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PRELIMINARY CONCEPTUAL MODEL
FOR
MINERAL EVOLUTION IN YUCCA MOUNTAIN

by

C. J. Dufty

ABSTRACT

I present a model for mineral alteration in Yucca Mountain, Nevada,
that suggests that the mineral transformations observed there are primarily
controlled by the activity of aqueous silica. The rate of these reactions is
related to the rate of evolution of the metastable silica polymorphs opal-CT
and cristobalite assuming that ASi0(aq) is fixed at the equilibrium solubility
of the most soluble silica polymorph present. The rate equations accurately
predict the present depths of disappearance of opal-CT and cristobalite. The
rate equations have also been used to predict the extent of future mineral
alteration that may result fromm emplacement of a high-level nuclear waste
repository in Yucca Mountain. Relatively small changes in mineralogy are
predicted, but I base these predictions on the assumption that emplacement
of a repository would not increase the pH of water in Yucca Mountain nor in-
crease its carbonate content. Such changes may significantly increase mineral
alteration.

Some of the reactions currently occurring in Yucca Moun'.ain cousume
H* and CO2~. Combining reaction rate models for these reactions with
water chemistry data may make it possible to estimate water flux through
the basal vitrophyre of the Topopah Spring Member and to help 0. wm fie

direction and rate of flow of groundwater in Yucca Mountait..

I. INTRODUCTION

Potential detrimental effects of glass and mineral alteration may afiec: the suitability
of Yucca Mountain in south central Nevada as a potential site for an underground high-
level radioactive waste repository. This report, sponsored by the Nevada Nuclear Waste

Storage Investigations (NNWSI) Project of the U.S. Department of Energy, presents a



preliminary conceptual model for mineral alteration in Yucca Mountain. I present a pre-
liminary assessment of mineral alteration that may occur in Yucca Mountain over the
lifetime of a repository. Mineral alteration will occur in Yucca Mountain because at least
some of the current mineral assemblages are metastable. I am primarily concerned with
the rate of transformation of these metastable mineral assemnblages. The validity of perfor-
mance assessment based on current rock properties is directly correlated to the persistence
of current mineral assemblages. If transformation of the current mineral assemblages is un-
likely over the lifetime of the repository, we can use current rock properties with confidence
in performance assessment. However, possible mineral alteration could affect repository
performance by changing the sorptive properties of the rock, by changing rock mechanical
properties (such as strength), by changing hydraulic properties (such as permeability and

porosity), or by producing or consuming water.

Mineral trausformations occur in Yucca Mountain for two possible reasons. First,
much of the present mineralogy is metastable because many of the minerals were formed
from the low-temperature alteration of glass. The silica phases opal-CT, tridymite, and
cristobalite are metastable with respect to quartz under the conditions present in Yucca
Mountain. Field observations suggest that clinoptilolite and mordenite are also metastable.
Because of this metastability, mineral transformations will take place in Yucea Mountain
even if a repository is not built there. Second, the heating caused by a repository may
induce or accelerate mineral transformmations. These transformations may be caused by
different mineral assemblages becoming stable or by the increased rate of transformation
of metastable assemblages caused by heating. The dominant minerals in Yucca Mountain
are the silica polymorphs (tridymite, opal-CT, cristobalite, and quartz), clinoptilolite,
mordenite, clays, analcime, and alkali-feldspars. Lesser amounts of kaolinite and calcite

are present and involved in reactions among the major phases.

The effects of heat and time are major factors that determine the present mineral
distribution. The validity of the conceptual model produced by this task can therefore
be at least partially assessed by how well it explains the present mineral distribution. I
hypothesize that the mineral transformations in Yueca Mountain are largely controlled
by the decreasing aqueous silica activity caused by the evolution of the metastable silica
polymorphs to quartz. The transition of analeime plus SiO, to albite is the only ma-
jor mineral reaction observed in Yueea Mouuntain that canunot plausibly be attributed to
decreasing aqueouns silica activity. This transformation is probably dependent on the ki-

neties of aluminumy/silicon ordering in albite, but may also require a higher temperature

[S™)



than those currently existing in Yucca Mountain. Transformation of the metastable silica
polymorphs and its effects on the transformation of clays and zeolites will be my primary
emphasis. I will also emphasize the rates of evolution of the metastable silica polymorphs,
their relationship to the aqueous silica activity, and their effect on reactions among other

minerals.
1I. MINERALOGY

The mineralogy of Yucca Mountain, described in many reports on individual drill
holes, is summarized by Bish and Vaniman (1985). More recent mineral abundance data
have been obtained for drill holes J-13, UE-25a#1, and USW G-1 (Bish and Chipera,
1986). Electron microprobe mineral compositional data also appear in many of the indi-
vidual reports. Electron microprobe data for clinoptilolite, analcime, and authigenic alkali
feldspar have been collected by Broxton et al. (1986). Electron microprobe compositional
analyses of mordenite are detailed by Caporuscio et al. (1982) and by Carlos (1985, 1987).
Clay analyses are detailed in Caporuscio et al. (1982), Vaniman et al. (1984), and Levy
(1984). The major minerals in Yucca Mountain fall into the categories of zeolites, clays,
alkali feldspars, silica polymorphs. and calcite. The zeolites are primarily clinoptilolite,
mordenite, and analcime. The clays arve principally smectites, interlayered smectite/illite,
and illite with lesser kaolinite. Tridymite, opal-CT, cristobalite, and quartz make up the
silica polymorphs. Additional phases such as chlorite, laumontite, and iron, iron tita
nium, and manganese oxides and hydroxides are present in low abundance or very limited

distribution. Biotite and hornblende are also present in limited abundance as phenocrysts.

The compositions of the major phases are variable. In order to model the chemi-
cal reactions among these phases, representative compositions have been chosen based on
available microprobe analyses or accepted mineral compositions. These compositions are
given in Table I. Clinoptilolite generally has Si/Al (atom ratio) between 4 and 5 (Broxton
et al., 1987). The Si/Al ratios for a small group of calcium-rich clinoptilolites are be-
tween 2.8 and 3.6. The relative abundances of sodium, potassium, and calcium in Yucca
Mountain clinoptilolites are highly variable. Few analyses are available for mordenite due
to its generally fine grained nature and tendency to be intergrown with other minerals.
However, Si/Al tends to be somewhat higher in mordenite than i clinoptilolite, generally
between 5 and 6. The mordenite also appears to be enriched in sodium aund depleted
in potassium relative to nearby clinoptilolite. Calcium may also be somewhat depleted
relative to sodium, but probably less so than potassium. Analcime is essentially a pure

sodium mineral with only very minor amounts of potassium or calcium. The Si/Al ratio
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of the Yucca Mountain analciimes range from 2.3 to 2.9 and show a bimodal distribution

centered about approximately 2.53 and 2.75.

TABLE I
REPRESENTATIVE MINERAL COMPOSITIONS FOR YUCCA MOUNTAIN

Clhinoptilolite = (%CH‘,N&,I\’)g‘lg‘Al‘z'lgSig'gz()pﬂ.]'IlHQ()

Mordenite = (%Cfa,, Na, N} gAl{ §Si10.2024 - nH,0

Analcime = NaggAl 35121406 - nH, 0

Sinectite = (%Ca, Na)y (Mg, Fe) gAls 3Si7 §090(OH), - nH, 0
[lite = K, o(Mg,Fe)gAly Si;0,(OH),

Kaolinite = Al;S51,0,9(OH)s

IK-feldspar = IKAISiz; Oy

Albite = NaAlSi30q

Calcite = (CaCOy

The clays in Yucca Mountain are smectites, interlayered smectite/illite, and illites
with small amounts of kaolinite. The smectites contain sodinm, caleinm, and potassium in
the interlayer sites. The Al/(Mg + Fe) atomn ratio varies slightly but is about 3.7. A small
amount of aluminum is present in the tetrahedral sites. The illites are potassium rich with
only minor calcium and sodium. The amount of iron and magnesium in the octahedral
sites 1s about the same as in the smectite. The aluminum content of the tetrahedral
sites is higher than in the smectites. The Mg/Fe ratio in both the illites and smectites 1s
variable and appears to reflect the bhulk composition of the rock. Compositional data are
not available for the kaolinite from Yucca Mountain. KNaolinite hias limited compositional

variability (Deer et al., 1962); the ideal formula has been used.

The silica polymorphs are all essentially SiO,. Water is generally present in the opal
as are aluminum, sodium, and potassium, but they are present in minor amounts. The
authigenic alkali feldspars are nearly pure albite and orthoclase endmembers, although the
authigenic K-feldspars show a small amount of silicon substitution for aluminum in the
ideal formula (Broxton et al., 1987). Intermediate sanidine and plagioclase phenocrysts
are present as well as considerable intermediate alkali feldspar (Broxton et al., 1982) that
is the product of elevated temperature devitrification during initial cooling of the tuff.
Caleite analyses are not available, but this phase is probably nearly pure CaCOy with

possible minor magnesiun.




II1. CONTROLS ON MINERAL ALTERATION

The mineralogic investigations of Yucca Mountain cited earlier reveal a consistent
variation in mineralogy with depth. Unaltered glass is common in the upper part of the
mountain. It is replaced by clinoptilolite and mordenite with increasing depth followed
by analcime and finally albite. Smyth (1982) related these transformations to increasing
temperature and suggested that in the presence of dilute waters the transition from clinop-
tilolite to analcime should take place at 90 to 100°C. However, data presented by Honda
and Muffler (1970) and Keith et al. (1978) for drill holes in Yellowstone National Park
show alternating zones of clinoptilolite and analcime in drill holes over the temperature
interval from 50 to 150°C. Dibble and Tiller (1981) present an alternate model for the
evolution of tuffaceous sediments in which clinoptilolite and smectite are assumed to be
metastable phases that crystallize from supersaturated solutions resulting from glass dis-
solution. According to Dibble and Tiller (1981), a more ordered assemblage of feldspar,
illite, and perhaps analcime is more stable, but is not observed initially because the more
disordered smectites and zeolites crystallize more rapidly. The model of Dibble and Tiller
(1981) tends to agree with the observed interlayering of clinoptilolite and analciine, but
it suggests that mixtures of clinop’ilolite with analcime and authigenic feldspar should be
comunon. However, the transition zones between clinoptilolite and analcime bearing rocks

are abrupt and the minerals coexist over a limited stratigraphic irterval.

Kerrisk (1983) estimated thermodynamic data for clinoptilolite and mordenite and
used these data in performing reaction-path calculations of groundwater chemistry and
mineral formation. Kerrisk (1983) found that if quartz was allowed to precipitate, clinop-
tilolite and mordenite did not appear in the final mineral assemblage in any of his calcu-
lations from 25 to 175°C. However, if quartz and chalcedony precipitation was suppressed
so that the aqueous silica activity could not fall below cristobalite saturation, clinoptilolite
and mordenite appeared in the final assemblage at all temperatures. This is in agree-
ment with the general conclusions of Dibble and Tiller, because only the assemblage which
contains quartz can be the stable assemblage. However, it also points out that a dis-
tinction must be made between the stability of individual mineral phases and the overall

assemblage.

Kerrisk’s (1983) results can be better understood by observing that the general reac-

tion of clinoptilolite to analcime is

(1]



Na — clinoptilolite — Amnalciie + m - SiOg + n - Hy O. (1)

Similar reactions can be written for reaction of the potassiuun and calcium components
of clinoptilolite to K-feldspar and/or smectite. In all cases, the reactions involve the

production of Si0y. The equilibrium constant, I{, for Eq. (1) can be written

m n
Uanalcime 450, allg()
I& — 2(aq) (2)

UNa—clinoptilolite

where « is the chemical activity. Because analcime is present as a pure sodium endmember,
its activity is 1 as is the activity of HoO for the dilute groundwaters of Yucca Mountain.
To a first approximation, the activity of Na-clinoptilolite is the mole fraction, x, of the

sodium endmember present in the clinoptilolite. Equation (2) therefore reduces to

m
(g
Si0y(aq)

N =

. (3)

I'Na—clinoptilolite
Equation (3) demonstrates that at a given temperature and clinoptilolite composition
an aqueous silica activity exists at which the clinoptilolite and analcime are in equilib-
rium. Above that value, clinoptilolite is stable; below that value analcime is stable. IKer-
risk’s (1983) calculations suggest that the equilibrium value is between cristobalite and
chalcedony saturation. I wish to stress that, although the assemblage of cristobalite, or
opal-CT, and clinoptilolite is probably metastable as suggested by Dibbie and Tiller (1981),
if the aqueous silica activity is high, the clinoptilolite may be stable even though the total
asscmblage 1s not. If the aqueous silica activity is high, minerals that are part of the most

stable assemblage could react to form clinoptilolite.
IV. AQUEOUS SILICA ACTIVITY

The forms of solid Si0, are regulating factors controlling the aqueous silica. Fig. 1
shows the solubility of various forms of SiOy based on the analysis of Walther and Helgeson
(1977), and presents water composition data from Yucca Mountain and vicinity (Ierrisk,
1987). The “beta-cristobalite” in Walther and Helgeson (1977) is almost certainly a highly
disordered opal-C'T (Murata and Larson, 1975). Opal-CT has varying degrees of stacking
disorder. Tt varies continuously from highly disordered opal-C'T to well-ordered cristobalite.

I therefore assume that the solubility of opal-C'T varies between that of “beta-cristobalite”
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and cristobalite. If an opal-C'T is more disordered than “beta-cristobalite,” the solubility
that opal-CT is probably slightly higher than “beta-cristobalite™. Most of the waters fall
within the range of opal-C'T saturation. Some of the analyses above “beta-cristobalite”
saturation may represent the effects of glass dissolution, but most are probably within the
model and analytical uncertainties involved. Fig. 2 shows aqueous silica analyses of waters
from Yucca Mountain and the immediate vieinity. All of the waters fall within the opal-C'T
saturation field, with the exception of the high-temperature sample from UE-25b#1. Most
of the interval that this sample from UE-25b#1 comes is probably at sufficient depth that

quartz is the only form of SiO, present.

-2.5

)
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LOG(ACTIVITY SIO,
-3.5

-4.0

LEGEND
@= YUCCA MOUNTAIN
= OTHER

lﬂ. i 1 " 1 " 1 " L i 1 " i n
v 0.0 10.0 20.0 30.0 40.0 80.0 60.0 70.0
TEMPERATURE (°C)

Fig. 1. Aqueous silica content of waters from Yucca Mountain and viemity., Waters
labeled “Other™ are not from Yucea Mountain, but are from the general area
(Kerrisk, 1987). Shaded area represents the probable range of opal-C'T solubility.

Most of the water samples were obtained by pumping the entire well so that the mea-
sured temperatures and silica concentrations are composite numnbers weighted in favor of
zones of high flow. Fig. 3 shows temperatures and silica concentrations from packed-off
zones within wells. Although silica solubility generally increases with increasing temper-
ature for a given mineral, the deeper, hotter samples from these wells show consistently
lower dissolved silica than do the cooler samples taken higher in the well. The more solu-

ble silica polymorphs present at shallower depths are replaced by quartz at greater depth.
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Fig. 2. Aqueous silica content of waters from Yueea Mountain and immediate vieinity.
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Fig. 3. Aqueous silica content and temperature of water from packed-oft zones in drill
holes in Yueea Mountain.,  Vertical bars represent the packed-off interval from
which the water sample was taken.

8



These observations suggest that the distribution of silica polymorphs controls aqueous sil-
ica activity in Yucca Mountain. Other reactious, such as the conversion of clinoptilolite to
analcime, may also influence the aqueous silica activity, but this influence will be confined

to the range of silica activity where the reaction is taking place.

I assume that the aqueous silica activity is controlled at the solubility of the most
soluble silica polymorph present (Duffy, 1993). The high degree of correlation between the
occurrence of clinoptilolite and presence of quartz and/or opal-CT or cristobalite (Honda
and Muffler, 1970; Moiola, 1970; Keith et al., 1978; Bish and Chipera, 1986) can be
explained by stabilization of the clinoptilolite by the high aqueous silica activity produced
by the metastable silica phases. Lower aqueous silica activity produced by equilibration

with quartz accounts for the appearance of analcime with quartz only.
V. MINERAL ALTERATION IN YUCCA MOUNTAIN

The transformation of clinoptilolite must produce phases in addition to analcime
because only the sodium component of the clinoptilolite can be incorporated into the

analcime. These additional reactions will be of the form

I — clinoptilolite — K — product; + m - SiOy + n - H,O, (4)
Na — clinoptilolite — Na — product, + m - SiO, + 1 - HyO, (5)

and
Ca — chinoptilolite — Ca — producty + m - SiOy + 1 - HyO. (6)

[ will assume, for the moment, that these reactions produce positive amounts of silica.
Thus decreasing aqueous silica activity will lead to a decrease in the clinoptilolite and only
one product will be produced in addition to SiQg and H,O. The equilibrium constants for
Eqgs. (4). (9), and (6) are

. (L:li()g(m”‘l' K—product;
]\ = (

UK —clinoptilolite

-1



m e
asio 2(aq) TNa—product,

K = (8)

TNa~clinoptilolite

m
as I
. Si0;(a)  Ca—products
L = (aq) (9)

TCa—clinoptilolite

respectively, where I{ — producty, Na — product,, and Ca — products are the potassium,

sodium, and calcium endmembers of product;, product,, and products.

For a constant rproducte the equilibrium value of zclinoptitolite Will decrease with de-
creasing asio,,,,- 1Lhe clinoptilolite will begin to be depleted and the product phase
will begin to form when the equilibrium mole fraction of the endmember clinoptilolite
(Na-clinoptilolite in the case of the reaction to analcime) drops below the mole fraction
present in the clinoptilolite, if the product is a pure sodium, calcium, or potassium phase
such as analcime. If the product phase has a variable sodium, calcium, and potassium

content, as is the case with smectite, the product is stable when

Y wi =1, (10)
>

]

where the sum is over all components in the product. Equation (10) also applies to the

sum of the mole fractions of the components of stable clinoptilolite.

The clinoptilolite’s original composition depends on the minerals with which it is in
equilibrium at high asio,,,, such as mordenite, and perhaps, alkali feldspar and on the
bulk composition of the rock. As USi0,a,, decreases, the x, for the product phase will
mcrease (as determined by Eqs. (7), (8), and (9)), but no product will be forined until
Eq. (10) is satisfied. When Eq. (10) is satisfied, the reaction of clinoptilolite to form
product will progress with decreasing asio,,,,- As this reaction proceeds, the clinoptilolite
will be depleted in the components with higher «; in the product than in the clinoptilolite
and will be enriched in components with lower ;. This reaction will continue until the sumn
of the @; for clinoptilolite falls below 1, at which point the remainder of the clinoptilolite

will react to form product.

Figs. 4-9 show the mole % of calcium, potassium, and sodium relative to the sum
of calcium, potassiun, plus sodium for clinoptilolite from drill holes in Yucca Mountain

(Broxton et al. 1986) as a function of depth. Figs. 4-9 also show available whole rock
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analyses. Clinoptilolite composition shows clear variations that are not associated with
variations in the bulk composition of the rock. Figs. 10-15 show the same clinoptilolite
compositional data as Figs. 4-9 plus clinoptilolite, mordenite, glass, and silica polymorph
abundance data determined by x-ray diffraction. Mineral abundance data for USW G-1
and J-13 are derived from Bish and Chipera (1986), USW G-2 data are derived from
Caporuscio et al. (1982), and USW G-3 and USW G-4 data are derived from Bish and
Vaniman (1985). The data shown for UE-25a#1-25b#1h are for UE-25a#1 from Bish and
Chipera (1986) from 26.6 to 759.6 m and for UE-25b#1h from Caporuscio et al. (1982)
from 769.6 to 1215.5 m. The designation UE-25a#1-25b# 1h is used for the combined data
from these two dzill holes because they are closely associated laterally, but mineralogic data

are available from only a portion of each drill hole.
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Fig. 4. Percentage of sodium, potassium, and calcium in clinoptilolite from USW
G-1 relative to total sodium + potassium + calcium. No whole rock data were

available for USW G-1.

Figs. 10-15 show the clear correlation between the presence of opal-CT and/or cristo-
balite and clinoptilolite. Clinoptilolite tends to extend to slightly greater depth than
cristobalite, but in reduced abundance. Clinoptilolite, however, tends not to coexist with
cristobalite and tridymite in the upper part of Yucca Mountain. Opal-CT is not shown in
USW G-2, USW G-3, and USW G-4 because the distinction was not made between cristo-
balite and opal-CT when these analyses were made. In USW G-1, UE-25a#1, and J-13,
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where opal-CT was distinguished from cristobalite, an excellent correlation exists between
high abundance of clinoptilolite and the presence of opal-CT. Mordenite and clinoptilolite
tend to occur together. The sodium-potassium-calcium contents of the clinoptilolite tend
to show calcium enrichient at the top of the sequence followed at increasing depth by a
zone of relatively constant composition that generally follows the bulk composition of the

whole rock. At greater depth, the clinoptilolite becomes depleted in potassium.

Figs. 16-21 are compiled from the same sources as are Figs. 10-15 and show the
clinoptilolite sodium-potassium-calcium contents along with the mineralogic composition
of the rocks. Glass, tridymite, and mica have not been included in these diagrams because
they do not appear to be involved in the reactions that will be discussed. Their inclusion
would only further complicate the figures. Fig. 16 of USW G-1 and Fig. 20 of UE-25a#1-
25b#1h suggest that potassium depletion in the clinoptilolite is closely associated with the
disappearance of opal-CT and begins before appreciable smectite crystallization. The alkali
feldspar content of the rocks containing potassium-poor clinoptilolite is higher than those
containing more potassium-rich clinoptilolite. Potassium depletion of the clinoptilolite is,

therefore, probably due to the reaction
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K —clinoptilolite X —feldspar aqueous silica

(11)

The water of hydration has not been included in this reaction or those that follow because of
the lack of knowledge of the hydration state of the minerals containing water of hydration.
Water is present throughout Yucca Mountain, so the availability of water should not limit
the reactions. The activity of water will not be important in the equilibrium constants
so long as the water is dilute. At the low temperatures of concern in Yucca Mountain,

K-feldspar is essentially a pure phase so the equilibrium constant for Eq. (11) is given by

- ol
K= ) (12)

LK —~clinoptilolite

Fig. 22 shows the equilibrium mole fraction of K-clinoptilolite coexisting with
K-feldspar assuming that the equilibrium rg —clinoptilolite at cristobalite saturation is 0.06.
The diagram is calculated at 28°C, but the relationship between the equilibrium
TK —clinoptilolite and the solubilities of the various silica polymorphs probably remains nearly
constant over temperatures of importance in Yucca Mountain, Only the values of USi0 (e

would change with the temperature. The @K —clinoptilolite Values predicted by Fig. 22 are
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consistent with the asswnption that asio,,

silica polymorph present, except perhiaps in USW G-1 where only quartz is present with
the clinoptilolite. In USW G-1. asio,,,,

and zeolites. Where clinoptilolite coexists with opal-C'T, the potassium conteut of the

is fixed at the solubility of the most soluble

., may be controlled by reaction among the clays
clinoptilolite gradually decreases with inercasing depth. The kinetie model of the silica
polymorph transitions (to be presented later in detail) suggests that the depth distribu-
tion of silica polymorphs results from their temperature history with the nonwelded tuft in
the upper part of the mountain experieneing nearly constant temperature near the present
value, Fig. 23 presents the results for a model with a constant temperature of 28°C. The
28°C temperature of the model duplicates the current temperature at about 450 m in
USW G-1 (Sass and Lachenbruch, 1982) in the upper part of the Tuft of Calico Hills,
The age of Calico Hills tuff is about 13.4 m.y. (Marvin et al.,, 1970). The model predicts
that the opal-C'T at this depth of 450 m would have an 101 spacing about two-thirds of
the way between highly disordered opal-C'T and eristobalite. Althougli the relationship
hetween 101 spaciug and solubility is not known, the solubility of such an opal-C'T is prob-
ably ronghly midway bhetween that of “beta-eristobalite™ and eristobalite, which would
be in equilibrivun with K-feldspar and clinoptilolite with wg -cinoptitotite of about 0.5, in

reasonable agreement with the observed value of 0.58.
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In USW G-1 and USW G-2, analcime begins to form when &ya—clinoptilolite ises to

about 0.77. The equation for this reaction is

NﬂzllgAlg msig.gg()g.; - 2.53N?1'345A1,3(3Si‘2,].4()(5 + 44181()2

(13)
Na—clinoptilolite analcime aqueous silica
Because analeime is a pure sodium phase,
1441
ag;
. Si09(aq) .
N=—— (14)

I'Na-—-clinoptilslite

Fig. 24 shows the relationship between dasio, and TNa—clinoptilolite 111 cquilibrivum with
analcime based on Eq. (14) with the asstnption that the equilibriun oNa—clinoptilolite at
cristobalite saturation is 0.77. The clinoptilolite compositional data for USW G-3 suggest
that asj0,,,,, 1 appreciably above cristobalite saturation, based on &'k —clinoptilolite, Until
cristobalite /opal-C'T disappears from the hole. Below the disappearance of cristobalite.
LNa—clinoptilolite Suggests that asjo,,, is slightly below cristobalite saturation, in agreement
with the observed mineralogy, while 0 —chnoptitotite s11ggests that asio, ., is slightly above
cristobalite saturation. In USW G-4, UE-25a#1-25b#1h, and J-13, clinoptilolite does
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not coexist with analcime due to the low sodium content of the clinoptilolite. In these

holes, the remaining clinoptilolite apparently transforms to smectite before sufficiently low

USiO y(nq) 18 reached for reaction to analcime.

The reaction of clinoptilolite to smectite can be described by the reactions

Cay.00Aly 18Si0 82024 + .59(Mg, Fe)O + 1.46H* 4 0.73C0O%~

Ca~—clinoptilolite

— 0.66Ca,55(Mg, Fe) 9Al;.3Si7.8020(0OH)4 + 0.73CaCO3 + 4.67S10, (15)

Ca—smectite calcite aqueous silica

and

Naz_ IBAlz,lgSigﬂz()M + 1.98()3.55(1\"12". F(‘)_gAls..‘;Sﬁ,g()zu( ()H )4

Na—clinoptilolite Ca—gmectite

— C'dl.09A12.185i9.82()24 + 1:98N?\1<1(i\'lgaF(").s)Al.'s.:;SiT.s()zu(()H):t (16)

Ca—clinoptilolite Na-—smectite

with equilibrium constants

L6766
I Si0g(4q) " Ca—smectite 17)
b WP TER (17)

Ay @ o T Ca—clinoptilolite
+ (o 2- T Ca—clinoptilolite
H+ Yco? ‘

and

1.98
. LCa—clinoptilolite U Nz —gmectite
I = p Na—smec ite (18)

. . oo 198
INa—clinoptilolite U¢'y —gmectite

An equation similar to Eq. (17) could be written to describe exchauge of potassinm and cal-

cium between clinoptilolite and smectite, but little potassium remains in the clinoptilolite
when the trausformation to smectite occurs.

Equation (17) shows that the transformation of clinoptilolite to smectite is highly

7w ) . 1¢ ala S RTe) - . ! . a3 . T OQW g
dependent on asio,,,,,» but is also dependent ou the pH and o2 The progress of
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Eq. (15) is limited by the supply of CO%~. As the reaction proceeds, 4go2- will fall until
the reaction stops unless additional CO2™ is brought into the rock by moving water. The
supply of iron and magnesium could also limit this reaction. Although small amounts of
iron and magnesium are found in the clinoptilolite, they are sufficient for the formation
of ouly very small amounts of smectite. Sufficient additional iron and magnesium are
apparently available for the complete transformation of clinoptilolite. Iron is probably
present as iron oxides and hydroxides; some of the magnesium may also be present as
oxides and hydroxides, although the form of magnesium in the high clinoptilolite rocks is
unclear. To the extent that magnesium is present in aluminum silicates, the amount of

calcite produced in Eq. (15) will be reduced.

Althongh Eq. (15) is dependent on app?- and pH, the process is much more de-
pendent on asio,,,, because of the larger exponent of aSi0y(nq, 10 (17). Because of the
complex interplay of parameters affecting this reaction, more detailed numerical modeling
is needed. Smectite generally coexists with clinoptilolite in Yucea Mountain, but appre-
ciable clinoptilolite reaction to form smectite appears to happen only at asio,,,, near
cristobalite saturation. Varying o2 with agjo,,,, near cristobalite saturation probably
changes the calcium/sodinm partitioning bhetween coexisting clinoptilolite and smectite.
Equation (17) indicates that at higher Aeo2- the smectite will become more caleium rich
and the clinoptilolite less caleium rich. Equation (18) indicates that the converse will be

true for sodium.

The uppermost clinoptilolites in Yucca Mountain tend to be calcium rich. While the
rock in which these clinoptilolites occur tends also to be caleium rich, this is not universally
true as in UE-20a#1. These clinoptilolites have low potassium contents indicative of
USi0,,,, Bear cristobalite saturation. The low agio,,, 15 probably caused by equilibration
of the water with immediately overlying tridymite- and cristobalite-bearing rocks as the
water moves downward. These clinoptilolites generally occur with siectite. The high
calcium content probably results from low (2= Low values of oz probably result
from limited water movement in the unsaturated zone where these clinoptilolites oceur
and from the depletion of the limited supply of CO5™ by the reaction shown in Eq. (15).
As Eq. (15) proceeds, HY is depleted, reinforcing the effect of C()g_ depletion. Calcite,
predicted as a product of this reaction, has not generally been observed in these rocks,
except in USW G-2; however it has heen observed in the uppermost clinoptilolite zone
of USW G-2. Calcite may not have been observed either because of its tendency to be

mobile and form vein fillings or because of low abundance. Equation (15) predicts that

o
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about 0.15 wt% calcite will be formed for every weight percent Ca-smectite. Considering
that Tca—smectite Will probably be less, perhaps considerably less, than 0.5, less than 2 wt%
calcite would be expected to result from formation of 30 wt% smectite. A more detailed
understanding of this reaction may provide a means of estimating the water flux through

this zone.

A similar CO2~ limited reaction of clinoptilolite to smectite appears to occur in the
lower portions of the clinoptilolite zone in USW G-4, UE-25a#1-25b#1h, and J-13 after
opal-CT disappears. However, in USW G-1, USW G-2, and USW G-3, Zca—clinoptilolite
decreases with the appearance of smectite, whereas TNa—clinoptilolite r€mains at a high rela-
tively constant value that is probably controlled by equilibrium with analcime. The lower
values of T¢a—clinoptilolite Suggest a greater supply of CO:‘;’~ and HT. With increasing depth,
TCa—clinoptilolite increases and Tca—smectite decreases where smectite and clinoptilolite co-

exist. This trend probably results from decreasing ASi0 5(q) with depth.

Smectite analyses are available only for USW G-2 and USW G-3. These smectites
show a trend of increasing potassium and decreasing sodium and calcium content with in-
creasing depth. This trend, particularly obvious in USW G-2, corresponds to a transition
from smectite to illite (Caporuscio et al., 1982). However, the nature of the smectite/illite
transition is somewhat uncertain. The smectite/illite transition takes place in pelitic sedi-
ments in the temperature range from about 60 to 150°C. However, the extent of conversion
of smectite to illite layers can vary even at a given temperature (Perry and Hower, 1972;
Bruce 1984). It is not known whether the observed extent of reaction reflects a difference
in pressure, pore fluid composition, bulk chemistry of the shale, or composition of the
starting smectite or whether it is a time effect reflecting the kinetics of the reaction (Eberl
and Hower, 1976; Roberson and Lahann, 1981). The complexity of the problem increases
with the uncertainty as to the correct thermodynamic representation for mixed layer smec-
tite/illite. Zen (1962) pointed out that either a solid solution or a two-phase aggregate
representation of smectite/illite may be correct. This uncertainty remains unresolved.
Aagaard and Helgeson (1983) have used a solid solution model, whereas Garrels (1984),

using the same data set, treats the montmorillonite and illite interlayers as separate phases.

It secms likely that aqueous silica activities substantially above quartz saturation are
in equilibrium with highly smectitic clays. This conclusion is consistent with both Aagaard
and Helgeson (1983) and Garrels (1984). The Garrels’ model, treating montmorillonite and
illite as separate phases, indicates that at 25°C the transition takes place about midway,

on a logarithmic scale, between quartz and amorphous silica saturation. Although the
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aqueous silica activity for the transition will increase with increasing temperature, its
relationship to the solubility of quartz should remain approximately constant. For the
aqueous silica activity to remain high, as indicated by the water composition data compiled
by Aagaard and Helgeson (1983), the clay reaction rate must be faster than that for quartz
precipitation. The rate of montmorillonite to illite conversion will then be determined by
the rate of quartz precipitation. Such a model explains the broad temperature range in
which the observed smectite/illite conversion takes place (Hower, 1981; Bruce, 1984) and
explains the observed variation of the temperature dependence on time of burial. The
model does not explain why the transition stops with approximately 20% smectite layers

remaining.

However, if we use the solid solution model (Aagaard and Helgeson, 1983) for smec-
tite/illite, the smectite/illite reaction can proceed at equilibrium as the aqueous silica
activity in equilibrinm with the clay decreases. The model (Aagaard and Helgeson, 1983)
suggests that complete conversion to illite is achieved before quartz saturation is reached.
Uncertainties in both the model and the thermodynamic data allow that the smectite/illite
reaction stops at 20% montmorillonite layers when it comes into equilibrivun with quartz.
The conversion rate of montmorillonite to illite layers would still be determined by the
rate of quartz precipitation: however, as the agqueous silica activity produced by the clay
reaction approached quartz saturation. the quartz precipitation rate would approach zero

and the smectite to illite reaction would stop.

Assuming that smectite/illite can be represented hy a solid solution of Ca-smectite,

Na-smectite, and K-illite endimembers, reactions among the endmembers can be deseribed

by
191\:.‘\181;()5 -+ C"d_;,r)(k'lg. F(‘).gAlj;“gSi';'g()g()(()H)»1
K —feldspar Ca—smectite
+ L.1H* + 0.55C0O;~
— I\'lg(‘\rlg, F(").gf\l.;,;Si7()2[)(()H)4 +- ()-55(:1-1(%)3
K —illite calcite
+ 0.28A1,51,0,4(OH)s + 5.38S10, (19)
Kaolinite aqueous silica
and

(V]
~1



1.9KAIlSi30g + Nay.; (Mg, Fe) gAlz 3817 5020(OH)4 +

K—feldspar Na—smectite

— I‘:l .Q(Mg, Fe).9A14,1Si7020(OH)4

K—illite
+ 1.28Na_36A1‘868i2,1406 + 3768102 (20)
analcime aqueous silica
with equilibrium constants
5,38
R Sioz(nq)iEK»illite
K =75 (21)
(152N TCa— i
H+ CO§' Ca—smectite
and
3.76
ag; K ~illite
S . <~
K= 2 . (22)

TNa—smectite

These reactions show that the observed progression of minerals with depth below the
clinoptilolite zones can also be explained by decreasing ¢sio,,,,,. [{aolinite is present and
calcite is most abundant in USW G-2 and UE-25b#1h where conversion to illite is nearly
complete (Caporuscio et al., 1982). Analcime is generally more abundant at increasing
depth, but tends to diminish in the illite zonc of USW G-2. This is probably due to the

replacement of analcime by albite for which the reaction is

Na_g(jALg(;Sig.].l‘*" 04481()2 HO.SGNHA]SI@(){;

(23)
analcime aqueous silica albite
The equilibrium constant for this reaction is
-
I = agjo, .- (24)

so there should be a particular asi0,,,,, at which analcime transforms to albite. The exact

form of the equilibriuun constant and ASi0 gy depends on the Al/Si ratio of the analcime.

More importantly Eq. (24) predicts that albite should be stable at higher asio,,,, than
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analcime, which is contrary to the assumption that asio,,,,,, deercases with depthin Yueea
Mountain. Albite with a high degree of aluminum/silicon ordering (the stable form at low
temperatire) is probably stable with respeet to analcime at agio, | intermediate between
cristobalite and quartz saturation (Dufty, 1985). However, it appears that the highly
ordered form has difliculty crystallizing at low temperature. Albite that is more disordered

could form more casily, but is not stable with respeet to analeime at low temperature,

The variable agio i Yucea Mountain appears to account for the mineral transfor-
[}

2in)
mations that have heen observed. Only the stability of mordenite has not been considered.
Mordenite stability is diffienlt to examine beeause of the limited information on its com-
position.  The limited compositional data available suggest that the equilibria hetween

clinoptilolite and mordenite ean be deseribed by the reactions

N2I| xf\]LgSim/g 4 ().SZSNZIQ.)‘&AIQ.|;‘Si5;.g2()2,| { 2“931()2

9r
N (-—4'))
Na —mordenite Na - clinaptilalite aqueons silica
Ky wAL &Stne 0 083G ALy xSy 52004 1 2.00S10), (26)
s <0
N mordenite K ~clinoptilolite agueous silica
aud
(‘El.g)f'\leSim,g - ”.83(‘311_(]1)f\l‘g_|aSig).x2()24 1 2”051()2 (‘)7)
Ca- mordenite Ca-—clinoptilohite aqueous silica
The equilibrivun constants for these reactions have the general form
l
2.04 ) ‘ o
. ”.‘w’i()-‘,,“,“".\' clinoptilolite o
[\ b o rm B . (26)

IX mordenite

Generally, clinoptilolite is probably stable to slightly lower asio,, . than is mordeuite, hut
this may vary with bulk composition. As noted carlier, mordenite probably contains more
soditm than does coexisting clinoptilolite. Because of this, mordenite might remain stable

to lower asio,,, than chinoptilolite if the bulk composition is high in sodinm.
VI. REACTION RATES

Both water chemistry aud mineral distribution in Yueca Mountain appear to be con

sistent with the assuniptions that the solubility of the most soluble silica polymorph present
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in a given location controls asio, ., and that changing asio,,,, largely controls the ob-
served mineral transitions in Yucca Mountain. The metastable state of silica polymorphs
in Yucca Mountain implies that mineral alteration is an ongoing process. However, the
rate at which reactions can proceed is limited by the rate of transformation of the silica
polymorphs. Several factors such as pressure, pH, and temperature are known to affect the
rate of silica polymorph transitions, but only temperature can be quantified at this time.
Duffy (1993) describes in detail the kinetic model used here. The model assumes that
the transitions from disordered opal-CT to quartz occur in a stepwise manner. Disordered
opal-CT transforms to ordered opal-CT, which is nearly equivalent to cristobalite, through
a solid state reaction. A decrease in the 101 spacing in the crystal lattice of opal-CT re-
flects the progress of this reaction. When the 101 spacing reaches 4.05A, transformation of
the ordered opal-CT /eristobalite to quartz begins by means of a dissolution/precipitation
reaction. This reaction sequence agrees with the x-ray diffraction data of Bish and Chipera
(1986), where little quartz was found coexisting with opal-CT, while considerable quartz
was present with eristobalite. Even the small amounts of quartz present with opal-CT may

be primary phenocrysts that did not form from opal-C'T.

The rate equation for the ordering of opal-CT is
i g

dS
—— I ;\ N 2
dt 5 (29)
where
S = d(101) — 4.040A. (30)

t is the reaction time and & is the rate constant. The rate equation for the transformation

of ordered opal-CT/cristobalite to quartz is

dC, _

=k (31)

where €', is the ratio of eristobalite/(cristobalite + quartz). The dependence of the rate

coustants on temperature is given by

k= A FIRT (32)
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where A is the frequency factor, E is the activation energy, R is the gas constant, and T
is the temperature in kelvin. The frequency factors and activation energies for Eqs. (29)
and (31) are given in Table I1.

TABLE 11

dlyr™h) - Elkeal/mol, Reaction . Reference e

2,62 - 107 20. Ordering of Opal-C'T  Kano (1983)
1.11 - 10Y 23.2 Opal-C'T/Quartz Ernst & Calvert (1969)

Dufty (1993) observed that these equations predict disappearance of opal-C'T and
cristobalite near the depths observed in Yueea Mountain if the present temperature distri-
hution existed throughout the lifetime of the rocks. Based on clay mineralogy. Caporuscio
et al. (1982) and Bish and Semarge (1982) suggest temperatures as high as 200°C may
have been attained in the past at the bottom of USW G-2. The model that has been
presented here does not assume that elevated temperature is necessary for the formation

of illite, but does assume that asio must be helow eristobalite saturation, which would

20n)
require that the only remaining silica polymorph is quartz. Highly illitic clay is present
at depth in USW G-2 (Caporuscio et al., 1982) and near the bottom of USW G-1, where
only quartz is preseut. However, illites from 1181 and 1576 m in USW G-2 and 1718 m
in USW G-1 have K-Ar dates of 10.9 £ 0.6 m.y. (Broxton et al., 1987) (sample depths
provided by David L. Bish. personal communication). This K-Ar date is contemporancous
with the younger eruptions from 11.3 to 9.5 m.y. (Marvin et al., 1970) of the Timber
Mountain-Qasis Valley caldera complex located north of Yueea Mouutain. Transformation
of metastable polymorphs to quartz at 10.9 n.y. may have been caused by a heating eveut

associated with these eruptions.

Fig. 25 shows the model caleulation of the evolution of silica polymorphs at 85°C,
starting with all of the silica present as disordered opal-C'T with a 101 lattice spacing
of 4.13A. T predict the complete conversion to quartz to require about 0.26 nw.y., which
is in reasonable agreement with the 0.4 m.y. difference in time between the age of the
beginning of the ash-ow eyeles of the Timber Mountain Tuff and the most probable time
for erystallization of the illite. This time span could possibly have been 0 to greater than
1 my. Adequate data do not exist to determine a preeise temperature history for the drill

holes in Yucca Mountain, but two possible temperature histories have been examined. The
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Fig. 25. Model prediction for the evolution of silica polymorphs at 85°C. D101 is the
spacing of the 101 planes in the erystal lattice of opal-CT.
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first temperature history, illnstrated in Fig, 26, shows the present-day temperature profile
for USW G-1 (Sass and Lacheubruel, 1982) and for USW G-2 (Sass et al., 1983). [ assume
that the tetperature rose to 85°C at the initial time at the position of the uppermost dated
illite, that is at 118 1-m depth in USW G-2 and at 1718 m in USW G-1. [ assume a lincar
temperature gradient to the surface, which remains at the current surface temperature,
This temperature distribution remains constant for 0.2 m.y. and then deeays to the current

temperature distribution at 1.0 iy, and remains at those values.

Fig. 27 models the history at 1718 m, the depth of the dated illite, in USW G-1.
The model prediets that all eristobalite /opal-C'T will have disappeared at about 0.3 m.y.,
leaving approximately 0.1 muy. for the erystallization of illite. These predictions agree
with the kinetie data of Eberl and Hower (1976) that prediet that the smectite/illite
trausition takes 0.1 nuy. at 75°C. Therefore, the model provides for the erystallization of
illite at the correet time, Figs, 28 and 29 show model caleulations for the present depths
of cristobalite and opal-C'T disappearance respectively. The model does not contain the
rate laws for the devitrification of glass forming disordered opal-C'T, but assumes that the
dominant silica phase is disordered opal-C'T at the beginning of the heating event. If we
acceept this assumption, the model corresponds well to the observed depth of disappearanee
of eristobalite aud opal CT: it prediets T my. for the disappearance of opal-C'T at 792 m
and 12 my. for the disappearance of eristobalite at 1104 m, agrecing with the 11.3 m.y. age
for the onset of Timber Mountain activity, Similar vesults are presented in Figs. 30 to 32
for USW G -2, Although opal-C'T has not been distinguished from eristobalite in USW G-2,
its deepest ocenrrence hias been estimated at 762 m based on the abrupt inerease in guartz
content. The results for USW G-2 also agree with observation, predicting disappearance of
eristobalite at 11.6 my. and disappearance of opal-C'T at about 12 m.y. Heating probably
started slightly earlier with emplacement of magma into a shallow chamber (Christiansen
et al, 1977). If heating was caused by magia associated with eruption of the Paintbrush
Tuft, it may have commenced as early as 13 nuy. B.P. The model results would be similar

except that slightly lower maxinnun temperature would be required.

I noted carlier that higher temperatures have been inferred from the observed clay
assemblages. Other investigators based this inferenee primarily on observations in pelitic
sediments (Perry and Hower, 1970; Hower, 1981; Bruce, 1984). Figs. 33 to 35 show
the results of model caleulations for a second temperature history for USW G-2 with a
maximum temperature of 150°C at 1181 m. These results are as compatible with the

obscrvations as the results with a maxinnun temperature of 85°C. However, the interval
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Fig. 27. Model for the evolution of silica polymorphs at 1718 m in USW G-1, assuming
a maximum temperature of 85°C' was reached at 1718 m.

of maximum temperature lasted only 2 500 years and temiperatures returned to current
temperatures at 12 500 years after the start of the model. The data from pelitic sediments
suggest that smectite to illite conversion should require millions of years even at 150°C.
Apparently either the kineties of smectite-to-illite conversion are considerably faster in
Yucea Mountain than in pelitic sediments or thermal gradients have been very nonlinear
in the past. One possible explanation for faster kinetics of reaction in Yucca Mountain
than in pelitic sediments may be a difference in pH. Most of the pelitic sediments which
Liave been studied are oil shales that, because of a high content of organic acids, may have

significantly lower pH than do Yucea Mountain waters.

If the model presented here is correct in that the smectite-to-illite reaction is controlled
DY (5105001 the rate of conversion of smectite to illite cannot proceed faster than the rate
of crystallization of quartz. The rate of quartz crystallization is highly pH dependent
(Dufty, 1993). The distilled water used the by Eber] and Hower (1976) when determining
the rate of smectite-to-illite conversion would tend to have produced pH conditions similar
to Yucea Mountain water. The rate determined by Eberl and Hower (1976) is compatible
with the rate observed in Yueea Mountain, These observations suggest that pH may

influence the rate of simectite-to-illite conversion,

34



e

- Y —— ey

3
i | USW -1, DEPTH = 1104m

4%

(°C)
@5 40 @5 W0 8025 650 &5 €S 65
1
os

3\ |
N

9L \ N\ 13

L : . L . o T e s ) N 3

0.0 2.0 4.0 0.0 2.0 10.0 12.0 .0

TIME (my)

Fig. 28. Model for the evolution of silica polymorphs at 1104 m in USW G-1, asswning
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Fig. 29. Model for the evolution of silica polymorphs at 792 mv in USW G-1, assuming a
maximum temperature of 85°C was reached at 1718 m.
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Fig. 34. Model for the evolution of silica polymorphs at 1006 m in USW G-2, assuming
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VII. CONCLUSIONS

Mineral alteration in Yucca Mountain is primarily controlled by asio,,,, With ¢qqe2-

i
and pH being of secondary importance. To a first approximation, asio,,,, appears to be
controlled by the solubility of the most soluble silica polymorph present. Because such

reactions as the conversion of K-clinoptilolite to K-feldspar can proceed only as agio,,

aq)

drops, their rates can be constrained by the rate of silica polymorph transformations, if

the most soluble silica polymorph controls USi0y(aq ab 1tS solubility. If this assumption

)
is made, a simple model for the kinetics of silica polymorph evolution provides a good

explanation for the present mineral distribution in Yucca Mountain.
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Fig. 36. Predicted future evolution of silica polymorphs at 400 m in USW G-1.

This kinetic model can be used to predict future mineral alteration. Fig. 36 shows the
predicted change in the silica polymorphs at 400-m depth in USW G-1. The calculations
shown in this figure use the time/temperature predictions of Johnstone et al. (1984) for
limiting properties at the 15% boundary below the Topopah Spring repository horizon. I
assume the opal-CT /cristobalite at this level to be sufficiently ordered for conversion to
quartz to proceed at the present time. I assume 60% of the initial silica polymorph to
be quartz with the remaining 40% cristobalite. The model predicts that there will be an

increase on the order of 10% in the amount of quartz in 100 000 yr and that significant
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cristobalite will remain. Therefore, I predict ASi0(nq) will remain constant and I expect no

mineral alteration except the minor conversion of cristobalite to quartz.

Using the same temperature history as in Fig. 36, Fig. 37 illustrates predicted sil-
ica polymorph alteration at 430 m depth. This location was examined bhecause partially
disordered opal-CT is present. Although I expect a small amount of ordering of the
opal-CT, the fully ordered state will probably not be reached and no quartz precipitation
is expected. The asio,,,, Will decrease slightly; therefore, some K-clinoptilolite will prob-
ably convert to K-feldspar and lesser amounts of sodium or calcium clinoptilolite might
convert to smectite. Some mordenite will probably also transform to K-feldspar and smec-
tite. Unless the present opal-CT is already highly ordered, which seems unlikely based
on the potassium content of the clinoptilolite in the rock, Na-clinoptilolite is unlikely to
transform to analcime. Fig. 38 shows predictions for 644-m depth in USW G-1, which
corresponds to 85% boundary below the Topopah Spring repository horizon. I expect mi-
nor change in ordering of the opal-CT and quite minor alteration of the type expected at
430 m at this location.

I base these predictions on the assumption that the kinetics of silica polymorph trans-
formation will not be affected by parameters other than temperature. In particular, if
emplacement of a repository caused an increase in the pH of the surrounding water, the
rates of mineral alteration could be greatly accelerated. Increased agoz- could also cause
alteration of calcium-rich clinoptilolite and could promote both conversion of clinoptilolite
to smectite and smectite to illite. Smectite alteration in the Topopah Spring Member,
although possible, has not been examined in detail. At 150°C, the conversion of the re-
maining cristobalite to quartz would require only a few hundred years if water is present,
which would require fluid pressure of about 5 bar. Once cristobalite disappeared, conver-
sion of smectite to illite would be probable. Such a conversion would probably reduce the

sorptive capacity of the rock.

The model suggests that mineral alteration would probably be minor for at least
100 000 yr after emplacement of a repository in Yucca Mountain if the thermal model
used here is followed; but it also suggests that mineral reactions are occurring in Yucca
Mountain at the present time. Some of these reactions involve HT and CO2Z™ that must
be supplied by the water. Therefore, it may be possible to combine reaction rate data
with water composition data to help estimate past water fluxes in Yucca Mountain. These

studies could be used to examine the flux of water through the basal vitrophyre of the
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Topopah Spring Member and might be linked to variations in HCO; and pH across Yucca

Mountain to help confirm the direction and rate of flow.
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