FAG
et AFQ)
FIO ===~ FAlQ A
4000 o PR b A%
FQ Flo .-° F e MAIFQ =======% MATTTTT AM
Pid =" all A AM
ssofe 7 . ?& ‘-‘E':?.
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300da MR M G L
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2 MAlo M F « FELDSPAR
250_AF3 A » ANALCIME
MAQ  Malo M= MORDENITE
MAQ H+« HEYLANDITE
Es EPIISTILBITE
Na 02 04 0.6 o8 Ca
Tig. 12. Phases formed by hydrothermal crystallization of plagioclaso plus silica glasses at

2000 bars.

to grow but appeared as a major phase in runs at 5000 bars. The following con-
clusions emerge. Ixperiments with three different starting materials (Figs. 13, 14,
15) indicate that prehnite passes to anorthite plus wollastonite at about 450°C at
5000 bars. At temperatures below 300°C (Fyrm, 1955) we consider thomsonite to
be the stable phase in silici-deficient environments as is also suggested by the
thomsonitic alteration of the Otama gabbros. In these earlier experiments although
thomsonite and anorthite grew readily, prehnite was most reluctant to form. Data
found previously are summarized in Fig. 16. With more siliceous glasses as starting
materials prehnite is cut off in the low temperature and pressure regions by the
zeolites wairakite and epistilbite. )

The recrystallization of epidote glass indicates that prehnite and vesuvianite
form readily.

6. CORRELATION OF IFIELD AND EEXPERIMENTAL DATA
(W.S.F.,D.S.C)

In active hydrothermal areas such as Wairakei zeolite-forming reactions occur
in an area of steep thermal gradient, and solutions moving upwards tend to be
supersaturated with silica. At Wairakei the principal zeolites are wairakite and
mordenite, phases readily formed in the laboratory by using amorphous silica in the
starting materials. However, laboratory data suggest a higher temperature for
the metastable transition from mordenite to wairakite than is observed at Wairalkei.
Three factors may contribute to this lack of temperature correlation. There is
evidence that the degree of silica supersaturation at Wairakei is small (Brris and
WiLson, 19566; Erris, 1958) even though amorphous silica is deposited in bores.
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the range 150-240°C (Table 1), and hence with our suggested figure of 200°C. The
relation of the heulandite field to that of analcime has been discussed above (5.3).

There is a suggestion (Table 15) that laumontite may be stable near 300°C.
SteiNeEr has reported its formation at 195-220°C at Wairakei. Incoming of
laumontite above 200°C and gradual transition to a prehnite assemblage at tem-
peratures around 300°C seems possible and is compatible with its main field
occurrences in the New Zealand Geosyncline. Nevertheless, a number of occur-
rences have been noted (e.g. Jurassic of ITokonui Hills and Victorian arkoses) where
laumontite would appear to have been formed at lower tempeoratures,

Wairakite has so far been described only from active thermal areas. The
sequence at Taringatura suggests that zeolitization under regional metamorphic
conditions could be terminated at the lawmontite stage by the coupling effect of
other reactions leading to prehnite. l*‘m-t-l‘n_cr, it is possible that wairakite is not
stable at high pressure as shown in Fig. 14 and hypothetically in Fig. 6.

7. CONCLUSIONS
(W.S.F.,D.S.C)

(1) Recurrent formation of similar, zeolite-bearing mineral assemblages in rocks
varying in age from Upper Paleozoic to Tertiary justifies the recognition of a
zeolite facies. "This facies largely bridges the gap between diagenesis and conven-
tional metamorphism.

(2) As certain zeolites are stable in o silica-deficient environment to temperatures
at least as high as 550°C, we propose that the zeolite facies should be defined to
include at least all those assemblages produced under physical conditions in which
the following are commonly formed: quartz-analeime, quartz-heulandite, quartz—
lnumontite.

(3) In sedimentary rocks the characteristic minerals include heulandite and anal-
cime with quartz in a low grade stage, and laumontite, albite and quartz in a
higher grade stage; together with adularia, celadonite, saponite, montmorillonoids,
chlorite, calcite and sphene. In silica-deficient environments thomsonite is con-
sidered to represent an equivalent stage of metamorphism.

(4) In well-studied areas, there is a general tendency for less hydrated zeolites to
oceur at higher temperatures in conformity with experimental results and thermo-
dynamic prediction.

(5) There is a tendency for zeolites to fall into three groups according to their mode
of oceurrence: silica-poor zeolites favoured by an environment lacking free silica;
zeolites which coexist with quartz; and highly siliceous zeolites which may only be
stable in solutions supersaturated in silica with reference to quartz.

(6) Where zeolitization is confined to the cements in sediments, or to cavity fillings
in other rocks the assemblages of new-formed minerals may be considered in terms
of Iskora’s mineral facies concept. In this respect we are extending the range of
the zeolite facies proposed by TurNir for metamorphic assemblages only.

(7) Between the rocks of the zeolite facies and typical greenschist facies in New
Zealand, there is a very extensive zone characterized by prehnite andfor pum-
pellyite. There appears to be justification for the erection of a distinet subfacies
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of the greenschist facies (or possibly a new facies) to accommodate the rocks con-
cerned.

(8) Iixtensive laboratory studies on systems related to zeolites have emphasized
limitations of synthetic methods of establishing equilibrium phase relations.
Change of starting materials has been shown to change apparent phase boundaries
by more than 200°C even when run times exceed 30 days.

(9) The determination of phase boundaries by measurement of solubility may
provide a sounder approach to the study of some silicate equilibria. Preliminary
work on analcime appears promising and suggests that the analcime -~ quartz —
albite - water transition occurs near 200°C at low pressures.

(10) The state of silica in starting materials appears eritical where the phases on

opposite sides of a phase boundary have different silica contents. The field of
high-silica phases such as wairakite and mordenite is extended when the silica
activity is higher than that of quartz. Observed effects of silica activity can be
correlated with thermodynamic expectations and with natural occurrences.. Similar
conclusions could be drawn for other components in other systems.

(11) We consider that in quartz-bearing systems sodium and calcium zeolites are

not stable above temperatures of about 320°C although they may be synthesized

readily at temperatures as high as 450°C.

(12) We consider that the prehnite subfacies, transitional between the zeolite

facies and greenschist facies, may come in at tempgratures around 300°C (450°)

in regions where water and load pressures are approximately equal and at lower

temperatures if osmotic conditions oceur,
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Arrenpix I
Ixzperimental
(A.J.E, W,8. F, AL M. T)
Al. 1. Apparatus

A great number of experiments were conducted in small closed vessels of capacity 2-10 em?,
Two features of theso should be noted. Firstly they are most satisfactory in the water liquid-
vapour range, i.c. at small degrees of filling and temperatures below the critical temperature
of water, At supereritical temperntures the density of the fluid was maintained at approximately
0:33 and pressures woere calealated from the data of Kennupy (1050b).  Sccondly, the initial
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materials and water must be loaded in the cold bomb and the possibility exists of crystallization
commodate the rocks con- during the heating-up period which was normally about 3 hr, However, in runs where the same "
materials were kept dry during initial heating and were then pumped to pressure at the final ‘
y zeolites have emphasized temperature, identical results wero produced and hence the objection does not appear serious.
rilibrium phase relations. The other types of vesscls used were hot-scal bombs and test-t‘ube bombs 14 in. long with cold
Grait whiss Daithdnries geals, All these were pumped to pressure at temperature, Samples were normally enclosed
[ PP kY s e in silver capsules (unscaled) and neither leaching nor corrosion caused concern. ‘
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or. M. Gacr, Mr. D, HamiLron, 0 28 per oen |
ssed somo of tho probloms and Al.2, Notes on phases synthesized 1
?lbhshod ,(1"'“; o \V‘nlrukol and P’hases were identified by direet comparison of X-ray diffractometer patterns, The idontifi- |
;l"’d rby Profossor 8. ‘BUN“ Ehind cation of tho full assemblago of phases produced was ofton a matter of great difficulty, and in '
B. 1\qu1!:\1¢, D'; N. E. OprLr, | gonoral tho phases reported aro thoso which constituto the major products. T'ho identifications
K ARLBAT, Professor L. W. of houlandite und tobormorite are somewhat doubtful. Only threo lines of houlandito wore
™ As G 900’“"” lqu nmu'mt:od i not masked by other phases. Tho patterns of synthotie opistilbito compared closoly with
wvoro provided by the Dominion i opistilbitos from Yupawarn hot spring, Jopan and from Krossanoes, leoland, Ilydrogarnots
[ v of N Fosditil i { had rolractivo indices in tho rango 1666 1:725 indieating a considorablo wator contont (Yo,
sity of Now Zoaland rosoarch 1950),
‘:'L“H n‘whulmg oy l)h.'h]m, Xeruy | Thoro is ovidenco (1nas, 1958) from relvetive indicos that o comploto rango of synthotie
pusos in both tho (‘,""“"""m'l'“l anuleimoes from sodium to caleivm cnd-members may have boon formod. T'hiy is not in accord
j "'l”‘?‘ groatly “““””““"l by tho with obgervations of SrieiNer (1955) or Bariwi (1960), Synthotie wairakite like tho natural
8. G. CLARKSON, L. SERUWEN, | material (Coomns, 1955) clearly shows the 200 refloetion which is absent in strictly cubic
anuleime and weak in natural non-cubic analeimes, The 400 rofloction, although broadened,
was not clearly resolved into o doublet,  Oxide mixes yielded the closer approuch to the cubie
modification,  With mordenite also w considerable rango of intermediato compositions appeared
to have been formed betwoeon sodinm and caleium end-mombers, Foldspars ull tendoed towards ‘
the high temperature forms (Mackienzie, 1957), "
A crystalline phase of unknown composition, “phase Z" was found up to temperatures of
) s about 330” from both glusses and oxido mixes, but mainly from the latter. It was found only
;sd.vosaols 01_' capacity 2'19 O from mixed sodivm- ealeium compositions, and was present usually as small thin rectangular
wisfactory '“.L?‘O water liquid— plates, or sometimes as lurger irvegular tablets.  The birefringence was very weak, extinetion
\bel()\\t th‘" critical temp'urn,turo straight, and the R.1. ranged from 1-473-5 at composition 0:75 Ab to 1-484-6 at 0-25Ab.
a8 maintained at approximately The X-ray spacings are given in Table 5. i
(1950b). Secondly, the initial ‘
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The following abbreviations are used:

A analcime Ph  phillipsite
Ab albite Pr  prehnite
An anorthite Q  quartz

Ch chabazite S stilbite

C  cristobalite i thomsonite
E  epistilbite . W wairakite
H  heulandite Wo wollastonite
Hg hydrogrossular Xo xonotlite
Hx hexagonal anorthite Z phase Z

L  laumontite

M mordenite

A1.3. Haperiments using ovide mives

Over 200 experimonts wero carriod out at s.w.v,p. or at a vapour density of 0:33 in closed
bombs on compositions in thoe plagioclase series. The mixtures were made from cealeium oxide,
sodium hydroxide, active aluminn and silicie acid, The normal ran time was 4 weoks, although
duplicate runs indicatod that products after 2 weeks wore probably the same. On tho othor’
hand, short runsg of 24 hr or less produced differont results from those of a month’s duration.
At the soda-rich end final solutions were always alkaline (pH ¢. 10).

t(n}
oic Q¢ ¢ -7
c
450)°C ake Qe o’ c
e c
o 9 £ <
€0 qc g€ ¢ o
400 clo QE qc,/' c 2
q clo o 9 ¢ c
Gle qc [/ . c
Qc /s K& \
Q|c clo ’
350 clo U k o
Q d £ E ¢ g
2 clo /£ © < ¢
Q Q cla’ € £
300}e ) e i
K 2 C'Q) C o
FT c
Q Q|c Je
2SOQ Qlc ’,IC S
s ajc i o C=CRISTOBALITE
9 Q= QUARTZ
200 :
cfQy
cQ

Na 025 05 O.75 Ca

Wig. 17, Vuwriation of siliow phusos formaod during erystallization of oxido mixos of fvldspar
compositions with oxoeoss siliou,

Seven compositions wore used corrosponding to the following: Ab - 65i0,, 3Ab, An, 245i0,,
3Ab. 2An, 308i0,, Ab. An. 128i0,, 2Ah. 3An, 308i0,, Ab. 3An. 245i0,, An + 65i0,.

The basic results are summarized in Fig, 11, Quartz was always produced in runs from
albite ®omposition, The formation of quartz scems to be strongly retarded by the presenco of
calcium and the timoe for the appearance of quartz is approximately inversely proportional
to tho caleiinm content. 16 appears possible that a film of caleium silicato may protect the
eristobulite which first appears. The divta aro summarized in Fig. 17. A moro dotailed study
of the crystallization of oxide mixes of the sodium system was carricd out by G. W, Varey (1957).
A greater variety of run times was used and mixes were pumped to prossuro at tho proper
temperatiro,  These experiments are significant in indicating that analeimo tonds to porsist
abovo its true stability ficld and to grow rapidly. The results are summarized in Fig. 10. Tho
position of the boundary at low pressures is very close to that indicatod by the data of g, 11,
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The zeolite facies, with comments on the interpretation of hydrothermal syntheses

Al.4. Experiments with glasses

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

Composition R.I,
A Ab + 4-25 8i0, 1:472
B 0-8Ab -+ 0-2An -+ 425 Si0, 1-484
C 0-6Ab + 0-4An + 4:25 Si0, 1:490
D 0-4Ab + 0-6An + 4-25 Si0, 1-:5602
I 0-2Ab + 0-8An + 4:25 8i0, 1508
) An -+ 425 Si0, 1:6156

The lower silica content of the glasses is reflected in the lack of free silica in some end products.
The erystallization was conducted at 2000 bars for 14 days in each case. Calcium-rich glasses
react roadily above 300°C, but with increasing soda contont the tendency to crystallize falls
off. T'he sodium glass would not erystallizo in 2 woecks at 300°C even at a water pressure of
5000 bars, To obtain rosults from this glass, sodium fluoride was added as a flux (§ molo of Nal?
por molo of NuAISiy0g). With calciium mombors Nal® could not bo addod as insolublo caleivm
fluorido would form. "The erystallization of tho sodu-rich mombors was orratic and it apponrs
that small amounts of impuritios may havo an influonco,

Puro ealeinm glasses did not rowct rapidly bolow 275° at 3000 bars but at 5000 bars crystal-
lization was fuirly rapid at least down to 212°C, Tho major results are summarizod in Fig, 12,
In Tablo 6 results at 5000 bars aro summarized,

Tablo 6

(ilass TC Products

¥ 212 B
450 W, An, Q
160 An, Q
470 An, Q

D 250 1
335 M+ E
350 M + I

Somo soparate oxperimoents (Tablo 7) wore condueted on tho erystallization of albite gluss
at 2000 bars. Tho glass (101 1-488) wag mado by melting the vory pure albite from Amolia,
Virginia, Onece moro sodium fluoride was added to facilitate erystallization,

Tuble 7

T(°C) 290 240 255 270 298 310
Products A A A A Ab Ab

The boundary indieated is elose to that of Varry, using oxide mixes, but as found by MacknNziE
(1957) a silica phase was not obtained in suflicient quantities to produce an X-ray pattern. In
the presence of fluoride the significance of this observation must be treated with caution as
somo silica may be held in solution as Sil"*~ or sodium silicate.
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Al,6. Mixes with quartz in place of silica

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

Table 8
|
T(°C) 400 385 376 363 340 330
Products An An An,W W.An W (An) W
285 205 220
E.W iD) E

The results of a similar series of experiments with the sodium system and quartz are listed in
Table 9.
Table 9

T(°C) 335 303 279 267 265 260 160 115 y
Products Ab,Q Ab,Q A,Ab,Q A,Q A,Q A,Q AQ AQ

Al.6. Mizes with sodium carbonate and bicarbonate

A series of experiments was conducted with mixes of composition Nay0, Al,04, 18S5i0,
where the soda was added as bicarbonato or carbonate. The pH of these solutions is lower than
that of mixes using sodium hydroxide. At 250°C the pH of molar NaHCO; is about 9-0 and of
an equimolar solution of carbonate—bicarbonate, about 10-8 (Ernis and Fyre, 1957). The
results are summarizod in Table 10,

Table 10
G e i b
Sodium compound (°C) Products
NaHCO, 266 M.A.C.Q
NaHCO,4 268 AM.Q
NaHCO4/Na,COq4 268 (A.).(M).Q
NaHCO4 2065 AM.Q
NaHCO4/Na,CO,4 265 A.Ab.Q
NaHCO,4 202 M.A.C.Q
NaHCO, 2756 M.A.Q
NaHCO, 280 Ab.Q
NallCOy/Nu, ("0, } 280 Ab.Q
i

A7, Experiments using minerals as starting materials

A1.7.1. Xonotlite. In a further attempt to reduce the activity of the starting materials
the mineral xonotlite was used as a source of calcium and was mixed with quartz and active
alumina. The composition used corresponded to calecium mordenite. Results are summarized
in Table 11,

Table 11
7(°C) 390 380 380 365 360 320 315 310 205
I’ (bars) 56000 2000 HW.V.p 2000 sw.v.p  sw.wv.p o 5000 2000 4000

Products | An.Q W.An.Q W ANQ W.ANQ W.ANLQ BEW.Q W.EQ W.IQ 15.Q
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The zeolite fucies, with comments on the interpretation of hydrothermal syntheses

Al.7.2. Nepheline, A study was made of the reaction of nepheline from the Haliburton-
Bancroft area, Ontario, with natural quartz, T'able 12,

Table 12
T(°C) 396 385 380 360 346 338 335 310 250
P (bars) 2000 2000 2000 2000 2000 2000 2000 2000 w.v.p.
Products Ab.Q Ab.Q Ab.Q Ab.A.Q. A(Ab)Q AQ AQ AQ A.Q

A1.7.3. Stilbite. A few experiments were conducted on the breakdown of stilbite from an
unknown locality (Table 13).
Table 13

T(°C) 315° 350 370 403
P (bars) _ 8.W.V.P. 5000 5000 5000
Products S S (E) E W+ Q

Al.7.4, Ohabazite. In Table 14 results are given for the breakdown of chabazite from
Richmond, Victoria, a locality that has yielded highly aluminous, alkali-rich specimens such
a8 (Cag.gNag. oK, .o) AljSig30,,-36H,0 with variablo Ca:Na:K ratios, (Domrrrr, 1921,
pp. 16-177).

Table 14

T(°C) 310 285 2565 245 250 240 230 220 180
P B.W.V.D BW.V.P  B.W.V.P  BW.V.D S.W.V.P BWLVLD 5000 8.W.vip B.W.V.p

Products w w W+ Ph W+ Ph W4 Ph W4+ Ph Ph4+ W+ C Ph+ W Ch Ch

A1.7.6. Laumontite. Laumontite, shown by analysis to be almost alkali-free (’ABsT, personal
communication) from Pine Creck Mine, Inyo County, California, with quartz produced wairakite
at 400°C, and 380°C, at 2000 bars.

A1.7.6. Dehydrated lawmontite. 'When laumontite is heated to 800°C it passes into a state
which gives no X-ray pattern (Korzumr and Kirivama, 1953). This material was used in a
number of 30-day runs (Table 156) which were much longer than those of previous experiments
by one of the authors (F'yrz, 1966b).

Table 156

P (bars) HW.V.p BW.V.D 2000 2000 BW.V.D HW.V.D 2000 600
7(°C) 240 310 310 323 330 344 380 380
Products Ch+-Q L LQ L+Q w W.L.(H) W4Q (L+W)
Remarks Q 1009, Q Q 1009, Houl. Q 3 days

added added  added doubtful added

Al.7.7. Lawsonite. Lawsonite from Valloy Ford, California, with natwral quartz gave
products indicated in Table 16.

Table 16

1320 e 8 - ; P (bars) 2000 2000 2000
wovp o 5000 2000 4000 % 7¢C) ’ 409 396 382
WO WEQ WEQ 1.Q ‘ Products | An,W,Q An,W,Q W,Q
{ |
y @ 07
| -
~ — = — e a—— &
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These results may be compared with results on lawsonite and amorphous silica obtained
previously by Fyrr (1955b) (Fig. 18). Unfortunately the reaction could not be followed to
temperatures much lower than the range shown as the rate of reaction is too slow.

Al.7.8. Dehydrated heulandite. 'The amorphous phase formed by heating heulandite '

| o
! (bars)
' 3000} ml:‘cATm.TE 4 ‘
| s =
] MORDENITE | | ANORTHIT] i
! 2000} ) oumz] l
{ 1
| b
| o |
; 1000F . 1
{ !

300 400 500
1 T°C.
! Fig, 18. Phases formed by reaction of lawsonite with amorphous silica. /

(Appendix 4) was used in some long runs of more than 30 days. The results (Table 17) diffor
considerably from those of Fyre (1955b) from short runs on the same material in which 100 per
cent crystallization to heulandito was observed. The appearance of wairakite in the long runs
implies that it is more stablo than heulandite in the range studied.

Table 17 \
|
I; P (bars) | 2000 2600 2200 W.V.p 2200 ;
T (°C) 280 340 360 370 ) 410 :
Produets | H W 1 T H+ W4+ M An + (W) M+ W + An
Romarks ‘. Q adddled ]
\ AL, Thomsonite. Nabural thomsonite from Otama, Now Zoealand, mixed with quartz, ‘

producod wairnkito in the range 280-316°C at prossures from s.w.v.p. to 4000 bars, 'I'he
ronction could not be studiod at lower tomporatures as 30-day runs producod no dotestablo
altoration,

ALS. Feperiments dneolving glasses of prehondte composition
] ! ) 7

Tho results of erystallization ol gliss formed by fusing a natural prohnito (Appondix 3)
{ are summarized in Table 18 and in Fig, 13, ’
| A sorios of thirty-six runs was cureidtl out on a glass formed from the same prehnite as above
but with silica added to give a molar ratio of prehnite : silica of 1 : 4, The roluctance of prehnite
to form except at high pressures is an indication of metastable crystallization (Tavrnor, 1957).
The results arc summarized in Fig, 14,

AL.9. Kaperiments with epidote glass

1 A glass was produced by fusion of a deep green epidoto (6-2 per cent FeyOg) and the results
| of erystallization (‘Pavvor, 1957) of twenty-five samples are summarized in Fig, 15, These
| results differ from those ol Bureks (1953) who found no field of prehnite or vesuvianite,

APPENDIX 2
Composition and Density of Zeolites
‘ (D. 8. C.) |
' Basic data on composition, density and structure of zeolites aro in many cases inadequate ‘
for a proper consideration of mufual relationships and stability fields and a tendency remains i
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The zeolite facies, with comments on the interpretation of hydrothermal syntheses

Table 18

Temp, Pressure Timo
(°C) (bars) (days) Products
270 3000 14 Hx(s) I'b(s)
206 2000 10 Hx(s) Pr(s)
300 3000 9 Hx(s) T'h(s)
320 3000 18 Pr(s)
330 2000 ‘, t Pr(s) Hx(s) Xo(s)
338 1000 ; 9 Pr(s) Hx(s)
340 ‘ 3000 ‘ 14 Pr(s)
347 I 1000 ‘ 8 . Hx(s) Xo(s)
350 i 1700 1 Hx(s) Xo(s)
363 ' 4000 i 6 Pr(s) An(w)
357 ' 2000 | 17 Pr(vs)
3567 2000 : L Pr(s) An(w) Wo(w)
360 2000 0 Hx(s) An(w) Pr(w)
377 2000 10 Hx(s)
380 2000 1 An(s) Hx(s) Xo(s)
380 3000 10 Pr(s)
386 2000 ; 12 Pr(s) An(s) Wo(s)
400 3000 O Pr(s) An(s) Wo(s)
400 3000 3 Pr(s)
405 $000 1 An(s) Wo(s)
409 ‘ 1000 [ 3 Pr(s) An(vw)
415 ‘ 1000 | 5 Pr(s) An(s) Wo(s)
415 41000 : 1 An(s) Wo(s) Pr(w)
425 I 3000 ; 0 An(s) Wo(s)
425 l 5000 | 3 Pr(s)
427 3000 ' 15 An(s) Wo(s) Pr(vw)
430 3000 7 An(s) Wo(s) Pr(w)
440 ] 5000 } 7 Pr(s) An(s) Wo(s)
442 2000 [ G An(s) Wo(s)
445 4000 ‘\ 6 Pr(s) An(s) Wo(s)
448 2000 11 An(s) Wo(s)
450 2000 f 17 An(s) Wo(s)
450 3000 ] An(s) Wo(s) Pr(w)
453 3860 l 3 An(s) Wo(s)
455 1000 | 3 An(s) Wol(s)
455 5000 ‘ 5 An(s) Wo(s)
457 5000 § 1 An(s) Wo(s) Pr(w)
469 3000 \ 9 An(s) Wo(s)
475 1500 ‘ 2 An(s) Wo(s)
490 1000 [ b An(s) Wo(s)
490 1000 \ 5 An(s) Wo(s)
492 1000 2 An(s) WO(s)
516 ‘ 1700 ' 3 An(s) Wols)
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for somo workers to express compositions in terms of “‘ideal” formulae which can obscure
relationships rather than clarify them. Considerable confidence can be placed in the view that
the number of oxygen atoms within the framework of linked (Si,Al)O, tetrahedra is virtually
constant for the unit cell of each spocies, This number must be even, is commonly a multiple
of 8, and can be determined unambiguously from reasonably precise chomical, X-ray and
density data. Iollowing Huy (1932a) and others, unit cell contents on the basis of this idoeal
number of structural oxygens havo been caleulated by the writer for a large number of zeolite
analyses. More attention has heen given to variations in the Si: Al ratio than to variations
in the other cations, as the latter aro subject to secondary, base exchange effects and are
thorefore less fundwmental in reflecting conditions of formation. Nevertheless as the various
limo zeolites appear to accept such elements as Na, K and Sr into their lattices to varying
degrees, the concentration of these latter elements in the environments of formation must
influence stability fields. The Mg-hearing species ferrierite and the barium zeolites aro not
here considered.

Tt will be found convenient to describe the range of composition of certain zeolites not only
in terms of the familiar isomorphic substitutions: (i) NaSi for CaAl; and (ii) Na, for Ca, or more
genorally (Na, K), for (Ca, Sr, Ba) but also in terms of the substitution: (iii) Al for Si within
! the tetrahedral framework with additional W group cations (Na, K, Ca}) occupying otherwise
! vacant lattice sites, This results in a marked variation in the number of W group cations por
unit cell and is equivalent to simultancous operation of the other two types of replacement,

The ranges of composition tentatively accopted for valid species are listod below together
with estimates of tho specific gravity for some of the compositions listed. Specific gravity is
not signiflicantly affocted by the substitution of Na, for Ca (compare analeimo and wairakito),
but it does vary markedly with the other types of substitution, The values given have been
selocted, averaged or interpolated from proviously publishod doterminations and in some cases
aro capablo of considerable refinemont. Only a fow leading referonces have boen cited; many
others havo been considored,

In Fig. 5 compositions of tho caleiferous zeolites aro plotted in molecular proportions on
tho trianglo (Ca, Na,, 1,)0 : 211,0 : 28i0,, the component (Ca, Na,, 1{,)O being numeorically
equal to Al,04 for zeolites und for other truo tectosilicates such as anorthite. Iorizontal lines
therefore vepresent the range of variation in Si: Al ratios through each series. Prehnite,
pumpellyito and epidote have been plotted for comparison and in these the Al,O4 content is
not direetly rolated to the other components. ‘Tho water contont has been plotted arbitrarily at |
tho virlue which is judged to best refleet the chemical analyses and structural data, In soveral
cuses it ix open to question,  Compositions plotted are based on analyses of apparently good
quality of natural zeolites, Laboratory erystallization from highly reactive and unstable
| starting matorials such as glasses is likely to load to a greater rangoe of motastabloe compositions
1 than in tho casoe of tho natural matoerials,

Analeime. NugyAlSiy 0h6.16H,0 to Naog,AljSig,044.16H,0, with minor substitution of
(K,Cay) for Na; commonly noar NaAlSi,04.11,0; Z = 16 (o.g, Hanrwia, 1928; Coomss, 10556);
D = 2:2065 -+ 0-01. Saua (1957) has indicatod that synthetic analeimes may range from
1 NaAlSiyOg.nH,0, to NaAlSiOanll,0, presumably with Z = 12 and Z = 24 respectively.

Asheroftine. 40(KNaCaAl,Si 0,4.8H,0); D = 2:61 - 0-05 (Huy and BANNisTER, 1933).

Chabazite. (Ci,Nitg,Kg)AlLSiyg000.36H,0 to (Co,Nag,Ky)g.75A15.55150.5070.36. H,0. Alkalis
somotimes oxcoed Cn. Srrunz (1956) gives (Ca,Nay)ALSi 0,,.6H,0; Z = 6; D = 2:082,

Epistilbite. Srrunz and TeNNysoN (1966) givo CaAlySigO,,.6H,0; Z = 3. In oight out
ol fifteen analyses considered by the present writer, thore are 15:7 to 106:3 11,0 per unit coll,
tho othors showing rather less. Wo tentatively accopt 16 11,0 por unit coll, which would mako
epistilbito o trae, highor density, polymorph of houlandite with the approximate rangoe
(Cu,Navy) 45 Al 81153044 16H,0 to (Ca, Nay)g.zAlSi,0,16H,0 5 D typically 2:256 + 0-03.
Cu is dominant over alkalis,

Dachiardite is shown by X-ray powder diifraction to be structurally related to epistilbite,
It has a higher alkali content with about Sijg ;g3 for 48 O.

rionite. (Nag,K,,Co,Mg), ;Al)Sin,0,,.27TH,0; D (cale.) = 2:07 (STarLes and Garp, 1958),

Fawjasite, Near (Na,,('n), Al (Sig 0,4.16H,0; Z =16; D = 1:92 (cf. STRUNZ, 1955).
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in.nulyﬂoa of apparently good
iighly reactive and unstable
;;() of metastablo compositions

Cwith minor substitution of
nwrwia, 1928; Coomuns, 1065);
analeimos may rango from
wl Z = 24 respectivoly,

v and BANNis1iR, 1933),
19.55100.5070.306.1,0. Alkalis
L0; Z =0; D = 2:082.
5H,0; % = 3. In eight out
57 to 16-3 H,0 per unit cell,
> unit eell, which would mako
‘;Jn't‘h the approximate range
;3 D typically 2:25 4 0-03.

glctnmlly related to epistilbite,

’Jn (Srarres and Gann, 1958),
D = 192 (cf, STRUNZ, 19565).

The zeolite facies, with commeoents on the interpretation of hydrothermal syntheses

Gismondine. CaAl,Si,04.4H,0: Z = 8 (Kraus, 1939) to Cag.goAl; 548i5.1405.4H,0 with
moderate substitution of (K,Na), for Ca.

Gmelinite. According to Struxz (1956), polymorphous with Na-rich chabazite, and often
containing chabazite in lunellar intergrowth; (Na,,Ca)Al,Si0,,.6H,0; Z =4; D = 2:028.

Gonnardite. Polymorphous with thomsonite and mostly near (Ca,Nay)4.4Alg.¢Si;;.404,.12H,0
(MBIXNER et al., 1956) but can also have higher ratios of Al:Si (Mason, 19567). D = 2:27 -4 0-02,

Heulandite. Normally in the range (Ca,Nuy), 4Alg ¢Sizg.4049.24H,0; D = 2:21 4 0-03; to
(Ca,Na,) Al Sing0,0.2411,0; D = 2:18 -4- 0-03. There is often appreciable K and/or Sr. In
the silica-rich varioty clinoptilolite, the composition approaches Ca(Na,K),AlSi, 0,,.24 H,0;
D = 2:14 -4 003,

Lawmontite, Cuy,o5Alg (Siyg50 5. 16H,0 o Cuy p5Al, 68i14.5045. 16,0 with minor replace-
ment of Ca by Na,, i.e. near CaAl,Si 0, 4H,0; Z =4; D = 2:29 4 002 (Coomns, 1952).
Leonhardite is a partially dohydrated varioty with about 14 H,0.

Levyne. Perhaps CaAlySi 0,,.6MH,0 to Cay Al ,Sig0,,.6H,0 with moderato replacement
of Ca by (Nu,K),. Srrunz (1956) suggests polymorphous and structural relationships with
chabazite and gives 6 11,0; Z == 0; 1) == 2:140, T'he [ow available analyses appear to indicato
5 H,O rather than 6 1,0,

Mesolite,  Essontinlly Nu,CoyAlSigO, 811,000 7 = 8; 1) = 2:26; minor Na, for Ca
(Huy, 1933).

Metascolecite. Highor tompoerature polymorph of scolecite (Huy, 1936).

Mordenite (ptilolite).  (Nuy, I, Co)ALNI O, TIHLO; Z = 8 (e.g. WAYmouTt et al,, 1938),
with alkalis usually dominant over Ca. D) == 2-12 |- 0-03. First-class analyses (as dofined by
Hry, 1032a) show variations of no more than 0:15 Al and Si. Synthetic mordenites range
from pure Ca to pure Na mombers (Barkuir, 1948 and Appendix 1 of this paper).

Natrolite. Na,Al,5i,0,,.2H,0; Z =8; 1) = 224, Up to 1 in 16 Na roplaced by K and 1
in 4 Na replaced by Cay (Hiy, 1932h).

Phillipsite.  (Ca,1 ),  AlgSi 04, 12H,0  to (Ca,Ky)g 5A1,8i504,.12H,0 with Na usually
subordinato (cf. Wyanrr and Cwarenain, 1938). D = 2:20 + 0:02 for typical intermediate
members of the sorios,

? Pseudonatrolite. Newr (Ca,Nuy)ALSi O 6H,0 (Hey, 19565, p. 162),

Scolecite. CaAlySiy0,,.3H,0; 7 = 8; D - 2:27 + 0-02, Minor Na, for Ca (Hry, 1930).

Stilbite. Approximately (Cn,Nu,) AlSigg0,,.28H,0; D = 2:16 4 0:02; to (Ca,Nay),
Al Sigg0q,.28H,0; D = 2:18 - 0:02 (¢f. SexkANINA and Wyanr, 10306). I'he averagoe
water per unit cell for some two dozen ropresentative analyses is 28-7 H,0 as against 24-2 for
houlandite,  'T'he suggoestion of Srrunz and TeNNYsSON (1956) that a correet formula should
show 24 1,0 ag in houlandite and that tho two minerals aro polymorphs as woell as having
related (though different) structures, is nol thorefore accoptod.

Thomsonite.  (Co,Noy)g qAl 4 4Siq.0040.2411,0; D 5 2:30 to (Co,Nay);g.a5Ala0.65110.5040
S2AHL,O 2 D s 288 (Hley, 10320),  CoALSLOL2A40,0; Z = 10; D 5 2:37, is a possiblo
synthotic mombor (Govosanri, 1952),

Wairakite. CoAlSij0,,201,0; 7 = 8; Z = 2:266 (SreiNir, 1956; Coomus, 1955),

Yugawaralite: Unit cell contents ealeulatod from the data of Saxunrar and ITavasur (1952)
aro approximately  Ciuy o (Na,K) | aqAly £0Sig) 490600 15-3H,0,  corresponding  roughly  to
4CaALSi0, 41,0, 1 = 2:20,

ArreNpix 3
Chemical and Physical Data on Heulandite and Prehnite
(A.M.'T, D,S.C.)
Chemienl analyses and other data on tho heulandite and prohnite usod in oxporimoents
described above are given below,
Hewlandite

Locality: Capo Blomidon, Nova Scotin, Colourless crystals.
Ni0, 66-8; Al,0y 16:6; 1°c,04 tr.; MgO tr,; CaO 5:8; SrO 2:0; Na,0 1:6; K,0 0-8;

101

‘hml



ouilabini

i !
¥

AR e ; e !
‘ e E— e e s gt
| |

{ : ' |
1 | |
1 { '
' D. S. Coomus, A. J. Erus, W, S, Fyre and A. M. TayLor ‘
{ !

! <

- ! Li 0 tr.; HyO + 110° 12:46; H,0 —110° 3.3; TiO, n.f;; P,0, 0:01; MnO n.f., CO, n.f. ”'f,"é“‘,y
J | Spectrographic analysis: Ag 0-015; Pb 0:015; Sn <0-:01; Ba 0-05. Not detocted: ”';) l'”
\‘ V, Cd, As, Be, Zn, W, Mo, Ni, Cr, Co, Bi, Sb, B, La, Yt, Ce. Total: 99-44, J, A, Rircuie ay

| ! _ anal., 8. g. 2:23 + 0-01. Bhor
(‘ { i Structural formula: (Cay oSty Na, (K )Alg oSisg.40,,.24-8H,0 in satisfactory agrecment Zoall
| i with that of Hey and Bannister (1934) and Appendix C above. Bt (',“,,
‘ | Refractive indices variable, o« 1:500-1:505 + 0-001, A 1:500-1:506 - 0-001, 3 1:506- 1"“'1.
| 1:512 -+ 0:002. Hlm"\.

! Prehnite 08, *

Locality: Prospect Quarry, Now South Wales, Large, transluscent, very pale green botryoidal Bun'y

masses in cavities in dolerite. Avernge of comparable analyses by A.M,T. and by J, A. Vaes

Rrrenie, Dominion Laboratory, Wellington: SiO, 43-7; Al,04 24:05; Fo,04 0:93; e Busin

0:03; MgO 0:11; CaO 26:85; Na,0 0-04; K,0 n.f.; Li,0n.f.; HyO + 110°4:54; H,0 ~110° Dol

! 0:03; Ti0, tr,; P,04 0:02; MnO n.f.; CO, n.f,; Spectrographic analysis (Dominion ]“"l""'?
Laboratory): Ag 0:01; Pb 0:04; SnO 0-01; BaO <0:003. Not detected: V, Cd, ete., I"“jj

Canrr

as above, Total: 100-36; s, g. 2.93.
Formula on basis of eloven oxygen atoms: Albi

(Cay.geMgg. o Ny 1) (Al o100, 05)515.0,01.1:04H,0 in very close agreoment with the con- Casery

i ventional formula Ca,AlSi,0,,(O11),. o 1:615 - 0:001; #1624 + 0-001; p 1-643 -+ 0-002; Noe,
'. y—a 0:028; 2V, 69° | 2°7 > v strong, Coomy
As is common in prehnite from such environments, and in contrast to the prehnite Noe.

| described in Section 2 above from the New Zealand greywackes, basal sections show Coomy
complex lamellar twinning, and when thick, anomalous interference tints and incompleto leon,

j extinetion, Cun.\n{
Now
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