
IIII1IlllL.zIIi11"
_ _r_ 1_l_ |_

r





LA-12708-MS

Issued: December1993

Preliminary Conceptual Model

for Mineral Evolution in Yucca Mountain

C.J. Duffy

LosAlamos _-_. _
N A T I 0 N A L L A B 0 R A T 0 R Y _''_; _'_ .....

LOSAlamos, New Mexico 87545 _&

_UI_'IttBUTIONOFTHISOOCUMENTIS UNLIMITF.,P



PRELIMINARY CONCEPTUAL MODEL

FOR

MINERAL EVOLUTION IN YUCCA MOUNTAIN

by

C. J. Duffy

ABSTRACT

I present a model for mineral alteration in Yucca Mountain, Nevada,

that suggests that tile 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 a.ssunfing that asio2(_q) is fixed at the equilibrium solubility
of tile most sohfl)le silica polymorph present. The rate equations accurately

predict the present depths of disappearance of opal-CT and cristobalite. The

rate equations have al_;o been used to predict the extent of future mineral

,tit'e:ia.tum"" that may result from emplacemen*, of a. high-level nuclear wast(,

repository in Yucca Moulltain. Relatively small changes in minerMogy are

predicte(l, but I base these predictions on the assmnption that emplacement

of a. reposit()ry would not increase the pH of water in Yucca Mountain 1tot in-

crease its carl)onate content. Such changes may significantly increase mir, u'at
alteration.

Some of the reactions currently occurrirlg ill Yucca Moun;ain (:_):_ume

H+ and CO_-. Combining reaction rate models for these ret,etions wiCh

water chemistry data may make it possible to estimate water t'lqx through

the basal vitrophyre of the Topopah Spring Membe,.' and to i_e'll"::_>. _cm{},e

direction and rate ()f flow of groundwater in Yucca Mountait:...

I. INTRODUCTION

Potentia.1 detrimental effects of glass and mineral alteration may a.ff_-_c__.hesuitability

of Yucca Mountain in south central Nevada as a potential site for a.n underground high-

level radioactive waste rep()sitory. This report, sponsored by the Nevada Nuclear Waste

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



preliminary conceptual model fl_r mineral alterati(m in Yltcca Mountain. I present a pre-

liminary assessnlent of mineral alterati(m that may occur in Ym'ca Mountain over the

liii_time of a reposit()ry. Mineral alteration will occur in Yucca Mountain because at least

sonic of the current nlineral asseinl)lages are metastable. I aln I)rimarily concerned with

the. rate ()f transformation of these metastable mineral assemblages. The validity of perfor-

niance assessnlent t)ased on clu'rent rock properties is directly correlate(l to the persistence

of current mineral assemMages. If transforniation of the current mineral assenil)lages is un-

likely ()ver the lifetime of the repositc)ry, we can use current rock prol)erties with confidence

in perf()rmance assessnlent. However, possible mineral alteration could affect repository

t)erfl-_rman('e by changing the sorptive properties of the rock, by changing rock niechanical

properties (such as strength), by changing hydraulic proI)erties (such as permeability and

por()sity), or by producing or consmning water.

Min(,'ral tratisfl)rniati(ms occm' in Yucca Mountain t'_r two possible reasons. First,

much of the present niilieralogy is ilietastable t)e('a.us_ _ lnany of the minerals were f}_rmed

fl'(mi the low-temperature alterati(m (_f glass. The silica phases oi)al-CT, tridyniite, and

('rist(_l)alite are metastal)le with respect to quartz under the conditi(ms present in Yucca

hI()mitain. Field ()l)servati(ms suggest that clinol)tih)lite and m()rd(,nite a.re a.ls() metastable.

Because of this metastability, mi_eral transformati(ms will take place in Yucca Mountain

even if a repository is n(_t lmilt there. Second, th(' heating caused 1)y a repository may

in(hu'e c_r accelerate mineral transfi,rmati(ms. These transformations may be caused 1)3;

(lifferent mineral assemblages 1)ecoming stable or by the increased rate of transformation

of metastable assemblages caused 1)y heating. The dominant nfinerals in Yucca M(nmtain

are the silica polym(n'I)hs (tridymite, (_pal-CT, cristol)alite, and quartz), clinoptihflite,

m_r(lenite, clays, anah'ilne, and alkali-feldspars. Lesser amounts of kaolinite and ('alcite

are present and inv(_lved in reacti_ms am(rag the major phases.

The effects of heat and time are nta.]or fact,,rs that determine th__ present mineral

distril,lttion. The validity (_f the c(mcel_tual model pr(_(luced t)y this task can therefore

be at least partially assessed 1)y h(,w wcql it explains the present mineral distril)ution. I

hyt)()tllesize that the lnim'ral trallsfl)rnmti(ms in Yucca X,h)lmtain art, largely controlled

I)y the (lecrcasing a qu('()lls silica a('tivity caused 1)y the ev()htti(m ()f the metastable silica

polynl()rphs to quartz. Th(' transiti(m ()f anal('ime 1)lus Si()2 t() all)ire is the (rely lna-

j()r mineral reacti(m (,1)served in Y_t('ca M(mntail_ that calm()t plausil)ly be at.trilmte(l t(,

d('(:reasing aqueous silica activity. This transformati(m is 1)l'(_lml)ly dependent (mth(' ki-

netics of almninmn/sili('(m ()r(l('ring in all)ite, lint may als() require a higher teml)eratm'e



than _,hose currently existing in Yucca Mountain. Transfornmtion of the metastable silica

t)olymori)hs and its effects on tile transformation of clays and zeolites will be my primary

emphasis. I will a.lso emphasize the rates of ew)lution of the metasta,ble silica polymorphs,

their relationship to the aqueous silica activity, and their effect on reactions am(rag other

minerals.

II. 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#l, 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 comi)ositional

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, ('lays,

alkali feldspars, silica polymorphs, an(l calcite. The zeolites are l)rimarily clin(,I)tih,litc,

mordenite, and analcime. The (:lays are principally smectites, interlayered smectite/illite.

and illite with lesser kaolinite. Tridymite, opal-CT, crist()l)a.lit(,, and quartz make up the

silica polymorphs. Additional 1)hases such as cMorite, lamn(mtite, and iron, it'on tita

nium, and manganese oxides and hydroxides are present in low abundance or very limited

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

The compositions of the major phases are variaMe. In order to model the chemi-

cal reactions among these phases, representative comp()sitions have been chosen based on

available microprobe analyses or accepted mineral compositions. These comp()sitions are

given in Table I. Clinoptilolite generally has Si/A1 (atom ratio) 1)etween 4 and 5 (Broxton

et al., 1987). The Si/A1 ratios for a small gr(mp of calcium-rich clinot)tilolites 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 availat)le fl)r mordenite due

to its generally fine grained nature and tendency to be intergrown with other minerals.

However, Si/A1 tends to be somewhat higher in mordenite than in clinoptilolite, generally

between 5 and 6. The mordenite also appears to be enriched in sodium and depleted

in potassium relative to nearby clinoptilolite. Ca.lcium may also 1)e somewhat depleted

relative to sodium, but prol)ably less so than potassimn. Analcime is essentially a 1)ltre

sodium mineral with only very minor amounts of potassium or calcium. The Si/A1 ratio
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.... ' " _s 2.9 l)imodal distrilnltionof the Yucca, Mountain ana, l(un( _.... " 'e:a,ng: h'om 2.3 t() and show a

centered about apl)roxinlat, ely 2.53 and '2.75.

TABLE I

REPRESENTATIVE MINERAL COMPOSITIONS FOR YUCCA MOUNTAIN

C,linoptilolite = (,-}Ca., Na, K),_.lsA12.1_Si,_.8_(),.,..l • nH_()

Mordenite = (1Ca.,Na, I_Z)l.sAl,.sSi,0._()_,t. nH_O

Analcime = Na.s(_Al.s_iSi.z.l,_O_. nH_O
1 ,

Smectite = (_Ca, Na)l.l(Mg, Fe).._)Ala.aSi7.s()20(OH)., ' nil.z()

Illite = Kj .9(Mg, Fe).gA14.: Si_(),?.0(()H)4

Kaolinite - Al._Si,_O,0(OH)s

I_:-fe.ldspa.r = KA1Si:_ Os

Albite = NaA1Sia()s

Ca.It:t(. = C.a.C():_

Th(, claysin Yucca Nh):mtainare smectit('s,interhly('redsm('ctite/illite,and illites

with sn:allamounts ()i'kaolinite.Th('smectitesc(mt.ains()di,:m,('ah'i,m:,and p()t.assiun:in

the interh'tyersites.The AI/(Mg + Fe) at(m:ratiovariesslightlyl)::tisab()ut3.7.A small

am(hint()fa,lumi:mmisl)resentin thet,(,trahedralsites.Tit('illitesat('l)()tassi,:mrichwith

only minor calciun:and s()dimn.Tit(,a:n(m::tof ir(m and magnesiu,::in the ()('tah(?(h'al

sitesis about the same as in the smectite. The ahmfi:mm content of the tetrah(,dral

sites is higher than in the sniectites. The Mg/F(' rati() i:i I)()th the illit.es and s:n('ctit(,s is

va.riaM(" and appears to reflect the lmlk contt)()siti(m ()f the :'()('k. C()ntp()siti(mal data are

not availaMe for the ka()linite ft.(m: Yucca Molmtain. I_:aolinite has limit.ed c(nnl)()siti(mal

variability (Deer et al., 1962); the ideal fln'nilda has 1)c,(,:: used.

Th(' silica i)()lymot'ifl:s at(' all essentially Si()_. }\Tater is g('nerally present in the ()l)al

a.sare aluminum, sodium, and p()tassi:un,lintthey are presentin ininoraui(mnts. Tit(,

aut.hig('nicalkaliMdsl)arsare::earlyl):U'('all)it._,and (n'th()clas('('::d:neml)ers,alth(mghthe

a.uthig(,nicK-feldslmrSsh()v,,a small an:(mnt:()f'silic,m sul)stituti(mfi,rahmfin,m: i::th('

idealf()r:mtla(Bt'()xt(met al.,1987). h:t,('rn:('diat('sanidin("and l)h@oclasel)hen()(u'ysts

are In'('senta.swellas consid(,ral,h,intern:ediat('alkalifl'hlspar(B:'()xt(met al.,198:2)that

is th('pr()du('tof elewm,d te:nl)eratm'('devitrifi('ati(m(l:::'i::ginitial('()oling(,fth('tuff.

Cah'it<,analysesa.:'en()tavailal)h,,l,::tthisl)has(' isl):'()Iml>lyn:,arlyImre ('aC():_with

l)()ssil)l,' min()rnla.gn:'simn.
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III. CONTROLS ON MINERAL ALTERATION

Th(-, min(,ralogic investigations ()f Yucca Mountain (:ited earli(:r reveal a consistent

variation in minerah)gy with depth. Unaltered glass is c(mnnon in the ul)per part ()f the

m()mltain. It is r('.ph_,ce(l by clin()l)tilolite and mordenite with increasing depth followed

by anah:ime and finally all)ite. Smyth (1.982) related these transformations to increasing

temperature and suggested that in the presence of dilute waters the transition from clinop-

t.ilolite to ana.lcime sh()uhl take place at 90 to 100°C. However, data presented by Honda

and MuflJer (1970) and Keith et al. (1978) for drill holes in Ye,llowstone National Park

show alternating-zones of ('linoptilolite a.nd a.naleime in drill holes over the temperature

interval from 50 to 150°C. Dil)l)le and Tiller (1981) present a.n alternate model for the

ev()lution ()f tuffaceous sediments in which clinoptilolite and smectite are assumed to be

metastat)le phases that ('rystalliz(- fl'om supersaturated solutions resulting from glass dis-

solution. Acc()rding t() Dil)l)l(, and Tiller (1981)_ a more order(_d assemblage of feldspar,

illit(,, and t)erha, I)S anal('ilne is m()re stal)le, but is n()t el)served initially because the more

(lis(_rdered sme('tites and zeolit_'s ('rystallize more ral)idly. Tile model of Dibble and Tiller

(1981) tends t() agree with the el)served interlayering of clin()ptilolite and analcime, t)ut

it suggests that mixtures ()f ('lin()l)':ih)lite with anah:im(" and authige,fic feldspar sh()uhl t)e

common. H()w(w¢'r, the transiti()n zon(,s l)etw('en clinoptilolit(, and a,nalcim_-, bearing rocks

are abrupt and the min('rals ('o(,xist over a limited stratigraphi(' i1,,terval.

I(errisk (1983) (,stimat(,d th('rmo(lynamic data for clinol)tilolite and mordenite and

us('d these (l_ta in 1)erfl)rmin_; rea.cti()n-I)ath ca.h,ulati()ns ()f groundwatel chemistry and

mineral f()rmation. K(_rrisk (1983) fl)und that if quartz was allowed to precipitate, ('linot)-

tih)lite aIld m()rdenite did n()t a t)l)('ar in the final min(_ral assemblage in any ()f his calcu-

lati()ns from 25 t() 175°C. H()w<_'er, if quartz and chalcedony l)recii)itation was suppressed

s() tha.t tile a.qu(-'(-)ussilica activity ('()uld not fall 1)eh)w cristobalite satllrati()n, (,linoI)tilolite

an(l m()rdenite al)l)ear('d in the final assemblage at all teml)eratures. This is in agre(,-

ment with th(' gen(,ra.1 ('onclusi()ns of Dibble and Tiller, because only the assemblage which

contains (luartz ('an 1)(, the stable a.ss(,ml)lage. However, it. als() 1)oints out that a dis-

tin('ti()n mllst 1)(, made 1)etwe(,n th(' stability of individual mineral phas_,s and the ()v('rall

asseml)lago.

Kerrisk's (1983) results can be b_'tter underst()od 1)y ()bserving that the general reac-

ti(m of clinoptilolite to anah'ime is



Na- clinol)tilolite --+ Analcime + m. Si()2 + I1. H20. (1)

Similar reactions can be written fin' reaction of the potassimn and calcium c()mponents

of clinoptilolite to K-fehlsl)ar and/or sme('tite, hi all cases, the reactions involve the

production of SiO_. The equilibrium constant, K, for Eq. (1) can be written

a .... !!} a _t_O

aNa-clinoptilolite

where a is the chemical activity. Because analcime is present msa pure sodium endmember,

its activity is 1 as is the activity of H20 for the dilute groundwaters of Yucca Mountain.

T() a first apl)r(_ximation , the activity of Na-clinoptilolite is tile mole fraction, x, (,f the

sodium cndmcmber t)resent in the clinoptilolite. Equation (2) therefl_re reduces to

.,II1

K = "sio_c_,_ (3)
3'Na-clinoptilolite

Eq,mti(m (3) demonstrat('s that at a given teml:_eratm'e and clinoptilolite comp(_sitiotl

air a(llt_'()lls silica activity exists at which the clin(_ptilolite and analcime are in cquilib-

rimn. Above that value, clinoptih_litc is stal)le; below that value analcime is stable. Ker-

risk's (1983) calculations suggest that the equilibrium value is between cristobalite and

chalced(my saturation. I wish to stress that, alth(mgh tile asseml)lage ,,f cristobalite, or
()pal-CT, and clin()l)tilolitc is 1)rol)al)ly metastal)lc as suggested by Dibbie and Tiller (1981),

if th(, a(lucous silica activity is high, the clil_optilolitc may be stable even though the total

asscml)lage is n(_t,. If the aqu(,_)us silica activity is high, minerals that are part of the most

stal)l(, ass(-mblage could r_'a('t to fcn'm clinol)til(_lit(,.

IV. AQUEOUS SILICA ACTIVITY

The fl_rms of s(_li(l SiO2 are r('gulating fa.ct()rs c(mtr(_lling the aqueous silica. Fig. 1

shrews the solul)ility (_fvari(ms f}wms _f Si().2 bas(_d _m the analysis of Walther and Helgcson

(1977), and 1)l'Csents water ('(mq)(_sition data fr_)m Yucca M(_lmtain and vicinity (Kerrisk,

1987). The "tmta-crist(_tmlite" in Walther and H('lg_,son (1977) is ahnost certainly a highly

(lis(n'(h,r_d opal-CT (Murata and Larson, 1975). Opal-CT has varying degrees of stacking

(lis(w(h'r. It vari_,s (-_mtilm(_,lslyf¥om highly (lis(_r(h,re(1_pal-CT to well-order(,d cristol_alite.

I therei}_re asslmw that th(' s_lubility (ff opal-CT vari_'s 1)ctween that of "b(,ta-crist_tmlite"
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and cristol)alite. If an opal-CT is more disorder0d than "l_eta-cristolmlit('," tlle s(_hll)ility

that ()lml-CT is prolm.lfly slightly higher tlmn "b(,ta-cristolmlit('". Nh)st ()f the wat_:rs fall

within the range of opal-CT sat.uration. Seine of the analyses a b()ve _'l)('ta-crist()lmlite"

sat,lration may represent the efl'_,('ts of glass diss()luti(m, ]),it m(_st a.r_, prolmbly within the

model and analytical lmcertainties inwflw'd. Fig. 2 shows aqueolls silica analyses (,f waters

from Yucca M(nmtain and the i,mnediate vicinity. All of the waters fall within th(' olml-CT

saturation field, with the exc_,ption of the high-temlJerat,u'_' sample fl'om UE-25b#l. M()st

of the imerval that this saml)le fl'()nl UE-251)#1 comes ix pr()bal)ly at sufficient depth that

quartz is the only form of SiO2 present.

. • j
_o
u)

' 0.0 10.0 20.0 30.0 40.0 60.0 00.0 70.0
TEMPERATURE (°G)

Fig. 1. Aqueous silica ccnm'nt ()f waters froth Yucca M()_mtain and vicinity. Wat_,rs

lab(,led "Oth,r at(, not from Yucca Mountain, lint are f'r()m the g_,neral ar(,a
(Kerrisk, 1987). Sha¢h'd area. represents the l_r()l_alfl_' range ()f olml-CT s()lul_ility.

M()st ()f the wat¢_r samples w_u'e ()l)tained t)3;pumping the entire well so that the mea-

sure(l t._,mp('ratures and silica concentrati()ns are COlnp(_site nmnl_'rs weighted in fav()r ()f

z(mes ()f high flow. Fig. 3 shows temperatures and silica c(mcentratiol_S fl'(m_ lmcked-()ff

zones within wells. Although silica s(_lul_ility generally increases with increasing temper-

a.ture fl)r a giwu_ mineral, the de('t)er, l_()ttm' Saml)h's fl'on_ th('se u,(,lls sh(_w consist(,ntly

low(?r dissolv(_d silica than d() the c()()h,r salnlfles taken higher in the well. The m()r(' s()lu-

ble silica p()lymorifl_s present at shallower d('pths are ret)laced 1)y quartz at greater (h,1)th.
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Fig. 2. A(lu('()l_s silica (,()nt('nt ()f wat(,rs fr()m Ylw('a M(nmtain an(l imm(,(|iat{' vicinity.
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Fig;. 3. A(lll('()l_s silica ('()nt(,l_t az_([ t('lZll)('z'at_r(' ()f wat(,r f].'()m l)a('k('(l-()ff z()n(,si;t <lrill
h()l('s ill gltc('a _'[()llllt;|ill. \,'('rti(';_l })_lrs r('l)r('s(,llt t,l_(' l)a('k('(l-()ff illtr('l'V_t'l fr()lll

whi(,h tl_(, wat,(,r Saml)l(' was t ak('_.



Th(,..seobservations suggest that tile distril)ution of silica 1)olymorphs controls aqlleous sil-

ica activity in Yucca Mountain. Other reactions, such as the uonversion of clinoptilolite to

analcime, may also illfluen(:e 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 sohtbility of the most

solul)le silica polymorph present (Duffy, 1993). The high degree ()f correlation between the

occurrence of clinoptilolite and presence of quartz and/or opal-CT or cristobalite (Honda

and Mufl-ler, 1970; Moiola, 1970; Keith et al., 1978; Bish and Chipera, 1986) can be

explained by stabilization of the clinoptih)lite by the high aqueous silica activity produced

by the metastable silica t)hases. 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 clim_ptih)lite must produce phases in addition to analcime

b_,cause <rely the s_dimn comp(ment of the clinoptilolite can be incorporat, ed into the
analcim(,. Th(_se additional reactions will be of the f()rln

K - clinoptih_lite _ K - producti + m. SiO2 + n. H2(), (4)

Na- clin(_l)til_)lite -_ Na- produ('t_ +,n. SiO2 + n. H20, (5)

an(l

Ca - ('linoptil_lite + C',a- product:_ + m. SiO.e + n. H20. (6)

I will a.ssmnc, fin' the' moment, that these :'cacti(ms l_roduce positive amounts of silica..

Thus de('r_'asing aque(ms sili('a activity will lead to a (1,,creas, , in the clinoptilolite and only

one prc_d_t('t will be prodlicc(l in additi(m t,, Si()2 and H2(). The equilibrium constants fl_r

Eqs. (4), (5), and (6) are

.. !|1

If (I'Si() 2(a<ll ;1' l< -l)r°d uc t 1= (7)
;I'K -eli noplilolite



a m XNa_produc t

N = sio2(_c,) _ (8)
XNa-clinoptilolite

a m

Ii = _sio2(,_,)x C_-p,-od,,_t3 (9)
,"/:Ca-clinoptilolite

respectively, where K- I)r()ductl, Na- product_, and Ca- producta are ttle t)otassium,

sodium, and calcimn endmcmbers of product l, product2, and producta.

For a constant Xprodu,:t tile equilibrium value of Xclinoptiiolite wiU decrease with de-

creasing asio2(_q). The clinoptilolite will begin to be depleted and the product phase

will begin to form when the equilibrium mole fraction of the endmember clinoptilolitc

(Na-clinoptilolite in the case of the reaction to analcinle)drops below the mole fl'action

present in the clinoptilolite, if the product is a pure sodium, calcium, or potassium phase

such as analcime. If the 1)roduct I)hase has a variable sodium, calcium, and i)otassium

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

,ri = 1, (10)

where the sum is over all comt)onents in the pr()duct. Equation (10) also apI)lies to the

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

The clinoptilolite's original composition dei)ends on the minerals with which it is in

equilibrium at high asi()_(_q) such as mordenite, and perhaps, alkali feldsI)ar and on the

bulk comI)osition of the rock. As asio2(_q) decreases, the x, for the t)roduct t)hase will

increase (as determined by Eqs. (7), (8), and (9)), but no product will be formed until

Eq. (10) is satisfied. When Eq. (10) is satisfied, the reaction of clinoptilolite to form

'( " _eproduct will progress with de('reasing asio2(_q). As this reaction p1 )co ,ds, the clinoptilolite

will be d('t)leted in the comt)onents with higher xi in the pr()duct than in the clinoI)tilolite

and will be enriched in c()mponents with lower x i. This reaction will continue until the sum

of the xi for clinol)tilolite falls below 1, at which 1)()int the remainder of the clinol)tih)lite

will react to form 1)roduct.

Figs. 4-9 sh()w the mole % of calcium, potassium, and s()dium relative to the sum

of calciun_, potassium, plus s()(:liunl for clinoptil()lite from drill h()les in Yucca M(mntain

(Broxton et al. 1986) as a function of depth. Figs. 4-9 also show available whole ro('k
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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-!

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#l-25b#lh 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#l-25b# lh is used for the combined data

from these two drill 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 those analyses were made. In USW G-l, UE-25a#1, and J-13,
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Fig. 5. Percentage of sodium, potassium, and calciunl in clinoptilolite and whole rock

fl'om USW G-2 relative to total sodium + 1)()tassium + calcium.
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Fig. 6. percentage of sodium, potassimn, and calcimn in clin()ptilolite and whoh_ rock

from USW G-3 relative to total s()dium + potassiunl + calcium.
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Fig. 8. Perc(_Ittage ()f sodilml, 1)()t,assium, and calcium in clinoptilolite and whole rock

fl'om UE-250#l relative to total sodium + potassium + calcium.
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Fig. 9. Percentage of soditun, potassium, and calcium in clinoptilolite and whole rock
fronl J-13 relative to total sodium + I)otassimn + calcium.

where opal-CT was distinguished fi'om crist()l)alite, an excellent correlation exists between

high abundance of clinoptih)lite and the 1)resence of opa.l-CT. Mordenite and clinoptilolite

tend to occur t()gether. The sodimn-1)otassium-cah_'ilml contents of the clinoptilolite tend

to show ca.lcimn enrichment at the top of the sequence f()llowed at increasing depth by a

zone of relatively constant composition that generally follows the bulk composition of the

whole rock. At 'reater dei)th , the clinoptilolite bec()mes depleted in potassium.g .... , .

Fins. 16-21 a.re corot)lied fl'om the same som'ces as are Figs. 10-15 and show the

clinoptilolite so(lium-1)otassimn-caMum content, s al()ng with the mineralogic composition

of the rocks. Glass, tridymite, and mica hav(_ not been included in these diagrams because

they do not appear to 1-)einvolved in the reactions that will be discussed. Their inclusion

would only flu'ther comi)lica.te the figures. Fig. 16 of USW G-1 and Fig. 20 of UE-25a#1-

25b#lh suggest that 1)otassimn depletion in the clinoptilolite is closely associat(_d with the

disappearance (>fopal-C,T and begins b .f()I(. al)l)re(,iable smectite crystallization. The alkali

feldspar content of the r()(,ks containing 1)otas._;ium-1)()or clin()ptilolite is higher than those

containing more potassium-rich clillol)tilolite. Potassium depletion of the (:linoptiMite is,

therefore, pr()l)ably due to the rea.cti(m

14
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Fig. 10. Sodium, potassium, and calcimn c(mtent of clinoptilolite and w_'ight percentages
of clinoptilolite, mordenite, glass and silica polymorphs in USW G-1.

ICz.18A12.1_Sig.8_O,z4-_ 2.18BiA1Si:_()8 + 3.28Si().:.
(11)

l<-clinoptih)lite l<- feldspar aqueous silica

The water of hydration has not been included in this reaction or t,hc)s("that follow t)e(,alls(" of

the lack of knowledge of the hydration state of the minerals containing water of hydrati()n.

Water is present throughout Yucca Mountain, so the awdlability of water sh(mld not limit

the reactions. The activity of water will not be iml)ortant in the eq_!.ilibrimn c(mstants

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 _;iven by

3.28

K = "sio2(_q) (12)
iCI¢,-clinoptilolite

Fig. 22 shows the equilibrium mole fl'action of K-clinoptilolite coexisting with

I{-feldspar assuming that the equilibrium irK-clinoptilolite at cristobalite saturation is 0.06.

The diagram is calculated at 28°(',, but the relationship between the equilibrium

Xl<-clinoptilolite and the solubilities of the various ailica polymorphs probaMy remains nearly

constant over temperatures of importance in Yucca Mountain. Only the values of asio2(._.)

would change with the temperature. The ZK-clinoptilolite values predicted by Fig. 22 are
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Fig. 11. S(_(li,un, I)otassi,un, an(l ('alcimn ('(mt_(,nt ()i' ('lill_l)til()lit,, an(t w(qght p(,,'(,(,ntag(,s
(,f clin()l)tilolit, e, m()r(l(:,nit,,, glass and silica p()lym(n'l)lls in USW G-2.

Fig. 12. S()(limn, 1)()ta._silm:, mM ('al('i:111: ('()llt(':tt ()f ('lil,()l)til()lit(' al_(l w('it_ht 1)('r,'('s_tag,('s
of clin()ptil()lit(', n:()r(t(,nit(', glass ;,n(l silica l)()ly;,_()rl)hs in US\V G-3.
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Fig. 22. Equilil)rium .ri_,-,.li,,optii,,nt,, vs. asi()_,,,_ fc_t'Eq. (11).

In USW G-1 and USW G-2, mmMme begins to fi)rm when ,l'Na-cli,mptilolit,, rises to

at)(mt 0.77. The equation for this reaction is

Na,z.lsAl?. 1_Si9.s_()2,_ _ 2.53Na.s,_A1 s,_Si._.1406 + 4.41Si()2. (13)
Na-clinoptilolite _nMcime aqueous silica

Because' analcimc is a pure s(_dium 1)hase,

i

•l.,i1

It" = asi()2t""_ (14)
,rNa-clinoptiI,Aite

Fig. 24 sh()ws th(' x'rlati(mshil) b('tw(,en asio_,q_ and 3"Na_clinol,tilolite ill equilibrium with

anah'imc 1)as_'(l cm Eq. (14) with t lw assmnl)tion that the equilil)rimn ,rN_L-clinoptih)lite _It

crist(_l)alit_, satlu'ati(m is 0.77. Thr clixl_)ptil()litr c_nnl)ositi(mal data fin' USW G-3suggrst

that a si()2_,,., is al)l)reciat)ly ab()v(' cristol)alit(' saturati(m, t)asr(l (m ,rlC,--clinot)tilolite, until

crist.()l_alit(,/_qml-CT disal)prars from the' h_lc. Bcl(_w th(, disalqwaranc(' (ff cristol)alitr.

3'Na_clinol)tih)lit r suggests that asi()_q_ is slightly lwl()w ('rist(_balite saturation, in agrccn_ent

with the _l)s('rvcd minerah_gy, whih, .CK_clinol)tihAitr s_tggests that rtsi()_._ is slightly ah_r¢c

crist_fl_alitc satm'ation. In USW G-4, UE-2oa#1-25b#lh, and J 13, clin_ptilolite d(_cs
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Fig. 23. _XI()(l('l1)r('di('ti()n t'()r the' (,v()luti()n ()f silica 1)()lym()rl)hs at 28°( '. D1()1 is the
spacing; ()f the 101 planes in the crystal lattic(' ()I' ()l)al-C'T.
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Fig. 24. Eq:lilil)rimn :CNa-,:li,mi,tilolite VS. (tSi()2(_,qt fi)l' Eq. (13).
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not coexist with anah'ime due to the low sodimn contcnt of the (,linol)tih)lite, In these

holes, the remaining clinol)tih)lite apparently t,ransf()rnls to smectite 1)efore suffi(:icntly h)w

asio=(_q) is reached for reaction to analcinm.

The reaction of clinoptil(_lite to smectite ('an be (lescrit)ed by tlw rea('ti()ns

Cai.09A12.tsSi9.s2()2,t + .59(Mg, Fe)O + 1.46H + + 0.73CO_-

(ira-clinoptilolite

0.66Ca.s,s(Mg, Fe).gA13.3Sir.sO20(OH)4 + 0.73CaCOa + 4.67Si()2
(15)

Ca-smectite calcite aqueous silica

i-illd

Na2,tsAle.jsSi,j.s2()24 + 1.98Ca.,_.5(Mg, Fe).gAla.:_Sir.s()20(()H),:t

Na-clinoptiiolite Ca-sm_,t:tit('

Cal.09A12.tsSig.s'eO,24 + l_98Nal.l(Mg, Fe).:jAl.s.3SiT.s()e0( OH)4 (16)
('a--clinoplt ilolite Na-sm(,ct ite

with equilil)rium constants

...t. 67 .66

A" = 'tSiO_("q)'CCa-smectite (17), 1.46 .73

t[.|+ (IC()_- d'('a-clin°ptih)lit('

_411(|

l' 1 ..O8

If = J:Ca-t:linoptilolite' Na-smcctite (1S)
3' Na-(.linol, t ilolite i" l ::_a_s,,,ec t itv

An equation similar to Eq. (17) could h(, written t() (lescrit)e ('x(,lmnge ()f l)()tassi_tm and (,al-

cium 1)etween clinoptilolite and smectite, but litth' p()tassium remains in tim clin()l)tih)lit(,
when the transf()rnmtion to sm(,ctit(, ()(,curs.

E(luati(m (17) sh()ws that the transf()rmati()n ()f clin(q)til(_lit(' t() sln(,('tite is hi_;hly

, , _ e the 1)H an(l ,(,o;.,-.(leI)endent (m asi();[_q_ l)ut is als() d_l)(nd nt ()n The 1)r()gr('ss ()f
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Eq. (15) is limited by the supply of CO_-. As the reaction proceeds, acoa2- will fall until

the reaction stops unless additional CO_- is brought into the rock by moving water. The

supply of iron and magnesiunl could also limit this reaction. Although small amounts of

iron and nmgnesium are found in the clinoptilolite, they are sufficient for the formation

of only very small a momlts of smectite. Sufficient additional iron and magnesium are

apparently availaMe for the complete transformation of clinoptilolite, h'on is probably

present as iron oxides and hydroxides; some of the magnesium may also be present as

oxides a.nd hydroxides, although the fi)rm of • • e " "magn _smm in the high clinoptilolite rocks is

,mclear. To the extent that magnesium is present in aluminum silicates, the amount of

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

Altho_lgh Eq. (15) is dependent on a(,o_-,. and pit, the process is much more de-

pendent on asio2(_q_ because of the larger exponent of aSiO2(aq) in (17). Because of the

complex intcrl)lay of 1)aranleters affecting this reaction, more detailed numerical modeling

is needed. Smectite generally coexists with clinoptilolite in Yucca Mountain, but appre-

cial)lc clin(_ptilolite reaction to fi)rm smectite appears to happen only at asio2(_,, ) neat'

('rist.c_lmlite sat,u'ati(m. Varying a(:o_- with asio.,(_,,,i near crist(,balite saturation probably

changes the, cah'ilun/sodilml partitioning 1)etween coexisting clinoptilolite and smectite.

Equa.tic,n (17) ln(h(a,t s that at higher a(,o_- the smecdte will become lnore calcium rich
and the clin(_l)tilolite less cah'imn rich. Eqltation (18) indicates that the converse will be

true fin' sodimn.

The Ul)l)ermost clinc)ptilolites in Yucca Mountain tend to be (:alcium rich. While the

rock in which these clinoptilolites occur tends also to 1,e calcium rich, this is not universally

true as in UE-25a#1. Tllese clinoptih_lites have low potassium contents indicative of

asio.,(,,_) near cristol,alite saturation. The low ('.sio_(_,) is probably caused by equilibration

of the water with immediately (,yet'lying tridymite- and cristobalite-bearing rocks as the

water moves downward. These clinoptilolites generally occur with smectite. The high

caMum content 1)roba.1)lv results fl'om low a . 2- Low values of a . 2- probably result" '(--()a " 'COa

from limited water movement in the unsaturated zone where these clinoptilolites occur

and frcml the depletion of the limited supply of ' 2-., C,O:_ by the reaction shown in Eq. (15).

As Eq. (15) pr(_ceeds, H+ is d_pleted, reinfln'cing the ett>ct of CO_- depletion. Calcitee _ •

predicted as a product of this reaction, has not generally been observed in these rocks,

except in USW G-2; however it has l_een obserw__d in the uppermost clinoptilolite zone

(ff USW G-2. Calcite may not have l)eeu observed either beca, tse of its tendency to be

mobile and form w_'in fillings or because ,_f h_w abundance. Equation (15) predicts that
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about 0.15 wt% calcite will be formed for every weight percent Ca-smectite. Considering

that ZCa-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% srnectite. A more detailed

understanding of this reaction may provide a means of estimating the water flux through

this zone.

A similar CO_- limited reaction of clinoptilolite to smectite appears to occur in the

lower portions of the clinoptilolite zone in USW G-4, UE-25a#l-25b#lh, and a-13 after

opal-CT disappears. However, in USW G-l, USW G-2, and USW G-3, XCa-clinoptilolite

decreases with the appearance of smectite, whereas ZNa_clinoptilolite remains at a high rela-

tively constant value that is probably controlled by equilibrium with analcime. The lower

values of gCa--clinoptilolite suggest a greater supply of CO_- and H+. With increasing depth,

ZCa-clinoptilolite increases and ZCa_smectite decreases where smectite and clinoptilolite co-

exist. This trend I)robably results fl'om decreasing (ISiO2(aq) with depth.

Smectite analyses are available only for USW G-2 and USW G-3. These smectites

show a trend of increasing potassiuni and decreasing sodium mid calcium content with in-

creasing depth. This trend, particularly obvious in USW G-2, corresponds to a transition

fron-i smectite to illite (Caporuscio et al., 1982). However, the nature of the sniectite/illite

transition is solnewhat uncertain. The sniectite/illite transition takes place in pelitic sedi-

ni .ntse' in the temperature range from al)out 60 to 150°C. However, the ext"ent of conversion

of slnectite to illite layers can vary even at a given tenlperature (Perry and Hower, 1972;

Bruce 1984). It is not known whether the observed extent of reaction reflects a difference

in pressure, pore fluid coinposition, bulk chemistry of the shale, or coniposition of the

starting sinectite or whether it is a time effect reflecting the kinetics of the reaction (Eberl

and Hower, 1976; tloberson and Lahann, 1981). The conlplexity of the probleni increases

with the uncertainty as to the correct thermodynamic • • s, " "i epi e_entation for nlixed layer sniec-

tite/illite. Zen (1962) pointed out that either a solid solution or a two-phase aggregate

representation of smectite/illite inay be correct. This uncertainty reniains unresolved.

eAagaard and Helgeson (1983) have used a solid solution nlodel, whereas Garr ls (1984),

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

It seems likely that aquecms silica activities substantially above quartz saturation are

in equilil)riuin with tiighly sniectitic clays. This conchtsion is consistent with botl i Aagaard

and Helgeson (1983) and Garrcls (1984). The Garrels' model, treating montmorillonite and

illite as separate phases, indicates that at 250(2 ', the transition takes place a.bo, it niidway,

on a logarithniic scale, between quartz and aniorphous silica saturation. Although the
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aqueous silica activity fl-_r the transition will increase with increash:g temperature, its

relathmshii_ to the s(_lul_ility of quartz should r_:'mMn appr(_xhnat('ly constant. For tile

aqueous silica activity to rema.in high, as indicated 1)y the water (:(mqmsition data c(mll)iled

by At.tgaard and Hdgeson (1983), the clay reacti(m rate must bc faster than that ft)r qlmrtz

precipitati(m. The rate of niontni(_rilhmite to illite convcrsi(m will then be (h,terniined by

the rate of quartz precipitati(ni. Slu'h a nl(_(M explains the l)r, md tenil)erature rang(' in

which the (_l)scrved sm,,ctitc'/illitc conw_rsion takes place (H(_wer, 1981; Bruce, 1984) and

explains the observed variation (_f the teml)erature dependence on tim,., of lmrial. The

model does n()t explain why the transition stops with al)ln'oxiniately 20% sniectitc la.yers

remaining.

However, if we use the soli(l solution nic_del (Aagaard aim Helges(m, 1983) fin' sniec-

tite/illite, the sniectite/illite reacti(ni can proceed at equilibrium as the aqueous silica

activity in equilil)riuni with the clay decreases. The m(_(lcl (Aagaard and Helgescm. 1983)

suggests that ('(mipl('te ('onv('rsi(m t(, illiw is achi(,v,_d 1,(,I'(n'(' (l, mrtz saturati(m is rea('h('d.

Uncertainti¢'s in b()th the nl(,(lel and the th('rnl()(lynalnic (lata alh_w that the snl,,('tite/illite

rca('ti(m st(,ps at 20'_, nl(mtmc,rill(mit( _layers when it ('(ml_'s int(, equilibrium witli qlmi'tz.

Tlw ('_niv¢,rsi(m rate (_f mcmtln(,rilhmit(, t(_ illit(, layers w(mhl still l)e (let('rminc(l 1,y the

rate (_f quartz 1)recipitati(nl: h_,wever, as the acpw(n_s silica activity 1)r(_(luc(,d t)y the ('lay

reaction apln'(mched quartz sat_u'ati(m, the quartz precipitati(m rat_' would al_l_i'(mch Zel'()

and the sniectite to illiw rea('ti(ni w(mld stop.

Ass,uning that sniectite/illite can 1)e represented 1)y a s()li(l s(,hLti(m ()f Ca-smectite.

Na-smectite, and I,[-illit(' (,ndm(,ml)ers, reacti(ms _tlll()itg the (,whn,,nfl)(,rs can 1_('descril)(,d

by

1.9KA1Sia()s + Ca.,_n( Mg, Fe).:_Ala.aSir.s().2o( OH ).,

K-feldspar ('a-smectite

+ 1.1H + + ().oo_ a

--+ I{ _.:)(Mg, F(' ).gAl.I. 1Si7()20(OH )4 -+-0.55Ca('():_

I<-illite (:_tlcit e

+ 0.28A14Si40_0(()H)8 + 5.38Si(),
(19)

l<_mlinite it(I ueous silica

_II(l
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1.9KA1SiaO8 + Na,.,(Mg, Fe).9Al:_.aSiT.sO2o(OH)4 +

K -feldspar Na -s m ec t i t e

KI.9(Mg, Fe).gA14. lSiTO20(OH)4
K -illite

+ 1.28Na.86Al.s6Si2.1406 + 3.76SIO2
(20)

analcime aqueous silica

with equilibrium constants

_5.38 _

I( : aSiO2(aq) xK -illite (21)
al.1 a.55

H+ COa 2- XCa-smectite

and

3,76 d:K -illite

K = asio2( _q, (22)
XNa-smectite

These reactions show that the ()bserwxl progressi(m of minerals with depth 1)elow the

clinoptilolite zonc_ can_s also be ext)lained by decreasing asio_(_,). Kaolinite 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
'9depth, but tends to diminish in the illite zone of USW G-... This is probat)ly due t(, the

replacement of analcime by albite for which the reaction is

?'9

Na.86Al.86Si2.14 + 0.44Si02 _ (}.86NaA1Sia()8 (23)
analcime aqueous silica albite

The equilibrium constant for this reacti(m is

K .44 (24)
-- (/SiO 2(aq) _

so there should t)e a i)articular asio_(.q) at which analcime transf()rms to all)ite. The exact

. e ' the A1/Si ratio ()f the analcime.form of the equilibrium constant and (tSi()2t_ql d(t)nds ()n

More importantly Eq. (24) predicts that all)ite should 1)e stable at lfigher asio_(_) than
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a,nal('ime, wllicll is c_)Iltrai'y t() tll(, assliml)ti(m tlmt a,._i()_l,,,) (h,cr_,ils_,s witli d_'pth ill Yucca

Nh)lluta.ill. All)it_, witll a lligll (h'g,r_'_'()f almlfimllil/silic_)ll (_r_l_'rillg (the, sta.I)l_, fi_rln at h)w

crist()lmlit(, ail_! (llmrtz ,_atlirati()li (I)lifl_, 1985). H(_w(,w,r, it, alll_('ars tliatt,ll_' higllly

lk'l(_l'_l_'liil_'slal,iliiy is _lifliclllt t,_ _'x_lliiill(' I_,cmi.s_, _,f tll_' lilliii_'(l iil['_)riiill,ti_li (_li its c_)im

clill_G)til_)lii_' _lil_l lll_r(l_,liit,_, cal, I_, _h,.scri])(,(l IO, tll(, r_,acti(_lis

b{i._:\li._Sii_l.'..,. , I).<S31(,,,i_AI,, I_Si!i._'x()'x.i t 2.()9Si()._.
, (2(i)

I( ilil_l'(ll'liill' I'_. clin(_lllill4ii,, iilliil,llll_, _ilica

('il.!_ :\li.sSii_l.'_. -" ().S3('al.._A 1._,i_Si!t._'x()'_,i f 2.09Si()_
(27)

( ';i " lil(irdt'iiitl' ('il- Clili(illl ih4ii_, ii(lllt.llll._ silica

'I'li_' _'(lllililirililii ('()llslliiits t'(>l"i ll_'s(' r('li_'t.i(lli,_ ll;iV(, i,li_, _t'li('l'll[ f(>i'lii

(12 .l)!t I
,l_i()., I lli''X _lil_llllihdil+'

h" - ' ....:--':............... . (28)
'l'X Ili_ll'dl'liil _'

(.l('llt'l'aily, clililllliil()lii._' is lir(illll, l_ly stlllii(' l.(I slit411il,v i(iw_'r (isi()7t,,,i I lllall is lll(>r(|_'liit(', ]llli,

l.hi,_ lllliy vary willi lililk c(liiil_lisiii(lli. As ll()l('<l (,ill'lib,r, liillr(ll'liilt, iir(limlily Cl)lllililiS llilir('

s(l(lililii l,lillii (l()('s c()('xistilig; clill(qliil(llii.('. [l_'('illiS_' (it' tills, ili_li'_l('iiil+(' iliil411i r('iliiiili sl,ll.tli_,

i,_l l(_w_,r (Iqi(j:_t.,i, lliiili <']ili_)l>t,il<>litt' it' ill(' lllllk r(iliili(Isit, i()li is liit41i ill s(l(iiillii.

Vl, REACTIO1N iI, AT!!;S

ll(li, li wiil_'t' Cll_,liii,<-;liy iill(l liiiil(,rlil (lisirililil,i()li ill Yii('cli l'k,,|()iiiil,li,ili iil)l)_,ar 1()I)t, l'_)ii

.sist(,lii. witii t.ll(, ;isSiillilJl i(>ll._l.lili.i lll_' s(iilll_ility (if tli_' liillsl s(lllil)l(' ,_ilicll. l)(ll.yiii(irllli lirl'sl'llt
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in a _iven h)cation(,(mtrolsasi()._(_q)and that changing asio2,_q)l_rgelycontrolstileob-

servedminm'al transitions in Yucca M(mntain. The nmtastable state of silica polymorphs

in Yucca M(mnt, ain impli(,s that mineral alteration is an ong, fing process. H(_wev¢,,'"the

rate at which rea(rti,ms can p,'oceed is limited by the rate of transfi_rmation of the silica

imlv,n¢n'l_hs.. Several fa(,t,_,,'s such as pressure, pH, and t¢_nll_,=i,,tree are known to affvct the

rat,' ,,f silica, poly,n(,,'ph transitions, but (rely teml_erature can be quantified at this time.

D,fl{)' (1993) describes in detail the kinetic modt:l used herc. The model assumes that

the transitions f,'_ml dis_rdered opal-CT to quartz occur in a stepwise manner. Disordered

,,pal-CT transfln'ms to ordered (,pal-CT, which is ,warly equivalent to (.,lsto} aht_., through

a s, did state reaction. A decrease in the 101 spacing in the crystal lattice of opal-CT re-

fle(,ts the p,'ogress of this reaction. When the 101 spacing reaches 4.05_, transfi_rmati(m of

the (,rdered (_pal-CT/crlstc,baht¢ to quartz begins by means of a dissolution/pr('cipitation

r(,action. Tiffs ,'('acti_,l sequence agrees with the x-,'ay diffraction data of Bish and Chipcra

(1986), where litth' quartz wns flnmd coexisti,lg with opal-CT, while considerable quartz

WaS 1)l'CSC'llt witll crist(,lmlite. Ewm the small amounts (,f qlmrtz In'esent with opal-CT ,nay

1_¢,primary phen(wrysts that did not form from opal-CT.

TI,_' ,'_,t(. equation fl_l" the (,rde,'ing of ,)I_al-CT is

i

dS
- kS, (29)

dt

W} I(T('

S = ,I(101) - 4.040A, (30)

Iisthe',',,acti,mtim,,a,_¢l/,'intll¢'rat,,constant.Th,','ate,(,quationfin"the transfln'maticm

(,f ,,rch,,'cd (,lml-('T/crist,,l,alit, ' t,,quartz is

dC,
- I,., (31)

dt

wll,'r,' C, is tit(' ,'ati,, ,,f crist(>lmlite/(crist(_lmlite + q,u, rtz). The dq_end,.nc¢, ¢,f th¢, rat,,

c(ntstants (_xtt¢,mI)¢'rat_trc in giv,'n }_y

k = .4_- _:/_'_', (32)
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wher(, A is th(' fl'eqlwm'y fiu't()r, E is thr activati(m {'lwrgy, R is tlw gas c(mstmlt, and T

is th(' trmI)erature ill kelvin. Th(' fl'equrncy fiu't(n's an(l artiw_t.i(m rnergirs fl)r Eqs. (29)

and (31) are giw,n in Tabl(, II.

TABLE II

A(yr -I ) _ E(kcal/mol: R__cti()n .... Rrti'rcac_r __

2.62 . 107 20. Ordm'ing (,f Opal-CT I,_an(, (1983)

1.11. 1(1" 23.2 ()lml-CT/Quartz Ernst & Calvert (1969)

Dllffy (1993)()bserw'd that th(.sr r(i_mti(ms i,rr(lict disapp('arancr ()f (,pal-CT and

crist()l)alitr near the depths ()l)s(,rv(,([ in Yucca :_[(mntain if' tlw l)l'('srllt h.lllperaturr distri-

]ntti(m rxist.ed thr_)_lgh_JIlt tll(, lifi'timr _)f tlw r,,cks. Ba_(,d ()zi clay liiinrral()gy, ('al)()n_.sci()

rt al. (1982) m_(l Bish an(l S(,_narg(, (1982) ._ggrst t(,_q)(,rat_u'(,s as higl_ as 201)°( ' _nay

haw, l)(,(,li attainrd in th(, lmst at llir 1)()tt()_li (,f USW G-2. TI_(' l_l()(h'l tlmt has 1)(,(,_

()f ill|t(', l,_lt (l()('s assmm, that .si():,,_,,, lmist 1.. l,(,l(ra' crist()lmlit(, ,sat_lrati(,l_. which w(ml(l

rrquirr that t h(. (rely rrnmi_fi_; ,_ilica l)()ly_l(,rl)li is q_mrtz. |tiNl_ly ill|tic clay is lm'srnt

at (l('l)th in USW G-2 (('al)()r,_s('i,)('t al., 1982) a_(l _('ar th(' ])()tt()lll ()f' [..rS_'VG-I, wlwr('

()nly q_mrtz is i)r(,s(,nt. H()w(,v(,r, illit(,s fr()n_ 1181 an(l I,576 )n i_ USW G-2 m_(l 1718 m

in USW G-I Imv(' |,i-At (lat('._ ()f I0.9 _ 0.6 _.y. (Br()xt()_ ('t aI., 1987) (Saml)Ir (l('l)ths

l)r()vi(l('d l)y Davi(l L. Bish. i)('rs()_ml ('()m_mu_i('ati()n). 'Flfis N-At (|at(' is ('()_)_,ml)()ran(,()_s

with tlw y()_m_;('r (,r_l)ti()_s fl'()m 11.3 t() 9.;') m.y. (Marvi_ (,t aI., 1970) ()f th(' Tinfl)('r

M()_mtain-()asis Valh'y ('al(l('ra ('()ml)l('x l()('a)(,(l n()rth ()f Yu('('_ Nl(mntain. Transf()rmati()n

()f m(,tastal)l(' l)()ly_n()rl)hs t() (pmrtz at 10.9 n_.y. may hay(' l)('('n ('a_ts('d I)3' a h(,ating; (,v(,nt

ass()('iat(,(l with th(,s(, (,r_tl)ti()ns.

Fi_. 25 sh()ws th(' m()(M ('al('ulati()n ()f the (,v()luti()n ()f sili('a I)()lym()rl)hs at 8,5°C,

starting; with all ()f th(, sili('a l)r('s('_t as dis()r(h'r('(l (,l)aI-C'T with a I()l latti('(' sl)a('in _

()f 4.13A. I I)r('(li('t tlw (,()mi)I('t(, c()nv(,rsi()n t,()quartz t() r(,(l_tir(' a])()ut 0.26 m.y., whi('h

is i_ r('a,s()nal)h, a,_re('m('nt with th(' 0.4 m.y. (liff('r('n('(' i_t tin_(, ])('tw('en (.It(' ag(' ()f th('

})egi_ming ()f th(, ash-fl()w ('ycl(,s ()f th(' 'ri_,l,,,r _l()_mtain T_II' mM tlw most l)r()l)abh , tim(,

f()r ('rystaIIiza, ti()n ()f th(_ ill|t(,. This tim(" Sl)an c(mM I)()ssibly Imv(' l)('(,n 0 t() gr('at('r than

1 m.y. A(i('quat(' data (I() n()t ('xist t() d('t(,rmi_w a l)r('('is(' t('ml)('rat_u'(' hist()ry f()r tlw (MII

hoI(,s in Yucca M(nmt_fin, l)ut tw()l)()ssil)h, t(,ml)(,ratm'(, lfist()ri('s hav(' l)e('n ('xamine([. Th('
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Fig. 25. M<)del predicti.n for the rv.httion <)f silica polynlori_hs at 85°C. D10I is the

spacing of the 1(}1 planes in the crystal lattice of opal-CT.
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Fig. 26. M-del t+,ml_<;ratlu'e histories for USW G-1 and USW G-2.
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first )enq.,ratlu'e l!ist(n'y, il111,_)ra)('(Iill Fig, 26, _ll()ws tile pr(,sc,llt-_lny )(,ml.'rntllre ira)file

t'_,rIYSW.(;-I (Snss nn(l La('lt(,Id)rlwlt, 1982)alt(l fl,r USW ,._,-...r'9 (Sass et ul., 1983). I assume
Ow" Of_

ilmt tire tmnl)erntlir(, r()se t() oo v nt tit(, initial tiIIle at Ill(' 1)()siti(nt ()I"tll(, tqJl)enll()st (lated

illit(,, tltat is ut ll81-ut &'l)tll ilt USW (;-'2 nn(l nt 1718 nt iIt USW G-1. I usstune a lilt(,nr

l('lltll('i';ltlli'(' Rt'llIIi('ll|, i',() tit(' sllrl'ace, width r_'l_mins ;t) tit(, Clti'r('ill ,_lli'ftl('(' |('llil)('rH|=lll'('.

Tltis ,elltl)er;ttlli'c distri])ltti()lt i'(,lll;iiltS ('()ilS|llltl |'_)i' 0.2 lll.y. ;lit(| t|H,ll d(,cHy.,.,i I() l=]ll, cliri'ellt

)('ill])('r;IiIti'(' (listrilntti()It at 1.0 In.y., nlt(l r(,Inaills n.t th()s(, vnhl(,s.

Fig. 27 In()(l('Is tlt(, hist(),'y at 171s in, )if(, ,h'I)th ()f tl,, (In t(,(l ilIi)(,, ill USW G-I.

I It( Itl()(l,,l l)r(,(li(')s )Ira) all ('rist()l)nlit(,/()l)al-('T will hnv(, (lisul)l)('ar('(l at al)(nl) 0.3 In.y.

l(,nvilt_; al)i)r()xinmt(,ly ().I ttt,y, l'()r the ('rystnIliznti()_ ()f iIIi)('. Th(,s(, l)r(,(li(')i(ms agre(,

wi)l_ lit(, kim'(i(' (In)n ()f El)(,rl mid H()w(,r (1976) tlmt I)r('(lh') tlm,t lit(' s_m,('tit(,/iIlit(,

)r;_)si)h)_t lakes 0.1 _)t.y. n) 75°( '. Tlt('r('f()r(,, tlt(' _)()(l('I I)r()vid(,s f()r )It(, ('rystnlIizuti()n of

ilIit(, u) tl,' ('()r,'('('!)it_(,. Fig>. '.)8,_ul 29 ,,,lu)w i_t()(l(,l('ulm_In)i()_tsf()t' )It(' l)r('s('nt (i('i))hs

,)l' ('risi(,imlit(, a_(l ()iml-('T (lisnl)l)('_ru_w(' r('Sl)('('tiv('ly. Tit(, n_()(l(,l (h)(,s n()t ('()_t)nin tl_(,

rat(, laws f()r )I)(' (h,vitdli('ati()It ()f g;lass ['()n_iltg (lis()r(h,r('(l ()Iml-('T, l)_tt nss_tnt(,s )hut l'lu'

(l())tti)m_tt sili('n l)Ims(' is (lis()r(h,r,.(l ()I);,I-('T at tlt(' l)(,g;i_t_i_tg()f tlt(' It(,uti_tg (,vent. If w(,

a('('('l)) ) lti,_ass_))tl))i()_, )I_('ttt()(l('l ('()m'sl)()n(Is w('ll 1() tlt(' ()l)s(,rv(,(l(h'l)th ()f(lisal)l)('arun('('

()f ('ris)()l)_lit(, n)t(l ()iml ('T • i) i)r(,(li(')s I I nt.y. f(n lit(' (lisul)l)('aran('(' ()f ()I)aI-CT nt 79'.?,) m

_{I 1'2_tt..v.f()r )lu, (lis_,l)l)('ar)_t('('()f('ris)()l)nli)(,)_ I I(),I _tt, a_;r('('i_; witlt )It(' I 1.3 _n.y. age

f()r If,' ()_s('t ()l' 'l'i_t_l)('t a\l()_t_)_i_ activil.v. Sintilar r(,s_tlls ar(' l)r('s('_t)('(l i_t Fi_;s. 30 )_)32

I'())I'SW (l 2. a,l)l_(ntglt ()iml ('T Ires n()) l)(,(,It(lisii_tg_tisl,('(l l'r()_tt('rist()l)nli)(, in USW G-2,

it_ (l('('l)(,st ()('('_trr('it('('Ires l)(,(,it (,stiltmt('(I a_)762 itl Ims(,(l ()It tit(' )tl)r_q)t i_wr(,as(' in (tuartz

(,()ii)(,_)t. Tit(, r(,s_tlts f()r I:SW (_;-'2nls()_g/r(,(, v,'itlt ()l)s(,rva)i()it, l)r(,(li('tilt_; (lisal)l)('m'mw(' ()I'

('ris)()l,,li),, a) II.6 _)).y. a)tt(l (lis_)l)l)('aralt('(' ()i',)Iml--CT at al)()ut 12 lit.v. H('uting l)r()lml)ly
¢ ° . '_

(,t _,I., 1977). If l_(')_tin_;,,v_.s('a_s('(l l)v i_)a_;i_t)_a_ss()('int(,(lv,'itlt ('r_tl)ti()_t()f tlt(, Pai,ttl),'_Mt

T_t)l', i) _,v lmv(' c()_t)_tt(,_)('('(l_,s ,'_,rly _s 13 _t.y.B.P. Tit(' _n,),l('l r(,s_l).s w(,_l(l l)(, si,_dl),,'

('x('('l)t)lint sli_;l_tly I()w('r _tmxil)_,_)ttt,'Ittl)('rat_tr(' w()_tI(ll)(, r('(l_tir('(l.

I )_())('(I(,_rli(,r Ili_t higlt(,r )('ml)('rat_Ir('s Ira','(, l)(,(,ll i_d'(,rr('(l l'r()nt th(' ()l)s(,rv(,(I ('lay

ass(,i)tl)l_,g(,s. ()tlu,r iltv(,sti_;at()rs l)ns(,(l this ild('r('n('e I)rinmrily ()n ()l)s(,,'vati()ns i_t I)dith '

; 9" . ' 33s('(ii)tt('_tts (P(,rry _ut(l H()w(,r, 1970; H()w(,r, 1981 Bru('(,, I, 84) I_g;s, t() 3,5 sh()w

)It(, r(,s_tlts ()I' tn()(l(,l (,aI('_tlati(n)s f(),")_ s(,('()_t(lt('ntl)(,ra)_u'(' l_is)()ry f()r USW G-2 with )_

Itt_xi_tt_t_t )(,nq)('rnt_u'(' ()I' 150°( ' at l lgl t_t. Tlt('s(' r(,s_Its at(' as ('()nq))ttil)I(' with th('

()l)s(,rv_l'i(nts as )h(, r(,sults wiil_ a It_axint_t )(,_tq)('ral_u'(' ()I'85°( '. H()w(,v(,r, th(, int(,rvnl
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Fig. 27. Model for the ev()lution ,)f silica polymorphs at 1718 Ill ill USVv' G-l, assmning

a maximum temperature of 85"C was reached at 1718 m.

c_fnmximtun trmprratttre lasted unly 2 50() years and temperatures retltrned to current

trtnl)eratlu'es at 12 500 yearn after the start <)f the m,,del. The data from 1)elitic sediments

sttggest that smectite t() illite conversicm should require millions of years even at 150°C.

A1)l)arently _'ither the kinetics of smectite-to-illite conversi(m are consideralfly faster in

Yucca _hnmtain than in pelitic sediments (_r thermal gradients have beeIl very n, mlinear

in the past. ()he 1)_)ssit)le explanation for faster kinetics <)f reaction in Yucca M_mntain

than in prliti<' sediments may be a difference in pH. Most of the pt'litic sediments which

hay,, 1)e<,n stu,li_,(l are <illshales that, 1)ecattse of a high contellt of organic acids, may have

significmxtly lower pH than do Yucca Mountain waters.

If the mo_M presented here is correct in that the smectitr-to-illite reaction is controlled

I)y "si_)_,_,, the rate of conversion of smectite to illite emmet proceed faster than the rate

of crystallization cff quartz. The rate of quartz crystallization is highly pH dependent

(Drift3', 1993). The distilled water used the by Ebrrl and Hewer (1976) whm+l determining

ttw rat_, _)f smrctite-to-illite conversion would trnd to have produced pH conditi_ms similar

t_) Yucca Moltntain watrr. The raw determined l)y El)erl and Hower (1976) is ('oml)atible

with th(' raw ot)s('rv¢'(l in Yttc('a M<ntntain. These observations suggest that pH may

inthwnc(" the rate ()f sme('tite-t()-illite ('onversi()n.
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Fig. 28. M()¢[(,1f()t"th(, ('volttti(m ()f silica l_()lytn¢)rl)hs at 1104 m ill USW G-l, assluning
a n/aximltttt trtnl)crat!tr(, of 85°C' was r(.ach(,(I at 1718 hi.

Fig. 29. M()¢h,1for the, ('w)luti(m ,)f silica p<)lym()vl)hs at. 792 m in USW G-l, assuming a
Ill_Xilllll]ll t(,mt)(_ratur_' ()f 85°C wns r('ach(,d _tt 1718 m.
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. / } ,,Fig. 30. M_ del fi_r the ew,lution ()f silica i)olymorlJh._ at 1181 m in USW G-2, a.sslmling
a maximum temperature of 85°C was reachv(l at 1181 m.
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Fig. 31. M()(I,'I fi)r the ev(,lution ()f' sili(,;i t)(_lym()rl)h._ _t 1006 m in USW G-2, a SSUllling

a ma×imum temperat, lu'e ()f 85°C wa._ rea(,hed a.t l lSl m.
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' 9Fig. 32. _I()(M fi)r th(, ev()luti(nl ()f silica p<)lynl(,rl)hs at. 762 m ill USW G--, assuming a

maximltm teml)eratur(, ()f 85°C was r(:ach('d at 1181 m.

- _ ......:.........:........................................... ;-_----_ !1
I\ '\ i "

0.0 6,0 10,0 16,0 |0,0 |6,0 80.0

TIME (my) "104

Fig. 33. Model fl)r the (,v(i_lution of silica polymorphs at 1181 m in USW G-2, assuming
a maxinmm teml)erature of L50°C was reached at 1181 m.
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Fig. 34. M()d('l for the evolution of silica l_olymorl>hs at 1006 m in USW G-2, assmning
a maxinmm temperature of 150°(2' was reached at 1181 m.

Fig. 35. M()d('l for the evolution of silica 1)()lymorphs at 762 m in USW G-2, assuming a

maximum temp(,rature of 150°C was reache(l at 1181 m.
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VII. CONCLUSIONS

Mineral alteration in Yucca Mountain is primarily controlled by a,sio2(_lj with a-, 2CO a-

and pH being of secondary importance. To a first approxinmtion, asio2_q) appears to be
controlled by the solubility of the most soluMe silica polymorph present. Because such

reactions as the conversion of I(-clinoptilolite to I(_-feldspar can proceed only as asio:(_)
drops, their rates can be constra.ined by the rate of silica polymorph transformations, if

the most soluble silica polymorph controls aSiO2(aq) at its solubility. If this assunlption

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

explanation for the present mineral distribution in Yucca Mountain.

Fig. 36. Predicted future evolution of silica, polymorphs at 400 m in USW G-1.

This kinetic model can be used to predict fllture mineral alteration. Fig. 36 shows the

predicted change in the silica polymorphs a.t 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 I)roI)ertics at the 15(Z)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 procee(l at the present time. I _.t_ume 60% of the initial silica I)olymorph to

be quartz with the remaining 40% cristobalite. The model predicts that there will 1)e 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 asio_(_q) 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 because 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 asio2(_q) 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-

rite. Unless the present opal-CT is already highly ordered, which seems unlikely based

on the potassium content of tile clinoptilolite in the rock, Na-clinoptilolite is unlikely to

transform to analcime. Fig. 38 shows predictions for 644-m depth in USW G-l, 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, polymorl)h trans-

formation will not be affected by parameters other than temperature. In I)a.rticular, if

emplacement of a repository caused an increase in the pH of the surrounding water, the

tat'e.s"of mineral a,lteration could be greatly accelerated. Increased aco 2- c<mld also cause
• 3

alteration of calcium-rich clinoptilolite and could promote both conversion of clinoptilolite

to smectite and smectite to illite. Smectite alteration in the Topopah Spring Menfl)er,

although possible, has not been examined in detail. At 150°C,, the conw_rsion 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 disapl)em'ed, c(mw_r-

sion of smectite to illite would be probal)le. Such a conversion would probal)ly reduce the

sorptive capacity of the rock.

The model suggests that mineral alteration would probably 1)e minor for at least

100 000 yr after emplacement of a repository in Yucca Mountain if the thern ml model

used here is followed; but it also suggests that mineral reactions are occurring in Yucca

Mountain at the present time. Some of thsee' reactions_ inw:)lve H+ a.nd (,O3,2- that must

1)e supplied by the water. Therefore, it may be possible to ()mbm(. reaction rate data

with water c<)ml)osition data to help estimate past wa.ter fluxes in Yucca M<mntain. These

studies could be used to examine the flux of water t.hr<)ugh the basal vitrophyre of the
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Fig.37. Pr(,(lict(,(lf::tm'("m:()luti(n:ofsilical)()lyn:orl)hsat 430 m in USW G-I.

Fig. 38. Predict(,d futm'(' (,v()luti()n of silica polym()rI)hs at 644 m in USW G-1.
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Topopah Spring Member and might be linked to variations in HCO_- and pH across Yucca

Mo_mtain to help confirm the direction and rate of flow.
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