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ABSTRACT

Silicic tuffs of the southern Great Basin and basalts
of the Columbia River Plateau are under investigation as
potential host rocks for high- and intermediate-level radio-
active wastes. Nonwelded and partially welded tuffs may
contain major amounts (>50%) of the zeolite minerals clino-
p t i l o l i t e , mordenite, and analcime. Densely welded tuffs and
some basalt flows may contain cl inopti iol i te as fracture
f i l l i ng that limits the permeability of these rocks- The
cation exchange properties of these zeoTite minerals allow
them to pose a formidable natural barrier to the migration
of cationic species of various radionuclides in aqueous
solutions. However, these minerals are unstable at elevated
temperatures and at low water-vapor pressures and may break
down either by reversible dehydration or by irreversible
mineralogical reactions.

All the breakdown reactions occurring at increased
temperature involve a net volume reduction and evolution of
fluids. Thus, they may provide a pathway (shrinkage frac-
tures) and a driving force ( f lu id pressure) for release of
radionuclides to the biosphere. These reactions may be
avoided by keeping zeolite-bearing horizons saturated with
water and below about 85°C. This may restrict allowable
gross thermal loadings in waste repositories in volcanic
rocks.

I. INTRODUCTION

Zeolites are open-framework aluminosilicate minerals of the general for-

mula (Nag, K2» Ca)x Alxy2
 S i2-x/2 °4 " y1^0 ' E a c f i a l u"i r t«"1 and silicon is

coordinated bj four oxygens, each of which is shared with another alurnino-

sil icate tetrahedron to form a three-dimensional framework. The framework



encloses la rge regu lar c a v i t i e s i n to which hydrated large radium cat ions (Na,

K, Ca, Mg, Fe, Cs, Sr, Rb, and 13a) f i t to balance the net negat ive charge on

the framework l e f t by the s u b s t i t u t i o n o f aluminum for s i l i c o n . The la rge

cat ions and t h e i r waters o f hydrat ion are loose ly bound and are r e a d i l y

exchangeable. The water is l a r g e l y neutra l (not requi red for s to ic biometry)

and may e x i s t in va r iab le amounts w i t h i n any given s t r u c t u r e . The s t ruc tu res

are also capable of incorpora t ing .m<1 somet.inif!c, entrapping ammonia, noble

g a s e s , a n d c o m p l e x o r g a n i c m o l e c u l e s a ' id

c a t a l y s t s a n d i o n s i e v e s . The v a r i a b l e ••
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work on these rocks .



Reactions that may occur in these rocks at temperatures below 200°C are
of two types: simple reversible dehydration and complex mineralogical phase
inversions. The f i r s t of these involves the loss of loosely bound water of
hydration in the zeolite. This water is not required for stoichiometry of the
zeolite and may be lost reversibly without damage to the aluminosilicate frame-
work. However, loss of the water can cause contraction of the unit cell (and
hence individual grains) of up to 10% by volume (Boles 1971, 1972) with con-
comitant development and propagation of iractures and loss of mechanical
strength. The second type of reaction involves complete recrystailization and
exchange of cations and/or water with the environment. Such reactions may
evolve (or incorporate) significant quantities of water, result in volume
changes in large quantities of rock, and alter physical and chemical proper-
ties of rock and incorporated f luids.

This report reviews the l i terature on the mineralogy and some physical
and chemical properties of the principal zeolite phases that occur at Yucca
Mountain, Nevada (c l inopt i lo l i te , mordenite, and analcime) and the dehydration
and mineralogical reactions that occur among these phases at temperatures
below 200°C. Based on this l i terature review, some preliminary experiments
have been performed to outline and refine some potential effects and con-
ditions of such reactions in the rocks of Yucca Mountain. The preliminary
experiments and the l i terature review can then be used to outline further
experiments that may be required to precisely understand these reactions.

I I . LITERATURE REVIEW

A. The Mineralogy of Cl inopti lol i te and Heulandite
Clinopti lol i te and heulandite are isostructural , differing principally in

the large cation and Al/Si rat io. Unit cells and approximate chemical formu-
lae are given in Table I . Heulandite is the name given to the calcium- and
aluminum-rich end-member and c l inopt i lo l i te to the sodium-, potassium-, and
si l icon-rich end-member. Laboratory synthesis of these phases is experimen-
ta l ly d i f f i cu l t (Soto 1977), and there has been discussion in the l i t e r re
(Mumpton 1960, Mason and Sand 1960, Shepard 1961, Boles 1972, A l ie t t i 1972)
whether complete crystalline solution exists. However, sufficient inter-
mediate compositions have now been reported from natural specimens to conclude
that there is no compositional gap between the end-members (Boles 1972).
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TABLE I

UNIT CELL AND CHEMICAL FORMULA FOR CLINOPTILOLITE MORDENITE AND ANALCIME

Space
e Group FormulaMineral

ClinoptiioUte*

Heulandite

Mordenite

Anal d *e

a

17.63

17.72

18.10

13.723

13.733

Unit
b

17.97

17.86

20.48

13.729

Cell
c

7.39

7.43

7.52b

13.686C

13.712C

116.3*' Ci/m Ha6CAt6 S<30 O ; 2 ] 24 H2O
d

116.4** C2/B Ca.[AlH Si.,,, Oj.,] 24 HPO
+ O CO tC C

CMCIH Na8[Al t f S I ^ O9f i] 24 HjjO*

U j / a c d Wa15CAl16 S i 3 3 0 ^ ] 16 H^

lbca Na, f c [A l , . S i . . . UaA] 16 H.

'Boles 1972
IPassaglia 1975
~Mazzi and Gal11 1978
°Gottardi 1978

The extremes of composition have somewhat different physical properties.

The cl inopti ioi i te end-member is substantially more stable with respect to

short-term heating in the laboratory than is heulandite. Indeed, Mumpton

(1960) suggested differentiation of the two on the basis of a heating test to

400°C for 16 to 24 h: heulandite becomes x-ray amorphous whereas clinoptilo-

l i t e retains i ts crystal Un i ty . Several workers (Boles 1972, Al iet t i 1972,

Riecker and Rooney 1968) have shown that cl inopti lol i te may retain i ts crystal

structure and mechanical strength to temperatures as high as 75O°C for short,

periods (<24 h) under dry conditions (1 atm a i r ) , whereas heulandite may begin

to break down irreversibly at temperatures as low as 250°C. However, resis-

tance to short-term dry heating should not be taken to indicate thermodynamic

stabi l i ty . Although Boles (1971, 1972) prefers to differentiate the two end-

members on the basis of composition, he has performed numerous heating

experiments to delineate thermal stabil ity (see Sec. I I , D.)

Clinoptilolite is one of the most abundant of natural zeolites. I t is

common in diagenetically altered si l icic tuffs, where i t replaces glass pyro-

clasts and f i l l s pores. I t can comprise 90% or more of some horizons. In

these rocks i t appears to be among the first-formed zeolites, forming directly

from glass and occurring nearest the surface. I t is also common in saline-

alkaline lake deposits such as Lake Tecopa, Inyo County, California (Sheppard

and Gude 1968) in which glass is a significant detrital component. Further,



i t is common in deep-sea sediments, where i t occurs at some depth in the sedi-
ment column and may replace phi i l ips i te , which occurs at the top of the column
(Boles 1977, Boles and Wise 1978, Kastner and Stonecipher 1978). With very
few exceptions, high-sil ica, high-alkali c l inopt i lo l i te is extremely fine-
grained (<20 um) and is not known to occur or form in environments where tem-
peratures exceed 100°C.

As mentioned earl ier, heulandite and c l inopt i lo l i te are isostructura'l.
Although cell edges do appear to be related to composition (Boles 1972), they
are greatly affected by hydration state, making the two extremely d i f f i cu l t to
reliably distinguish by x-ray powder diffraction methods. The crystal struc-
ture was determined for a heulandite by Merkle and Slaughter (1968), and since
then, four additional structures have been reported. Two of these are for
heulandites (Alberti 1972, Bartl 1973), the latter by neutron di f f ract ion, and
two for macrocrystalline c l inopt i lo l i te (Albert! 1975). A stereo plot of the
structure is given in Fig. 1. The structure is monoclinic with space group
C2/m; however, aluminum-silicon ordering in the framework may reduce the sym-
metry to Cm (Merkle and Slaughter 1968) or ^2/m with a doubling of the unit
cell (Bartl 1973).

The structure of c l inopt i lo l i te consists of linked 4- and 5- membered
rings forming layers in the a-£ plane separated by 8-ring and 10-ring channels
parallel to £ with approximate dimensions of 4.4 by 3.0 A and 7.9 by 3.5 A,
respectively. The exchangeable cation sites l i e in the channels close to the
8- and 10-rings. The cation exchange properties of natural c l inopt i lo l i tes
and heulandites have been extensively investigated and indicate extremely high
selectivity for cesium and a high selectivity for strontium. Ames (1959, 1960,

Fig. 1.
Stereo pair diagram of the framework of c l inopt i lo l i te and heulandite (after
Meier and 01 sen 1978). View is along the axis of the 8- and 10-ring channels
(£). The J>- ax is is horizontal, parallel to the page.



1960, 1961, 1962a, b, 1963, 1964, 1965) has investigated the use of natural
clinoptilolite to scavenge 13 Cs and Sr from radioactive waste streams.
This ability of natural clinopti1olite to selectively remove these elements
from solution by ion exchange, particularly in high concentrations of compet-
ing ions, allows natural clinoptilolite tuff to form an extremely effective
barrier to migration of these ions. It"is cesium and strontium that can con-
tribute up to 80% of the specific activity of radioactive wastes from the
commercial fuel cycle in the period from 10 to 600 years after fission. Fur-
ther, Honstead et al. (1960) showed that rare earth ions and 60Co can also be
isolated by clinoptilelite ion-exchange properties. Some ion exchange and
sorption properties of natural clinopti lolite are reviewed in Tables II and
III.

TABLE II

SORPTION PROPERTIES OF CLINOPTILOLITE, MORDENITE, AND ANALCIMEa

Mineral

Clinoptilolite

Mordeni te

Analcime

Si/Al

Range

2 . 7 - 5 . 3

4 . 4 - 5 . 5

2.0-2.7

Diffusion Control

Ring Typo

10
8

12

6

Ring Size 1A 1

7.9 by 3.6
4.4 by 3.0

7.0 by 6.7

2.8 by 2.8

Sorption

Site Type

Channel

Ciannel

Channel

IfeO

14

15

8

Sorption

"2

11

15.4

0

Pnjp

nC

i.'rties

4H10

4

6.5

0

C6H6

9

8.8

0

pH Stability

Limit c

<2

<2

^Modified after Vaughan 1978.
Approximate maximum reported values (wt%).

cpH at which structural degradation is detectable.

TABLE I I I

ION EXCHANGE PROPERTIES OF CLINOPTILOLITEa

Si/Al Original
Mineral (Exchange Capacity) Cations Exchange Seiectivities

Cli nopti lol i te 2.1 - 5.3 Na, K, Ca Cs+ >K* >Sr+* * Ba*+ >Ca++ » N a * >L i *

Pb+* >Ag* >Cd++ £ Zn + + >Ca* >«a+

Mordenite *.• - 5.5 Na, Ca Cs+ >K+ >NH4* >Na+ >8a++ >Li*

NH4* >Ma
+ >Mn+* >Cu++ >CZ+ ̂  Zn** >M

Analcine 2.0 - i.l Na Complicated by ion sieving

*Modif1e<J after Vaughan 1978.
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B. Mineralogy of Mordenite
Mordenite is a zeolite of commonly fibrous habit. I t is very simliar in

chemical composition and water content to alkali c l inopt i lo l i te and has the
approximate formula (Na2, K2, Ca)4 AlgSi^Ogg * 28H20 (Passaglia 1975). How-
ever, the Al/Si ratio is much less variable. The mineral species p t i l o l i t e ,
f lok i te , and arduinite have been shown to be identical to mordenite (Davis
1958) and these names are no longer in use.

The crystal structure was determined by Meier (1968) and is orthorhombic
with space group Cmcm (Table I ) . Recent refinements of the structures of de-
hydrated mordenites (Schlenker et a l . 1979a,b) also give this space group. A
stereo pair drawing of the framework is given in Fig. 2 showing the chains of
five-membered rings parallel to £, which are connected through double eight-
membered rings in the £-£ place. These are joined to form large 12-ring
channels parallel to £ with double 8-ring prisms forming side pockets in the
£-£ plane. Adjacent eight-ring prisms are offset by £/2 so that the path
between large channels is constricted, and diffusion within the structure is

o

limited to molecules with diameters less than about 2.8 A. Structural offset

of the large channels l imits access to the structure to molecules with diam-
o

eters less than about 4.2 A (Vaughan 1978). Because of this cage-like effect,
85natural mordenite has been used to mechanically entrap Kr which can diffuse

into the structure at elevated temperatures (Barrer and Vaughan 1971, Brown et

a l . 1977, Benedict 1979). Some sorption and cation exchange properties of

Fig. 2.
Stereo pair diagram of framework of mordenite (after Meier and 01 sen 1978).
View is parallel to £.



natural mordenites are reviewed in Tables I I and I I I . Mordenite is stable in
acid solutions (up to 2 mol HC1), and acid treatments are used to increase ion
exchange capacities of natural mordenites.

Mordenite is common in altered s i l i c ic tu f f deposited in marine and con-
tinental environments where i t can be a major constituent of some rocks. At
the NTS, i t is commonly closely associated with c l inopt i lo l i te and Cristo-
bal i te in the deeper c l inopt i lo l i te zones where i t comprises up to 40% of some
horizons (Hoover 1968, Heiken and Bevier 1978). Mordenite also occurs in
saline-alkal ine lake environments where i t can form nearly pure monomineralic
rocks (Sheppard and Gude 1968, 1969, Surdam and Sheppard 1978).

C. Mineralogy of Analcime
Analcime is a sodium-rich zeolite with the ideal formula NaAlSi?Ofi«fi,O;

however, natural analcimes range in composition from about Nai6A1t6Si32°96*
16H20 to about Na13A113Si35096«nH20 (Coombs and Whetten 1968). Although the
calcium analogue exists as the mineral wairakite (CagAl16Si320g6*16f^0) as do
intermediate compositions, calcic analcimes are more common in high-tempera-
ture hydrothermal environments (Harada et a i . 1972, Liou 1971). Analcimes
from diagenetically altered alkalic s i l i c ic tuffs tend to be nearly calcium
free and si l ica rich (Coombs and Whetten 1968, Heiken and Bevier 1978)
although calcic analcimes have been reported from such environments (for
example, Surdam and Parker 1979). The cesium analogue also exists as the
mineral pollucite (the principal ore of cesium), but extensive crystalline
solution between the cesium and sodium end-members has not been reported.
Natural analcime has a substantially lower water content and higher density
than either c l inopt i lo l i te or mordenite.

The hoiosymmetry of the analcime framework is cubic, space group Ia3d
(Table I) (Taylor 1330, Calleri and Ferraris 1964, Knowles et a l . 1965,
Ferraris et a l . 1972). Natural analcimes, however, commonly show evidence of
noncubic symmetry and are typically optically birefringent to varying degrees.
This has been related to aluminum-silicon ordering in the framework in vio-
lation of cubic symmetry. Mazzi and Galli (1978) have successfully refined
analcime crystal structures in the tetragonal space group 1̂  4./acd and in the
orthorhombic space group Ibca, both subgroups of the cubic Ia3d_. A stereo
pair diagram of the framework is given in Fig. 3-
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Fig. 3.
Stereo pair diagram of the framework of anaicime (after Meier and 01 sen 1978).
The lack of channels is evident when compared with Figs. 1 and 2.

The cubic structure consists of four-, six-, and eight-membered rings
linked to form nonintersecting channels and cavities. Because of the dense
structure and isolated channels and cavities, the analcime structure does not
readily sorb molecules larger than about 3.0 A diam, and ion exchange is ex-
tremely limited particularly at room temperature. At elevated temperatures,
sodium can be replaced by potassium, si lver, thallium, ammonia, and rubidium;
however, only negligible exchange occurs with l i thium, magnesium, calcium, and
barium (Vaughan 1978). Cesium has been shown to exchange very slowly { Barrer
and Rees 1960, Callahan and Kay 1966).

Analcime is the only member of the zeolite group that appears to occur as
primary magmatic crystals in the groundmass of some basalts (Deer et a l .
1964). However Liou (1971) and Thompson (1971) have shown that analcime
breaks down to nepheline plus albite at 200cC and 100 MPa (1 kbar} water pres-
sure, and i t may be that the apparent igneous occurrences are either secondary
or metastable. Saha (1959) has shown that analcime is kinetically favored and
crystallines readily from glasses ranging in composition from nepheline to
albite. Analcime is widespread as a secondary alteration mineral in s i l i c i c
tuffs that have undergone burial diagenesis or low-grade hydrothermal altera-
t ion. In this paragenesis, i t commonly pseudomorphs and replaces cl inopt i lo-
l i t e and mordenite. Here i t may compose up to 90% of some rocks although i t
is more commonly intergrown with significant amounts of quartz, Cristobalite,



and albite. Analcime also occurs in hydrothermally altered tuffs and sedi-
ments (for example, Seki and Oki 1969, Honda and Muffler 1970) and is a minor
constituent in saline-alkaline lake deposits (Sheppard and Gude 1968).

D. Dehydration Stabil i ty

Literature on the thermal stabi l i ty of c l inopt i lo l i te and heulandite is
complex and, in places, confl ict ing. However, such studies are of two
principal types: those done at one atmosphere pressure or less, and those
done at elevated water pressures. The former principally address dehydration
reactions to metastable states, whereas the latter address the thermodynamic
stabi l i ty of c l inopt i lo l i te relative to other zeolite phases. Both types of
reaction may constrain design of a waste repository in or near c l inopt i lo l i te-
bearing rocks. Literature on the thermodynamic stabi l i ty of c l inopt i lo l i te
wi l l be reviewed under "Burial Diagenesis" below. The dehydration of these
minerals may cause water loss under unsaturated conditions, possibly affecting
the stabi l i ty of mine tunnels or, in a worst case, control temperature and
water pressure conditions during a thermal excursion. In either case, the
reactions warrant investigation.

Because heating tests in dry atmospheres have been used to differentiate
c l inopt i lo l i te from heulandite (Mumpton 1960, A l ie t t i 1972, Boles 1972), there
exists considerable information on the thermal stabi l i ty of these minerals
under such conditions. Breger et a l . (1970) describe a complex polymorphism
in c l inopt i lo l i te based on x-ray powder diffraction and infrared spectroscopy.
These and subsequent workers (Boles 1971, 1972, A l ie t t i 1972) describe dis-
crete contracted phases, a J3 phase and an intermediate Ĵ  phase, which occur on
heating in the range 200 to 300°C, followed by cooling. The more alkalic and
s i l i c i c the c l inopt i lo l i te , the higher the temperature at which the contracted
phases appear. The more calcic and aluminous heulandites become x-ray amor-
phous above 250°C, whereas the more alkalic and s i l i c ic cl inopt i lo l i tes do not
become x-ray amorphous until heated above 750°C. The contracted phases were
observed to revert to the normal structure after cooling and being allowed to
re-equilibrate wi*:h atmospheric moisture. I t is inferred that the contracted
phases result from reversible loss of loosely bound water with concomitant
collapse of the aluminosilicate framework. The contracted phases appear to
have decreased in volume by up to 102. Single-crystal observations of the
dehydration of these minerals are in progress (Mortier and Pearce 1980), so i t
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should soon be possible to conclude if the contracted phases are discrete,
definable states or if all intermediate states may exist. Such observations
will be extremely useful for interpretation of dehydration phenomena and how
they might affect physical properties, mechanical strength in particular.

Mordenite behaves similarly to clinoptiiolite on dehydration (for exam-
ple, Schlenker et al. 1979a,b). It releases loosely bound water en increased
temperature up to approximately 300°C. Water loss is accompanied by a reduc-
tion in unit cell volume of up to 8%. Loss of crystal Unity begins above
400"C. No detailed information on the dehydration behavior of analcime was
found in the literature. Analcime might be expected to exhibit similar
effects; however, they will probably be much less pronounced and occur at
higher temperatures because of the substantially lower water content, higher
density, and apparent higher temperature of paragenesis of analcime relative
to clinoptiiolite and mordenite.

E. Burial Diagenesis
Zeolite grade metamorphism was defined to be the lowest grade of region-

al metamorphic alteration of rocks by Fyfe et al. (1958) based on the early
work of Coombs (1953). It occurs at temperatures below 200°C and pressures
below 300 MPa (3 kbar) (for example, Winkler 1965, Turner and Verhoogen 1960)
and is typical of low-grade burial and contact metamorphic assemblages (Hay
1966, Coombs 1970, Sheppard 1971, Hay 1978, Barrows 1980). It is only recent-
ly that the zeolite grade has been subdivided into zones that are consistent,
mappabie, and correlated between rocks of differing composition, and that
temperatures have been tentatively assigned to boundaries (Iijima 1975, 1978,
1980). The temperature ranges of these zoies are also known to vary with the
composition of pore fluids, particularly with sodium ion concentration.

Zeolite zones defined by Iijima (1975, 1980) are based on zeolite min-
eralogies replacing volcanic glass in two types of sequences: an alkali zeo-
lite reaction series and a calcic reaction series. Zone boundaries are
defined on the basis of the more common alkali series, which is typical of
diagenetically altered silicic tuff.

"Four diagenetic zones are constructed; namely, Zone I is a zeolite-
free zone characterized by glass shards which alter principally, or
sometimes wholly to smectite and opal; Zone II is a zone charac-
terized by clinoptilolite, mordenite, or both which originate from
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acidic glass; Zone III is a zone characterized by analcime replacing
the precursor zeolites, which often coexist as relic; and Zone IV is
a zone characterized by albite replacing analcime." (Iijima, 1980).

The mineralogy of the various zones is shown diagrammatically in Fig. 4.
Several lines of evidence have been used to establish temperatures of

boundaries between zones. The top of Zone III, marked by the appearance of
analcime, has been observed in drill holes penetrating thick sequences of
Quaternary marine tuffs currently undergoing burial diagenesis in the Niigata,
Akita, and Tenpoku oil fields of Japan (Iijima and Utada 1971, lijima 1975,
1978, 1980, Iijima and Ohwa 1980). Borehole logs give a narrow temperature
range of 84 to 91 °C for the transition. It appears to occur over a large
depth range (1700 to 3500 m), indicating that temperature rather than pressure
(total or water) is the controlling variable. This is in very good agreement,
with the experimental work of Boles (19/1) who converted clinoptilotite to
analcime at 100°C in pore fluids of 0 1 mol NaCl plus 0.01 mol Ma2C03 in 21
days. In the drill holes, the top of Zone IV is observed at 120 to 124°C over
a depth range of 2500 to 4500 m, again indicating that temperature rather than
pressure is the controlling variable.
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Fig . 4 .
Zeol i te zone mineralogy for a l k a l i and calc ic zeo l i te series ( a f t e r I i j i m a
1980) . Approximate temperatures o f boundaries between zones a t bottom of
f igure are given by I i j i m a , 1980 for marine t u f f s with high concentrations o f
Na+ in pore f lu ids ( I i j i m a and Ohw? 1980).
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The top of Zone I I Us observed at temperatures of 25 to 60°C over a depth

range of 635 to 1900 m. The wider temperature range indicates that this reac-

tion is perhaps more sensitive to pressure or pore water composition. lijima

(1975) has summarized the effects of pore water composition on the tempera-

tures of the Zone I I / I11 and Zone I I I / I V boundaries. His conclusions are pre-

sented diagrammaticaiiy in Fig. 5 and permit a rough extrapolation to lower

sodium ion concentrations. I f sufficient sodium ion is available for con-

version of alkali cl inopti iol i te to analcime at concentrations below 1000 ppm,

then the reaction should proceed at temperatures of 90 to 100°C at concentra-

tions typical of waters in tuf f with open continental hydrologic systems.

In summary, the literature on the mineralogy, chemistry, occurrences, and

thermal stabil i ty of zeoloite minerals typical of the alkal i -zeoli te sequence

10s

*i*

10'

10

AlKAU S*ON€ LAKE

THICK MARINE TUFFS

V ALCITE OUARTZ HjO

WEAKLY
ALKALINE

\ GEOTHERMAL
\ \ WATERS

100 ISO 200
TEMPERATURE CCI

250 300

Fig. 5.
Plot of Na+ concentration vs temperature for reactions bounding zeolite zones
(after Iijima 1975). The lowest temperature and concentration field is for
the assemblage alkali cl inopti loi i te + si l ica + HJ) and corresponds to Zone I I
(Fig. 4 ) . The reaction of this assemblage to analcime + quartz + H90 is
delineated by three data points: temperatures of saline alkaline lakes, Trtose
of thick marine tuffs and the laboratory experiment of Boles 1972. The reac-
tion of the assemblage analcime + quartz + \L0 (Zone I I I> to albite + quartz +
rU) is bounded by four data points: salfne alkaline lakes, thick marine
tDffs, weakly alkaline geothermai waters (for example, Honda and Huffier
1970), and some laboratory experiments ( tor example, Liou 1971, Sana 1959)
The composition of water from dr i l l hole J-13 in Jackass Flat is plotted at
the approximate ambient temperature of possible repository horizons at Yucca
Mountain.
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in continental tuf fs has been reviewed. Sorption and cation exchange selec-

t i v i t y offer a substantial advantage of these rocks over other media for long-

term isolation of radioactive wastes. The relatively low thermal s tabi l i ty of

these minerals, however, may constrain the allowable temperatures and hence

waste emplacement densities for any repository of high-level wastes or spent

reactor fuel elements.

I I I . CONSTRAINTS OH REPOSITORY CONDITIONS

A. Dehydration Reactions

Although i t is not currently contemplated to emplace radioactive waste

directly into zeolit ized horizons, rocks containing major amounts of clinop-

t i l o l i t e and mordenite surround potential repository horizons at Yucca Moun-

ta in . Also, zeolites are important f racture- f i l l ing minerals that may control

peTieabil i ty in basalts of the Columbia River Plateau. Simple dehydration of

natural c l inop t i lo l i te and mordenite is viewed as being of secondary impor-

tance to repository design relative to the mineralogical reactions discussed

below. However, inasmuch as these reactions may cause degradation of mine

tunnels and pi l lars or open fractures, sor.e preliminary experiments have been

carried out to delineate or bound dehydration reaction conditions.

The f i r s t experiment (Appendix A) observed the time required for a small

cylinder of c l inop t i lo l i te - r i ch tu f f to reach hydration equilibrium with

laboratory air at 95°C (relat ive humidity <20% at 20°C) after being hydrated

-n a water-saturated environment at 95°C. The results indicate a rapid

decrease in volume and weight in the f i r s t few hours with essentially no

changes in weight and volume after about 8 h. Essentially complete rehydra-

tion occurred after replacing in the saturated en'iror^ent for 8 h. The

results of this experiment show that the hydration staLe of c l inop t i lo l i te is

much more a function of partial pressure of water than of temperature.

Although the water in the zeolite is only loosely bound, i t does have some

binding energy and does not behava thermodynamically l ike l iquid water. From

th i s , one may conclude that i f the zeolite is in equilibrium with l iqu id water

at the same temperature, i t should be fu l ly hydrated, and that major dehydra-

t ion ( that i s , loss of greater than 3% water by weight) can only occur i f the

part ial pressure of water is less than the vapor or pore pressure.
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However, the above inference pertains only to major dehydration effects,
and minor dehydration (loss of 2% or less water by weight) may also become
significant. For example, if clinoptilolite is under an external water pres-
sure of 30 bar (= 300-m waterhead) and the temperature is raised from 35 to
85°C, the "fully-hydrated" state at the higher temperature may contain less
water than at the lower temperature. Within the limits of current knowledge,
this amount could be as much as 1 or 2 wt%; and if so, pressures in excess of
the hydrostatic head could develop in and around the heated, saturated zeo-
litized horizon. This could have a significant effect on the hydrology of the
repository site. To evaluate such effects, data on amounts of hydration water
in these zeolite minerals as a function of water pressure and temperature are
required. It is here strongly recommended that such measurements be under-
taken, particularly in the temperature range 30 to 100°C and pressure range
0.5 to 30 bar.

A second experiment (Appendix 3) recorded changes in weight and volume
for specimens of differing mineralogy on heating in a dry environment 3t
several temperatures for a minimum of 8 h each. Three nonwelded specimer.s,
one high in clinoptilolite, one high in anaicime, and one high in glass, and
one welded devitrified specimen high in quartz, feldspar, and cristobalite
were selected. The results reflect a very large difference in dehydration be-
havior of the various minerals. The welded devitrified and the nonwelded
vitric specimens showed near zero weight loss on heating as might be expected
from the near absence of hydrous minerals. The analcime specimen showed a
total weight loss of about 5% and the clinoptilolite about 10%, which is con-
sistent with their relative water contents. These results closely correlate
with hydrous mineral water contents and not with porosity or bulk density.

It is possible to conclude from these simple experiments that major dehy-
dration (greater than 3 wt% water) of clinoptilolite would only occur in a
repository at mine tunnel surfaces if liquid water were not present or in rock
masses if boiling should occur. If temperatures in the repository are not to
exceed 100°C, the latter should not be a problem. If heated mine tunnels are
cooled by surface air, the former could become a problem; however, it could
easily be avoided by wetting" down tunnel surfaces. If boiling should occur in
rock masses by some accident or severe miscalculation, dehydration of clino-
ptilolite with decrease in volume, propagation of fractures, and evolution of
large amounts of water could become a severe problem.
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Although major dehydration of these minerals should not occur in the tem-
perature range 20 to 85°C with water pressures in excess of one atmosphere,
small changes in the water contents of up to 1 cr 2% are possible. Inasmuch
as such changes may affect the local hydrology, they need to be evaluated. To
do this, it will be necessary to undertake careful differential thermal analy-
sis of the dehydration process and to measure the water contents of clinopti-
lolite as a function of water pressure at various temperatures.

B. Mineralogical Reactions
As pointed out, clinoptilolite and mordenite have a somewhat limited

thermal stability and break down to denser, less hydrous phases (analcire and
albite, progressively) at temperatures below 150°C under conditions that could
conceivably be achieved in the rock volume surrounding a waste repository.
Although the reactions might possibly result in more inherently stable rocks,
and the recrystallization might fix migrating radionuclides, potential nega-
tive effects are currently unknown and unpredictable. In particular, the
reactions can release large amounts of water, cause significant volume
decreases and development and propagation of fractures, and completely alter
the physical and chemical properties of the rock.

Because kinetic and other thermodynamic parameters of these reactions are
unknown, it is currently impossible to accurately model or predict the effects.
It therefore seems advisable to avoid conditions that might induce such reac-
tions. This may place a significant constraint on waste emplacement densities
(thermal loading) in any repository at Yucca Mountain. The reaction of clino-
ptilolite to analcime is the one that appears to take place at the lowest tem-
peratures and hence has the greatest potential to constrain thermal loadings.
This reaction has been observed in the laboratory in pore fluids moderately
concentrated in sodium ion (approximately 5000 ppm at pH 11) at 100°C in as
little as 21 days (Boles 1971). Also, analcime is reported to be forming in
the field at temperatures as low as 85°C in slightly more concentrated sodic
pore fluids (approx 10 000 ppm at pH 8.5) (Fig. 5, Iijima 1975). Ground water
at Yucca Mountain is of substantially lower sodium ion concentrations and pH.
Water from well J-13 in western Jackass Flat has sodium ion concentrations of
approximately 200 ppm and a pH of 7.8 to 8.2. This water comes from fracture
permeability in the densely welded, nonzeolitized Topopah Springs member of
the Paintbrush Tuff and may not be representative of pore water in zeolitized

16



horizons. However, i t is not expected that such waters will exceed 1000 ppm

in sodium ion concentrations. I t is known that sufficient sodium ion concen-

trations did exist in the past for the reaction to proceed at depths greater

than 3500 feet in dr i l l hole USW-G1.

Plotting the expected sodium ion concentrations at Yucca Mountain in Fig.

5, we would predict that the reaction of cl inopti lol i te to analcime will

probably begin at about 105°C. However, Boles (1971) did not do experiments

below 100°C or attempt to reverse *'ne reaction, so his work does not provi. e a

lower temperature bound for the reaction. Also, sodium ion concentrations jiri

situ could be as high as 1000 ppm, so a safe lower bound for the beginning of

the reaction could be set at about 95°C. Allowing a further 10% margin of

error in thermal calculations, i t seems advisable to constrain temperature

maxima for zeoiitized horizons adjoining any nonzeolitized repository horizon

to a maximum of 85°C.

Figure 6 is a plot of the observed geothermal gradient in USW-G1. Also

plotted are the maximum paleogeothermal gradient as inferred from the f i rs t

appearance of analcime and albitized tuffs in USW-G1 and the temperature of

the Zone Il-Zone I I I {clinoptilolite-analcime) transition. I t appears from

this figure that maximum temperature rises in zeolitized zones adjacent to

potential repository horizons will be limited to about 50°C.

Preliminary thermal models for a repository located at 800-m depths in

tuff of Yucca Mountain indicate that temperatures in cl inopti lol i te zones will

not exceed 85°C i f reprocessed high-level waste is emplaced at a gross thermal

loading of 75 kW/acre (Tyler and Langkopf 1980). However, calculations for

spent fuel emplaced at the same loading indicate that temperatures in zeo-

l i t ized zones may reach 110 to 120°C. Any potential problem can be avoided by

lowering the gross thermal loading for spent fuel. More precise thermal

models wil l of course be required to estimate maximum allowable thermal

loadings.

IV. CONCLUSIONS

Literature review shows that the i n s t a b i l i t y of c l inopt i lo l i t e may

constrain repository heat loadings at Yucca Mountain. To prevent dehydration

of c l inopt i lo l i te , wetting of mine tunnel and shaft surfaces may be required

i f dry air is used to cool heated geologic formations during the active l i f e
17
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Plot of approximate temperature vs depth for dr i l l hole USW-G1 (solid l ine ) .
Also shown is a maximum paleogeotherm (dashed line) based on the observed
zeolite zonal boundaries (boxes). Roman numerals indicate zeolite zones. The
85°C temperature l imit is shown as a vertical solid l ine. Possible repository
locations in the centers of two zeolite-free horizons 60 to 100 m thick are
shown with horizontal bars extending to the 85°C l imi t . The length of the bar
corresponds to the maximum allowable induced temperature increases resulting
from emplaced wastes.

of the repository. Otherwise, major dehydration of cl inopti lol i te should not

become a problem unless boiling of interst i t ia l water should occur. Boiling

should not occur i f thermal constraints imposed by potential mineralogical

reactions are observed. I t is possible that minor dehydration (less than 2

vt% water loss) could occur in the temperature range 20 to 85°C and at water

pressures greater than one atmosphere and affect local hydrology. These

effects might be evaluated by measurement of water content as a function of

water pressure and temperature.

I t is possible to place a fair ly firm constraint on the maximum tempera-

ture of cl inopti lol i te horizons based on mineralogical reactions. There is

substantial evidence to suggest that in environments similar to Yucca

Mountain, c l inopt i lol i te and mordenite break down at temperatures above 95°C.

To avoid consequences of these reactions, temperatures in zeolitized horizons

should not exceed about 85°C. This wil l l imit temperature rises in rocks 30
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to 50 m above potent ia l emplacement horizons to about 50°C. I f t h i s con-

s t r a i n t is exceeded, the reactions may provide both a pathway (shrinkage

fractures) and dr iv ing force (evolved f l u i d ) for release o f radionuclides to

the biosphere.
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APPENDIX A

HYDRATION AND DEHYDRATION OF A CLINOPTILOLITE-RICH CORE

FROM YUCCA MOUNTAIN

I . PURPOSE

To determine the rate of density change in a c l inopt i lo l i te - r ich core

sample of Yucca Mountain tu f f upon hydration followed by constant temperature.

II. SAMPLE

YM-38: altered, zeoiitized, nonwelded, vitric tuff. The zeolites have a
median (Ca » Na + K) clinoptilolite composition. The phenocrysts are quartz,
plagioclase, and sanidine.
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I I I . PROCEDURE

Measurements were made for a core of YM-38 tu f f approximately i cm in

length and 2.5 cm in diameter. The sample core was weighed to 0.001 and

measured for both length and diameter to 0.01 of an inch; these measurements

were repeated three times prior to the test . Average values were then used to

calculate volume and density for the sample. These measurements were also

performed after each run was completed.

The core was placed in a water-f i l led desiccator for 48 h at 91°C and the

density of the core was remeasured. The hydrated sample was then maintained

at a constant temperature of approximately 95° (±3°) in a drying oven. The

density of the core was remeasured after 0.5, 1 , 2, 3, 8 , 16, and 32 h (±10

min.) . Following the 32-h dehydration, the w e was returned to the desic-

cator for 48 h at 92°C for rehydration.

IV. RESULTS

Complete results are presented in Table A-1 and Fig. A - l . During the

i n i t i a l hydration run, sample YM-38 exhibited similar increases in weight

(6.15%) and in density (5.72%). Si sequent heating resulted in a weight loss

of 9% and a density decrease of 6.14%. Weight and density parameters show

l i t t l e variation between the 16- and 32-h runs, possibly indicating approach

to hydration equilibrium during this time. After rehydration the density was

3.04% lower than that following the f i rs t hydration.

V. CONCLUSIONS

The 6.15 wt% gain during the in i t i a l hydration test indicates that the

zeolite in the YM-38 tu f f core was not ful ly hydrated before this experiment

began. The experiment shows that significant weight and volume changes in

c l inopt i lo i i te tu f f can occur below 100°C with changes in the partial pressure

of water. Because such changes may c r i t i c a l l y affect the ground-water flow

regime in the vicini ty of a waste repository, i t is important to continue the

investigation of equilibrium reactions between zeolite and ground water under

low temperature (<100°C) conditions.

Th'e volume of the core {Fig. A-l ) generally decreased as the time of

heating was increased. To avoid the rapid re-equilibration with atmospheric

moisture, measurements were made while the samples were s t i l l warm. Although

thermal expansion is known to be small relat ive to volume changes resulting
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from hydration, the snail in i t ia l voluwe Increase nay simply reflect thermal

expansion. After 1 h of heating, the shrinkage of the cl inopti loi i te unit

cell (determined by x-ray analysis) upon dehydration becomes dominant and

produces a net volume decrease.

After rehydration the sample exhibited lower weight and density and a

larger volume relative to the in i t ia l hydratIon run. The weight loss

following rehydration may be due to nonreversible dehydration.
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TABU A-1
AVERAGE VOLUME ANO DENSITY FOR YM-38 MAIMTAIMEQ AT 91-95°C

BH

H

0.5

1.0

2.0

3.0

8.0b

16 0

32-0

RH

V(c»3)

10.2077

10.2490

10.2590

10.2814

10.2028

10.1698

10.1823

10.1689

10.1526

10.2798

Density(t/c»

1.8247

1.9290

I.8721

1.8308

1.8118

1.80)8

1.7747

1.7771

1.7720

1.8704

aBH is before hydration. H is after hydration, 2nd RH is rehydration after 32 h
at 95°C.

Out of sequence.

OS 1.0 2.0 3.0 BO
NUMBER OF HOURS

1S.0 32.0

Fig. A-l.
Cumulative changes in density, woluwe, and weight for c l inopti loi i te tuff
sample YM-38 heated at 95°C as a function of time. Initial values (BH) are for
the shelf-dried specimen, and final values (RH) are after rehydration.

The volume increase following rehydration may be due to slight thermal expan-
sion or to fractures introduced by shrinkage of clinoptHolite by dehydration.
More tests are required to determine i f there are residual nonreversible
hydration-dehydration effects in this zeolitized tuff.
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APPENDIX B

EFFECTS OF MINERALOGY ON WEIGHT AND VOLUME CHANGES IN SELECTED TUFF SAMPLES
ON HEATING TO 400°C

I . PURPOSE

To record density changes in tu f f samples of various mineralogies at

d i fferent temper,, tures.

II. SAMPLE DESCRIPTION

JA-5 Tiva Canyon Member, Paintbrush Tuff. Welded, witric tu f f .

Phenocrysts are primarily quartz and sanidine.

JA-26 Prow Pass Member, Crater Flat Tuff. Nonwelded, zeolitized

(analcime) ash-flow tuf f . Phenocrysts are quartz, plagioclase,

and K-spar.

YM-40 Bedded tuff of Calico Hil ls. Altered, nonwelded vi t r ic tuff-

Zeolitized with Na + K-rich cl inopt i lo l i te . Phenocrysts are

quartz, sanidine, and plagioclase.

B Central portion of Bandelier Tuff. Nonwelded, nonzeolitized,

ash-flow tuff with large pumice fragments and moderate amount of

l i th ic fragments.

III. PROCEDURE

Cores (approximately 1- in . diam and 1 -1 /2 - in . length) of each sample were

cut and weighed three times to the nearest 0.001 g . The diameter and length

of each core were also measured three times to 0.01 i n . Volumes and densities

were calculated using these values.

Each core was heated in a temperature-controlled muffle furnace (±1°C)

for a period of 48 h (±15 m i n . ) ; weight , l e n g t h , and diameter were

redetermined as above for temperatures of 100, 200, 300, and 400°C to y ie ld

volume and density as a function of temperature (Table B - I ) . Changes in the

measured and calculated properties between 25 and 400°C are given in Table

B-II.
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TABLE B-I
WEIGHTS, VOLUMES, AND DENSITIES OF SAMPLES USED FOR HEATER EXPERIMENTS3

I-CI

2s

100

2UO

300

400

MO

JA-S JA-2*

33.2*7*

33.2*42

33.27M

Ht

1S.4M4

It.UU
if.MM

2.1*2i
2.1431
1.1322

*« «t wiat mt u *M(tjf.

2I.W73

2t.i327

».4ttt

•33.3MO 1S.3WU 2.1M* 2C.473I 14.72N

33.3217 li.371t 2.1*77 M.3IM4 14.72*1

33.ZK* 1S.3W1 2.1Mb 2K.M7* 14.74/2

14.73*2

14.72**

14.724*

.7341

.734*

1.7310

Ht IK

1S.2242 l.*4W U . * M * 1S.23W 1.4JU

.7*14 23.H*3 1S.22U2 1.S742 21.M74 Haiti

. / *»* 23.WH IS.UW

22.H73

u.tm
tt.m*

li.KM
14.MM

14.M24

l.fW7

l.fWO

1.CW1

21.M2* 1S.34U7
21. W U

21.IM4

li.41*2

H.tlM

.43US

I Mat

..«!»

..41IW

1.41*2

TABLE B-II
CHANGES IN PROPERTIES, 25 TO 400aC OF SAMPLES USED FOR HEATER EXPERIMENTS3

JA-5 M-ib fM-40

Mt

h

r

«

P

(1)

(ml

(cal

In')

If/ca3)

-0

«O.

•0 .

-0 .

.10*1

.02*0

.00 JO

.lit*

Mil*

-0

-0 .

«u.
-0 .

-u.

.mil

.0043

OOUJ

.OOiS

OMi

-Z.S474

-0.0094

-0.00*4

-0.2718

-U.14O4

-0

• 0 .

• 0 .

• 0 .

- 0 .

.UJtM

(XW4

.0040

.1440

01MI

*k U *t f«*t . r is ratflM. V U w 1 « . —0 P «*

Fig. B-l.
Cumulative percent weight loss for
tuff samples of various mineralogies.

Fig. H-2.
Cumulative percent volume change on
heating for tuff samples.
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Fig. B-3.
Cumulative percent density change on heating for tuff samples. Clinoptiiolite
present in YM-40. Mot only was all loosely bound water driven off , but minor
amounts of tightly bound water may have also been driven out of the clinopti-
l o l i t e . The volume decrease in YM-40 is probably due to contraction of the
clinopti lol i te unit cell upon heating.

IV. CONCLUSIONS

Experimental results (see Figs. B-l, B-2, and B-3) indicate a range in

thermomechanical properties for tuf f samples that depend primarily upon the

nature and proportion of zeolite minerals present. Density decreases in the

zeolite-free JA-5 and B cores were similar and are due primarily to volume

increases upon heating because weight changes were negligible. The density

decrease in sample JA-26, however, was due to weight loss coupled with

negligible volume change. Weight loss in JA-26 is attributed to water loss

from analcime in the tuf f . The density decrease of sample YM-40 is due to a

fractional weight loss that is much greater than the fractional volume loss.

The relatively high weight loss is also due to dehydration of the zeolite

phase.
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