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CHEMICAL VARIABILITY OF ZEOLITES AT A POTENTIAL
NUCLEAR WASTE REPOSITORY, YUCCA MOUNTAIN, NEVADA

D. E. Broxton

ABSTRACT

The compositions of clinoptilolites and their host tuffs have been
examined by electron microprobe and x-ray fluorescence, respectively,
to determine their variability at a potential nuclear waste reposi-
tory, Yucca Mountain, Nevada. Because of their scrptive properties,
these zeolites could provide important geologic barriers to radionu-
clide migration., Variations in clinoptilolite composition can strong-
ly aftect the mineral's thermal and ion-exchange properties, thus
influencing its behavior in the repository environment.

Clinoptilolites and heulandites closest to the proposed repository
have calcium-rich compositions (60-90 mol.% Ca) and silica-to-aluminum
ratios that concentrate between 4.0 and 4.6. In contrast, clinoptilo-
lites and their host tuffs deeper in the volcanic sequence have highly
variable compositions that vary vertically and laterally. UDeeper-
occurring clinoptilolites in the eastern part of Yucca Mountain are
characterized by calcic-potassic compositions and tend to become more
calcium-rich with depth. Clinoptilolites at equivalent stratigraphic
levels on the western side of Yucca Mountain nave sodic-potassic
compositions and tend to become more sodium-rich with depth. Uespite
their differences 1{n exchangeable cation compositions these two
deeper-occurring compositional suites have similar silica-to-aluminum
ratios, concentrating between 4.4 and 5.0.

The chemical variability of clinoptilolites and their host tuffs

at Yucca Mountain suggest that their physical anc chemical properties



will also vary. Compositionally-dependant clinoptilolite properties
important for repository performance assessment include expansion/
contraction behavior, hydration/dehydration behavior, and ion-exchange
properties. Used in conjunction with experimental results, the data
presented here can be used to model tne behavior of these clinoptilo-

Jite properties in the repository environment.

INTRODUCTION

Yucca Mountain is located along tne southwest border of the Nevada
Test Site, 28 kmn east of Beatty, Nevada (Fig. 1). Ash-flow and bedded
tuffs at Yucca Mountain are being studied by the U.S. Department of
Energy and its subcontractors to determine their suitability to host a
potential underground high-level nuclear waste repository. These
studies are supported by the Neveda Nuclear wWaste Storage Investiga-
tions (NNWS[) Project as part of the Civilian Radioactive Waste Man-
agement Program. The NNASI Project is managed by the Waste Management
Project Office of the U.S. Department of Energy (DOE), Nevada Opera-
tions Office. NNWSI Project work 1is sponsored by the Office of
Geologic Repositories of the DOE Office of Civiiian Radioactive Waste
Management.

A major consideration for chousing Yucca Mountain as a potertial
repository site is the presence of abundant zeolites in the thick
Tertiary tuffs. Tne principal zeolites at Yucca Mountein are clinop
tilolite, heulandite, mordenite, and analcime, These ieolites could
provide important geologic barriers to nuclear waste migration because
of their ability to exchange their constituent cations with some in-
portant radionuclides without & major change in structure and because

of thair ability to gain and lose water reversibly. Factors affecting
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the ability of these zeolites to selectively remove radioactive spe-
cies from solution include: (1) cation species (size, charge, hydra-
tion), (2) temperature, (3) concentration of species in solution, and
(4) zeolite structural characteristics (Breck, 1974). Several coun-
tries including the United States, C(anada, Great Britain, France,
Bulgaria, Hungary, Japan, West Germany, 3nd the Soviet Union have
capitalized on the ion-exchange properties of clinoptilolite to remove

5137’ Sr,90, T]204, AS]]O’ 45

radionuclides, such as C Ca from
waste solutions. Studies presently under way show that Yucca Mountain
zeolitic tuffs are selective for strontium, cesium, barium, neptunium,
uranium, and plutonium (Daniels et al., 1982; U.S. Department of
Energyv, 1984).

This paper examines the chemical variability of clinoptilolites,
the most abundant zeolite at Yucca Mountain., Experimental studies
have shown that the chemical and physical properties cf clinoptilolite
can vary significantly with composition. Data from this study can be
used in conjunction with experimental studies to predict the behavior

of clinoptilolites under repository conditions.

GEOLOGIC SETTING UF THE REPUSITORY

Yucca Mountain is an east-tilted Basin and Range uplift located on
the southern flank of tne Miocene-Pliocene Timber Mountain-Oesis val-
ley caldera complex (Byers et al., 1976; Christiansen et al., 19/7).
Rhyolite and quartz latite ash-flow tuffs are tne dominant lithology
and range in aggregate thickness from 1.2 to over 1.8 km., [leolites
are best developed in nonwelded tuffs and in the nonwelded tops and
bottoms of ash flows that have denseiy welded, devitrified interiors.

The zeolites formed by replacement of volcanic glass during diagenesis
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of the tuffs. Where altered, the zeolitic tuffs form mappable inter-
vals that can be correlated laterally throughout most of Yucca Moun-
tain.

The potential repository is sited in the unsaturated zone in the
lower half of the Topopah Spring Member of the Paintbrush Tuff
(Fig. 2). Tne repository host rock is densely welded and devitrified
to a thermally stable assemblage of alkali feldspar and silica miner-
als. Zeolitic tuffs occur in several stratigraphic intervals between
the repository and the watertable, providing probable barriers to
radionuclide migration in the unsaturated zone. Additional :zeolitic
tuffs below the watertable provida potential barriers to radionuclide
migration through the saturated zone. Individual beds of zeolite-
bearing tuffs commonly range in tnickness from 10 to 150 m and contain
50-75% clinoptilolite in the upper part of the volcanic sequence (Bish

and Vaniman, 1985).

MATERIALS AND METHODS

Except for a few outcrop samples, mineral and bulk-rock analyses
were performed on core and, to a lesser extent, cuttings collected
from drill holes shown in Fig., 1. Mineral compositions were deter-
mined on an automated Cameca electron microprobe operated at 15 kev
with a 1£ to 20 nanoamp beam current. Standards consisted of a set of
natural feldspars and other minerals, Wavelength-dispersive x-ray
counts were collected for 10 to 20 s or 30,000 counts, Compositions
were corrected for differential matrix effects using the methods of
Bence and Albee (1968).

Sodium was counted first in the analytical sequence because it

tends to migraie from the region excited by the electron bcam., The
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beam was rastered to a diameter of 15 to 25 microns to minimize sodium
migration. Oespite this precaution, sodium loss remained a signifi-
cant problem for tne analysis of clinoptilolite and the reported sodi-
um concentrations may be low by 5-20% of the amount present. Moving
the sample peneath the electron beam decreases sodium loss, but crys-
tals large enough to »ilow sample movement during analysis are limited.

Bulk-rock major elements were analyzed with an automated Rigaku
wavelength-dispersive x-ray fluorescence (XRF) spectrophotometer.
Samples were crushed and homogenized (10 g), dried at 900°C, and a 1-g
split was fused with 9 g of lithium tetraborate flux. A library of
x-ray intensities for standard rocks was used to calculate elemental
concentrations (valentine, 1933). Bulk-rock sodium was determined for
a separate sample split by atomic absorption spectrophotometry and/or
plasma emission spectrometry because of sodium loss during the drying

procedure for XRF samples.

RESULTS AND DISCUSSION

Representative compositions for clinoptilolite-group minerals are
given in Taole . Triangular diagrams showin~ variations in
exchangeable-cation compositions are presented in Figs. 3, 4, and 6.
Histograms of Si/Al ratios in these minerals are presented in Fig. 5.
Based upon cemposition and mode of occurrence, these zeolites can be
divided into (1) an upper group of clinoptilolites and heulandites
that have limited distribution and uniform calcium-rich compositions
(Fig. 3), and (2) a lower group of clinoptilolites that occur in
thick, widespread zones of alteration and have highly variable compo-
sitions (Fig.4). The wupper group contains volumetrically small

amounts of zenlites but is important because of the proximity of these
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zeolites to the repository. The lower group includes thick zeolitic
tuffs both above and below the watertable.

The upper group of calcic clinoptilolites occurs below the reposi-
tory horizon in fractures (Carlos, 1985) and in a thin (0.2-1.0 m) but
nearly continuous zone of zeolite and smectite alteration concentrated
at the top of the basal vitrophyre in the Topopah Spring Member of the
Paintbrush Tuff (Levy, 1984). Despite their scattered distribution in
local zones of alteration, the minerals in this group are invariably
ralcium-rich (Fig. 3) and have silica-to-alumina ratios ranging be-
tween 4.0 and 5.0 (Fig. 5). Magnesium contents of these zeolites are
relatively high, ranging from 0.6 to 1.5% Mg0 by weight. Some of
these zeolites have a thermal stability characteristic of heulandite
(Mumpton, 1960; Levy, 1984), while others have a thermal stability in-
termediate between heulandite and clinoptilolite (Group 2 of Boles,
1972).

The lower group of clinoptilolites occurs in nonwelded tuffs in
which diagenetic alteration has completely replaced original volcanic
glass with zeolites. Tnese zeolite-rich tuffs occur at well-defined
stratigraphic intervals including: (1) the interval extending fron
the base of the Topopah Spring Member, through the tuff of Calico
Hills, and into the top of the Prow Pass Member, (2) the interval at
the base of the Prow Pass Member and top of the Bullfrog Member, and
(3) the interval at the base of the Bullfrog Member and top of the
Tram Member (Fig. 2). Clinoptilolite compositions in this lower group
vary systematically both vertically and laterally (Fig. 4). On the
eastern side of Yucca Mountain clinoptilolite compositions are calcic-
potassic and show a strong calcium enrichment trend with depth, In

contrast, clinoptilolites on the western side of Yucca Mountain are
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sodic-potassic and tend to become more sodium rich with depth. A
transition zone which separates the two suites has compositions simi-
lar to both suites. Silica-to-aluminum ratios ere similar for both
compositional suites (Fig. 5) concentrating between 4.4 and 5.0. How-
ever, the silica-to-alumina ratios in the eastern clinoptilolite suite
are bimodal with a small population of samples having ratios between
2.8 and 3.6. This smaller population of samples with low silica-to-
alumina ratios is associated with the most calcic clinoptilolites in
the deepest parts of the eastern suite,

Radionuclide-transport models generally distinguish between trans-
port processes in the unsaturated and saturatsd zones. Figure 6 shows
only those clinoptilolite compositions (lower group) that are likely
to be encountered below the repository block in the unsaturated zone.
On the western side of the repository unsaturated-zone clinoptilolites
are potassic-sodic containing between 40 and 70 mol.¥% potassium as
exchangeable cations. The eastern side of the repository block coin-
cides with the transition zone for all clinoptilolites shown in Fig, 4
and has varianle exchangeable cation composition. Part of the clinop-
tilolites in the eastern part of the repository block have potassic-
sodic compositions similar to those to the west. However, others are
calcic-potassic, containing only 15-45 mol.% potassium,

Representative bulk-rock compositions for zeolitic tuffs from
Yucca Mountain are given in Table [I. For comparison, tuff composi-
tions from the eastern part of Yucca Mountain are paired with tuff
compositions from the west. A triangular plot of alkalis and alkaline
earths shows that bulk-rock compositions vary from east to west in
manner similar to clinoptilolite compositions (Fig. 7). [Zeolitic

tuffs from eastern Yucca Mountain are relatively calcium-rich and
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deviate more from unaltered tuff compositions than tuffs to the west.
Groundwater compositions in the saturated zone also vary laterally in
manner similar to clinoptilolite and bulk-rock compositions (Benson et
al., 1983; Ogard and Kerrisk, 1984). These groundwaters become more
calcic and less sodic eastward. The more calcic groundwaters may be
partially derived from Paleozoic carbonate aquifers underlying the
volcanic rocks, or the groundwater may become more calcic after ion
exchange with calcium-rich zeolitic tuffs in the eastern part of Yucca
Mountain.

The physical and chemical properties of clinoptilolites and their
host tuffs at Yucca Mountain will probably vary with composition. For
example, experimental studies have shown that thermal and ion-exchange
properties of clinoptilolite, botn of which are of particular interest
for repository performance assessment, are strongly influenced by com-
positional differences. Variations in physical and chemical proper-
ties of clinoptilolites and clinoptilolite-bearing tuffs may affect
their hehavior in the repository setting.

The vhermal properties of clinoptilolite are strongly affected by
exchangeable-cation compositions (Bish, 1984 and 1985).
Compositionally-dependant thermal propercies in clinoptilolite
include: (1) contraction and expansion behavior, (2) dehydra*ion and
rehydration properties, and (3) mineral stability. These thermal
properties are important because during the thermal pulse induced by
radioactive-waste decay clinoptilolites will be neated to varying
degrees depending upon their proximity to the repository. Modelling
of the thermal pulse is not yet completed, but heating above ambient
temperatures will probably affect (1) clinoptilolite in fractures near

the repository, (2) clinoptilolite and hculandite associated with
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alteration at the top of the Topopah Spring basal vitrophyre, and
(3) clinoptilolite-rich wuffs at the base of the Topopah Spring Member
and in the tuff of Calico Hills.

In a changing thernal environment, unit-cell volumes of clinop-
tilolites expand and contract in manner governed by the size, amount,
and charge of the exchangeable cations (Bish, 1984)., Significant
volume changes in zeolites could affect fluid flow paths by opening
fractures sealed by zeolites and by increasing permeabilities or open-
ing new fractures in tuffs containing large amounts of zeolites.
Sodium clinoptilolites decrease in volume by about 8% when heated from
25°C to 300°C in unsaturated conditions (Fig. 8a). Calcic and potas-
sic clinoptilolites are reduced in volume 3.6% and 1.6%, respectively,
under the same conditions. Although Yucca Mountain clinoptilolites
have mixed rather tnan pure end-member compositions, their contraction
and expansion oehavior should be governed by the dominant cations in
exchangeable sites. Tne clinoptilolites closest to the repository, in
fractures and at the top of the Topopah Spring basal vitrophyre, ar2
calcium-rich and contain only subordinate sodium and potassium.
During the thermal pulse, these calcium-rich clinoptilolites will
probably change volume by less than 44. The potassic-sodic and
calcic-potassic clinoptilolites in unsaturated zeolite-rich tuffs at
the base of the Topopah Spring Member and in the tuff of Calico Hills
(Fig. 6) will probably undergo considerably less volume change because
of their potassium-rich compositions and because of tneir greater
distance from the repository.

The dehydration properties of clinoptilolites also are strongly
affected by the nature of their exchangeable cations. Dehydration

effects should be greatest in clinoptilolites near the repository
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during the heating and cooling cycle associated with the thermal
pulse. Bish (1985) demonstrated that water loss in clinoptilolites is
rapid between 50°C and 130°C and slower at higher temperatures (Fig.
8b). Calcic clinoptilolites give up about 27% of their original water
upon heating to 100°C, whereas sodic and potassic clinoptilolites lose
29% and 35%, respectively. These data suggest that clinoptilolites
may be a significant source cf water in the repository near-field
environment if temperatures approach 100°C (Bish, 1985). These
partially-dehydrated zeolites could also act as significant sinks for
water during the cooling portion of the thermal pulse.

Ion exchange capacities in zeolites are largely controlled by tne
silica-to-aluminum ratios of their structural framework !Sherry, 1969;

+ 4+
3 for 514 causes a charye

Breck, 1974). Substitution of Al
deficiency in the mineral framework that requires a greater number of
exchangeable cations to maintain electrical palance. Therzfore,
zeolites with low silica-to-alumina ratios nave the high ion-exchange
capacities. For example, heulandite witn a silica-to-alumina ratio of
3.5 has a theoretical ion-exchange capacity 15% greater than clinop-
tilolite with a silica-to-alumina ratio of 5.0 (Mumpton, 19381;
Tabie 1). Yucca Mountain clinoptilolites and heulandites have vari-
able silica-to-alumina ratios ranging from 2.3 to 6.0 (Fi3. 5). Tne
calcic clinoptilolites and heulandites in fractures near the reposi-
tory and in the thin zone of zeolites at the top of tne Topopah Spring
vitrophyre tend to have slightly lower silica-to-alumina ratios than
clinoptilolites deeper in the volcanic pile and, therefore, should
have slightly nigher ion-exchange capacities. The deeper clinoptilo-
lites have similar silica-to-aluminum ratios despite their large

variations in exchangeaole cation compositions (Fig. 5) and probably
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have similar ion-exchange capacities. Tne calcic clinoptilolites or
heulandites in the dezepest clinoptilolite-bearing rocks in the eastern
part of Yucca Mountain are unusual in that they have very low silica-
to-alumina ratios (2.8 to 3.6) compared to other clinoptilolites found
at similar depths. These unusual zeolites should have relatively high
ion-exchange capacities but would only be effective in sorbing radio-
nuclides heing transported deep within the saturated zone on the east-
ern side of Yucca Mountain.

The ion-exchange selectivity of zeolites for radionuclides can be
strongly affected by cations already in the exchangeable cation posi-
tions (Breck, 1974). Ames (1760) determined that the cation selectiv-
ity for clinoptiiciite 1is C. Rb K Ba Sr Na Ca Fe Al Mg Li. This
selectivity sequence is only qualitatively correct because selectivity
can vary with degree of exchange and the nature of cation speciation
in solution (Orcck, 1974). However. it does demonstrate that clinop-
tilolites in contact with groundwater solutions wili tend to szlec-
tively sorb and retain radionuclides with large ionic radii. Also,
clinoptilolites already occupied by relatively large exchangeabla
cations (e.g., potassium) may be less likely to exchange with radio-
nuclides with smaller ionic radii (e.g., Sr), effectively reducing the
ion-exchange capacity of the zeolites for these elements.

In the unsaturated zone, the calcic clinoptilolites nearest to the
repository (upper group) should be highly selective for many important
rudionuclides including cesium, rubidium, barium, and strontium. The
selectivity of neulandite for radionuciides is less well-known, but it
and other sorptive minerals such as smectites and manganese oxides are
commonly associated with the calcic clinoptilolites and should provide

additional sorptive barriers near the repository. In the lower part
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of the unsaturated zone, potassic-sodic and potassic-calcic clinop-
tilolites (Fig. 6) occur in thick zones containing 50-75% clinoptilo-
lite, forming major sorptive barriers between the repository and the
watertable, Between 40 and 70% of exchangeable cation sites 1in these
clinoptilolites are occupied by potassium in the western pa=t of the
repository. Some clinoptilolites in the eastern part of the reposi-
tory contain only 15-40% potassium as exchangeable cations. The
potassium in these clinoptilolites may exchange readily with cesium or
rubidium but may exchange poorly with cations of small ionic radius
such as strontium and barium. Simple exchange within these c¢linop-
tilolites may be further complicated by cation-sieving effects 1in
which large cations such as potassium may be locked into certain
structural positions during crystallization of the mineral (Breck,
1974). Nevertheless, these clinoptilolites, particularly those on the
east side of the repository, also contain significant concentraiions
of sodium and calcium which should exchange more readily with a wider
variety of radionuclides. Datch-sorption experiments nave shown that
Yucca Mountain zeolitic tuffs are highly sorptive of cationic radio-
nuclides (Janiels et al., 1982; U.S. Department of Energy, 1984)
despite their potassium-rich clinoptilolite compositions. Ultimately,
variations in ion-exchange selectivity with clinoptilolite composition
may be relatively unimportant given the large volumes of zeolites that
groundwaters must pass through along transport pathways. Howaver,
this remains to be demonstrated.

In the saturated 2one, the potassium contents of clinoptilolites
decrease systematically with depth., Calcium and sodium become pro-
gressively enriched with depth on the eastern and western sides of

Yucca Mountain, respectively. Because of their low potassium con-
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tents, these clinoptilolites should have generally similar selectivity
properties and better ion-exchange capacities for some small-radii

radionuclides than zeolites in the unsaturated zone.

CONCLUSIONS

The compositions of Yucca Mountain clinoptilolites and their host
tuffs are highly variable. Clinoptilolites and heulandites in frac-
tures near the repository and in a thin, altered zone at the top of
the Topopah Spring basal vitrophyre have consistent calcium-rich com-
positions. Below this level, c¢linoptilolites in thick zones of dia-
genetic alteration on the east side of Yucca Mountain have calcic-
potassic compositions and become more calcium rich with depth,
Clinoptilolites in stratigraphically equivalent tuffs to the west have
sodic-potassic compositions and become more sodic with depth.

Clinoptilolite properties important for repository performance
assassment include thermal expansion/contraction behavior, hydration/
dehydration behavior, and ion-exchange properties. These properties
can be significantly affected by clinoptilolite compositions. The
compositional variations for clinoptilolites found by this study sug-
gest that the properties will vary vertically and laterally at Yucca
Mountain, Used in conjunction withr experimental data, the clinoptilo-
1ite compositions presented here can be used to model the behavior of
clinoptilnlites 1in the repository environment and along transport

puthways.
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Table 1. REPRESENTATIVE CLINOPTILOLITE COMPOSITIONS, YUCCA MOUNTAIN, NEVADA

Topopah Spring M.,

Tuff of Calico Hills,

1wuff of Caifco Hills,

Prow Pass Mor.,
Crater flat Tuff,

Prow Pass Mbr.,
C-ater Flat Tuff,

Paintbrush Tuff, East Side of West Sice of €ast Side of West Side of
Rock Unit Top of Basal Vitrophyre _Repasitory Bluck Repository 8lock Reoository Block Repository 8lcck
Sample Wo.2 J-13-1335 UE25af1-132. USN G-1-1774 UE 25aff1-2087 USH G-1-2083
5i0, 66.0 66.1 68.1 64.1 67.3
Tio, 0.02 0.03 0.00 0.00 0.00
A1,0, 1. 1.6 12.2 12.0 n.a
Fe,0, ° 0.47 0.02 0.0 0.00 0.00
Mgo 0.51 0.38 0.09 0.7 0.07
Cal 4.49 4.01 1.11 3.78 0.78
Ba0 0.0¢ 0.1 0.03 0.05 0.08
llazlJ 1.07 0.67 2.84 n 47 3.1}
K,0 1.05 1.78 4.20 1.54 .M
TOTAL 86.7 84.7 83.5 82.7 86.4
CATIGNK PERCENT
Si 12.6 4.8 71.9 74.3 12.8
Ti 0.02 0.03 0.00 0.00 0.00
Al 17.0 i5.5 15.2 16.4 4.9
Fe'? 0.39 0.02 0.00 0.09 0.00
Mg 0.84 0.64 0.14 1.23 0.1
Ca 5.319 4.87 1.26 4.70 0.91
Ba 0.92 0.07 0.01 0.02 0.03
Na 2.28 1.47 5.82 1.06 6.57
K 1.48 2.57 5.66 2.28 4.61
Si/al
4.3 4.8 4.7 4.5 4.9
Mo1.% EXCHANGEABLE CATIONS

K 15 27 44 25 38
Na 23 15 45 n 54
Ca+Mg 62 58 n 64 8

4Sampie number cousists of drill hole designation

b .
Total iron calculated as Fe203

followed by depth of sample in feet beneath the surface.



TABLE §i. REPRESENTATIVE BULK-ROCK COMPOSITIONS FAR DIAGERETICALLY ALTERED TUFFS, YUCCA MOUNTAIN, NEVADA

Rock Umit Topopah Spring

0 Mester, ‘ Prow Pass Meaber, Bulifroqg Member,
Paintbrush Tuff -----____ Tufi of Calico HiMl§-e . . Crater Flat Tuffococecmccccce  cmcmmaaaao Crater Flat Tuffe------___
Zeolite- and A. B. A. B. A, B.
Clay-Rich lone RMonwelded Zeolitic Nonwelded Zeolitic Nonwelded Zeolitic Nonwelded Zeollitic Nonwelded Zeolfitic Nonwelded Zeolitic
at Top of Tuff, East Side of Tuff,6 Hest Side of Tuff, East Side of Tuff, West Side of Tuff, f€ast Side of Tuff, West Side of
8asal Vitrophyre Repository Block Repository Block Repository Block Repository Block Repository Block Repository Block
Sample R:.2 U Gg-4-1314 UE2Saf 1-1667 USH 6-1-1771 USW G-4-2226 USW GU3-19868 UE25b/ 1H-2879A UsSW G-3-2577
SiOZ .2 72.1 71.8 66 .4 67.9 67.3 66.3
Ti[]2 0.v 0.08 0.0 0.4 0.10 0.25 0.12
”203 6.7 1.3 1.8 13.2 12.4 13.2 12.9
Fe,0, b 1.44 1.00 1.40 1.45 1.23 1.82 1.32
Mo 0.09 0.05 004 0.05 0.07 0.04 0.10
Mg0 0.90 0.12 0.24 0.25 o.n 1.30 0.27
Ca0 3.5) z.67 1.20 2.43 0.87 3.3 2.34
IJZO 1.90 1.47 2.79 2.15 3.44 1.18 2.43
KZO 0.72 .@ 31.76 3.78 3.72 3.7% 3.61
P205 0.02 0.02 0.00 0.01 0.02 0.09 0.02
Lo1 € 5.91 2.68 5-64 9.40 0.2 2.0 9.83
TOTAL 101.5 99 .9 98 .8 99.2 100.1 99.2 99.3
CATION PERCENT
Si 69.6 74.7 2.7 69 .8 70.7 69.5 69.8
T 0.10 0.06 0.08 0.N 0.08 0.19 0.10
Al 19.5 13.7 14.1 16.3 15.2 16.0 16.1
Fe*3 1.07 0.78 1.07 1.15 0.97 1.42 1.05
Mn 0.06 0.04 0.03 0.04 0.05 0.03 0.07
Mg 1.313 0.19 0.36 0.19 0.17 2.00 0.42
Ca 3.3 2.9 1.30 2.74 0.97 3.46 2.64
Na J.65 2.9% 5.48 4.38 6.54 2.36 4.96
0.9 459 4.86 5.07 4.94 4.92 4.85
P 0.02 0.02 0.00 0.01 0.02 0.08 0.02

35smple number consists of drill hole designation followed by depth of sample in feet beneath the surface. Sample analysis USW G-1-1771 from
lielinsk1 (1983).

Total iron as Few]

T Tmrtiem, tetermined by differ. “ce in sample w>ight at room temperature and sample welaght at 900°C.
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EXCHANGEABLE-CATIONS IN Ca-CLINOPTILOLITE
AND HEULANDITE (UPPER GROUP), YUCCA
MOUNTAIN, NEVADA
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UPPER GRQUP OF CALCIC CLINOP-
TILOLITES AND HEULANDITES

Si/Al

LOWER GROUP OF CLINOPTILOLITES
ON EASTERN SIDE OF YUCCA MTN.

Si/Al

LOWER GROUP OF CLINOPTILOLITES
ON WESTERN SIDE OF YUCCA MTN.




CLINOPTILOLITE EXCHANGEABLE-CATION COMPOSITIONS BELOW
THE REPOSITORY BLOCK IN THE UNSATURATED ZONE
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EXCHANGEABLE-CATION COMPOSTIONS IN BULK ROCKS,
YUCCA MOUNTAIN, NEVADA
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P\D CLINOPTILOLITE UNIT-CELL VOLUMES AS A FUNCTION OF
COMPOSITION AND TEMPERATURE
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