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EXPERIMENTS ON THE HYDROTHERMAL FORMATION OF
CALCIUM ZEOLITES
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Abstract—The crystallization of calcium zeolites was carried out in an open hydrothermal system at 100°-
250°C, using reactants that in nature are known to alter to calcium zeolites and 0.1 N CaCl,, 0.01 N CaCl,,
and 0.01 N CaCl, + 0.01 N NaOH (1:1) solutions. The following calcium zeolites were identified by X-ray
powder diffraction:

Rhyolitic glass: heulandite, phillipsite, epistilbite, wairakite;
Basaltic glass: phillipsite, scolecite, wairakite, levynite;
Nepheline: thomsonite, wairakite, gismondine;

Oligoclase: heulandite, phillipsite, wairakite.

Factors that influenced the type of zeolite formed were: Si/Al ratio of the starting material, calcium/alkali
ratio of the starting material, calcium activity of the reacting solution, presence of an open alteration system,
and temperature. The Si/Al ratio of the starting material was of special importance in that zeolites formed
with Si/Al ratios similar to or smaller than that of the parent material. The calcium/alkali ratio of the starting
material also influenced the kind of the early alteration products in the open system. As alteration pro-
gressed, the importance of the starting material decreased. The importance of the calcium activity of the
reacting solution and the influence of the open system increased as alteration proceeded. Because of mass
transfer during alteration in the open system, the calcium content of the minerals formed increased, while
their Si/Al ratio decreased. Temperature was especially effective during prolonged alteration, in that the
higher the alteration temperature the smaller was the H,O content of the alteration product. Initially, H,O-
rich zeolites formed transitorily at higher temperatures.
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INTRODUCTION Scolecite. Scolecite, Cagl(AlO5)o(SiOy)s,l - 24H,0, is

Hydrothermally formed zeolites found in nature are  known primarily from basic volcanic rocks. Sukhes-

usually either calcium or sodium varieties. The most wala et al. (1974) observed scolecite in the Deccan

abundant calcium zeolites in such environments are Traps and believed that vitric material in the rock was

wairakite, scolecite, mesolite, thomsonite, heulandite, important for the formation of this zeolite. Scolecite

stilbite, gismondine, epistilbite, chabazite, levynite, was also found in basaltic flows and vitric rocks of Ice-
and laumontite. In addition, Ca-rich varieties of phil- land (Kristmannsdottir and Tomasson, 1978).

lipsite and clinoptilolite must be considered. Thomsonite. Thomsonite, Na,Cay[(AlO,)s,

Zeolite occurrences (5i0,)] - 24H,0, is usually found in amygdules in ba-
saltic rocks. It has also been observed in alkaline ig-
neous rocks. Leyerzapf (1978) described thomsonite
from cavities in a nepheline basalt near Darmstadt,
Germany, whereas Meixner et al. (1956) found thom-
sonite pseudomorphic after nepheline in a nepheline
basanite of Kloch, Styria, Austria.

The parent material of zeolites is commonly volcanic
glass (rhyolitic or basaltic), nepheline, or plagioclase
feldspar. Although a definite precursor relationship be-
tween a given starting material and a particular zeolite
cannot yet be established, certain zeolites appear to be
more commonly related to one parent material than to
others. Clinoptilolite. Clinoptilolite, Nag[(AlO,)(Si0y)50]"
Wairakite. Wairakite, Cag[(AlOy);s(SiOg)l- 16H,0, 24H20, is found in igneous rocl$s, rgamly in vitric vugs.

) f Wise et al. (1969) observed this mineral near Agoura,
has been observed as an alteration product of plagio- . C e . .
. . . California, in cavities in a brecciated porphyritic an-
clase, e.g., at Wairakei, New Zealand, and at Ohaki- desite composed of plagioclase and hypersthene set i
Broadlands, New Zealand (Steiner, 1955, 1968; P plag yp e setin

Browne and Ellis, 1970). At Wairakei it is also present anll::) S;-Srtlgsegg);?:rgisgrin It-;lsng;) 1:1:1 (I;J/f:f;(:r }(31a 98718;
in the rhyolitic vitric groundmass (Steiner, 1968). Krist- ’

mannsdottir and Tomasson (1978) described wairakite found obsidian altered mainly to clinoptilolite.
in basaltic vitric rocks of Iceland. Heulandite. Heulandite, Ca,[(AlO,)4(Si0,),s]24H,0,
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is a common mineral in cavities in basalt and is also
found in andesite and diabase (Deer et al., 1963, p. 383).
Plagioclase is the most probable parent material.

Laumontite. Laumontite, Ca,[(Al0,)4(Si0;)¢] - 16H,0,
is mostly found in plagioclase-containing rocks. Alker
(1974) observed the alteration of plagioclase to lau-
montite in amphibolite and biotite gneiss from the
Gleinalm Gallery, Styria, Austria. It has also been
found as a large-scale replacement product of vitric
tuffs in Southland, New Zealand (Coombs, 1952).

Mesolite. Mesolite, Na,Ca,6l(AlO,)4(Si0,),,] - 64H,0,
usually occurs in basaltic rocks (Deer et al., 1964, p.
375).

Stilbite. Stilbite, Na,Ca,[(AlO,);o(Si0;).6]-32H,0, is
found in amygdules and in cavities in basalts and many
other volcanic rocks (Deer et al., 1964, p. 384; Troger,
1967, p. 785).

Epistilbite. Epistilbite, Ca;[(AlO,)5(Si0,),]- 12H,0,
occurs in basaltic and andesitic rocks (Troger, 1967, p.
784; Galli and Rinaldi, 1974).

Gismondine. Gismondine, Ca,[(AlO,)s(Si0,)s]- 16H,0,
is a rare zeolite that has been found in basaltic lavas
together with thomsonite and phillipsite. Heritsch
(1965a) described gismondine in a nephelinite from
Stradner Kogel, Styria, Austria.

Levynite. Levynite, Ca,l{AlO,)4(Si0,).2]- 18H,0, is a
typical mineral in vugs and cavities of basaltic rocks
(Troger, 1967, p. 214).

Chabazite. Chabazite, Ca,[(Al0O,)(SiO,)]-13H,0,
commonly occurs in basaltic rocks. Walker (1951) ob-
served it in cavities in the basaltic lavas of Garron Pla-
teau Area, Ireland, together with thomsonite and le-
vynite. Feldspar is the most likely source for these
minerals.

Phillipsite. Phillipsite, (K,Na);[(AlO,)5(Si0y),]- 10H,0,
is a common mineral in cavities of basaltic rocks. It also
occurs in alkaline rocks, such as phonolites and nephe-
line syenite (Troger, 1967, p. 788).

Formational factors

The hydrothermal formation of calcium zeolites is
influenced greatly by the chemical properties of these
minerals. The differences in calcium content, Si/Al ra-
tio, and H,O content suggest that their formation is re-
lated to the composition of the starting material, the
composition of the reaction solution (which can change
continuously in an open system), and temperature.
‘Most of the calcium zeolites have been synthesized
(Ames and Sand, 1958; Coombs et al., 1959; Koizumi
and Roy, 1960; Hawkins, 1967; Hawkins ef al., 1978;
Liou, 1970; Goto, 1977); however, artificial starting
materials have generally been used, and the experi-
ments were usually conducted in closed systems.
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The formation of calcium zeolites from Ca-free min-
erals, such as nepheline, and in Ca-poor rocks, such as
rhyolitic glass, indicates that these reactions need an
open system wherein calcium can be added and alkalies
can be removed. In addition, the formation of zeolites
with a Si/Al ratio different from that of the starting ma-
terial suggests that mass transport with respect to sili-
con and aluminum is also necessary.

Through the use of natural starting materials and an
open reaction system the present experiments were
designed to simulate the natural environment as closely
as possible. By varying the above factors the study
sought to determine the parameters that influence the
hydrothermal formation of calcium zeolites and to in-
vestigate the relationship between a given parent ma-
terial and a particular calcium zeolite product.

EXPERIMENTAL

The following materials were used: (1) rhyolitic glass
from Pleistocene Lake Tecopa, Inyo County, Califor-
nia (Sheppard and Gude, 1968); (2) basaltic glass from
Steinberg, Styria, Austria (Heritsch and Hiiller, 1975);
(3) oligoclase (~20% an) from Koralpe, Styria, Austria
(Heritsch, 1963, 1965b; Meixner, 1937); and (4) nephe-
line from Miask, Ilmen Mountain, U.S.S.R. One-half
gram of each material was pulverized! to less than 5 um
and heated at autogenous pressures in 25 ml of solution
that contained either 0.1 N CaCl,, 0.01 N CaCl, (pH ~
5), or 0.01 N CaCl, + 0.01 N NaOH (1:1) (pH ~ 10.5;.
The experiments were carried out in Teflon-coated
stainless steel vessels of ~70-ml capacity. An opensys-
tem was simulated in the following way: After a certain
period of time, the reaction was stopped and the solu-
tion was filtered off and renewed. This process was re-
peated several times. The time between the changes of
solution was 8 days at 250° and 200°C, and 20 days at
150° and 100°C.

The minerals were identified by means of X-ray pow-
der diffraction (XRD). Typical XRD patterns of the cal-
cium zeolites formed are given in the following section.
Scanning electron micrographs (SEM) were made with
a Cambridge Stereoscan Mark 2 A instrument.

RESULTS AND DISCUSSION

The experimental results are listed in Tables 1-4. The
calcium zeolites, heulandite, phillipsite, epistilbite, and
wairakite, formed from rhyolitic glass under the con-
ditions indicated (Table 1); basaltic glass reacted to
form phillipsite, scolecite, wairakite, and levynite (Ta-
bie 2); oligoclase reacted to form heulandite, phillipsite,
and wairakite (Table 3); and nepheline reacted to form
thomsonite, wairakite, and gismondine (Table 4).

1 Because the experiments were performed on pulverized
starting materials, dissolution rates, and thus alteration rates,
were probably faster than those that would be expected in na-
ture.
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Mineral formation from rhyolitic glass in an open system.!

Time

(days) 0.1 N CaCl,
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0.01 N CaCl, 0.01 N NaOH
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! Change of solution after every 8 days at 250° and 200°C; after every 20 days at 150°C. — = No mineral formation; H =

Heulandite; Ep = Epistilbite; W = Wairakite; A = Analcime;

Ph = Phillipsite; Pf = Potash feldspar; X = Hexagonal an-

orthite; Mo = Montmorillonite. Traces of a mineral are marked by (). Quantitatively prevailing minerals are in italics.

A comparison of the formation of calcium zeolites
from crystalline and vitric starting materials shows that
under those conditions minerals (oligoclase and nephe-
line) were altered to calcium zeolites as quickly and
easily as were vitric substances. At low temperatures
the alteration of rhyolitic glass was even slower than
that of the crystalline minerals investigated. A fur.her
result of the experimental investigations is that some
calcium zeolites formed preferably from a certain start-
ing material, whereas others depended less on the type
of parent material. Epistilbite, levynite, scolecite,
thomsonite, and gismondine belong to the first group.

Epistilbite

Epistilbite formed in the experiments from rhyolitic
glass only (Table 1). In natural environments epistilbite
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occurs in basaltic rocks, but there is no definite clue as
to which of the basalt components is the parent mate-
rial. In the experiments epistilbite occurred at higher
temperatures, 200°~250°C. The formation of epistilbite
required solutions with higher calcium activity and fre-
quent changes of solution. The XRD pattern of the
epistilbite product is shown in Figure la (formation
conditions: T = 250°C; solution = 0.1 N CaCl,).

Levynite and scolecite

Levynite and scolecite, silica-poor zeolites, formed
only from basaltic glass in the experiments (Table 2).
In the natural environment both zeolites occur mainly
in basic volcanic rocks, where it is presumed that a vit-
ric component is important for the formation of scol-
ecite. The experiments confirmed their formation from
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Table 2. Mineral formation from basalitic glass in an open system.’

Time 0.01 N CaCl, +
(days) 0.1 N CaCl, 0.01 N CaCl, 0.01 N NaOH
8 (Ph),(A/W) A A, (M)
16 w A A, (M)
24 w A/W A,(M)
32 w AW A, (M)
40 W, (An) w A,(M),Pl
48 W, (An) w A,(M),Pi
56 W,(An) W, (An)
250°C 64 W, (An) W, (An)
72 W, (An) W, (An)
80 W, An W, (An)
88 W, An W, An
96 W, An W, An
104 W, An W, An
112 W, An W, An
120 W, An W, An
8 — (Ph), A A
16 Ph A A
24 Ph, Sc A A
32 Ph, Sc A A
40 Ph, Sc A/W A, (Sc)
48 Ph, Sc A/W, Sc A, (S¢)
56 Ph, Sc A/W, Sc A, (Sc)
o 64 Ph, Sc A/W, Sc A, (S¢)
200°C 7 Ph, Sc W, Sc
80 (Ph) Sc W, Sc
88 Sc W, Sc
96 Sc W, Sc
104 Sc W, Sc
112 Sc W, Sc
120 Sc W (Sc)
128 Sc w
20 Ph A, Ph Ph
40 Ph A, Ph A, Ph
60 Ph A, Ph A, Ph
80 Ph A, Ph A, Ph
100 Ph Ph A, Ph
150°C 120 Ph Ph A, Ph
140 Ph Ph A, Ph
160 Ph Ph A, Ph
180 Ph Ph
200 Ph, (Mo) Ph
220 Ph, (Mo) Ph
20 —_ — —
40 — — —
60 — — —
80 — — —_
o 100 —_ — —
100°C 120 _ _ .
140 _ — —
160 — — —
180 (Le) (Le)
200 Le Le
1 Change of solution after every 8 days at 250° and 200°C; after every 20 days at 150° and 100°C. — = No mineral formation;

Ph = Phillipsite; Sc = Scolecite; Le = Levynite; W = Wairakite; A = Analcime; An = Anorthite; Pl = Plagioclase; Mo =
Montmorillonite; M = Mica mineral. Traces of a mineral are marked by (). Quantitatively prevailing minerals are in italics.

basaltic glass. Scolecite formed at higher temperatures  shows the XRD pattern of the experimentally formed
(200°C) and was the main alteration product when the  scolecite (formation conditions: T = 200°C; solution ==
reaction solution was rich in calcium. However, scol- 0.1 N CaCl,). Figure 2 shows the characteristic pris-
ecite was not the first alteration product; it appeared matic habit of scolecite (Strunz and Weiner, 1978).

to form partly from earlier formed phillipsite. Figure 1b As might be expected from its high H,O content, le-
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Table 3. Mineral formation from oligoclase in an open sys- Table 4. Mineral formation from nepheline in an open sys-
tem.! tem.!
Time Time
(days) 0.1 N CaCl, 0.01 N CaCl, (days) 0.1 N CaCl, 0.0t N CaCl,
8 (Mo) Mo 8 A, Th, X A,(Th)
16 Mo, H Mo 16 (A), X, “Ne” A, Th, M
24 Mo, H Mo 24 X A, Th, M
32 Mo, H, (W) Mo 32 X A, Th, M, “Ne”
40 Mo, H, (W) Mo, (W) 40 X A, Th, M
48 Mo, H, (W) Mo, (W) 250°C 48 AW, Th, X, M
56 Mo, H, W Mo, (W) 56 AW, X, M
250°C 64 Mo, H, W Mo, (W) 64 W, X, M
72 Mo, H, W Mo, (W) 72 X, M
80 Mo, W Mo, (W) 80 X, M
88 Mo, W Mo, (W) 88 X, M
96 Mo (W) Mo 96 X, M
104 Mo, An :n 8 Th A, Th
112 An n 16 Th, “Ne” A, Th
120 An 24 Th A, Th
128 An 3 Th A, Th
8 — (Mo) 40 Th A, Th, “Ne”
16 (Mo), Ph (Mo), (Ph) 48 Th A, Th
24 (Mo), Ph (Mo), (Ph) 56 Th (A), Th
32 (Mo), Ph Mo, Ph 200°C 64 Th, X (A), Th
40 (Mo), Ph Mo, Ph 72 Th, X (A), Th, (M)
48 (Mo), Ph Mo, Ph 80 Th, X Th, (M)
56 (Mo), Ph Mo, Ph 88 Th, X Th, (M)
200°C 64 Mo, Ph Mo, Ph 96 Th, X Th, (M)
72 Mo, Ph Mo, Ph 104 Th, (M)
80 Mo, Ph Mo, Ph 112 Th, (M)
88 Mo, Ph Mo, Ph 120 Th, (M)
96 Mo, Ph Mo, (Ph) 20 Th A, (Th)
o4 Mo, Ph Mo 40 Th, “Ne” A, Th
112 Mo, Ph Mo, (An) 60 Th7 A’ Th
120 Mo, Ph Mo, (An) 80 Th A, Th
128 Mo, Ph Mo, (An) 100 Th A. Th,“*Ne”
20 — —_ o 120 Th Th
40 — — 0C 140 Th Th
60 (Mo) (Mo), Ph 160 Th Th
80 (Mo), Ph (Mo), Ph 180 Th Th
100 (Mo), Ph (Mo), Ph 200 Th Th
150°C 120 (Mo), Ph Mo, Ph 220 Th Th
140 (Mo), Ph Mo, Ph 240 Th Th
160 Mo, Ph Mo, Ph
180 Mo, Ph Mo, Ph = © S
200 Mo, Ph Mo, Ph 60 G G)
220 Mo, Ph Mo, Ph 80 G G
240 Mo, Ph Mo, Ph 100°C 100 G G
] . N . 120 G G
Change of solution after every 8 days at 250° and 200°C; 140 G G
after every 20 days at 150°C. — = No mine]'al formation; 160 G G
H = Heulandite; Ph = Phillipsite; W = Wairakite; An = 180 G, (Ne) G

Anorthite; Mo = Montmorillonite. Traces of a mineral are
marked by (). Quantitatively prevailing minerals are in ital-
ics.

vynite formed at low temperatures (100°C) by the re-
action of calcium solutions after frequent changes of
solution. Its XRD pattern (Figure 1c) shows all of its
characteristic peaks (formation conditions: T = 100°C;
solution = 0.1 N CaCl,).

Thomsonite and gismondine

Thomsonite and gismondine, SiO,-poor zeolites,
were formed by the alteration of nepheline (Table 4).

https://doi.org/10.1346/CCMN.1981.0290302 Published online by Cambridge University Press

t Change of solution after every 8 days at 250° and 200°C;
after every 20 days at 150° and 100°C. — = No mineral for-
mation; Th = Thomsonite; G = Gismodine; A = Analcime;
W = Wairakite; X = Hexagonal anorthite; M = Mica min-
eral; “‘Ne’” = Nepheline completely altered. Traces of a min-
eral are marked by (). Quantitatively prevailing minerals are
in italics.

Thomsonite formed from nepheline at temperatures
above 100°C. In the lower temperature range, thom-
sonite existed even after the complete alteration of
nepheline. At higher temperatures, thomsonite altered
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Figure 1. X-ray powder diffraction patterns of zeolites formed experimentally by hydrothermal alteration in an open system
(Cuka radiation). (a) epistilbite, (b) scolecite, (c) levynite, (d) thomsonite, (¢) gismondine, (f) phillipsite, (g) nevlandite,
(h) oligoclase partly altered to nevlandite, wairakite, and montmorillonite, (i) wairakite.
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Scanning electron micrograph of scolecite formed
by the experimental hydrothermal alteration of basaltic glass
in open system (T = 200°C; solution = 0.1 N CaCl,).

Figure 2.

rather quickly to a more Ca-rich and H,O-poor mineral,
depending on the calcium activity of the solution. Fig-
ure 1d shows the XRD pattern of thomsonite formed
from nepheline (formation conditions: T = 200°C; so-
lution = 0.01 N CaCl,). The SEM (Figure 3) shows the
typical prismatic form of thomsenite like that from vugs
and amygdules (Leyerzapf, 1978).

Gismondine formed at low temperatures (100°C)
only, directly from nepheline. Figure le shows the
XRD pattern of gismondine (formation conditions: T =
100°C; solution = 0.1 N CaCl,). Figure 4 shows gis-
mondine in its characteristic pseudooctahedral form
(Strunz and Weiner, 1978).

Phillipsite, heulandite, and wairakite are calcium
zeolites, that formed from different starting materials.

Phillipsite

Phillipsite crystallized during the experimental alter-
ation of rhyolitic glass, basaltic glass, and oligoclase at
temperatures below 250°C. Previously, Wirsching
(1976, 1979) found that phillipsite formed at the same
temperatures in experiments with sodium and potas-
sium solutions. From experiments on the hydrothermal
stability and interconversion of zeolites, Hoss and Roy
(1960) reported that Ca-phillipsite altered to wairakite
at 250°C.

The direct experimental formation of phillipsite from
a SiO,-rich starting material, such as rhyolitic glass, is
noteworthy (Table 1). A zeolite richer in SiO,, such as
mordenite, clinoptilolite, heulandite, or epistilbite,
might be expected depending on the kind and the con-
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. peamis ]
1pm
Scanning electron micrograph of thomsonite

formed by the experimental hydrothermal alteration of nephe-
line in open system (T = 200°C; solution = 0.01 N CaCl,).

Figure 3.

centration of the reacting solution; however, Hawkins
et al. (1978) found that phillipsite grew more quickly
than clinoptilolite or mordenite. The early formation of
phillipsite can be explained as follows: during the re-
action of strongly alkaline solutions with rhyolitic glass,
the ratio of aluminum to silicon going into the solution
is higher than that of the glass from which these ele-
ments were derived (Mariner and Surdam, 1970). The
higher Al/Si ratio favors the formation of phillipsite.
This theory conforms to the experimental results: in the
reaction with CaCl,-solutions (pH ~ 5), a small amount
of phillipsite was observed, whereas with 0.01 N NaOH
(pH ~ 10.5), a greater amount was observed (Wirsch-
ing, 1976). With increasing time of alteration, heu-
landite, epistilbite, or mordenite were formed depend-
ing on the solution composition.

Phillipsite is the predominant alteration product of
basaltic glass at 150°C (Table 2). Depending on the cal-
cium activity and the calcium/sodium ratio of the
solution, phillipsite formed alone or with analcime. At
higher temperatures phillipsite was formed with scol-
ecite during a long time of reaction in calcium-rich so-
lutions. With an increasing number of changes of so-
lution, the ratio of phillipsite to scolecite shifted
towards scolecite.

Phillipsite was the main alteration product of oligo-
clase in calcium solutions at temperatures below 250°C
(Table 3), where it formed with montmorillonite. Figure
1f shows the XRD pattern of phillipsite formed by the
experimental alteration of oligoclase (formation con-
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Figure 4. Scanning electron micrograph of gismondine
formed by the experimental hydrothermal alteration of nephe-
line in open system (T = 100°C; solution = 0.1 N CaCl,).

ditions: T = 200°C; solution = 0.1 N CaCl,). Figure 5
shows the typical prismatic crystals.

Heulandite

Heulandite formed in the experiments from rhyolitic
glass and oligoclase. From rhyolitic glass heulandite
formed especially in solutions of low calcium activity
(0.01 N CaCl,; 0.01 N CaCl, + 0.01 N NaOH) at tem-
peratures between 150° and 250°C (Table 1). At higher
temperatures (250°C) the mineral formed in the first
stages of alteration directly from the rhyolitic glass. An
increasing number of changes of solution, i.e., the in-
creasing addition of calcium, caused the alteration of
heulandite to wairakite, thereby requiring a removal of
silicon. Furthermore, one can assume that at 250°C
heulandite was only a transitory mineral because of its
high H,O content. At lower temperatures, however,
heulandite was not the first alteration product but
formed after phillipsite. Thus, zeolite formation does
not necessarily start with the mineral having the highest
SiQ, content. Direct alteration of rhyolitic glass to heu-
landite, however, is possible at later stages of altera-
tion.

Figure ig shows the XRD pattern of heulandite
formed from rhyolitic glass (T = 250°C; solution =
0.01 N CaCl,). The intensities of the peaks, especially
those of the 020 peak at ~9.9°2¢ and the 400 peak at
~22.4°29, suggested that this mineral is clinoptilolite
(cf. Mumpton, 1960). Heating tests, however, showed
that it is heulandite: after heating to 500°C for 15 hr and
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Figure 5. Scanning electron micrograph of phillipsite formed
by the experimental hydrothermal alteration of oligoclase in
open system (T = 200°C; solution = 0.1 N CaCl,).

subsequent cooling to room temperature all the reflec-
tions, including the 020 peak at ~9.9°24, of the original
phase had disappeared, whereas the 020 reflection at
~10.8°2¢ of the contracted phase B was observed
(Boles, 1972; Alietti, 1972). The intensity of this peak
decreased after heating to 550°C (15 hr) and disap-
peared completely after heating to 600°C (15 hr). Figure
6 shows heulandite formed from rhyolitic glass.

Heulandite crystallized directly from oligoclase by
reaction with calcium-rich solutions at high tempera-
tures (250°C) (Table 3). With prolonged reaction it was
associated with wairakite and montmorillonite. With
frequent changes of solution it altered to wairakite as
aresult of both the permanent addition of calcium and
the high temperature favoring the formation of a Ca-
rich and a H,O-poorer zeolite, wairakite, with increas-
ing time of reaction. Figure 1h shows the XRD pattern
of the starting material, oligoclase, partly altered to
heulandite, wairakite, and montmorillonite (formation
conditions: T = 250°C; solution = 0.1 N CaCl,). In
contrast to the XRD pattern of heulandite formed from
rhyolitic glass the 020 peak at ~9.9°2¢ is the only main
peak in the XRD pattern of this heulandite. This was
also confirmed by heating tests (to 500°, 550°, 600°C for
15 hr each) showing the same changes of the XRD pat-
tern as that observed for heulandite formed from rhyo-
litic glass.

Wairakite

Wairakite formed by the alteration of all starting ma-
terials at high temperatures. In the reaction of rhyolitic
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Figure 6. Scanning electron micrograph of heulandite
formed by the experimental hydrothermal alteration of rhyo-
litic glass in open system (T = 250°C; solution = 0.01 N
CaCly).

glass with calcium solutions, wairakite formed in ad-
vanced stages of alteration only (Table 1), where its for-
mation required not only addition of calcium but also
aremoval of silicon. Wairakite formed mostly from the
early, SiO,-richer alteration products heulandite and
epistilbite. In the Na- and Ca-containing solution, wai-
rakite formed with analcime. The product may be an
intermediate mineral of the analcime-wairakite series
(Harada et al., 1972). From basaltic glass, wairakite
formed only by reaction with pure calcium solutions
(Table 2). At high calcium activity it formed directly
from the glass; at lower calcium activity analcime
formed first and altered to wairakite through the per-
manent addition of calcium.

Figure 1i shows the XRD pattern of wairakite formed
by the direct alteration of basaltic glass with 0.1 N
CaCl, at 250°C. It has the characteristic 200 peak at
~13°29, the 400 and 004 peaks at 26.1° and 26.3°24, and
the 332 and 331 peak between 30.7° and 30.9°24. By this
pattern wairakite can clearly be distinguished from
analcime (Coombs, 1955). According to Harada et al.
(1972), the separation of the 400 and 004 peaks is char-
acteristic of monoclinic wairakite. The SEM of wai-
rakite is shown in Figure 7.

Although wairakite formed partly from the earlier
formed heulandite, its formation from oligoclase need-
ed a reacting solution with high calcium activity (Table
3). Formation of wairakite by the alteration of nephe-
line is of minor importance. It was not a direct alteration
product but was formed after the complete alteration
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Figure 7. Scanning electron micrograph of wairakite formed
by the experimental hydrothermal alteration of basaltic glass
in open system (T = 250°C; solution = 0.1 N CaCl,).

of nepheline to analcime, thomsonite, and a mica min-
eral (Table 4). Thus, it can be assumed to have formed
mainly from analcime.

Analcime

In addition to the formation of calcium zeolites,
analcime was formed in some runs from rhyolitic glass,
basaltic glass, and nepheline. The formation of anal-
cime from rhyolitic glass in an open system requires the
addition of sodium from the solution. From basaltic
glass and nepheline, analcime formed mainly by reac-
tion with Na- and Ca-containing solutions, although it
was noted in some runs of the pure calcium solution if
the calcium activity was sufficiently small. In the latter
case, analcime formed only if enough sodium had en-
tered the solution from the starting material. When the
Na/Ca ratio of the active solution became too small be-
cause of the addition of calcium and/or the removal of
sodium, analcime altered to a calcium zeolite.

In addition to zeolites, feldspars, including potash
feldspar, anorthite, and hexagonal anorthite, were
formed at high temperatures.

Potash feldspar

Potassium-rich alkali feldspar formed by the hydro-
thermal alteration of rhyolitic glass at 250°C in accor-
dance with a natural occurrence at Wairakei, New Zea-
land (Steiner, 1970). Its formation depended on the K/
Na ratio as well as the K/Ca ratio of the active solution.
Because in these experiments the starting material was
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the only source of potassium, K-feldspar formed only
if the reacting solution was relatively poor in sodium
and calcium. The K/Na and K/Ca ratios decreased with
increasing number of changes of solution. Furthermore
the SiO, activity of the solution was highest at the be-
ginning of alteration. With advancing alteration the
SiO, activity decreased, as can be seen from the for-
mation of minerals which were increasing poor in SiO,.
Therefore, potash feldspar was only observed at the
beginning of alteration as a direct alteration product of
rhyolitic glass (Table 1).

Hexagonal anorthite

In contrast to potash feldspar, hexagonal anorthite
did not form directly from the rhyolitic glass; rather, it
formed from the earlier formed zeolites by the addition
of calcium and the removal of silicon (Table 1). For-
mation of hexagonal anorthite from nepheline (Table 4)
depended on the calcium activity of the reacting solu-
tion and on the temperature. It formed either directly
from nepheline (0.1 N CaCl,, 250°C) or from the earlier
formed thomsonite (0.1 N CaCl,, 200°C; 0.01 N CaCl,,
250°C).

Anorthite

Anorthite was formed from eartier wairakite (Table
2) as an alteration product of basaltic glass on reaction
with calcium solution. Much less mass transfer was
needed to change the Si/Al ratio of the basaltic glass to
that of anorthite than in the case of rhyolitic glass.
Therefore, anorthite formed from basaltic glass at an
earlier stage of alteration than did hexagonal anorthite
from rhyolitic glass. The formation of plagioclase feld-
spar was observed in the reaction of basaltic glass with
Na- and Ca-containing solution. The final product of the
alteration of oligoclase with calcium solutions at 250°C
was anorthite (Table 3).

Montmorillonite

Montmorillonite formed by the alteration of rhyolitic
glass only in pure CaCl, solution. A relatively large
amount of montmorillonite was observed at an altera-
tion temperature of 200°C at the end of the experimental
runs. At lower temperature only a small amount was
found (Table 1). Montmorillonite was an important al-
teration product of oligoclase (Table 3) along with zeo-
lites at low temperatures, and at the end of the exper-
iments it represented about 309 by weight of the
products.

Comparison with natural zeolite assemblages

From the above results it seems that the experimental
formation of calcium zeolites corresponds well with
their natural occurrence insofar as the parent material
of natural zeolites is known. The experimental forma-
tion of epistilbite from rhyolitic glass is contrary to nat-
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ural occurrences where it generally forms in basaltic
rocks.

Variation of pH during alteration

During the alteration of rhyolitic glass and oligoclase
with 0.1 N and 0.01 N CaCl, (pH ~ 5), no change in pH
took place. During reaction of nepheline with 0.1 N
Ca(l,, pH remained nearly constant as well. When 0.01
N CaCl, reacted with nepheline, between 150° and
250°C, the alkalies from the nepheline caused the pH
to rise to about 9-10. When nepheline was completely
altered, the pH dropped abruptly to 6-7. At an altera-
tion temperature of 100°C, the pH rose only to 6-7,
probably because of the slow reaction. After a few
changes of solution the pH maintained a value of ~5
despite the presence of nepheline.

During the alteration of basaltic glass with 0.1 N
CaCl,, the pH remained nearly constant. With 0.01 N
CaCl, the pH was between 7 and 10 during the first
changes of solution, but soon reached values of ~6 and
finally ~5. During the reaction of 0.01 N CaCl, + 0.01
N NaOH (1:1), pH ~ 10.5, with rhyolitic glass the pH
values were between 6 and 7 at 250°C and between 6
and 8 at 200° and 150°C. During the reaction of this so-
lution with basaltic glass the pH dropped less: at 250°C
the pH was ~9 after the first reaction. After further
changes of solution, values of about 7 were reached; at
200°, 150°, and 100°C the pH dropped from ~10 to 8.5~
9. These results show that the formation of zeolites
does not necessarily require a high pH as long as the
calcium activity or alkali activity is high in the active
solution.

CONCLUSIONS

A comparison of the mineral formation from the dif-
ferent starting materials by alteration in an open system
gives the following results:

(1) The composition of the starting material, espe-
cially the Si/Al ratio, determined the type of zeolite
formed with respect to the Si/Al (cf. Boles, 1977). This
parameter was most important during the first stages of
alteration. Usually an alteration product formed with
a Si/Al ratio similar to or less than that of the starting
material. As alteration proceeded, the minerals being
formed became poorer in Si0,, suggesting that desili-
fication took place with continued reaction.

The formation of analcime (which has twice the Si/
Al ratio of nepheline) during the initial alteration of
nepheline was an exception that required the removal
of aluminum. The Si/Al ratios of all other sodium zeo-
lites are equal to or greater than that of analcime, with
the exception of natrolite which did not form in this spe-
cial system. Previous experiments showed that natro-
lite forms at low temperatures in a sodium-rich envi-
ronment (Wirsching, 1979).

The formation of phillipsite from rhyolitic glass be-
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fore the formation of silica-richer zeolites was another
exception that can be explained by the greater forma-
tion rate of phillipsite. The alkali/calcium ratio of the
starting material may also have influenced the reaction
product during the early stages of alteration if the re-
acting solution had a low concentration of these cat-
ions.

(2) Alteration in open system with Ca-rich reactant
solutions led to products increasingly rich in calcium.
At the beginning of alteration both the Na/Ca ratio of
the starting material and the calcium activity of the
reactant solution determined whether a pure alkali min-
eral or a pure calcium mineral formed or whether a
mineral containing alkalies as well as calcium was the
results. With advancing alteration the influence of the
composition of the reacting solution became predomi-
nant. When calcium was added continually, pure alkali
minerals and alkali-calcium-containing minerals were
replaced by calcium minerals. During the last stage of
alteration the mineral with the highest possible calcium
content was formed, i.e., anorthite or hexagonal an-
orthite at higher temperature.

(3) The successions of the calcium minerals charac-
terized by an increase in calcium and, simultaneously,
by a decrease in SiO, suggest that the kind of calcium
zeolites being formed depends strongly on the presence
of an open system, i.e., on the possibility of addition
and/or removal of material. The large variation in Si/Al
ratio of the minerals formed during the alteration in an
open system means that the minerals formed in an ad-
vanced state give no clue as to their parent materials.
A particular calcium zeolite may form from very dif-
ferent starting materials. Furthermore it is difficult to
ascertain the state of alteration from the particular min-
eral being formed because it may form at very different
stages depending on the composition of the starting
material and the composition of the solution.

(4) The H,O content of the alteration products in-
creased with decreasing temperature in accordance
with natural occurrences (Coombs et al., 1959). At the
beginning of aiteration at high temperatures, H,O-rich
zeolites occurred transitorily.

(5) Concerning the importance of the principal vari-
ables (Si/Al ratio and alkali/calcium ratio of the starting
material, calcium activity of the reacting solution, open
alteration system, temperature), each is equally impor-
tant in determining the reaction product in the early
stages of alteration. As alteration progressed, the influ-
ence of starting material composition decreased. The
calcium activity of the reactant solution and the influ-
ence of the open system, on the other hand, became
increasingly important as alteration proceeded. The
effect of temperature increased with increasing time of
alteration. Also, H,0O-rich transitory minerals altered
to minerals with a H,O content more closely in accord
with temperature.
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The great variety of the calcium zeolites which show
chemical or structural similarity to each other suggests,
however, that there are further factors, in addition to
those discussed, which determine paragenesis.
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Pesiome—KpuCTanin3anus KOJbLUAEBBIX LEOJNHTOB HPOBOAMNACL B OTKDBITOH IMIPOrepMHIECKOH
cucTeMe B AManazoHe Temmeparyp 100-250°C. Mcnosp3osamicek peakimorHbIe pacTBopbl 0,1 N CaCly,
0,01 N CaCl,, n 0,01 N CaCl, + 0,01 N NaOH (1:1) n ucxogHbsie MaTepnajbl, O KOTOPBIX M3BECTHO,
YTO B IPUPOJIE OHH MOTYT BHIOM3MEHUTHCS B KaJIbIUEBbIE LEOIATHI. I1yTEM PEHTIEHOBCKOH NOPOLIKOBO#
IMpaKuMK CEAyIOUIMe KaJIbLMEBble NEONMUTs! GbUIH MIeHTH(HUUHMPOBAHE! KaK NPOJYKTbl pEaKuuu:

PeoMTOBOE CTEKJIO: refinaHanT, GUIMICUT, STHCTHILYAT, BAHPaKuT;
Ba3ankToBOE CTEKJIO: (PUJLUTHIICAT, CKOJICIIUT, BAHpAKHT, JICBHH;
HenaiuH: TOMCOHHT, BalipakHT, THCMOHIHH;

OnUroknas: reHIasinT, PUUTMICHT, BAaHPAKHUT.

Crrenyoiyie (baKTOPb] BIASIOT Ha THI (POPMAPOBAHHOTO HEOJUTA: COOTHOIEEAE SI/Al H COOTHOIEH E
KaJIbUMI/IeI0ub HCXOAHOTO MaTepHala; KajlblHeBasi aKTHBHOCTh PEaKUHOHHBIX DACTBOPOB H TeMIle-
parypa. CooTHomenne Si/Al mcxogHOTO MaTepHasa sBJseTCs 0COOeHHO 3HaumTenbHbM. Ha mepsbix
3Tanax BHIOM3MEHEHHs, OHO BJIMSAET Ha THN (OPMHUDYIOIIETOCS LEOJHTa; €CH BO3MOXHO ¢opMu-
PYIOLIMACS LEOJUT UMEET COOTHOIIEHNE Si/Al MoxoXKee HAM MEHbLIEE, YEM €ro BeJMYHHA B HCXONHOM
MaTepuajie. B OTKpHITOH CHCTEME COOTHOLIEHHE KaNbLMH/IIEN0Yb HCXOJHOTO MaTepraa BIMsACT TaKxKe
Ha THO HadalbHbIX NPOAYKTOR peakuuu. Bo BpeMs mpouecca 3Ha4YeHHe HCXOJHOTO MaTepHasa
YMEHbILAETCS, 4 3HAYEHHE AKTMBHOCTH KaNblsi B PACTBOpE M BJIHMAHHE OTKPBITOH CHCTEMBl YBEJIHYH-
BarTCs. BelencTBue BO3HOXKHOCTH NIEPEHOCA MACChl BO BpeMsi peaklMu B oTKpeIToit cucTeMe, coaep-
JKaHMe KaNblUsi B (POPMUPOBAHHBLIX MHHEpAJIaxX BO3PACTAET, B TO BpeMs Kak cooTomende Si/Al yMeHb-
waeTcs. BrnusHMe TeMmnepaTyphl OCOGEHHO NpPOSBJISETCS [pH JIMTEILHOM BpeMeHu peakuuu. Hem
BbllIE TEMNEpaTypa peakily¥, TeM MeHbile coaepxXaane H,O B NpojyKTax peakuud. B HauanbHOR
daze popmuposanns MuHepasos, H,O-6orarbie EOJHTHI MOTYT CO31aBaTh GLICTPONEPEMEHHbIE ¢opmbi
npu noesleHHbIX TeMnepartypax. [E.C.]
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Resiimee—Experimente zur Bildung von Calcium-Zeolithen wurden in einem offenen hydrothermalen Sys-
tem im Temperaturbereich 100°-250°C durchgefiihrt, wobei Ausgangssubstanzen verwendet wurden, die
auch in der Natur die Umwandlung in Calcium-Zeolithe zeigen. Die einwirkenden Losungen waren 0,1 N
CaCl,, 0,01 N CaCl,, und 0,01 N CaCl, + 0,01 N NaOH (1:1).

Folgende Calcium-Zeolithe wurden mittels Rontgenpulverdiffraktometrie identifiziert:

Rhyolith-Glas: Heulandit, Phillipsit, Epistilbit, Wairakit;
Basalt-Glas: Phillipsit, Skolezit, Wairakit, Levynit;
Nephelin: Thomsonit, Wairakit, Gismondin;

Oligoklas: Heulandit, Phillipsit, Wairakit.

Die Faktoren, die bestimmen, welcher Zeolith gebildet wird, waren: das Si/Al-Verhaltnis und Calcium/
Alkali-Verhaltnis des Ausgangsmaterials, die Calcium-Aktivitat der einwirkenden Losung, das offene Sys-
tem und die Temperatur. Das Si/Al-Verhéltnis des Ausgangsmaterials war von besonderer Bedeutung, da
sich Zeolithe bildeten, die ein &hnliches oder kleineres Si/Al-Verhiltnis als das Ausgangsmaterial hatten.
Das Calcium/Alkali-Verhaltnis der Ausgangssubstanz hatte ebenfalls einen Einfluf auf die ersten Um-
wandlungsprodukte bei einer Umwandlung im offenen System. Mit fortschreitender Umwandlung nahm
der EinfluB des Ausgangsmaterials ab, die Calcium-Aktivitét der einwirkenden Losung und der Einflu des
offenen Systems nahm dagegen an Bedeutung zu. Aufgrund des Stofftransportes wihrend einer Um-
wandlung im offenen System nahm der Calcium-Gehalt der gebildeten Minerale zu, wihrend ihr Si/Al-
Verhiltnis abnahm. Die Temperatur wirkte sich vor allem bei langen Umwandlungszeiten aus, wobei der
H,0-Gehalt der Umwandlungsprodukte umso kleiner war je hoher die Umwandlungstemperatur war. Zu
Beginn der Umwandlung kdnnen sich H,O-reiche Zeolithe als Ubergangsphasen bei hoheren Temperaturen
bilden.

Résumé—La cristallisation de zéolites de calcium a été entreprise dans un systéme hydrothermal ouvert
a 100°-250°C utilisant au départ des matériaux que 1'on sait sont altérés a de telles phases dans la nature
et dans des solutions de réaction 0,1 N CaCl,, 0,01 N CaCl,, et 0,01 N CaCl, + 0,01 N NaOH (1:1).

Les zéolites de calcium suivantes ont été identifiées par diffraction poudrée aux rayons-X comme pro-
duits de reaction:

Verre rhyolitique: neulandite, phillipsite, epistilbite, wairakite;
Verre basaltique: phillipsite, scolectite, wairakite, levynite;
Nepheline: thomsonite, wairakite, gismondine;

Oligoclase: heulandite, phillipsite, wairakite.

Les facteurs qui influencent le type de zéolites qui est formé sont: la proportion Si/Al du matériel de
départ; la proportion calcium/alkalin du matériel de départ; I’activité du calcium de la solution réagissante;
et la température. La proportion Si/Al du matériel est d'importance particuliére. Dans les premiers stages
d’altération, elle influence le type de z&olites qui est formé: si possible, une zéolite est formée qui a une
proportion Si/Al semblable &, ou moindre que celle du matériel parent. La proportion calcium/alkalin du
matériel de départ influence aussi le genre de premiers produits d’altération dans le systéme ouvert. Pendant
I'altération, I’'importance du matériel de départ décroit. Avec I’avancement de I’altéeration I'importance de
I’activite du calcium de la solution réagissante croit. A cause de la possibilité de transfert en masse pendant
I’alteration dans le systeme ouvert, le contenu en calcium des minéraux formés croit, tandis que leur pro-
portion Si/Al decroit. L’influence de la température produit surtout son effet pendant des durées plus lon-
gues d’alteration. Plus la température d’alteration est élevée, moins est la teneur en H,O du produit
d’altération. Au début de la formation du minéral, des zéolites riches en H,O peuvent se former de fagon
transitoire a de plus hautes températures. [D.].]
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