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EFFECTS OF EXCHANGEABLE CATION COMPOSITION
ON THE THERMAL EXPANSION/CONTRACTION
OF CLINOPTILOLITE
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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°26 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 100°C, however, should not decrease significantly.

Key Words—Clinoptilolite, Dehydration, Exchangeable cation, Thermal expansion, X-ray powder dif-
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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
nonwelded 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 of heulandite. 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 a Na-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 ez al., 1982). Lappin attempt-

Copyright © 1984, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1984.0320602 Published online by Cambridge University Press

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 clinoptilolite-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 0.1-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 al., 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 Si/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 al.
(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°C.

In a thermal analysis study, Knowlton er al. (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-
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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 of the Belted Range Tuff from
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 of the 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°C. The solids were centrifuged and rinsed
after each exchange. X-ray fluorescence analyses using
fused pellets of the 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 originat 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
UEA4P-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°26, counting for
1.0 sec every 0.02°26. 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 1. Chemical analyses and structural formulae' of natural and exchanged clinoptilolites.

25524 255257 25525-Ca 25525-K 25525-Na 25526 270542 Agoura?
Si0O, 63.4 61.6 65.24 65.27 67.18 65.9 65.4 69.15
TiO, 0.13 0.23 0.23 0.21 0.17 0.28 0.11 n.a’
ALO, 12.2 119 13.08 13.03 13.36 11.3 12.5 11.76
Fe,0, 1.33 211 3.21 2.88 1.80 2.15 1.33 0.30
MgO 1.7 1.6 1.21 0.58 0.71 0.3 0.90 0.39
CaO 3.37 0.91 4.60 0.12 0.13 1.30 3.07 1.09
MnO <0.02 0.11 0.03 0.03 0.02 <0.02 <0.02 n.a.
Na,O 1.4 4.0 0.32 0.03 6.20 1.5 1.0 2.63
K,O 1.12 1.53 1.27 10.70 0.70 4.55 3.32 3.13
LOr 15.06 14.8 n.a. n.a. n.a. 11.68 12.70 n.a.
Total 99.73 98.79 89.19 92.85 90.27 98.98 100.35 88.18
Si 14.42 14.28 14.20 14.24 14.40 14.75 14.51 15.05
Ti 0.02 0.04 0.04 0.03 0.03 0.05 0.02 —
Al 3.27 3.25 3.35 3.35 3.38 2.98 3.27 3.02
Fe3t 0.23 0.37 0.53 0.47 0.29 0.36 0.22 0.01
Mg 0.58 0.55 0.39 0.19 0.23 0.10 0.30 0.13
Ca 0.82 0.23 1.07 0.03 0.03 0.31 0.73 0.25
Mn 0.00 0.02 0.01 0.01 0.00 0.00 0.00 -
Na 0.62 1.80 0.14 0.01 2.58 0.65 0.43 1.1t
K 0.32 0.45 0.35 2.98 0.19 1.30 0.94 0.87

! Number of cations normalized to 36 oxygens.

2 Analyses from Sheppard and Gude (1982).

3 Average of three analyses from Wise ef al. (1969).
4 LOI = loss on ignition.

$ 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-
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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
“VAC1” and “VAC2” 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 Si/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 I. Unit-cell parameters of clinoptilotite 25524, Buck-
horn, New Mexico, as a function of temperature.
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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

Thermal expansion of clinoptilolite

447

7.8
aA)
17.4
82 ]
b@ 7 ]
7.2 3
7.45
c(A) 740
7.35
2125
5 2100 4
23\ 2075 4
VA 2050 4
2025 4
2000 T T T T T T T
RT VAl 50 100 150 200 250 300 VAC2
25525 Castle Creek, D T°C

Figure2. Unit-cell parameters of clinoptilolite 25525, Castle
Creek, Idaho, as a function of temperature.
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Figure 4. Unit-cell parameters of K-exchanged clinoptilolite
25525 as a function of temperature.

to 300°C and re-expanded significantly along 4 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(d) 8 Volume (A%
25524, Buckhom, New Mexico 17.656 (4) 17.946 (3) 7.404 (1) 116.37 (1) 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 (1) 116.42 (1) 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, Sheaville, Oregon 17.634 (5) 17.875(7) 7.403 (1) 116.30 (2) 2091.8 (7)
27054, Fish Creek Mountains, Nevada 17.633 (9 17.907 (4) 7.399(1) 116.29 (1) 2094.4 (5)
UE4P-1660, Nevada Test Site 17.664 (5) 17.971 () 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.
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Figure 7. Unit-cell parameters of clinoptilolite 27054, Fish
Creek Mountains, Nevada, as a function of temperature.

VAC2

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%; UEA4P, 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,
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Figure 6. Unit-cell parameters of clinoptilolite 25526, Shea-
ville, Oregon, as a function of temperature.
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Figure 8. Unit-cell parameters of clinoptilolite 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% of the 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 Si/Al ratios, actually
expanded along a. The 8 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 er al. (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 e al. 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
clinoptilolite, 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 ef al., 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 Si/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 of the Al-Si framework (Alietti et
al., 1974). Na* dehydrates more easily than Ca** [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°C. Higher temperatures are required
to dehydrate Ca?*, and the unit cell of Ca-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
Ca?*. 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
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to rehydrate upon cooling in a vacuum appears related
to the presence of Ca?*, an ion with a considerably
greater hydration energy than that of K+ or Na*. Ap-
parently enough water molecules are present even in a
0.1-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 10a and 10b, the XRD patterns of
the Agoura clinoptilolite at 22.5°C and 30% relative
humidity and under a vacuum at 21.5°C. 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°26 (average of 11 natural clinopti-
lolites), whereas the 100 erionite reflectionisat ~7.75 +
0.02°26 (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 al., 1982; Caporuscio et al.,
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) 22.5°C and 30% relative humidity and (b) 21.5°C
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.

ACKNOWLEDGMENTS

I am grateful to Ellen Casias for preparing the cation-
exchanged clinoptilolites and to Ellen Casias and Ro-
land Hagan for the X-ray fluorescence analyses. I thank
David Vaniman for his critical comments on the
manuscript and Sue Noel for preparing the illustra-
tions. This research was supported by the U.S. De-
partment of Energy through its Nevada Operations Of-
fice as part of the Nevada Nuclear Waste Storage
Investigations.

REFERENCES

Alberti, A. (1973) The structure type of heulandite B (heat-
collapsed phase): Tschermaks Mineral. Petrogr. Mitt. 19,
173-184.

Alberti, A. and Vezzalini, G. (1983) The thermal behavior
of heulandites: a structural study of the dehydration of Na-
dap heulandite: Tschermaks Mineral. Petrogr. Mitt. 31, 259—
270.

Alietti, A., Gottardi, G., and Poppi, L. (1974) The heat
behavior of the cation exchanged zeolites with heulandite
structure: Tschermaks Mineral. Petrogr. Mitt. 21,291-298.

Appleman, D. E., Handwerker, D. E., and Evans, H. T., Jr.
(1963) A FORTRAN 1V version of “The least squares
refinement of crystal unit cells with powder diffraction data
by an automatic computer indexing method”: Prog. Ann.

Thermal expansion of clinoptilolite

451

Meeting Amer. Cryst. Assoc., 1963, Cambridge, Massachu-
setts, 42-43.

Barrow, G. M. (1973) Physical Chemistry: McGraw-Hill,
New York, p. 646.

Bish, D. L., Vaniman, D. T., Byers, F. M., and Broxton, D.
(1982) Summary of the mineralogy-petrology of tuffs of
Yucca Mountain and the secondary-phase thermal stability
in tuffs: Los Alamos Nat. Lab. Rept. LA-9321-MS, 47 pp.

Bish, D. L., Vaniman, D. T., Rundberg, R. S., Wolfsberg, K,
Daniels, W. R., and Broxton, D. E. (1984) Natural sorp-
tive barriers in Yucca Mountain, Nevada, for long-term
isolation of high-level waste: Proc. IAEA Inter. Conf. on
Rad. Waste Manag., 1983, Seattle, Washington 3, 415-
432,

Boles, J. R. (1972) Composition, optical properties, cell di-
mensions, and thermal stability of some heulandite-group
zeolites: Amer. Mineral. 57, 1463-1493.

Caporuscio, F., Vaniman, D., Bish, D., Broxton, D., Arney,
B., Heiken, G., Byers, F., Gooley, R., and Semarge, E.
(1982) Petrologic studies of drill cores USW-G2 and
UE25b-1H, Yucca Mountain, Nevada: Los Alamos Natl.
Lab. Rept. LA-9255-MS, 111 pp.

Galabova, 1. M. (1979) Relationship between new structural
data on clinoptilolite and its behavior in ion-exchange and
heating: Zeit. Naturforsch. 34a, 248-250.

Galli, E., Gottardi, G., Mayer, H., Preisinger, A., and Pas-
saglia, E. (1983) The structure of potassium-exchanged
heulandite at 293, 373 and 593 K: Acta Crystallogr. B39,
189-197.

Knowlton, G. D., White, T. R., and Mckague, H. L. (1981)
Thermal study of types of water associated with clinopti-
lolite: Clays & Clay Minerals 29, 403-411.

Koyama, K. and Takeuchi, Y. (1977) Clinoptilolite: the
distribution of potassium atoms and its role in thermal
stability: Zeit. Krist. 145, 216-239.

Lappin, A. R. (1982) Bulk and thermal properties of the
functional tuffaceous beds in holes USW-G1, UE25A#1,
and USW-G2, Yucca Mountain, Nevada: Sandia Natl. Lab.
Rept. SANDS82-1434, 62 pp.

Mumpton, F. A. (1960) Clinoptilolite redefined: Amer. Min-
eral. 45, 351-369.

Shepard, A. O. and Starkey, H. C. (1966) The effects of
exchanged cations on the thermal behavior of heulandite
and clinoptilolite: Mineral. Soc. India, Int. Mineral. Assoc.
Vol., 155-158.

Sheppard, R. A. and Gude, A. J., 3rd. (1982) Mineralogy,
chemistry, gas adsorption, and NH,*-exchange capacity for
selected zeolitic tuffs from the Western United States: U.S.
Geol. Surv. Open-File Rept. 82-969, 16 pp.

Simonot-Grange, M. H. and Cointot, A. (1969) Evolution
des propriétés d’adsorption de ’eau par la heulandite en
relation avec la structure cristalline: Bull. Soc. Chim. France
8, 421-427.

Vieth, D. L. (1983) NNWSI site description and site selec-
tion process: Final Program and Abstracts, Materials Re-
search Soc. Ann. Meet., Boston, 1983, p. 196 (abstract).

Wise, W. S., Nokleberg, W. J., and Kokinos, M. (1969) Cli-
noptilolite and ferrierite from Agoura, California: Amer.
Mineral. 54, 887-895.

(Received 7 February 1984; accepted 8 May 1984)

Peatome—IlapaMeTphl pelIeTKH LIECTH OPHPOOHBIX H TpeX KaTHoHO-oOMeHeHHbIX (Ca, K, Na) xaunon-
THJIOMTOB HCCAEAOBANNCD KaK GYHKIMH TEMIEPATYPb! JUIst Jiy4IIero oGbsiCHEHUS 0 NIpeacKa3aHus 3¢pek-
TOB TEPMAJIBHOIO NYJIbCa, BLI3BAHHOTO XPAHHMBIMH OTXOJaMH Ha NOPOABI, COAEPKAILHE KIHHONTHIIONMT.
OG6pa3s1b! HeCeJOBANMCh DY KOMHATHON TeMIIepaType, B BakyyMe i 1Ipu 50°C yBeau4eHHsIX TeMIepaTypsl
1o 300°C npu HCIOIB30BaHHHA BHICOKO-TEMNEPATYPHOTO PEHTTEHOBCKOTO MOPOIIKOBETO AUGpakToMeTpa. B
cny4ae Bcex oOpasioB 3MeMEHTapHas fuelika yMeHbIllanach no o6beMy B AMANa30He TEMIEPATYD MEXIY
20° n 300°C; nns Na-HachlleHHOTO KJIHHONTHJIONATA, YMEHbILEHAE 06beMa GbLo camoe Gossioe (8,4%),
a juis K-HaCHIIIEHHOTO KJIMHONTHIONATa—caMoe MalieHbKoe (1,6%) M3 BceX HCCIEIOBAHHBIX KIMHOI-
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THJIONHTOB. ¥ MenbuieHne 06beMa Ca-HachIIEHHOTO KIIMHOTTHIIONKTA 66110 paBHO 3,6%. Camoe 6opinoe
MPOLEHTHOE YMEHbIIEHUE LIS KaXKOOro oGpasia NPOUCXOMUIIO BAOIL OCH b, B OCHOBHBIM COCTaBJIsIO 80—
90% nonHoro ymenbinenus o6pema. 3meHeHue BLosib OCH @ 61710 caMoe MaJIeHbKOE H ero BenuynHa Gblna
<5%, xora 26,5% ymenbieHusi Na-HacBIIIEHHOTO KJIMHONTHJIONMTA ITPOUCXOAMIO BIOAL OCH 4. Boib-
IIHHCTBO CNIy¥aeB yMeHblIeHHs 06bheMa MHOIMX 06pa3loB NPOHCXOMMIO BO BpeMsi OGE3BOXHBAHHA IIDH
KOMHATHOH TemmnepaType yKa3biBas Ha TO, 4TO 3TH HaGJoZlaeMble R3MEHEHHUs 6bUTH PE3yIbTaTOM HOTEPH
BOMIbI, @ He TEMIEPaTYPHOrO H3MEHEHUH CTPYKTYpHI. PaccesiHue o MaJioli BeJIMYHHE YIila YMEHBIIAIOCh
3HAYHTEJIBHO 110ciIe 00e3BOKHBAHUA IR KaXAOro obpasna, ¥ oTpaXkeHue OT Iutockoctd 100 kiuHONITH-
JIONNTa TIpH 26 paBHBIM 7,45° ABIANOCH TOTI4 OYEBHIHBIM B IPOTHBOIIONOKHOCTb Heo6paboTanusM 06pas-
nam.

OTH naHHbIE YKa3bIBAIOT Ha TO, YTO 3¢ieKTHI HarpeBaHus Ha O6BEM 3JIEMEHTAPHOH SYEAKH KIMHOITH-
JIOJIMTA 3aBHCAT CHJIBHO OT COAEPXaHUs OOMEHMBAEMOTrO KaTHOHA. 3HAYMTE/IbHbIE YMEHBIIEHUA 0O BEMOB
3JIEMEHTAPHBIX A4eeK HaTypaJIbHbIX cMeIuaHHbIX Na-K-Ca KIMHONTHIONHTOB MOTYT IPOMCXOMUTE B IOPO-
Jlax B YCNOBHSX XpaHHJIMING, 0COGEHHO ¢CNHM KJIHHONTHJIONHTH! HAXOAATCSA B HEHACHIIIEHHOM, TETHAPATH-
poBaBHO# nopofe. OnHaxo, 3HaueHHs 06beMa KIMHONTHIIONHTOB B YaCTHYHO HACBIMIEHHBIX IOPONAX IIpH
TemnepaTypax Huxe 100°C He moymKHBI yMeHbIIATCS 3HauMTeENbHO. [E.G.]

Resiimee—Um die Auswirkungen einer thermischen Beeinflussung, verursacht durch eine Lagerung ra-
dioaktiven Abfalls, auf Klinoptilolith-fiihrende Gesteine zu verstehen und vorauszusagen, wurden die
Gitterparameter von 6 natiirlichen und 3 kationenausgetauschten (Ca, K, Na)-Klinoptilolithen in Ab-
hingigkeit von der 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 gine
Volumensabnahme; Na-gesittigter Klinoptilolith zeigte die groBte Abnahme (8,4%) und K-gesittigter
Klinoptilolith die kleinste (1,6%) der untersuchten Klinoptilolithe. Die Volumensabnahme von Ca-ge-
sittigtem Klinoptilolith war 3,6%. Die grofite prozentuelle Abnahme war bei jeder Probe in Richtung
der b-Achse, im allgemeinen 80-90% der gesamten Volumensabnahme. Die Veridnderung in Richtung
der a-Achse war am kleinsten und betrug im allgemeinen <5%; obwohl 26,5% der Kontraktion bei Na-
ausgetauschtem Klinoptilolith in Richtung a war. Der Hauptanteil der Volumensverminderung vieler
Proben geschah wihrend der Evakuierung bei Raumtemperatur, was darauf hindeutet, da3 die beobach-
teten Veranderungen durch Wasserverlust verursacht werden und nicht durch Temperatur-bedingte struk-
turelle Verinderungen. Die Kleinwinkelstreuung wurde durch das Evakuieren bei jeder Probe betriichtlich
verringert und der 110 Reflex von Klinoptilolith bei 7,45°26 wurde sichtbar, was bei unbehandelten
Proben nicht der Fall war.

Diese Ergebnisse zeigen, daf3 die Auswirkungen der Erwdrmung auf das Volumen der Elementarzelle
von Klinoptilolith sehr stark vom Gehalt an austauschbaren Kationen abhiingt. Beachtliche Verkleine-
rungen des Elementarzellvolumens von natiirlichen gemischten Na-K-Ca-Klinoptilolithen kdnnen in
Gesteinen in der Umgebung von Ablagerungsplitzen stattfinden, vor allem wenn die Klinoptilolithe in
einem ungesittigten, dehydratisierten Gestein auftreten. Die Volumen der Elementarzelle von Klinop-
tilolithen in teilweise gesittigten Gesteinen sollten jedoch bei Temperaturen unter 100°C nicht bemer-
kenswert abnehmen. [U.W.]

Résumé—Pour comprendre et prédire les effets d’une pulsation thermale induite par un répositoire de
déchets radioactifs sur des roches contenant de la clinoptilolite, les paramétres de 1’édifice cristallin de 6
clinoptilolites naturelles et 3 clinoptilolites &4 cations échangés (Ca, K, Na) ont été étudiés en fonction de
la température. Les échantillons ont ét€ examinés & température ambiante, sous le vide, et par accrois-
sements de 50°C jusqu’a 300°C, utilisant un diffracto-métre de rayons-X a haute température. La maille
de tous les échantillons a diminué de volume entre 20° et 300°C; de toutes les clinoptilolites étudiées, le
volume de la clinoptilolite saturée de Na a diminué le plus (8,4%), et celui de la clinoptilolite saturée de
K a le moins diminué (1,6%). La diminution de volume de la clinoptilolite saturée de Ca était 3,6%. Le
pourcentage de diminution le plus élevé pour chaque échantillon était le long de I’axe b, généralement
de 80 a 90% de la diminution de volume totale. Le changement de I’axe a était le plus petit et d’habitude
<5%, quoique 26,5% de la contraction de la clinoptilolite échangée avec Na était le long de I’axe a. La
majorité de la contraction de volume de beaucoup d’échantillons s’est passée lors de 1’évacuation a
température ambiante, demontrant que les changements observés étaient dus a une perte d’eau et non a
des changements structuraux induits par la température. L’éparpillement d’angles aigus était réduit de
maniére significative pour chaque échantillon et la réflection 110 de la clinoptilolite & 7,45°26 est devenue
évidente alors qu’elle ne I’était pas dans les échantillons non-traités.

Ces données montrent que les effets de I'échauffement sur le volume de la maille de clinoptilolite
dépendent fortement du contenu en cations échangeables. Des réductions significatives des volumes des
mailles de clinoptilolites mélangées Na-K-Ca naturelles pourraient se passer dans les roches dans un
environement de répositoire, particuliérement si les clinoptilolites se trouvaient dans de la roche dés-
hydratée, nonsaturée. Les volumes des mailles dans des roches partiellement saturées 4 des températures
en dessous de 100°C, cependant, ne devraient pas diminuer de maniére significative. [D.J.]
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