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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~ using reactants that in nature are known to alter to calcium zeolites and 0.1 N CaCI2,0.01 N CaCl2, 
and 0.01 N CaCI2 + 0.01 N NaOH (l: l) 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/AI 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/AI ratio of the starting material was of special importance in that zeolites formed 
with Si/A1 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/AI ratio decreased. Temperature was especially effective during prolonged alteration, in that the 
higher the alteration temperature the smaller was the H20 content of the alteration product. Initially, H20- 
rich zeolites formed transitorily at higher temperatures. 
Key Words--Calcium, Hydrothermal, Open system, Si/AI ratio, Synthesis, Volcanic glass, Zeolite. 

INTRODUCTION 

Hydrothermally formed zeolites found in nature are 
usually either calcium or sodium varieties. The most 
abundant calcium zeolites in such environments are 
wairakite, scolecite, mesolite, thomsonite, heulandite, 
stilbite, gismondine, epistilbite, chabazite, levynite, 
and laumontite. In addition, Ca-rich varieties of phil- 
lipsite and clinoptilolite must be considered. 

Zeol i te  occurrences  

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. 

Wairaki te .  Wairakite, Cas[(AIO2)10(SiO2)32]" 16H20, 
has been observed as an alteration product of plagio- 
clase, e.g., at Wairakei, New Zealand, and at Ohaki- 
Broadlands,  New Zealand (Steiner,  1955, 1968; 
Browne and Ellis, 1970). At Wairakei it is also present 
in the rhyolitic vitric groundmass (Steiner, 1968). Krist- 
mannsdottir and Tomasson (1978) described wairakite 
in basaltic vitric rocks of Iceland. 

Scoleci te .  Scolecite, Cas[(AIO2)IB(SiO2)~4]" 24H20, is 
known primarily from basic volcanic rocks. Sukhes- 
wala et al. (1974) observed scolecite in the Deccan 
Traps and believed that vitric material in the rock was 
important for the formation of this zeolite. Scolecite 
was also found in basaltic flows and vitric rocks of Ice- 
land (Kristmannsdottir and Tomasson, 1978). 

T h o m s o n i t e .  Thomsoni te ,  Na4Cas[(AlO2)20' 
(SIO2)20]" 24H20, 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 Kl~ch, Styria, Austria. 

Cl inopt i lo l i t e .  Clinoptiiolite, Na6[(A102)6(SiO~)30]. 
24HzO, is found in igneous rocks, mainly in vitric vugs. 
Wise et al. (1969) observed this mineral near Agoura, 
California, in cavities in a brecciated porphyritic an- 
desite composed of plagioclase and hypersthene set in 
a glass-rich groundmass. In the Upper Geyser Basin, 
Yellowstone National Park, Honda and Muffler (1970) 
found obsidian altered mainly to clinoptilolite. 

Heulandi te .  Heulandite, Ca4[(A1Oz)a(SiOz)zs].24HzO, 
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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, Ca4[(A102)8(SiOz)16]. 16H20, 
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 
tufts in Southland, New Zealand (Coombs, 1952). 

Mesolite. Mesolite, Na16Calr[(A102)48(SiO2)TZ]'64H20, 
usually occurs in basaltic rocks (Deer et al., 1964, p. 
375). 

Stilbite. Stilbite, Na2Ca4[(AlO2)10(SiOz)2j'32H20, is 
found in amygdules and in cavities in basalts and many 
other volcanic rocks (Deer et al., 1964, p. 384; TriSger, 
1967, p. 785). 

Epistilbite. Epistilbite, Ca3[(AIO2)5(SiO~)~9]. 12H20, 
occurs in basaltic and andesitic rocks (Trrger, 1967, p. 
784; Galli and Rinaldi, 1974). 

Gismondine. Gismondine, Ca4[(A102)s(SiOz)8]" 16H20, 
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, Ca3[(AtO2)6(SiO2)~z]-18H20, is a 
typical mineral in vugs and cavities of basaltic rocks 
(TriSger, 1967, p. 214). 

Chabazite. Chabazite, Ca2[(AIO2)4(SiO2)8]- 13H~O, 
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)5[(A1Oz)5(SiO2)~l]" 10H20, 
is a common mineral in cavities of basaltic rocks. It also 
occurs in alkaline rocks, such as phonolites and nephe- 
line syenite (TriSger, 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/A1 ra- 
tio, and HzO 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 et al., 1978; 
Liou, 1970; Goto, 1977); however, artificial starting 
materials have generally been used, and the experi- 
ments were usually conducted in closed systems. 

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/AI 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 H/Jller, 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 1 to less than 5/zm 
and heated at autogenous pressures in 25 ml of solution 
that contained either 0.1 N CaC12,0.01 N CaC12 (pH 
5), or 0.01 N CaCI2 + 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 open sys- 
tem was simulated in the following way: After a certain 
period of time, the reaction was stopped and the solu- 
tion was filtered offand renewed. This process was re- 
peated several times. The time between the changes of 
solution was 8 days at 250 ~ and 200~ and 20 days at 
150 ~ and 100~ 

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- 
ble 2); oligoclase reacted to form heulandite, phillipsite, 
and wairakite (Table 3); and nepheline reacted to form 
thomsonite, wairakite, and gismondine (Table 4). 

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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Table 1. Mineral formation from rhyolitic glass in an open system, t 

Time 0.01 N CaCI2 + 
(days) 0.1 N CaCI 2 0.01 N CaCI2 0.01 N N a O H  

8 - -  

16 (Mo) 

250~ 

24 Mo, 
32 Mo 
40 Mo 
48 Mo 
56 Mo 
64 Mo 
72 Mo 
80 Mo 
88 Mo 
96 Mo 

104 Mo 
112 
120 

200~ 

150~ 

8 

16 
24 
32 
40 
48 
56 
64 
72 
80 
88 
96 

104 
112 
120 

20 
40 
60 
80 

100 
120 
140 
160 
180 
2OO 

(Ph), 
(Ph), 
(Ph), 

Ep (H) 
Ep, H H 
Ep, H H 
Ep, H H 
Ep, H H 
Ep, H, (W) H, (W) 
Ep, (H), W H, W, Mo 
Ep, W H, W, Mo 
Ep, W H, W, Mo 
W W, Mo 
W W, Mo 
W W, Mo 
W, X W, X, Mo 

- -  ( M o )  

- -  ( M o )  

- -  ( M o )  

- -  ( M o )  

(Ep) (Mo) 
(Ep) (Mo), (Ep) 
Ep (Mo), (Ep) 
Ep Mo, Ep 
Ep, Mo Mo, Ep 
Ep, Mo Mo, Ep 
Ep, Mo Mo, Ep 
Ep, Mo Mo, Ep 

Mo, Ep 

- -  ( M o )  

- -  ( M o )  

Pf 
Pf, H 
Pf, H 
Pf, H, A 
Pf, A/W 
Pf, A/W 
Pf, A/W 
Pf, A/W 
Pf, AIW 
Pf, A/W 

(Ph) 
(Ph), (H) 

H 
H 
H 
H, (A/W) 
H, (A/W) 
H, A/W 
H, A/W 

k 

(Ph) 
(Ph) 

Ph, H 
H 

t Change of solution after every 8 days at 250 ~ and 200~ after every 20 days at 150~ - -  = 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 

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, 200~176 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~ solution = 0.1 N CaCl2). 

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 CaCI2 + 
(days) 0.! N CaCI2 0.01 N CaCI~ 0.01 N NaOH 

8 (Ph),(A/W) A A, (M) 
16 W A A,(M) 
24 W A/W A, (M) 
32 W A/W A, (M) 
40 W, (An) W A, (M), PI 
48 W, (An) W A, (M), PI 
56 W, (An) W, (An) 

250~ 64 W, (An) W, (An) 
72 W, (An) W0 (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, (Sc) 
56 Ph, Sc A/W, Sc A, (Sc) 
64 Ph, Sc A/W, Sc A,(Sc) 

200~ 72 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~ 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 - -  - -  - -  

100 - -  - -  - -  
lO0~ 120 - -  - -  - -  

140 - -  - -  - -  

160 - -  - -  - -  
180 (Le) (Le) 
200 Le Le 

i Change of solution after every 8 days at 250 ~ and 200~ after every 20 days at 150 ~ and 100~ - -  = No mineral formation; 
Ph = Phillipsite; Sc = Scolecite; Le = Levynite; W = Wairakite; A = Analcime; An = Anorthite; P1 = Plagioclase; Mo = 
Montmorillonite; M = Mica mineral. Traces of a mineral are marked by (). Quantitatively prevailing minerals are in italics. 

basalt ic glass. Scoleci te  fo rmed  at higher t empera tu res  
(200~ and was the main al terat ion produc t  when  the 

react ion solut ion was rich in calcium. Howeve r ,  scol- 
eci te  was  not  the first al terat ion product ;  it appeared  
to form part ly f rom earlier  fo rmed  phillipsite. Figure lb  

shows  the X R D  pat te rn  of  the exper imenta l ly  fo rmed  
scoleci te  (formation condit ions:  T = 200~ solution = 
0.1 N CaCI~). Figure 2 shows  the character is t ic  pris- 
matic  habit  of  scoleci te  (Strunz and Weiner ,  1978). 

As might be expec ted  f rom its high H20 con ten t ,  le- 
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Table 3. Mineral formation from oligoclase in an open sys- 
tem. 1 

Time 
(days) 0.1 N CaCI 2 0.01 N CaClz 

8 (Mo) Mo 
16 Mo, H Mo 
24 Mo, H Mo 
32 Mo, H,  (W) Mo 
40 Mo, H, (W) Mo, (W) 
48 Mo, H,  (W) Mo,(W) 
56 Mo, H,  W Mo,(W) 
64 Mo, H, W Mo,(W) 

250~ 72 Mo, H, W Mo,(W) 
80 Mo, W Mo, (W) 
88 Mo, W Mo, (W) 
96 Mo (W) Mo 

104 Mo, An An 
112 An An 
120 An 
128 An 

8 - -  (Mo) 
16 (Mo), Ph (Mo), (Ph) 
24 (Mo), Ph (Mo), (Ph) 
32 (Mo), Ph Mo, Ph 
40 (Mo), Ph Mo, Ph 
48 (Mo), Ph Mo, Ph 
56 (Mo), Ph Mo, Ph 
64 Mo, Ph Mo, Ph 200~ 
72 Mo, Ph Mo, Ph 
80 Mo, Ph Mo, Ph 
88 Mo, Ph Mo, Ph 
96 Mo, Ph Mo, (Ph) 

104 Mo, Ph Mo 
112 Mo, Ph Mo, (An) 
120 Mo, Ph Mo, (An) 
128 Mo, Ph Mo, (An) 

20 - -  - -  
40 - -  - -  
60 (Mo) (Mo), Ph 
80 (Mo), Ph (Mo), Ph 

100 (Mo), Ph (Mo), Ph 
120 (Mo), Ph Mo, Ph 

150~ 
140 (Mo), Ph Mo, Ph 
160 Mo, Ph Mo, Ph 
180 Mo, Ph Mo, Ph 
200 Mo, Ph Mo, Ph 
220 Mo, Ph Mo, Ph 
240 Mo, Ph Mo, Ph 

Change of solution after every 8 days at 250 ~ and 200~ 
after every 20 days at 150~ - -  = No mineral formation; 
H = Heulandite; Ph = Phillipsite; W = Wairakite; An = 
Anorthite; Mo = Montmorillonite. Traces of a mineral are 
marked by (). Quantitatively prevailing minerals are in ital- 
ics. 

vyni te  fo rmed  at  low t e m p e r a t u r e s  (100~ by the re- 
ac t ion of  calc ium solut ions  af te r  f r equen t  changes  of  
solut ion.  I ts  X R D  pa t t e rn  (Figure lc)  shows  all of  its 
charac te r i s t i c  peaks  ( format ion  condi t ions :  T = 100~ 
solut ion = 0.1 N CaC12). 

Thomsonite and gismondine 

T h o m s o n i t e  and  g i smond ine ,  SiO2-poor zeol i tes ,  
were  fo rmed  by the  a l te ra t ion  of  nephe l ine  (Table  4). 

Table 4. Mineral formation from nepheline in an open sys- 
tem. 1 

Time 
(days) 0.1 N CaClz 0.01 N CaCI~ 

8 A, Th, X A,(Th) 
16 (A), X, " N e "  A, Th, M 
24 X A, Th, M 
32 X A, Th, M, " N e "  
40 X A, Th, M 
48 A/W, Th, X, M 250~ 
56 A/W, X, M 
64 W, X, M 
72 X, M 
80 X, M 
88 X, M 
96 X, M 

8 Th A, Th 
16 Th, " N e "  A, Th 
24 Th A, Th 
32 Th A, Th 
40 Th A, Th, " N e "  
48 Th A, Th 
56 Th (A), Th 

200~ 64 Th, X (A), Th 
72 Th, X (A), Th, (M) 
80 Th, X Th, (M) 
88 Th, X Th, (M) 
96 Th, X Th, (M) 

104 Th, (M) 
112 Th, (M) 
120 Th, (M) 

20 Th A, (Th) 
40 Th, " N e "  A, Th 
60 Th A, Th 
8O Th A, Th 

100 Th A, Th, " N e "  
120 Th Th 150~ 
140 Th Th 
160 Th Th 
180 Th Th 
200 Th Th 
220 Th Th 
240 Th Th 

20 (G) - -  
40 G (G) 
60 G (G) 
80 G G 

100~ 100 G G 
120 G G 
140 G G 
160 G G 
180 G, (Ne) G 

Change of solution after every 8 days at 250 ~ and 200~ 
after every 20 days at 150 ~ and 100~ - -  = No mineral for- 
mation; Th = Thomsonite; G = Gismodine; A = Analcime; 
W = Wairakite; X = Hexagonal anorthite; M = Mica min- 
eral; " N e "  = Nepheline completely altered. Traces of a min- 
eral are marked by (). Quantitatively prevailing minerals are 
in italics. 

T h o m s o n i t e  fo rmed  f rom nephel ine  at  t empe ra tu r e s  
above  100~ In the  lower  t empera tu re  range,  thom- 
soni te  exis ted  even  af ter  the  comple te  a l te ra t ion  of  
nephel ine .  At  h igher  t empera tu res ,  t homson i t e  a l te red  
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Figure 1. X-ray powder diffraction patterns of zeolites formed experimentally by hydrothermal alteration in an open system 
(Cukct radiation). (a) epistilbite, (b) scolecite, (c) levynite, (d) thomsonite, (e) gismondine, (f) phillipsite, (g) nevlandite, 
(h) oligoclase partly altered to nevlandite, wairakite, and montmorillonite, (i) wairakite. 
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Figure 2. Scanning electron micrograph of scolecite formed 
by the experimental hydrothermal alteration of basaltic glass 
in open system (T = 200~ solution = 0.1 N CaClz). 

Figure 3. Scanning electron micrograph of thomsonite 
formed by the experimental hydrothermal alteration of nephe- 
line in open system (T = 200~ solution = 0.01 N CaCI2). 

rather quickly to a more Ca-rich and H20-poor mineral, 
depending on the calcium activity of the solution. Fig- 
ure ld shows the XRD pattern of thomsonite formed 
from nepheline (formation conditions: T = 200~ so- 
lution = 0.01 N CaCI2). The SEM (Figure 3) shows the 
typical prismatic form ofthomsonite like that from vugs 
and amygdules (Leyerzapf, 1978). 

Gismondine formed at low temperatures (100~ 
only, directly from nepheline. Figure le shows the 
XRD pattern ofgismondine (formation conditions: T = 
100~ solution = 0.1 N CaClz). 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~ 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~ 

The direct experimental formation of phillipsite from 
a SiO2-rich starting material, such as rhyolitic glass, is 
noteworthy (Table 1). A zeolite richer in SIO2, such as 
mordenite, clinoptilolite, heulandite, or epistilbite, 
might be expected depending on the kind and the con- 

centration of the reacting solution; however, Hawkins 
et al. (1978) found that phiilipsite 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 wltich these ele- 
ments were derived (Mariner and Surdam, 1970). The 
higher AI/Si ratio favors the formation of phillipsite. 
This theory conforms to the experimental results: in the 
reaction with CaCI2-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~ (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~ 
(Table 3), where it formed with montmorillonite. Figure 
If 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 ofnephe- 
line in open system (T = 100~ solution = 0.1 N CaC12). 

Figure 5. Scanning electron micrograph ofphillipsite formed 
by the experimental hydrothermal alteration of oligoclase in 
open system (T = 200~ solution = 0.1 N CaClz). 

ditions: T = 200~ solution = 0.1 N CaCI~). 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 CaC12; 0.01 N CaCl~ + 0.01 N NaOH) at tem- 
peratures between 150 ~ and 250~ (Table I). At higher 
temperatures (250~ 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~ 
heulandite was only a transitory mineral because of its 
high H20 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 
SiO2 content. Direct alteration of rhyolitic glass to heu- 
landite, however, is possible at later stages of altera- 
tion. 

Figure lg shows the XRD pattern of  heulandite 
formed from rhyolitic glass (T = 250~ solution -- 
0.01 N CaCI2). The intensities of the peaks, especially 
those of the 020 peak at -9.9~ and the 400 peak at 
-22.4~ suggested that this mineral is clinoptilolite 
(cf. Mumpton, 1960). Heating tests, however, showed 
that it is heulandite: after heating to 500~ for 15 hr and 

subsequent cooling to room temperature all the reflec- 
tions, including the 020 peak at -9.9~ of the original 
phase had disappeared, whereas the 020 reflection at 
-10.8~ of the contracted phase B was observed 
(Boles, 1972; Alietti, 1972). The intensity of this peak 
decreased after heating to 550~ (15 hr) and disap- 
peared completely after heating to 600~ (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~ (Table 3). With prolonged reaction it was 
associated with wairakite and montmorillonite. With 
frequent changes of solution it altered to wairakite as 
a result of both the permanent addition of calcium and 
the high temperature favoring the formation of a Ca- 
rich and a H20-poorer zeolite, wairakite, with increas- 
ing time of reaction. Figure lh shows the XRD pattern 
of the starting material, oligoclase, partly altered to 
heulandite, wairakite, and montmorillonite (formation 
conditions: T = 2500C; solution = 0.1 N CaCI2). In 
contrast to the XRD pattern of heulandite formed from 
rhyolitic glass the 020 peak at -9.9~ is the only main 
peak in the XRD pattern of this heulandite. This was 
also confirmed by heating tests (to 500 ~ 550 ~ 600~ 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~ solution = 0.01 N 
CaCI2). 

Figure 7. Scanning electron micrograph of wairakite formed 
by the experimental hydrothermal alteration of basaltic glass 
in open system (T = 250~ solution = 0.1 N CaCI2). 

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 
a removal 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 l i shows the XRD pattern of wairakite formed 
by the direct alteration of basaltic glass with 0.1 N 
CaCI2 at 250~ It has the characteristic 200 peak at 

13~ the 400 and 004 peaks at 26.1 ~ and 26.3~ and 
the 332 and 33 i peak between 30.7 ~ and 30.9~ 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 

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, anaicime 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 
NaJCa 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~ 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 SiOz activity of the solution was highest at the be- 
ginning of  alteration. With advancing alteration the 
SiO2 activity decreased, as can be seen from the for- 
mation of minerals which were increasing poor in SiOz. 
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 I). 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 CaC12 , 250~ or from the earlier 
formed thomsonite (0.1 N CaC12,200~ 0.01 N CaC12 , 
250~ 

Anorthite 

Anorthite was formed from earlier 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/AI 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~ 
was anorthite (Table 3). 

Montmorillonite 

Montmorillonite formed by the alteration of rhyolitic 
glass only in pure CaCiz solution. A relatively large 
amount of montmorillonite was observed at an altera- 
tion temperature of 200~ 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 30% 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- 

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 CaClz (pH - 5), no change in pH 
took place. During reaction of nepheline with 0.1 N 
CaC12, pH remained nearly constant as well. When 0.01 
N CaCI2 reacted with nepheline, between 150 ~ and 
250~ 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~ 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 
CaC12, the pH remained nearly constant. With 0.01 N 
CaC12 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 CaCI2 + 0.01 
N NaOH (1:1), pH - 10.5, with rhyolitic glass the pH 
values were between 6 and 7 at 250~ and between 6 
and 8 at 200 ~ and 150~ During the reaction of this so- 
lution with basaltic glass the pH dropped less: at 250~ 
the pH was - 9  after the first reaction. After further 
changes of solution, values of about 7 were reached; at 
200 ~ 150 ~ and 100~ 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. 

CONCLUSION S 

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/AI ratio, determined the type of zeolite 
formed with respect to the Si/A1 (cf. Boles, 1977). This 
parameter was most important during the first stages of 
alteration. Usually an alteration product formed with 
a Si/AI ratio similar to or tess than that of the starting 
material. As alteration proceeded, the minerals being 
formed became poorer in SIO2, suggesting that desili- 
fication took place with continued reaction. 

The formation of analcime (which has twice the Si/ 
A1 ratio of nepheline) during the initial alteration of 
nepheline was an exception that required the removal 
of aluminum. The Si/AI ratios of all other sodium zeo- 
lites are equal to or greater than that of analcime, with 
the exception ofnatrolite 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, t979). 

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/AI 
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 H20 content of the alteration products in- 
creased with decreasing temperature in accordance 
with natural occurrences (Coombs et al., 1959). At the 
beginning of alteration at high temperatures, H20-rich 
zeolites occurred transitorily. 

(5) Concerning the importance of the principal vari- 
ables (Si/AI 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, ~20-rich transitory minerals altered 
to minerals with a H20 content more closely in accord 
with temperature. 

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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Pe3]ome---KpncTa~JIHaatI~in KOYlbLIHeBhIX I~eo2IHTOB npoaoglHJIaCb 80TKpbITO~ rHjlporepMnqecKofi 
CHCTeMe B ~Jaana3one TeMnepaTyp I00-250~ HcnoJIb3OBa-rmCb peaKu~onabie paCTBOpbl 0,I N CaClz, 
0,01 N CaClz, H 0,01 N CaClz + 0,01 N NaOH (I:I) a acxo~Hbie MaTepna.rlbl, O KOTOphIX 143BeCTHO, 
qTO B npnpo;le OHH MOryT BH~OH3MeHHTbC~I B KaJIbUneBble t~eoJIHTbl, l-lyTeM peHTFeHOBCKOgl HopoI/I~KOBO~I 
~nqbpaK~nn Cdle~ylomHe KadlbtIHeBble ueoJInTbI 6blJIH K/1eHTHqbnRHpOBaHbl KaK upojpfKTbl peaKun~: 
Peo.rItlTOBOe CTeKJIO: re~art~lnT, qbHJIJIHIICHT, 9IIHCTHJIbqHT, Bal~paKtlT; 
EaaaJIhTOBOe CTeKJIO: dpH./121HIlCHT, CKOJ-IeI~IIT, BaI4paKHT, 21eBHH; 
Heria2trlit: TOMCOHHT, BafipaKrlT, FHCMOH~HH; 
OJttiroK21a3: refiaan~nT, qbnJInanCHT, Bal4paKnT. 

CJie~ymm~e dpaKTOpbI B.rIH~nOT Ha Tnrl qbOpMHpoBaHHoro I~eo~rITa: COOTHOlI~eni4e Si/AI ~ COOTHOII~eHHe 
Ka31bl~n~l/iJ2eJlo'-ib Hcxo~uoro MaTepHaJ'Ia; Kadib~neBa$i aKTHBHOCTI~ peaKUnOHUbIX paCTBOpOB H TeMne- 
paTypa. COOTHOmeHHe Si/AI rlcxo~lnoro MaTepHa~a .qB~2;IeTC.*i oco6enHo 3HaqHTeJ'lbHblM. Ha llepBblX 
~Tanax BH~OH3MeHeHH$1, OHO BJIH~IeT Ha THH qbopMnpyrotReroc~ i~eoanTa; ec~lH BO3MOXKHO qbopMH- 
pyIoII~/4I~Cg IAeoJ-IHT HMeeT COOTltOmeHHe Si/AI n o x o x e e  n~m MeHbmee, HeM e r o  BeJinqnlta B HCXO~IOM 
MaTepHadIe. B OTKpbITOH cl4cTeMe COOTHOmeHne KadlbUH~I/II~eYlOqb 14CXO~HOFO MaTepnILrla EO-IHfleT TaK;c;e 
Ha THII HaqaYlbHblX Hpo~yKTOB peaKlInH. Bo BpeM~l llpoi~ecca 3HaqettHe HCXO~HOFO MaTepHa2ia 
yMenbulaeTc~l, a 3uaqeHHe aKTFIBHOCTH KaJIbL~HJt B paCTBOpe H BYIH~IHHe OTKpblTOI~ CHCTeMbl yBeJInqH- 
BarOTCfl. Bc21e~CTBrle BO3HOXqHOCTH IIepeHoca Maccbl BO BpeM.q peaK~Hrl B OTKpbITO~ CHCTeMe, co~ep- 
~Kan~e Ka~tm~ a qbOpMapoaaltHbtx MnHepa2lax Bo3pacTaeT, B TO Bpei~l KaK COOTomenae Si/Al yMeub- 
maeTc-q. BflH~IHHe TeMnepaTypbl OCO6eHHO npORB~I~IeTCR np~ ~brInTe.lIbHOM BpeMenn peaKi~nn. HeM 
BbILLIe TeMnepaTypa peaKI~nH, TeM Mevlbme co~lep>Kartne H~O 8 npo~yKTaX peaKlWiH. B uattadIbHO~t 
qba3e qbopMtlpOBaHH~l MHuepaJlOB, H20-foraTbte 12eoJInTbl MoryT coa~aBaTh 6b~cTponepemem~hm qbOpMbl 
npH noBbimeHnb~x TeznepaTypax. [E.C.] 
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Resiimee---Experimente zur Bildung yon Calcium-Zeolithen wurden in einem offenen hydrothermalen Sys- 
tem im Temperaturbereich 100~176 durchgefiihrt, wobei Ausgangssubstanzen verwendet wurden, die 
auch in der Natur die Umwandlung in Calcium-Zeolithe zeigen. Die einwirkenden L/Ssungen waren 0, l N 
CaC12, 0,01 N CaCl~, und 0,01 N CaC12 + 0,01 N NaOH (l: l) .  

Folgende Calcium-Zeolithe wurden mittels RiSntgenpulverdiffraktometrie 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/AI-Verh~iltnis und Calcium/ 
Alkali-Verh~iltnis des Ausgangsmaterials, die Calcium-Aktivit~it der einwirkenden L6sung, das offene Sys- 
tem und die Temperatur. Das Si/A1-Verh~Utnis des Ausgangsmaterials war yon besonderer Bedeutung, da 
sich Zeolithe bildeten, die ein ~thnliches oder kleineres Si/Al-VerhSltnis als das Ausgangsmaterial hatten. 
Das Calcium/Alkali-Verhiiltnis der Ausgangssubstanz hatte ebenfalls einen Einflu6 auf die ersten Um- 
wandlungsprodukte bei einer Umwandlung im offenen System. Mit fortschreitender Umwandlung nahm 
der Einflul~ des Ausgangsmaterials ab, die Calcium-Aktivit~it der einwirkenden L6sung und der Einflul~ des 
offenen Systems nahm dagegen an Bedeutung zu. Aufgrund des Stofftransportes w~ihrend einer Um- 
wandlung im offenen System nahm der Calcium-Gehalt der gebildeten Minerale zu, w~ihrend ihr Si/AI- 
Verhaltnis abnahm. Die Temperatur wirkte sich vor allem bei langen Umwandlungszeiten aus, wobei der 
H20-Gehalt der Umwandlungsprodukte umso kleiner war je hiSher die Umwandlungstemperatur war. Zu 
Beginn der Umwandlung k/Snnen sich H20-reiche Zeolithe als (Jbergangsphasen bei h6heren Temperaturen 
bilden. 

R~sum6--La cristallisation de z6olites de calcium a 6t6 entreprise dans un syst~me hydrothermal ouvert 
100~176 utilisant au d6part des mat6riaux que l 'on salt sont alt6r6s h de telles phases dans la nature 

et dans des solutions de r6action 0,1 N CaC12, 0,01 N CaC12, et 0,01 N CaCl2 + 0,01 N NaOH (l: l) .  
Les z6olites de calcium suivantes ont 6t6 identifi6es par diffraction poudr6e 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 z~olites qui est form6 sont: la proportion Si/Al du mat6riel de 
d6part; la proportion calcium/alkalin du mat6riel de d6part; l'activit6 du calcium de la solution r6agissante; 
et la temp6rature. La proportion Si/AI du mat6riel est d'importance particuli~re. Dans les premiers stages 
d'alt6ration, elle influence le type de z6olites qui est form6: si possible, une z6olite est form6e qui a une 
proportion Si/A1 semblable/~, ou moindre que celle du mat6riel parent. La proportion calcium/alkalin du 
mat6riel de d6part influence aussi le genre de premiers produits d'alt6ration darts le syst~me ouvert. Pendant 
l'alt6ration, l 'importance du mat6riel de d6part d6croft. Avec l 'avancement de l'alt~ration l'importance de 
I'activit~ du calcium de la solution r~agissante croft. A cause de la possibilit~ de transfert en masse pendant 
l'alt~ration dans le syst~me ouvert, le contenu en calcium des min~raux form,s croft, tandis que leur pro- 
portion Si/Al decroft. L'influence de la tempbrature produit surtout son effet pendant des dur~es plus lon- 
gues d'alt~ration. Plus la temperature d'alt~ration est blev~e, moins est la teneur en H20 du produit 
d'alt6ration. Au d6but de la formation du min6ral, des z6olites riches en H20 peuvent se former de fa~on 
transitoire ~t de plus hautes temp6ratures. [D.J.] 
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