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Chapter 1 

NATURAL ZEOLITES 

F. A. Mumpton 

INTRODUCTION 

As every student of mineralogy or geology knows, zeolites are ubiquitous constitu-

ents in the vugs and cavities of basalts and other traprock formations. Beautiful as-

semblages of well-formed crystals up to several inches in size are prized by mineral 

collectors and adorn the mineral museums of every country. Several dozen individual 

species have been identified among which are chabazite, erionite, faujasite, and mor-

denite whose adsorption properties r ival those of several synthetic molecular sieves. 

In addition to their occurrence in basic eruptive rocks and related late-stage hydro-

thermal environments, zeolites are recognized today to be among the most abundant and 

widespread authigenic s i l i cates in sedimentary rocks. Since their discovery in the 

late 1950s as major constituents of numerous volcanic tuffs in ancient saline-lake 

deposits of the western United States and in thick marine tuffs of I taly and Japan, 

more than 1,000 occurrences of zeolites have been reported from volcanogenic sedi-

mentary rocks of more than 40 countries. The high purities and f lat - ly ing nature of 

the sedimentary deposits have aroused considerable commercial interest both here and 

abroad, and applications based on their unique physical and chemical properties have 

been developed for them in many areas of industrial and agricultural technology. 

Zeolites have been known for more than 200 years, but i t was not until the middle 

of this century that the sc ient i f ic community became generally aware of their attrac-

tive properties or of their geological significance in the genesis of tuffaceous sedi-

ments. During the last 20 years, interest in zeolites has increased at a remarkable 

rate, and i t is currently d i f f i cu l t to pick up an issue of any of the leading geologi-

cal or chemical journals without finding at least one art ic le devoted to these 

materials. Most of the recent effort has centered around synthetic molecular sieves, 

an area that has grown into multi-million dollar businesses in several countries, or 

natural zeolites as they occur in sedimentary rocks of volcanic or ig in. Amygdaloidal 

zeolites are s t i l l the principal source of high purity specimens for x-ray structure 

determinations or for sophisticated experimentation, but most of the geological and 
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industrial act iv ity has concentrated on "sedimentary" zeolites. For this reason, the 

present volume deals mainly with those zeolites formed in sedimentary environments— 

their mineralogy and crystal chemistry, their geologic occurrence, and their indus-

t r ia l ut i l izat ion. 

MINERALOGY 

By definit ion, zeolites are crystal l ine, hydrated aluminosi l i cates of a lkal i and 

alkaline earth cations, having inf in i te, three-dimensional structures. They are 

further characterized by an abi l i ty to lose and gain water reversibly and to exchange 

constituent cations without major change of structure. Zeolites were discovered in 

1756 by Freiherr Axel Fredrick Cronstedt, a Swedish mineralogist, who named them from 

the Greek words ζειν and λιθοσ, meaning "boil ing stones," in al lusion to their peculiar 

frothing characteristics when heated before the blowpipe. From Cronstedt's vantage 

point, the property of ". . . gassing and puffing up almost l ike borax . . . followed 

by melting . . . to a white glass" was suff icient to dist ingish zeolites as a separate 

type of s i l i cate mineral. Indeed, the intumescence of zeolites on heating has been 

used for years by amateur and professional mineralogists alike to identify this group 

(see Northup, 1941; Brush and Penfield, 1926). The zeolites constitute one of the 

largest groups of minerals known; more than 40 dist inct species have been recognized, 

and nearly 100 species having no natural counterparts have been synthesized in the 

laboratory. The potential application of both synthetic and natural zeolites stems, 

of course, from their fundamental chemical and physical properties, which in turn are 

directly related to their chemical compositions and crystal structures. 

Chemical Composition 

Along with quartz and feldspar minerals, zeolites are tektosi l icates, that i s , 
-4 

they consist of three-dimensional frameworks of S i t e t r a h e d r a wherein al l four 

corner oxygen ions of each tetrahedra are shared with adjacent tetrahedra, as shown 

in Figure 1. This arrangement of s i l i cate tetrahedra reduces the overall Si :0 ratio 

to 2:1, and i f each tetrahedron in the framework contains s i l i con as the central 

cation, the structure is electr ical ly neutral, as i s quartz (SiOg). In zeolite 

structures, however, some of the quadrivalent s i l i con i s replaced by trivalent 

aluminum, giving r i se to a deficiency of positive charge. The charge is balanced 

by the presence of mono and divalent cations, such as Na+, Ca++, K+, etc., elsewhere 

in the structure. Thus, the empirical formula of a zeolite of the type: 
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Figure 1. Three-dimensional arrangement of s i l i cate tetrahedra in tektosi l icates. 
Crystal structure of beta-tridymite. 

M 2/n° ' A 1 2 0 3 ' x S i 0 2 - y H 2° 

where M is any alkal i or alkaline earth cation, η i s the valence of that cation, χ i s 

a number from 2 to about 10, and y is a number from 2 to 7. The oxide and unit-cell 

formulae of ci inopti loi i te, a common natural zeolite, follow: 

(Na,K)20-Al203-10Si02-6H20 and (Na4K4)(AlgSi4 0)0 g 6-24H20. 

Ions within the f i r s t set of parentheses in the unit-cell formula are known as ex-

changeable cations; those within the second set of parentheses are called structural 

cations, because with oxygen they make up the tetrahedral framework of the structure. 

I t should be noted that the base to alumina ratio i s always equal to unity,and the 

(Al + S i ) : 0 ratio is always 1:2. In addition, no zeolites are known which contain 

more tetrahedral aluminum ions than s i l i con ions; the ratio of S i O ^ A l ^ i s always 

equal to or greater than 2:1. 

Early mineralogical reference books and texts stressed so-called "coupled" sub-

st itut ions of Na + Si for Ca + Al in zeolites. Modern ideas of ionic substitution 

and cation exchange negate this concept, and, to the f i r s t approximation, cations sub-

st itute freely for one another in zeolite species, the only restr ict ion being that of 
+ ++ + 

charge balance. Thus, in a given species, 2Na can proxy for ICa , or 1NH4 for 

j S r + + . Trivalent cations are generally not found in the exchange s ites of most 
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zeolite minerals. I t is possible by simple washing to produce a series of cationic 

forms of a single species differing only in the nature of the cations in the exchange 

positions. The cation composition of natural samples, therefore, reflects in large 

part the composition of the last solution to which they were exposed. Such phenomena 

pose serious problems of nomenclature. A chabazite, for example, containing only Ca++ 

ions in the exchange positions might be termed a Ca-chabazite, where "chabazite" desig-

nates the type of framework structure and "Ca" refers to the exchangeable cation popu-

lation. Structurally, the mineral gmelinite is closely related to chabazite and for 

years was thought to be the sodium analogue of chabazite. The framework structures 

are s igni f icant ly different from one another, however, and Na-chabazite i s not the 

same as gmelinite or even Na-gmelinite. On the other hand, the mineral harmotome i s 

actually a Ba-phil1ipsite in that i t possesses basically the same crystal structure 

as phi 11 i ps i te but contains a predominance of barium in the exchange positions. The 

name, however, is well established in the l iterature and probably should be retained. 

Loosely bound water is also present in the structures of all natural zeolites 

and ranges from 10-20% of the dehydrated phase. Part or al l of this water i s given 

off continuously and reversibly on heating from room temperature to about 350°C. 

Once the water is removed, the cations fal l back to positions on the inner surface 

of the channels and central cavit ies. The dehydration (or activation) of a zeolite 

is an endothermic process; conversely, rehydration is exothermic. Consequently, at 

a given temperature the water content is dependent on the P^ Q of the atmosphere to 

which the zeolite is exposed. Outcrop specimens of zeol i t ic tuff in the Mohave Region 

of southern California, for example, are noticeably dehydrated and cause a s l ight 

burning sensation when placed on the tongue; a positive, but somewhat unpleasant 

f ie ld test. 

Crystal Structure 

Whereas the framework structures of quartz and feldspar are dense and t ightly 

packed (S.G. = 2.6-2.7), those of zeolite minerals are remarkably open (S.G. = 2.0-2.2) 

and void volumes of dehydrated species as great as 50% are known (see Table 1). Al-

though the chemical compositions are very similar, each zeolite species possesses i t s 

own unique crystal structure, and hence, i t s own set of physical and chemical proper-

t ies. Most structures, however, can be visualized as S i a n d A l t e t r a h e d r a linked 

together in a simple geometrical form, such as that shown in Figure 2a. This partic-

ular polyhedron is known as a truncated cubo-octahedron. I t is more easily seen by 

considering only lines joining the midpoints of each tetrahedron, as shown in Figure 

2b. Individual polyhedra may be connected in several ways; for example, by double 
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Figure 2. Simple polyhedron of s i l i cate and alumínate tetrahedra. (a) Ball and peg 
model of truncated cubo-octohedron. (b) Line drawing of truncated cubo-
octahedron; lines connect centers of tetrahedra. 

Figure 3. Arrangements of simple polyhedra to enclose large central cavit ies. 
(a) Truncated cubo-octahedra connected by double 4-rings of oxygen in 
structure of synthetic zeolite A. (b) Truncated cubo-octahedra connected 
by double 6-rings of oxygens in structure of faujasite. (From Meier, 
1968.) 
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Figure 4a. Solid-sphere model of crystal structure of synthetic zeolite A. (From 
Mumpton and Fishman, 1977.) 

Figure 4b. Solid-sphere model of crystal structure of chabazite. (From Mumpton and 
Fishman, 1977.) 
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4-rings of oxygen ions, as shown in Figure 3a, or by double 6-rings as shown in Figure 

3b, the framework structures of synthetic zeolite A and the mineral faujasite, respec-

t ively. Solid-sphere models of synthetic zeolite A and the mineral chabazite are i l -

lustrated in Figures 4a and 4b. 

From an examination of Figures 2 to 4, i t is evident that there is considerable 

void space within both the simple polyhedra building blocks and within the larger 

frameworks formed by several polyhedra. The passageways leading into the simple poly-

hedra are too small for all but the smallest molecules to pass; however, ports or 

channels up to 8 Â in diameter lead into the large, three-dimensional cavit ies, as 

shown in Figures 3 and 4, allowing species as large as benzene or cyclohexane to be 

adsorbed. The system of channels and cavities i s different in each zeolite structure, 

as are the effective sizes of the entry ports, giving r i se to a wide variety of mate-

r ia l s each capable of screening molecules and cations by molecular and ion sieving in 

s l i ght ly different manners. (See Chapter 8.) 

HISTORICAL 

In the 200 years following their discovery, zeolite minerals were regarded by 

most of the geological profession as mineralogica! cur ios i t ies . Despite their occur-

rence in almost every basalt flow, few investigations of major geological significance 

were carried out on them during this period, and zeolites were relegated for the most 

part to museum cases and collection drawers. Here they remained, collecting dust both 

in a real and in a sc ient i f ic sense. Textbooks of the period (as well as most pub-

lished today!) invariably described these minerals as having crystal l ized from late-

stage magmatic solutions and offered l i t t l e additional information. I t was univer-

sa l ly accepted that zeolites almost always occurred as vesicule f i l l i n g s in basic 

extrusive rocks. 

The chemists, however, were not so reticent in studying zeol ites, as evidenced 

as early as 1840 by Damour's discovery that zeolites could be reversibly dehydrated 

without destruction of the crystal, and by Friede! 's observation (1896) that various 

l iquids, such as benzene, alcohol, chloroform, and mercury could be occluded by the 

dehydrated material. In 1909, Grandjean demonstrated the adsorption properties of 

zeolites using chabazite and such gases as hydrogen, a i r , ammonia, H2S, and iodine, 

and in 1925, Weigel and Steinhoff noted that dehydrated zeolites would adsorb small 

organic molecules, but reject larger ones, a phenomenon described in 1932 by McBain 

as "molecular s ieving." In the two decades that followed, dozens of papers on the 

dehydration, adsorption, and ion-exchange properties of zeolite minerals appeared 
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in the chemical l iterature, mostly from the laboratories of R. M. Barrer in London and 

J. Sameshima in Japan. Much of this work was focused on the zeolites mordenite and 

chabazite which appeared to have the greatest adsorption capacities of the zeolites 

known at that time; however, the rar ity of these zeol ites, or of any zeolites for that 

matter, precluded the development of large-scale industrial processes based on natural 

materials. Zeolites were suff ic ient ly abundant in amygdaloidal basalts for experimen-

tal purposes, but there seemed to be no method that could economically extract zeolites 

from such bodies to support a commercial process. 

The non-existence of commercial deposits of natural zeolites caused the chemists 

to turn to synthesis as a means of obtaining a steady supply of zeolite materials, and 

between 1944 and 1960, major efforts went into the low-temperature hydrothermal syn-

thesis of crystal l ine zeolites. Based on earlier experiments by Barrer, R. M. Milton 

of the Linde Division of Union Carbide Corporation began his own synthesis experiments 

in Tonawanda, New York. His in i t i a l runs, aimed at making chabazite because of i t s 

potential in the separation of oxygen and nitrogen from a i r , were unsuccessful. What 

was produced, however, was an entirely new type of zeolite, possessing adsorption and 

molecular sieve properties even better than those of chabazite. This new zeolite i s 

the Linde type A zeolite, the mainstay of the synthetic molecular sieve business 

(Milton, 1959, 1968). 

The 1950s found Union Carbide Corporation and other industrial laboratories deeply 

engaged in developing processes and markets for their growing molecular sieve business. 

I t was during this period that the geological profession began to hear rumors that 

zeolites could be found in rocks other than basalt flows, and that in some places, 

zeolite minerals made up almost 100% of the rock! Hints of such non-basalt, non-

igneous occurrences had found their way into the geological l iterature before th i s , 

but in general these reports were ignored by the profession. In 1914, Albert Johannsen 

found what he thought were fine-grained zeolites making up a large portion of Eocene 

tuff beds in the Uintah Basin of Utah, Colorado, and Wyoming. In 1928, W. H. Bradley 

and C. S. Ross both described zeolites in saline-lake deposits of Wyoming and Arizona, 

respectively, and in 1933, two U. S. Geological Survey geologists, M. N. Bramlette and 

E. Posjnak, reported several occurrences of c l inopt i lo l i te in v i t r i c tuffs in various 

parts of the western United States. Kerr (1931) noted zeolites in California bento-

nites, and Fenner (1936) described extensive zones of what he identified as heulandite 

in Yellowstone dr i l l cores. The deep-sea zeolites reported by Murray and Renard in 

1891 in the report of the H.M.S. Challenger predate al l of the above, but this work 

was also not known extensively until recently. Probably the earl iest record of zeo-

l i tes in sedimentary rocks was published in 1876 by Lew, who described chabazite from 
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a tuff bed near Bowie, Arizona, the s ite of current zeolite mining operations (see 

Sheppard et al_., 1976). 

Twenty years ago, although the geological world was generally unaware of i t , 

zeolites were being found in rocks other than igneous basalts, mostly in bedded tuffs 

in lacustrine and marine environments. Influenced by Coombs' discovery (1954) of 

several different types of zeolites in low-grade metamorphic rocks of New Zealand, 

Sudo's work in Japan (1950) on the zeolites of the Green Tuff, the several reports 

of "mordenite-like" zeolites in sedimentary rocks of the Soviet Union, and Sersale 's 

early work (1958) on the zeol i t ic "tuffo g ia l lo napoletano" in I ta ly, a few far-

sighted geologists in the United States began to examine tuffaceous sediments and 

altered volcanic ashes by x-ray diffraction techniques. The results speak for them-

selves. What appeared in hand specimen to be ordinary, fine-grained, altered glasses, 

were shown to contain up to 95% of a single zeolite (e.g., Ames, Sand, and Goldich, 

1958; Hay, 1962; Van Houten, 1964; Deffeyes, 1959a; Mumpton, 1960). Most of the 

zeolites in altered tuffs are extremely fine grained and defy reliable microscopic 

characterization. Particle sizes range from less than 0.1 um to a few ym; however, 

as shown by scanning electron microscopy, crystal shapes are well developed and 

generally mimic those of megascopic crystals found in basalt amygdules (see Figures 

5 to 12). As a result of such investigations, several million-ton size deposits of 

"rare" mineral erionite were discovered in 1957 in lacustrine deposits of central 

Nevada (Deffeyes, 1959b) and in southwest Oregon, and the zeolite ci inopti loi i te 

suddenly became one of the most common minerals in tuffaceous sedimentary rocks. 

Thus, in the late 1950s, while the chemists were busy synthesizing zeolites 

and finding uses for them, the geologists were realizing that many zeolite minerals 

could be found in mineable quantities in nature. When each group learned of the 

other 's act iv i t ies , the zeolite story picked up i t s pace. The geologists were stim-

ulated because not only were their discoveries of significance in deciphering the 

origin of volcanogenic sedimentary rocks, but the zeolite constitutents of these 

rocks were valuable from a commercial point of view as well. Simultaneously, the 

chemists were now able to design uses based on relatively inexpensive natural 

materials to complement the more costly synthetic products, thereby creating en-

t i re ly new markets for zeolite materials. 

The discovery that zeolite minerals were formed on a large scale by the reac-

tion of volcanic tuffs and tuffaceous sedimentary rocks with lacustrine, marine, or 

groundwaters in a host of geological environments was a milestone in the geological 

sciences; however, the realization that such materials were also capable of being 

ut i l ized in numerous areas of industrial and agricultural technology provided the 
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Figure 5. Scanning electron micrograph of c l inopt i lo l i te from a lacustrine tuff near 
Castle Creek, Idaho. Note characteristic monoclinic symmetry of blades and 
laths, some of which are similar to the coffin-shape of megascopic heulan-
dite from basalt amygdules. (From Mumpton and Ormsby, 1976.) 

Figure 6. Scanning electron micrograph of erionite needles from a saline-lake deposit 
near Eastgate, Nevada. Needles are 10 to 20 ym in length and about 1 ym 
thick. (From Mumpton and Ormsby, 1976.) 
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Figure 7. Scanning electron micrograph of erionite from a tuff near Hector, California 
The bundles are about 20 ym long and about 10 ym wide and contain several 
hundred needles, each about 0.5 ym in diameter. (From Mumpton and Ormsby, 
1976.) 

Figure 8. Scanning electron micrograph of chabazite rhombs from a lacustrine tuff 
along Beaver Divide, Wyoming. The crystals are several μπι in diameter 
and commonly intergrown. (From Mumpton and Ormsby, 1976.) 
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Figure 9. Scanning electron micrograph of ph i l l ip s i te from deep-sea sediments. Prisms 
are about 10 to 15 μιη long and about 2 to 3 ym wide. (Courtesy of R. E. 
Garrison.) 

ι 

Figure 10. Scanning electron micrograph of analcime crystals displaying typical 
trapazohedral symmetry from Ischia, I ta ly. (From Mumpton and Ormsby, 
1976.) 
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Figure 11. Scanning electron micrograph of mordenite needles from a lacustrine tuff 
near Lovelock, Nevada. Needles are about 5 to 20 urn in length and 0.5 
to 1 μπι wide. (From Mumpton and Ormsby, 1976.) 

Figure 12. Scanning electron micrograph of intertwined mordenite fibers with ci inop-
t i loi i te from an ash-flow tuff near Monolith, California. (From Mumpton 
and Ormsby, 1976.) 
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impetus for the exploration and development programs that have been carried out in 

recent years in many countries. In less than two decades, the status of the zeolite 

group of minerals has changed from that of museum curiosity to an important indus-

tr ia l mineral corrmodity. The commercial use of natural zeolites in s t i l l in i t s 

infancy; however, more than 300,000 tons of zeol i t ic tuff is currently mined each 

year in the United States, Japan, I ta ly , Bulgaria, Hungary, Germany, Korea, and 

Mexico. Natural zeolites are used as f i l l e r in the paper industry, as lightweight 

aggregate, in pozzolanic cements and concrete, as dietary supplements in animal 

husbandry, as ion exchangers in pollution-abatement processes and water purif ication, 

in the separation of oxygen and nitrogen from a i r , as reforming petroleum catalysts, 

in fe r t i l i ze r s and soil conditioners, and as acid-resistant adsorbents in gas drying 

and purif ication. In this era of energy and resource conservation and environmental 

concern, the attractive chemical and physical properties of natural zeolites will 

undoubtedly be harnessed even more in the future in the solution to these and other 

problems. 
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Chapter 2 

CRYSTAL STRUCTURE AND CHEMISTRY OF NATURAL ZEOLITES 

Edith M. Flanigen 

INTRODUCTION 

Zeolites are crystal l ine, hydrated aluminosili cates of alkal i and alkaline earth 

metal elements; in particular, of sodium, potassium, magnesium, calcium, strontium, and 

barium. Structurally they are framework aluminosilicates consisting of inf in i te ly 

extending three-dimensional networks of AlO^ and SiO^ tetrahedra linked to each other 

by the sharing of all oxygens. Zeolites are most closely related to the feldspar and 

feldspathoid groups of s i l i cate minerals, and all three groups i l lust rate the substi-

tution of a monovalent cation plus aluminum for s i l i con in the basic formula of the 

s i l i c a minerals, as follows: 

( S i 0 2 ) n - L I X W „ M x (A10 2 ) x (S i0 2 ) n . x 

Rearranging the empirical formula l i s ted on page 3, a crystallographic unit-cell 

formula can be developed as shown below: 

M a / n ( ( A 1 0 2 V S i 0 2 V - w H2° 

where M i s a cation of valence n, w i s the number of water molecules, and a and b are 

small whole numbers. The sum (a + b) is the total number of tetrahedra in the unit ce l l , 

and the ratio b/a varies from 1 to 5. Thus, the zeolite structure may be divided into 

three components: the aluminosilicate framework, interconnected void spaces in the 

framework containing metal cations, M, and water molecules which are present as an 

occluded phase. 

Zeolites comprise the largest group of tekto-s i l icates; more than 35 different 

framework topologies are known, and an inf in ite number are possible. Nearly 40 species 

of zeolite minerals have been described, and about 100 different types of synthetic 

zeolites have been made in the laboratory. 
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CRYSTAL STRUCTURES 

I t i s convenient to describe and c l a s s i f y zeolite structures in terms of funda-

mental building units, as l i s ted in Table 1. These units include the primary building 

unit of T04 tetrahedra, so-cal led secondary building units (SBU) which consist of both 

s ingle rings of 4, 5, 6, 8, 10, and 12 tetrahedra and double rings of 4, 6, and 8 

tetrahedra, and larger symmetrical polyhedra described in terms of archimedian so l ids . 

Several of the secondaj-y building units and the larger symmetrical polyhedra are shown 

in Figure 1. Methods used to depict structural units in zeolites and for building 

models to i l l u s t ra te crystal structures of zeolites are surmiarized in Appendix 1. 

Detailed structural c la s s i f i ca t ions of natural and synthetic zeolites have been 

proposed by Smith (1963), Fischer and Meier (1965), and Breck (1974). Although Meier 

(1968) was the f i r s t to propose a c l a s s i f i ca t ion based on secondary building units 

contained in the structure, Breck's c la s s i f i ca t ion is based on a combination of frame-

Table 1. Building Units in Zeolite Structures^ 

Primary Building Unit - Tetrahedron (TO^ ) 

Tetrahedron of four oxygen ions with a 

central ion (T) of S i + ^ or Al+^ 

Secondary Building Units (SBU) 

Rings: S-4, S-5, S-6, S-8, S-10, S-12 

Double Rings: D - 4 , D-6, D-8 

Larger Symmetrical Polyhedra 

Truncated Octahedron (V.O.) or Sodalite Unit 

11-Hedron or Cancri ni te Unit 

14-Hedron I I or Gmelinite Unit 

'From Flanigen et al_., 1971. 

20 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



(a) 

• 

S4R S6R 

(h) 

S8R D 4 R 

T s O i 0 4 - l TgOj6 5-

D 8 R 

D6R 

Τ , 0 θ 2 0 4-4-1 

D 6 R 

Figure 1. (a) The secondary building units (SBU) in zeolite structures according to 
Meier (1968). Only the positions of tetrahedral (T) s i l icons and aluminums 
are shown. Oxygen atoms l i e near the connecting sol id l ines, which are not 
intended to mean bonds. The 4-1 unit is based on the configuration of 5 
tetrahedra present in the structures of Group 5. The 5-1 unit i s based on 
the configuration of 5-rings found in Group 6. The 4-4-1 unit i s based on 
the configuration of tetrahedra found in Group 7. (b) Some polyhedra in 
zeolite frameworks: a (26-hedron Type I ) or truncated cuboctahedron; β 
(14-hedron Type I ) or truncated octahedron; δ or double 8-r ing; D6R or 
double 6-ring (hexagonal prism); γ or 18-hedron; and ε or the 11-hedron. 
(From Breck, 1974, Fig. 2.18.) 
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work topology as well as secondary building units and will be used in this chapter. 

Breck's divis ion of zeolites into seven groups based on these cr i ter ia i s shown below: 

Group Secondary Building Unit 

1 Single 4-ring (S4R) 

2 Single 6-ring (S6R) 

3 Double 4-ring (D4R) 

4 Double 6-ring (D6R) 

5 Complex 4-1, TgO-jQ unit 

6 Complex 5-1, TgO^ unit 

7 Complex 4-4-1, T i n 0 ? n unit 

His detailed compilation of zeolite structures into these groups is shown in Table 2. 

Meier 's original groups are l i s ted in Table 3 which includes additional crystal lo-

graphic data not found in Table 2. Meier 's table showing the relationship of secondar 

building units present in various zeolite structures i s reproduced as Table 4. 

Group 1 (S4R) 

Group 1 consists of framework structures which are formed from single 4-r ings. 

I t includes the important natural zeolites analcime, ph i l l ip s i te , gismondine, and lau-

montite. The structures of paulingite, harmotome, and yugawaralite also fa l l into 

this group. 

Analcime. A stereogram of the framework topology of analcime is shown in Figure 

and is described in the figure legend. Analcime is a common zeolite in both igneous 

basalts and in sedimentary rocks and has been synthesized on numerous occasions. Al-

though i t i s relatively complex, the crystal structure of analcime was one of the 

f i r s t to have been determined. The minerals analcime, wairakite, v ise ite, and kehoeite 

have basically the same framework structure. The name analcime is used to designate 

the sodium-rich member of the analcime-wairakite series; wairakite--the calcium-rich 

member. Whereas analcime is generally cubic, wairakite i s only pseudo-cubic, crystal-

l i z ing in the monoclinic system. The water content of analcime varies l inearly with 

the s i l i c a content. As the s i l i c a content increases, the number of exchange cations 

decreases. A summary of structural data for analcime and wairakite i s shown in 

Appendix I I , Tables 1 and 2. 

Viseite and kehoeite are varieties of analcime with disordered structures. They 

are the only known zeolite minerals which contain ions other than s i l i con or aluminum 
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Figure 2. Steroscopic view of the framework structure of analcime viewed in the direc 
tion of the 6-rings which form the noni intersecting channels parallel to 
[111]. The simplest structural units in the framework are 4-rings and 6-
rings which are linked to create additional 8- and 12-rings. The 6-rings 
are situated parallel to the [111] direction or 3-fold axis, and the 4-ring 
are perpendicular to the 4-fold axes. The 8-r ings, highly distorted, are 
parallel to the (100) plane. The framework encompasses 16 cavities which 
form continuous channels that run parallel to the 3-fold axes without in-
tersection. These channels are occupied by the water molecules. Twenty-
four smaller cavities are situated adjacent to these channels. (From 
Breck, 1974, Fig. 2.4.) 

in the tetrahedral framework, in both cases, phosphorus. Their chemical formulae are 

Na 2Ca 1 0((A10 2) 2 0(S i0 2) 6(P0 2) 1 0(H 30 2) 1 2)-16H 20 and Zn 5 > 5Ca 2 > 5 ( (A10 2 ) 1 6 )P0 2 ) 1 6 (H 30 2 ) 1 6 ) · 

32H20, respectively. 

Phi l ! ips i te. Ph i l l ip s i te i s a principal member of a group of zeolites whose 

structures are based on parallel 4-rings and 8-r ings. These structures are closely 

related to feldspar structures and have been c lass i f ied by Smith (1963) on the basis 

of the different types of 4-ring chains present in the structure. The framework of 

linked 4-rings and 8-rings has an interconnected two-dimensional channel system. 

Harmotome has the same aluminosilicate framework as ph i l l i p s i te , but a different 

chemical composition, with barium substituting for calcium and sodium in the exchange-

cation position. A stereogram of the framework structure of ph i l l ip s i te and harmotome 

i s shown in Figure 3. Salient features of the structure are given in the figure legen 

Crystal structure data for these minerals are l i s ted in Appendix I I , Tables 3 and 4. 

Gismondine. The framework structure of gismondi ne i s also based on the four-

membered ring chain configuration of tetrahedra and also contains linked 4-rings and 

8-r ings. A stereogram of i t s framework topology i s shown in Figure 4, and crystal 

structure data are l i sted in Appendix I I , Table 5. Figure 5 shows a comparison of 
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Figure 3. Stereoscopic view of the framework structure of ph i l l ip s i te and harmotome. 
The view is parallel to the main 8-ring channel. The double chains are 
folded in an S-shaped configuration in the direction of the b-axis. The 
4- and 8-rings are evident as well as the channels which parallel the a-
and b-axes. The wider channel, parallel to a, i s bounded by 8-rings with 
free dimensions of 4.2 χ 4.8 A and intersects channels parallel to the 
b-axis that have free dimensions of 2.8 and 4.8 Â. The channel intersec-
tions provide cavit ies. (From Breck, 1974, Fig. 2.5.) 

Figure 4. Stereoscopic view of gismondine. (a) View in the c direction parallel to 
the 4-fold axis, (b) View in the direction of the main 8-r ing channel. 
Similar to harmontome and ph i l l i p s i te , the channels in gismondine run 
parallel to the a and b directions. The main apertures in the channels 
are formed by 8-r ings which have a free aperture size of 3-4 A. In the 
channels each calcium ion is surrounded by 4 water molecules and coor-
dinated with 2 of the framework oxygens. The water positions are only 
part ial ly occupied, so that the average coordination number with water i s 
four, to give a total average coordination of s ix . (From Breck, 1974, 
Fig. 2.6.) 
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Figure 5. Skeletal diagrams of the frameworks of ph i l l ips i te or harmotome (a) and 
gismondine (b). (From Meier, 1968, Fig. 7.) 
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the different arrangements of four-membered ring chains in phillipsite, harmotome, and 

gismondi ne. 

Laumontite. The framework of laumontite contains 4-, 6-, and 10-rings. The dehy-

dration of laumontite occurs in stepwise fashion, with the partially-dehydrated form 

being referred to as leonhardite. As seen in the stereogram of Figure 6, the framework 

structure of laumontite resembles that of analcime in that it consists of 4-rings and 

6-rings. Crystal structure data for laumontite are listed in Appendix II, T*ble 6. 

"Molecular Sieve Zeolites - I" 

Figure 6. Framework of laumontite viewed parallel to a and showing the main channels 
formed by distorted 10-rings. (From Breck, 1974, Fig. 2.10.) 

Group 2 (S6R) 

Group 2 zeolites includes those structures having a single 6-ring as a common 

secondary building unit; hexagonal (Al,Si)gO·^ (D-6) rings are also found in some of 

the frameworks. These structures can also be described according to the spatial 

arrangement of parallel 6-rings, linked through tilted 4-rings. The centers of the 

6-rings are arranged like close-packed spheres in simple structures, using the 

sequences ABCABCABC..., ABABAB..., etc., into a large number of known and hypothe-

tical structures, as illustrated in Figure 7. Members of this group include erionite, 

offretite, levynite, and the related feldspathoid, sodalite. 

Erionite. Erionite has a hexagonal structure consisting of parallel D-6 rings. 

The framework is shown in Figure 8 and a space-filling model showing oxygen ions, in 

Figure 9. The erionite framework can also be considered in terms of the cancrinite 
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(a) (b) 

Figure 7. The AABB sequence (a) is characteristic of gmelinite, and the AABBCC (b) 
arrangement i s characteristic of chabazite. (From Breck, 1974, Fig. 2.22.) 

Figure 8. Stereoscopic view of the framework of erionite. The view i s parallel to the 
c-axis and shows the stacking sequence of the 6-r ings. The sequence i s AAB. 
AAC. The framework consists of double 6-r ings, D6R units, and S6R units 
which are arranged in parallel planes perpendicular to the hexagonal axis. 
Because of the stacking sequence, the c-dimension is 15 Â, i . e . , 6 times 
the 2.5 Â spacing of a single 6-r ing. 

The main cavities have internal diameters of 15.1 Â by 6.3 S. Each of the 
cavities has a single 6-ring at the top and bottom, which i t shares with l i l 
cavities above and below. The aperture between the cavities in the c-direc-
tion has a free diameter of 2.5 A and i s too small to permit diffusion of 
most molecules. However, s ix 8-rings form apertures into any single cavity 
and these have free dimensions of 3.6 by 5.2 Â. Three are arranged in the 
upper half of the cavity and three below. Each window or aperture formed 
by these 8-rings is common to two cavit ies. 

The e- or cancri ni te-type cages are linked in the c-direction by D6R units 
(hexagonal prisms) in the configuration e-D6R-e-D64 These columns are 
crosslinked by single 6-rings perpendicular to c. In erionite the cages ari 
not symmetrically placed across the D6R units. (From Breck, 1974, Fig. 2.12 
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Figure 9. Space-f i l l ing models of (a) erionite, (b) chabazite, (c) gmelinite. The 
8-ring aperture entering the channels i s shown by the arrow. (From Breck, 
1974, Fig. 2.31.) 
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or ε-cages linked by D6R units in the c-direction. In adsorption and molecular sieve 

applications where the water has been removed from the zeolite structure, molecules 

must pass through 8-ring apertures to diffuse from one cavity to another. Continuous 

diffusion paths are available in the erionite structure for molecules of appropriate 

size. 

The principal cations in natural erionite are potassium and calcium. In sedimen-

tary varieties, the potassium ions shown considerable resistance to ion exchange, in-

dicating that they are locked within the structure, probably in the cancrinite or e-

cages. Crystal structure data are listed in Appendix II, Table 7. 

Offretite. The offretite structure is closely related to that of erionite. A 

stereo-diagram of the framework topology of offretite is shown in Figure 10, and the 

crystal structure data are listed in Appendix II, Table 8. The structure consists of 

D-6 rings, gmelinite units, and cancrinite units. The framework of offretite contains 

an AABAAB... sequence of 6-rings, compared to AABAAC... for erionite. Some of the 

potassium ions in natural offretite also appear to be located within cancrinite cages. 

Sodai i te. Although the mineral sodai ite is a feldspathoid rather than a zeolite 

and generally contains substantial quantities of chlorine, it is included in this dis-

cussion because of its structural relationship to the zeolites and because a hydrated 

variety is commonly encountered during zeolite synthesis studies. A sterogram of 

the sodalite structure is shown in Figure 11. The framework consists of a close-packec 

cubic array of polyhedral sodalite units (see also Figure lb). Every 4- and 6-ring is 

shared by an adjacent sodalite unit. Crystal structure data for synthetic hydrated 

sodalite are given in Appendix II, Table 9. 

Group 3 (D4R) 

The secondary building unit common to framework structures of zeolites of Group 3 

is a double 4-ring (D4R). Synthetic zeolite A is the only known structure type which 

is based on this unit. 

Zeolite A. Zeolite A is one of the most important zeolites of the commercial 

molecular sieve business. It has been synthesized under a wide variety of conditions 

and from many different starting materials, but it has never been found in nature. 

The aluminosilicate framework of zeolite A contains two types of polyhedra, the 

double 4-rings of Figure 12 and the truncated octahedron or sodalite unit shown in 

Figure 13. The aluminosilicate framework is generated by placing the cubic D4R rings 
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Figure 10. Stereoscopic view of the offretite framework looking perpendicular to c 
along a. This view shows the stacking of D6Rs and ε-cages in the c-direc-
tion along with the gmelinite, 14-hedron cages. The main c-axis channels 
are not shown in this view but resemble the channels in gmelinite and are 
6.4 S in diameter. (From Breck, 1974, Fig. 2.13.) 

A d v a n c · · In Chtmi i t ry S t i l t s 

Figure 11. Stereodiagram of the framework topology of sodalite. (From Meier and Olson, 
1971). 
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:igure 12. The cubit unit of 8 tetrahedra as found in the framework structures of the 
Group 3 zeolites. The photo on the left shows a model based on sol id tetra-
hedra and on the r ight, the space-f i l l ing model showing the positions of 
individual oxygen atoms. This i s referred to as the double 4-ring or D4R 
unit. (From Breck, 1974, Fig. 2.32.) 

Figure 13. The truncated octahedron (a) and (b) the array of truncated octahedra in 
the framework of zeolite A. The linkage is shown via the double 4-r ings. 
(From Breck, 1974, Fig. 2.33.) 
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( A l ^ S i ^ g ) in the centers of the edges of a cube of edge length 12.3 Â. This arrange-

ment produces truncated octahedral units centered at the corners of a cube. Thus, each 

corner of the cube is occupied by a truncated octahedron enclosing a cavity with a free 

diameter of 6.6 Â. The center of the unit cell i s a large cavity which has a free di-

ameter of 11.4 Â, usually referred to as the alpha-cage. The packing of α-cages and a 

space-filling model of zeolite A are shown in Figure 14. (See also Figure 4a, Chapter 1 

A stereodiagram of the framework topology of zeolite A is shown in Figure 15. Cry: 

tal structure data are given in Appendix I I , Table 10. Because of its commercial impor 

tance, there is a substantial volume of structural data on zeolite A, including details 

of cations positions for various cationic forms which will not be covered here. How-

ever, i t is worth noting that the cation exchange of sodium ions with other alkali or 

alkaline earth ions is used to tailor the adsorption pore size of this zeolite as dif-

ferent cations occupy different positions in the dehydrated structure and, hence, ob-

struct to some degree the access of the adsorbed molecule to the intercrystalline void 

through the eight-membered rings. 

Group 4 (D6R) 

The framework structures of zeolites of Group 4 are characterized by the double 

6-ring (D6R) as the secondary building unit. This group includes the minerals chabazit 

gmelinite, and faujasite as well as the conmercially-important synthetic zeolites X and 

Y which have the same framework topology as faujasite. Synthetic zeolites X and Y are 

used throughout the world in the catalytic cracking of petroleum to produce gasoline an 

as catalysts in many other petrochemical processes. Natural faujasite is a rare zeo-

lite, having been found in minute amounts in only a few basalt-vug occurrences. 

Faujasite and Faujasite-type Structures. The topology of faujasite and of the 

related synthetic zeolites X and Y is obtained by linking sodai i te units with double 

6-rings or hexagonal prisms. Each sodai ite unit is linked through hexagonal prisms 

to four sodai i te units in a tetrahedral configuration. A stereodiagram of the alumino-

sil icate framework of faujasite and synthetic zeolites X and Y is shown in Figure 16. 

Crystal structure data are listed in Appendix I I , Tables 11, 12, and 13. The structure 

is further depicted in Figure 17 which shows the spatial arrangements of truncated 

octahedral units in a diamond-like array and a space-filling model showing the approx-

imate location of oxygen ions in the framework. The framework structure of faujasite 

is very open and encloses a system of large cages linked by four windows of 12-rings 

to adjacent cavities. 
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a 
b 

C 

Figure 14. (a) The truncated cuboctahedron and (b) the arrangement in the framework of 
zeolite A. (c) A space-f i l l ing model of the structure of zeolite A showing 
the packing of oxygen. Three unit cel l s are shown and the typical location 
of cations in s i te I and I I . The s i t e - I cations are indicated by the gray 
spheres and the s i t e - I I cations by the black spheres. A r ing of oxygens 
l ie s in each cubic face. Six apertures open into each α-cage with a free 
diameter of 4.2 Â. Each α-cage i s connected to 8 ß-cages by distorted 6-
rings with a free diameter of 2.2 Â. The surface of the α-cage i s charac-
terized by 8 monovalent ions coordinated in a planar configuration with 6 
oxygens of the framework and 4 ions in a one-sided coordination with at 
least 4 framework oxygens. (From Breck, 1974, Figs. 2.34, 2.36.) 
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Advances in Chemistry Ser ies 

Figure 15. Stereodiagram of framework topology of zeolite A. (From Meier and Olson 
1971). 

Figure 16. Stereodiagram of framework topology of faujasite. (From Meier and Olson 
1971.) 
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Figure 17. The structure of zeolites X, Y, and faujasite as depicted by a model showi 
the spatial arrangement of truncated octahedral units in a diamond-type 
array. The space-f i l l ing model showing the approximate location of oxygen 
atoms in the framework i s also pictured. The arrangement of truncated oc-
tahedra in one unit cell i s shown. The large 12-ring i s v i s ib le as well a 
the smaller 6-rings which form the apertures into the 6-cages. The cation 
positions typical of zeolite X are i l lustrated as s i te I within the hexag-
onal prism unit, s i te I I adjacent to the single 6-r ings, and s ite I I I with 
the main cavit ies. (From Breck, 1974, Fig. 2.38.) 
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There are also extensive structural data published on faujasite and the synthetic 

zeolites X and Y in terms of the details of cation positions and the location of water 

molecules. Such data are treated comprehensively by Breck (1974) and Smith (1976). 

Chabazite. The aluminosilicate framework of chabazite consists of D6R units 

arranged in layers in the sequence ABCABC A stereogram of the framework topology 

of chabazite i s shown in Figure 18. The D6R units are linked by t i l ted 4-r ings, and 

the resulting framework contains large, ell ipsoidal cavit ies, each of which is entered 

by s ix apertures that are formed by the 8-r ings. Crystal structure data for chabazite 

are l i sted in Appendix I I , Table 14. A space-f i l l ing model of chabazite i s shown in 

Figure 9 and in Figure 4b of Chapter 1. 

Group 5 (TgO-j0 Units) 

All structures in Group 5 are based on cross-linked chains of tetrahedra. An in-

dividual chain is composed of linked units of five tetrahedra designated by Meier (1968) 

as a 4-1, secondary building unit (see Figures 1, 19). The three possible ways 

of crossl inking the chains produce the three types of framework structures of Group 5. 

This group includes the minerals natrolite, scolecite, mesolite, thomsonite, gonnar-

dite, and edingtonite. The characteristic needlelike habit of zeolite minerals in 

this group reflects the common structural characteristic of cross-linked chains of 

tetrahedra. 

Natrolite, Scolecite, Mesolite. Although they differ in unit-cell composition and 

symmetry, natrol ite, scolecite, and mesolite possess the same type o f framework struc-

ture, i l lustrated in Figure 19. Crystal structure data for natrolite are l i s ted in 

Appendix I I , Table 15. Natrolite and scolecite are, respectively, the sodium and cal-

cium forms of the same framework types; mesolite is the intermediate member of the 

group with a sodium/calcium ratio of 1. 

Thomsonite, Gonnardite, Edingtonite. The framework structure of thomsonite i s 

based on the second type of crossl inking the chains of 4-1 units and is shown in 

Figure 20. Crystal structure data for thomsonite and edingtonite are l i sted in Appen 

dix I I , Tables 16 and 17, respectively. Like other zeolites of Group 5, thomsonite 

occurs as needlelike crystals. Water molecules are located in the channels in double 

zigzag chains. Gonnardite has a similar aluminosilicate framework, but i t s Si/Al 

ratio of 1.5 i s somewhat larger than that of thomsonite (Si/Al = 1.0). Edingtonite 

represents the simplest method of crosslinking the chains of 4-1 units, as i l lustrated 

in Figure 21. 
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Figure 18a. Stereoscopic view of the framework structure of chabazite. This view is 
approximately parallel to the rhombohedral axis. The horizontal 6-r ings 
are linked through t i l ted 4-rings to other horizontal rings that are d i s -
placed both vert ical ly and lateral ly. The centers of the 6-rings can be 
seen to l ie in about the same pattern as the packing of spheres in simple 
crystals. The cubic and hexagonal close packing of spheres is generally 
represented as ABC or AB where A, B, and C represent the three possible 
horizontal projections. The same terminology can be applied i f we desig-
nate the center of the hexagonal r ing by the alphabetical symbol. When 
adjacent layers have the same letter designation, i .e . , AABBCC, the 
structure contains D6R units. I f the adjacent layers have different 
symbols, hexagonal rings are linked by t i l ted 4-r ings. There are many 
possible structures that can be bui lt hypothetically from parallel 6-
rings in this way. (From Breck, 1974, Fig. 2.19.) 

Figure 18b. A stereoscopic view of the framework of chabazite i l lus t rat ing the main 
adsorption cavity or cage and the approximate location of the three catior 
s i tes . Site I in the center of the double 6-ring is at the origin of the 
unit cell and provides for a near octahedron of oxygen atoms. There i s 
one s i t e - I cation per unit cel l . Site I I i s located near the center of 
the 6-ring but displaced away from site I into the main cavity. There 
are two s i t e - I I cations per unit cel l . Site I I I occurs in 6 pairs of 
positions, each pair about 1 A apart and near the t i l ted 4-r ing. The 
locations indicated in the figure are approximate. (From Breck, 1974, 
Fig. 2.20.) 
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Figure 19. (a) Stereoscopic view of a model of the chain of T50-|q units of tetrahedra 
as present in the zeolites of Group 5. (b) Stereoscopic view of the frame-
work structure of natrolite. The view i s nearly parallel to the c-ax is . 
The tetrahedra chain has a fundamental unit length of 6.6 Â so that one 
dimension of the unit cell will be 6.6 Â or a multiple. (From Breck, 1974, 
Fig. 2.24.) 

Figure 20. Stereoscopic view of the framework structure of thomsonite nearly parallel 
to the c-axis. The main channels in thomsonite are perpendicular to the 
fiber or c-axis. Eight of the 12 cations in the hydrated zeolite are found 
in coordination with 7 oxygens, 4 of which are framework oxygens and 3 of 
which are in 8-fold coordination. S i , Al ordering due to Si/Al = 1 require; 
c = 2 χ 6.6 Â or two 4-1 units. (From Breck, 1974, Fig. 2.25.) 
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Figure 21. Stereoscopic view of the framework structure of edingtonite parallel to the 
c-axis. (From Breck, 1974, Fig. 2.26.) 
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Group 6 (TQO^ Units) 

The common structural element in the zeolites of Group 6 is a special configuration 

of 5-rings shown in Figure 22. This secondary building unit of s ix tetrahedra was callei 

a 5-1 unit by Meier (1968). These units form complex chains which are linked to each 

other in various ways, as shown in Figure 23. Group 6 includes the zeolite minerals 

mordenite, dachiardite, ferr ier i te, ep i s t i lb i te , and bik itaite. 

Mordeni te. Mordenite is the most si l iceous zeolite and has a nearly constant Si/Al 

ratio of 5.0, suggesting an ordered distribution of Si and Al in the framework structure 

A stereodiagram of the framework topology of mordenite i s shown in Figure 24, and a 

packed-sphere model showing oxygen ions and channels parallel to the c-axis i s shown 

in Figure 25. Crystal structure data are l i sted in Appendix I I , Table 18. The struc-

ture consists of chains of cross-linked 5-r ings, a feature that is probably responsible 

for the high thermal s tab i l i ty displayed by this zeolite. The chains combine to form 

twisted 12-membered rings which span vert ical, near-cyclindrical channels. The adsorp-

tion properties of natural mordenite are inconsistent with the channel dimensions pre-

dicted by this model of 6.7 Â. As only molecules considerably smaller than this value 

can be adsorbed in dehydrated natural mordenite, the term "small port" mordenite was 

coined. The smaller adsorption pore size i s believed to be due to diffusion blocks 

produced either by stacking faults in the structure in the c-direction or by the pres-

ence of amorphous material within the channels. A synthetic type of mordenite has been 

prepared which exhibits the adsorption properties characteristic of those expected from 

the structure (Keough and Sand, 1961). This material i s characterized by free diffusion 

of molecules in the main channel and has been termed "large port" mordenite. 

Figure 22. Diagram showing the configuration of the ToO-jg units of tetrahedra as found 
in the framework topology of Group 6 zeolites. (From Breck, 1974, Figure 
2.46.) 
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"Molecular Sieve Zeolites - I" 

Figure 24. Stereoscopic view of the framework structure of mordenite parallel to the 
main c-axis showing the large 12-rings and the positions of four of the 
sodium ions which are located as shown in the constructions with a minimum 
diameter of 2.8 Â. The remaining four sodium ions per unit cell probably 
occupy some of the 8- and 12-fold positions at random. (From Breck, 1974, 
Fig. 2.27.) 

"Molecular Sieve Zeolites - 1" 

Figure 25. Packed sphere drawing of mordenite showing oxygen atoms and channels parallt 
to c and parallel to b. The large continuous channels parallel to c are 
elliptical with dimensions of 6.7 χ 7.0 Â. The channels parallel to b con-
sist of pockets, with dimensions of 2.9 χ 5.7 Â separated by 2.8 Â restric-
tions. (From Breck, 1974, Fig. 2.48.) 
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Dach i ardi te, Ferri eri te. The aluminosilicate frameworks of dachiardite arid fer-

rierite are formed by different types of linking of the cross-linked 5-ring chains foun 

in mordenite. Stereograms of these frameworks are shown in Figures 26 and 27, and crys 

tal structure data are l isted in Appendix I I , Tables 19 and 20. 

Group 7 (T1 QC^Q Units) 

Zeolites classif ied in Group 7 include the minerals heulandite, s t i lb i te, brews-

terite, and ci inopti loi i te, al l of which occur as platy or lath-shaped crystals. The 

secondary building unit for Group 7 is the special configuration of tetrahedra shown 

in Figures 1 and 28 of 4-4-1 or T1Q020 units. This SBU contains 4- and 5-rings ar-

ranged in sheets, thereby accounting for the cleavage properties of the minerals. The 

different manners of connecting these units are shown in Figure 29. 

Heulandite, CI inopti lo! ite. The arrangement of T^C^g units in the framework of 

heulandite is shown in Figure 29; the framework topology is shown in Figure 30. The 

low bond density between the layers is readily apparent. Because of the Tow bond 

strength in one direction, heulandite changes structurally on dehydration. I f dehy-

drated at moderate temperatures below 130°C, heulandite will adsorb HgO and NHg. I f 

i t is dehydrated at higher temperatures, no adsorption occurs. 

Although ci inopti loi i te presumably has the same crystal structure as heulandite, 

i t is considerably more stable towards dehydration than heulandite and readily adsorbs 

HgO and C02· Some varieties adsorb 02 and N2- Its chemical composition is s i gn i f i -

cantly different from that of heulandite in Si/Al ratio and exchangeable cations. The 

thermal stabi l i ty of ci inopti loi i te to 700°C is also considerably greater than that of 

heulandite. Recent incomplete structural data of Chen et aK (1977) suggest that some 

ci inopti loi i tes from California differ s l ightly from heulandite in framework topology. 

The heulandite structure has pores defined by both 8- and 10-membered rings; whereas, 

the related ci inopti loi ite structure has pores defined by only 10-membered rings. 

Crystal structure data for heulandite and ci inopti loi i te are l isted in Appendix 

I I , Tables 21 and 22. 
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Figure 26. Stereoscopic view of the framework structure of dachiardite shown parallel 
to the mairi c-channel. The main channel i s parallel to the b-axis [010] 
and intersects channels which parallel the c-axis. The minimum free aper-
ture diameter of both of these channels i s about 4 A. (From Breck, 1974, 
Fig. 2.28.) 

Figure 27. Stereoscopic view of the framework structure of fer r ier i te parallel to the 
c-axis. The main c-axis channels are shown in cross section. Two inter-
secting systems of channels run through the fer r ier i te structure parallel 
to the b- and c-axes. There is no channel in the a-directi on. This i s 
also the case with other zeolites in this group. The c-axis channel has 
an e l l ip t ica l cross-section; dimensions = 4.5 χ 5.5 Â and a cross-sectional 
area of about 18 Â2. The second system of channels, parallel to the b-axis, 
i s formed by 8-rings with diameters of 3.4 χ 4.8 A. Located in these 
channels are cavities which are approximately spherical with a diameter of 
about 7 Â. There i s only one diffusion path available to a molecule of 
any moderate s ize; in order to move from one major channel to another, 
the diffusing species must move through the smaller 8-r ing aperture. 
(From Breck, 1974, Fig. 2.29.) 
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(d) 

Figure 29. Arrangement of the T-mC^o units of tetrahedra in the framework structures 
of (a) brewsterite, (b) brewsterite chain of 4-r ings, (c) s t i l b i te , and 
(d) heulandite. The sheets are parallel to [010] and are connected by 
relatively few oxygen bridges which results in two-dimensional channel 
systems. The bond densities across these connecting bridges are very low, 
1.7 (S i ,Al ) -0 bonds per 100 Ä2 in heulandite and s t i l b i te compared to 4.2 
in analcime. This accounts for the lamellar habit of the crystals. The 
larger channels, parallel to a, are formed by rings of 10 tetrahedra. 
(From Breck, 1974, Fig. 2.51.) 
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Figure 30. Stereoscopic view of model of the framework structure of heulandite. The 
channel system is two dimensional; one set parallel to the a-axis formed 
by 8-r ings, 4.0 χ 5.5 S in free aperture, and two sets parallel to the 
c-axis formed by 8- and 10-rings with free apertures of 4.1 χ 4.7 A and 
4.4 χ 7.2 A. The cross-section parallel to the ab plane i s similar to 
that of mordenite. (From Breck, 1974, Fig. 2.32.) 
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Chapter 3 

GEOLOGY OF ZEOLITES IN SEDIMENTARY ROCKS 

R. L. Hay 

INTRODUCTION 

Zeolites occur in rocks of many types and in a wide variety of geologic settings. 

Most of the earl ier geological work on zeolites was carried out on typical occurrences 

in cavities of basalt flows. In the 1950s, however, careful x-ray diffraction studies 

of bedded tuffs in the western part of this country and in Japan and I ta ly showed that 

larger quantities of zeolites are to be found in sedimentary rocks and that many such 

strata consist almost entirely of zeolite minerals. As an introduction to the several 

sections that follow on the occurrence of zeolites, this chapter outlines the geolog-

ical characteristics of the types of occurrences that have been recognized in sedimen-

tary environments during the last 25 years. No attempt has been made to detail the 

many occurrences of zeolites in the vugs and cavities of mafic volcanics, as these 

have been well documented in the geologic literature over the last 200 years. 

Mineralogy 

Comprehensive l i s t ings of zeolites in sedimentary rocks have been given in several 

review papers, including Coombs et (1959), Hay (1966), Iijima and Utada (1972), 

Sheppard (1971), and Olson et aK (1975), to which the reader is referred. Five zeo-

l i tes predominate in sedimentary rocks: analcime, c l inopt i lo l i te , heulandite, laumon-

t i te, and ph i l l ip s i te . Ranking next in abundance are chabazite, erionite, mordenite, 

natrolite (with gonnardite), and wairakite. Alkal i - r ich zeolites include analcime, 

c l inopt i lo l i te , erionite, mordenite, and natrolite; whereas, heulandite, laumontite, 

and wairakite are calcic. Ph i l l ips i te and chabazite range from alkal ic to calcic 
3+ 

depending on their mode of occurrence, and vary greatly in their Si/(A1+Fe ) ratio 

(Table 1). In a general way, the degree of hydration of individual species varies 

inversely with the Si/Al ratio. Also, with the exception of analcime and natrol ite, 

the more s i l iceous zeolites tend to contain sodium and potassium as exchangeable 

cations, rather than calcium. 
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Table 1. Main Compositional Features of Zeolites 
Found in Sedimentary Rocks. 

Zeolite Si/Al+Fe3+ 
Dominant 
Cations 

Cl inopti lol i te 4.0 - 5.1 Κ > Na 

Mordenite 4.3 - 5.3 Na > Κ 

Heulandite 2.9 - 4.0 Ca, Na 

Erionite 3.0 - 3.6 Na,Κ 

Chabazite 1 .7 - 3.8 Ca, Na 

Ph i l l ips i te 1.3 - 3.4 Κ,Na,Ca 

Analcime 1.7 - 2.9 Na 

Laumontite 2.0 Ca 

Wairakite 2.0 Ca 

Natrolite 1.5 Na 

Zeolites are formed by reaction of sol id materials with pore water. Volcanic 

glass is a common reactant as are x-ray amorphous and poorly crystal l ine clay, mont-

morillonite, plagioclase, nepheline, biogenic s i l i c a , and quartz. Both clay minerals 

and zeolites can form from the parent material, and whether a clay mineral or zeolite 

i s formed depends on the physical environment and on the act iv i t ies of dissolved 

species such as H+, a lka l i - and alkaline-earth cations, and H4SÌO4. Phyl losi l icates 

are generally favored by high act iv it ies of Mg^+ and by high ratios of H+ to Na+, K+, 
2+ 

and Ca . The species of zeolite which crystal l izes will depend on the temperature, 

pressure, and act iv i t ies of various ions and on the act iv ity or partial pressure of 

H2O. I t should be noted that the chemical potential of water can be lowered and the 

less hydrous zeolites favored by increasing the temperature, the ionic strength, or 

the partial pressure of carbon dioxide (Pc02)· These matters are discussed more 

ful ly elsewhere (for example, Miyashiro and Shido, 1970). 

Early-formed zeolites commonly react with pore f lu id to yield other zeolites in 

sedimentary rocks. This can result from changes in the physical or chemical environ-

ment, or simply because suff icient time has elapsed for a less-stable form to trans-

form to a more stable one. Ph i l l ip s i te , mordenite, and c l inopt i lo l i te , for example, 

can be replaced by analcime, and analcime by laumontite. 
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Occurrences 

Most zeolite occurrences in sedimentary rocks can be categorized into several 

types of geologic environments or hydrologie systems, including (1) sal ine, alkaline 

lakes; (2) sal ine, alkaline so i l s and land surfaces; (3) deep-sea sediments; (4) open 

hydrologie systems; (5) hydrothermal alteration zones; and (6) burial diagenetic or 

metamorphic environments. Many of these types of occurrence result in characteristic 

patterns of zeolite zoning which are diagrammatically i l lustrated in Figures 1 and 2. 

Zoning in saline-lake deposits is exemplified by mineral assemblages in altered v i t r i c 

tuffs . I t can be traced horizontally for several kilometers and probably reflects 

sa l in i ty gradients in the original lake water. In sal ine, alkaline surface s o i l s , 

zeolites are formed at and near the land surface. The marine-sediment type is based 

100 m 

a. Saline, Alkaline Lake Deposits 

land surface ν 
water table. X 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + +• + + + + + + + + 

J l - I O m 

b. Saline, Alkaline Soils 

A. +
 +

+ + 
minor 
B+C(? ) + 

+ T + 
1000m 

c. Deep-Sea Sediments 

Fresh Glass Altered Glass 

Figure 1. Diagrams showing patterns of authigenic zeolites and feldspars in tuffs of 
sal ine, alkaline lakes; saline, alkaline s o i l s ; and deep-sea sediments. 
Zone A i s characterized by non-analcimic, a lka l i - r ich zeolites, zone Β by 
anal cime, and zone C by feldspars. 
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1. s i l i c i c tephra 2. ba l an i te tephra 

a. Open H y d r o l o g i e S y t t e i 

500 

+ + + 

-5000 

-10.000 

b. Hydrothermal Alteration c. Bur ia l Dlagenesis 

Figure 2. Diagrams showing patterns of authigenic zeolites and feldspars in tuffs 
where the zonation is of (a) open-system type, (b) hydrothermal, and (c) 
a result of burial diagenesis. Zone A is characterized by non-analcimic 
a lka l i - r ich zeol ites, zone Β by analcime or heulandite, and zone C by 
K-feldspar in (a·]) and by albite with or without laumontite in (b) and (c) 
Symbols are the same as in Figure 1. (From Hay, 1977.) 
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on the occurrence of zeolites in deep-sea sediments, which comnonly increase in abun-

dance as a function of depth and age, at least in tuffaceous deposits. The open-system 

type refers to accumulations of reactive tephra up to several hundred meters thick 

which show a vertical zoning of authigenic s i l i cate minerals, largely attributable to 

the progressive changing of meteoric water by reaction with sol id material along i t s 

flow path. Hydrothermal alteration zones are those produced by local, abnormally high 

geothermal gradients, as in areas of volcanic act iv i ty, and are commonly associated 

with hot springs. Burial diagenesis refers to the vertical zonation of authigenic 

minerals in thick, sedimentary accumulations attributable chiefly to the increase of 

temperature with depth. Obviously, these categories are not mutually exclusive, and 

burial diagenesis can modify assemblages produced by other mechanisms. 

SALINE, ALKALINE LAKES DEPOSITS 

Zeolites are both common and widespread in deposits of sal ine, alkaline lakes, and 

the purest concentrations of zeolites are found in such lacustrine tuffs. Saline, a l -

kaline lakes are found in arid and semiarid regions and have a pH of about 9.5 as a 

result of dissolved sodium carbonate-bicarbonate or sodium borate. A wide variety of 

materials react to y ie ld zeolites in this alkaline environment, reflecting the solu-

b i l i t y of aluminosilicate detritus at high pH. Among the more common reactants are 

volcanic glass, biogenic s i l i ca , poorly crystal l ine clay, montmorillonite, kaolinite, 

plagioclase, and quartz. In addition to zeol ites, sodium s i l i ca tes , K-feldspar, and 

borosil icates also form in this environment. Reactions are relatively rapid, and 

v i t r i c tuff can alter to zeolites in about 1,000 years. 

The most common zeolites formed from s i l i c i c glass are ph i l l ips i te, c l inopt i lo-

l i t e , and erionite; less common are mordenite and chabazite. Near monomineralic beds 

of c l inopt i lo l i te , ph i l l i p s i te and erionite replacing rhyol i t ic tuffs are widespread 

in Plio-Pleistocene lake deposits of the western United States (Sheppard, 1971). In 

water of moderately high sa l in i ty these zeolites can alter to analcime; in highly 

saline water, all zeolites can alter to potassium feldspar. A typical alteration 

sequence might be glass altering to a zeolite such as c l inopt i lo l i te, which may alter 

to analcime, which in turn may be replaced by K-feldspar (Hay, 1966; Sheppard and 

Gude, 1968). Tuff beds in saline-lake deposits more than a few hundred thousand years 

old may therefore show a mineralogie zoning: (a) an outer zone of glass either un-

altered or replaced by clay minerals where the lake water was relatively fresh; (b) 

a zeol i t ic zone of alteration to c l inopt i lo l i te, ph i l l ip s i te , etc. where the water 
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was sal ine; (c) a more saline zone characterized by analcime; and (d) a highly saline 

zone in the center of the basin where tuffs may be altered largely to K-feldspar 

(Figure 1). Sheppard and Gude (1968, 1973) described excellent examples in late 

Cenozoic rocks; the Green River Formation i s an Eocene example (Hay, 1966; Surdam 

and Parker, 1972). Analcime is generally the only zeolite found in non-tuffaceous 

claystones interbedded with zeol i t ic tuffs containing phi 17ipsite or c i inopt i lo l i te . 

Like zeolites in tuffs, i t readily reacts to form K-feldspar in the highly saline zone. 

SOILS AND SURFACE DEPOSITS 

Zeolites are formed readily from suitable materials at the land surface where the 

pH is high as a result of the concentration of sodium carbonate-bicarbonate by évapo-

transpiration in an arid or semiarid climate. A wide variety of zeolites has formed 

in " so i l s " formed from both tuffaceous and non-tuffaceous sediments of Pleistocene 

and Holocene age in the region of Olduvai Gorge, Tanzania (Hay, 1976). This i s a 

semiarid region which now, and in the past, has been characterized by high concen-

trations of sodium carbonate-bicarbonate at the land surface. Wind-worked, or eolian 

tuffs , mostly of nephelinite composition, were altered to ph i l l i p s i te , chabazite, 

natrolite, and analcime during deposition to form a well-cemented rock. In such 

environments, volcanic glass reacts at about the same rate as in sal ine, alkaline 

lakes (Hay, 1976). Stream-worked trachytic tuffs are altered to zeolites to a 

maximum depth of 18 m beneath one of these units of eolian tuff. The lower surface 

of zeol i t ic alteration probably represents the water table, and the stream-worked 

tuffs between the water table and the eolian tuffs were altered by sodium-carbonate 

solutions periodically flushed downward from the surface during rains. Non-tuffaceous 

f luvial claystones were altered on floodplains penecontemporaneous with deposition to 

form analcime and lesser amounts of other zeolites. Claystones richest in zeolites 

(15-40%) are bright reddish-brown and may represent a relatively modern, small-scale 

example of Mesozoic "analcimolites," which are widespread, reddish-brown, terrestr ial 

deposits rich in analcime (Hay, 1966). 

DEEP-SEA DEPOSITS 

Zeolites have formed widely at relatively low temperatures in marine sediments. 

Most of our information about marine zeolites comes from studies of sea-floor sedi-

ments, in particular the cores obtained by the Deep-Sea Dr i l l i ng Project (DSPS). 
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Ph i l l ip s i te and cl inopti lo i i te are the dominant zeolites, analcime i s next in abun-

dance, and erionite, natrol ite, and mordenite occur rarely. Authigenic minerals as-

sociated with zeolites include smectites, palygorskite, sepiol ite, cr i stobal i te, and 

quartz. Zeolites are particularly abundant in volcaniclastic sediments, especially 

vi tr ie ash, where they may form as much as 80% of the layer. As might be expected, 

phi 11 i psi te is commonly associated with low-s i l ica, generally basalt ic, tephra, and 

c l inopt i lo l i te with s i l iceous tephra. However, ph i l l ips i te can be the principal or 

the only zeolite in s i l i c i c ashes, and c l inopt i lo l i te may be the zeolite of mafic ash 

layers. Analcime i s found principally in mafic volcanic deposits. Cl inopt i lo l i te i s 

widespread and can be a major component of pelagic detrital clays with biogenic s i l i c a . 

Small amounts of c l inopt i lo l i te are found in most other types of fine-grained marine 

sediments, as for example, s i l iceous ooze, carbonate ooze, and green clay. Clinop-

t i l o l i t e i s much more common than ph i l l ips i te in the Atlantic than in the Indian and 

Pacific Oceans, where ph i l l i p s i te predominates. Within the Indian and Pacific Oceans, 

c l inopt i lo l i te becomes more abundant at depth and i s the principal zeolite in Creta-

ceous rocks. 

Small amounts of zeolite are found at shallow depth in Quaternary sediments, 

indicating that they can form in substantially less than a mil l ion years. Czynscinski 

(1973) inferred from studies of Indian Ocean sediments that ph i l l ip s i te crystals can 

grow to their full s ize (^45 μπι) in as l i t t l e as 150,000 years. Although rapid by 

marine standards, this i s far slower than in sal ine, alkaline lakes. Overall, the 

content of zeolites increases as a function of age, at least in tuffaceous sediments, 

reflecting the progressive alteration of volcanic glass. However, some unaltered 

glass can be found in sediments as old as Cretaceous. 

Much, i f not most, of the zeolites in sea-floor sediments was formed by reaction 

of glass with pore water, with or without the addition of biogenic s i l i c a . Smectite 

and palygorskite are associated with zeolites in altered tephra, and the amount of 

authigenic clay minerals commonly exceeds that of zeolites. Zeolites are also formed 

by reaction of poorly crystal l ine or x-ray-amorphous clays. Biogenic s i l i c a contri-

butes to the formation of c l inopt i lo l i te , and c l inopt i lo l i te casts of radiolarians and 

and forams have been widely noted in non-tuffaceous sediments. Pore f lu id of the DSDP 

cores generally varies rather l i t t l e in composition from sea water except for s i l i c a , 

which commonly ranges from about 5 to 65 ppm. The content of dissolved s i l i ca bears 

a highly variable but probably s ignif icant relation to the nature of the zeolites. 

Pore waters of c l in ipt i lo l i te-bear ing sediments have, on the average, a higher con-

tent of SiOp than i s found in the waters of phil1ipsite-bearing sediments. 
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Causes of the distribution of ci inopti loi i te and phi 11 i psi te are controversial, 

and represent a major unresolved problem in the zeolites of marine sediments. 

OPEN-SYSTEM TYPE DEPOSITS 

In open hydrologie systems, tephra sequences commonly show a more or less vertical 

zonation of zeolites and other authigenic minerals, reflecting the chemical change in 

meteoric water as i t moved through the system. Clay minerals, most commonly smectites, 

are formed by hydrolysis of v i t r i c ash in the upper part of the system, increasing the 

pH and dissolved sol ids to the point where glass alters chiefly to zeolites. Flow in 

an open hydrologie system i s either downward or has a downward component where mete-

oric water enters the system, resulting in a vertical to gently inclined zonation of 

water composition and authigenic minerals. 

Thick, non-marine accumulations of s i l i c i c tephra may contain an upper zone, 200 

to 500 m thick, containing fresh g lass, montmorillonite, and opal. The next lower 

zone, as much as 500 or more meters thick, is generally characterized by a s i l iceous 

zeolite such as c l inopt i lo l i te. An underlying zone may be characterized by analcime, 

with or without authigenic K-feldspar and quartz (Figure 2). The John Day Formation 

of Central Oregon (Oligo-Miocene) is an excellent example (Hay, 1963). Al ka l i - r i ch , 

low-sil ica tuffs may exhibit a comparable zonation of zeolites with thicknesses on the 

order of ten meters. Koko Crater, Hawaii, and the Neapolitan Yellow Tuff of Naples 

are examples (Hay and I ij ima, 1968; Sersale, 1958). This zonation at relat ively shal-

low depths reflects the highly reactive nature of a lka l i - r i ch , s i l ica-poor g lass. 

HYDROTHERMAL DEPOSITS 

Zeolites are widespread in areas of hydrothermal alteration and may also exhibit 

a zonal pattern. Cl inopt i lo l i te or mordenite characterizes the shallowest and coolest 

zones while progressively deeper zones commonly contain analcime or heulandite, lau-

montite, and wairakite. Well-known examples are in Yellowstone Park, Wyoming; 

Wairakei, New Zealand; and Onikobe, Japan. The mineralogie zonation represents pr i -

marily the progressive dehydration with increasing temperature. 

Alteration zones surrounding Kuroko-type ore deposits in Japan exhibit a complex 

zonation resulting from a combination of submarine hydrothermal alteration and low-

temperature burial diagenesis ( I i j ima, 1974). In the simplest form, an analcime zone 
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extends lateral ly from a phyl losi l icate hydrothermal zone and i s progressively bor-

dered by mordenite and clinoptilolite-mordenite zones. 

Curiously, laumontite is readily formed by hydrothermal alteration, yet apparently 

has not been synthesized in unseeded hydrothermal experiments from anything but dehy-

drated laumontite (Coombs et al_., 1959). Nature's ease in forming laumontite is i l -

lustrated by the laumontite precipitated in radiators fed by natural hot spring water 

in Pauzhetka City, Kamchatka (Lebedev and Gorokhova, 1968)! 

BURIAL DIAGENETIC DEPOSITS 

This type, also termed burial-metamorphic, comprises those deposits which were 

formed over wide areas in thick accumulations of volcanoclastic sediments at s ignif ican 

increased temperatures. Deposits up to 12 km thick are known which display vertical 

zonation of zeolites and associated minerals. In Cenozoic sequences, a surface zone 

as much as 2 km thick may contain fresh glass, and successively lower zones may have 

assemblages with (1) mordenite and ci inopti loi i te, (2) analcime and heulandite, and 

(3) laumontite and albite. The laumontite-albite zone grades into a zone with preh-

nite and pumpellyite, representing a transit ion into the greenschist facies of re-

gional metamorphism. Locally, a wairakite-bearing zone may be intercalated between 

rocks containing laumontite and those with prehnite and pumpellyite. In pre-Cenozoic 

strata, the uppermost zones have generally been eroded away. The mineralogie zones 

represent a decrease in hydration with depth caused by an increase in temperature. 

As might be expected, zeol i t ic assemblages correlate rather well with coal rank, 

which has been shown to be directly related to burial depth and geothermal gradient. 

Probably the most instructive examples of burial-diagenetic zoning are in late 

Cenozoic volcaniclastic sediments of the Green Tuff region of Japan (Iijima and Utada, 

1972; Utada, 1971). Here, the thickness and mineralogy of the zones can be correlated 

to some extent with the geothermal gradient, and zeol it ic diagenesis i s presently 

proceeding in some areas, allowing an estimate of the temperatures at which the zones 

are forming. The best-known example is the Niigata oi l f ie ld , where dr i l l core i s 

available for a 5-km thickness of marine strata (Iijima and Utada, 1971). An upper-

most zone of 0.9-1.9 km thick contains fresh g lass, and an underlying zone, 1.6-2.5 

km thick, contains mordenite and c l inopt i lo l i te . Successively lower are an analcimic 

zone, about 1 km thick, and a zone with albite. Analcime was formed by reaction of 

c l inopt i lo l i te and mordenite, as shown by pseudomorphs, and albite was formed by 

reaction of quartz and analcime. Temperatures at the top of the zeol i t ic rocks are 
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41-49°C, and those of the analcime-albite transit ion are 120-124°C. This temperaturi 

is s ign i f icant ly lower than the 190°C inferred on the basis of laboratory experiment: 

The upper zones of burial diagenesis are mineralogically similar to those of thi 

open hydrologie system, and the two types can be d i f f i cu l t to dist inguish in thick 

sequences of s i l i c i c tephra. Indeed, the dist inction between the two types i s to 

some extent a r t i f i c i a l as an increase in temperature with burial will speed up open-

system reactions, and water-rock interactions can be expected to change the composi-

tion of the pore f lu id in any thick sequence of tuffaceous deposits. There are, how 

ever, fundamental differences in the two types which may be recognizable. In the op 

system type, a sharp contact may separate the fresh-glass zone from the c l inopt i lo l i 

zone, whereas in burial diagenesis the contact is gradational, and a thick transit io 

zone may be present. In the open-system type, zeol i t ic alteration i s generally shor 

lived and penecontemporaneous with deposition, and i t may not correspond to the time 

of deepest burial. 

ZEOLITES IN IGNEOUS ROCKS 

Most of the zeolite l iterature prior to 1960 deals with the zeolites in amygdul 

and f i l l i n g s of other cavities in igneous rocks, particularly basic lavas. Low-sili 

lavas cormionly contain a variety of zeolites, mostly of low-sil ica types, and not 

rarely several species are found in a single amygdule. S i l i c i c lavas and ignimbrite 

are characterized by a relatively small number of s i l i c i c zeolites, the most conrion 

of which are mordenite and c i inopt i lo l i te. 

Walker (1960) documented in a 10,000-m thickness of Cenozoic lavas in Iceland 

a zonal distr ibution of zeolites comparable to that in thick sequences of tuffaceous 

sediments. The zeolite zones are f la t ly ing, cut across s t rat i f icat ion, and are 

approximately parallel to the original top of the lava pile. The uppermost zone 

lacks zeol ites, and the lower zones represent basalt-water reactions at increasing 

burial depth ánd temperature. This zoned sequence appears to be an example of burie 

diagenesis, and the zeolites in most lava sequences buried more than about 1 km are 

probably burial diagenetic. Another, spectacular example is that of the superb zeo-

l i te crystals in the Triass ic lavas of New Jersey (Schaller, 1932). Other zeolite 

occurrences are restricted to the v ic in ity of hot springs or vent areas of volcanoes 

and are the result of localized hydrothermal alteration of lava. 

Analcime and other zeolites are common in many alkaline, low-si l ica lavas that 

have neither been buried nor hydrothermally altered. The zeolites may occur in the 
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groundmass and in veins and cavity f i l l i n g s . The origin of these is uncertain, and 

they may either have crystal l ized deuterically or later, at low temperature, by reac-

tion of meteoric water with the lava. The origin of analcime "phenocrysts" in alkal in 

lavas i s s imilar ly controversial. I t is not presently clear whether these minerals 

crystal l ized in a melt or formed after eruption by low-temperature replacement of 

leucite. 
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Chapter 4 

ZEOLITES IN CLOSED HYDROLOGIC SYSTEMS 

Ronald C. Surdam 

INTRODUCTION 

Although zeolite minerals were identified in sal ine, aklaine-lake deposits in 

the western United States inthe 1920s (e.g., Ross, 1928; Bradley, 1928), i t was not 

until the late 1950s that such occurrences were found to be commonplace in the vol-

canic regions of this and other countries. I t i s now apparent that zeolites are 

among the most common authigenie s i l i cates in sedimentary rocks and that they occur 

in rocks of diverse age, l ithology, and depositional environment (Hay, 1966; Sheppard, 

1971; 1973; Mumpton, 1973b; Munson and Sheppard, 1974). Several c lass i f icat ions of 

zeolite deposits in sedimentary rocks have been offered, and although they differ 

in detai ls, a l l agree that a principal type includes those deposits formed in closed 

hydrologie basins (Hay, 1966; Sheppard, 1973; Mumpton, 1973b; Kossovskaya, 1975). 

Such deposits generally result from the reaction of volcanic glass with connate 

water trapped during sedimentation in saline, alkaline lakes. From the large number 

of zeol i t ic rocks that have formed in this manner, i t is obvious that this type of 

depositional environment i s an excellent habitat for zeolite growth. The combination 

of highly reactive pyroclastic material and saline, alkaline solutions i s apparently 

ideal for the crystal l izat ion of zeolites. 

Of the near 40 known zeolite species, only s ix are common in sal ine, alkaline-

lake deposits, namely analcime, chabazite, c l inopt i lo l i te , erionite, mordenite, and 

ph i l l ip s i te . These s ix minerals show considerable range in their Si:A1 ratio and in 

their exchangable cations and water content. The distribution of individual species 

in saline-alkaline-lake deposits and the relationship of zeolite phases to other 

authigenic s i l i cates , such as smectite, potassium feldspar, and searlesite, are 

s t i l l open questions, although the careful work of Sheppard and Gude (1968,1969,1973) 

documenting the lateral zonation of zeolites in three closed hydrologie basins of 

California and Arizona has la id a firm foundation for our understanding of 
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such deposits. Paragenesis considerations of zeolite deposits in closed hydrologie 

basins have also been aided by the existence of several modern sal ine, alkaline lakes 

where zeolites are presently forming. The importance of solution chemistry in zeo-

l i t e formation has been discussed by Surdam and Eugster (1976) with reference to 

several of these deposits in the Lake Magadi region of East Africa. 

For an interpretation of zeolite deposits in closed hydrologie basins, i t i s 

essential to examine not only the mineralogy of the deposits, but also the geology, 

hydrology, and chemistry of the basins. With this background many of the mineralogie 

observations that were previously not understood become c lar i f ied. This chapter ther 

fore deals with the geological, hydrological, and chemical processes responsible for 

the formation of zeolites in sal ine, alkaline-lake deposits. 

GEOLOGIC SETTING 

Modern Closed Basins 

Nearly al l modern, closed hydrologie basins are in one of two tectonic settings 

(1) block-faulted regions, e.g., the Basin and Range province of the western United 

States, or (2) trough valleys associated with r i f t i ng , e.g., the East Rift Valley of 

Kenya. Schematic cross section of the two types of closed basins is shown in Figure 

These examples are idealized and i t is possible to develop closed basins which are 

combinations of the two end-member types. One type, designated a "playa-lake com-

plex," is a broad f la t valley surrounded by high mountain ranges. The other, desig-

nated a " r i f t system," is a steep walled, f la t , narrow valley. An important d i f -

ference between these two i s the geohydrology. In the playa-lake complex, a peren-

nial playa lake occupies the lowest portion of the valley floor. The groundwater 

flow is generally shallow, and much of i t will discharge at the mud-flat or playa 

fringe adjacent to the lake (Figure 1A). The groundwater circulation in the r i f t 

system, however, is deep, and discharge is by springs along faults at the edge of 

the lake (Figure IB). 

An important feature of both types is that only a limited amount of c last ic 

debris reaches the lake. In a playa lake, the sharp break in slope at the foot of 

the mountains traps most of the c last ic material in al luvial fans, and most streams 

flowing beyond the fans are intermittent. In a r i f t valley, most of the flow into 

the lake is by springs which do not carry c last ic debris. During dilute or humid 

stages, or perhaps early in the evolution of the basin, perennial streams or rivers 
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A. P L A Y A - L A K E COMPLEX 
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Figure 1. Hydrology and brine evolution in a playa-lake complex (A) and a r i f t 
system (B). Solid arrows, rainwater; GW, groundwater circulation path; 
Ce, calcite precipitation; Do, dolomite formation. (Modified from 
Eugster and Surdam, 1973.) 

may reach the valley f loor, such as those which feed Pyramid and Walker Lakes in Nevada. 

Perennial streams may transport a relatively large supply of c last ic material; how-

ever, in arid regions the clast ic debris that reaches the valley floor is generally 

transported by sheet-flow processes during storms. 

Deep Springs Lake in eastern California and Teels Marsh in western Nevada are 

excellent examples of the playa-lake type of closed hydrologie basin (Jones, 1966; 

Smith and Drever, 1976). Lake Magadi in Kenya is an outstanding example of the 

r i f t -va l ley type (Eugster, 1970). In both types, s ignif icant systematic hydro-

chemical changes occur, particularly from the point of groundwater discharge to the 

center of the basin. 

Hydrographie Features 

A lake in a closed basin i s a dynamic feature because the area of the lake, the 

depth of water, and the sa l in i ty vary greatly according to seasonal inflow and 
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evaporation (Langbein, 1961). Thus, fluctuations in lake level and sa l in i ty are the 

result of a delicate imbalance between precipitation and evaporation. All lakes in 

closed hydrologie basins are characterized by such fluctuations due to seasonal or 

short-term climatic variations. There are also many examples of longer term varia-

tions in closed basins. The level of Lake Rudolf, Kenya, has fallen approximately 

46 m in the last 3,000 years as a result of climatic factors (Fuchs, 1939). During 

the period 1904 to 1930, the net decrease in lake level averaged 23-30 cm/yr. How-

ever, the imbalance between inflow and evaporation i s a delicate one, and Fuchs 

estimated that an increase of 12.7 cm/yr in the rate of precipitation would be 

suff ic ient to cause a r i se in the level of Lake Rudolf. The most s ignif icant con-

trol on the existence of closed lakes i s evaporation (Langbein, 1961). 

Lakes lacking outlets or lakes in closed basins are exclusive features of the 

arid and semi-arid zones where annual evaporation exceeds ra in fa l l . Russell (1896, 

p. 131-132) concluded: "The study of the present geography of the earth shows that 

in regions where the mean annual precipitation exceeds 20 or perhaps 25 inches, in-

closed lakes do not occur, although the topographic conditions may be favorable." 

Langbein (1961) interpreted this phenomenon as follows: "The greater the ar id i ty, 

the greater i s the rate of net evaporation. The greater the net evaporation, the 

smaller the area of a closed lake (larger the playa fr inge). The smaller the lake 

area, the more numerous are the topographic opportunities for a closed lake." Thus, 

sal ine, alkaline lakes are dependent not only on a special geological setting but 

also on an arid or semi-arid climate. 

Brine Evolution 

From the point of view of zeolite genesis, a s ignif icant characteristic of a 

closed hydrologie basin is the brine evolution, an understanding of which simplifie: 

the explanation of mineral patterns. Saline, alkaline brines, in contrast to mere!; 

saline brines, ideally develop in a closed hydrologie basin as follows: (1) Soft 

water forms by reaction of (^-charged ground water with igneous and metamorphic 

rocks (Jones, 1966; Garrels and MacKenzie, 1967; Hardie and Eugster, 1970) and 

emerges at the foot of al luvial fans. The groundwater flow from the al luvial fans 

to the center of the basin i s shallow. (2) Where the climate i s arid or where dry 

cycles are characterized by marked seasonal contrasts, evaporative concentration is 

intense, and calcite precipitates from the ground or soi l water in the capi l lary 

zone. Both pH and the Mg:Ca ratio increase steadily as the ground water moves 

toward the center of the basin while evaporation, evaporative pumping, and recyclir 

68 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



of efflorescent crusts continues. (3) After the Mg:Ca ratio reaches a value 12, 

protodolomite forms, and the sa l in i ty of the ground water continues to increase until 

the water reaches the lake at the center of the basin (Eugster and Surdam, 1973). 

The lake water is not only sal ine, but also alkaline. In this context, a lka l in i ty 

is defined (cf. Stumm and Morgan, 1970) as: 

a lkal in ity = HC03" + 2C03
= + OH" - H+. 

total total 

(4) I f evaporation remains intense, a sodium carbonate mineral such as trona even-

tually precipitates. 

In contrast, alkaline-earth playa f lats are not present in r i f t valleys because 

of differences in hydrology. Here, the groundwater circulation i s very deep; and the 

lake is fed by alkaline hot springs devoid of Ca and Mg, the precipitation of which 

must have occurred earl ier during underground circulation (Eugster, 1970). 

A second very important difference i s that in a playa-lake complex, the shallow 

ground water i s characterized by systematic chemical changes from the point of ground-

water discharge, across the mud f l a t s , and to the lake at the center of the basin. 

Generally, the change is from fresh water to sal ine, alkaline brines. The ground 

water in a r i f t system, however, is not characterized by shallow circulation; and 

when i t emerges at the lake margin, i t i s in the form of concentrated saline, a l -

kaline waters (Eugster, 1970). Thus, the shallow sediments in a playa-lake complex 

are subjected to ground waters that vary systematically from dilute water to con-

centrated brines; whereas, sediments in a r i f t system are subjected only to concen-

trated spring water and brines. 

Weathering Reactions 

As Hardie and Eugster (1970) suggested, the compositional history of closed-

basin waters can be separated into two phases: (1) acquisition of solutes by the 

dilute waters through weathering-type reactions with soi l and bedrock, and (2) evap-

orative concentration which eventually causes the precipitation of very soluble 

minerals. Jones (1966) suggested that the composition of sal ine, alkaline waters 

in closed basins i s chiefly the result of weathering processes accompanied by simple 

evaporative concentration and selective mineral precipitation. For example, in the 

absence of older chemogenic deposits, water compositions are related to the hydroly-

s i s of s i l i cates by tt^-charged waters, as shown schematically below: 

Primary s i l i cate + H„0 + CO- = clay + Ca+2 + Na+ + HCOl + SiO,. 
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The primary s i l icates react with COg-charged water, i .e . , soi l water, and a clay 

mineral i s formed that remains in the soil profi le. Cations, HCO^, and SiC^ are 

released into solution. Garrels and MacKenzie (1967) have shown that i f this type 

of water is isolated and concentrated by isothermal evaporation in equilibrium with 

the atmosphere, i t produces a highly alkaline Na-HC03-C03 water. 

Chemical Trends 

To produce sal ine, alkaline brine by evaporation, the parent waters are severe 

restricted in terms of possible compositional variations. The parent waters must t 
+2 +2 

rich in HCOg, the HCO^/fCa +Mg ) molar ratio must be dist inct ly greater than uni 

and other anions such as CI" and SO^ must be minor (for detai ls, see Hardie and 

Eugster, 1970). This i s the type of water derived as a result of the weathering oi 

igneous or metamorphic rocks (Garrels and MacKenzie, 1967). However, the presence 

of abundant pyr it ic shales or older evaporites in the drainage basin precludes the 

development of alkaline brines (Jones, 1966). 

During evaporation, the chemical evolution of the dilute waters can be undersl 

in terms of "chemical divides." The most important chemical divide in the évolutif 

of alkaline brines is the early precipitation of alkaline-earth carbonates. This 

divide determines the major compositional trend that a water follows and i s deter-

mined in the evaporation history, commonly by calcite precipitation (Hardie and 

Eugster, 1970). I f alkalinity/2(mCa+2) > 1, the solution will be depleted in Ca+2 
_2 by calcite precipitation and will with further evaporation be enriched in CO. by 

+2 
calcite precipitation. Further evaporation wil l cause enrichment in Ca and wil l 

result in a sal ine, but not alkaline lake, such as the Great Salt Lake. In Figure 

the open circles represent the composition of Green River water (alkalinity/2(mCa+ ' 

> 1). I f evaporation occurs, calcite will be the f i r s t mineral to precipitate, am 

COj - r ich water (and ultimately an alkaline brine) will result. The black c irc le 

Figure 2 represents the composition of the Jordan River which provides 20% of the +2 inflow to the Great Salt Lake (alkalinity/2(mCa ) < 1). With evaporation, calciti 
+2 

again wil l be the f i r s t mineral to precipitate; however, a Ca - r i ch water and ul -

timately a sal ine brine will result. Evaporation of any dilute water whose compo-+2 
s i t ion f a l l s above the dahsed line (alkal in ity = 2Ca ) wil l result in a sal ine, 

alkaline brine, but evaporation of water whose composition plots below the dashed 

l ine wil l result in a sal ine, but not alkaline brine. 

Other important chemical divides are summarized in Figure 3 (modified after 

Hardie and Eugster, 1970). The ratio of alkality/alkaline-earth ions determines t 
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Figure 2. Graphical display of one of the most s ignif icant chemical divides in brine 
evolution. The dashed l ine i s where Ca*+ exactly balances a lka l in i ty. 
Water plotting above dashed l ine, upon further concentration wil l precip-
itate calcite and evolve into an alkaline brine. Water plotting below the 
dashed l ine, upon precipitating calc ite, wil l evolve into a saline but not 
an alkaline brine. (After Drever, 1972). 
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SALINE, ALKALINE LAKE SALINE BUT NOT ALKALINE LAKE 

Alk. - alkalinity 

Figure 3. Flow sheet for evaporative concentration of di lute waters. (Modified froi 
Hardie and Eugster, 1970.) 
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Figure 4. Distribution of mineral zones 
at modern Deep Springs playa, Cal i fornia 
(Jones, 1965). Playa-lake deposits sur-
rounded by marginal s i l t s and sands. 

compositional trend early in the evap-

oration history of the water (ionic 

strength <0.1) and is controlled by the 

kinds of rocks exposed undergoing weath-

ering in the hydrologie basin. For al-

kaline brines to develop, the hydrologie 

basin must be characterized by igneous 

or metamorphic rocks. I f large quanti-

t ies of pyr i t i c shales or older evapo-

r i tes are exposed in the basin, the a l-

kalinity/2(Ca+2+Mg+2) rat io w i l l be less 

than unity and w i l l preclude the forma-

tion of alkal ine brines. Thus, a 

closed basin surrounded by igneous and 

metamorphic rocks, or by sediments other 

than pyr i t i c shales and evapori tes, is 

an ideal setting to develop sal ine, al-

kaline brines and lakes. 

As already discussed, in a closed basin precipitat ion of alkaline-earth car-

bonates profoundly affects the composition of the waters and hence the sequence and 

nature of the sal ine minerals formed in the center of the basin. The result is the 

formation of a mineral zonation with the most soluble minerals occupying the center 

of the basin and segregated from the less soluble phases. Jones (1965) and Hardie 

(1968) documented this type of mineral zonation at Deep Springs Valley and Saline 

Valley in eastern Cal i fornia (Figure 4). 

Efflorescent Crusts 

Another important process in the formation of concentration brines in closed 

basins is the recycling of eff lorescent crusts. The enrichment of NaCl in brines 
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associated with playa lakes i s the result of occasional rains that dissolve the most 

soluble material from the efflorescent crust covering the playa surface, and subse-

quent flood water or ground water that transport the solutes to the adjacent lacus-

trine environment. Hardie (1968) showed that efflorescent crusts of modern playa 

surfaces are typically halite because the crusts are products of complete dehydration 

of brine drawn to the surface by capil lary action. Recently, i t has been recognized 

that resolution of efflorescent crusts i s a s ignif icant method of increasing the 

sa l in i ty of ground water and lacustrine water in closed basins (Jones et a/h, 1976). 

Vol canism 

Vol canism commonly accompanies block faulting or r i f t i ng . For example, both the 

Basin and Range province of the western United States and the East Rift Valley of 

Kenya contain abundant volcanic rocks. According to Maxey (1968), Tertiary and 

Quaternary volcanic rocks cover about 30% of the state of Nevada; whereas, sediments 

of the same age, which are in part of volcanic or ig in, cover 48%. Baker (1958; 1963) 

showed that nearly al l the Tertiary and Quaternary stratigraphie section in the East 

R i f t Valley of Kenya consists of volcanic rocks. A tectonic setting of block or r i f t 

faulting i s therefore characterized by an abundance of glassy, pyroclastic material, 

ranging in composition from intermediate to s i l i c i c . Much of the volcanism in the 

East Rift Valley resulted in trachytic pyroclastic material; whereas,much of the 

Volcanism in the Basin and Range Province resulted in rhyol i t ic pyroclastic material. 

MINERAL PATTERNS 

Lacustrine deposits that contain zeolites commonly show the following geological 

features: (1) foss i l assemblages indicative of lacustrine environments, i .e . , "fresh 

water diatoms, ostracodes, turt les, and f i sh ; (2) laminated mudstone that interfinger 

lateral ly with f luv iat i le sandstone and conglomerate containing vertebrate f o s s i l s ; 

(3) non-marine evaporites; (4) "chemical deltas" and tufa or spring deposits; and 

(5) strand-line deposits such as algal stromatolites, ostracode lag deposits, ooliths 

and p i so l i ths , flat-pebble conglomerates, and beach sands. 

These features strongly suggest that such lacustrine deposits were, at least in 

part, saline and alkaline. The most obvious indication i s the occurrence of saline 

minerals. Some deposits containing zeolites also contain bedded saline minerals, 

such as trona, nahcolite, and hal ite; whereas, others contain disseminated crystal 
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molds of gaylussite or pirrsonite. Dolomitic mudstone is a further indication of 

sal ine, alkaline conditions (Jones, 1965). The distribution of f o s s i l s also indicates 

abnormal sa l in i ty . Fresh water diatoms and ostracodes are commonly found in sediments 

near in lets, but away from these areas, there i s an absence of f o s s i l s . 

Indirect evidence of a lkal in ity is the abundant calcite at the lake margin. The 

calcite is best explained as precipitates formed where inflowing calcium-bearing "fresh" 

water mixed with alkaline water. This phenomenon can be observed at modern Mono Lake 

in California and at Pyramid Lake in Nevada. Smith (1966) described similar chemical 

deltas of calcium carbonate in the upper Wisconsin sediments at the in let of Searles 

Lake. 

The most distinguishing feature of the saline-lake zeolite deposits i s the lateral 

zonation of minerals. Zeolite deposits of the hydrothermal, burial metamorphic, and 

open-system types commonly show a vertical mineral zonation but not a lateral zonation 

(Sheppard, 1975). Recent studies on the distribution of authigenic s i l i cate minerals 

in s i l i c i c tuffs of Cenozoic closed-basin deposits have shown a consistent pattern. 

In a general way, there i s a lateral gradation bas inward of fresh glass to zeolites 

to potassium feldspar. The tuffs of Pleistocene Lake Tepoca in southern California 

exemplify this pattern (Figure 5) (Sheppard and Gude, 1968). Fresh glass occurs along 

the margin and at inlets of the ancient lake. The glass i s succeeded inwardly by a 

zone of zeolites and in the central part of the lake basin, by potassium feldspar. 

The zeolites in the Lake Tepoca deposit a re chiefly ph i l l i p s i te , erionite, and clinop-

t i l o l i t e . I t should be noted that in most cases the tuff beds have been altered almost 

completely to zeolites or potassium feldspar. Horizons containing more than 90% of a 

single zeolite are not uncommon. 

A variation in the distribution pattern of authigenic s i l i ca te minerals in tuffs 

of closed-basin deposits is i l lustrated by the Big Sandy Formation of northwestern 

Arizona, a series of lacustrine strata that were deposited in a Pliocene sal ine, 

alkaline lake near Wikieup. A non-analcimic zeolite facies occurs along the margin 

of the ancient lake deposit and is succeeded basinward by an analcime facies followed 

by a potassi um-feldspar facies. Zeolites in the non-analcimic zeolite facies are 

chiefly chabazite, c l inopt i lo l i te , erionite, and ph i l l ip s i te . A similar distr ibution 

pattern has been recognized in the Miocene Barstow Formation of southern California 

(Sheppard and Gude, 1969) and in the Eocene Green River Formation of Wyoming (Surdam 

and Parker, 1972). 

In addition to zeolites, potassium feldspar, clay minerals, and alkaline-earth 

carbonates, sal ine, alkaline-lake deposits local ly contain opal or chalcedony, quartz, 

searlesite (NaBSi ?0 f i-H ?0), f luor ite (CaF-), and dawsonite (NaAl(CO,)(0H)~) of 

75 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



I Ι6°2θ' 116°15 116° 10' 

D I A G E N E T I C F A C I E S 

11 
Fresh glass 

Zeolite 

Potassium feldspar 

Island 

4 K I L O M E T R E S 

Figure 5. Map of ancient Lake Tecopa near Shoshone, California, showing diagenetic 
facies for a composite of a l l the tuff beds in the deposit. (After 
Sheppard and Gude, 1968.) 
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authigenic or ig in. Saline minerals commonly associated with these deposits are trona 

(Na2C03-NaHC03-2H20), nahcolite (NaHCOg), pirssonite (Na2C03-CaC03 '2H20), gaylussite 

(Na2C03-CaC03-5H20), and halite (NaCl). 

Pleistocene Lake Tecopa Deposits 

Three diagenetic mineral facies are recognized in the tuffs of the Lake Tecopa 

deposits. Tuffs nearest the lake margin are characterized by fresh glass and are 

termed the "fresh-glass facies." Tuffs in the central part of the lake basin are 

characterized by potassium feldspar and/or searlesite and are termed the "potassium 

feldspar facies." Those tuffs between the fresh-glass facies and the potassium-

feldspar facies ana characterized by zeolite minerals are termed the "zeolite facies." 

The boundaries between the facies are lateral ly gradational and d i f f i cu l t to 

recognize in the f ie ld. Tuffs of the fresh-glass facies generally can be distinguished 

from those of the zeolite facies in the f ie ld , but tuffs of the zeolite facies almost 

never can be distinguished from those of the potassium feldspar facies (Sheppard and 

Gude, 1968). X-ray diffractometer data of bulk samples, coupled with thin section 

study, are considered essential for positive identification and placement in the 

proper facies. 

Figure 5 shows the distr ibution of the mineral facies in the Pleistocene Lake 

Tecopa deposits (Sheppard and Gude, 1968). I t i s important to note that the pattern 

shown in Figure 5 is for a single tuff bed. The distribution of potassium feldspar 

and searlesite i s similar throughout the basin. In a general way, the facies bound-

aries parallel the shape of the lake basin in plan (see Figure 5). The zeolite facies 

is generally 0.8-1.6 km wide except near the Amargosa River inlet at the north end of 

the basin, where ' i t is broadened to 2.0-2.8 km, suggesting that the chemical deposi-

tion environment affected, i f not controlled, the formation of specific minerals. 

Pliocene Big Sandy Formation 

Three diagenetic mineral facies are recognized in the tuffs of the Pliocene Big 

Sandy Formation in Arizona. Tuffs nearest the margin of the formation are character-

ized by zeolites other than analcime and are termed the "non-analcimic zeolite facies" 

(Sheppard and Gude, 1973). Tuffs in the central part of the lake basin are character-

ized by potassium feldspar and are termed the "potassium feldspar facies. " Those 

tuffs between the non-analcimic zeolite facies and the potassium feldspar facies are 

characterized by analcime and are called the "analcime facies" (Sheppard and Gude, 

1973). No re l i c t fresh glass was recognized in any of the tuffaceous rocks of the 

Big Sandy Formation. 
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Figure 6. Map of the Big Sandy Formation near Wikieup, Arizona, showing diagenetic 
facies for a composite of a l l the tuffaceous rocks. (After Sheppard and 
Gude, 1973.) 
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The boundaries between the Big Sandy facies are also lateral ly gradational and 

d i f f i cu l t to recognize in the f ie ld. Figure 6 shows the diagenetic mineral facies 

for a composite of a l l the tuffaceous rocks in the Big Sandy Formation. This same 

pattern i s observed in individual tuff beds (Sheppard and Gude, 1973). 

The mineral facies in plan are elongated parallel to the depositional basin. 

The non-analcimic zeolite facies and the analcime facies are broadest at the northern 

part of the basin which was the major inlet of the ancient lake. The non-analcimic 

zeolite facies is also broad and extends basinward near the other inlets. In a 

general way, the non-analcimic zeolite facies and the analcime facies narrow where 

the basin narrows. About 5 km southeast of Wikieup, where the basin was narrowest, 

both the non-analcimic zeolite and analcime facies are absent along the eastern margin 

(Figure 6). Again, these features suggest that the chemical depositional environment 

affected, i f not controlled, the distribution of the diagenetic mineral facies. 

Miocene Barstow Formation and Eocene Green River Formation 

Two other examples of lateral zonation of diagenetic mineral facies in zeol i t ic 

closed-basin deposits nre the Miocene Barstow Formation in California (Sheppard ánd 

Gude, 1969) and the Eocene Green River Formation in Wyoming (Surdam and Parker, 1972). 

Both have a zone of analcime separating the other zeolites from a zone of potassium 

feldspar. Minor re l i c t fresh glass occurs in the Barstow Formation, but none has been 

found in the Green River Formation. The zeolite facies of the Green River Formation 

grades lateral ly toward the basin margin into a clay facies (Surdam and Parker, 1972). 

The sediments of Lake Tecopa, the Big Sandy Formation, the Barstow Formation, and 

the Green River Formation range in age from Pleistocene to Eocene and have several 

features in common: (1) They were subjected to very shallow burial and show only 

s l ight deformation; (2) exposures are good, and tuffs can be traced throughout most 

of the basins, (3) they show an abundance and variety of authigenic s i l i cate minerals 

in the tuffs; and (4) they show a pronounced lateral zonation of diagenetic minerals, 

summarized in Figure 7. 

Figure 7. Schematic reaction sequence that leads to lateral mineral zonation that 
characterizes many saline, alkaline-lake deposits. (After Sheppard and 
Gude, 1973). 
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INTERPRETATION OF MINERAL PATTERNS 

The boundaries of the above-mentioned mineral zones can be described by the 

following reactions: 

1. glass alkalic, silicic zeolites 

2. alkalic, silicic zeolitesanalcime 

3. analcime -»- K-feldspar 

4. alkalic, silicic zeolites ->• K-feldspar 

A determination of the chemical parameters that significantly affect these reactions 

is therefore important to an understanding of the genesis of diagenetic mineral zone: 

in saline, alkaline-lake deposits. 

Formation of Alkalic, Silicic Zeolites from Silicic Glass 

Evidence supporting the reaction of glass to zeolites is unequivocal (Figure 8) 

Not only is there a reciprocal relation between glass and zeolites in vitric tuffs 

containing zeolites, but commonly the zeolites are pseudomorphous1 after glass shard 

(Figure 9). Deffeyes (1959) hypothesized that zeolites form during diagenesis by 

solution of the shards and subsequent precipitation of zeolites from the solution, 

rather than by "devitrification" of the shards. This mechanism was supported by' 

scanning electron microscope studies by Mumpton (1973). Surdam and Eugster (1976) 

demonstrated that in the Lake Magadi region of Kenya erionite can form from trachyti 

glass by the addition of only HgO. They also emphasized that the water in contact 

with the glass during the reaction was an alkaline brine. Hay (1966) showed that 

alkaline brines are ideal agents for the hydration and solution of volcanic glass. 

Mariner and Surdam (1970) suggested that an aluminosilicate gel may first précipitât 

from the solution and then zeolites grow from the gel. A gel phase was recognized i 

Holocene tuffs at Tells Marsh, Nevada, associated with phillipsite and rhyolitic gla 

(Surdam and Mariner, 1971). 

An individual tuff bed will commonly contain several zeolites that differ sig-

nificantly in composition, suggesting that either initial compositional inhomogeniti 

existed, or more probable, that compositional parameters changed during the hydratio 

and solution of the glass. Table 1 suggests that the important compositional param-

eters in zeolite genesis are cation ratios, Si/Al, and H ?0. All of these parameters 

JThe term pseudomorphous is used in the pétrographie sense in that clusters of in-
dividual crystsls mimic the shape of pre-existing glass shards. 
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Figure 8. Scanning electron micrograph showing pitted glass fragment altered to 
acicular erionite in an ash bed from Jersey Valley, Nevada. (From 
Mumpton, 1973a.) 

Figure 9. Photomicrograph of zeol it ic tuff , showing pseudomorphs of ci inopti loi ite 
after shards. The bands in the ci inopti loi i te are due to variations in 
the index of refraction along the length of the f ibers. The large pseudo-
morph in center of the photograph has a hollow interior. (After Sheppard 
and Gude, 1959.) 
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T a b l e 1 . Formulas o f Z e o l i t e s Found i n S a l i n e , 
A l k a l i n e - l a k e D e p o s i t s . 

Name 
Dominant 
C a t i o n s Formu la 1 

Ana lc ime Na NaAlSi g Q_2 8 ° 6 . 0 - 7 . 6 ' Ί . ,0-•1. • 3H20 

C h a b a z i t e Na, Ca NaAlSi- j 7 _ 3 8 ° 5 . 4 - 9 . 6 ' •2. .7-•4. . IH2O 

CI i n o p t i l o i i t e Na, Κ, Ca N a A 1 S i 4 . 2 - 5 . 0 ° 1 0 . 4 - 1 2 , .o ' •3. .5-•4.0H 

Mördern" t e Na, Ca, Κ N a A 1 S i 4 . 5 - 5 . 0 ^ 1 1 . 0 - 1 2 .o ' •3, .2-•3.5H 

E r i o n i t e Na, Κ N a A 1 S 1 3 . 0 - 3 . 7 ° 8 . 0 - 9 . 4 •3. .0--3. .4H20 

P h i l l i p s i t e Na, Κ N a A 1 S i 1 . 3 - 3 . , 4 ° 4 . 6 - 8 . 8 •1 .7--3 ,3H20 

f o r m u l a s a r e s t a n d a r d i z e d i n te rms o f a sodium end member t h a t has one 
a luminum atom. ( A f t e r Sheppard and Gude, 1 9 6 9 . ) 

w i l l be a f f e c t e d by changes i n s a l i n i t y a n d / o r a l k a l i n i t y . E x p e r i m e n t a l work by 
M a r i n e r and Surdam (1970) i n d i c a t e d t h a t t h e S i / A l r a t i o o f z e o l i t e s fo rmed by t h e \ 
d r a t i o n and s o l u t i o n o f g l a s s i s r e l a t e d t o t h e pH o f t h e s o l u t i o n . Hay (1966) shod 
t h a t t h e r a t e o f s o l u t i o n o f s i l i c i c g l a s s i n c r e a s e s w i t h i n c r e a s i n g s a l i n i t y and a l 
k a l i n i t y . The a c t i v i t y o f Η,,Ο i s r e l a t e d d i r e c t l y t o s a l i n i t y , r a n g i n g f r o m 1 . 0 i n 
d i s t i l l e d w a t e r t o abou t 0 . 7 i n t h e most c o n c e n t r a t e d modern s a l i n e , a l k a l i n e b r i n e : 
The a f f e c t o f a l k a l i n i t y on t h e a c t i v i t y o f t h e a l k a l i n e e a r t h s was p r e v i o u s l y demot 
s t r a t e d , i . e . , t h e a c t i v i t y o f t h e a l k a l i n e e a r t h s dec reases r a p i d l y w i t h i n c r e a s i n ; 
a l k a l i n i t y . Thus , t h e i m p o r t a n t chem ica l pa rame te rs d u r i n g t h e g l a s s - t o - z e o l i t e 
r e a c t i o n s a re c a t i o n r a t i o s , S i / A l , and a c t i v i t y o f HgO, whereas t h e most s i g n i f i c a i 
pa rame te rs a f f e c t i n g t h e s o l u t i o n o f g l a s s a r e s a l i n i t y and pH. 

R e a c t i o n o f A l k a l i c , S i l i c i c Z e o l i t e s t o Anal c ime 

Ana l c ime i s a common c o n s t i t u e n t o f s a l i n e , a l k a l i n e - l a k e d e p o s i t s (Hay, 1966 ; 
Sheppard and Gude, 1969, 1973 ; Hay, 1970 ; Surdam and P a r k e r , 1972 ; Surdam and E u g s t 
1 9 7 6 ) . The absence o f c o e x i s t i n g a n a l c i m e and g l a s s i n t u f f a c e o u s sed imen ts s t r o n g 
s u p p o r t s t h e c o n c l u s i o n s t h a t a n a l c i m e does n o t f o r m d i r e c t l y f r o m t h e a l t e r a t i o n o 
g l a s s . Ana lc ime i s , however , commonly a s s o c i a t e d w i t h a v a r i e t y o f a l k a l i c , s i l i c i 
z e o l i t e s ( F i g u r e 1 0 ) . Sheppard and Gude (1969 , 1973) p r e s e n t e d p é t r o g r a p h i e e v i d e n 
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showing that c l inopt i lo l i te and phi Π i psi te had altered to analcime, and Surdam and 

Eugster (1976) documented the reaction of erionite to analcime. Thus, analcime in 

tuffs of saline, alkaline-lake deposits formed from precursor zeolites and not 

directly from s i l i c i c glass. 

Sheppard and Gude (1969), studying the diagenesis of tuffs in the Barstow For-

mation, and Surdam and Eugster (1976), studying the mineral reactions in tuffaceous 

rocks of the Lake Magadi region, suggested a correlation between the composition of 

the zeolite precursor and the Si/Al ratio of analcime. They observed that analcime 

associated with and derived from c l inopt i lo l i te and erionite has a relatively high 

number of s i l i con atoms per unit cell (34.5-35.3), whereas analcime associated with 

and derived from ph i l l ip s i te (a s i l ica-def ic ient zeolite) has a low number of s i l i con 

atoms per unit cell (33.1-34.4). Boles (1971) studied the experimental reaction of 

c l inopt i lo l i te and heulandite to analcime and showed that the Si/Al ratio of the 

analcime product i s chiefly a function of the Si/Al ratio of the zeolite reactant". 

From both f ie ld observations and laboratory experiments, there is a strong support 

for the reaction of zeolite to analcime; the analcime inherits i t s Si/Al ratio from 

the zeolite precursor. 

Figure 10. Analcime pseudomorphs after prismatic c l inopt i lo l i te. Light areas are 
quartz. (After Sheppard and Gude, 1973). 
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The reaction of s i l i c i c , a lkal ic zeolites to anal cime can be i l lustrated by the 

following equations: 

CI inopti lo i i te Analcime 

(1) Na2K2CaAl6Si30072-24H20 + 4Na+ 6NaAlSi20g-H20 + 18H20 + 18Si02 + 2K+ + Ca+2 

Phi l l ips i te Analcime 

(2) NaK2Al4Si12032-12H20 + 2Na+ ->- 4NaAlSi20g-H20 + 8H20 + 4Si0 2 + 2K+ 

Erionite Analcime 

(3) NaKAl2Si7018-6H20 + Na+ 2NaAlSi20g-H20 + 4H20 + 3Si02 + K+ 

The equations show that the act iv i t ies of the cations, s i l i c a , and water control 

thé reactions. The major changes are a gain of sodium and losses of K+, Ca+, S i0 2 > 

and H20. Furthermore, experimental work and theoretical considerations indicate thai 

the reaction of an a lka l ic , s i l i c i c zeolite to form analcime i s favored by a high 

Na /H ratio (Hess, 1966; Boles, 1971), a relati vely low act iv ity of S i0 2 (Coombs et a" 

1959) or a relatively low Si/Al ratio (Senderov, 1963), and a relatively low activi l 

of HgO in the pore f lu id. Increased sa l in i ty and a lkal in i ty favor the formation of 

analcime because an increase of these parameters decreases the act iv ity of H20 and 

the Si/Al rat io, generally affects the cation rat ios, and specif ical ly increases the 

Na /H+ ratio. The above arguments are based on the assumption that equilibrium 

chemical factors alone are responsible for the formation of-analcime; however, kinet 

factors may be equally important. 

Reaction of Zeolites to Potassium Feldspar 

Formation of potassium feldspar from zeolite precursors in tuffs that were neve 

deeply buried has been well documented (Figure 11). Analcime i s replaced by potas-

sium feldspar in tuffs of the Eocene Green River Formation, Wyoming (I ij ima and Hay, 

1968; Surdam and Parker, 1972). Analcime and c l inopt i lo l i te are replaced by potas-

sium feldspar in tuffs of the Miocene Barstow Formation, California (Sheppard and 

Gude, 1969). Potassium-feldspar replaced analcime, c l inopt i lo l i te , and ph i l l i p s i te 

in the Pliocene Big Sandy Formation, Arizona (Sheppard and Gude, 1973). Ph i l l ips i te 

i s replaced by potassium feldspar in tuffs of Pleistocene Lake Tecopa, California 

(Sheppard and Gude, 1968). Potassium-feldspar has never been reported to occur with 

g lass, thereby suggesting that i t is not a direct product of glass alteration. The 
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Figure Π . Scanning electron micrograph of large analcime crystals in a matrix of 
micrometer-sized crystals of potassium feldspar from a tuff near Barstow, 
California. (From Mumpton and Ormsby, 1976.) 

formation of potassium feldspar in these examples has been correlated with a highly 

saline and alkaline depositional environment; the potassium feldspar i s commonly as-

sociated with bedded saline minerals. 

The reaction of zeolites to potassium feldspar can be i l lustrated by the fo l -

lowing equations: 

Analcime K- feldspar 

(4) NaAlSi206-H20 + S i0 2 + Κ KAI Si gOg + H20 + Na 

Ph i l l ips i te 

(5) Na2K2Al4Si12032-12H20 + 2K+ 

Κ-feldspar 

4KAISigOg + 12H20 + 2Na+ 

Cl inopti loi i te 

(6) Na2K2CaAl6Si30072-24H20 + 4K+ 

K-feldspar 

6KAlSi308 + 24H20 + 12Si02 + 2Na+ + Ca +2 

These equations show that the act iv i t ies of the cations, s i l i c a , and water control the 

reactions. Specif ical ly, the major changes resulting from the reactions are a gain of 
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potassium and losses of sodium and water. Depending on the composition of the zeoli 

SÌO2 for the reaction may be in excess or deficient in the zeolite precursor. 

Saline and alkaline pore water trapped in the tuffs during deposition, or whict 

evolved during sedimentation and burial, are s ignif icant factors responsible for the 

formation of potassium feldspar. Eugster (1970) showed that the K+ concentration o1 

brines is highest in the most saline and alkaline brines. Coupled with a high pH, 

a high potassium concentration would result in a relatively high K+/H+ ratio suitab" 

for the crystal l izat ion of potassium feldspar. A high pH would also result in in-

creased so lubi l i ty of SiOg and contribute to the stabi l izat ion of K-feldspar relatif 

to analcime. A relatively high sa l in i ty would lower the act iv ity of HgO and favor 1 

formation of anhydrous potassium feldspar from hydrous zeolites, including analcime 

Kinetic factors may be important in the zeolite to potassium-feldspar reaction 

Potassium feldspar was synthesized from natural c l inopt i lo l i te in a saturated solut' 

of KOH at 80°C after 44 hours (Sheppard and Gude, 1969). Although this experiment 

does not duplicate the chemical environment prevalent during the diagenesis of sal i i 

alkaline-lake deposits, i t demonstrates the rapidity of the reaction of a zeolite ti 

potassi um-feldspar in a favorable chemical environment. 

Hydrochemistry 

The above discussion demonstrates that the chemistry of the pore water i s a coi 

t ro l l ing factor in the mineral reactions that characterize sal ine, alkaline-lake de· 

posits. Furthermore, a general trend toward increasing sa l in i ty and alkal in ity favi 

the glass to zeolite to potassium-feldspar reaction sequence. 

The relation of brine evolution in closed hydrologie basins to the mineral pat· 

terns in saline-alkaline-lake deposits is direct. Brine evolution i s gradual and 

results in systematic chemical gradients. Consequently, in the closed hydrology, 

the gradients are reflected in centripetal mineral patterns (Figure 4). Figure 12 

is a north-south cross section through Deep Springs Valley, California which sum-

marizes the chemical evolution that takes place in a typical closed basin. I t shoul· 

also be noted that from the point of recharge to the saline mineral pan, the Na 

varies from about 12 to 100,000 ppm, and that Κ varies from about 5 to 18,000 ppm. 
+2 

The Ca concentration, however, varies from about 40 to 3 ppm. Eugster (1970) sho' 

that from the point of recharge to the interst i t ia l brines in the saline mineral pa 

at Lake Magadi, the SiOg concentration varies from 25 to 1,000 ppm or greater. In , 

closed basin, the concentration factor from dilute inflow in the recharge area to 

inters t i t ia l brines in the discharge area can be as high as 5000. Sal in ity gradien 

across the playa lake are also common. 
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NORTH 

NORTH-SOUTH SECTION OF DEEP SPRINGS VALLEY 
(FfíOU JONES, 1965 a 1966Ì 

SOUTH 

Area of recharge tram 
Myman-Crooked Creeks system 

0.13 
213 . 1 

HIGHWAY STAT ION W E L L 

£13, pH-7.7 

Figure 12. Section showing hydrochemistry of a modern playa-lake complex, Deep 
Springs Valley, California. Note evolution of brines from north to 
south as they migrate from alluvial deposits to playa. Diagram con-
structed from Jones (1965, 1966). 

TOS' 50.COO •, 

h OiSCiiRGt A R £ 4 -

SU'Ve LÛCV$"»NE 

IEVAPORATION: LENGTH VERTICAL SCALE 

Of ARROW INDICATES 
INTENSITY 

K - FELOSPAB 

Figure 13. Schematic diagram of the relationships among hydrology, geology, and 
authigenic mineral zones in a playa-lake complex. The length of the 
evaporation arrow is proportional not only to the intensity of evap-
oration but also to the magnitude of the sa l in i ty and a lka l in i ty of 
the pore water. (From Surdam and Sheppard, 1977.) 
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A probable solution to the problem of diagenetic silicate mineral patterns in 

tuffaceous rocks in closed basins is suggested by placing a tuff in the context of 

the hydrochemistry already discussed (Figure 12). A significant fact is that the 

tuff will act as an aquifer because it is interbedded with relatively impermeable 

mudrock. As long as the tuff is above the piezometric surface and interbedded with 

permeable alluvial deposits, it will undergo very little alteration. However, once 

the ash bed intersects the piezometric surface, it is susceptible to hydration and 

alteration. This alteration will be pronounced where the ash bed enters the zone of 

capillary draw, evaporative pumping, and recycling of efflorescent crusts. At this 

position, salinity and alkalinity of the pore water will increase significantly. 

This process of concentrating the pore water becomes even more pronounced across the 

playa from the point of groundwater discharge toward the lacustrine environment. Th 

ash bed will be subjected to consistently high salinity and aklalinity in the saline 

lacustrine environment because it is there that the effects of evaporation are most 

pronounced. 

Figure 13 is an interpretation of how the hydrochemistry and authigenic mineral 

patterns of saline, alkaline-lake deposits are related. In the alluvial zone above 

the water table, the ash will remain relatively unaltered. Near the point of ground 

water discharge, particularly in the playa zone, pore water in the ash bed is sub-

jected to capillary draw, and the alteration begins by hydration and solution of 

glass and eventually the precipitation of alkalic, silicic zeolites. Further con-

centration of the pore water due to evaporation and recycling of efflorescent crusts 

occurs near the interface of the playa and the saline, lacustrine environment, and 

the alkalic, silicic zeolites may react to analcime. In the saline, lacustrine 

setting, where evaporative concentration is most intense, the salinity and alkalinit 

are highest, and the alkalic, silicic zeolites or analcime may react to potassium-

feldspar. This does not mean that all the mineral reactions take place at the sur-

face, because many reactions take place only after burial. However, Figure 13 demon 

strates the development of centripetal salinity and alkalinity gradients in the pore 

water of a closed basin and also relates the subsequent authigenic silicate minerals 

to the hydrochemistry. 

The closed hydrologie basin setting is a dynamic one, and the position of litho 

logic, hydrologie, and mineralogie boundaries will vary with time, mainly as a funct 

of climatic parameters. The dynamic nature of the hydrochemistry explains the fact 

that almost all the boundaries between authigenic mineral zones are gradational. 

Hay (1966) observed in the field, and Mariner (1971) showed experimentally, tha 

silicate-mineral reaction rates increase with increasing salinity and alkalinity. 
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These data suggest that kinetic factors amplify the s i l i cate mineral zones resulting 

from the centripetal sa l in i ty and alkal in ity gradients. On the outer fringe of the 

playa-alluvial environment, where pore waters have not been greatly concentrated, 

ash beds suffer only incipient zeol it ization. However, that same ash deposited in 

a saline, alkaline lake containing concentrated pore water undergoes a sequence of 

authigenic reactions culminating with the formation of potassium-feldspar. 

Not all authigenic s i l i cate minerals in sal ine, alkaline-lake deposits are 

characterized by pronounced centripetal patterns. The Pleistocene High Magadi Beds 

of Kenya, for example, have no lateral variations in the distribution of authigenic 

minerals. This is because the lake in which these sediments were deposited was in 

a narrow fault trough, similar to the present Lake Magadi (Surdam and Eugster, 1976). 

The wide playa f lats that are necessary to produce the lateral zonati on cannot de-

velop under these conditions. Therefore, rift-system deposits commonly do not show 

well-developed lateral mineral variations. 
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Chapter 5 

ZEOLITES IN OPEN HYDROLOGIC SYSTEMS 

R. L. Hay and R. A. Sheppard 

INTRODUCTION 

In contrast to those deposits formed by the alteration of volcanic ash in sal ine, 

alkaline lakes, large masses of tuffaceous sediments have been transformed to zeolite 

minerals by the action of percolating water in open hydrologie systems. Zeolite de-

posits of the open-system type are commonly several hundred meters thick and can be 

traced lateral ly for several tens of kilometers. Thick zones containing up to 90% 

c l inopt i lo l i te or mordenite are not uncommon in some bodies; hence, open-system de-

posits are of considerable economic significance. Open-system deposits are most 

abundant in non-marine rocks; however, many occurrences are known in sediments which 

were deposited in shallow marine environments. The original pyroclastic material was 

laid down in the sea fa i r l y close to the volcanic source or a i r - l a id onto the land 

surface. Several examples of the latter type have been found in the United States, 

but most of the large marine bodies occur in Japan and in southern and southeastern 

Europe. Due to their areal extent, open-system deposits have not been studied in as 

much detail as many other types of zeolite deposits in sedimentary rocks; however, 

studies of several key areas have provided a sound basis for our current understanding 

of this type of zeolite body. 

Zeol it ic alteration can take place in tephra deposits when flowing or percolating 

ground water becomes chemically modified by hydrolysis or dissolution of v i t r i c mate-

r i a l s . The formation of clay minerals or palagonite results in the release of hydro-

gen ions to the ground water, and the solution becomes increasingly alkaline and en-

riched in Na, K, and Si along i t s flow path. Zeolite minerals are formed in addition 

to or instead of clay minerals where the cation to hydrogen ion ratio and other ionic 

act iv i t ies are appropriate. Meteoric water entering the system moves either downward 

or with a downward component; hence, the zeol i t ic alteration zones are either hori-

zontal or gently inclined. Zeol it ic alteration zones in open-system deposits commonly 

cut across stratigraphie boundaries and show more-or-less vertical sequences of a u t o -

genic s i l i ca te minerals. 
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This zoning is analagous to the leaching experiment of Morey and Fournier (1961' 

in which d i s t i l l ed water was pumped slowly through a column of finely-ground nephelir 

at 295°C. When the experiment was terminated, boehmite and paragonite had replaced 

the nepheline at the inlet end of the column, and muscovite and analcime had formed 

at the exit end where the water had attained a pH of 9.7 and 440 ppm of dissolved 

sol ids. Using rhyol i t ic glass as the starting material, Wirsching (1976) simulated 

open-system alteration. Experiments with 1 g of glass in 50 ml of 0.01N NaOH at 150' 

showed that minor ph i l l ips i te and a trace of mordenite formed after 32 days. With ii 

creasing time, ph i l l ips i te and mordenite increased in abundance, and a trace of anal-

cime was detected after 42 days. At the end of the 80-day experiment, analcime was 

the dominant phase. At higher temperatures, analcime and alkal i feldspar were the 

final products. The pH of the experiments was about 10. 

In natural ground waters, where the pH i s raised through hydrolysis, the reactii 

rate of volcanic glass is vastly increased. In saline, alkaline lakes, where the pH 

is 9.5, tuffs can be wholly altered in 10^ to 10^ years. Zeolite zones produced at 

high pH characterist ically have relatively sharp upper contacts with rocks containing 

fresh g lass; whereas, zeol it ic zoning produced at lower pH has gradational contacts. 

The zones may be further zoned mineralogically as a result of the reaction of early-

formed zeolites with the charged ground water in the lower part of the tuff sequence 

Cl inopt i lo l i te, mordenite, and minor ph i l l ips i te are among the most common of the 

first-formed zeolites in open systems, and analcime and/or potassium feldspar charac-

terize the deeper zones. The exact zeolite assemblage and the composition of indivi-

dual zeolite species are controlled, at least in part, by the composition of the pre-

cursor tephra. Erionite and chabazite are characterist ically absent from zeolite 

deposits formed in open hydrologie systems. 

ZEOLITE FORMATION IN SILICIC TEPHRA DEPOSITS 

Although numerous deposits of zeol i t ic tuff are known throughout the western 

United States and in other countries which must have been formed in open hydrologie 

basins, non-marine accumulations of s i l i c i c tephra must reach thicknesses of a few 

hundred meters to develop widespread zeol i t ic zoning as described above. The John D, 

Formation (Oligocene-Miocene) of central Oregon is an excellent example of this type 

and i l lustrates well the sequence and conditions of zeolite formation and the proces-

ses by which s i l i c i c glass is altered to c l inopt i lo l i te . The John Day Formation con-

s i s t s of 600-900 m of land-laid s i l i c i c tuff and tuffaceous claystones (Hay, 1963). 
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Zeolites have been identified in the lower part of this formation in an area of about 

5,700 km2. Where the top of the formation is eroded least, an upper zone, 300-450 m 

thick, contains either fresh glass or glass altered to montmorillonite and opal (see 

Figure 1). CI inopti loi i te with lesser amounts of montmorillonite, celadonite, and 

opal replaces nearly all of the glass in the lower 300-450 m. Potassium feldspar is 

locally conmon in the lower part of the zeolite zone, chiefly as a replacement of 

pyrogenic pi agi ociase. 

The upper surface of the zeolitic alteration is nearly horizontal and cuts across 

stratification where the beds are folded. The transition between the upper and lower 

zones is relatively sharp and occurs through a cavernous zone 2-20 mm thick where glass 

shards have been dissolved. Zeolite replacement of shards took place by the crystal-

lization of laths and platelets of ciinoptilolite, ranging from 0.01-0.1 mm in size, 

in pseudomorphic cavities from which glass was dissolving or had already been dis-

solved. The transition between the zeolite zone and the fresh glass zone may follow 

a single stratigraphie horizon over distances of as much as 5 km, but elsewhere it 

shows an interfingering relationship. 

Spheroids or concretions of zeolite tuff near the base of the upper zone provide 

clear evidence that hydrolysis of glass to montmorillonite can help create the chemical 

Z e o l i t e obeent 

Zeo l i te p r e s e n t 

Colluvium with t r a s h g i o i e 

pre Columbio River 

L I T H O L O G Y of JOHN DAY F O R M A T I O N 

L"~—~· [ dopa tone ond unwelded tuff 

M a l d a d tuft 

(no vertical exaggeration} 

I I I I I I I olivine boeolt 

Figure 1. Lower part of a valley cut in beds of the John Day Formation and f i l led with 
Columbia River basalt flows. Colluvium mantling the valley wall at the 
right is a clayey tuff containing fresh glass and lacking zeolite. It l ies 
adjacent to zeolitic claystones of the John Day Formation, thus proving that 
zeolitic alteration preceded the colluvium, as well as the Columbia River 
Basalt flows. Reprinted from Hay (1963) by permission of the University 
of California Press. 
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environment in which glass reacts to form zeolites. The concretions are 2-10 cm in 

diameter and l i e in a matrix of fresh v i t r i c ash of an unwelded ignimbrite. A largì 

fragment of pumice altered to montmorillonite forms the nucleus of each concretion. 

These relationships suggest that the alteration of pumice to montmorillonite 1 ocal 1j 

raised the pH and ionic act iv i t ies to a level where the adjacent glass reacted, ult ' 

mately forming ci inopti loi i te. 

The replacement of rhyol it ic glass by c l inopt i lo l i te involved a gain of Η,,Ο, C< 

and Mg and a loss of S i , Na, K, and Fe. Altered v i t r i c rocks of original rhyol i t ic 

composition in the John Day Formation gained Fe, Ti, Mg, Ca, and less commonly, P. 

Some of the alkal ies were lost; s i l i ca was lost from about half of the altered rhyo-

l i t i c rocks, but remained nearly constant in the others. 

K-Ar dating suggests that the zeolites and associated minerals were formed onl· 

after most of the sediments had been deposited, and zeol it ic alteration may have la: 

for a relatively short time. Dates from primary eruptive materials range from 32 m 

at the base to 25 m.y.a. s l ight ly above the middle of the formation. The upper par 

the formation may well be as young as 20 m.y.a. on the basis of faunal content. Da' 

of 22 and 24 m.y.a. were given by authigenic K-feldspar and celadonite from the zeo 

t ic zone suggesting that alteration took place only after about 600 m of tuffs had 

been deposited. Zeol it ic alteration had probably ceased before the time of deepest 

burial, about 15 m.y.a. when the Columbia River Basalt was erupted (Figure 1). 

Volcanic sedimentary rocks of the Vieja Group (lower Oligocene) of Trans-Pecos 

Texas are about 800 m thick and show a zonation of s i l i cate minerals that probably 

resulted from diagenetic alteration of the open-system type (Walton, 1975). Clinop-

t i l o l i t e , montmorillonite, opal, quartz, and analcime formed in s i l i c i c volcaniclas' 

sediments from constituents derived from the volcanic glass. From top to bottom, tl 

vertical zonation is characterized by the presence of (1) fresh glass, (2) cl inopti ' 

l i t e , and (3) analcime (see Figure 2). Montmorillonite and opal are locally presen 

in the fresh glass zone, montmorillonite and opal or quartz in the c l inopt i lo l i te 

zone, and montmorillonite and/or quartz in the analcime zone. 

The fresh glass zone has a maximum thickness of 220 m. Here, thin films of moi 

morillonite or opal coat hydrated glass shards. Such coatings persist in the clinoi 

t i l o l i t e zone and appear to be responsible for the preservation of the shape of the 

shards during replacement by zeolite and montmorillonite. In the c l inopt i lo l i te zoi 

clay or c l inopt i lo l i te f i l l much of the remaining intergranular space. In the anal-

cime zone, c l inopt i lo l i te is replaced by analcime in both shards and cement. A lari 

amount of aluminum must have been added during the conversion of c l inopt i lo l i te to 

analcime, presumably from the dissolution of montmorillonite. The replacement of 
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Figure 2. Schematic cross section of Vieja Group in Candelaria area of southern Rim 
Rock Country, drawn to remove effects of Miocene and later faulting. Dis-
tribution of diagenetic assemblages was determined by x-ray and thin 
section studies of samples from lettered sections and isolated samples 
between. Dashed lines extrapolate boundaries beyond areas of intensive 
control. Reprinted from Walton (1975) by permission of the Geological 
Society of America. 
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cl i nopti1olite by analcime took place at constant volume as evidenced by the similar 

of textures of rocks in both zones. In contrast to the John Day Formation, potassii 

feldspar is essentially absent from the Vieja Group sediments. All authigenic s i l i -

cates formed at burial depths no greater than a few hundred meters. In the north-

eastern part of the area, the rocks were less deeply buried than in the southeasterr 

part of the region, and the boundaries of the alteration zones are stratigraphicallj 

higher. The zeolites may have formed while the deposits were accumulating, and the 

alteration zones were offset by early Miocene faulting. Boundaries between diagenet 

zones may also reflect permeability differences among the rocks. 

The authigenic mineral zonation in Tertiary tuffs at the Nevada Test Site (Hoo\ 

1968) is more complex than either that of the John Day Formation or the Vieja Group. 

Altered rocks in which c l inopt i lo l i te or analcime predominate are present throughout 

an area of several thousand square kilometers and range in thickness from a few tens 

of meters to about 2000 m. Incomplete zonation of s i l i cate minerals cuts across 

stratigraphie boundaries but corresponds in a general way to the present water level 

in the region. An upper zone is characterized by the presence of fresh glass and cc 

tains local concentrations of clay minerals or chabazite. I t overlies a succession 

of zones rich in (1) c l inopt i lo l i te, (2) mordenite, and (3) analcime, in descending 

order (see Figure 3). Cristobalite is generally restricted to the upper part of the 

c l inopt i lo l i te zone and higher zones. Authigenic quartz and potassium feldspar are 

relatively abundant in the lower part of the c l inopt i lo l i te zone and in the analcime 

zone. Temperatures measured in d r i l l holes through the zeol i t ic rocks range from 

25°-65°C, and there is no evidence for higher temperatures during zeolit ization. 

A hydrothermal or burial metamorphic or igin is considered unlikely, and a leaching-

deposition mechanism of the open hydrologie system type is postulated for this body, 

possibly controlled by groundwater levels and permeability barriers in the section. 

Other probable examples of open-system zeolite bodies are common in tuffaceous 

sequences of Miocene and Pliocene age in the western United States. The Ricardo 

Formation (Pliocene) in Kern County, California, is an example of open-system type 

zoning in these younger sediments. Here, the beds have been t i l ted, yet the contact 

between fresh and zeol it ic tuff is nearly horizontal, showing that alteration occurr 

after t i l t i ng . Cl inopti lol ite is the only zeolite in this sequence, and i t is asso-

ciated with variable amounts of montmorillonite and opal. 
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Figure 3. Cross section of tuffaceous rocks of the Nevada Test Site showing the 
relationship of diagenetic alteration zones. (From Hoover, 1968.) 

ZEOLITE FORMATION IN LOW-SILICA TEPHRA DEPOSITS 

Alkaline, low-silica tuffs only 10-20 m thick may be zoned zeolitically to the 

same extent as silicic tuffs 500-1,000 m thick. Zonation at shallow depth reflects 

the highly reactive nature of alkalic, low-silica glass. The formation of zeolites 

from mafic glasses in open hydrologie systems is somewhat more complex than it is 

from silicic glasses. Mafic glass (or sideromelane) reacts to form palagonite and 

zeolites, in an appropriate chemical environment which is generally alkaline. Pala-

gonite can be viewed as a hydrous, iron-rich gel formed from mafic volcanic glass. 

It contains somewhat less Al, Si, Ca, Na, and Κ than the original glass. These com-

ponents provide the raw materials for the crystallization of zeolites in pore spaces. 

Phillipsite and chabazite are probably the most common zeolites in low-silica tuffs, 

but natrolite, gonnardite, analcime, and other low-silica zeolites are not uncommon. 
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Koko Crater, Hawaii, i l lustrates the alteration of alkal ine, mafic tephra in an 

open-system environment. Koko Crater is one of a group of craters formed on southeri 

Oahu about 35,000 years ago. Its cone consists largely of tuffs and l ap i l l i tuffs o' 

basanite composition.1 An upper zone characterized by the presence of fresh glass, 

opal, and montmorillonite overlies a lower zone of zeol i t ic, palagonitic tuff (Hay 

and I ij ima, 1968). The upper zone i s generally 20-12 m thick, and the transit ion 

between the two zones is a few centimeters to a meter thick. Two zeol it ic sub-zones 

have been recognized within the pal agonite-zeolite zone. The upper sub-zone contain: 

phi Π i psi te and chabazite, and the lower sub-zone contains ph i l l ips i te and analcime. 

A str ik ing feature of the palagonitic alteration is the loss of about half of the 

aluminum from the mafic glass and i t s precipitation in the form of interst i t ia l 

zeolites. 

The contact between zones roughly parallels the topography and cuts across stra-

t i f i cat ion (Figure 4), indicating that the palagonitic alteration i s a post-eruptive 

phenomenon, related to percolating meteoric water rather than to hydrothermal soluti! 

Palagonitic tuff abruptly grades downward into relatively fresh tuff approximately a1 

sea level, presumably reflecting dilution of reactive alkaline meteoric water with se 

water of lower pH. Under these conditions, the glass reacted more slowly. As i t 

Figure 4. Cross section through the southeastern edge of the cone of Koko Crater, 
showing palagonitic alteration which transects s t rat i f icat ion and ends 
abruptly at about sea level (abbreviated SL). Reprinted from Hay and 
Iijima (1968) by permission of the Geological Society of America. 

'Basanite is a mafic igneous rock whose composition is close to that of basalt but 
which contains normative nepheline. 
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descended through the column, the meteoric water may have reached a pH as high as 9.5, 

which could account for the extensive degree of alteration in less than 35,000 years 

and for the relatively sharp transition between fresh and palagonitic tuf f . A high pH 

could also explain the mobility of Al, which is relatively soluble in the form of 

A1(0H)^ under these conditions. 

The alteration in the Salt Lake Tuff, also on Oahu, is related to the original 

thickness of tuff and to the position of the tuffs relative to sea level in the 

Pleistocene. Where the nephelinite tuffs thin to the north and west, zeo l i t ic pala-

gonite intergrades lateral ly with fresh tuf f . Fresh tuff commonly overlies palagonite 

tuff in the transition zone (Figure 5). Where the tuffs are thinner than 9 m, they are 

unaltered except for surface weathering; where the tuffs are thicker than 9 m, the upper 

4-5 m are fresh, and the underlying material is palagonitized and cemented by zeolites. 

The vertical transition between fresh and palagonite tuff is generally sharp. The 

principal zeolites in the Salt Lake Tuff are ph i l l ips i te , natrol ite, gonnardite, and 

anal cime. The Salt Lake Tuff was deposited when sea level was lower than at present, 

and the tuf f was palagonitized and cemented by zeolites before the sea rose in late 

Pleistocene time from 6-8 m above the present level. 

48 

freer) 

Figure 5. Salt Lake Tuff exposed along t.he northwest side of Moanalua Stream, at the 
northeast corner of the Salt Lake Tuff. Numbers along the surface of the 
Salt Lake Tuff represent thicknesses of measured sections. Boulder con-
glomerates, claystones, and reworked nephelinite ash layers underlie the 
Salt Lake Tuff. Reprinted from Hay and Ii.iima (1968) by permission of the 
Geological Society of America. 
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The Neapolitan Yellow Tuff (tuffo g ia l lo napoletano) near Naples, I ta ly, prov 

an example of the formation of zeolites in an open-system environment from tuff of 

trachytic composition (see Sersale, 1958). This formation, which underlies the ci 

of Naples, crops out over an area of about 200 km2, and local ly reaches more than 

100 m in thickness. In the lower part of the thickest exposures, glass is complet 

altered to ph i l l ip s i te and chabazite. The overlying material is essentially zeoli 

free and is local ly known as "pozzolana." The transition from glass to zeolite i s 

continuous one, with the zeolite-rich tuff being characterized by a higher water c 

tent and a lower alkal i content. The tuff erupted about 10,000 to 12,000 years ag 

and isotopie evidence suggests that zeol i t ic alteration lasted from 4000 to 5000 y 

I t is not now thought to be active (Capaldi et a K , 1971). 
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Chapter 6 

ZEOLITES IN LOW-GRADE METAMORPHIC GRADES 

James R. Boles 

INTRODUCTION 

Studies of zeolites in low-grade metamorphic rocks are important to an understand!n( 

of the transition between diagenesis and conventional metamorphism. Zeolite assemblages 

give clues to the chemistry and mobility of pore f luids and the temperature history that 

the rocks have undergone in this transition zone. 

Zeolites in low-grade metamorphic rocks occur in two types of terraines: (1) hydro-

thermal and (2) burial. Hydrothermal occurrences include active and foss i l geothermal 

systems and rocks hydrothermally altered by igneous intrusion. Zeolites developed on a 

regional scale in thick stratigraphie sections are usually attributed to burial meta-

morphism. In many of these areas igneous intrusions are common, and, in such cases, i t 

is d i f f icu l t to distinguish burial from hydrothermal effects. The emphasis here will be 

on burial metamorphic occurrences of zeolites, but examples in active geothermal areas 

will also be discussed because, unlike most burial settings, alteration conditions are 

reasonably well known. 

The regional occurrence of zeolites in low-grade metamorphic rocks was f i r s t recog-

nized by Coombs (1954) in southern New Zealand. Largely on the basis of these observa-

tions, Turner (in Fyfe et al_., 1958) defined a zeolite facies to include regionally 

developed assemblages of laumontite-albite-quartz. The zeolite facies was believed to 

represent P-T conditions intermediate between diagenesis and conventional metamorphism. 

Coombs et al_. (1959) treated zeolite assemblages in terms of Eskola's concept of mineral 

facies (1920) which allowed the facies to embrace products of diagenesis, hydrothermal 

act iv ity, or metamorphism. They broadened the definition to include assemblages of 

analcime-quartz, heulandite-quartz, and laumontite-quartz. More recently, Coombs (1971, 

p. 324) suggested that the zeolite facies might be defined as ". . . that set of mineral 

assemblages that is characterized by the association calcium zeolite-chlorite-quartz 

in rocks of favorable bulk composition." 
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The zeolite facies is a useful concept in that i t acknowledges intermediate s 

between diagenesis and conventional metamorphism. However, at present we only cru 

understand the pressure, temperature, and chemical significance of various zeolite 

mineral assemblages in such rocks. Clearly the presence of some zeolites (e.g., 1 

montite and wairakite) represents more advanced alteration than others (e.g., heul, 

d i te), but physiochemical conditions at which the alteration occurred i s less obvii 

In many zeolite-bearing metamorphic terraines i t is l ikely that diagenetic and low· 

grade metamorphic assemblages coexist. 

Several generalizations can be made about zeolite occurrences in low-grade me 

morphic terraines: 

(1) Zeolites most coirmonly occur as alteration products of volcanic glass. 

Calcic plagioclase is also an important precursor. These types of detri 

clasts are particularly common in, but not necessarily restricted to, 

Mesozoic and Tertiary rocks of the circum-Pacific region. 

(2) Zeolites commonly make up less than 25% of the bulk rock, except in 

altered v i t r i c tuffs where much higher percentages may be found. The 

zeolite-bearing rocks retain much of their detrital mineralogy and 

texture and are rarely completely recrystall ized, in contrast to the 

rocks in the greenschist facies. Schistosity and penetrating cleavage 

are absent. 

(3) The distribution of individual zeolites with respect to depth of 

burial commonly shows considerable overlap, which clearly indicates 

that factors other than temperature and pressure are also important 

reaction controls. 

(4) On a worldwide basis, laumontite, analcime, and heulandite-group1 

minerals are the most common zeolites in low-grade metamorphic rocks. 

Tertiary and younger rocks may contain more diverse zeol it ic assem-

blages, including the minerals mordenite, erionite, chabazite, and 

ph i l l ips i te. 

(5) The zeolites are generally associated with authigenic quartz, a lbite, 

adularía, calcite, phyll osi l i cates and less coirmonly with sphene, 

prehnite, and pumpellyite. 

Although low-grade metamorphic zeolite assemblages have been reported in a nun 

of other areas, including New Brunswick (Mossman and Bachinski, 1972), Puerto Rico 

^eulandite group will be used in this review to include both c l inopt i lo l i te and 
heulandite. 
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(Otálaro, 1964; Jolly, 1970), France (Martini and Vaugnat, 1968), and Russia (Zaporo-

zhtseva, 1960; Zaporozhtseva et aL·, 1961; Kossovskaya and Shutov, 1961), most reported 

occurrences are in the circum-Pacific area. 

New Zealand 

The north limb of the Southland Syncline is composed of about 9-10 km of Triassic 

and Jurassic marine strata (Figure 1). The thickness of the section, its structural 

simplicity, and the lack of in situ igneous rocks in the strata make this area partie* 

ularly suitable for burial metamorphic studies. Vitric and vitric-crystal tuffs occur 

through the section. Volcanic glass, once common in the sequence, has been completely 

replaced. Sandstones in the area are highly volcanogenic and/or feldspathic (chiefly 

plagioclase) and generally have less than 20% quartz relative to feldspar and rock 

fragments. 

Coombs (1954) presented the f i r s t comprehensive description of alteration of the 

Triassic rocks in the Taringatura area, summarized as follows by Coombs et al_. (1959, 

p. 59): 

SELECTED ZEOLITE OCCURRENCES FROM THE CIRCUM-PACIFIC AREA 

Figure 1. Index map of Mesozoic 
rocks in the Southland Syncline, 
New Zealand. 
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"Coombs (1954) showed that glass in ash beds in the upper part of the 
section has been completely replaced by heulandite or less commonly by anal-
cime. Both zeolites coexist with quartz and fine-grained phyl losi l icates. 
The great majority of rocks here contain fresh detrital lime-bearing plagio-
clase as a major constituent, but from successively lower horizons i t is 
found to be missing from more and more specimens. In i ts place are pseudo-
morphs of dusty albite with sericite inclusions, although some ' i s lands ' 
rich in re l ic t andesine persist almost to the base of the section. Simul-
taneously with the albit ization 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, i t s place being taken mainly by 
albite, but also in some cases by pseudomorphs of adularía or laumontite. 
Heulandite persists to greater depths, but i t appears to give way to lau-
montite 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. First pumpellyite, then prehnite appear as accessory 
minerals. In some cases at least, notably in quartz-albite-adularia-pum-
pellyite metasomatites, the pumpellyite has clearly formed at the expense 
of laumontite, magnesium and iron being provided by celadonite and chlor it ic 
minerals." 

In addition to laumontite pseudomorphing glass shards, Coombs (1954, p. 74) recot 

nized that ". . . laumontite is a joint replacement product with albite of lime-bearir 

plagioclase. Directly or indirectly, the breakdown of lime-bearing plagioclase i s a 

main feature in the origin of most laumontite." Coombs (1954) attributed the altera-

tion sequence chiefly to increasing temperature associated with progressive burial. 

The Hokonui H i l l s area (Figure 1) includes more extensive exposures of Jurassic 

and uppermost Triass ic strata than can be observed in the Taringatura area. Recent 

work in the former area by Boles (1971, 1974) and Boles and Coombs (1975, 1977) has 

shown that laumontite and heulandite are common in both the lower and uppermost parts 

of the section. In sandstones, authigenic heulandite, laumontite, prehnite, sphene, 

chlorite, and pumpellyite are associated with rocks of andesitic parentage, whereas 

authigenic quartz, albite, and K-feldspar characterize sandstones of rhyol it ic to 

dacitic parentage. Mineral distribution patterns in the two areas are summarized in 

Figure 2. The amount of overburden eroded from this section i s uncertain but is be-

lieved to be less than 1.5 km. Distribution patterns and stab i l i ty relations of anal-

cime with quartz and of laumontite show that average temperature gradients did not 

exceed about 25°C/km. Boles and Coombs (1977) conclude that the complexity of mineral 

distribution patterns i s due to the interplay of many factors, including the nature of 

parent material including glass and unstable minerals, incomplete reactions, perme-

ab i l i t y , ionic activity in pore f lu ids, Ρςθ2> varying Pfiui(jP/total r a t ' ' o s ' ar|d effect 

of r i s ing temperature following burial. 
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Figure 2. Mineral d i s t r ibut ion patterns in the Taringatura and Hokonui H i l l s , New 
Zealand (after Coombs, 1954; Boles and Coombs, 1977). The "a lb it ized plagio-
c lase" of the Hokonui H i l l s represents percentage of sandstones (0.2-0.5 mm 
average grain s ize) with essent ia l ly a l l plagioclase grains a lb i t ized. 
Hokonui H i l l s "a lb i te " refers to authigenic albite in cavit ies and as cement. 
Dashed l ine denotes sporadic occurrence. 

Japan 

Zeolites have been reported in sediments ranging from Quaternary to Tr iass ic age ir 

Japan, but the majority of the occurrences are in Miocene pyroclastic and volcanogenic 

sedimentary rocks (Figure 3). The zeo l i t i c rocks are usually of rhyo l i t i c to dacit ic 

parentage and are largely of marine or ig in. Japanese zeol ite occurrences have been ex-

tensively studied by many workers and recently reviewed by Utada (1970, 1971) and Iijimc 

and Utada (1972). 

Zeolite occurrences in Japan are largely attributed to low-grade metamorphism, and 

d i s t inct zeol ite zonations are commonly recognized. Some of these zonations are a t t r i -

buted to burial diagenesis; others are attributed to hydrothermal effects of igneous 

intrus ions; and s t i l l others are attributed to modern and fo s s i l geothermal waters. 

Many occurrences are probably a result of several of these factors. 
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Figure 3. Index map of selected 
zeolite occurrences in low-grade 
metamorphic rocks of Japan. See 
text for description of localitie: 
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chnopti lolite 
Mordenite Mordenite 
Ca-clinoptilolife Ca-clinoptilolife 
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Laumontite Laumontite 
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Chlorite Chlorite 
Celadomte Celadomte 
III ¡Ye III ¡Ye 

Figure 4. Stability ranges of authigenic minerals in the Niigata oil f ield (modifie 
after Iijima and Utada, 1972). Dashed line denotes rare occurrence. 

108 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



In burial metamorphic terraines.five depth-related zones with characteristic 

phases are found: Zone I - - f resh glass; Zone I I - - a l ka l i c i inopt i lo l i te ; Zone I I I - -c l ino 

t i loi ite + mordenite; Zone IV--analcime (j^ heulandite) ; and Zone V--albite. In addi-

tion, laumontite can occur either between or overlapping Zones IV and V. The d i s t r i -

bution of authigenic minerals and the temperature-depth relations of the zones in the 

Niigata oi l f ie ld are shown in Figure 4. The characteristic authigenic minerals of thi 

zones occur chiefly as replacements of volcanic glass, although plagioclase replacemen' 

occurs in Zones IV and V. 

Several notable aspects of the above zonations which differ from most other low-

grade zeolite terraines in the circum-Pacific area are: 

(1) Mordenite is relatively common and widespread in low-grade metamorphic 

rocks of Japan. 

(2) Opaline s i l i c a (cristobalite) commonly coexists with c l inopt i lo l i te 

and mordenite (Utada, 1970). 

(3) A transit ion from alkal ic c l inopt i lo l i te to Ca-cl inopti lol ite or 

heulandite is inferred with increasing burial depth in some areas 

(see Figure 4). 

(4) Laumontite i s not particularly corrmon in these rocks even in the higher 

grade zones (cf. Minato and Utada, 1969, p. 126). Vitr ic tuffs are 

commonly replaced by albite + quartz assemblages in the higher grade 

rocks rather than by calcium-aluminosilicates (Utada, 1970, p. 230). 

Miocene and younger pyroclastic sedimentary rocks of Japan intruded by granitic or 

d ior i t i c rocks, for example in the Tanzawa Mountains and in the Motojuku d i s t r i c t of 

North Kanto (Figure 3), also show zeolite alteration zones in the surrounding sediments 

Mineral zonations in the Tanzawa area are shown in Figure 5. Compared with the burial 

diagenesis occurrences described above, the zones have a greater variety of zeolites, 

many of which are calcium rich. Wairakite is a corrmon zeolite in the higher grade 

zeolite-bearing zones. 

In the Tanzawa Mountains, the zones are more or less concentric to the intrusive 

body and regional cross bedding (see Figure 5a). The lower grade l imit of Zone I I in 

the Tanzawa Mountains ranges from between about 6-9 km from the intrusive body. Thus, 

the thermal effects of contact metamorphism may cause zeolit ization (in this case lau-

montite) at a considerable distance from the intrusive body. 

Zeolite zonations have also been recognized in active geothermal areas of Japan. 

For example, Seki et al_. (1969b) described three zeolite alteration zones in interbedde 

andesitic lavas and dacitic tuffs from the Katayama geothermal area. The shallowest 
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zone i s characterized by mordenite, the next by laumontite (in places accompanied by 

analcime or yugawaralite), and the third by wairakite. The temperature limits of these 

occurrences vary from dr i l l hole to dr i l l hole (see Figure 6). Notably, wairakite 

f i r s t occurs at temperatures ranging from about 75°-T75cC; this is in contrast to i t s 

occurrence in geothermal wells of Wairakei, New Zealand, where i t does not appear to 

have formed below about 200°C (see Coombs et aj_., 1959, p. 71). 

From the above discussions one may conclude that zeolite occurrences in low-grade 

metamorphic rocks of Japan developed largely in relatively high T/P regimes during 

late Tertiary time. The high thermal gradients may have been responsible for the 

dist inct zeolite zonations that are found in Japan but which are less common in other 

areas of the world. 

Temperature C C ) 

50 100 150 200 
0 1 I Γ " 

X 
Ν X MORDENITE 

-V YUGAWARAUTE 
X 

\ O LAUMONT ITE 

Q) · WAIRAKITE 

Figure 6. Geothermal gra-
dients and zeolite d i s t r i -
butions in the Katayama 
geothermal area, Onikobe, 
Japan (from Seki et al_., 
1969b). 
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Western North America 

Br i t i sh Columbia - Triassic rocks. Surdam (1973) described zeol it ization in th' 

Karmutsen Group, a 5.5-km thick marine sequence of pillow lava and breccia, aquagene 

tuff , massive amygdaloidal flows, and interlava limestones (Figure 7). An estimated 

1.5 to 4.6 km of overburden has been removed from the top of the section. Surdam 

recognized increased albit ization of plagioclase and the breakdown of analcime to 

albite with increasing depth in the section. Laumontite and wairakite replace calci 

plagioclase in the matrix of once glassy rocks and in amygdales of volcanic flows. 

Clays rather than zeolites form pseudomorphs after volcanic glass. 

Surdam (1973) attributed much of the detailed overlap of mineral assemblages, s 

as closely-spaced occurrences of laumontite and wairakite, to minor variations in ac 

t i v i t i e s of ionic species in solution. Judging from the abundant in s i tu igneous ro 

and the presence of wairakite in the Karmutsen section, the geothermal gradient in t 

area was probably relatively high. 

BRISTOL 
BASIN 

( Galloway, 1974) ro % 
Su «tut Group 

( Reodortd Ei»boch*r, 1974) 

Karmutsen Group 
( Surdam, 1973) ~ 

MEEN CHARLOTTE 
BASIN 

\ISollowoy, 1974) 

Nonaimo Group 
{Stewart and Poge, 1974) 

1000 km 

öRArs HARBOR -
CHEHAUS BASINS 
(Galloway, 1974) ALomcH mm. area 

( Dickinson, 1962) 
(Brown and Thayer, 1964) 

Figure 7. Index map of selected zeolite occurrences in low-grade metamorphic rocks 
western North America. See text for description of loca l i t ie s . 
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Br i t i sh Columbia - Cretaceous rocks. Stewart and Page (1974) described zeolitiz< 

tion of sandstones in the Upper Cretaceous Nanaimo Group, an interbedded sequence of 

lagoonal to deltaic to marine sediments up to 3 km thick (Figure 7). Minor igneous 

rocks of Tertiary age intrude the group. The Nanaimo Group overlies the Karmutsen 

Group described by Surdam (1973). 

The sandstones typically contain framework grains of 40% quartz, 50% feldspar 

(mainly plagioclase), and 10% aphanitic fragments. Phyl los i l icates, heulandite, lau-

montite, and carbonates make up the matrix of the sandstones. Laumontite also occurs 

as a replacement of albit ized plagioclase and in veins. Heulandite occurs in the 

upper kilometer of section and laumontite in the upper 2.5 km of section. Stewart 

and Page (1974) reported early-formed calcareous concretions contain calcic plagio-

clase and no zeol ites, whereas the surrounding sandstones have been altered to lau-

montite and albitized plagioclase. 

Br i t i sh Columbia - Cretaceous to Eocene rocks. Read and Eisbacher (1974) de-

scribed regional zeol it ization of the continental Sustut Group in the Intermontaine 

Belt (Figure 7). The Group consists of 2.3 km of interbedded volcanogenic and non-

volcanogenic sandstones. They reported that the mineral distribution i s unrelated to 

". . . volumetrically ins ignif icant s i l l s and plutons of granodiorite in the south-

eastern part of the basin" and that variations in s i l i ca act iv ity controlled the 

mineral distr ibution pattern. 

Volcanic glass in tuffs has been replaced mainly by heulandite or less commonly 

albite and/or analcime. Chiefly albite and quartz with minor heulandite f i l l pore 

space of tuffaceous sandstones. The pore spaces of non-tuffaceous sandstones are 

f i l l ed by quartz-albite or laumontite. The laumontite appears to be restricted to 

non-tuffaceous sandstones, and Read and Eisbacher (1974) postulated that calcium for 

laumontite was supplied by dissolution of shell material. 

Washington to Alaska - Tertiary rocks. Galloway (1974) described the widespread 

occurrence of laumontite as a pore-f i l l ing cement in subsurface samples from Tertiary 

basins ranging from Eocene to Pliocene age (Figure 7). Sandstones of the basins are 

rich in plagioclase and volcanic rock fragments. Three cementation stages are recog-

nized: (1) local, early calcite pore-f i l l ing cement, (2) authigenic clay rims around 

detrital grains, and (3) authigenic clay and/or laumontite pore-f i l l ing cement (Figure 

8). Galloway advocated temperature as a prime control on cement distr ibution but 

recognized that there was widespread overlap. Assuming a 20°C surface temperature 

and using thermal gradients given by Galloway for the area, the shallowest laumontite 

occurrences would correspond to a temperature of about 55°-84°C. 
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Washington - Tertiary rocks. Stewart (1974) described regional development of 

laumontite as a cement, in veins, and as a replacement of calcic plagioclase in marin 

Eocene sandstones of the Western Olympic Peninsula (Figure 7). Intermediate to basic 

rock fragments are abundant in the sandstones. Laumontite is more abundant in coarse 

grained sandstones rich in volcanic detritus than in finer grained, more feldspathic 

sandstones. Calcite cemented sandstones are unzeolitized. Stewart estimated greater 

than 3 km of strata exposed but burial depths are unknown. The adjacent area to the 

east contains prehnite-pumpellyite metamorphic rocks (Hawkins, 1967). 

Oregon - Tr iass ic and Jurassic rocks. Dickinson (1962a) and Brown and Thayer 

(1963) noted zeol it ization in the Aldrich Mountain area of central Oregon (Figure 7). 

In both areas rocks are complexly folded in part, and small diorite porphyries intrud« 

the area described by Brown and Thayer. Dickinson (1962a) studied 5.3 km of Jurassic 

marine sediments of andesitic or ig in and recognized: "(1) crystal l izat ion of volcani« 

glass to heulandite and associated minerals, including chlorite and celadonite; (2) 

local conversion of early-formed zeolites to laumontite; and (3) widespread decom-

position of plagioclase to albite plus one or more hydrous Ca-bearing minerals in-

cluding pumpellyite, prehnite, and laumontite." In addition, a rhyodacitic v i t r i c 

tuff altered to heulandite was local ly replaced by laumontite at some local i t ies and 

by albite, quartz, and minor K-feldspar at others (Dickinson, 1962b). Similar rela-

tions have been observed in Triass ic tuffs of New Zealand (Boles and Coombs, 1975). 

Dickinson did not recognize any consistent mineral distribution either with respect 

to stratigraphy or structure but emphasized the ava i lab i l i ty of water as a reaction 

control. 

Brown and Thayer (1963) studied an area immediately east of Dickinson's area 

where an estimated 12-15 km of marine upper Tr iass ic and lower Jurassic strata are 

exposed. This sequence is highly volcanogenic and contains tuffs, tuffaceous sand-

stones, and basaltic lavas. Albit ization increases with stratigraphie age, but other 

mineral distr ibutions were apparently controlled by the in i t i a l character of the rock. 

Thus, laumontite, prehnite, and pumpellyite are restricted to rocks partly or entirely 

of volcanogenic or ig in. Acidic v i t r i c tuffs are commonly altered to albite-quartz or 

laumontite-quartz assemblages. Pumpellyite occurrences are restricted to basaltic 

lavas or basic rock fragments. Brown and Thayer (1963) also noted that zeolit ization 

and plagioclase alteration was inhibited by the presence of calcite cement. 

California - Cretaceous rocks. Dickinson et aL· (1969) described alteration of 

the Great Valley sequence where some 10.7 km of section is exposed and an estimated 
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Figure 9. Index map of selected zeoliti 
occurrences in low-grade metamorphic roi 
of California. See text for descriptioi 
of loca l i t ies . 

1.5 km of cover has been removed (Figure 9). The sequences form a steeply dipping, I 

orderly, homoclinal succession. Sandstones commonly contain volcanic rock clasts (1 

45%), feldspars (20-40%), and quartzose clasts (25-55%). Increasing albit ization of 

plagioclase and chlorit ization of biotite with inferred burial depth has been recog-

nized. Alteration was inhibited by the presence of carbonate cement. Laumontite is 

common in the lower part of the section where i t replaces plagioclase. 

California - Tertiary rocks. Sporadic occurrences of zeolites in probable low-

grade metamorphic settings have been described at several loca l i t ies (Figure 9). Fr 

subsurface cores, Castaño and Sparks (1974) reported laumontite in Eocene-Miocene sa 

stones of the Tejon area at depths greater than 2.9 km, where corrected well tempera 

tures are greater than or equal to 104°C and the f lu id pressure i s equal to 317 bars 

The zeolite occurs in arkosic sandstones as a cement and as a replacement of detrita 

grains including mollusc shel l s . Plagioclase is more a lb i t i c (An2~An^) in the lau-

montite zone than stratigraphically above (An2-An4Q). 

Laumontite occurs as a cement and more rarely as a replacement of plagioclase i 

subsurface cores of Miocene volcanogenic sandstones from Kettleman North Dome (Merin 

1975). The laumontite is restricted to sandstones containing volcanic rock fragment 

From reconstructed burial thicknesses and present geothermal gradients, Merino (1975 

estimated about 105°C for the laumontite-bearing interval. 
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In surface outcrops, mordenite, s t i l b i te , heulandite, and laumontite have been 

identified in Miocene sandstones and tuffs of the Coast Ranges. Mordenite is asso-

ciated with ci inopti lo ! i te as a replacement of volcanic glass in tuffs of the marine 

Obispo Formation (Surdam and Hall, 1968) and in marine volcanogenic sandstones of the 

Briones Sandstone (Murata and Whiteley, 1973). Veins of laumontite and s t i l b i te , ex-

tensive laumontite cements, and partial replacement of plagioclase by laumontite also 

occur in units of the Briones Sandstone. Plagioclase associated with laumontite i s 

more a lb i t i c (ol igoclase-albite) than in laumontite-free beds (andesine-oligoclase). 

The estimated depth of burial of the Briones Sandstone at the laumontite local i t ies i s 

less than 1 kilometer (Madsen and Murata, 1970). These workers also report a similar 

occurrence of laumontite in the marine Vaqueros Sandstone, containing very few vol-

canic rock fragments. 

LITH0L0GY, CHEMISTRY, AND STABILITY OF ZEOLITE SPECIES 

Heulandite-group Minerals 

Lithology. Heulandite and ci inopti loi i te occur as a direct or indirect replace-

ment of volcanic g lass, either as pseudomorphs after glass shards or as an interst i t ia l 

cement (Figure 10). They rarely replace other detrital phases such as feldspar. Heu-

landite-group minerals commonly coexist with phyllosi l i cates such as chlorite, smec-

t i te , celadonite, i 11 i te, and mixed-layer varieties. The clay usually forms a thin 

rim around the zeolite crystals. 

The zeolite occurs as lath-shaped crystals, commonly between 10 and 100 μηι in 

length, and exhibits parallel extinction along cleavage traces. The crystals may be 

length slow or length fast, but when samples are prepared in a hot mounting medium, 

crystals with Si/Al ratios equal to or greater than 3.57 are length slow, whereas 

crystals with lower Si/Al ratios are length fast (see Boles, 1972). 

Heulandite-group minerals vary in abundance from a few percent as a cavity f i l l i n g 

in sandstones to as much as 60% in altered v i t r i c tuffs. In the latter rocks, minute, 

reddish iron-oxide inclusions are common in the zeolite crystals, presumably by-

products of the alteration of volcanic glass. 

Chemistry. There are few quantitative data on the chemistry of heulandite-group 

minerals in low-grade metamorphic terraines. In the Southland Syncline of New Zealand, 

heulandites (Si/Al ratio <4.0) predominate, but c l inopt i lo l i tes (Si/Al +>4 .0 ) are alsc 

present (Boles, 1972; Boles and Coombs, 1975). The zeolites are generally sodium-poor 
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Figure 10a. Photomicrograph of heulandite pseudomorph after tricuspate-shaped glass 
shard. Dark inclusions in pseudomorph are iron oxides. Plain l ight . 
Tr iass ic v i tr ic-crystal tuff, Hokonui H i l l s , New Zealand. 

Figure 10b. Photomicrograph of coarse-grained heulandite cement in volcanogenic sand 
stone. Plain l ight. Heulandite crystals have well-developed cleavage 
and crystals are rimmed by a pale-green phyl los i l icate. Triassic volcan 
genie sandstone, Hokonui H i l l s , New Zealand. 
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and calc ic-r ich (Figure 11). Magnesium ions average about 15% of total Ca + Mg ions. 

No systematic variation in zeolite composition with depth of burial has been found. 

Pyroclastic feldspars coexisting with c l inopt i lo l i tes are more sodic than those asso-

ciated with heulandites, implying that the glass precursors of the former species was 

more acidic than those of the latter (Boles and Coombs, 1975). 

In Japan, sodic ci inopti loi i tes predominate in such rocks, but calcic varieties 

have also been recognized (Utada, 1970; Minato and Utada, 1970; see Figure 11). Heu-

landite i s much less common. Several Japanese studies have shown that heulandite or 

calcic c l inopt i lo l i te persists to inferred higher temperatures than alkalic clinop-

t i l o l i t e (Seki et al_., 1969b; Utada, 1971; Iijima and Utada, 1972). 

Stabil i ty. There have been no hydrothermal studies of heulandite-group minerals 

which demonstrated equilibrium with respect to another phase, and i t is conceivable 

that members of this mineral group form as metastable phases (cf. Coombs, 1971). From 

the above case examples, i t i s clear that considerable overlap exists between the 

stab i l i ty regions of heulandite and other minerals, but i t i s also clear that given 

suff ic ient burial depths (or temperatures) and appropriate pore-fluid chemistry, 

New Zealand N o 

Κ 

Figure 11. Na-(Ca+Mg)-K plot of com-
positions of heulandite-group minerals 
from low-grade metamorphic rocks. 
Mew Zealand data from Boles (1972) 
and Boles and Coombs (1975). Japan 
data from Utada (1970) and Minato 
and Utada (1971). 
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heulandite-group minerals are transformed to other phases. Reactions involving hei 

landite will also be discussed below, as the zeolite i s an important precursor for 

number of phases. 

Anal cime 

Lithology. Analcime occurs in a similar mode as heulandite-group minerals, i. 

as a direct or indirect product from volcanic glass of widely ranging composition 

(Figure 12a). In a number of analcime tuffs from New Zealand, the zeolite forms ps 

morphs after heulandite-group minerals (Figure 12b). I t rarely replaces plagioclas 

other detrital phases. 

Analcime in cavities occurs as iscositetrahedral crystals ranging from 5 to 5C 

across. The crystals are usually isotropic to nearly isotropic. Like heulandite, 

rocks richest in analcime are altered v i t r i c tuffs. Analcime can make up as much a 

60% of such rocks. 

Chemistry. Analcime in low-grade metamorphic terraines is generally sodium r i 

although specimens with appreciable potassium substitution (up to 10 mole percent o 

total Na+K+Ca+Mg) have been reported (Utada, 1970). Surdam (1973) and Seki (1973) 

ported extensive sol id solution between analcime and wairakite. Analcime from low-

grade metamorphic rocks of New Zealand have silica/alumina ratios of about 2.4, whe 

in Japan they are s l i ght ly more si l iceous (average 2.7). No relationship has been 

found between depth of burial and analcime composition in either area (Coombs and 

Whetten, 1969; Utada, 1970; Boles, 1971). 

Stabil i ty. The hydrothermal s tab i l i ty of the anal cime-albi te system has been 

investigated by Coombs et al_. (1959), Campbell and Fyfe (1965), and Liou (1971a). ' 

upper thermal s tab i l i ty l imit of analcime with respect to albite i s about 200°C 

(Figure 13). A lower temperature l imit is expected when equilibrium with respect t< 

low albite is considered (see Liou, 1971a). 
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Figure 12a. Photomicrograph of vein of albite and trapazohedral-shaped analcime crys-
tals ( isotropic) in a Tr iass ic v i t r ic-crysta l tuff altered to analcime 
and quartz, Hokonui H i l l s , New Zealand. Crossed niçois. 

Figure 12b. Lath-shaped analcime pseudomorphs after heulandite-group minerals in a 
Triass ic v itr ic-crystal tuff altered to analcime and quartz, Hokonui 
H i l l s , New Zealand. Plain l ight . Pseudomorphs are embayed in chlorite. 
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ANALCIME 1 

+ 

QUARTZ 

Figure 13. Pfiu id~T diagram for th 
perimentally-determined reaction: 
cime + quartz = intermediate al bite 
H2O (solid line) and the calculated 
(dashed line) for the reaction: an, 
+ quartz = low albite + H2O. React 
curves for P f l u i d = P t o ta l · ( A f t e r 

1971a). 
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Laumontite 

Lithology. Laumontite occurs as an indirect replacement of volcanic glass con 

through a zeolite precursor such as heulandite or analcime (Figure 14a). It commor 

occurs as a cement and in some places as grains with no obvious volcanic precursor 

Vine, 1969). Laumontite has also been reported to replace fossi l shell (Coombs, 19 

Castaño and Sparks, 1974). 

Laumontite is conmonly coarser grained (crystals up to 2 mm across in some roc 

and more abundant than other zeolites in low-grade metamorphic rocks. Laumontite c 

monly makes up from 30-80% of altered v i t r ic tuffs. I t is usually length slow alon 

cleavage traces, although Coombs (1952) noted that the dehydrated leonhardite varie 

can be length fast. 

Unlike most other zeolites, laumontite replaces plagioclase. The plagioclase 

usually been albitized (Figure 14b), and presumably, albitization and laumontitizat 

of the plagioclase are concurrent reactions. 

In rocks where andesine plagioclase is albitized and laumontite forms as a cem 

the reaction has the form: 

NaAlSi30g-CaAl2Si20g + 3Si02 + 2H20 + Na+ = 

andesine quartz 

2NaAlSi30g + 0.5CaAl2Si4012"4H20 + 0.5Ca++ 

albite laumontite 
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Figure 14a. Photomicrograph of laumontite ( l ight color) as a vein and partial replace-
ment of a Triass ic heulandite-altered v i t r i c tuff. Crossed niçois. Heu-
landite and dark green phyl losi l icates are in dark areas. Faint shard 
outlines are v is ib le in laumontite. 

Figure 14b. Photomicrograph of laumontite ( l ight color) replacing plagioclase in a 
Triass ic volcanogenic sandstone. Crossed niçois. Plagioclase i s a lb i -
tized and i s outlined by dotted l ine. 
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Such a reaction can account for ratios of laumontite cement to albitized plagioclas 

approaching 1:2 as observed in New Zealand rocks (Boles and Coombs, 1977). 

Laumontite-bearing sandstones commonly have a mottled appearance due to unequa 

distribution of laumontite and phyllosi l icate cement (Figure 15). Such sandstones 

been described from many areas in the world (Hoare et al_., 1964; Martini and Vaugna 

1968; Madsen and Murata, 1970; Boles, 1974; Stewart and Page, 1974). 

Chemistry. There are few analyses of laumontite in low-grade metamorphic ter-

raines but available data indicate that the zeolite i s essential ly free of sodium a 

potassium and i s near the ideal composition, CaA^Si^O-jg-nHgO (Boles, 1971; Surdam, 

Stabi l i ty. Liou (1971b) determined the equilibrium boundary between laumontit 

s t i l b i te , laumontite-lawsonite, and laumontite-wairakite (Figure 16). The upper pr 

sure l imit of laumontite with respect to lawsonite i s about 3.4 kb, and the upper t 

perature l imit with respect to wairakite i s about 300°C. 

The presence of laumontite is often taken to indicate low-grade metamorphic co 

tions, and thus i t s lower thermal s tab i l i ty l imit i s of interest. Seki et aL· (196 

reported the apparent formation of laumontite at 75 + 5°C in the Katayama geotherma 

f ie ld , Japan. Castaño and Sparks (1974) described the f i r s t appearance of laumonti 

at 104°C in California. Numerous studies of surface outcrops have reported laumont 

at apparent shallow burial depths (e.g., G i l l , 1975; Otálora, 1964; Hoare et , I 

Vine, 1969; Surdam, 1973); however, in such cases the amount of removed overburden 

not well known and/or geothermal gradients were high. Recent studies in Southland 

cline rocks of New Zealand indicated that laumontite may have formed at temperature: 

low as 50°C (Boles and Coombs, 1977). Sands and Drever (1977) reported laumontite 

deep-sea sediments; i f this laumontite is authigenic, i t may have formed at tempera 

considerably lower than described above. 

Less Common Zeolites 

Wairakite. As i s expected from experimental data (Figure 16), wairakite i s re 

stricted to areas of relatively high geothermal gradients, including geothermal are. 

and areas with intrusive igneous bodies (e.g., Steiner, 1955; Coombs et , 1959; ! 

1973). Wairakite is commonly associated with laumontite and in a number of cases i: 

lieved to be a product of the breakdown of laumontite. L i t t le is known about the P-

s tab i l i ty f ie lds of sodium-bearing wairakites as described by Surdam (1973) and Sek 

(1973). 
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Figure 15. Laumontite-bearing mottled sandstones, Hokonui H i l l s , New Zealand. Mottle 
texture due to unequal distribution of laumontite ( l ight patches) and phyl 
los i l icates (dark patches). 

Figure 16. Pf|uid~T diagram for the ex 
perimentally-determined reactions : 

o (1) s t i l b i te = laumontite + 3 quartz + 
3H20; 

(2) laumontite = wai rakite + 2H20; 

(3) laumontite = lawsonite + 2 quartz + 
2H20; 

a t Afluid = ' 'total · (After Liou, 1971 
b,c). 

0 
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Temperature °C 
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Mordenite. Mordenite occurrences are restricted to Tertiary and younger sedime 

as replacements of volcanic glass. Mordenite i s relatively common in low-grade meta 

morphic rocks of Japan (see Utada, 1970). I t has also been reported at several loca 

t ies in California in possible low-grade metamorphic settings (Surdam and Hall, 1968 

Murata and Whiteley, 1973) and in the Soviet Union (Gogishvi l i , 1976). Mordenite coi 

monly occurs in active geothermal areas as one of the earl iest formed zeolites (Stei 

1955; Seki et al_., 1969b; Honda and Muffler, 1970; Kristmannsdottir and Tomasson, 19 

Mordenite i s commonly associated with heulandite-group minerals, but has also been f 

with laumontite (Seki e¿al_., 1971). 

Experimental work of Hawkins et a]_. (1977) indicates that at a fixed f lu id comp 

s i t ion, mordenite forms at higher temperatures than ci inopti loi ite. Judging from th 

experimental data and many of the above occurrences, mordenite may be indicative of 

relatively high geothermal gradients in rocks of appropriate bulk composition and ma. 

have a higher thermal s tab i l i ty than heulandite-group minerals. 

S t i lb i te . St i lb i te i s commonly found as a vein mineral or local ly as a replace 

product in volcanogenic rocks in association with heulandite-group minerals or laumo 

t i te. I t has been described from New Zealand (Coombs, 1954), Japan (Seki et a l . , 19 

California (Murata and Whiteley, 1973), and Iceland (Kristmannsdottir and Tomasson, 

Staples (1965) described the replacement and f i l l i n g of foss i l shells by s t i lb i te an 

other zeolites as a result of hydrothermal solutions. Figure 16 shows the stab i l i ty 

f ie ld of s t i lb i te with respect to laumontite. L i t t le is known about the composition 

of s t i l b i te in low-grade metamorphic rocks, but a few analyses indicate i t is domina 

calcium-rich and has a Si/Al ratio ranging from about 2.5 to 3.0 (Liou, 1971c; Boles 

1971). 

Other zeolites. Erionite, chabazite, ferrerite, and yugawaralite have been re-

ported in Japan (see Utada, 1970). Erionite, chabazite, and ph i l l ips i te of possible 

hydrothermal origin occur in altered Tertiary tuffs of New Zealand (Sameshima, 1977) 

These zeolites are much less widespread than others mentioned above and appear to be 

restricted to Tertiary and younger rocks. 

ZEOLITE REACTIONS 

Volcanic glass and calcic plagioclase are the most important precursors for zeo 

l i tes in low-grade metamorphic rocks. Early reactions involve hydration of volcanic 

glass to phyllosi l icates including smectite, chlorite, celadonite, and mixed-layer c 
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Forming contemporaneously, and, in part, later than the c lay, are zeolites such a 

heulandite and c i i nop t i l o l i t e . These zeol ites may have had a zeol i te precursor such a 

phi 11 i psi te (see zeol ites in deep-sea sediment chapter), but unambiguous data are lack 

S t i l l later reactions involve the replacement of calcic plagioclase by laumontite 

the penecontemporaneous a lb i t i zat ion of the plagioclase, and the replacement of early-

formed zeol i tes by less hydrous and less s i l i ceous phases. Dehydrat ion-des i l ic i f icat i 

reactions that have been documented include the following (see Dickinson, 1962b; Utada 

1971; Surdam, 1973; Boles and Coombs, 1975, 1977) (H = heulandite, L = laumontite, Pr 

prehnite, An = analcime, Ab = a lb i te, Pu = pumpellyite): 

H L 
(1) Ca 3K 2AlgSi 2 80 7 2 -23H 20 3CaAl 2Si 40 1 2 "4H 20 + 10Si02 + 2KAlSi30g + 11H20 

++ H P r 

(2) 3Ca + Ca 3K 2Al gS i 2 80 7 2 -23H 20 -»· 3Ca2Al2Si30-jQ(0H)2 + 2KAlSi 30 g + 13Si02 + 17H20 + 

H An 
(3) 8Na + Ca 3K 2AlgSi 2 80 7 2-23H 20 + 8NaAlSi20g-H20 + 12Si02 + 2K + 3Ca 

+ H Ab 
(4) 8Na + Ca3K2AlgSi2g07 2-23H20 - SNaAlSigOg + S i0 2 + 23K20 + 2K + 3Ca 

An Ab 
(5) NaAlSi20g-H20 + S i0 2 NaAlSigOg + HgO 

L Pr 
(6) CaAl 2Si 40 1 2 -4H 20 + Ca++ Ca 2Al 2S i 30 1 0 (0H) 2 + S i0 2 + 2H20 + 2H+ 

Pu 
2+ r 3+„, c . „ j o c . n A n u + 

L ++ 

(7) 2CaAl 2Si 40 1 24H 20 + 2Ca C a ^ F e . M g ^ F e ^ A ^ S i g O ^ (0H)y + 2Si0 2 + 9H 

+ (Fe,Mg) + Fe 

In addition to the breakdown of early-formed zeol i tes, phy l los i l i cates are also 

modified or are consumed by reactions. For example, in reaction (1) some of the early 

formed phy l lo s i l i ca te associated with heulandite i s converted to laumontite in v i t r i c 

tuffs of New Zealand (Boles and Coombs, 1975). 

A notable feature of reactions (3) and (4) i s that they imply considerable mobili 

of Na , Ka , and Ca ions. In fact, late-stage sodium metasomatism of calcic zeolite: 

on widely varying scales i s character ist ic of low-grade metamorphic terraines in severi 

areas (Coombs, 1954; Dickinson, 1962b; Utada, 1970; Boles and Coombs, 1975). Such re-

placement would obviously have important consequences to the nature of higher grade 

metamorphic assemblages. 

Unlike the rocks in more conventional metamorphic sett ings, zeol ite-bearing, low-

grade metamorphic rocks consists of heterogeneous mineral assemblages of re l i c t detrit i 
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grains and early- and late-formed diagenetic-metamorphic minerais. The overlapping 

tribution patterns of zeolites in such terraines i s better understood when one consi 

the possible complex'interplay of factors controll ing zeolite s tab i l i t y , discussed b 

Effect of Pressure 

Load pressure appears to be one of the least s ignif icant variables affecting ze 

s tab i l i t y , as evidenced by the wide range of burial depths at which zeolites occur i 

low-grade metamorphic terraines. As pointed out by Zen (1974), most low-grade metam 

phic reactions involve relatively small changes in volumes of sol ids and hence the e 

of pressure should be minor. 

Zeolite reactions in low-grade metamorphic rocks commonly involve dehydration, 

pointed out by Coombs et al^ (1959) and by Zen (1974), f lu id pressure/load-pressure r 

can markedly affect equilibrium boundaries of such reactions. For example, Zen (197 

calculated that the equilibrium for the reaction laumontite = lawsonite + 2 quartz + 

2H,,0 (see Figure 16) will be lowered at constant temperature of 200°C from 2.9 kb wh 

Pf = Pj. to about P t = 2 kb where P^ = 1.5 kb. The effect of varying P^/P^ ratios ma 

marked on reactions where large quantities of water are evolved (e.g., heulandite -»· 

spar). 

Conditions at which P^ is less than P^ are undoubtedly common in shallow burial 

settings. Essential ly hydrostatic conditions ( i .e . , P^ = 0.5P t) are found as deep a 

km in some areas of the Gulf Coast Geosyncline (see Dickinson, 1953; Jones, 1969). 

P f/P t ratios can develop in fractures than in the adjacent country rock, causing dis 

ment of the equilibrium boundary between hydrous and less hydrous phases. In New Ze 

land, this effect can be demonstrated at several loca l i t ies where zeolites in the co 

rock are replaced by less hydrous phases in fractures (Figures 12a, 14a; Boles and C 

1977). Where Pf/P.). ratios increase rapidly during burial of sediments, analogous to 

conditions in the Gulf Coast Geosyncline, considerable overlap in mineral d istr ibut i 

may result. 

Effect of Temperature 

Temperature is a very important factor in controll ing zeolite s tab i l i t y , large! 

because the dehydration resulting from zeolite breakdown involves relatively large e 

tropy changes. Zeolites such as members of the heulandite group and analcime clearl 

can form at essential ly STP conditions, whereas zeolites such as laumontite and wair 

kite require elevated temperatures. The grossly overlapping mineral assemblages in 

low-grade metamorphic terraines, however, demonstrates that factors other than tempe 

ture are also important. 
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The temperatures at which zeolites occur in burial metamorphic settings i s usual! 

inferred from the stratigraphie distribution of zeolites combined with an estimate of 

the geothermal gradient. Many of the zeolite occurrences described in this chapter ar 

associated with thick piles of sediments deposited in basins near convergent plate mar 

gins. Aside from present structural complexities, true burial thickness may be con-

siderably less than measured stratigraphie thickness, owing to sh i fts in the locus of 

deposition. Until sediment dispersal patterns and heat distribution in such basins 

are better understood, the effects of temperature on zeolite assemblages in these set-

tings can not be properly evaluated. 

The r i se in temperature associated with increasing burial depth may undergo per-

turbations from hydration reactions involving zeolites. Surdam and Boles (1977) cal-

culated that the hydration of andes i ne to laumontite in a sandstone with density 2.3 

g/cc, 40% andesine, and an in i t ia l temperature of 60°C at 1.5 km of burial would raise 

the temperature of the rock by 40°C i f the heat of the reaction is conserved. Zeol it i -

zation of volcanic glass should also evolve heat. 

The effects of hydrothermal waters associated with igneous intrusions may be 

underestimated in many zeol it ic low-grade metamorphic terraines. Although conventional 

contact metamorphic effects are usually restricted to a few meters of an intrusive body 

oxygen isotope studies suggest that intrusives are capable of heating porous and per-

meable country rocks to temperatures greater than 100°C at distances of at least three 

stock diameters from the intrusions (Taylor, 1971). Thus, in areas where intercalated 

lavas and intrusive rocks are present, zeol it ization may have been influenced by em-

placement of the igneous rocks as well as by "bur ia l " effects. 

Effect of Parent Material and Bulk Composition 

Volcanic glass and calcic plagioclase are the most common precursor for zeolites 

in low-grade metamorphic terraines. The absence of zeolites in s imilar terraines, for 

example, the Saltón Sea geothermal area (Muffler and White, 1969), may be due to the 

absence of volcanogenic parent materials. The in i t i a l composition of detrital glasses 

has been shown to affect the mineral assemblages and mineral composition (Brown and 

Thayer, 1963; Home, 1968; Stewart, 1974; Boles and Coombs, 1977). For example, cal-

cium heulandite and/or laumontite prevail in altered andesitic detritus of New Zealand, 

whereas authigenic albite predominates in altered rhyo-dacitic detritus in the same 

region. S imi lar ly, where rhyo-dacitic volcanic detritus predominates, s i l iceous, 

a lka l i - r ich zeolites predominate in Japan. Silica/alumina ratios of heulandite-group 

minerals may also be related to in i t ia l glass composition (see Boles and Coombs, 1975). 
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Effect of Fluid Chemistry 

Pore-fluid chemistry can be an important control on mineral reactions in diagene 

low-grade metamorphic terraines. Here, the fluid/solid ratios are high and the fluic 

are relatively mobile. Several zeolitic reactions at fixed temperature and pressure 

may involve only a^o and/or asio2
 l n P o r e fluids, for example, (1) heulandite = lau-

montite + quartz + H20, and (2) laumontite = wairakite + HgO. Other documented reac-

tions, for example those involving alteration of calcic zeolites to analcime or albi 

are dependent not only on pressure and temperature, but on the activities of H20, si1 

sodium, and calcium in pore fluids. As shown in Figure 17a, at constant temperatun 

and pressure heulandite is converted to analcime or albite depending on the init ial 

heulandite composition and on the nature and extent of change of activities of s i l ic i 

water, and Na^Ca** in the pore fluid. 

Zen (1961) and Thompson (1971) pointed out that PQO2 may be an important contro' 

on zeolite equilibria where carbonates are involved in zeolitic reactions. Thus, eli 

carbonate assemblages can replace zeolite assemblages in areas of high PCO2· The ef 

is well demonstrated in hydrothermally-altered volcanic rocks of New Zealand. In th> 

Ohaki-Broadlands area, PCQ2 values are much higher than at Wairakei; clay-carbonate 

assemblages are much more common at Wairakei (Browne and E l l i s , 1970). I t should al 

HEULANDITE 

LOW (Ca~/No*) in 
£ \ pore fluid 

^ «, o i -r^V HIGH (Ca"/Na*)in 
+ ALBITE f .JL pore fluid 

l o g ( a H 2 0 > 

Figure 17a. Activity diagram at constant temperature, pressure, and activity of H2C 
showing phase relations for albite, analcime, and heulandite (Ca3.5NaAl 
SÌ28'24H20). Note that equilibrium boundary will shift as a function 
of varying Ca/Na activity ratios in pore fluids. Arrows show directior 
of common reactions in low-grade metamorphic rocks. 

130 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



figure 17b. Activity diagram at constant temperature, pressure, ana activity of H20 
showing phase relations for laumontite, CaAloSi i jO^ '^O; heulandite, 
CaA^SiyOje'öh^O; and prehnite, Ca2Al2SÌ301i4(0H)2. Arrows show direction 
of the most common reactions between the phases in rocks of the Hokonui 
H i l l s , New Zealand. (After Boles and Coombs, 1977.) 

be noted that clay-carbonate-zeolite assemblages are very common in low-grade metamor-

phic terraines; thus, the presence of clay and carbonates does not necessarily preclude 

zeolite assemblages. 

Effect of Permeability 

Permeability is an obvious control on reactions where the transfer of ions to and 

from the reaction site is required. Numerous studies have shown that early-formed cal-

cite cements inhibit the formation of zeolite cements and albitization of plagioclase 

(Home, 1968; Dickinson et aj_., 1969; Stewart and Page, 1974). In addition, albitiza-

tion of plagioclase, a reaction which is an important source of laumontite cement, is 

more complete in coarse-grained sediments where permeabilities are presumably highest 

(see Boles and Coombs, 1977). 
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Effect of Kinetics 

Reaction kinetics between zeolites and between zeolites and less hydrous phase: 

poorly understood. Hay (1966) pointed out that with increasing age zeolitic assembl 

become simpler and that in early Paleozoic rocks they have been replaced by feldspar 

In a general way, this is true of low-grade metamorphic assemblages, i.e., laumontil 

heulandite-group minerals, and analcime are characteristic of Mesozoic and late Pale 

zoic rocks, whereas much more diverse assemblages can be found in younger rocks. 

Many of the reactions which have been demonstrated from field and pétrographie 

evidence are not isochemical in that they involve the transfer of ions to and from ι 

reaction site. Reaction kinetics are therefore functions of the diffusion rates of 

ions and/or the mobility of pore fluids. To date, there are few quantitative data 

on such processes in geologic settings. 
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Chapter 7 

ZEOLITES IN DEEP-SEA SEDIMENTS 

James R. Boles 

INTRODUCTION 

Zeolites are important diagerietic minerals in deep-sea sediments. They may have a 

s ignif icant influence on pore-water chemistry and on the mass balance of elements in 

this environment (Glaccum and Boström, 1976; Kastner and Stonecipher, 1977). Because 

zeolites are actively forming in deep-sea sediments, and burial h i s tor ies, thermal 

gradients, sediment ages, and pore water chemistries are reasonably well known, much 

can be learned about the zeol it ization process by studying their occurrence in this 

environment. 

Phi 11 i psi te and c l inopt i lo l i te are the two most abundant zeolites in deep-sea 

sediments and make up as much as 80% by weight of the sediment (Czyscinski, 1973). 

Ph i l l ips i te was f i r s t recognized in the late 1800s (Murray and Renard, 1891), but 

c l inopt i lo l i te was not recognized until the mid 1960s (Biscaye, 1965; Hathaway and 

Sachs, 1965). Since their discovery, ph i l l ips i te and c l inopt i lo l i te have been found 

to be widespread and frequently abundant diagenetic constituents of deep-sea sediments. 

Most of our recent knowledge of zeolites in this environment comes from d r i l l cores of 

the Deep Sea Dr i l l i ng Project. Ph i l l ip s i te has been recognized by x-ray diffraction 

analysis in more than 320 samples of DSDP cores and c l inopt i lo l i te in more than 650 

samples. Ph i l l ips i te is also present in about 10% of the cl inopti lol ite-bearing 

samples. Other zeolites recognized in deep-sea sediments in approximate order of 

decreasing abundance include analcime, erionite, and laumontite. The occurrences 

have been summarized by Kolla and Biscaye (1973), Cronan (1974), Stonecipher (1976), 

Kastner and Stonecipher (1977), and Boles and Wise (1977), and the reader i s referred 

to these papers. 
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OCCURRENCE AND MINERALOGY OF PHILLIPSITE AND CLINOPTILOLITE 

Age of Sediment 

Probably the most str iking fact about ph i l l ips i te and ci inopti loi i te occurrenc 

is their relationship to sediment age (Stonecipher, 1976; Boles and Wise, 1977). f 

l i p s i te i s most abundant in Miocene and younger sediments whereas c l inopt i lo l i te i: 

most abundant in Eocene and older sediments (Figure la). The percentage of phi 111 ρ 

occurrences increases from the Recent to about the Miocene and then rapidly decreas 

whereas, the percentage of c l inopt i lo l i te occurrences show a progressive increase £ 

least to the Cretaceous. This "transit ion" downward from phi l l ips i te to clinoptilc 

has been observed at a number of individual dr i l l s ites (Stonecipher, 1976). Not c 

does the number of c l inopt i lo l i te occurrences increase with geologic age, but also 

abundance in samples increases with geologic age (Figure lb). 

Several studies have shown that ph i l l ips i te nucleates at or within centimeters 

the sediment-water interface and continues to grow in the sediment column. Growth 

periods have been estimated to range from 150,000 years (Czyscinski, 1973) to at l€ 

10® years (Bernat al_., 1970). The increase in ph i l l ips i te occurrences from Rece 

to Miocene age (Figure la) suggests growth periods of greater than 10^ years. In c 

sediments, ph i l l ips i te crystals are frequently etched suggesting dissolution (Rex, 

Kastner and Stonecipher, 1977). This may explain the paucity of ph i l l ips i te in Cre 

ceous sediments. 

Type of Sediments 

About 70-80% of ph i l l ips i te and c l inopt i lo l i te occurrences are in fine-grained 

pelagic sediments including brown clays, nannofossil oozes, calcareous oozes, or 

s i l iceous oozes (Figure 2). These sediment types were formed at relatively low sed 
O c 

imentation rates ranging from 0.2-2 m/10 years for clays to 10-30 m/10 years for 

calcareous oozes (Heezen and Hol l i ster, 1971). As shown in Figure 2, ph i l l ips i te a 

c l inopt i lo l i te also occur in numerous other sediment types. 

About 33% of the c l inopt i lo l i te occurrences recognized from bulk-rock x-ray 

diffraction analyses are in calcareous oozes, marls, and limestones, whereas 28% of 

the ph i l l ips i te occurrences are in this sediment type (Figure 2). Whether or not t 

'"Occurrence" is used in this review to denote the presence of a mineral identified 
x-ray diffraction in a bulk rock core sample and described in the In i t ia l Reports 
the Deep Sea Dr i l l ing Project vol. 1-35. 
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Quo ter nor y 

Ol igocene 

Eocene 8k 
Pa leocene 

O IO 2 0 3 0 4 0 

% of total c l inopti lo l i te or phiilipsite occurrences 

Figure la. Distribution of deep-sea ph i i l ips i te and c l inopt i lo l i te samples with respec 
to age of sediment (modified from Boles and Wise, 1977). Eocene and paleo-
cene data have been combined owing to the paucity of data in paleocene 
sediments. Data from bulk-rock x-ray diffraction analyses of DSDP cores 
(see In i t ia l Reports of Deep Sea Dr i l l ing Project vol. 1-35). Data include 
321 ph i i l ip s i te occurrences and 649 c l inopt i lo l i te occurrences. 

Number of clinoptilolite occurrences with more than 1 0 % 

zeolite in bulk somple 

Figure lb. Distribution of deep-sea c l inopt i lo l i te samples containing greater than 10% 
c l inopt i lo l i te in the bulk rock (after Boles and Wise, 1977). See Figure 
la for data source. 
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Sediment type 

Cloy, 
zeolitic cloy 

Calcareous ooie, 
chalk, marl, limestone 

Volcanic sandstone, 
siltstone, claystone.osh. 

S i l i ceous ooie 

Sandstone, siltstone, 
silty cloystone 

philliptite 
clinoptilolile 

% ot total occurrences each zeolite 

Figure 2. Distribution of deep-sea ph i l l ips i te with respect to sediment type (modi 
from Boles and Wise, 1977). See Figure la for data source. 

difference i s s ignif icant is uncertain, but Stonecipher (1976, 1977) noted that e l i 

t i l o l i t e i s more frequently found in calcareous sediments than i s ph i l l i p s i te , i f χ 

diffraction analyses of the 2-20 ym size-fraction are included in the data. Stone-

cipher contends that the presence of carbonate may act as a catalyst for c l inopti lo 

crystal l izat ion. 

Unusual occurrences include ph i l l ip s i te within manganese nodules (Murray and 

Renard, 1891; Bonatti, 1963; Bonatti and Nayadu, 1965) and as a replacement of plag 

clase (Bass et̂  al^., 1973). CI inopt i lo l i te has also been described as large crystal: 

in a l ign i te from the East Indian Ocean (Boles and Wise, 1977) and as a replacement 

radiolarian tests (Berger and von Rad, 1972; Benson, 1972; Robinson et £¡_., 1974). 

One of the more surprising aspects of Figure 2 i s that ph i l l ip s i te and clinop-

t i l o l i t e are not commonly associated with volcanic-rich detritus although the assoc 

ation is more evident for ph i l l ips i te than c l inopt i lo l i te . There i s an apparent in-

verse correlation between zeolite occurrences and volcanic ash beds in a number of 

cores (see Boles and Wise, 1977). In other cores (e.g., from DSDP Leg 34), phil l ip-

site and c l inopt i lo l i te occur ". . . in almost pure nannofossil oozes in which i t i< 

d i f f i cu l t to find direct evidence of volcanic debris except in the existence of 

zeol ites" (Bass, 1976, p. 619; also, see Kolla and Biscaye, 1973; Stonecipher, 1977] 

Minor amounts of volcanic glass may have once been present in many such pelagic sedi 

ments, but i t subsequently dissolved by reaction with pore f lu ids. Nevertheless, 

there appears to be reasonably good evidence that volcanic glass i s not a necessary 

precursor for zeolites in deep-sea sediments. 
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Depth of Burial 

The majority of phi I l i psi te arid ci inopti loi i te occurrences are at depths less tha 

100 m and less than 600 m, respectively, below the sediment-water interface (Figure 3) 

There is considerable overlap in the depth distribution of the two minerals. Consider 

the relatively shallow depths involved and the relatively low temperatures, zeolites i 

deep-sea sediments generally cannot be attributed to burial metamorphism. Even assumi 

thermal gradients as high as 50°C/km and temperatures at the sediment-water interface 

4°C, the majority of phi 11 i psi te and ci inopti loi i te has formed at temperatures less th 

10°C and 34°C, respectively. 

Number of lithologie units thot 
contain Phii or Clin. 

Figure 3. Distribution of deep-sea phi 11 i psi te and cl inopti loi ite below the sediment-
water interface (Stonecipher, 1977). 
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Areal Distribution 

The majority of occurrences found in DSDP cores are in the Pacific and Indian 

Oceans although this distribution pattern may be biased by the large number of core 

in these areas (Figure 4). Phi 11 i psi te is apparently much less common in the Atlan 

than the Pacif ic, and Stonecipher (1976) attributed this to the fact that unlike th 

Atlantic, the Pacific Ocean has vast areas of sea floor below the calcite-compensat 

depth. 

In surface sediments of the Pacific Basin, ph i l l ips i te is concentrated in zone 

north of 10°N latitude and south of 10°S latitude (Figure 5). The equatorial zone 

generally low concentrations of this zeolite as does the East Pacific Rise. As not 

by Cronan (1974), ph i l l ip s i te distribution varies considerably on a local scale, ev 

within regions where i t i s abundant. The same i s true for c l inopt i lo l i te occurrenc 

where closely-spaced cores have been taken. 

Associated Authigenic Minerals 

Ph i l l ips i te is commonly associated with palagonite, smectite, iron and mangane 

oxides and/or hydroxides, and locally barite. Cl inopt i lo l i te i s commonly associate' 

with smectite, opal, Cristobal ite/tridymite (CT), chert, palygorskite, and sepiolifr 

(see Kastner and Stonecipher, 1977). Cl inopt i lo l i te i s more commonly associated wi 

pyrite and s ider ite, whereas ph i l l ips i te is more commonly associated with barite. 

Cl inopti lo l i te is more commonly associated with i l l ite than is ph i l l ips i te (Stone-

cipher, 1977), and some workers (Pim, 1973; von Rad and Rösch, 1972) believe that 

i l l i t e in older sediments may be diagenetic. 

Mineralogy 

Ph i l l ips i te. Ph i l l ips i te forms colorless to yellowish prismatic crystals betwi 

8-250 ym long. The crystals form ball-shaped aggregates and complex-sector twins 

(Figure 6). The yellowish color in some crystals is due to minute isotropic inclus 

of amorphous iron-bearing phases. Large ph i l l ips i tes commonly show a zonal distribi 

tion of the inclusions. The mean refractive index of the crystals is about 1.482 

(Sheppard and Gude, 1970). 

Chemical analyses of deep-sea ph i l l ips i tes from the Pacific and Indian Oceans i 

given in Table 1. Potassium is usually the dominant exchangeable cation, and Si/Al 

ratios (2.4-2.8) are in an intermediate range for phil l ipsite-group minerals. Barii 

i s generally present in minor amounts. 
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Figure 4. Distribution of ph i l l ips i te (X) and c l inopt i lo l i te (0) in subsurface samp 
of the world ocean basins. Solid dot = DSDP core s ite with no ph i l l i p s i t 
or c l inopt i lo l i te found in bulk-rock x-ray diffraction analysis. See 
Figure la for data source. 
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Figure 5. 

146 

Distribution of phi 11 ipsite in surface sediments of the Pacific Basin 
(after Bonatti, 1963). 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



Figure 6. Ph i l l ips i te from radiolarian-rich clay. Scan 16 ρ, 200 cm, 16°25'N 164°24'W 
Bar scale = 25 μιτι. Photo courtesy of S. A. Stonecipher. 

Attempts at K/Ar dating of ph i l l ips i tes have been unsuccessful owing to the exten-

sive growth of phi Π i ps i te after nucleation in the sediment column (Bernât et a]_., 1970 

Thorium and uranium contents of the ph i l l ips i tes also decrease with depth in shallow 

samples. 

CI inopti loi i te. Cl inopti lo l i te forms clear, generally inclusion-free, prismatic 

to barrel-shaped crystals commonly from 2 to 40 um long (Figure 7). Mean refractive 

indices range from 1.480-1.486. 

Chemical analyses of deep-sea c l inopt i lo l i tes are given in Table 2. Si/Al ratios 

generally range from 4.1-4.9. Potassium i s usually the dominant exchangeable cation. 

Barium and strontium are not present in detectable amounts in the samples analyzed by 

Boles and Wise (1977). 

Cl inopt i lo l i tes analyzed by Stonecipher (1977) have consistently higher Si/Al 

rat ios, generally lower sodium, and in some cases, s ignif icantly higher calcium contents 

than samples analyzed by Boles and Wise (1977). These differences may be due more to 

sample preparation, analytical techniques, and to the d i f f icu lty of probing fine-grainec 

crystals than to real differences. Samples analyzed by Boles and Wise were centrifuged 

in d i s t i l l ed water to obtain a zeolite concentrate and analyzed by electron microprobe 
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Figure 7a. Cl inopti loi ite (variety heulandite) from Paleocene l ign i te, DSDP s ite 21 
Indian Ocean. Sample from 390.4 m below sediment-water interface. 

Figure 7b. CI inopti loi i te from s i l i c i f i e d limestone, DSDP s ite 116, north Atlantic 
Ocean. Sample from 850 m below sediment-water interface. Bar scale = 
5 ym. Photo courtesy of S. A. Stonecipher. 
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Figure 7c. C l inopt i lo l i te in the form of radiolarian molds. DSDP s i te 9, Atlantic 
Ocean. Core 3, section 3, 25 cm below top of section. Diameter of sphere 
i s approximately 200 ym. Photo courtesy of S. A. Stonecipher. 
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using techniques described by Boles (1972). Stonecipher (personal communication, 1977 

acidized carbonate-rich samples to obtain a zeol i te concentrate and treated the concen 

trate with sea water. Samples were analyzed with an energy d i spers ive system on an 

electron microprobe. 

Analys i s 6 of Table 2 i s interest ing because of i t s re la t i ve ly low Si/Al ra t io . 

This sample has an intermediate thermal s t ab i l i t y with respect to most heulandite-

c l i n o p t i l o l i t e s (see Boles and Wise, 1977) and i s c l a s s i f i e d as a heulandite using the 

scheme of Boles (1972). 

Figure 8 shows that deep-sea phi 11 i psi tes and c l i n o p t i l o l i t e s have s imi lar propor-

t ions of sodium, potassium, and calcium. Deep-sea c l i n o p t i l o l i t e s have high K/Na rat i i 

re lat ive to most c l i n o p t i l o l i t e s and heulandites from other set t ings . 

Table 3 gives the compositions of i n t e r s t i t i a l waters associated with deep-sea 

p h i l l i p s i t e and c l i n o p t i l o l i t e and suggests that the zeol i tes strongly fractionate 

potassium re la t i ve to sodium, calcium, and magnesium. The deep-sea c l i n o p t i l o l i t e 

analyzed by Boles and Wise (1977) have K/Na/Ca/Mg ra t io s of 1/.80/.00/.10. Relative 

to potassium, sodium has been depleted by a factor of about 80, calcium by about 140, 

and magnesium by about 50 compared to thei r atomic proportions in the pore f lu ids 

(Boles and Wise, 1977). 

The anomously low Si/Al rat io of sample 6 of Table 2 may have been caused by the 

presence of abundant organic material in the sediment at the time of formation, a 

s i tuat ion which has been found to reduce s i l i c a s o l u b i l i t y markedly (see analys i s 3, 

Table 3; a l so S iever, 1962). 

Or ig in of P h i l l i p s i t e and C l i nop t i l o l i t e 

Palagonite, an a l terat ion product of volcanic g l a s s , has been recognized as a 

precursor for p h i l l i p s i t e (e.g. , Murray and Renard, 1891; Bonatti, 1963; Nayudu, 1964; 

Rex, 1967). In many samples, however, there i s no c lear textural evidence for a pre-

cursor. Kastner (1976) reported that the a l terat ion of basa l t ic g lass to smectite 

preceded the formation of p h i l l i p s i t e . Phi 11 i ps ites have also been recognized co-

ex i s t ing with c l i n o p t i l o l i t e in andes i t ic detr itus (Zemmels et al_., 1975); thus, 

p h i l l i p s i t e may form from glasses somewhat r icher in s i l i c a . 

Weaver (1968), Berger and von Rad (1972), and Cook and Zemmels (1972) suggested 

that c l i n o p t i l o l i t e may form d i rec t l y from basa l t ic g lass by the addit ion of s i l i c a 

(mainly biogenic) and water. However, at present there i s no conclusive textural 

evidence which demonstrates a precursor phase for deep-sea c l i n o p t i l o l i t e , aside from 

rare cases where c l i n o p t i l o l i t e ( ? ) has replaced s i l i ceous rad io lar ian tests (Figure 7] 
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Ca + Mg 

+ Δ 
Q ) ° 

deep-sea 
phillipsites 

! 4 · / , Ì Ν/»' 

Figure 8. (Ca+Mg)-Na-K plot of the compositions of deep-sea c l inopt i lo l i tes (sol i 
given in Table 1. Also plotted are the compositions of c l inopt i lo l i tes 
saline-lacustrine deposits (triangles) l i s ted by Sheppard and Gude (196: 
1969, 1973); from marine tuff beds of New Zealand (open c irc les) l i sted 
Boles (1972) and Boles and Coombs (1975); and from cavities in volcanic 
rocks (+) l i s ted by Wise and Tschernich (1976) and from unpublished dati 
W. S. Wise. The f ie ld of deep-sea ph i l l ips i tes includes al l analyses f 
Sheppard and Gude (1970). 
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Pseudomorphs after glass, such as those found in many other settings, have not been 

recognized. Cl inopt i lo l i te is not abundant in deep-sea v i t r i c tuf f s , but i t i s common 

in clay and/or carbonate-rich pelagic sediments in which evidence of volcanic detritus 

is sparse or absent. Many workers believe the presence of smectite, the clay commonly 

associated with c l inopt i lo l i te, indicates the former presence of volcanic glass (see 

Kastner and Stonecipher, 1977). Nevertheless, the absence of volcanic glass in most 

cl inopti lol ite-bearing sediments may indicate: (1) Cl inopti lo l i te did not have a vol-

canic precursor; or (2) i f i t did, the volcanic glass has been completely dissolved. 

Perhaps in v i t r i c ash beds the glass tends to be coarser grained and reaction rates 

are slow. The very low temperatures prevailing in deep-sea sediments would also serve 

to inhibit reaction rates; thus, only very fine-grained glass reacts completely. 

Experimental work (see Stonecipher, 1976) indicates that the presence of car-

bonate catalyzes the conversion of smectite to i l l i t e and of biogenic s i l i c a to chert. 

By analogy, i t is suggested that c l inopt i lo l i te crystal l izat ion may be catalyzed by 

the presence of carbonate, and thus, c l inopt i lo l i te i s commonly associated with car-

bonate sediments. I t should be noted that ph i l l ips i te is also commonly associated witl 

carbonate sediments (Figure 2). 

The spatial distribution of c l inopt i lo l i te and ph i l l ips i te in deep-sea sediments 

suggests a possible reaction relation between these zeolites (Berger and von Rad, 1972 

Couture, 1976; Boles and Wise, 1977). The similar exchangeable cation content of 

ph i l l ip s i te and c l inopt i lo l i te (Figure 8) suggests that such a réaction would require 

addition of only s i l i c a and water. The reaction might be: 

ph i l l ip s i te + quartz (or biogenic s i l i c a ) + water = c l inopt i lo l i te . 

Boles and Wise (1977) calculated about 10 cc of ph i l l ips i te would require about 3 cc 

quartz and 1 cc water to form 14-15 cc of c l inopt i lo l i te. I f this reaction occurs, 

high s i l i c a act iv ity would favor c l inopt i lo l i te over ph i l l ip s i te ; however, as shown in 

Table 3, the s i l i c a concentrations of pore f lu ids associated with these sediments are 

very similar. I t is possible that the dissolution and recrystal l ization of biogenic 

s i l i c a to cr istobal ite or quartz releases s i l i c a for this reaction. Another possible 

source of s i l i c a is that released by the réaction of smectite to i l l i t e (cf. Stone-

cipher, 1976), although smectite is the dominant clay type associated with clinop-

t i l o l i t e . 

The above considerations suggest that ph i l l ips i te forms metastably, probably as 

a s i l ica-def ic ient phase with respect to marine pore f lu ids. Ph i l l ips i te can be readii 

crystal l ized from volcanic glass in the laboratory (Mariner and Surdam, 1970). I t has 

been observed in a number of Pleistocene or younger, non-marine, saline-alkaline 
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deposits (Hay, 1966, Table 4), but i t is rare in such deposits of Eocene and older ages. 

Sheppard and Gude (1969, 1973) have suggested that ph i l l ips i te forms before c l inopt i lo-

l i t e in sal ine-alkal ine lake deposits. Their data imply that ph i l l ips i te i s a readily-

formed, early phase which does not persist. 

Although f ie ld and experimental evidence indicates that ph i l l ips i te i s a common 

alteration product of volcanic glass, the fact that the most c l inopt i lo l i te -ph i l l ip s i te 

occurrences are not associated with highly volcanogenic sediments (see Figure 2) i s 

surpris ing. This may suggest that volcanic glass is not a prerequisite for ph i l l ips i te 

and c l inopt i lo l i te . Arrhenius (1963), Berger and von Rad (1972), and Boles and Wise 

(1977) suggested that dissolution of s i l iceous microfossils may provide a source of 

s i l i c a in the absence of glass. Hurd (1973) has shown 'that acid-cleaned opal tests 

can contain almost 0.77 weight % Al, which would presumably be released and uti l ized 

for zeolite formation upon dissolution of the tests. Clay minerals (e.g., smectites) 

may also be involved in such a reaction, possibly providing Al and other cations for 

zeol it izat ion. 

OTHER ZEOLITES IN DEEP-SEA SEDIMENTS 

Anal cime 

Analcime was f i r s t reported in deep-sea sediments by Murray and Renard (1891). I t 

has since been reported from at least 37 bulk-rock x-ray diffraction analyses of DSDP 

core samples. Most of the occurrences are in the Pacific and Indian Oceans. Stone-

cipher (1977) reported that improved x-ray diffraction techniques applied after d r i l l 

s i te 249 have increased the number of reported occurrences; thus, analcime may be more 

common in deep-sea sediments than presently believed. 

The number of analcime occurrences generally increases with sediment age in a 

similar way to c l inopt i lo l i te occurrences (Figure 9). The zeolite occurs in a variety 

of sediment types but is most common in calcareous oozes and volcanoclastic sediments 

(Figure 10). I t conmonly makes up only a few percent of the bulk sediment, but in early 

Cretaceous volcanogenic sandstones and s i ltstones from the Central Pacific (DSDP Site 

317A), i t makes up more than 25% of the bulk sediment. Analcime commonly coexists with 

c l inopt i lo l i te and local ly with ph i l l ip s i te . Smectite i s the dominant clay type asso-

ciated with analcime. 

There are no chemical analyses of analcimes from deep-sea sediments, and there has 

been no systematic study of i t s or ig in in these sediments. Analcime may have been de-

rived from a zeolite precursor such as c l inopt i lo l i te. This reaction i s known to occur 
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Number of l i tho logie un i ts 
that conta in A n a l c i m e 

Figure 9. Distribution of deep-sea analcime with respect to age of sediment (modif 
after Stonecipher, 1977). Data have been normalized by Stonecipher to 
account for the coring frequency of a given sediment age. 

% of l i t h o l o g i e un i t s 
tho t con ta in A n a l c i m e 

Figure 10. Distribution of deep-sea analcime with respect to sediment type (after 
Stonecipher, 1977). Cale = carbonate oozes with less than 10% volcanic 
ash; clay = clays and mudstone; vole = ash layers and volcanoclastic 
sandstones and mudstones; calc-volc = calcareous oozes interbedded or 
mixed with volcanic debris; ca l c - s i l i c = radiolarian/nanno oozes or 
limestone with chert. 
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in sal ine-alkal ine lake deposits and in marine sediments from burial metamorphic ter-

raines. The reaction of deep-sea ci inopti lo i i te to analcime, using the average clinop 

t i l o l i t e composition given by Boles and Wise (1977) and an analcime composition of 

NaAlSi303-H20 would be: 

4.4Na+ + ci inopti loi i te 6.8 analcime + 3K+ + 0.3Ca++ 

+ 0.4Mg++ + 15.6Si02 + 13.2H20. 

Aside from pressure and temperature controls, such a reaction would be dependent maini 

on sodium, potassium, s i l i c a , and water act iv i t ies . There are only scant data on pore 

f lu id chemistry from analcime-bearing sediments, but some studies show that such pore 

f luids have molar Na/K ratios of about 160 (Gieskes, 1976, Table 1, water analyses fro 

Site 317A). Molar Na/K ratios of pore f lu ids in cl inopti lol ite-bearing sediments 

average about 60 (Table 3). Thus, the presence of analcime may be due to high Na/K 

ratios in pore f l u id s ; alternatively, the high Na/K ratios of the pore f luids may 

simply reflect the presence of analcime. 

Harmotone 

Harmotone, the barium-rich member of the phi H i p s i te group, has been reported to 

coexist with ph i l l i p s i te in deep-sea sediments (Murray and Renard, 1891; Goldberg and 

Arrhenius, 1958; Arrhenius, 1963). Most of these occurrences are in pelagic clays froi 

the Pacific basin. Harmotone and ph i l l ip s i te are also reported as a cement in Pleisto 

cene scori as and tuffaceous mudstones from west of the Society Ridge, South Pacific 

(Morgenstein, 1967). 

Harmotone has been reported to be conrnon in deep-sea sediments (Arrhenius, 1963), 

but because harmotone and phi l l ips i te have very similar x-ray diffraction patterns 

(see Cerny et a]_., 1977), i t is d i f f i cu l t to estimate the overall abundance of this 

phase relative to ph i l l i p s i te in the absence of chemical data. Sheppard et̂  al_. (1970) 

found less than 1 weight % BaO in the ph i l l ip s i tes they analyzed from the Indian and 

Pacific Oceans (also see Goodell et al_., 1970). Goldberg and Arrhenius (1958) reportei 

3-15 weight % BaO in "ph i l l i p s i te " from Pacific pelagic sediments; this appears to be 

the only chemically-documented harmotone in deep-sea sediments. Thus, barium-rich 

members of the group may not be common in deep-sea sediments (Cronan, 1974). Harmo-

tone presumably has a similar origin as ph i l l i p s i te , for example, as an alteration 

product of palagonite (Morgenstein, 1967). 
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Laumontite 

Laumontite has been identified only at DSDP dr i l l s i te 323 in the southern Pacific 

Ocean (Sands and Drever, 1977). The mineral was identified at 162 m below the sediment-

water interface in a diatom ooze, at 322 m in a sandstone, at 367 m in a diatom ooze, 

and at 697 m in a ci inopti loi ite-bearing clay-rich altered ash. The dominant clay type 

in the samples i s smectite. 

A semi-quanti tati ve chemical analysis of the laumontite (obtained by x-ray energy 

spectrometry) indicates Si02-48.3 wt. I , Al203-17.3 wt. %, Fe2C>3-4.4%, CaO-9.2%, and 

«20-4.1%. This laumontite i s considerably richer in iron and potassium than laumontite 

from low-grade metamorphic terraines. 

Sands and Drever (1977) suggested that laumontite formation was favored by high 

calcium and low s i l i ca act iv i t ies in the interst i t ia l waters (Gieskes and Lawrence, 

1976). Home (1968) reported laumontite and epidote in Cretaceous sediments of Antarc-

tica but Sands and Drever concluded that the laumontite i s not detr i ta l , based on the 

absence of epidote (contrast Kastner and Stonecipher, 1977). I f this laumontite is 

authigenic, i t must have formed at temperatures s ignif icantly less than presently 

believed. Laumontite may therefore not be a reliable indicator of very low-grade 

metamorphic conditions. 

Erioni te 

Erionite has been identified in three samples at DSDP dr i l l s i te 60 in the western 

Pacific (Rex et al_., 1971). The mineral occurs at about 350 m below the sediment-water 

interface in early Miocene altered ash in quantities exceeding 20% of the bulk sample. 

Zeolites in Volcanic Rocks 

Various zeolites have been found as alteration of basaltic rocks which underlie 

deep-sea sediments. For example, Bass et (1973) reported ph i l l ip s i te , chabazite, 

gmelinite, natrolite, and thomsonite as replacement products or veins in basaltic rocks 

of the South Atlantic. These types of zeolite occurrences have not been studied in 

detail and wil l not be reviewed here. 

158 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



COMPARISON OF DEEP-SEA ZEOLITE 

OCCURRENCES WITH OTHER OCCURRENCES 

Conditions of Formation 

Deep-sea zeolites have generally formed at temperatures s l i ght ly to s ignif icantly 

less than in other environments. Most of the zeolites have probably formed at temper-

atures less than 10°-34°C. Higher temperatures may have prevailed in some areas for 

relatively short time spans due to low-temperature hydrothermal act iv i ty. Fluid pres-

sures in which these zeolites have coirmonly formed are less than about 0.7 Kb, judging 

from their depth of occurrence below the sediment-water interface and assuming maximum 

water depths of 6000 m. 

In general, the interst i t ia l f luids in zeol i t ic deep-sea sediments are similar to 

sea water, and marked deviations in pH and other cations are generally not found. In 

contrast, zeolites in saline-alkaline lakes and, perhaps, in low-grade metamorphic set-

tings have formed in association with f lu ids of widely-varying compositions. 

Distribution of Zeolites 

Ph i l l ip s i te , ci inopti loi i te, and, to a lesser extent, analcime are the dominant 

zeolites in deep-sea sediments. In this regard, deep-sea zeolite assemblages are much 

simpler than those in other settings, reflecting the uniformity in conditions at which 

they formed. Ph i l l ips i te i s more characteristic of Miocene and younger sediments, 

whereas c l inopt i lo l i te and analcime characterize older sediments. Hay (1966) noted a 

similar relationship for on-land zeolite occurrences. These observations suggest that 

reaction kinetics are an important factor in controlling the presence of a given zeo-

l i te and that a phase such as ph i l l ips i te forms metastably (contrast Glaccum and 

Boström, 1976). 

Mode of Zeolite Occurrences 

Zeolites in deep-sea sediments occur in widely-varying l ithologies but are most 

common in very fine-grained pelagic sediments where they occur as euhedral crystals in 

the matrix. In most occurrences volcanogenic detritus is not obvious. Zeolite occur-

rences in other settings are, in most cases, associated with highly-volcanogenic sedi-

ments, and pseudomorphs1 after volcanic glass are very common. Whether or not these 

'Pseudomorph is used in the pétrographie sense in that clusters of individual crystals 
mimic the shapes of pre-existing glass shards. 
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differences reflect a different mode of origin for deep-sea occurrences versus other 

types of zeolite occurrences is uncertain. Certainly there is reason to doubt that 

alj_ zeolite occurrences in deep-sea sediments have originated from the direct alterat 

of volcanic glass. In part, the differences in mode of occurrences may reflect d i f -

ferences in reaction temperatures. Perhaps only the finest grained ash associated wi 

pelagic sediments can react in appreciable quantities to form zeolites at the prevail 

ing low temperatures. 
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Chapter 8 

COMMERCIAL PROPERTIES OF NATURAL ZEOLITES 

E. M. Flanigen and F. A. Mumpton 

INTRODUCTION 

All commercial applications of natural zeolites make use of one or more of several 

physical or chemical properties, including (1) ion exchange, (2) adsorption and re-

lated molecular sieve properties, (3) dehydration and rehydration, and (4) si l iceous 

composition. These properties, of course, are functions of the specific crystal struc-

ture of each individual zeolite species and of their framework and cationic compositions. 

In addition, certain extrinsic properties,such as the tendency of "sedimentary" zeolites 

to occur as l ight-colored, lightweight, porous aggregates of micrometer-size crystals, 

have contributed to their past and present-day uses. 

This chapter covers in abbreviated form several of the important chemical and 

physical properties of zeolite materials which are currently being exploited in indus-

t r ia l and agricultural technology, including cation exchange, adsorption, dehydration, 

and thermal s tab i l i t y . 

ADSORPTION PROPERTIES 

Crystall ine zeolites are unique adsorbent materials. Under normal conditions, the 

large central cavities and entry channels of zeolites are f i l l ed with water molecules 

forming hydration spheres around the exchangeable cations. I f the water is removed, 

usually by heating to 350° or 400°C for a few hours or overnight, molecules having 

effective cross-sectional diameters small enough to pass through the entry channels 

are readily adsorbed in the dehydrated channels and central cavit ies. Molecules too 

large to pass through the entry channels are excluded, giving r i se to the well-known 

"molecular sieving" property of most zeolites (see Figure 1). By way of i l lus t rat ion, 

consider the calcium-exchanged version of synthetic zeolite A which has pores about 

4.5 Â in diameter. Normal hydrocarbons, such as pentane and octane, having effective 
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Figure 1. Schematic i l lust rat ion of the entry of straight-chain hydrocarbons and the 
blockage of branch-chain hydrocarbons at channel apertures. 

cross-sectional diameters of about 4.3 Â are easi ly taken up by this zeolite; however, 

branch-chain hydrocarbons, such as iso-pentane and iso-octane, with diameters of 5.0 S 

or larger are essentially not adsorbed by this material. Thus, the separation of mix-

tures of straight- and branch-chain hydrocarbons and of paraffin and aromatic hydro-

carbons can be accomplished by passing the gaseous stream through columns packed with 

dehydrated zeolites selected for their pore-size distr ibution. 

Because of the uniform size of the rings of oxygens in their framework structures; 

zeolites have relatively narrow pore-size distr ibutions, in contrast to the wide range 

of pore sizes of other commercial adsorbents, such as s i l i c a gel, activated alumina, ar 

activated carbon (Figure 2). Adsorption on crystal l ine zeolites i s therefore charac-

terized by Langmuir-type isotherms, such as that shown in Figure 3. Note that the 

quantity adsorbed (x), relative to the quantity of complete pore-f i l l ing (χ $), i s 

maximized at very low partial pressures of the adsórbate. While the total amount of a 

gas adsorbed may not be as great as for other types of adsorbents, crystal l ine zeolites 

are excellent adsorbents for removing the last trace of a particular gas from a system. 

This property is especially important in certain dessication applications where i t i s 

essential to lower the water content to less than 0.1 ppm. 

The surface area available for adsoprtion ranges up to several hundred square 

meters per gram, and some zeolites are capable of adsorbing up to about 30% of their 

dry weight. Most of the surface area is found within the zeolite structure and 
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Figure 2. Distribution of pore sizes in microporous adsorbents, (a) Dehydrated 
crystal l ine zeolite; (b) typical s i l i c a gel; (c) activated carbon. 
(From Breck, 1974, Fig. 1.1.) 

complete pore 
f i l l i n g , χ = χ 
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Figure 3. Langmuir-type isotherm for adsorption on crystal l ine zeolites i l lu s t rat ing 
almost complete saturation at low partial pressures of the adsórbate, χ = 
amount adsorbed; ρ = pressure. 
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represents the inner surface of dehydrated channels and cavit ies. Only about 1% i s 

contributed by the external surface of the zeolite particle. 

In addition to their abi l i ty to separate gas molecules on the basis of size and 

shape, the unusual charge distribution within the dehydrated void volume due to the 

presence of cations, hydroxyl groups, and f ie ld gradients generated by the substitu-

tion of aluminum for s i l i con in the framework, allows many species with permanent di 

pole moments to be adsorbed with a selectivity unlike that of almost any other adsor 

bent. Thus, polar molecules such as h^O, COg, and HgS are adsorbed preferentially o 

non-polar molecules, and adsorption processes have been developed using natural zeo-

l i tes to remove CC^ and other contaminants from impure natural gas and other methane 

streams to give almost pure CH^ products. In addition, the small but f in i te , quadri 

pole moment of N2 allows i t to be adsorbed selectively from a i r , thereby providing a 

means of producing oxygen-enriched streams at room temperature by pressure-swing 

adsorption on certain natural or synthetic zeolites. 

Many zeolites can therefore act as selective adsorbents or "molecular sieves," 

separating gaseous molecules on the basis of s ize, shape, and surface select iv ity. 

In addition to the many synthetic zeolites used commercially in this manner, certain 

abundant natural species, such as erionite, chabazite, mordenite, and ci inopti loi i te. 

have potential in these areas also, as discussed in Chapter 9. 

CATION EXCHANGE PROPERTIES 

The cation-exchange properties of zeolite minerals were f i r s t observed more than 

a century ago (Eichorn, 1858) and have recently been the subject of extensive reviews 

by Barrer (1974, 1977) and Sherry (1971). The exchangeable cations of a zeolite are 

only loosely bonded to the tetrahedral framework and can be removed or exchanged easi 

by washing with a strong solution of another ion. As such, crystal l ine zeolites are 

some of the most effective ion exchangers known to man, with capacities of up to 3 

or 4 mill i equivalents per gram. This comp?;es favorably with most montmorilIoni t i c 

clay minerals which have exchange capacities of about 0.8-1.0 meq/g. The ion-exchang 

capacity i s basically a function of the degree of substitution of aluminum for s i l i c o 

in the framework structure; the greater the substitution, the greater the charge 

deficiency, and the greater the number of a lkal i or alkaline earth cations required 

for electrical neutrality. In practice, however, the cation-exchange behavior is 

dependent on a number of other factors as well, including (1) the nature of the catioi 
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species (s ize, charge, etc.), (2) temperature, (3) concentration of the cation species 

in solution, and (4) the structural characteristics of the particular zeolite under 

investigation. 

In certain species, cations may be trapped in structural positions that are 

relatively inaccessible, thereby reducing the effective exchange capacity of that 

species for that ion. Also, cation sieving may take place i f the size of the cation 

in solution is too large to pass through entry ports into the central cavities of the 

structure. Analcime, for example, will exchange almost completely i t s Na+ for Rb+ 

(ionic radius = 1.49 Â), but not at al l for Cs+ (ionic radius = 1.65 Â) (Breck, 1974). 

Unlike most non-crystalline ion exchangers, such as organic resins or inorganic 

aluminosi l i cate gels (mislabeled in the trade as "zeol i tes " ) , the framework of a 

crystal l ine zeolite dictates its selectivity towards competing ions, and different 

structures offer different s ites for the same cation. The hydration spheres of high 

field-strength ions prevent their close approach to the seat of charge in the frame-

work; therefore, in many zeolites, ions with low f ie ld strength are more t ightly held 

and selectively taken up from solution than other ions. For example, in the zeolite 

ci inopti lo i i te, the small amount of aluminum substituting for s i l i con in the frame-

work results in a relatively low ion-exchange capacity (about 2.3 meq/g); however, 

i t s cation select iv ity i s as follows: 

Cs > Rb > Κ > NH4 > Ba > Sr > Na > Ca > Fe > Al > Mg > Li (Ames, 1960). 

Thus, c l inopt i lo l i te has a decided preference for larger cations as does the zeolite 

chabazite which has the following select iv i ty: 

T1 > Κ > Ag > Rb > NH4 > Pb > Na = Ba > Sr > Ca > Li (Breck, 1974, p. 556). 

Synthetic zeolite A, on the other hand, shows a widely different type of cation selec-

t i v i t y , as evidenced by the following sequences for mono- and divalent cations: 

Ag > T1 > Na > Κ > NH4 > Rb > Li > Ca 

Zn > Sr > Ba > Ca > Co > Ni > Cd > Hg > Mg 

(Breçk, 1974, p. 538). Type A zeolite is also more selective for Ca than for Na, ex-

plaining i t s recent introduction as a water softener in phosphate-free detergents. 

The preference for larger cations, such as NH^, was exploited by Ames (1967) and 

Mercer et^ al_. (1970) in the development of an ion-exchange process for the removal 

of ammoniacal nitrogen from municipal and agricultural wastewaters. C l inopt i lo l i te, 

mordenite, and chabazite have also been used in the treatment of radioactive wastes 

because of their af f in i ty for Cs and Sr, as discussed in Chapter 9. 
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The cation-exchange reaction can be expressed simply as: 

Μ ](Ζ) + M2(S) = M2(Z) + M^S ) 

1 2 where M i s the cation in the zeolite (Z), and M i s the cation in the solution (S). 
ò 

The solvent i s typical ly water, but i t may be any solvent in which the salt of M i s 

soluble. Ion exchange between a zeolite and a sol id sa l t has only been reported at 

elevated temperatures. Cation-exchange equil ibria between a zeolite and a solution are 

usually depicted by an ion-exchange isotherm which plots equivalent molai fraction of 

the exchanging cation in the zeolite phase, (A^) as a function of the equivalent molai 

fraction of the exchanging cation in the solution phase (A<j). The different kinds of 

select iv i t ies and isotherm shapes shown in Figure 4 reflect the diversity of zeolite 

frameworks and the s tab i l i t ie s of cations in various s ites within the structures. 

Figure 4. Types of ion-exchange isotherms for the reaction As + 3Z = Az + B s . Five types 
of isotherms are i l lustrated: (a) select iv ity for the entering cation over 
the entire range of zeolite composition; (b) the entering cations shows a 
select iv ity reversal with increasing equivalent fraction in the zeolite; 
(c) select iv ity for the leaving cation over the entire range of zeolite 
composition; (d) exchange does not go to completion although the entering 
cation is i n i t i a l l y preferred (the degree of exchange, xmax<1 where χ is 
the ratio of equivalents of entering cation to the gram, equiv. of Al in the 
zeol ite); (e) hysteresis effects may result from formation of two zeolite 
phases. (From Breck, 1974, Fig. 7.2.) 
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DEHYDRATION AND DEHYDROXYLATION PHENOMENA 

Based on dehydration behavior, zeolites may be classified as (a) those which show 
no major structural changes during dehydration and which exhibit continuous weight-los; 
curves as a function pf temperature, and (b) those which undergo major structural 
changes during dehydration and which exhibit discontinuities in their weight-loss curve 
The latter group includes those zeolites whose structures collapse on heating to elevai 
temperature. Figure 5a and 5b show schematic differential thermal analysis (DTA) and 
thermal gravimetric analysis (TGA) curves for zeolites of the f i r s t type. These curves 
are characteristic or rigid, three-dimensional zeolite structures, such as synthetic 
zeolites A and X, natural chabazite, mordenite, erionite, and cl inopti lol i te which are 
thermally stable to 700° or 800°C. The dehydration behavior of zeolites of the second 
type is il lustrated by the DTA and TGA curves for the natrolite minerals, as shown in 
Figure 6. In these materials, water molecules are arranged in definite groups within 
the structure, each group having a different vo lat i l i ty . In general, such materials 
exhibit typical reversible water loss at low temperatures; however, once a major struc-
tural change occurs, as evidenced by a sharp endotherm and an abrupt change of slope 01 

the weight-loss curve, the material loses its z'eolitic character. A summary of the de-
hydration behavior of zeolites is listed in Table 6.1 of Breck (1974). 

Structural hydroxyl groups can be introduced into zeolites by (1) cation hydrolys1 

or (2) deammoniation of NH^-exchanged zeolites. Normal dehydration causes dissociatioi 
of water molecules by the electrostatic f ield of the association cation: 

Ca2*(H20)x « 

O O O O O O „ O O O O O O + CaOH* 
Λ Λ - Λ Λ Λ-Λ " Λ/\-/\/\/\-/\ Si Al Si Si Al Si Al Si Si Al / \/ \/ \/ \/ \ / \/ \/ \/ \/ \ 

Thermal decomposition of ammonium-exchanged zeolites follows the reaction scheme: 
H H 

NH„* ΝΗ4· „,, : ; 
Ο Ο Ο Ο Ο Ο Ο = • 0 0 0 0 0 0 o \ Λ-Λ Λ Λ-Λ / \ Λ Λ Λ Λ Λ / Si Al Si Si Al Si Si Al Si Si Al Si / \/ \/ \/ \/ \/ \ / \/ \/ \/ \/ \/ \ 

This reaction is also referred to as "decationization." The presence of hydroxyl grou| 
in zeolites is especially important in their use as catalysts. The active sites for 
hydrocarbon conversions and other catalytic reactions are acidic protons associated wi· 
structural OH groups. The reaction to form hydroxyl groups in zeolites described abovi 
occur below 500°C. At higher temperatures, dehydroxylation occurs according to the 
following idealized scheme: 
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Figure 5. (a) Schematic differential thermal analysis (DTA) curve for a zeolite une 
going no major structural change on dehydration. Note the broad, low-ten 
perature endotherm caused by loss of water and the high-temperature exoth 
due to structural transformation, (b) Thermal gravimetric analysis (TGA) 
curve for the same type of zeolite. Note continuous loss of water with 
increasing temperature. 
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Figure 6. DTA and TGA curves for zeolites of the natrolite group. (1) Natrolite; 
(2) mesolite; (3) scolecite; (4) thomsonite; (5) gonnardite; (6) eding-
tonite. (From Breck, 1974,. Fig. 6.8.) 
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H H 
; -Hjo 

O O O O O O O • 0 0 0 0 0 0 
\ Λ Λ Λ Λ Λ / \ Λ „ Λ / \ - / \ / 
Si Al Si Si Al Si Si Al Si Si Al Si 

/ \ / \ / \ / \ / \ / \ / \ / \ / \ / . \ / \ / \ 

M o d i f i c a t i o n o f ammonium fo rms o f z e o l i t e s i n v o l v e complex s t r u c t u r a l and chemica l 
r e a c t i o n s , i n c l u d i n g deammon ia t i on , d e c a t i o n i z a t i o n , t h e f o r m a t i o n o f h y d r o x y l g r o u p s , 
f ramework d e a l u m i n a t i o n , and f ramework s t a b i l i z a t i o n . The l a t t e r two r e a c t i o n s a r e 
i l l u s t r a t e d s c h e m a t i c a l l y b e l o w : 

0 + 0 
V NHT 3HoO H 

- O - A l - O - • -OH HO- + A 1 ( 0 H ) 3 + NH3 

0 

A 1 ( 0 H ) 3 + 2H+ = A 1 ( 0 H ) + 2 + 2H20 

A t h i g h e r t e m p e r a t u r e s , 

S o 
-OH HO- »- - O - S i - O + 4H,0 

H ¿ 2 

Ο υ 

The f i n a l , s t a b i l i z e d z e o l i t e has a t h e r m a l and h y d r o t h e r m a l s t a b i l i t y s u b s t a n t i a l l y 
h i g h e r t h a n t h a t o f t h e s t a r t i n g m a t e r i a l . I t i s b e l i e v e d t h a t t h e i n c r e a s e i n t h e r m a l 
s t a b i l i t y i s due t o t h e f o r m a t i o n o f new S i - O - S i bonds as shown above . 
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Chapter 9 

UTILIZATION OF NATURAL ZEOLITES 

F. A. Mumpton 

INTRODUCTION 

Histor ica l ly, zeol i t ic tuffs have been used by man for more than 2000 years as 

lightweight dimension stone and in pozzolanic cements and concretes; however, i t has 

been only within the last 25 years that the zeolite content of many of these materials 

has been recognized. The hundreds of discoveries of high-grade zeolite deposits in 

sedimentary rocks of volcanic or igin since 1950 has led to the development of a host 

of applications which take advantage of the low mining costs of the near-surface de-

posits and of the attractive physical and chemical properties of the zeolite structures. 

Compared with the several hundred mill ion pounds of synthetic molecular sieves sold 

each year throughout the world, the current use of natural zeolites in commercial 

applications other than those in the construction industry is relatively small; 

however, natural zeolites are in use today in small tonnages in the United States, 

Japan, and several other countries. Applications and potential applications range 

from the use as f i l l e r s in high-brightness papers, to the upgrading of low-BTU natural 

gas streams, to the removal of radioactive Cs 1 3 7 from nuclear wastewaters, to dietary 

supplements for poultry and swine to produce larger animals at less cost. 

The remainder of this chapter summarizes the current and potential uses that have 

been and are being developed for natural zeolites and has been taken largely from the 

author's art ic le in "Natural Zeolites: Occurrence, Properties, Use," the conference 

volume of ZEOLITE '76. The author is extremely grateful to Pergamon Press, Inc. for 

their kind permission to use this material with but minor changes or revisions. 

POLLUTION-CONTROL APPLICATIONS 

In recent years zeolite minerals have found increasing application in the f ield 

of pollution abatement, and they are fast becoming standard components in the design 
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and construction of such fac i l i t i e s . Both the ion-exchange and adsorption properties o 

zeolites can be ut i l ized; however, most applications that have been developed are based 

on the abi l i ty of certain zeolites to exchange large cations selectively from aqueous 

solutions. 

Radioactive-Waste Disposal 

In 1959, L. L. Ames of the Hanford Laboratory of Battelle-Northwest, Richland, 

Washington, demonstrated the ion-exchange specif ic ity of c l inopt i lo l i te for the removal 

of radioactive cesium and strontium from low-level waste streams of nuclear insta l la-

tions (Ames, 1959, 1960). The ions can be extracted with high efficiency from eff lu-

ents and either stored indefinitely on the zeolite or removed by chemical means for 

subsequent purification and recovery. Using c l inopt i lo l i te crushed and screened to 

20 χ 50 mesh from the Hector, California, deposit, solutions containing the radioactive 

cations were passed through columns packed with the zeolite until breakthrough occurred 

The "saturated" columns then were removed from the system and buried as so l id waste. 

The process was actively investigated at Hanford and at several other nuclear-test 

stations in the United States in the 1960's (Knoll, 1963; Hawkins and Short, 1965), 

but supply problems and engineering reluctance to use the somewhat variable natural 

material that was available at that time hindered its complete acceptance by the in-

dustry. Mil l ions of gallons of low-level Cs1 3 7 wastes, however, have been processed 

through zeolite ion-exchangers at Hanford since that time, and a similar process was 

developed to recover this species from high-level effluents using a chabazite-rich 

ore from Bowie, Arizona (Nelson and Mercer, 1963; Mercer et a K , 1970a). At the Nation 

Reactor Testing Station, Arco, Idaho, steel drums f i l l ed with granular c l inopt i lo l i te 

also were used as ion-exchange columns for Sr 9 0 and Cs1 3 7 having ha l f - l i fes of 25 and 

33 years, respectively. Once the capacities of the drums were reached, they were re-

moved, buried, and replaced with new drums containing fresh c l inopt i lo l i te (Wilding 

and Rhodes, 1963, 1965). 

Similar processes have been investigated in several other countries, including 

Canada, Great Britain, France, Bulgaria, Hungary, Mexico, Japan, Germany, and the 

Soviet Union. Canadian workers devised a scheme for the removal and fixation of long-

lived f i s s ion products using zeolite ion exchange (Mathers and Watson, 1962). More 

than 700 curies of Cs137 and Sr 9 0 were extracted from 8200 l i ter s of solution by 14 

χ 65 mesh c l inopt i lo l i te and placed in burial s ites at Chalk River, Ontario. In 

Hungary, c l inopt i lo l i te from the Tokaj region has been used to encapsulate Sr 9 0 for 

solid-waste disposai (Kakasy et^aL·, 1973) and for the removal of both Sr 9 0 and Cs137 
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from low-level effluents (Adam et aL·, 1971). A mixture of vermiculite and clinop-

t i l o i ite was found by Daiev et al_. (1970) to take up more than 98% of the Cs 1 3 7 , T l 2 0 

As 1 1 0 , S r 9 0 , and Ca1*5 in waste solutions, using zeolite ore from the large deposit at 

Kurdzali in Southeastern Bulgaria. The use of c l inopt i lo l i te - or mordenite-rich tuff 

combined with a small amount of a non-ionic polymer coagulant was found to be partic-

ularly effective for Cs1 3 7 removal in Japan (Kato, 1974). 

C l inopt i lo l i te from the Georgian S.S.R. has been shown by Nikashina et al_. (1974' 

to sorb strontium selectively from radioactive solutions. Vdovina et̂  aL· (1976) foun< 

c l inopt i lo l i te able to extract 94% of the radioactive Cs present in a waste stream 

containing 10g Cs/liter. According to a report of the International Atomic Energy 

Agency in Vienna (IAEA, 1972a), an altered volcanic tuff from the Eifel Region of 

Germany, marketed for more than 30 years as " f i l t r o l i t , " is useful in the removal of 

Cs 1 3 7 from waste streams. Tuffs rich in chabazite and phi I l i psi te are known from this 

region, and i t is l ike ly that the tuff in question contains a large proportion of thes 

minerals. The zeolite-rich Neopolitan Yellow Tuff from Naples, I ta ly , has also been 

used routinely to remove radionuclides from contaminated effluents at Casaccia, I taly 

(IAEA, 1972b). The abundance of chabazite and ph i l l ips i te in this tuff gives r i se to 

i t s overall ion-exchange capacity for Cs of 2.1 meq/g and for Sr of 0.7 meq/g. The 

loaded tuff can be stored directly or incorporated into concrete for long-term burial. 

Studies are currently in progress at the Los Alamos Laboratory of the University 

of California on the addition of powdered c l inopt i lo l i te along with flocculating agent 

to primary effluents to extract Cs 1 3 7 . The sol id material i s later removed by anthra-

cite f i l t r a t i on and placed in burial storage (Rohrer, 1976). The escalation of nuclea 

power plant construction in this and other countries in the next two decades wil l re-

sult in the production of large quantities of radioactive wastes. Natural zeolites 

capable of extracting species such as S r 9 0 , Cs 1 3 7 , Co60, Ca1*5, and Cr51 selectively 

in the presence of high concentrations of competing ions and which are capable of 

retaining their ion-exchange properties in high-flux environments may well play major 

roles in the safe development of nuclear power. Natural zeolites are not only consid-

erably less expensive than organic ion-exchange resins, they are much more resistant 

to nuclear degredation. As s i l i ca tes , they also react rapidly in cement or glass 

systems, entraining the radioactive species in the final concrete or vitreous products 

An intriguing scheme being considered by several waste-disposal engineers consists of 

depositing drums of concentrated wastes or saturated ion-exchange columns in holes 

lined with several meters of packed c l inopt i lo l i te. The c l inopt i lo l i te would act as 

a f i l ter - t rap for small amounts of radioactive species that might leak from the drums 

or be leached from the glass or concrete in the years following burial. 
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Sewage-Effluent Treatment 

As a spin-off of their work in radioactive waste disposal, Ames and Mercer showe 

that ci inopti loi i te is also highly selective for ammonium ions and suggested that i t 

could be useful in the extraction of ammoniacal nitrogen from sewage and agricultural 

effluents (Ames, 1967; Mercer, 1969; Mercer et al_., 1970b). Not only i s NH^ toxic tc 

f i sh and other forms of aquatic l i f e , i t also contributes greatly to the rapid growth 

of algae and leads to eutrophication of lakes and streams. Increasingly stringent 

regulations on the amount of nitrogen that i s permissible in municipal and industrial 

wastewater effluents have been promulgated in recent years by local and national envi 

ronmental protection agencies. In general, a l imit of about one part-per-million has 

been imposed, creating an urgent need to develop processes which wil l reduce the nitr 

gen content of streams to this level. Based upon test data from a mobile ion-exchang 

unit at Lake Tahoe in 1970 (Battelle Northwest, 1971) and subsequent engineering stud 

by Koon and Kaufman (1971), several large-scale sewage treatment plants were designee 

for comnunities in several parts of the United States. Plans call for c l inopt i lo l i te 

ion-exchange processes that would remove up to 99% of the contained ammonium ions fro 

tertiary sewage effluents (Figure 1). 
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Figure 1. Flow chart of wastewater-
treatment process using c l inopt i lo l i t 
ion exchange (Mercer et a K , 1970b, 
Figure 7). 
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A 0.6 Mgd (million gallons per day) experimental unit went on stream at Rosemont, 

Minnesota, in the middle of 1975 and utilizes a total of 90 tons of 20 χ 50 mesh clino 

tilolite in six, 300 cu. ft. columns. In Virginia, 54 Mgd and 10 Mgd plants are in th 

construction stage for the Alexandria and Reston areas and will require 2000 and 400 

tons of zeolite, respectively. The cost of the crushed and screened clinoptilolite is 

reported to be between $200 and $300 per ton, f.o.b. minesite. A 6 Mgd facility was 

scheduled to begin operations in mid-1976 in the North Lake Tahoe Sewage District in 

California and will use several hundred tons of clinoptilolite (Eyde, 1976). Two othe 

units are contemplated for Waukegan, Illinois (Wilson, 1975) and Garabaldi, Oregon 

(Kapranos, 1976). The latter community overlooks Tillamook Bay, an important oyster 

production area in the Pacific Northwest, where special precautions are warranted to 

prevent contamination of the beds. A single physical-chemical unit for the removal of 

nutrients from combined sewer overflows in Syracuse, New York, has been designed by 

Murphy et al_. (1977) and will employ a clinoptilolite ion-exchange process to extract 

NH3-N. 

If the performance of these first plants is satisfactory, the annual demand for 

clinoptilolite may exceed several hundred thousand tons in the United States alone 

within the next 20 years. During this period the country will also experience a sharp 

rise in the demand for water, giving added incentive for municipalities to conserve am 

reuse their existing water supplies. Studies in this area are in progress by CHgM-Hil' 

Inc. (1975) for the Denver Board of Water Commissioners to develop a means to purify 

sewage effluent to potable standards. Preliminary plans have been proposed for a 1 Mgi 

prototype facility that will include a clinoptilolite ion-exchange step for removing 

the bulk of the ammoniacal nitrogen. Instead of releasing ammonia to the atmosphere 

during the regeneration steps, sulfuric acid will be added to produce aimionium sulfate 

to be sold locally as a fertilizer. An added benefit of clinoptilolite ion-exchange i< 

that this zeolite appears to be able to extract trace amounts of heavy metals present 

in the wastewater which normally are detrimental to anticipated end uses (Chelischev 

et al_., 1974; Hashimoto, 1974; Yoshida et al_., 1976). The addition of zeolites to 

activated sludge also appears to aid oxidation and settling, according to Liles and 

Schwartz (1976). 

In other countries the use of natural zeolites in wastewater treatment is only in 

the planning stages. The one exception is Japan where no less than two dozen scientifi 

articles and patents on the use of clinoptilolite and other zeolites for ammonium re-

moval have been published since 1973. Some schemes call for powdered zeolite to be 

added to the effluent and then filtered or sedimented out (e.g., Sato and Fukagawa, 
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1976), while others employ ion-exchange columns f i l l ed with sized zeolite. According t 

Torii (1974), a 0.1 Mgd unit to remove nitrogen from the effluent of a soap and deterge 

factory has been in operation since 1971. Also, the 21,000 gallons of wastewater pro-

duced each day from a tourist observatory at Toba, Mie Prefecture, is now purified by 

means of zeolite ion exchange, using vessels packed with 2.5 tons of crushed clinop-

t i l o l i t e . Many more fac i l i t i e s of this type are planned in Japan for hotels, small 

factories, f i sh farms, and small communities lacking large-scale sewage-treatment 

systems. 

Agri cui turai-Wastewater Treatment 

In addition to the pollution from muni ci pal and industrial wastewaters, streams and 

rivers in many parts of the United States are becoming more and more contaminated with 

nitrogen from i r r igat ion run-off, seepage from animal feedlots, and waste streams from 

food processing plants. The use of natural zeolites to combat such pollution is a 

relatively untouched f ie ld , although some progress has been made, again mainly in Japan 

Here farmers have sprinkled crushed zeolite on farmyard wastes for years (Minato, 1968) 

although the zeol i t ic nature of the adsorbent tuffs was only recently recognized. In 

the United States more than 700,000,000 tons of animal wastes are produced each day, 

and i t s disposal i s becoming a major problem. The problem i s especially acute in 

stockyards and dairy farms located close to large population centers where both air 

and water pollution must be r ig id ly controlled. CI inopti loi i te appears to be doubly 

useful in the treatment of such materials, as i t would not only remove most of the 

ammoniacal nitrogen from the l iquid portion of the wastes and thereby decrease the 

ammonia-laden aerosols that travel many miles downwind of the feedlots and confining 

pens, but i t would also retain much of this nitrogen in the sol id form, thereby 

enhancing the fe r t i l i ze r value of the manure. Such applications would most l ikely not 

require coarsely-sized zeolite; powdered materials should be quite satisfactory and be 

readily available at prices of $50-75 per ton. 

Stack-Gas Cleanup 

Another area of pollution control involves the use of natrual zeolites in the re-

moval of S0g and other pollutants from stack gases of o i l - and coal-burning power plants 

About 25,000,000 tons of sulfur are dumped into the atmosphere each year by power sta-

tions in the United States, an amount that could double or tr ip le in the next few years 

as the country turns to high-sulfur coals to allevaite i t s energy problems. Many 

federal and local air-pol lution regulations now l imit the amount of S0 ? in stack-gas 
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emissions to about 100 ppm; however, few processes now in use can meet these specifica 

tions. The relatively low concentrations of S02 in such emissions (about 3000 ppm) el 

efficient scrubbing operations, but zeolite adsorption might be an economical means of 

concentrating this gas, as well as Ν0χ, C02, and various hydrocarbons for subsequent 

removal (Blodgett, 1972). Certain natural mordenites and c l inopt i lo l i tes are capable 

of selectively adsorbing up to 200 mg of SO2 per gram of zeolite under stat ic conditio 

and up to 40 mg/gram under dynamic conditions, even in the presence of copious amounts 

of C02 (Ishikawa et al_., 1971; Terui et al_., 1974; Anurov et aK , 1974; Smola et a]_., 

1975). They are especially suited to the low pH and high temperature conditions of 

exhaust-gas systems (Roux et a1_., 1973). Linde Division of Union Carbide Corporation 

recently introduced a proprietary process for SOg-cleanup of tailgases in sulfur ic aci 

plants based upon adsorption by an undisclosed molecular sieve (Mi l ler, 1973). 

Oil-Spi 11 Cleanup 

A novel use of zeolites in pollution control i s as a sorbent in o i l - sp i 11 cleanup 

Miki et (1974) pel let i zed a mixture of activated zeol ite, expanded perl i te, sodium 

carbonate, tartar ic acid, and a binder consisting of 20% methyl siloxane solution. The 

product had a bulk density of 0.5 g/cc and an oi l -sorption capacity of 0.97 g/gram. Τ 

lightweight material was able to float on water for more than 200 hours and sorb oi l f 

the surface. 

Oxygen Production 

Air and water pollution generally involves the presence of objectionable compound 

and/or particles; however, they may also be caused by the absence of desirable ones, 

such as oxygen. Oxygen deficiencies in lakes and streams result in the rapid extinctii 

of f i sh and plant l i f e ; in the atmosphere of a closed room i t s depletion is uncomfor-

table at best to human beings and hazardous at worst. Zeolite adsorption processes cai 

be uti l ized to produce inexpensive, oxygen-enriched streams of varying degrees of puri 

Based on earl ier work of Barrer (1938), Domine and Hay (1968) showed that nitrogen gas 

is selectively adsorbed from a i r by several zeolite materials yielding products con-

taining up to 95% oxygen. A pressure-swing-adsorption process was developed in Japan 

(Tamura, 1970) and has been in operation since 1968 at Toyohashi City, a few miles 

north of Osaka, producing up to 500 m3 of 90% 02 per hour for use in secondary smeltini 

operations (Tamura, 1971). The plant consists of three towers, each f i l l ed with 13 toi 

of acid-washed mordenite from the Itado Mine, Minase, Akita Prefecture, and operates a' 
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room temperature on a riine-minute cycle of adsoprtion-desorption standby. I t i s re 

to be competitive with a i r d i s t i l l a t i o n in s i tuat ions where enormous l iquefact ion f 

t ie s are not warranted. Portable and f i l e - cab ine t - s i ze units have also been market 

Japan to provide oxygen-enriched a i r for windowless restaurants where vent i l a t ion i 

poor. Larger units are in use to furn i sh oxygen to f i sh-breeding ponds and during 

transportation of l i v e f i s h (vide i n f r a ) . 

The potential markets for low-cost oxygen generators based on the se lect ive ad 

t ion properties of zeo l i te minerals are numerous and include r i ve r and pond aerat io 

pol lut ion control in the paper and pulp industry by reoxygenation of downstream wat 

and the generation of oxygen for secondary sewage treatment. The l a s t appl icat ion 

f ind natural zeo l i tes in d irect conpetit ion with the more expensive synthetics curr 

used in several commercial systems, including Union Carbide ' s LINDOX process. This 

ter system i s capable of producing up to 30 tons of 95% oxygen per day as the aerat 

gas in activated sludge systems (Union Carbide Corporation, 1975). The process has 

successful for sewage-treatment plants operating at less than about 10 Mgd capacity 

Mordenite appears to be the best natural zeol i te for oxygen generation, compet 

with the synthetic Ca-A zeo l i te , but certain c l i n o p t i l o l i t e s and chabazites a lso api 

to be useful (Tamura, 1971; Tori i et al_., 1971 , 1973; T s i t s i s h v i l i et al_., 1972; 

Haralampiev et al_., 1975). Hagiwara (1974) found that the se lec t i v i t y of mordenite 

nitrogen i s enhanced by transformation of the zeo l i te to a mixed Na-H form. 

By appropriate manipulation of adsorption and desorption cyc les, these same ze< 

l i t e s can be used to prepare nitrogen streams with up to 99.95% pur i ty. Although tt 

are not s t r i c t l y pol lut ion-contro l app l icat ions , a number of uses for such inexpens 

h igh-pur i ty nitrogen gas come to mind, including the topping-off of wine vats and bi 

barrels to prevent a i r from coming in contact with the l i qu i d , the production of im 

atmospheres in the storage and transportat ion of f r u i t s and vegetables, the periodi« 

f lush ing of home ref r igerators to reduce spoilage and of s i l o s to i nh i b i t the ro t t i i 

of ensalage and stored grains. 

ENERGY-CONSERVATION APPLICATIONS 

Coal Gas i f icat ion 

To cope with the wor ld ' s growing energy requirements, whether they be from fos 

fue l s , nuclear, s o l a r , or some other heretofore untapped source, modern technology w 

be forced to develop new processes or upgrade old ones to do a more e f f i c i en t job. 

or modified technology invar iable c a l l s for new or modified materials with propertie 
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to match. Natural zeolites are a group of "new" materials that wil l undoubtedly be 

thoroughly evaluated in the development of new energy sources or in the conservation o1 

old ones. In addition to their potential in the removal of SO^ from stack-gas emissior 

(vide supra), thereby allowing high-sulfur coals to be used in the production of elec-

t r i c power, the ab i l i t y of certain zeolites to adsorb nitrogen selectively from air anc 

produce oxygen-rich products might find zeolites at the forefront of such fields as in-

place coal gasif ication. More than 25% of the coal reserves of the United States are i 

deep-lying, unmineable seams and will require underground gasif ication i f they are to t 

uti l ized. Pumping a i r into the formations accelerates combustion but i t also produces 

large quantities of nitrogenous oxides and hydrocarbons which are dangerous and di f f i CL 

to handle. The use of oxygen-enriched a i r is preferred, but the cost of pure oxygen b> 

conventional liquefaction may be prohibitive. On-site zeolite adsorption units, howeve 

might be the answer in that that would be capable of producing any desired concentratic 

of oxygen at a lower price than liquefaction. In this manner combustion could be opti-

mized while minimizing equipment-corrosion problems that attend pure oxygen systems. 

Natural-Gas Purif ication 

Although the use of zeolites in coal gasif ication may be some years in the future, 

natural zeolites have been employed successfully since 1968 to remove carbon dioxide 

from contaminated and sour natural gas. Ut i l iz ing natural zeolites from i t s Bowie, 

Arizona, deposit, NRG Corporation developed a pressure-swing-adsoprtion process (p.s.a. 

to extract up to 25% COg, H^S, and HgO from well gas in the Los Angeles area (see Wear-

out, 1971). With predicted shortages and r i s ing prices of natural gas, attempts to 

exploit heretofore unrecoverable sources become increasingly important. In 1975 this 

company opened a methane-recovery and purification plant to treat gas produced by 

decaying organic matter in the Palos Verde sanitary landfi l l in southern California. 

Raw gas containing about 50% CH^ and 40% CO,, i s routed through two pre-treatment 

vessels to remove moisture, hydrogen sulf ide, mercaptans, etc. The dry gas is then 

fed into three parallel adsorption columns packed with pellets of the chabazite/ 

erionite ore, and CO2 is removed by p.s.a. techniques (Figure 2). Approximately one 

million cubic feet of methane meeting pipeline specifications can be produced each day 

and delivered to u t i l i t y company pipelines (NRG, 1975). 

That landf i l l s generate methane gas has been known for years, but the CO2 content 

i s usually too high for eff icient use of the gas. Zeolite adsorption processes to 

remove CO2 and thereby raise the BTU content of the gas represent major breakthroughs 

in this area. They should also open up many additional low-grade methane sources for 
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Figure 2. Methane-purification scheme employe 
by Reserve Synthetic Fuels, Inc. at the Palos 
Verde landf i l l , Los Angeles, California. 
Natural chabazite from the Bowie, Arizona, 
deposit was used in a pressure-swing-adsorp-
tion process to adsorb CO2 and other impur-
i t i e s . (From Mumpton, 1977, Fig. 16). 

MOLECULAR SIEVE VESSELS 

exploitation, such as the methane-rich gas produced in municipal sewage-treatment proc-

esses, in solid-waste incineration schemes, and during the digestion of feedlot manures. 

Not only has the low BTU content of such gases limited their use, but f^S and other 

acidic components present severe corrosion problems for valves and pumps. Zeolite 

adsorption rids the gas of these contaminants also. 

Goeppner and Hasselmann (1974) estimated that as much as 2.5 f t 3 of 70% methane 

gas i s produced by the digestion of 100 gallons of municipal sewage. Commonly the 

impure product i s used in-house as a source of heat for digestors or to operate pumps, 

but these uses tend to be inefficient and result in frequent equipment breakdown. I f 

impurity COg and h^S could be removed from the gas, a 1000 BTU content could be prepared 

S imi lar ly, the methane-rich gas formed by the digestion of animal wastes i s also a poten 

t i al source of energy, i_f the BTU content can be increased by CO2 removal. Goeppner and 

Hasselmann (1974) also suggest that a b i l l i on cubic feet of 700 BTU gas could be 

produced by treating the 500 million pounds of manure produced each day by the 

12,000,000 cattle now penned in feedlots throughout the United States. In this same 

area, Jewell (1974) indicates that i f impurities could be removed, the methane pro-

duced by the digestion of the organic wastes on a typical New York State dairy farm 

of 60 cows could be equivalent to the farm's entire foss i l - fuel requirements. 
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The production of methane gas from municipal so l id wastes has been examined by Kispert 

et a]_. (1974), and i t appears as i f pure CH^ could be produced at a cost of about $2.0! 

per thousand cubic feet by bacterial digestion, much l ike the anaerobic treatment of 

sewage sludge. A cr i t ical step in the proposed process i s the scrubbing of the 50-50 

methane-carbon dioxide product to remove COg· Zeolite adsorption would seem to be 

competitive with standard monoethanolamine adsorption, and costs might actually be les¡ 

Solar Energy Use 

Zeolites might also make contributions in the solar energy f ie ld. Detailed schein« 

for u t i l i z ing energy from the sun 's rays are commonly stymied by the lack of eff ic ient 

heat exchangers. During the last few years, considerable success has been achieved at 

the University of Texas and the Massachusetts Institute of Technology in using natural 

chabazite and c i inopt i lo l i te to adsorb and release heat from solar radiation for both 

air-conditioning and water heating. The dehydration of the zeolite by day and i t s 

rehydration at night results in the exchange of several hundred BTU's per pound of 

zeolite, suff icient to cool small buildings (Tchernev, 1977). Tchernev estimates that 

one ton of zeolite in solar panels spread over 200 square feet of roof surface wil l 

produce one ton of a ir conditioning. The extremely non-linear adsorption isotherms of 

crystal l ine zeolites, in contrast with other sorbent materials, make possible cooling 

efficiencies greater than 50%. I f continued experimentation supports these i n i t i a l 

results, solar energy uses may create a market for natural zeolites of several hundred 

thousand tons each year. 

Petroleum Production 

In addition to providing valuable information to exploration programs on the palei 

environments of suspected oi l and gas f i e ld s , natural zeolites have been shown to be 

potentially useful in the purification and production side of the business. Generally, 

natural zeolites can not compete with certain synthetic molecular sieves in many ad-

sorption and catalytic applications because of their inherently-smaller pore sizes and 

adsorption capacities. Iron impurities also act as poison in many reactions. However 

several natural zeolites have been useful in specific applications. Mordenite, chaba-

z i te, and ci inopti loi i te are generally capable of withstanding the r igors of continuou: 

cycling in acid environments and have been used successfully to remove water and carbor 

dioxide from gaseous hydrocarbons (vide supra and T s i t s i shv i l i et a K , 1976). Union 

Carbide Corporation (1962) claims i t s chabazite-rich AW-500 product from Bowie, Arizom 

to be effective in reformer-hydrogen drying, chlorine drying, chlorinated and fluorinal 
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hydrocarbon purif ication, and in the removal of HCl from byproducts-hydrogen streams 

Ohtani et^ a]_. (1972a, 1972b) showed that a modified mordenite could be used as a co 

version catalyst in hydrocarbon disproportionation. 

The selective forming process recently developed by Mobil R & D Corporation (Ch 

1971) makes use of catalysts derived from i t s er ionite/cl inopti lol i te ore from Jerse 

Valley, Nevada. Neel et aK (1973) reported that erionite could be used as a carrie 

in the catalytic reforming of hydrocarbons. A Bulgarian ci inopti loi ite was shown by 

Nikolova and Ivanov (1975) to have potential in olefin hydrogénation, and Scherzer 

et al_. (1975) recently patented a hydrocarbon cracking catalyst consisting of a mixt 

of Η-Y zeolite and H-ferr ier i te, the latter from Lovelock, Nevada. Since 1970, seve 

art ic les on the potential applications of c l inopt i lo l i te and mordenite from Tokaj, 

Hungary, as catalysts in cracking, isomerization, hydrogénation, alkylation, and pol, 

merization have been published (Papp et , 1971; Kallo et a K , 1971; Detrekoy et a 

1974; Beyer, 1975). All make use of the hydrogen form of the zeolite. 

AGRICULTURAL APPLICATIONS 

Although farmers in Japan have used zeol i t ic tuffs for years to control the moi; 

content and mal odor of animal manure and to raise the pH of acid volcanic s o i l s , few 

of a sc ient i f i c nature have been published on these subjects. The increasing awarent 

of the abundance and avai labi l i ty of inexpensive natural zeolites has prompted con-

siderable experimentation in the f ie ld of agriculture both in Japan and in the Unitec 

States in the last ten years. Much of this work in the areas of animal science and 

aquaculture has been reviewed recently by Mumpton and Fishman (1977). 

Fert i l izers and Soil Amendments 

Based upon their high ion-exchange capacity and water retentivity, natural zeoli 

have been used extensively in Japan as soi l amendments, and small tonnages have been 

ported to Taiwan for this purpose (Minato, 1968; see also, Hsu et a K , 1967). The pr 

nounced ammonium selectivity of ci inopti loi i te has also been exploited in the prepara 

of chemical fe r t i l i ze r s which tend to improve the nitrogen-holding power of so i l s by 

increasing the bulk ion-exchange capacities and by promoting slower release of ammoni 

ions from the zeolite. In rice f ie lds , efficiencies of less than 50% are not uncommo 

for surface-applied nitrogen; however, Minato (1968) reported a 63% improvement in th 

available nitrogen in a highly permeable paddy soi l four weeks after 40 tons/acre zeo 

l i t e was added with a standard fe r t i l i ze r . 
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Turner (1975), on the other hand, noted l i t t l e improvement in the overall nitrogen 

efficiency in f ie ld tests on a clay-rich rice soil in Texas, although laboratory tests 

showed increased ion-exchange capacity. He attributed these results to the fact that 

the Japanese soi l contained much less clay, accounting for i t s inherent low ion-exchang 

capacity and fast draining properties. Thus, the addition of zeolite resulted in a 

marked improvement in nitrogen retentivity. These conclusions support those of Hsu 

et aK (1967) who found an increase in the effect of the zeolite when the clay content 

of the soi l decreased. 

Coupled with i t s valuable ion-exchange properties which allow a slow release of 

nutrients, such as Fe, Cu, Zn, Μη, and Co, to s o i l s , c l i nopt i l o l i te ' s ab i l i ty to sorb 

excess moisture makes i t an attractive additive to fer t i l i zer s to prevent caking and 

hardening during storage and to animal feedstuffs to inhibit the development of mold 

(Tor i i , 1974). In this area, Spiridonova et aL· (1975) found that 0.5% c l inopt i lo l i te 

added to armonium nitrate fer t i l i zer decreased caking by 6856. 

Pesticides, Fungicides, Herbicides 

Similar to their synthetic counterparts, the high ion-exchange and adsorption 

capacities of many natural zeolites make them effective carriers of hericides, fungi-

cides, and pesticides. Yoshinaga et a]_. (1973) found c l inopt i lo l i te to be an excellent 

carrier of benzyl phosphorothioate to control stem blasting in r ice. Using natural 

zeolites as a base, Hayashizaki and Tsuneji (1973) developed a lime/nitrogen acaracide 

with good results. Mori et al^ (1974) found that c l inopt i lo l i te i s more than twice as 

effective as a carrier of the herbicide benthiocarb in eliminating weeds in paddy field: 

as other commercial products. Torii (1974) reported that more than 1000 tons of zeolite 

were used in Japan in 1975 as carriers in agriculture. 

Heavy Metal Traps 

Not only can the ion-exchange properties of certain zeolites be used to carry 

nutrient ions into s o i l s , they can also be exploited to trap undesirable cations and 

prevent their introduction into the food chain. Fujii (1974) found that pulverized 

zeolites effectively reduced the transfer of fertilizer-added heavy metals, such as Cu, 

Cd, Pb, and Zn, from so i l s to plants. The select iv ity of c l inopt i lo l i te for such heavy 

metals has been noted by several workers (e.g., Sato, 1975; Fujimori and Moriya, 1973; 

Chelishchev et̂  al_. , 1974; Semmens and Seyfarth, 1977). In view of the many attempts 

being made by sanitary and agricultural engineers to add municipal and industrial 

sewage sludge to farm and forest s o i l s , natural zeolites may play a major role in this 
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area also. The nutrient content of such sludges is desirable, but the heavy metals 

present may accumulate to the point where they become toxic to plant l i f e or to the 

animals or human beings that may eventually eat these plants. Cohen (1977) reported 

median values of 31 ppm Cd, 1230 ppm Cu, 830 ppm Pb, and 2780 ppm Zn for sludges pro-

duced in typical U. S. treatment plants. Zeolite additives to extract heavy metal 

cations from so i l s may be a key to the safe use of sludge as fe r t i l i ze r and help ex-

tend the l i f e of sludge-disposal s i tes and of land subjected to the spray- irr igati on 

processes now being developed for the disposal of chlorinated sewage. Similarly, 

Nishita and Haug (1972) showed that the addition of c i inopt i lo l i te to so i l s contaminated 

with Sr 9 0 resulted in a marked decrease in the uptake of strontium by plants, an obser-

vation having enormous import in potential treatment of radioactive fal lout areas. 

Animal Nutrition 

Since 1965, experiments have been in progress in Japan on the use of ci inopti loi i te 

and mordenite as dietary supplements in animal husbandry. Up to 10% zeolite has been 

added to the normal rations of pigs, chickens, and ruminants, resulting in s ignif icant 

increases in feed-conversion values and in the general health of the animals. Onagi 

(1968) found that leghorn chickens on a diet containing 10% ci inopti loi i te gained as 

much weight as did birds on a normal diet, with no adverse effects on the v i ta l i t y of 

the chickens or on their egg production. In addition, the droppings of test birds 

contained up to 27% less moisture, making the manure considerably easier to handle. 

Arscott (1975) found that broiler chickens fed a diet containing 5% c l inopt i lo l i te 

gained s l i ght ly less weight over a two-month period than birds on a normal diet, but 

that the average feed-conversion values (weight gain divided by nutritional feed intake) 

were s ignif icantly higher. Of equal or greater import was the fact that none of the 48 

test birds died during the experiment, whereas three birds on the control diet and two 

on a control + antibiotic diet succumbed. 

Kondo and Wagai (1968) observed similar results with swine. They found that pigs 

on diets containing 5% c l inopt i lo l i te gained up to 25% more weight than those on normal 

diets. No toxic or other adverse effects were noted. On the contrary, the presence of 

zeolite in the rations appeared to contribute measurably to the well being of the 

animals. According to Torii (1974), the death rate and incidence of sickness among 

swine fed a diet containing 6% c l inopt i lo l i te was markedly lower than for control 

animals in experiments conducted on a large swine-raising fac i l i t y in Japan. Scours 

and other intestinal diseases were greatly reduced. Apparently, the v i ta l iz ing effect 

of a zeolite diet can also be transferred from mother to offspring. Torii (1974) 
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reported that the growth rate of newborn pigs whose mothers were fed 600 g of clinop-

t i l o l i t e each day of the 35-day weaning period was 65-85% greater than those of control 

animals. In addition, the young pigs in the test group suffered almost no attacks of 

diarrhea, as opposed to those in control groups who were severely aff l icted with scours 

inhibit ing their normal growth. 

Similar studies were conducted at Oregon State University (England, 1975) on young 

pigs using rations containing 5% c i inopt i lo l i te from the Hector, California, deposit. 

Although lesser increases in growth rate were observed, the incidence of scours was 

s igni f icant ly reduced for animals receiving the zeolite diet. Currently,heavy doses 

of prophylactic antibiotics are used to control intestinal diseases which, unchecked, 

can result in high mortality rates in young swine after they are weaned. I f federal 

regulations prohibit such usage, other means must be found, and natural zeolites might 

be the answer. The exact functions of the zeolite in both dietary and antibiotic 

phenomena are not well understood and await serious physiological and biochemical 

explanation. The armonium selectivity of c l inopt i lo l i te suggests that i t might act 

as a nitrogen reservoir in the digestive system of the animal, allowing a slower releas 

and more eff ic ient use of ammonium ions produced by the breakdown of ingested rations i 

the development of animal protein. Zeolite particles might also stimulate the l in ings 

of the stomach and intestinal tract causing the animal to produce more antibodies, and 

thus inhibit ing diseases such as scours. 

In an attempt to reduce the toxic effects of high NH^ concentrations in ruminai 

f luids when non-protein nitrogen compounds (NPN), such as urea and diuret, are added 

to the diets of cattle, sheep, and goats, White and Ohlrogge (1974) introduced both 

natural and synthetic zeolites into the rumen of test animals. Ammonium ions formed 

by the enzyme decomposition of NPN were immediately ion exchanged into the zeolite 

structure and held there for several hours until released by the regenerative action 

of sodium ions entering the rumen in sa l iva. Thus, the gradual release of ammonium 

ions allowed rumen micro-organisms to synthesize cellular protein continuously for easy 

assimulation into the animals' digestive systems. The zeolite was introduced as pellet: 

or beads in a forami nous bolus or as a finely-divided powder mixed with the normal 

rations. Both natural chabazite and c l inopt i lo l i te were found to be effective, althougl 

synthetic zeolite F worked best of a l l . Considering the possible price of about $1.00 

per pound for zeolite F, i f and when i t becomes commercially available, i t would seem 

that certain NH^-selective natural zeol ites, such as c l inopt i lo l i te , would be especi-

al ly useful in this application. Prices of a few pennies a pound for the natural 

zeolites suggest that they could be fed to the animal as part of i t s normal rations. 
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In this same area Kondo et a1_. (1969) found that zeolites added to the feed imp 

the growth rate of calves by stimulating their appetite and improving digestion. 

Watanabe et a K (1971) raised six bullocks for 329 days on a diet containing 2% clin 

tilolite. Little difference in weight gain or feed conversion was noted between the 

control animals, but the test steers showed slightly larged body dimensions and dres 

out to give higher quality meat. The differences were reflected in a 20% larger pre 

compared to animals on a normal diet. Diarrhea and other intestinal diseases were a 

noticeable in the test animals. It is unfortunate that a much higher level of zeoli 

was not used in these experiment; earlier experiments in the United States added as 

as 40% clay to the rations of domestic animals without adverse effects (Ousterhout, ' 

Excrement Treatment 

The rising demand for animal protein in worldwide diets is attended by several 

problems, not the least of which is what to do with the mountains of animal wastes ρ 

duced each day on farms and in feedlots of every country. Livestock production in t 

United States alone creates more than one billion tons of solid waste and nearly 400 

000 tons of liquid waste each year (Laporte, 1975, p. 365). Accumulations of such m 

rials pose serious health problems to man and animal alike and are significant sourc 

pollution for rivers and streams in the area. Large amounts of undigested protein r 

ing in the excrement represents a valuable resource that for the most part is now wa 

due to our growing dependence on chemical fertilizers. Natural zeolites have potent 

application in several areas of manure treatment, including (1) reducing the malodor 

the excrement, (2) controlling the moisture content for ease of handling, and (3) pur 

methane gas produced by the anaerobic digestion of such materials (vide supra). 

The semi-fluid droppings in large poultry houses coimionly emit a stench that is 

comforting to farm workérs and to the chickens themselves. Lower egg production and 

smaller animals are common results, as many birds suffer from respiratory diseases 

caused by the noxious fumes of ammonia and hydrogen sulfide. Torii (1974) reported 

that about 100 tons of clinoptilolite are used each year in the chicken houses of Jap 

The zeolite is either mixed with the droppings or packed in boxes which are suspende 

from the ceilings. In either case, ammonia is removed, and egg production is increa 

Similar results were obtained by Onagi (1966) and Kondo and Wagai (1968) when zeolit 

were added to the rations of chickens and pigs, respectively. About 25 tons of clin 

tilolite are spread on the floors of a Sapporo pig farm each month to adsorb urine a 

other liquid wastes. The buildings are said to be dry, clean, and considerably less 

odoriferous. An innovative use of natural zeolites in the treatment of ai.imal excre 

192 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



was developed by Komakine (1974) and involves mixing chicken droppings with zeolite an 

ferrous sulfate. The ferrous sulfate inhibits zymosis and decomposition of the droppi 

while the zeolite stabi l izes the hygroscopic nature of this compound and captures ammo 

nium ions produced by the manure. The mixture i s dried and can be used as an odorless 

f e r t i l i ze r , or i t can be used as an odorless feedstuff, rich in protein, for fowl, f i s 

and domestic animals. I t has been used successfully in Japan to substitute for as muc 

as 20% of the normal rations of swine, poultry, and edible carp. 

Aguacultural Uses 

Aquaculture may not be the number-one food industry in the United States nor in 

very many other nations for that matter, but as the world's protein requirements con-

tinue to r i se, more and more f ish products may find their way to the dinner table or to 

the feeding trough in future years. Although progressive farmers in several countries 

are beginning to learn that catfish or trout can bring in more dollars per acre than 

wheat or r ice, f i sh rais ing is a tricky business, and the chemical and biological en-

vironment of aquacultural systems must be maintained within close limits at all times. 

Natural zeolites have been found to be valuable materials in controlling these environ-

ments, and as more f i sh hatcheries turn to self-contained, water-reuse systems, a size-

able market for natural zeolites may develop. 

Using processes similar to those employed in sewage-treatment plants for the ex-

traction of ammoniacal nitrogen, Konikoff (1974) and Johnson and Sieburth (1974) showed 

c l inopt i lo l i te to be effective in the removal of armonium ions from recirculating f i sh -

culture systems. Ammonium i s one of the most s ignif icant toxic metabolites in aqua-

culture and is extremely harmful to f i sh in concentrations exceeding a few parts-per-

mill ion. In oxygen-poor environments such concentrations can lead to damage of g i l l 

t i ssue, various g i l l diseases, and a reduction in the growth rate (Larmoyeaux and Piper 

1973). Unpublished results of tests conducted in 1973 at a working hatchery near Newpo 

Oregon, indicated that 97-99% of the ammonium produced in a recirculating system was re 

moved by c l inopt i lo l i te ion-exchange columns from waters containing 0.34-1.43 mg NH^-N 

per l i t e r (Kapranos, 1976). Peters and Bose (1975) substantiated these results and 

found that trout remained perfectly healthy during a four-week tr ia l when zeolite ion 

exchange was used to remove anrnonium from recirculating tank water. They concluded 

that selective ion exchange using c l inopt i lo l i te may be a vaiable alternative to bio-

logical oxidation processes which are highly susceptible to minor changes in the temper-

ature and chemistry of such systems. At the present time Becker Industries of Newport, 

Oregon, in conjunction with the U. S. Army Corps of Engineers, i s developing a complete 
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purif ication unit for hatchery-water reuse. The system wil l incorporate a zeolite ion-

exchange unit for amnoniacal nitrogen removal and is designed to handle concentrations 

of 20-30 ppm NHg-N at flow rates of 10-15 Mgd, typical of the more than 200 f ish hatch-

eries now operating in the Pacific Northwest (Kapranos, 1976). 

Jungle Laboratories of Comfort, Texas, is in the process of developing ammonia-

removal systems for hatchery waters using c i inopt i lo l i te ion exchange and for f i sh 

haulage operations where brain damage due to excess anmonium ions commonly results in 

s t e r i l i t y , stunted growth, and high mortality rates (Nichols, 1976). Throw-away cart-

ridges and f i l t e r s containing granular c l inopt i lo l i te are also being designed to regu-

late the amnoniacal nitrogen content of home aquaria and tanks used to transport tropic, 

f i sh from the time they are caught until they reach the hobbyist. The U. S. Fish and 

Wildlife Service i s investigating similar processes for ammonia removal from recircu-

lating waters in tank trucks used to transport channel catfish from Texas to the 

Colorado River in Arizona (McCraren, 1976). Currently about 3500 pounds of 8-10" f i sh 

are carried in 12,000 gallons of water, or about 2.2 lbs/ft 3. I f the ammonium ions 

produced by decomposing f ish excrement and waste food can be extracted, the number of 

f i sh hauled in trucks of this size can be doubled. 

Sione et aK (1975) were able to achieve biomass concentrations of more than 7 

lbs/ft 3 for catfish (Ictaluras punctatus) after seven months in a vertical raceway 

system using recycled water and a zeolite ion-exchange process to remove ammoniacal 

nitrogen following b iof i l t rat ion. NH^-N concentrations of 5 mg/1 were maintained easil; 

with ci inopti loi ite from the Hector, California, deposit. 

As discussed above, zeolite adsorption units using natural mordenite are currently 

marketed in Japan and have been used to provide oxygen for aeration in f i sh culture and 

in the transportation of l ive f i sh (Minato, 1974). Small generators capable of producii 

15 l i te r s of 50% O2 per hour are manufactured by the Koyo Development Company, Ltd. 

Carp and goldfish raised in oxygen-aerated water are said to be l i ve l ie r and to have 

greater appetites (Koyo Kaihatsu, 1974). L itt le work has been carried out on the use 

of natural zeolites in f ish food, but the protein-rich mixture of chicken droppings, 

ferrous sulfate, and zeolite discussed above (Komakine, 1974) has been fed to carp in 

Japan with no adverse effects. Much as the excrement of pigs, chickens, and cattle is 

rendered less odoriferous by the addition of c l inopt i lo l i te to the rations of the 

animals, i t would seem that natural zeolites incorporated into normal f i sh food would 

reduce the armonia buildup in closed tanks or in large holding fac i l i t i e s where water 

is recirculated. Such poss ib i l i t ies bear investigating. 

In the area of f i sh processing, Araki and Honda (1974) found that zeol it ic tuff 

i s able to deodorize protein processing odors. Gas containing large proportions of 
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ammonia, volat i le amines, mercaptans, and acetic acid were purified when passed throuç 

a column of pel let i zed zeolite at 250-400°C. 

MINING AND METALLURGY APPLICATIONS 

Exploration Aids 

Recent studies in Japan indicate that zeolite assemblages in altered tuffs can no 

only delineate the conditions of formation of certain ore deposits but also serve as 

exploration tools, especially in areas of thick overburden. Yoshida and Utada (1969) 

and Utada al_. (1974) noted that analcime-rich aureoles surrounding Kuroko-type min-

eral ization in Neogene sediments of the Green Tuff region are thickest in the v ic in i ty 

of major ore deposits. Supported by the experimental results of Aoki (1974) on the 

conversion of ci inopti loi i te to analcime in sodium-carbonate solut ions, they suggest 

that hydrothermal alteration was superimposed on zeol it ic alteration that took place 

ear l ier during burial diagenesis of the marine-tuff host rocks. The thickness of anal-

cimic alteration in such rocks, therefore, may be a clue to the location of deep-seate< 

ore bodies. 

Also in Japan, Katayama et a K (1974) attributed the concentration of uranium to 

the presence of a heulandite-cl inopti lol ite zeolite in tuffaceous sandstones of Mioceni 

age near Tono, Gigu Prefecture. Oxidized uranium in groundwater i s presumed to have 

been adsorbed on the zeolite, which in some zones contains as much as 0.9% U. Although 

considerable experimentation is s t i l 1 required, these studies suggest that natural zeo-

l i tes may be used to extract and concentrate uranium and other ions from low-level 

processing solutions, such as those encountered during the in-place or heap-leaching 

of uranium and copper ores and ta i l ings . 

Metallurgical Uses 

S imi lar ly, the ion-exchange properties of many natural zeolites lend themselves to 

the concentration of heavy metals from wastewater effluents of mining and metallurgical 

operations. Torii (1974) reported that sodium-exchanged c l inopt i lo l i te and mordenite 

removed almost all of the Cd++ from 10-ppm solutions of that ion. Mondale et̂  £L· (1977 

also pointed out the effectiveness of certain zeolites for extracting heavy metal ions 

from aqueous media. They found that chabazite is able to remove more than 90% of the 

Pb and Cu from 10"3 molar solutions. Chelishchev et a K (1974) successfully ex-

tracted large, heavy-metal cations from complex solutions using c l inopt i lo l i te from the 
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Georgian S.S.S.R. They reported a selectivity of Pb > Ag > Cd, Zn, Cu > Na. Fujim 

and Moriya (1973) noted that c l inopt i lo l i te removed heavy metal ions from industria 

wastewater in the sequence Pb » Cd > Cu >> Zn. Although the overall speci f ic i t ies 

individual zeolites for heavy metals have not yet been established, the preliminary 

data suggest that natural zeolites can contribute heavily towards eliminating a lar 

part of the pollution from industrial wastewaters and also provide a means of recov 

heretofore lost values from many hydrometallurgical effluents. 

In pyrometallurgy, Fusamura et al_. (1976) found that a combination of CaCO^ an 

natural zeolite suppressed up to 90% of the lead fumes from molten Cu-Pb al loys, wh 

the mineral mixture was floated on top of the l iquid metals. 

MISCELLANEOUS APPLICATIONS 

Paper Products 

Approximately 3000 tons of high-brightness zeolites from the Itaya Mine, Yamag 

Prefecture, Japan, is sold each month by the Zeeklite Chemical Company under the tr 

names SGW and Hi Ζ as f i l l e r in the paper industry (Minato, 1975). C l inopt i lo l i te o 

i s f inely ground and class i f ied by wet or dry cycloning into a -10 micrometer-size 

product having an abrasion index of less than 3% and a brightness of about 80 (Taka 

saka, 1975). According to Kobayashi (1970), kraft papers f i l l ed with c l inopt i lo l i t 

are bulkier, more opaque, easier to cut, and less susceptible to ink blotting than 

those f i l l ed with clay. Hayakawa and Kobayashi (1973) patented a lightweight paper 

made from a mixture of 172 pulp, 25% chemically-ground pulp, 28% bleached kraft, 1% 

s iz ing, 1% aluminum sulfate, and 28% zeolite powder. The product has a density of 

0.68 g/cc compared with 0.73 g/cc for conventional paper. A few hundred tons of 

c l inopt i lo l i te from the Tokaj d i s t r ict of eastern Hungary (Nemecz and Varju, 1962) 

are also mined each month for paper-fi l l ing applications, although Kobor and Hegedu 

(1968) found Hungarian natural zeolites to be unsuited for the manufacture of wood-

papers. 

Kato (1976) combined c l inopt i lo l i te and mordenite with organic dyes, such as C 

Basic Red 34, to give heat-, l i gh t - , and acid-resistant coloring composites useful 

coating copying papers and in coloring plast ics. Breck (1975) found that the addit 

of from 5-30% natural chabazite or synthetic A or X zeolites to conductive paper us 

in electrostatic reproduction resulted in a product having re s i s t i v i t i e s of 107 to 

ohm-centimeters. The strong hydration properties of the zeolites allowed these val 

to be maintained over a range of relative humidities of from 5-90%. 
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Construction Uses 

Much as perlite and other volcanic glasses can be expanded into low-density pellet 

for use as lightweight aggregate in cements and concretes, natural zeolites also can be 

frothed into stable products by calcining at elevated temperatures. Stojanovic (1972) 

reported densities as low as 0.8 g/cc and porosities of up to 65% for expanded clinop-

t i l o l i t e from several Serbian deposits after f i r ing at 1200-1400°C. Similar materials 

were prepared by Ishimaru and Ozata (1975) from Japanese zeolites at 1250°C. Kasai 

al_. (1973) prepared foaming agents by calcining c l inopt i lo l i te at about 550°C and 

cooling in a i r . The product was mixed with equal parts water and dolomite plaster, 

molded, and hardened for two hours in an autoclave to obtain a product having a bulk 

density of 0.75 g/cc and a compressive strength of about 47 kg/cm2. In a search for 

perlite substitutes, Bush (1974) found that high-grade c l inopt i lo l i te from the Barstow 

Formation, California, expanded 4 to 6 times when heated for 5 minutes at from 1150-

1250°C. Synthetic CaA zeolite loaded with 1-butene or butadiene was used by Ulisch 

(1975) to prepare a porous foam having a density of 0.95 g/cc; natural erionite or 

chabazite should work equally as well. The temperatures required for expanding zeol i t i 

tuffs is s igni f icant ly higher than those needed for perlite or other expandable materia' 

(1200°C vs 760°C); however, the foamed zeolite products are considerably stronger and 

more resistant to abrasion. 

Also in the construction area, Tori i (1974) reported that about 100 tons of el i nop 

t i 1olite are consumed each month as f i l l e r in wheaten paste used to adhere plywood prio 

to hot pressing. He also l i sted 200 tons per month of mordenite as being used to fab-

ricate lightweight bricks (0.7-1.0 g/cc) of high physical strength and high acid- and 

alkal i-resistance. By f i r ing a mixture of 100 parts glass, 70 parts c l inopt i lo l i te , 

3 parts carbon, and 3 parts HgPO^ at 800°C, Tamura (1974) was able to produce a high-

strength porous glass having a density of only 0.22 g/cc. 

Medical Applications 

In the medical f ie ld , Kato et al_. (1969, 1970) found that c l inopt i lo l i te is useful 

as a polishing agent in fluoride-containing toothpaste. I t is no more abrasive than 

the commonly-used CaHPO^ and allows more of the fluoride ion to remain in the anionic 

form. Andersson et al_. (1975) were able to separate ammoniacal nitrogen from hemo-

dia lys i s l iquids in recycle-dialysis systems using a natural ph i l l ip s i te . The zeolite 

was found to be superior in selectivity and ion-exchange capacity to other exchangers, 

including zirconium phosphate, Dowex 8x50, c l inopt i lo l i te , and Union Carbide Corpor-

at ion ' s AW-500 chabazite/erionite product. 
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Appendix I 

REPRESENTATIONS AND MODELS OF ZEOLITE CRYSTAL STRUCTURES 

Several kinds of models can be used to i l lustrate the structure of zeolites. Eacl 

i s described below. 

1. Solid Tetrahedra Models 

The regular so l id tetrahedron is used to represent the geometric arrangement 

of oxygens in the primary TO^ building unit in zeolite structures (Figure lb) 

Semi-regular Archimedean solids are used to represent the idealized geometric 

arrangement of tetrahedra in the polyhedral building units, such as cube 

(D4R), hexagonal prism (D6R), and truncated octahedron (sodalite unit) 

(Figure 2). 

2. Framework Models 

The TO4 tetrahedron can be portrayed by a "jack-l ike" representation of the 

four tetrahedral M-0 linkages (Figure 1c). Actual models make use of metal 

or plastic "jacks," usually linked by plast ic tubing. The center of the 

plastic tubing connector represents the position of the oxygen atom. This 

is the simplest and fastest way to build models of tetrahedral frameworks. 

3. Space-Fi H i n g Models 

These models are drawn or constructed to represent the true volume of oxygen 

ions and the packing of spheres of oxygen ions in the structure (Figure Id). 

I t should be remembered that in ionic oxides, e.g., aluminosi l i cate zeolites, 

the oxygen ions occupy about 90% of the atomic volume. Therefore, the 

oxygen-packing or space-f i l l ing models are the most rea l i s t i c view of the 

structure, but the models are much more d i f f i cu l t to build. A packing 

drawing of the structure of Na2CaSi04 i s shown in Figure 3. 

4. Ball and Stick Models 

These models are used generally to represent the spatial arrangements of 

atoms in crystals. The ball represents the atom, the stick the bonding 
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Figure 1. Methods of representing the tetrahedral coordination of oxygen ions with 
minum and s i l i c on by means of (b) so l i d tetrahedron, (c) skeletal tetrahe· 
(d) a space- f i l l i ng model based on packed spheres, and (a) ball and st ick 
model. (From Breck, 1974, Fig. 2.2.) 

American Chemical Society 
Figure 2. Three ways of depicting the truncated octahedron (or sodal ite unit) in alu 

s i l i c a te frameworks. (From Smith, 1976.) 

Figure 3. A packing drawing of the structure of I ^CaS iO^ . 
ions between individual S iO, "^ ions i s indicated. 

The location of Na and 
(From Breck, 1974, Fig. 
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between atoms. Because of the large number of atoms in the structure of 

zeolites, this method is tedious and impractical. 
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Appendix I I 

CRYSTAL STRUCTURE DATA FOR IMPORTANT ZEOLITES 

Tables of crystal structure data from Breck (1974) are reproduced here with the ρ 

mission of the author and Wiley-Interscience. 

REFERENCE 

Breck, D.W. (1974) Zeolite Molecular Sieves: Wiley-Interscience, New York, 771 pp. 
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Table 1. Anal cime, Table 2.20, p. 135, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Coptents: 
Variations: 

Crystallographic Data 
Symmetry : 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2 .4 

S B U : 
Cage type: 

Channel System: Fig. 2 . 2 6 
Hydrated— 

Free Apertures: 
Cation Locations: 

D e h y d r a t e d -
Free Apertures: 
Cation Locations: 
Ef fect o f Dehydration: 

Location o f H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, a , A: 

1 
6 2 , 6 7 , 1 7 3 - 1 7 6 

N a 2 0 - A l 2 0 3 - 4 S i 0 2 - 2 I I 2 0 
N a , 6 [ ( A I 0 2 ) 1 6 < S i 0 2 ) 3 2 ] - 1 6 H 2 0 
Si/Al = 1 . 8 - 2 . 8 ; H 2 0 = 14 18 

Cubic Density: 2 .25 g/cc 
la3d Unit Cell Volume: 2 5 9 0 À 3 

a = 13 .72 A X-Ray Powder Data: Table 3 .4 

S 4 R o f type U D U D connected to form regular 
S 6 R which lie || to ( 1 1 1 ) . Also very distorted 8-rings. 
S 4 R Void volume: 0 . 1 8 c c / c c 
None specific Framework density: 1.85 g/cc 
One-dimensional, || to [111J 

6-ring, 2 .6 A 
16 in 2 4 sites; in distorted oclahedra witli 4 
cations and 2 H 2 0 molecules 

Unknown 
Unknown 
Continuous and reversible; stable to 7 0 0 ° C 
On 3-fold axes in the channels 
NH3 

2 .6 
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Table 2. Wa i rak i te , Table 3.35, p. 240, Breck 

Structure Group: 
Typical Unit Cell Contents: 
Occurrence: 
System: 

Habit: 
Twinning: 
Density: 
Hardness: 
Optical Properties: 

Reference: 

X-Ray Powder Data (40) 

1 
CaeNAlOa^HOiDad-lóHjO 
New Zealand, California, Washington; sedimentary 
Monoclinic, pseudocubic, a = 13.69, b = 13.68 

c = 13.56,0 = 90.5° 
Microscopic granules 
Π"') 
2.265 
5Ά-6 
Biaxial (-), α = 1.498, γ = 1.502; birefringence, 

δ - 0 . 0 0 4 , 2Vy = 70 - 105° 
9 , 4 0 

hk/a d(A) I hk7 d(A) I hkl d(A) I 

(200) 6-85 40 4 4 0 2.418 30 633, 1.857 30 
211 5.57 80 (530) , 2.35 < 10B 721, 
220 4.84 40 (4.13) 552 
321 3.64 30 (600) , 2.26-2.28 10B - 1.844 10 
400 3.42 60 (422) 642 1.822 < 10B 

3.39 100 611 , 2.215 4 0 732, 1.722-1 1.732 40B 
(411) , 3.21 < 10B 532 651 
(330) 620 2.17 < 1 0 800 1.708 < 1 0 

420 3.04-3.06 10B 2.147 10 1.696 < 1 0 
322 2.909 50 541 2.115 10 741 1.680 2 0B 

2.897 30 2.095 < 1 0 820, 1.66 < 10B 
4 2 2 2.783 10 631 1.996 20 (644) 

2.770 10 543 1.93 < 10B 822, 1.612 10B 
431 2.680 40 640 1.886-1.895 30B 660 

(510) 2.67 10 - 1.867 10 831 1.595 < 1 0 
521 2.50 

2.489 
< 1 0 

40 
1.586 20 

a Indices in parentheses are based on pseudocubic unit cell. 
Β = broad 
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Table 3. Phil l i psi te, Table 2.56, p. 170, Breck 

Structure Group: 
Other Designation: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.5 

SBU: 

Channel System: 
Hydrated— 

Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, σ. A: 

1 
Wellsite 
74 ,208 

(Ca,Naj JK 2 )0-Al 2 0 3 -4 .4 S i0 2 -4 H 2 0 
(CaJKj ,Na2)5 [ (AlO s ) 1 0 (SiO 2 )„ ]·20 HjO 
Si/Al = 1.7 to 2.4; Ba found in wellsite; Κ found 
iti all cases 

Orthorhombic Density: 2.15 g/cc 
B2mb Unit Cell Volume: 2022 A3 

a = 9.96 A X-Ray Powder Data: Table 3.30. 
b = 14.25 A 
c = 14.25 A 

4-i ings of type UUDD crosslinked so that chains 
of UUDD units run || to a axis 
S4R Void volume: 0.31 cc/cc 

Framework density: 1.58 g/cc 
Three-dimensional; || to a, || to b, || to c 

«-rings, 4.2 χ 4.4 A 1 to a, 2.8 χ 4.8 A 1 to b, 3.3 A 1 to c 
In channels, coordinated to H 2 0 and framework 

Unknown 
Structure degrades at 200°C 
Coordinated to cations 
1I20 
2.6 

2 1 4 
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Table 4. Harmotome, Table 2.38, p. 153, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.5 

SBU: 

Channel System: 
Hydra ted-

Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 

1 
73 ,195 

B a 0 - A l 2 0 3 - 6 S i 0 2 - 6 H 2 0 
Ba2 [ (A10 2 ) 4 (S i0 2 ) 1 2 ] -12H 2 0 
Ba > Κ or Na; Si/Al = 2 .3-2 .5 

Monoclinic Density: 2.35 g/cc 
P2, Unit Cell Volume: 999 A3 

a = 9.87 A X-Ray Powder Data: Table 3.19 
b = 14.14 A 
c = 9.72 A 
0 = 124° 50' 

Same as phillipsite 
S4R Void volume: 0.31 cc/cc 

Framework density: 1.59 g/cc 
Three-dimensional; || to a, || to b, || to c 

8-rings, 4.2 χ 4 .4,2.8 χ 4.8 A, and 3.3 A 
Coordinated to 6 O's, 4 H 2 0 

Unknown 
Stable 
8-coordinated to Ba î+ 

NH3 

2.6 
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Table 5. Gismondi ne, Table 2.34, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.6 

SBU: 
Cage type: 

Channel System: Fig. 2.30b 

Hydrated-
Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 

1 
7 5 , 7 6 

C a O A l 2 0 3 - 2 S i 0 2 - 4 H 2 0 
Ca4 [ ( A 1 0 2 ) e ( S i 0 2 ) 8 ] - 1 6 H 2 0 
Si/Al= 1.12-1.49; some Κ 

Monoclinic Density: 2.27 g/cc 
P2, /C Unit Cell Volume : 1046 A3 

a = 9.84 A X-Ray Powder Data: Table 3.16 
b = 10.02 A 
c = 10.62 Α β = 92°25' 

4-rings, crosslinked so that UUDD chains || a and 
b; Si-Al ordered 
S4R Void volume: 0.46 cc/cc 
nonspecific Framework density: 1.52 g/cc 
Three-dimensional; || to a, || to b 
Tube bundle type 

8-rings; 3.1 χ 4.4 A 1 to a, 2.8 χ 4.9 A 1 to b 
At channel intersection coordinated to 4 H 2 0 
and 2 cations. 

Unknown 
Unknown 
Stable to 250°C 
Coordinated to Ca2+; H 20/Ca 2 + = 4 
H 2 0 
2.6 
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Table 6. Laumontite, Table 2.43, Breck 

Structure Group: 1 
Other Designation: Leonhardite (partially dehydrated) 
Reference: 32 ,82 ,83 

Chemical Composition 
Typical Oxide Formula: C a 0 - A l 2 0 3 - 4 S i 0 2 - 4 H 2 0 
Typical Unit Cell Contents: Ca 4 [ (A10 2 ) 8 (Si0 2 ) 1 6 ] -16H 20 
Variations: K, Na; Si/Al = 1.75-2.28 

CrystaHographic Data 
Symmetry: Monoclinic Density: 2.30 g/cc 
Space Group: Am Unit Cell Volume: 1390 A3 

Unit Cell Constants: a = 14.90 A X-Ray Powder Data: Table 3.23 
b = 13.17 A 
c = 7.50 A 
ß = 111°30' 

Structural Properties 
Framework: Stereo 2.10 4-rings (Si401 2) in TTTT configuration || to (120) 

and linked by A104 tetrahedra 
SBU: S4R Void volume: 0.34 cc/cc 

Framework density: 1.77 g/cc 
Channel System: One-dimensional, || to a; 4.6 χ 6.3 A 
Hydrated— 

Free Apertures: 10-ring, distorted 4.6 χ 6.3 A 
Cation Locations: 4 0 and 2 H 2 0 in 6-fold coordination 

Dehydrated-
Free Apertures: 
Cation Locations: 
Effect of Dehydration: Stepwise dehydration 

Largest Molecule Adsorbed: H 2 0, NHS if dehydrated at 200° 
Kinetic Diameter, a, A: 2.6 
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Table 7. Erionite, Table 2.28, Breck 

8 8 , 8 9 , 9 0 , 9 1 , 9 2 
Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: ( C a , M g , N a 2 , K 2 ) O A l 2 ( V 6 S i 0 2 - 6 H 2 0 
Typical Unit Cell Contents: (Ca,Mg, Na 2 , K 2 ) 4 4 [ (A10 2 ) 9 (S i0 2 ) 2 7 ] · 27 H 2 o 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.1 ¿ 

SBU: 
Cage type: 

Channel System: Fig. 2.29c 

Hydrated— 
Free Apertures: 
Cation Locations: 

Dehydrated-
Effect of Dehydration: 

Largest Molecule Adsorbed: 
Kinetic Diameter, σ, A: 

Si/Al = 3 - 3 . 5 . Alkali ions > alkaline earths. 
Possibly Fe3 in teuahedral sites. 

Hexagonal 
P6 3 /mmc 
a = 13.26 A 
c = 15.12 A 

Density: 2.02 g/cc 
Unit Cell Volume: 2300 A3 

X-Ray Powder Data: Table 3.12 

Units of S6R arranged || in stacking sequence of 
AABAAC. Columns of D6R and e-cages in c 
direction in sequence e-D6R-e linked by 6-rings 
S6R and D6R Void volume: 0.35 cc/cc 
e, 23-hedron Framework density: 1.51 g/cc 
Three-dimensional, I t o e 
one-dimensional, 2.5 A, || to c 

8-ring, 3.6 χ 5.2 A 
In t-cages 

Stable 
Η-paraffin hydrocarbons 
4.3 
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Table 8. Offreti t e , Table 2.52, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 

Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.13 

SBU: 
Cage Type 

Channel System: Fig. 2.29b 
Hydrated-

Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 

Location of 1I20 Molecules: 

Largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 

2 
9 0 , 9 1 , 9 3 , 1 9 2 , 2 0 4 

0.28 MgO, 0.41 CaO, 0.26 Κ 2 0 ·Α1 2 0 3 · 
4.98 Si02 ·5.9 Mìo 

(Κ, ,Ca,Mg)2_s [(A10 2)s(Si0 2) 1 3] · 15 H 2 0 
Alkaline earths > Alkali metals 

Hexagonal Density: 2.13 g/cc 
P6m2 Unit Cell Volume: 1160 A3 

a = 13.291 ± .002 X-Ray Powder Data : Table 3.28 
c = 7.582 ± ;006 

Units of S6R arranged || to c in sequence 
AABAAB . . . Columns of e-cages and D6R in c-
direction 
D6R, S6R Void volume: 0.40 cc/cc 
e, and 14-hedron II Framework density : 1.55 g/cc 
II t o e , 6.4 A; || to a, 3.6 χ 5.2 A 

3 . 6 x 5 . 2 A; 6.4 A 
K+ in e-cages, and not exchangeable; 
Ca2+ is in D6R; Mg2+ is in the 14-hedron cage 

Unknown 
10 are coordinated to cations; 5 mobile in large 
channels 
Cyclohexane 
6 
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Table 9. Hydrated Soda l i te , Table 2.40, Breck 

Structure Group : 
Other Designation: 
Reference: 

Chemical Composi t ion 
Typical Oxide Formula: 
Typical Unit Cell Contents : 
Variations: 

Crystallographic Data 
Symmetry : 
Space Group: 
Unit Cell Constants : 

Structural Properties 
Framework: Stereo 2.22 

SBU: 
Cage type: 

Channel System: 
Hydrated— 

Free Apertures: 
Cation Locat ions: 

D e h y d r a t e d -
Cation Locations: 
Effect of Dehydra t ion: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter , σ, A: 

2 
Sodalite Hydra te , Hydroxy Sodalite, G 
9 9 . 1 0 0 , 196 

N a 2 0 - A l 2 0 3 * 2 S i 0 2 - 2 . 5 1 I 2 0 
Na 6 [(A102 ) 6 ( S i 0 2 ) 6 ]~7 .5 H 2 0 
May contain varying amoun t s of NaOII 

Cubic Density: 2 .03 g/cc 
P43n Unit Cell Volume: 702 A 3 

a = 8 .86 A X-Ray Powder Data: Table 4 .28 

Units of S6R I I and connected in sequence 
ABCABC. Close packed truncated octahedral 
cages or 0-cages 
S6R Void volume: 0 .35 cc/cc 
β Framework dens i ty : . 1.72 g/cc 
Three-dimensional, in terconnected 0-cages 

6-rings, 2.2 A 
Near the 6-rings but in the cavity of the ß-cage 

Probably on the 6-rings 
None to 800UC 
Probably 4 in each ß-cage 
HjO 
2.6 
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Table 10. Zeolite A, Table 2.18, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 

Variations: 
Crystallographic Data 

Symmetry: Cubic 
Space Group: Pm3m 

(Fm3c for true cell) 
Unit Cell Constants': a = 12.32 A, pseudo cell 

a = 24.64 A for true cell 
Structural Properties 

Framework: Stereo 2.16 
SBU: D4R 
Cage type: α, β 

(one each) 
Channel System: Fig. 2.28a Three-dimensional, 

1 0 2 , 1 0 3 , 1 0 5 - 1 1 2 , 1 1 5 , 1 7 2 

N a 2 0 - A l 2 0 3 ' 2 S i0 2 -4 .5 H 2 0 
Na l 2 [ (A10 2 ) 1 2 (Si0 2 ) 1 2 ] -27 I120, pseudo cell 
and 8X for true cell 
Si/Al = ~0.7 to 1.2; occlusion of NaA102 in 0-cages 

Density: 
Unit Cell Volume: 

1.99 g/cc 
1870 A3 

pseudo cell 
X-Ray Powder Data:Table 4.26 

Cubic array of /3-cages linked by D4R units 
Void volume: 0.47 cc/cc 
Framework density: 1.27 g/cc 

to [100]; 4.2 A and 
II to [111 ] ; 2:2 A minimum 
diameter 

Hydrated-
Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Cation Locations: 

2.2 A into 0-cage and 4.2 A into α-cage 
8 S, on 6-rings, 4 cations with H 2 0 in the 8-rings 

4.2 A 
8 Sj in 6-rings, 3 S n in 8-rings, 1 S|U at the 4-ring 

Effect of Dehydration: None on framework, 4 cations move to S¡¡ 
Location of H 2 0 Molecules: Dodecahedral arrangement in α-cage 

4 molecules in β- cage. 
Largest Molecule Adsorbed: C 2 H 4 at RT, 0 2 at - 183°C 
Kinetic Diameter, a, A: 3.9 and 3.6 
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Table Π . Faujasite, Table 2.30, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.17 

SBU: 
Cage type: 

Channel System: Fig. 2.30 
Hydrated— 

Free Apertures: 
Cation Locations: 

Dehydrated-
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 

59, 1 2 3 , 1 2 5 , 1 3 1 - 1 3 3 , 1 8 7 - 190 

(Na2 ,Ca,Mg,K2)0·A1203-4.5 Si0 2 -7 H 2 0 
Na 1 2Ca 1 2M g l I [(A102)S 9(Si02)1 3 3 J-235 H 2 0 
Κ observed in variable amounts 
Mg observed in variable amounts 

Cubic Density: 1.91 g/cc 
Fd3m Unit Cell Volume: 15,014 A1' 
a = 24.67 A X-Ray Powder Data: Table 3.13 

Truncated octahedra 0-cages, linked tetrahedrally 
through D6R's in arrangement like carbon atoms 
in diamond. Contains eight cavities ~ 13 A in 
diameter in each unit cell. 
D6R, 16/uc Void volume: 0.47 cc/cc 
β, 8/uc, 26-hedrori (II). Framework density: 1.27g/cc 
Three-dimensional, || to [110] 

12-ring 7.4 A; 6-ring 2.2 A 
See Table 2.11 

See Table 2.11 
Stable and reversible 
4 in each 0-cage 
( C 2 F 5 ) 3 N 
8.0 
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Table 12. Zeol ite X, Table 2.63, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.17 

SBU: 
Cage type: 

Channel System: Fig. 2.30 
Hydra t e d -

Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules 
Largest Molecule Adsorbed: 
Kinetic Diameter, σ. A: 

4 
5 9 , 7 8 , 1 0 4 , 1 0 7 , 1 2 4 , 1 3 8 , 2 1 4 , 2 1 5 

N a 2 O A l 2 0 3 - 2 . 5 S i 0 2 - 6 H 2 0 
Nn w [ (AlO a) e 6(SiO a) i 0 6]-264 H 2 0 
Ga substitution for Al; Si/Al = 1 to 1.5 
Na/Al = 0.7 to 1.1 

Cubic Density: 1.93 g/cc 
Id3m Unit Cell Volume: 15,362-

a = 25.02-24.86 A 15,670 A3 

X-Ray Powder Data: Table 4.88 

Truncated octahedra, β-cages, linked tetrahedrally 
through D6R's in arrangement like carbon atoms 
in diamond. Contains eight cavities, ~ 13 A in 
diameter in each unit cell 
D6R, Void volume: 0.50 cc/cc 
ß , 26-hedron (II) Framework density: 1.31 g/cc 
Three-dimensional, || to [110] 

12-ring, 7.4 A, 6-ring, 2.2 A 
Table 2.12 

7.4 A 
Table 2.12 
Stable and reversible 
See Table 2.12 
(C 4 H 9 ) 3 N 
8.1 
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Table 13 . Z e o l i t e Y, Table 2 . 6 4 , Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Ciystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2 .17 

SBU: 
Cage type: 

Channel System: Fig. 2.30 
Hydrated— 

Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, o, A: 

4 
5 9 , 1 2 4 , 1 2 8 , 1 4 0 , 2 1 6 

N a 2 0 - A l 2 0 3 - 4 . 8 S i 0 2 - 8 . 9 H 2 0 
Na56 [ (A10 2 ) S 6 (S i0 2 ) 1 3 6 1-250 HaO 
Na/A10.7to 1.1; Si/Al = > 1.5 to about 3 

Cubic Density: 1.92 g/cc 
Fd3m Unii Cell Volume: 14,901 to 
a = 24 .85 -24 .61 A 15,347 A3 

X Ray Powder Data: Table 4 .90 

Truncated octahedra,0-eagcs, linked telrahcdrally 
through D6R's in arrangement like carbon atoms 
in diamond. Contains eight cavities ~ 13 A in 
diameter in each unit cell. 
D6R Void volume: 0.48 cc/cc 
ß, 26-hedron (II) Framework density: 1.25- 1.29 g/cc 
Three-dimensional, |j to [110] 

12-ring, 7.4 A; 6-ring, 2.2 A 
Table 2.13 

~ 7.4 
Table 2.13 
Stable and reversible 
Not specifically located 
(C 4 H 9 ) 3 N 
8.1 
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T a b l e 14 . C h a b a z i t e , T a b l e 2 . 2 3 , Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallograpliic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Hexagonal, 
Structural Properties 

Fianiework: Stereo 2.19 

SHU: 
Cage type: 

Channel System: Fig. 2.29a 
Hydrated— 

Free Apertures: 

Cation Locations: 
Dehydrated-

Free Apertures: 
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, a , A: 

4 
143 ,150 , 152, 178 

C a 0 - A l 2 0 3 - 4 S i 0 2 - 6 \ 5 H 2 0 
C a 2 [ ( A 1 0 2 ) 4 ( S i 0 2 ) g ] - 1 3 H 2 0 
Na,K; Si/Al = 1 . 6 - 3 

Rhombohedral Density: 2 . 0 5 - 2 . 1 0 g/cc 
R3ni Unit Cell Volume: 822 A 3 

a = 9.42 A X-Ray Powder Data: Table 3.7 
β = 94° 28' 
a = 13.78; c = 15.06 

Configuration of D6R units in sequence 
ABCABC linked by tilted 4-rings 
D6R Void volume: 0.47 cc/cc 
Ellipsoidal, Framework density: 1.45 g/cc 
6.7 χ 10 A 
Three-dimensional 

8-rings, 3.7 χ 4.2 A 
6-rings, 2.6 A 

Coordinated with 4 H 2 0 in the cavity 

3.1 χ 4.4 A 

0.6 C a ì + in S , ; 0.35 Ca2* in S n ; 1/16 Ca 2 + in S U I 

Some framework distortion 
In cavities, 5 per Ca 2 + ion 
«-paraffin hydrocarbons 
4.3 
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Table 15. Natrolite, Table 2.50, Breck 

Structure Group: 
Other Designa tion: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.24b 

SBU: 

Channel System: Fig. 2.27 
Hydrated-

Free Apertures: 
Cation Locations: 

Dehydrated-
Free Apertures: 
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 

Largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 

5 
Llagite 
158,198,200,201 

Ν : ι 2 0 · Α 1 2 0 3 · 3 S i 0 2 · 2 H 2 0 
N a , 6 [ ( A I 0 2 ) 1 6 ( S i 0 2 ) M ] - 1 6 H 2 0 
Si/Al = 1.44-1.58 ; H 2 0/Na = 1 ; Ca, Κ very small 

Orthorhombic Density: 2.23 g/cc 
Fdd2 Unit Cell Volume: 2250 A3 

a = 18.30 A X-Ray Powder Data: Table 3.27 
b = 18.63 A 
c = 6.60 A 

Crosslinked chains of 4-1 units. Al and Si atoms 
are ordered. 

Unit of 4-1 Void volume: 0.23 cc/cc 
4-1 [Al2Si3Oio] Framework density: 1.76 g/cc 
Two-dimensional 1 to c 

8 rings, 2.6 χ 3.9 A 
In channels coordinated to 2 I I 2 0 and 4 frame-
work O atoms 

Unknown 
Unknown 
Framework shrinks due to rotation of chains 
In channels coordinated to oxygen in framework 
and sodium ions 
N H 3 

2.6 
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T a b l e 1 6 . T h o m s o n i t e , T a b l e 2 . 6 0 , B r e c k 

Structure Group: 
Other Designation: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

CrystaUographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.25 

SBU: 

Channel System: Fig. 2.27 
Hydrated-

Free Apertures: 
Cation Locations: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed : 
Kinetic Diameter, a, A: 

5 
Faroeite 
1 8 3 , 1 9 4 , 1 9 8 , 2 1 2 

(Na2 , Ca)0· A1 20 3 ·2 S i0 2 -2.4 H 2 0 
Na4Ca8 [( A102 ) 2 0 ( S i 0 2 ) 2 0 ] · 24 H 2 0 
Si/Al = 1.0—1.1 ; Gonnardite, Si/Al = 1.5 
Faroeite is Na/Ca = 1 

Orthorhombic Density: 2.3 g/cc 
Pnn2 Unit Cell Volume: 2253 A3 

a = 13.07 A X-Ray Powder Data: Table 3.33 
b = 13.08 A 
c = 13.18 A 

Crosslinked chains of 4-1 units Si/Al = 1 and 
Al, Si are ordered 
Unit of 4-1 Void volume: 0.32 cc/cc 
[ A l ^ S i ^ O 1 0 ] Framework density : 1.76 g/cc 
Two-dimensional and 1 to c 

8-ring, 2.6 χ 3.9 A 
8 coordinated with 4 cations and 3 H 2 0 's 
Remainder in 8-fold coordination 
Zigzag chains in the channels 
NH3 

2.6 
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Table 17. Edingtonite, Table 2.26, Breck 

Structure Group: 5 
Reference: 183-186 

Chemical Composition 
Typical Oxide Formula: BaO· A1203 · 3 Si02 ·4 H 2 0 
Typical Unit Cell Contents: Ba2 [ ( A I 0 2 ) 4 ( S i 0 2 ) 6 ] - 8 H 2 0 
Variations: May have some Ca, Na, Κ 

Crystallogrnphic Data 
Symmetry: Orthorhombic Density: 2.75 g/cc 
Space Group: P222 Unit Cell Volume: 598 A3 

Unit Cell Constants: a = 9.54 A X-Ray Powder Data: Table 3.10 
b = 9.65 A 
c = 6.50 A 

Structural Properties 
Framework: Stereo 2.26 Crosslinked chains of 4-1 units, Si/Al = 1.5 

Al, Si ordered 
SBU: Unit of 4-1 Void volume: 0.36cc/cc 

[Al2Si3Oio] Framework density: 1.68 g/cc 

Channel System: Fig. 2.27 Two-dimensional 1 to c 
Hydraled— 

Free Apertures: 8-ring, 3.5 χ 3.9 
Cation Locations: In alternate cavities, 8-coordinated with 6 oxygens 

and 2 I120 
Dehydrated-

Stable at 250°C Effect of Dehydration: Stable at 250°C 
Location of H 2 0 Molecules: Double chains in each channel 
Largest Molecule Adsorbed: H 2 0 
Kinetic Diameter, a, A: 2.6 
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Table 18. Mordenite, Table 2.47, Breck 

Structure Group: 
Other Designation: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallogrnphic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.27 

SBU: 

Channel System: Fig. 2.27a 

Hydrated-
Free Apertures: 

Cation Locations: 

Dehydrated-
Free Apertures: 
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, σ, A: 

6 
Ptilolite, Arduinite, Flokite, Deeckite 
89 ,159 ,161 

N a 2 0 - A l 2 0 3 - 1 0 S i 0 2 - 6 H 2 0 
Na8 [(A102 ) 8 (Si02 )4o ]' 24 H 2 0 
Si/Al = 4 .17-5 .0 ; Na, Ca > Κ 

Orthorhombic Density: 2.13 g/cc 
Cmcm Unit Cell Volume: 2794 A3 

a = 18.13 X-Ray Powder Data: Table 3.26 
b = 20.49 
c = 7.52 

Complex chains of 5-rings crosslinked by 4-rings 
Chains consist of 5-rings of Si0 4 tetrahedra and 
single AIO4 tetrahedra 
Unit 5-1 Void volume: 0.28 cc/cc 

Framework density ; 1.70 g/cc 
Main system || to c; channels with 2.8 A 
restrictions || to b 

12-rings 1 to c-axis, 6.7 χ 7.0 A 
8-rings, 2 . 9 x 5 . 7 A, i t o b 
Four Na+ in the restrictions with minimum di-
mension of 2.8 A in channels 1 to b 

Probably no change 
Unknown 
Very stable 
Unknown 
C2H4 

3.9 
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Table 19. Dachiardite, Table 2.25, Breck 

Structure Group: 6 
Reference: 162,182 

Chemical Composition 
Typical Oxide Formula: N a j O · A j í e s -7.6 Si02 -4.8 H 2 0 
Typical Unit Cell Contents: Nas [(A102)s (S i0 2 ) I 9 ] ·12 H 2 0 
Variations: Other cations Na, Κ, Ca, Mg 

Crystallographic Data 
Symmetry: Monoclinic Density: 2.16 g/cc 
Space Group: C2/m Unit Celi Volume: 1384 A3 

Unit Cell Constants: a = 18.73 A X-Ray Powder Data: Table 3.9 
b = 7.54 A 
c = 10.30 A 
β = 107° 54' 

Structural Properties 
Framework: Stereo 2.28 Complex chains of 5-rings; crosslinked by 4-rings 

SBU: Unit of 5-1 Void volume: 0.32 cc/cc 
Framework density: 1.72 g/cc 

Channel System: Fig. 2.27 Two-dimensional, || to c-axis and b-axis, 
Hydra ted-

Free Apertures: 8-ring, 3 . 7 x 6 . 7 A 
10-ring, 3 . 6 x 4 . 8 A 

Dehydrated-
Effect of Dehydration: Probably stable 

230 

 EBSCOhost - printed on 2/13/2023 4:33 AM via . All use subject to https://www.ebsco.com/terms-of-use



Table 20. Ferr ier ite, Table 2.31, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: Stereo 2.29 

SBU: 

Channel System: Fig. 2.27 
Hydrated— 

Free Apertures: 
Cation Locations: 

Dehydrated-
Cation Locations: 
Effect of Dehydration: 

Location of H 2 0 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, σ, A: 

6 
163,164,181 

(Na2 ,Mg)0· A1203 · 11.1 Si0 2 -6 .5 H 2 0 
Na I 3 Mg, [(AlO2)5^(SiO2)3 0^] -18 H 2 0 
Si/Al to 3.8; some Fe3+; also Κ and Ca; H 2 0 to 23 

Orthorliombic Density: 2.13 - 2.14 g/cc 
Imi il m Unit Cell Volume: 2027 A3 

a = 19.16 A X-Ray Powder Data : Table 3.14 
b = 14.13 A 
c = 7.49 A 

Complex chains of 5-rings which || c-axis are cross-
linked by 4-rings 
Unit of 5-1 Void volume: 0.28 cc/cc 

Framework density: 1.76 g/cc 
Two-dimensional || to c-axis, and b-axis 

10-ring, 4.3 χ 5.5 A; 8-ring, 3.4 χ 4.8 A 
Mg'* as Mg(H20)6

2 + ions in center of cavities 

Unknown 
Stable 
In hydration sphere of Mg2+ 

C 2 H 4 

3.9 
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Table 21. Heulandite , Table 2 . 3 9 , Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 

Framework: Stereo 2.32 

SBU: 

Channel System: Fig. 2.27 

Hydrated— Free Apertures: 

Cation Locations: 

D e h y d r a t e d -
Free Apertures: 
Effect of Dehydration: 

Location of 1120 Molecules 
Largest Molecule Adsorbed: 
Kinetic Diameter, a , A: 

7 
168 

C a 0 - A I 2 0 3 - 7 S i 0 2 - 6 H 2 0 
Ca, [ (A10 2 )g (S i0 2 ) I 8 ]· 24 H 2 0 
Also Κ and Sr; Si/Al 2 . 4 7 - 3 . 7 3 ; water rich 
variety has 30 I1 2 0 

Monoclinic Density: 2.198 g/cc 
Cm Unit Cell Volume: 2103 A 3 

a = 17.73 A X-Ray Powder Data: Table 3.21 
b = 17.82 A 
c = 7.43 A 
ß = 116°20' 

Special configuration of tetrahedra in 4- and 5-
rings arranged in sheets || to (010) 
Unit 4 4 - 1 Void volume: 0.39 cc/cc 

Framework density: 1.69 g/cc 
Two-dimensional, consisting of three channels, 
II to a-axis and c-axis and at 50° to a-axis 

8-ring, 4.0 χ 5.5 A 1 to a; 10-ring, 4.4 χ 7.2 A 1 
t o e ; 8-ring, 4 .1 χ 4 . 7 A 1 t o c 
Thiee types located in open channels. Cai nnd 
Ca2 in eight-fold coordination with 3 work 
oxygens and 5 water molecules near channel 
walls. Ca3 is similarly coordinated and located at 
intersection of 8-ring channels. 

Unknown 
Structure changes at 215° to Heulandite "B" , 
structure unknown 
Coordinated to calcium ions in the channels 
NM3 if partially dehydrated at 130° 
2.6 
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Table 22. CI inopti loi i te, Table 2.24, Breck 

Structure Group: 
Reference: 

Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 

Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 

Structural Properties 
Framework: 

Void volume: 
Dehydrated-

Effect of Dehydration: 
Largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 

7 
179-181 

(Na2 ,K 2 )0 · A1203 · 10 Si02 -8 H 2 0 
Na6 [(A102 )6 (Si02 )3o ] · 24 H 2 0 
Ca, Κ, Mg also present; Na, Κ > Ca 
Si/Al, 4.25 to 5.25 

Monoclinic Density: 2.16 g/cc 
1 2/m Unit Cell Volume : 2100 A3 

a = 7.41 A X-Ray Powder Data: Table 3.8 
b = 17.89 A 
c = 15.85 A 
β = 91°29' 

Possibly related to heulandite but not determined 
0.34 cc/cc Framework density: 1.71 g/cc 

Very stable-in air to 700°C 
0 2 

3.5 
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