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Abstract-To understand and predict the effects of a thermal pulse induced by a radioactive waste 
repository on clinoptilolite-bearing rocks, the lattice parameters of 6 natural and 3 cation-exchanged (Ca, 
K, Na) clinoptilolites were studied as a function of temperature. The samples were examined at room 
temperature, under vacuum, and at 50·C increments to 300·C using a high-temperature X-ray powder 
diffractometer. The unit cell of all samples decreased in volume between 20· and 300·C; Na-saturated 
clinoptilolite underwent the greatest volume decrease (8.4%) and K-saturated clinoptilolite the smallest 
(1.6%), of the clinoptilolites studied. The volume decrease for the Ca-saturated clinoptilolite was 3.6%. 
The highest percentage decrease for each sample was along the b axis, generally 80-90% of the total 
volume decrease. The change in the a axis was the smallest and was usually < 5%, although 26.5% of the 
contraction of the Na-exchanged clinoptilolite was along a. The bulk of the volume contraction of many 
samples occurred on evacuation at room temperature, demonstrating that the observed changes were due 
to water loss and not to temperature-induced structural changes. Low-angle scattering was significantly 
reduced upon evacuation for every sample, and the 110 reflection of clinoptilolite at 7.45·211 became 
obvious, whereas it was not in the untreated samples. 

These data show that the effects of heating on the unit-cell volume of clinoptilolite depend strongly on 
the exchangeable cation content. Significant reductions in the unit-cell volumes of natural, mixed Na-K­
Ca clinoptilolites could take place in rocks in a repository environment, particularly if the clinoptilolites 
occurred in unsaturated, dehydrated rock. The unit-cell volumes of clinoptilolites in partially saturated 
rocks at temperatures below 100OC, however, should not decrease significantly. 

Key Words-Clinoptilolite, Dehydration, Exchangeable cation, Thermal expansion, X-ray powder dif­
fraction, Zeolite. 

INTRODUCTION 

The Nevada Nuclear Waste Storage Investigations 
(NNWSI) project of the U.S. Department of Energy is 
currently investigating a clinoptilolite-bearing tuff on 
the southwest boundary of the Nevada Test Site (NTS) 
at Yucca Mountain as a potential repository for high­
level radioactive wastes (Vieth, 1983). Yucca Moun­
tain consists of > 1800 m of volcanic tuffs ranging from 
non welded to densely welded and from vitric, nonzeo­
litized to completely zeolitized (Bish et al., 1982). The 
rock unit tentatively identified as the repository hori­
zon is moderately to densely welded and devitrified; it 
is underlain by a densely welded, glassy vitrophyre that 
overlies vitric to zeolitized nonwelded tuffs containing 
significant amounts of clinoptilolite and minor quan­
tities ofheulandite. The Na, K, and Ca content of the 
clinoptilolite varies significantly throughout the tuff, 
and the zeolite ranges from a Ca-rich clinoptilolite to 
(Na, K, Ca)-clinoptilolites to aNa-rich clinoptilolite 
with depth (Caporuscio et al., 1982). Heulandite occurs 
locally and has not been thoroughly studied. 

The NNWSI project has studied the effects of re­
pository-induced temperature increases on the physical 
properties of the rocks and minerals in Yucca Moun­
tain (Lappin, 1982; Bish et aI. , 1982). Lappin attempt-
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ed to relate the macroscopic thermal expansion be­
havior of tuff to published thermal expansion data for 
the constituent minerals. He found a significant vari­
ation in behavior from sample to sample, particularly 
for clinopti10lite-bearing samples (contraction of 
-0.008 ± 0.02 cm/cm). In addition, no thermal ex­
pansion data existed for clinoptilolite, and its thermal 
expansion had to be approximated. Zeolites of the cli­
noptilolite-heulandite series have been widely studied 
by the NNWSI project because of their abundance in 
Yucca Mountain, their excellent sorptive properties for 
many radionuclide cations, and their ability to revers­
ibly contract and expand at temperatures below 200·C 
(Bish et al., 1984). Their thermal stability contrasts 
with that of the common devitrification minerals quartz, 
cristobalite, and alkali feldspar. 

Several natural and cation-exchanged clinoptilolites 
have been examined in this study using a high-tem­
perature X-ray powder diffractometer to define the ef­
fects of exchangeable cation on thermal expansion! 
contraction. The lattice parameters under room con­
ditions and under a O.l-torr vacuum up to 300·C have 
been refined. The results of these experiments provide 
information on the effect of temperature on the crystal 
structure of cation-exchanged clinoptilolites and may 
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be used to predict the behavior of such clinoptilolites 
in a repository environment. 

BACKGROUND 

The dehydration behavior and polymorphism of 
heulandite have been thoroughly investigated (Boles, 
1972; Alberti, 1973; Alberti and Vezzalini, 1983; Galli 
et at., 1983); however, the details of the changes oc­
curring upon heating structurally similar clinoptilolite 
and the effect of different exchange-cation composi­
tions are not as thoroughly studied. Furthermore, much 
of the work on clinoptilolite has concentrated on its 
high-temperature thermal stability. Mumpton (1960) 
and Boles (1972) suggested that the higher thermal 
stability of clinoptilolite compared to heulandite can 
be used to differentiate the two minerals, and Boles 
noted that the thermal stability of clinoptilolites and 
heulandites was related to the number of divalent cat­
ions per unit cell and to the Sil Al ratio. Shepard and 
Starkey (1966) stated that Ca-exchanged clinoptilolite 
behaved similarly to heulandite, but that the temper­
ature of inversion to a phase resembling heulandite B 
was about 75°C higher than for heulandite. Other in­
vestigations of Ca-exchanged clinoptilolite (e.g., 
Mumpton, 1960), as well as those in this laboratory 
have not substantiated these findings. Shepard and 
Starkey (1966) reported that end-member K- and Na­
clinoptilolites were more stable than natural clinoptil­
olite, and that Na-clinoptilolite began to contract below 
350°C and re-expanded above 350°C. Alietti et at. 
(1974) examined the thermal behavior of natural and 
Na-, Ca-, and K-exchanged clinoptilolite from Hungry 
Valley, Nevada, and monitored changes of the 020 
reflection on a heating X-ray diffractometer and with 
a conventional diffractometer after heating. Although 
changes in lattice parameters were not measured, they 
found significant decreases in the 020 spacing above 
200°C for the Na-exchanged clinoptilolite and above 
-350°C for the Ca-exchanged sample. Their K-ex­
changed material showed little decrease in the 020 lat­
tice spacing up to 800°e. 

In a thermal analysis study, Knowlton et at. (1981) 
described three types of water associated with clinop­
tilolite-external water, loosely bound zeolitic water, 
and tightly bound zeolitic water, that came off at 75°, 
171°, and 271 °C, respectively. They concluded that the 
so-called external water that came off below 75°C was 
adsorbed on the surface of grains in the powdered sam­
ple; they suggested that structural changes associated 
with the loss of the external water may be a thermal 
effect rather than a result of dehydration. Knowlton et 
al. also found that the temperatures of water desorption 
were about 50°C higher under a nitrogen atmosphere 
than under vacuum. Both of these results have some 
bearing on the results of the present study. The effect 
of water vapor pressure on the unit cell of clinoptilolite 
has not been examined to date, although Simonot-

Grange and Cointot (1969) found that increased water 
vapor pressure increased the temperature of the ther­
mal transformations of heulandite. 

EXPERIMENTAL METHODS 
Sample preparation and analysis 

The samples examined in this study were all >95% 
clinoptilolite as determined by X-ray powder diffrac­
tometry. Natural clinoptilolites were obtained from 
Minerals Research, Clarkson, New York, and are as 
follows: #25524, Buckhorn, New Mexico; #25525, 
Castle Creek, Idaho; #25526, Sheaville, Oregon; and 
#27054, Fish Creek Mountains, Nevada. In addition, 
a macrocrystalline sample of clinoptilolite from Agoura, 
California, and a clinoptilolite (UE4P-1660) from the 
Grouse Canyon Member ofthe Belted Range Tufffrom 
Yucca Flat at the Nevada Test Site were examined. 
X-ray fluorescence analyses (Table 1) of the Minerals 
Research samples are from Sheppard and Gude (1982); 
the analysis of the Agoura clinoptilolite is from Wise 
et al. (1969). 

Cation-exchanged varieties ofthe Castle Creek sam­
ple were prepared by mixing 2.5-g portions in 1.0 M 
solutions of Ca, K, and Na chloride. The treatment 
was repeated three additional times for 16 hr each at 
about 50°e. The solids were centrifuged and rinsed 
after each exchange. X-ray fluorescence analyses using 
fused pellets ofthe exchanged clinoptilolites (Table 1) 
show that the Ca and Na exchanges were only partial 
(55% and 85%, respectively). The Ca-exchanged cli­
noptilolite contained most of the original K and a mi­
nor amount of Na; the Na-exchanged material con­
tained little Ca and roughly half of the original K. 
Harsher treatments, such as autoclaving, were not used 
in the cation exchanges to avoid recrystallization or 
alteration of the clinoptilolites. No analysis of sample 
UE4P-1660 was performed because of the small amount 
of material available. 

X-ray powder diffraction 

X-ray powder diffraction (XRD) analyses were per­
formed on an automated Siemens D-500 system em­
ploying CuKa radiation and a graphite diffracted-beam 
monochromator. Peak positions and intensities were 
measured using the Siemens first-derivative peak-search 
routine, and quartz and silicon external standards were 
used to calibrate the instrument. Data for unit-cell re­
finements were collected from 2° to 40°28, counting for 
1.0 sec every 0.02°28. Peak overlap and low intensities 
for most samples precluded the use of higher angle 
peaks in the refinements. Unit-cell parameters were 
refined using the least squares program of Appleman 
et al. (1963). Diffraction maxima were indexed with 
the aid of computer-calculated powder patterns; the 
automatic indexing feature of the Appleman program 
was not used. Peaks used in the cell refinements were 
the same as those used by Boles (1972) with the ad-
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Table I. Chemical analyses and structural formulae' of natural and exchanged clinoptilolites. 

25524' 255 25' 25525-Ca 25525-K 

Si02 63.4 61.6 65.24 65.27 
Ti02 0.13 0.23 0.23 0.21 
A120 3 12.2 11.9 13.08 13.03 
Fe20 3 1.33 2.11 3.21 2.88 
MgO 1.7 1.6 1.21 0.58 
CaO 3.37 0.91 4.60 0.12 
MnO < 0.02 0.11 0.03 0.03 
Na20 1.4 4.0 0.32 0.03 
K20 1.12 1.53 1.27 10.70 
LOI- 15.06 14.8 n.a. D.a. 

Total 99.73 98 .79 89.19 92.85 

Si 14.42 14.28 14.20 14.24 
Ti 0.02 0.04 0.04 0.03 
AI 3.27 3.25 3.35 3.35 
Fe3+ 0.23 0.37 0.53 0.47 
Mg 0.58 0.55 0.39 0.19 
Ca 0.82 0.23 1.07 0.03 
Mn 0.00 0.02 0.01 0.01 
Na 0.62 1.80 0.14 0.01 
K 0.32 0.45 0.35 2.98 

, Number of cations normalized to 36 oxygens. 
2 Analyses from Sheppard and Gude (1982). 
3 Average of three analyses from Wise et al. (1969) . 
4 LOI = loss on ignition. 
S n.a. = not analyzed. 

dition of the 110, 130,512,530, 261, and 351 reflec­
tions. 

XRD data were collected in vacuo and at elevated 
temperatures using an Anton-Paar medium-tempera­
ture heater on the Siemens diffractometer. The se­
quence for a given sample consisted of examining a 
sample under room conditions (-20°C, -35% relative 
humidity), slowly evacuating the sample chamber to 
-0.1 torr and equilibrating for at least 30 min prior 
to analysis, and then heating the sample at 50° incre­
ments from 50° to 300°C with at least a 30-min equil­
ibration before examination. After the 300°C run, the 
heater was turned off, and the sample was cooled and 
re-examined in vacuo after being held at room tem­
perature for at least 30 min. Each sample was examined 
one final time under room conditions, after equilibra­
tion for at least 30 min. Thirty minutes appeared to 
be an adequate equilibration time because the samples 
that were equilibrated overnight at temperature showed 
no significant additional changes. The temperature was 
measured with a Pt-resistance thermometer at a point 
immediately beneath the sample cavity, within the 
sample holder. 

RESULTS AND DISCUSSION 

The cell dimensions of all samples under room con­
ditions are shown in Table 2, and cell dimensions as 
a function of temperature are shown in Figures 1-9. 
Calculated standard errors are not shown in the illus-

25525-Na 25526' 27054' Agoura3 

67.18 65.9 65.4 69.15 
0.17 0.28 0.11 n.a.' 

13.36 11.3 12.5 11.76 
1.80 2.15 1.33 0.30 
0.71 0.3 0.90 0.39 
0.13 1.30 3.07 1.09 
0.02 < 0.02 < 0.02 n.a. 
6.20 1.5 1.0 2.63 
0.70 4.55 3.32 3.13 
n.a. 11.68 12.70 n.a. 

90.27 98.98 100.35 88.18 

14.40 14.75 14.51 15.05 
0.03 0.05 0.02 
3.38 2.98 3.27 3.02 
0.29 0.36 0.22 0.01 
0.23 0.10 0.30 0.13 
0.03 0.31 0.73 0.25 
0.00 0.00 0.00 
2.58 0.65 0.43 1.11 
0.19 1.30 0.94 0.87 

trations, but the errors listed in Table 2 are represen­
tative of the errors recorded from room temperature 
to 300°C. The points labeled "RT" in Figures 1-9 rep­
resent data collected under room conditions, and 
"YACl" and "YAC2" represent the data obtained un­
der vacuum before and after heating, respectively. 

The data in Figures 1-9 show that the unit cell of 
the Na-exchanged clinoptilolite underwent the greatest 
volume decrease (8.4%) and that of the K-exchanged 
clinoptilolite underwent the smallest volume decrease 
(1.6%). The Sil Al ratios for all samples ranged from 
4.24/1 to 4.98/1, but the variations in volume decrease 
appear to reflect mainly changes in the nature of the 
exchangeable cations. Few consistent trends were not­
ed in the room-temperature unit-cell data, but the room 
temperature volume of the exchanged samples de­
creased in the order K > Na > Ca, the same order 
found by Shepard and Starkey (1966). 

The unit-cell dimensions of sample 25525-Na de­
creased abruptly between 50° and 100°C in both the a 
and the b directions and then increased slightly from 
150° to 300°C. The XRD pattern changed significantly 
between 50° and 100°C; the 020 reflection decreased 
from 8.85 to 8.48 A. To follow this volume decrease 
more closely, the sample was examined at 75°C, be­
tween the 50° and 100°C examinations, with a 30-min 
equilibration time. At 75°C, the 020 reflection split into 
two reflections of almost equal intensity at 8.78 and 
8.49 A. The presence of two separate 020 reflections 
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Figure 1. Unit-cell parameters of clinoptilolite 25524, Buck­
horn, New Mexico, as a function of temperature. 

150 200 2SO 300 VAC2 

25525-Ca T DC 

Figure 3. Unit-cell parameters of Ca-exchanged clinopti­
lolite 25525 as a function of temperature. 

suggests that dehydration at this temperature is kinet­
ically controlled. The Na-saturated sample did not re­
expand upon cooling in a vacuum. The unit cell of 
clinoptilolite 25525-Ca gradually decreased along b up 

=f~~ b(A)17.7~ 
17.2 L-_____________ -=-_-.J 

o~) ::[~~. .;;;J 
7.35 

2125 

2100~- ~ 
V(A3)~~ 

RT VACI SO 100 ISO 200 2SO 300 VAC2 

25525 Castle Creek. ID T °C 

Figure 2. Unit-cell parametersofclinoptilolite 25525, Castle 
Creek, Idaho, as a function of temperature. 

RT VAel so 100 2SO 300 VAe2 
25525-K 

Figure 4. Unit-cell parameters ofK-exchanged clinoptilolite 
25525 as a function of temperature. 

to 3000e and re-expanded significantly along b in a 
vacuum at room temperature. The unit cell of the 
K-saturated sample contracted primarily along b on 
evacuation and remained relatively constant up to 

Table 2. Unit-cell parameters of natural and exchanged clinoptilolites. 

a (A) b(A) c(A) ~ (0) Volume (A') 

25524, Buckhorn, New Mexico 17.656 (4) 17.946 (3) 7.404 (I) 116.37 (I) 2101.4 (4) 
25525, Castle Creek, Idaho 17.671 (5) 17.983 (5) 7.414 (2) 116.19 (2) 2114.1(7) 
25525-Ca, Castle Creek, Idaho 17.650(4) 17.951 (5) 7.410 (I) 116.42 (I) 2102.5 (6) 
25525-K, Castle Creek, Idaho 17.690 (8) 17.990 (8) 7.408 (2) 116.03 (3) 2118.3 (9) 
25525-Na, Castle Creek, Idaho 17.682 (7) 17.956 (6) 7.424 (1) 116.26 (2) 2113.6 (8) 
25526, SheaviIle, Oregon 17.634 (5) 17.875 (7) 7.403 (1) 116.30 (2) 2091.8 (7) 
27054, Fish Creek Mountains, Nevada 17.633 (4) 17.907 (4) 7.399 (I) 116.29 (I) 2094.4 (5) 
UE4P-1660, Nevada Test Site 17.664 (5) 17.971 (7) 7.408 (2) 116.26 (2) 2108.7 (8) 
Agoura, California 17.662 (7) 17.929(4) 7.407 (2) 116.42 (3) 2100.6 (8) 
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Figure 5. Unit-cell parameters of Na-exchanged clinopti­
lolite 25525 as a function of temperature. 

a (A) ::J- . --i 
b (A) .'~ -I 17.7 __ -

17.2 

C cA) '~t~- d 7.40 ___ - • 

7.:15 

2100 ------

VcA'l-t: ,~ .::::J : : i 
RT VAel 50 100 150 200 250 300 VAC2 

27054 fish Creek Mlns .. NV Toe 

Figure 7. Unit-cell parameters of clinoptilolite 27054, Fish 
Creek Mountains, Nevada, as a function of temperature. 

300°C; it did not re-expand at room temperature in a 
vacuum. The unit cells of the natural samples de­
creased mainly along b. the extent of the decrease being 
related to the nature of the exchangeable cation (sam­
ples 25524, 3.0%; 25525, 5.2%; 25526, 1.8%; 27054, 
2.4%; UE4P, 2.3%; Agoura, 2.7%). The natural K-rich 
samples, 25526 and 27054, decreased least in volume. 
All of the natural samples re-expanded upon cooling 
in a vacuum. It is significant that, in addition to the 
lattice parameters, the peak intensities of these samples 
were sensitive to changes in relative humidity and tem­
perature. 

These high-temperature unit-cell data show consis­
tent trends with temperature for all samples. Most im­
portantly, the highest percentage decrease of cell di­
mensions of every clinoptilolite was along the b axis, 

a (A) ] --~ 

b (A) "E --1 17.7 

17.2 

c (A) 'l- 1 7.00 __ • 

7.:15 

2100 --

4) :b ~ :::1 i 
RT VACI 50 100 150 200 250 300 VAC2 

25526 Sheoville. OR Toe 

Figure 6. Unit-cell parameters ofclinoptilolite 25526, Shea­
ville, Oregon, as a function of temperature. 
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1 7.40 

7.:15 

2125 - -----

;;;J V (A'l '00 b , -_ :: : 
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Figure 8. Unit-cell parameters ofclinoptilolite UE4P-1660, 
Nevada Test Site, Nevada, as a function of temperature. 

generally making up 80 to 90% of the total volume 
decrease. The change in the a axis was the smallest, 
usually < 5%, although 26.5% ofthe contraction of the 
unit cell of the Na-exchanged 25525 clinoptilolite was 
along a. Clinoptilolite from Agoura and sample 25526, 
the two samples with the highest Sil Al ratios, actually 
expanded along a. The (3 angle for all samples except 
the K-exchanged clinoptilolite increased as the tem­
perature was increased. 

The relative changes in the lattice parameters of the 
clinoptilolites examined are similar to those found by 
Galli et at. (1983), Alberti (1973), and Alberti and 
Vezzalini (1983) for heulandites and are consistent with 
a distortion of the 10- and 8-member rings, as illus­
trated by Galli et at. Apparently, these distortions oc­
curred at relatively low temperatures in some clinop-
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Figure 9. Unit-cell parameters of ground single crystals of 
c1inoptilolite, Agoura, California, as a function of tempera­
ture. 

tilolites and were brought on by a loss of water and by 
migration of exchangeable cations (Galli et aI., 1983). 
Distortions of the 10- and 8-member rings are also the 
likely cause of the significant changes in relative peak 
intensities noted when the samples were heated. 

In the temperature range covered in this study, it 
appears that a combination of the size, amount, and 
charge of the exchangeable cations, and to a lesser ex­
tent the Sil Al ratio, governs the temperature of and the 
amount of volume decrease. The volume decrease not­
ed in this study appears to be controlled, in large part, 
by the hydration energy of the cations; however, the 
high-temperature destruction (i.e., at -700°C) of the 
structure is related to the amount and size of the cations 
and the composition ofthe AI-Si framework (Alietti et 
aI., 1974). Na+ dehydrates more easily than Ca2+ [en­
thalpy of hydration for Na+ = -400 kJ/mole, Ca+ = 
-1580 kJ/mole, K+ = - 320 kJ/mole (Barrow, 1973)]; 
hence the volume of Na-clinoptilolite decreased 
abruptly by 100°e. Higher temperatures are required 
to dehydrate Ca2+, and the unit cell ofCa-clinoptilolite 
shrinks more than that of Na-clinoptilolite on heating 
to high temperatures (Alietti et al., 1974), probably 
because only half as many cations are present in the 
former and because of the higher ionic potential of 
Ca2+. The large K+ ion is not highly hydrated, and 
because of its low ionic potential, K+ dehydrates at 
relatively low temperatures. Even when dehydrated, 
K+ is able to "prop" open the zeolite structure suffi­
ciently to inhibit shrinkage even at high temperatures. 
In addition, there is evidence that K occupies a differ­
ent site in the clinoptilolite structure than Na or Ca 
(Koyama and Takeuchi, 1977; Galabova, 1979) which 
may affect the thermal contraction behavior. In the 
present experiments, the ability of the clinoptilolites 

to rehydrate upon cooling in a vacuum appears related 
to the presence of Ca2+, an ion with a considerably 
greater hydration energy than that of K+ or Na+. Ap­
parently enough water molecules are present even in a 
O.I-torr atmosphere to rehydrate heated clinoptilolite. 

It is significant that a large part of the total volume 
contraction of many samples occurred on evacuation, 
demonstrating that the observed changes were due to 
water loss and not to a temperature-induced phase 
transformation as proposed by Knowlton et al. (1981). 
If the "external" water of Knowlton et al. (1981) were 
simply adsorbed on surfaces, the loss of this water 
should have no significant effect on unit-cell volume. 
That water loss on evacuation was considerable was 
evidenced by the violent "jumping" of the samples in 
the powder mounts unless the vacuum was applied 
very slowly. Inasmuch as the loss of water at room 
temperature produced such a significant volume effect, 
this low-temperature water should affect adsorption 
isotherms, as discussed by Knowlton et al. (1981). 

The significant reduction in low-angle scattering of 
every sample on evacuation is noteworthy and is il­
lustrated in Figures lOa and lOb, the XRD patterns of 
the Agoura clinoptilolite at 22.5°C and 30% relative 
humidity and under a vacuum at 21.SOe. The clinop­
tilolite 110 reflection at 7.45°20 was significantly en­
hanced after evacuation and was noted in the XRD 
patterns of all samples after evacuation, including 
ground single crystals of the Agoura clinoptilolite. This 
reflection is weakly present in the XRD patterns of 
some clinoptilolite-rich samples under room condi­
tions and may be mistaken as evidence of the presence 
of erionite. The 110 clinoptilolite reflection, however, 
is at 7.48 ± 0.04°20 (average of 11 natural clinopti­
lolites), whereas the 100 erionite reflection is at -7.75 ± 
0.02°20 (average of three natural erionites). Thus, with 
care, a distinction can be made between these two zeo­
lites based on this difference in peak position if enough 
erionite is present. 

CONCLUSIONS 

These XRD data on natural and cation-exchanged 
clinoptilolites demonstrate that decreases in the unit­
cell volume on heating and the ability of samples to 
rehydrate depend strongly on the amount and nature 
of the exchangeable cation. The unit cells of the cli­
noptilolites examined contracted between 1.6 and 8.4%; 
most of which occurred along the b axis. Clinoptilolites 
in the tuffs at Yucca Mountain, Nevada, are variable 
in composition (Bish et ai., 1982; Caporuscio et aI., 
1982). Thus, the variation in degree of contraction as 
a function of exchangeable cation composition found 
in the present study explains the variability in mac­
roscopic behavior of clinoptilolite-bearing tuffs from 
Yucca Mountain found by Lappin (1982) (vide supra). 

The unit-cell volume of clinoptilolite is also sensitive 
to changes in relative humidity and temperature. 
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Figure 10. X-ray powder diffraction pattern of Agoura clinoptilolite at (a) 22SC and 30% relative humidity and (b) 21SC 
under a vacuum, CuKa radiation. 
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Therefore, significant modifications in the unit-cell 
volumes of clinoptilolites (as much as 8%) in rocks 
could occur in a repository where temperatures may 
approach 100°C, particularly if the clinoptilolites oc­
curred in unsaturated, dehydrated rock. According to 
Knowlton et al. (1981), a vacuum causes water loss in 
clinoptilolite at - 50°C lower than when in a nitrogen 
atmosphere, so dehydration in partially water-saturat­
ed rocks should occur at higher temperatures than found 
in the present study. Further experiments will address 
the effects of heating clinoptilolite in a humid atmo­
sphere and the effects of unit-cell volume changes on 
rock permeabilities and mechanical properties. 

The sensitivity of clinoptilolite to relative humidity 
has important implications for quantitative X-ray 
powder diffraction analyses of clinoptilolite-bearing 
rocks. Because the relative intensities of clinoptilolite 
diffraction peaks vary with relative humidity, it is im­
perative that the analysis of standards and unknowns 
be performed under identical conditions of relative 
humidity. In addition, the XRD intensity changes im­
ply that the structure (probably the 10- and 8-member 
rings) can vary (or flex) significantly with minor ad­
ditions or subtractions of water at room temperature. 
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PellOMe-iiapaMeTpbI peweTKH WCCTH IIPHPOWlbIX H Tpex KaTHoHo-06MeHeHHblx (Ca, K, Na) KJIHHOII­
THJIOJIHTOB HCCJIe.nOBaJIHCb KaK ¢YHKlUiH TeMIIepaTypbI .IJ;JI1i JIyqwero 06"bllCHeHHlI H IIpe.nCKa:JaHHlI 3IlK!>eK­
TOB TepMaJIbHOrO IIyJIbCa, BbI1BaHHoro XpaHHMbIMH OTxo.naMH Ha IIOPO.IJ;bI, co.nepJKawHe KJIHHOIITHJIOJIHT. 
06pa:J~I HCCJIe.nOBaJIHCb IIPH KOMHaTHoH TeMIIepaType, B BaKYYMe H IIpH 50"<: yseJIHqeHHlIX TeMIIepaTypbI 
.no 300"<: IIpH HCIIOJIb30BaHHH BblCOKO-TeMIIepaTypHoro peHTreHoBcKoro IIOpOWKOBero WI¢paKTOMeTpa. B 
cJIyqae Bcex 06pa:JD;OB 3JIeMeHTapHali HqeHKa YMeHbWaJIaCb IIO 06"beMY B WlaIIa:JOHe TeMIIepaTyp Me)K.IJ;y 
20· H 300·C;.IJ;JIH Na-HacblIo;eHHoro KJIHHOIITHJIOJIHTa, YMeHbweHHe 06"beMa 6bIJIO caMoe 6oJIbwoe (8,4%), 
a .IJ;JIH K-HacblIo;eHHoro KJIHHOIITHJIOJIHTa-caMoe MaJIeHbKoe (1,6%) H3 Bcex HCCJIe.nOBaHHbIX KJIHHOII-
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THJIOJIHTOB. YMeHbWeHHe 06'beMa Ca-HacbIWeHHOm KJIHHOnTHJIOJIHTa 6blJIO PaBHO 3,6%. CaMoe 6oJIbwoe 
npo~eHTHoe YMeHbweHHe IlJIJI Kaamoro 06pa3~a npoHCXOAHJIO B)lOJIb OCH b, B OCHOBHblM COCTaBJIJlJIO 80-
90% nOJIHOrO YMeHbWeHHJI 06'beMa. IhMeHeHHe B)lOJIb OCH a 6blJI0 caMoe MaJIeHbKoe H em BeJIH'IHHa 6blJIa 
<5%, XOTJI 26,5% YMeHbWeHHJI Na-HacblweHHoro KJIHHOnTHJIOJIHTa npOHCXO)lHJIO B)lOJIb OCH a. bOJIb­
WHHCTBO CJI}"faeB YMeHbWeHHJI 06'beMa MHorHX 06Pa3~OB npoHcXO)lHJIO BO BpeMJI 06e3BOlICHBaHHJI npH 
KOMHaTHoR TeMnepaType YKa3bIBaJi Ha TO, 'ITO 3TH Ha6JIIO)laeMble H3MeHeHHJI 6blJIH pe3YJIbTaTOM nOTepH 
BO)lbI, a He TeMnepaTypHoro H3MeHeHHJI CTpYKTYPbI. PaCCeJlHHe no MaJIOR BeJIH'IHHe yrJIa YMeHbWaJIOCb 
3Ha'lHTeJIbHO nOCJIe 06e3BO)KHBaHHJI IlJIJI Kaamoro 06pa3~a, H OTpa)KeHHe OT nJIOCKOCTH 100 KJIHHOnTH­
JIOJIHTa npH 28 paBHblM 7,45· JlBJIJlJIOCb TOr,!Ia O'leBH,!IHbIM B npOTHBOnOJIO)KHOCTb Heo6pa6oTaHHbiM o6pa3-
~aM. 

3TH )laHHble YKa3bIBaIOT Ha TO, 'ITO 3<\K11eKTbI HarpeBaHHJI Ha 06'beM 3JIeMeHTapHOR JI'IeRKH KJIHHOnTH­
JIOJIHTa 3aBIICJlT CIIJIbHO OT CO)lep)KaHIiJi 06MeHIIBaeMOI'O KaTIiOHa. 3Ha'iIlTeJIbHble YMeHbWeHIIJI 06'beMOB 
3JIeMeHTapHhlX JI'IeeK HaTYPaJIbHblX CMeWaHHblX Na-K-Ca KJIHHOnTHJIOJIIiTOB MOryT npoHCXO)lHTb B nopo­
)lax B YCJIOBHJlX xpauHJlHWa, oco6eHHO ecJIIi KJIIiHOnTHJIOJIHTbl HaXO)lHTCJI B HeHaCblweHHoii:, )lerH)1paTH­
poBaHHoii: nopo)le. O,!IHaKO, 3Ha'leHHJI 06'beMa KJIHHOnTHJIOJIIiTOB B '1aCTII'IHO HaCb1weHHbiX nopo)lax npH 
TeMnepaTypax HH)Ke 100"C He )lOJI)KHbI YMeHbWaTCJI 3Ha'lHTeJIbHO. [E.G.] 

Resiimee- Urn die Auswirkungen einer thermischen Beeinflussung, verursacht durch eine Lagerung ra­
dioaktiven Abfalls, auf Klinoptilolith-ftihrende Gesteine zu verstehen und vorauszusagen, wurden die 
Gitterparameter von 6 natlirlichen und 3 kationenausgetauschten (Ca, K, Na)-Klinoptilolithen in Ab­
hangigkeit von del' Temperatur untersucht. Die Proben wurden bei Raumtemperatur unter Vakuum und 
bei einer Temperaturzunahme von 50·C auf 300·C untersucht, wobei ein Hochtemperatur-Rontgenpul­
verdiffraktometer verwendet wurde. Die Elementarzelle aller Proben zeigte zwischen 20· und 300·C .eine 
Volumensabnahme; Na-gesattigter Klinoptilolith zeigte die groOte Abnahme (8,4%) und K-gesattigter 
Klinoptilolith die kleinste (1 ,6%) del' untersuchten Klinoptilolithe. Die Volumensabnahme von Ca-ge­
slittigtem Klinoptilolith war 3,6%. Die groOte prozentuelle Abnahme war bei jeder Probe in Richtung 
del' b-Achse, im allgemeinen 80-90% del' gesamten Volumensabnahme. Die Veranderung in Richtung 
del' a-Achse war am kleinsten und betrug im allgemeinen < 5%; obwohl 26,5% del' Kontraktion bei Na­
ausgetauschtem Klinoptilolith in Richtung a war. Del' Hauptanteil del' Volumensverminderung vieleI' 
Proben geschah wahrend del' Evakuierung bei Raumtemperatur, was darauf hindeutet, daO die beobach­
teten Verlinderungen durch Wasserverlust verursacht werden und nicht durch Temperatur-bedingte struk­
turelle Veranderungen. Die Kleinwinkelstreuung wurde durch das Evakuieren beijeder Probe betrachtlich 
verringert und del' 110 Reflex von Klinoptilolith bei 7,45·211 wurde sichtbar, was bei unbehandelten 
Proben nicht del' Fall war. 

Diese Ergebnisse zeigen, daO die Auswirkungen der Erwarmung auf das Volumen del' Elementarzelle 
von Klinoptilolith sehr stark vom Gehalt an austauschbaren Kationen abhlingt. Beachtliche Verkleine­
rungen des Elementarzellvolumens von natiirlichen gemischten Na-K-Ca-Klinoptilolithen konnen in 
Gesteinen in der Umgebung von Ablagerungsplatzen stattfinden, vor allem wenn die Klinoptilolithe in 
einem ungesattigten, dehydratisierten Gestein auftreten. Die Volumen del' Elementarzelle von Klinop­
tilolithen in teilweise gesattigten Gesteinen soli ten jedoch bei Temperaturen unter 100·C nicht bemer­
kenswert abnehmen. [U.W .] 

Resume-Pour comprendre et predire les elfets d'une pulsation thermale induite par un repositoire de 
dechets radioactifs sur des roches contenant de la c1inoptilolite, les parametres de l'edifice cristallin de 6 
clinoptilolites naturelles et 3 c1inoptilolites a cations echanges (Ca, K, Na) ont ete etudies en fonction de 
la temperature. Les echantillons ont etc examines a temperature ambiante, sous Ie vide, et par accrois­
sements de 50·C jusqu'a 300·C, utilisant un dilfracto-metre de rayons-X a haute temperature. La maille 
de tous les echantillons a diminue de volume entre 20· et 300·C; de toutes les c1inoptilolites etudiees, Ie 
volume de la clinoptilolite saturee de Na a diminue Ie plus (8,4%), et celui de la c1inoptilolite saturee de 
K a Ie moins diminue (1,6%). La diminution de volume de la c1inoptilolite saturee de Ca etait 3,6%. Le 
pourcentage de diminution Ie plus eleve pour chaque echantillon etait Ie long de I'axe b, generalement 
de 80 a 90% de la diminution de volume totale. Le changement de I'axe a etait Ie plus petit et d'habitude 
< 5%, quoique 26,5% de la contraction de la clinoptilolite echangee avec Na etait Ie long de l'axe a. La 
majorite de la contraction de volume de beaucoup d'echantillons s'est passee lors de I'evacuation a 
temperature ambiante, demontrant que les changements observes etaient dus a une perte d 'eau et non a 
des changements structuraux induits par la temperature. L'eparpillement d'angles aigus etait reduit de 
maniere significative pour chaque echantillon et la reflection 110 de la clinoptilolite a 7,45·2IJ est devenue 
evidente alors qu'elle ne l'etait pas dans les echantillons non-traitcs. 

Ces donnees montrent que les elfets de l'echaulfement sur Ie volume de la maille de clinoptilolite 
dependent fortement du contenu en cations echangeables. Des reductions significatives des volumes des 
mailles de clinoptilolites melangees Na-K-Ca naturelles pourraient se passer dans les roches dans un 
environement de repositoire, particulierement si les c1inoptilolites se trouvaient dans de la roche des­
hydratee, nonsaturee. Les volumes des mailles dans des roches partiellement saturees a des temperatures 
en dessous de 100·C, cependant, ne devraient pas diminuer de maniere significative. [D.l.] 
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