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The Nevada Nuclear Haste Storage Inveetigacions,
which 10 ●valuating potential locations for ● high-level
waatc repository at the Nevada Test Site arid ●nvirons,
is currently focusing its investigations on tuff, prin-
cipally in Yucca Mountain, •~ a hoot rock, This paper
discusses sow of the geochemical inveatigationrn. Par-
ticular emphaaia lm placed on definition of some basic
●lcmenta and neceatrnry tech~ical ●pproaches for the
geochemistry dhta ●equiaition ●nd modeling program.
Some site-specific tuff geochemical Information that is
important for site selection ●nd repository perfomnance
will b~ Iden:ificd and the current s:atus of knowledge
will then be diacuaaed,

I. INTRODUCTION

During recent years, deep burial aa ● meana for cafe disposal of nuclear
reactor waate has gaina~ ●cceptspce becauv of the concept that the rock sur-
rounding the repatitory will provide ● significant b~rrier between the radio-
active@ waate ●nd msn’s environwnt. Because the rock provides the firer
natural barrier to radionuclide migratlono ●n understanding of the propcrtieti
and setting of tha host rock fe of conaiderubla importance. Such under-
standing will ●lso be the btuis for predicting the performance of ● r~pository
and Idcntifylng potential deficlencieu in the models uoed for the prcdlctions,
Clearly, ouch ●n understanding will ●lso he ●aaential ill the process of
selecting ●nd licensing a repoe!tory ●nd in convincing the general public of
the ultiieatc safety of such rlispooal.

The Ntvada Nuclear Uacte Storage Investigation (NNWSI), which is evalua-
ting potenti,~l locatlona for ● high-level vamte repository at the Nevada Tc-t
Site (NTS) ●nd tnvirons, is curr~ntly focu-ing its investigations on tuff,
principally in Yucca Mountain, am ● host rock. As p~rt of the geochemical
otudies being conducted by Los Alamo National Laboratory, the geochemistry,
with particular mphrnsia on geochemical retardation proceanes, ia being

Work performed under the autpiceu of the US Department of Energy.
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●xtensively inve.?tigated. Information gathered through study of these proc-
●sines vill help to predict the rates and concentration of radionuclidea that
could b released into the environment and to asaeaa the hazarda associated
with such potential releases. The ●xperimental program, thus far, has
●ddres@ed various ●spects of sorption by tuff, the physical makeup of tuff,
the diffusion process, and various tra.lspolt processes I.lvolved in porous and
fracture flow. Some of the principal techniques ●nd results are prssented
below, with emphasis on those activities that may be of most interest in ●

general way. Further details are given in Refs. 1 through 9.

II. GROUNDWATERCHEMISTRY

The main components of fluidu used in the drilling of hydrology veils at
the NTS are de:ergent, airs and a natural groundwacer reasonably representa-
tive of the site. Lithium chlorifle is Also added to serve as a tracer for the
water that is used as drilling fluid. To determine the chemistry of the
groundwater it is vital to know when the water from a well is formation water
(:hat is, free irom any of the drilling fluids). All drilling fluids must be
eli~inated principally because the c::ygen concentration of the groundwater is
one of the most important variables in the chemistry of the wzter--it affects
retardation mechanisms and corrosion of the waste package. Winograd and
Robertson [10] have suggested that groundwaters in the tuffs of Nevada may
always contain dissolved oxygen. It seems logical chat the flowing water
lea~t influenced by oxygenated recharge water and by air in the ursatu:tited
tuffs or fractured tuffs will be the water in the deepest permeable zone.

A pumping test to sample groundwater from a particular craasmissive zone*
at 2840 to 2870 ft in Drill Hole UE25b-lh was set up as shown schematically in
Fig. 1. An Inflata-Plug was set tn the well ● t 3GO0-ft depth ●nd a Pip Packer
at ●bout 2800-ft depth. Croundwater could then be pump?d from between these
two packers to the surface for ●nalysia. The pump was set ● t 2bO0-ft deptt,,
much deeper than normal for pumping wells. This depth was cho6en so that the
height of the water column inside the casing a: the pump locations would be as
great ●s possible; thus, it would eliminate any possibility of pumpl.avitation
and reduce the diffusion of air dob~ through this column of water to the water
being pumped out of the packed-off zone. In addition, nitrogen gas was intro-
duced daily through the access line into the space above the water column f.o
flush out any air.

During the pumping, a portion of the well’s total flow WRBcontinuously
directed through ● l-in. Tygon hose into a mobile laboratory ● t the well si~e.
This flow could be djrected into anaerobic filtration ●quipment and/or through
the ●lectrode cell where measurements of oxygen, pH, Eh, ●nd sulfld~ could Se
made vithuut exposing the water flow to the ●rmoaphere.

The anaerobic filtration unit (Fig. 2) consisted of two Nuclepore l-t
atainleaa steel filtration units, appropriat~ atainleaa steel vhlveb and
tubing, ●nd l-k pyrex receivar veasela vith pressure stopcocko, Tvo fil-
tration unit. ●re provided in series ●o that even very dirty water can be
filtered in stagea, including ● final filtering through ● O,OS-urn Nuclepore
membrane, In this test, only the top filtration unit with s 0.05-pm Nuclepore
membrane was used. Samples were ●naerobically filtered ●ach day. A 50-cmD
sample of the filtered water wao ●cidified with ve~y pure hydrochloric ●cid
for Fe(II) ●nd Fe(III) determinations. The 1-L pyrex container were kept
full of filtered water (unexposed to air) to be used for reference water and

●Data supplied by the Nuclear Hydrology Croup, US Geological Survey, Denver,
Colorado.
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Fi~. 1, Schematic of method of pumping between packer and bridge
plug.

future ●naly9eo for concentration of ~°C, carbon-dioxide, oxygen of <0.1 mg!g,
●nd ❑anganese oxidation n?ates. The ●nion conc~ntration of the groundwater
wao unually determined ?wice ● day in ● mobile laboratory #t the well site,
using an ion chromatography. This instrument proved to be ●xtremely durable
●l dependable for such ● field op~ratfon, Samplea of anaerobically filtered
water, water taken directly from the uell , ●nd water ●xiting tke mobil~ labora-
tory were ●ll used ●s samples for ●nion unalysia. Varying ~arnpling procedures
did not produce ●ny diacernabie differences in anion content. Alkalinity waz

determin~d by titrating unfiltered oamples with hydrochloric acid, using”an
●utomatic titrator Titroproceaeor, The detergent content of the water was
d~termin~d cpectrophotometrlc,llly. Detergent was ● good indicator or trac?r
of drilling fluids in the well. The Eh was meanure~ with ● platinum
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Fig. 2. Field filtration ●pparatus,

electrode, pH with a combination ●lectrode, sulfide with ● sulfide/cilver
●lectrode. aud oxygen with a dissolved-oxygen meter and ●lectrode.

The detailed result- of this pumping test, which latted 28 dcys, are
given in Ref. 7. Only the major conclusions are briefly described here.

The change in detergent concentration witit time is shown in Fig. 3.
During the 28-day punping test, detergent concentration decreased by about 3
ordi!rc of magnitude~ reaching an undetectable lover limit of 0.007 mg/L near
the ●nd of the pumping. This decreame appears to be ● very sensitive indica-
tion of the clearing of drilling fluld, from the water. There is no natural
background of detergent in the water, so any df:ectable amount must h~ve origi-
nated frvm drilling fluidn. The length of time required to ●liminate deter-
g~nt from just one permeable area of the entire well illustrates that addi-
tivau such as detergent should not be used when drilling the ‘Jell.

In contr*st, the air used during drilling was removed rapidly from the
pack~d-off portion of tha drill hole. As shown in Fig. 4, the oxygen content
dropped to below ● detectable amount (O.! mg/t) in less than 27 hours of
pumping. This difference noted between detel’gent and oxygen is ●ntirely
re~sona’ole. C@rtainly the saturated tuff is more permeable to liquids than to
gases ●nd the quantity of ●ach introduced into the tuff ●t this depth will be
directly porportional to this perwability. After about 2 weeks of pumping
th~ oxygen content of the water agnln became a detectable ●mount, and it
increa~ed to 1.6 mg/L ● t the ●nd of the tent.

The Eh, also shown in Fig. 4, increased with time after the initial drop
Lo a n~gaclve value. For the first 11 days the rnte of increase was quite
Plow, but it became m.ke rapid during the lant 17 days of the test. It 1S not

known st this time if .he break in tht c~rvc la real or if it is simply within
th~ limits of accuracy ef the determinations.
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The Eh is certainly not a direct =asure of the water’s oxygen concentra-
tion, but it im a =aeure of varloum oxidized and reduced species in the
wacar. The concentration of these species in various oxidstlon states, how-
●ver, IS ●ffected by the amount of owgen in the water. Figures 5 ●nd 6
contain the results of so= of thase species. Iron and manganese ●re two
●lements that can exhibit varying oxidation ctates. After 2 daya of the

pumping test, the concentration of these ●le=nts IS very high compsred to
most groundvaterc in the N?S. Baned or, volubility limits, these high concen-
trations must be the rezult of iron and manganem in the more soluble 11
oxidation state. With time, the concentration decreased because of oxidation
to the more insoluble Fe(III) and Hn(IV) species. Again, it is not known if
the break in the curve shown for manganese is within the limits of accuracy of
the determination.

An additional oxidation-reduction couple observed in the sampled water is
nitrate-nitrite. The concentration of ench changes with time (F!g. 6) in a
manner similar to that of other oxidizable and reducible species. The nitrite
found during the first 2 weeks of pumping becomes detectable as the oxygen
increases. The reduction anitm nitrite in groundwater of the NTS has not been
reported before. Because nitrite is so ●asily oxidized to nitrate, it 10
unlikely that nitrite will be detected in any analysis ●xcept those done at
the well site.

For both chloride and bromide as a function, there is a slow decrease in
concentration after an initial increase during the firet 3 to 5 days of
pumping. The decrease in chloride with time was ●xpected because lithium
chloride had been added to all drilling fluids and there might still he
evidence in the water of those additions. The lithium decreased with time
during the pumping. Alkalinity a160 decreased slowly with length of pumping.

The overall re6ulta suggest that there were three phaeee to the pump
te6:. At the 6cart of pumping, the groundvater contained a conequilibrium
mixture of products that accumulated because the hole, full of water, was
●xposed to air to the ●ntire tuff mineralogy for about 0.5 year. In addition
to high oxygen and a high Eh, suifide was detected in the water. However,
only a thort period of time was needed to pump out these products. Thi6 first
p’nase also ehowed an increa6e in nitrite and chloride au the eecond pha6e
developed. In this second pha6e, which continued as late as through the IOth
to 14th day of pumping, the composition of groundwater that may be closest co
formation water from this 6tratigraphic zone was measured; however, detergent
and lithium were still detected. The watsr warn devoid of measurable oxygen,
●xhibited ● negative Eti, and contained relatively large quantitie6 of reduced
specie6 ouch ao Fe(II), nitrite, ●nd perhaps Hn(II) or Mn(III). It is very
interesting to note chat, of the observed cations in the water, iron and
wnganese are the only one- that can ●xhibit multiple valence stateg. Because
no sulfide 10 found in ths water ●fter tile first day of pumping, it is likely
that pyrite doec not control the Eh of this groundwater. It is not clear at
thio time what iron- anti manganese-containing mineral lo controlling the
oxidation-reduction potential of the water.

These reaultc obeerved for oxygen content in this zone of Well UE25b-1 do
not necessarily dfeagree with the conclusions nf k’inograd and Robertson [10] ;
rather, the current raeulta ●xtend their work. B~cauRe tuff is highly frnc-
tured and porous, ●nd concaiha little surface vegetation,, or organic material,
it is logical that oxygen has not been removed from recharge water; therefore,
thu upper ●quifer la oxygenated. Howaver, t’~e we!.ls Inveotiga:ed in the NT’S
by Vinograd and Robertson produced water alaout ●ntirely f~om the aqtlifer at
th~ standing wster level. Well UE25b-1 iu differ~nt in this respect; it has
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. several deeper permauble =ones eeparated from the upper oxygenated aquifer by
impenaeable tuff. The analyzed water from one of theee zones contained no
detectable ●mounts of oxygen. This la the first concrete ●violence that such
waters do exist in Yucca Mountain.

In tha third phaae of the temt the oxygen content increased with ti~ ●nd
there was ● decrease in the concentration of reduced species. It is not clear
why the oxygen cmtent changed chsrlng pumping. The packers could have leaked
●nd introduced water from ● different zone into the zone being pumped; the
zone itself could have changed if nonequliibrium conditions were present; or
the zone was pumped at too hjgh a rate, pulling water through fractures from a
different zone into the sampled zone. Teats for packer lenkage were performed
but were not ●ntirely conclusive.

11S. SORFTION MEASUREMENTS

The term sorption hao generally been used to describe the group of proc-
●ssee by which ●lements are removed from solution through their interaction
with rock. The processes include Ion exchange phenomena, chemisorption, and
diffusion into the rock matrix, and then may ultimtely end in a variety of
pre~ipitation or coprecipitatjon reactione.

For the purpose of describing the partitioning of a radinnuclide between
rock and groundwater, we use the term sorption ratio Rd, defined by

~ . ~ctivity on solid phase per unit mass of solid
d activity in solution per unit volume of solution “

Many investigators refer to this quantity as the distribution coefficient Kd.
Los Alamo6 prefers not to use this term except under ●quilibrium conditions.
Los Alamos data indicate that equilibrium in not achieved in mny instances,
but the sorption ratio is a measurement of an element’s distribution between
phaees under specified conditions, ●lthough not necessarily at equilibrium.
Sorption of a catfoc from near-neutral groundwater onto a rock is complicated
in the case of tuff; it may involve many competing cations and complexed or
hydrated species. Many ●quilibria muet be described before thermodynamic equa-
tions can be used to describe sorption of most ●lements.

A variety of ●xperimental tcchniquesi have been used to gain an under-
standing of these proceasee, to study the importance of the parameters
involved, and to build up a data base that will be used to model the sorption
of ~uclide6 by tuffs in the Yucca Mountain ●rea. The details of these r.ech-
niques ●re given in Refs. 3 through 9. They include the batch process on
crushed rock or tablets of whole rock; flow through COIUIMISof crushed
material; a systam in which the groundwater is circulated through a column of
crushed tuff (that is, a recirculating cystem); and transport of radionuclides
through solid samples (cylinder~ or blocks) of tuff or tuff samples containing
real or ●rtificial features.

It is a fundamental conclusion of these studieo that quite @imilar retar-
dation parameters for a given rock type can be obtai}~ed, relatively indepen-
dently of the ●xperimental method, if the proper mathematical interpretation
of the =asurement is performed and care 1s taken to follow che detailed,
requirements of the individual ●xperimental procedure.

For ●xample, Fig. 7 shows the batch sorption data for cesfum a6 a func-
tion of depth In Drill Hole USW-G1 for three drill holes. The reproduclbjlity
1s excellent using our particular batch technique [41; indeed, the range of
values obtained by several different investigators ● t Los Alamoa is about 20%.
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The uncertalntie6 U660C~8ted with average6
shown in Fig. 7) ● re the standard deviations nf—

‘)
~

ldi 2

a-—
m

{
n(n-1) s

of sorption data (6uch as
the meang am, defined by

where d is the deviation from the mean of the ~th ●experimental value and n ic
kthe num ●r of value6. The standard deviation of the mean is umed rather than

the standard deviation of the ~ample or the population.; thus, it 16 possible
to avoid including zero in the range of unccrta~nty uhefi, for example,
averaging a large range of individual deteminacions, all of which Indicate a
high sorption ratio. The total spread of values averaged in the ❑ easurements
16 often a factor of 5 larger than om. This is the result of the choice of o

just discussed, the nonweiFhted averaging, and the simplifying assumption tha!’
the samples belong to the rame population when averaging results for different
times, particle 6izeu, etc.

Because we are dealing with a complex sequence [8,91 of silicic volcanic
cycles resulting in a layered stratigraphy, it is imperative that we perform
detailed mineralogical characterization and that we understand the stability
of the phase assemblages under a thenal load. The principal phases :hat aid
in sorption include hydrated volcanic glasse6, smectite6, and zeolices. The
distribution of hydrated slasse6 is stratigraphically controlled, and the
glasses Gccur in narrow horizons in vitrophyres and as unaltered primary vol-
canic glas~ in restricted areas. Glasses are Ies6 important 6orptive phases
than zeolites and smectites, but they are very reactive and can alter to other
minerals if heated in tbe presence of water. Smectite clays are reversibly
expandable and are sorptive alteration ❑inerals that are widespread in tuffs,
but their beneficial properties can be modified by a prolonged exposure to ele-
vated temperatures. Heating smectites in a dry atmosphere results in water
evolution and rtwersible collapse; prolonged hydrothermal alteration of smec-
tite6 can produce minerals with decreased volume, expandability, and sorption

capacity. The zeolites clinopt llolite-heulandite and mordenite are highly
Sorptive minera16 that occur in hiyh concentrations In silicic tuffs. These
zeolites occur mostly as eczonda:y alterations fiq nonuelded and poorly velded
tuffs and their distribution is, therefore, stra”luraphically controlled. The
distribution of three alteration minerals smectite, illite/muscovite, and
clinoptilolite, in addition to unaltered glass ara shown in Fig. 8.

Because tuff samples may be composed of more than one sorbing mineral as
shown in Fig. 8, Los Alamos 16 currently researching ways to predict 6orption
ratios by combining the effects of b~veral minerals. In ~ne approach [5], the
combined effect 16 defined a6 a weighted sum, the ‘“sorptive ❑ineral content”
(SIIC), determined by

SIC - Iwixi ,

where W is the weighting factor for each mineral phase and X1 16 the abun-
dance (!) of each phase.

The weighting factors are determined relative to clinoptilolite, to which
u value of 1.0 16 assigned because it 16 the mo6t strongly sorbing ❑ineral in
the group. A 6st of valuea for uorption of ce6ium on other minerals must be
obtained from data for the pure minerals or inferred from mixtures. The Kd
valueo for clinoptilolite, mordenite, and montmor$llonite are calculated from
publi6hed thermodynamic data [11-15]. Some simplifying assumptions were made
in ●pplying the data to calculate Kd valuee for the specific tuff-groundwater
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Fig. 7. SorptiorI ratio variation for cesiurn as a function of stracigraphic
position in UsU-Cl.

cases. The assumptions are that (1) all mineral phases observed in the x-ray
diffraction analyses, which are performed on samples ground to <10 um. are
availablf~ for sorption, and the only competition for sorption siteu is, in
this case, betveen trace amounts of cesillm and sodium; (2) the Sodiun concen-
tration In the assumed groundwater is 3 ti (the approx?.mate ionic strength of
the traced groundwater); and (3) one set of thermodynamic data applies to all
sampleo of each mineral. The last assumption IS not strictly true because
sanples of the same mineral frem different localities, when prepared dif-
ferently, gave different thermodynamic constants [11]. The other weighting
factors were determined to be 0.50 (montmorillonite), 0.04 (mordenite), 0.05
(analcime), ●nd 0.C16 (glass). The sorption ra~ios for cesium are plotted aa
u function of SP!C in Fig. 9; Fig. 10 ia the same plot for low valuea of Rd.
The solid line is the theoretical line based on thermodyramica; the dashed
lineti represent an ● rror ●nvelope for uncertainties of a factor of 3. As
ohown, moat the experimental value- fall within the envelope. This procedure,
or a variant, mey allow us to predict sorptive properties for the tuffs along
pathways to the environment. However, two points muet be kept in mind:
first, sorption of cesium ia probably the simplest test of this coilcept;
eecond, any ouch procedure io critically dep~ndent upon accurate determination
of the mineral phases available to the groundwater.
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Iv. SORPTION ISOTHERMS

The study of eorption isotherms is used to (1) determine the influence of
groundvater/tuff interactions on the 6orptive properties OF tuff, (2) accu-
rately model the retardation of waste elements under various source-term and
groundwater condition~, (3) detect irreversible 60rptfOn processes that could
be very positive properties if discovered in tuff, (4) interpret and model
diffusion into the tuff matrix an it would occur in fracture flow, and
(5) explain the observed dependence of the distribution coefficient on the
solution-to-solid ratio and predict real conditions from laboratory measure-
men~o.

It, most transport codes, norptlon 1s normally treated as a linear iso-
therm; that in, the distribution coefficient Kd does not depend on the cation
concentration. This etnndurd treatment should be valid for ion-exchange
●quilibrium at tracer-level concentrations with zcolitic tuffs; however,
welded, nonzeolitized horizons have been p:oposed am repository ho~ta because
of rneir thermcraechanical propertied.

The Langmuir isotherm is also commonly used. It is appropriate to any
sorption mechanism that is first order and has a limited number of sorption
sites. The form of rhe Langmuir isotherm 10
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Fig. 9.

Ict

Sorption ratios for cesium aa a function of sorptivc mineral
content. Solid line IS theoretical line based on thermod~amics.
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where q = the solute concentration in the solid phame, c = the solute concen-
tration in the ●queoua phaee, co u the total cation concentrati~n, Q = the
cetion ●xchange capacity, ●nd K - the ●quilibrium constant. At mall solute
concentration where Kc << c , the Langmuir laotherm becomes linear.

The Freundlich isotherm”le also cotmonly used; it is ● purely ●mpirical
forwla that can be used to ●ummsrize ● ●raall ●mount of data. The form of the
Freundlich isotherm la

q-ken ,

where k and n are ~ stant8. Unfortunately, thiu isotherm 18 unbound and doee
not account for saturation of sites; in addition, it can yieid infinite Kd
values at zero concentration.

Another approach , which eeems ❑oat appropriate from a chemical stand-
point, is the so-called maas-action equilibrium. This approach aeema particu-
larly appropriate for cations that have a charge greater than one. This
approach for a given equilibrium takea the form

ti+RmBMMRA+B ,

and the equilibrium relation is

~A ❑’> ,
%-< qB

where m< lies between m snd unity. This approach la more general than the
Longmuir isotherm and still has the advantage of incorporating a litdted
number of sorption sites.

In addition to these aorpt~on isctherms, which Imply ●quilibrium, there
is the possibility of an irreversible sorption process. In this case, a
certain amount of the waste ●lement would be sorbed independently of the
initial concentration.

One of the important tasku of these sorption studies is to identify which
of these isotherms Is ❑ ost appropriate to describe sorption on tuff. In addi-
tion, it may b~ possible to ext~ait thermodynamic parameter such aa equili-
brium constant!, thue providing a data baoe for correlating sorption ratiom
with minersflogy and groundwater compoaitlon.

Aa an example of our ntudiec, the sorption inotherm for strontium on
G1-2840 tuff was determined over a concentration rsnge from 9.6 x 10 * II
to 2.1 x io ‘ M. The best fit appeared to be a simple Langmuir isotherm
(Fig, 11). The data was fit to ● Langmuir isotherm using a learnt oquareo
procedure. The resultant equilibrium constant is 22.3 and the cation ●xchange
capacity i- 0.79 milliuolea/iOO g. These results ● re ●specially inrereoting
because some sorptiol~ data in the literature [15] has asauaed a mess ●ction
equilibrium with a m’ of 2 for mtrontiurn sorption. Reviewing the analysi- of
these literature data show that, in fact, the Langmuir isotherm should have
been applied ●nd that the fre~ energies reported ● re, th~refors, Incarrect.

An interesting by-product of our studias of tha effect @f sorption iso-
therms on retardation is that they can explair the obeerved dependence of the
distribution coefficient K on the solution..to-s~lid ratio and such obser-

11vatione crnn be directly co pared with th~ results of mea~urementc in which
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Fig. 11. Strontium sorption isotherm for C!-2840 tuff.

the ●lement concentration was varied (isotherm determinations). The
Freundlich isotherm can be exprested as

where x - the number of moles of tracer in the solid, m ■ the mase of the
solid, c = the final concentration of tracer in solution, and k and n =
conatante. Combining

●nd

whcro co = the initial conce~tration and V - the volume of the solution,

H

c n-1
Kdmk _ 9

‘K‘+Vd
.

Therefora,

K I/l-n
.l+SK

d Vd
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~K>>l,‘or v d

The dlmtribution-coefficient dependence on the molid-to-molld ratio can
be expressed in terms of the ?reundlich Isotherm paramater n. Thio simple
relation seems adequate to ●xplain the observed dependence of Rd value on the
solution-to-oolid ratio.

v. PE~ABILITY AND POROSI~

Because moving groundwater provides by far the most probable means of
transporting waete ●lements from the repository, it is necensary to understand
water’s ability co move through the tuff formation. It is generally assumed
that groundwacer flow in the tuffs will be primarily throug:~ fractures; the
permeability of ● fracture 18 certainly much greater than that of the bulk
rock. However, fractures must form a continuous connected network to provide
an ●ffective pathway for fluid movement. The degree of connectivity of frac-
ture system can be asseeeed by comparing laboratory and field measurements of
bulk permeability. The issue of fracture intraconneetivity la not only fmpor-
tant when characterizing the v~lume of grO’MIdWater flow but 10 Glso necessary
to assess the volume of rock that will be ronnect~d by flowing groundwater.
If an appreciable amount of porous flow occurs through the bulk rock, the
surface area ●vailable for sorption will be appreciably increased.

Laboratory measurement of permeability and storage capacity have been
accomplished by meana of a transient pressure-pulse method. Po; osir.v has been
obtnined by measuring the grain denoity and the wet ●nd dry weighca of the
samples and by mercury porusi~try. Both permeability and storage capacity
are neaded to compare with field tests and to predict flow through unfrac!ured
tuff in response to ● pressure gradient, Such pressure gradients may result

from heat caused by the repository. Porosity is ● necessary parameter when
calculating the ●ffecte of diffusion. The combined results of permeability
and porosity measurement can be uued to gain Insights into the pore structure
of the tuffj which, in turn, will aid in estimating the diffusion parameters
of constrictivity and tortuosity.

Figure 12 indicates several significant differences between two type? of
tuff, C1-2290, a moderately welded, nonzeolitlzed tuff, ●nd HF-23, ● heavily
reworked, nonwelded zeolitized tuff. First, whereas the median pore diameter
(determined from the SOX porosity line) for sample C1-229LJ io 0.39 urn, the
median diameter for sample HP-23 cannot be determined becauoe it ia <1.0 urn; a
wdian diameter of 00025 urn is cuggeoted by the data. Assuming the total
porottty calculations ● re valid, 85% of tha total porosity of sample CI-2290
wao from pores >0.1 urn, but only 24% of the pores in cample HF-23 ●re >0.1 urn,
Second, the roughly linear trend of the data on ● probability plot for sample
G1-2290 indicateo that pore-site distribution is ●pproximately log~ormal.
The distributio~ for sample HF-23 is very nonlinear, ●lthough the smallest
pores may ●pproach ● log-normal distribution. From ● large number of such
measur~mentso nearly ●ll of the porosity in tuff is the result of potes 100 urn
in diameter. In most of the samples, over 50X of the porosity is ●ttributable
to pores <1 Mm in diameter. Possibly half of the samples contain ● large
fraction of their porosity in pores <0.1 urn in diameter.
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Fig. 12. Log of pore diameter VSI per cent of total poroeity determined by
mercury infusion porosity for samples HF-23 and C1-2290.

Individual permeability measurements indicate that there isi no c?rrela-
tion between permeability ●nd porosity; however, those tuffsi with a larger
proportion of small pores tand to have lower permeability. Typical permes-
bilitiea are (10-20) x 10 “ m’ frr C1-2290 and t3-30) x 10 “ ma for HF-23.
Thin suggests that the constrictivity of tuff may be relatively large.

VI. SORPTION, DIFFUSION, AND KINETICS

An a consequence of the high porosity characto:istlc of tuff, dlffue!on
of wa.te ●lements into the rock matrix is ● very c(lgnificant retardation pro-
cess for ●ll radionuclides. Indeed, ●ven troublesome anionic ●lements such as
iodine or technetium will be retarded by this process. However, a mathem-
atical description for this process IB not simple and illustrate the types of
concerns that mwt be ●ddrossad if an adaquata transport model is to be
developad.

Kinetic sorption expcrimenta (sorption ●s ● functi..t of time) for several
elements have been performed on thin tablets of tuff. An example is given in
FIR. 13. Several different modelm were used to describe this. ●nd similar
da~m, using batch Rd values.

Fjrst, these data should fit the
●hoet if ●ny edge ●ffect 18 ignored,

solution for diffusion into a plane
The diffusion ●quation for this case 1s
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with the initial cooditiona C = 0, -&<x<l, andt=O and vith the
boundary condition

/cm*D~ x-ti, andt>O,
at ax “

where C = the concentration in ●olution, D = the ●pparent diffusion coeffi-
cient, ● = the corrected depth of solution, S w half the thickness of the
tablet (sheet), t = time, and x - the position in the sheet. In other words,
the rate of lose of tracer from rnolution IS ●qual to the rate at which tracer
●nters the sheet through the surfaces ● t x = t~.

The general solution to this problem IS given by Crank [16] as

PIt 0

1-
2V(I + v) ●-Dq:t/t* ,—- 8

n 22n=l 1 +V + V qn

where M is t},e amount of solute in the solid phase ● t time t, values of q
are thetnonzero pooitive roots of tan q = -Vqn, and V = ●/Kf, the solutio#-
to-solid volume ratio divided by the pa?tition fsctor K. The fractional
uptake of activity at ●quilibrium i~ given by

If V is small, <0.01, which is
folloving approximate relation

nt - ●T/Vz—m
Pll

●rfc (T/V2)2 ,
n

II-
1

q- l+V “

the usual case for larg? Kd val~es, the
my be used for ●arly times:

. 1

(1)

2where T = DC‘1 .
The f~rmula for the apparent diffusion coefficient it

D Die (a/72)D.— .
●pp Kdo s (2)

where Di = the ionic diffueion coefficient, c - the porosity, alt 2
= the

constrictivity-tortuosity factor, Kd - the distribution coefficient, ●nd o D
tho clenaity.

A plot of Eq. 1, using the batch R value for otrontium, shows rather
poor ●greement with experiwntal data ($ig. 13), Indicating that other proc-
● soeo are involved.

In general, the ●quationa that have been used to describe fracture flow
with matriw diffusion ●nd simple diffueion into tuffaceous rock treated sorp-
tion ●s linaar wtth concentration [17,18]. This approach clearly has ●

deficiency becauee sorption on nonzeolitized tuff has ●lready been ohow to be
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nonlinear. A nonlinear isotherm complicates the &quations for matrix diffu-
●lon by giving the diffumion coefficient ● concentration dapendenceo rendering.
the differential equations nonlinear.

Equation 2 shows how the iootherm ●ffectm the diffusion coefficient. If
the Rd is constant, ● s in the linear iootherm, th~ ●pparent diffusion coeffi-
cient remaiua constant. The Freundlich iootherm presents special problems for
the diffusion ●quations because for ● ?reundlich isotherm para-tar <1, the Rd
value fB infinity for a concentration of zero and the ●pparent diffusion
coefficient ia zero. In ● finite-difference analysio of tha problem, (1) no
diffusion coefficient is zero, ●nd (2) no diffuoian can occur unless the
initial concentration in the rock is greater than zero. This -~ns that
●ither an ●rbitrary :utoff must be given to the Freundlich ieotherm, below
which it becomes linear, or the initial condition ❑utt be altered to arrive
at a solution. Thie problem does not •x~st for the Langmuir Isotherm.
Another phenomenon that leads to ● nonlinear diffusion equation 18 fixation,
where some fraction of the ions are irreversibly fixed in the mtrix. This
problem is nearly identical to that pretented by Crank [16] for simultaneous
diffusion with a bimolecular reaction.

A finite-difference solution of the nonlinear ieotherm contribution to
the kinetic sorption ●xperiments is also shown in Fig. 13. Although the
agreement with ●xperimental d~ta is better, it still does not reflect the
●arly time points. The Freund.ich isotherm used to calculate the uptake as
time had an exponsrit of 0.6. This ia considerably snaller than that obeerved
in batch itiotherm measurements, which yielded ah ●xponent of 0.8 for cesiuro oil
Yn-22 . Thus, to attempt to fit the data by adjuating the Freundlich param-
● cera would lead to valuea that are not consistent with other data.

Therefore, the current treatment attempta to fit the ●xperiment results
by allowing for S1OV (not diffusion limited) sorption kinetics. The sorption
of radionuclides on tuff disks can be treated ●e a reversible reaction with
the solid tuff phase. In this caee, diffusion lo governed by the following
equation

aCmDa2C aS—-—
at ax2 at ‘

with ● simultaneous reaetloi~ of the type

whera C D the concentration of the eolute free to diffuse within the sheet,
S = the concentration of the immobilized ●olute, D = the diffusion constant,

A = the rcte constant for the forward reaction, ●nd u = the rate constant fer
the backward reaction. The dimenaioniet~ rate n - ULt/D, where L in the
h~lf-thickneam of tha sheet, ●ppears in the solution and lo used ●s ●n ●djuat-
●ble parameter in fitting the experimental dat~.

The analytic solution to the.ae ●quations for the appropriate boundary
conditions is available in Crank [16]. A code wae developed to ●valuate the
●nalytic solution, and the result of this calculation ia ●lso ahoun in
?ig. 12. The agreement between the ●xperimental data ●nd the .hapem of the
theoretical curves is quite good. The diffusion coefficient ●nd rate con-
●tanta were determined by fitting the experimental pointc to the curves. The



19

● diffusion coefficients thus deter~ned ● rm reasonably clcse to the free ionic
diffuelon coeffieientm that were determint: from ionic cenductivitiec.

It is interesting thet both the non~,inear isotherm ●nd kinetic ●pproaches
yield ●imilar shapes in the uptaka curve but for very different reasons. The
nonlinear isothsrm (Freundlich n < 1.0) yields ● K value that Increasee with

tti~ beeauce the solution concentration of radionu lide la decreasing with
time as diffusion ●nd sorption proceede. In the kinetic case, the Rd value
●ff~ctively Increktes ● s the ●orption reaction proceede.

The consequences of these studies may be profwwd for c~rtain radio-
nuclide release acenarioa, in particular, those where the radionuclidee are
carried by raptdly moving water irt fracturea. The sorption rate constants
determined from them ●tudies will be used in calculations with the nonequi-
librium version of our three-dimensional transport c>de TRACR3D(Ref. 19) to
model the reeultt of fractures. Conceptually, the dj,ec~epanciee observed
between theory and experiment are conetent with alcw kicetic~; that is, they
●xhibit earlier peak arrival with enhanced ~ail retenrion.

VZI. CONCLUSIONS

The geochemical conaiderationg presented in this paper are intended to
show come of the geochcmical factors that must be considered before any
**guarantee” can be made that potential releases of radioactive contaminants
vill n~t affect the health nnd safety of present and future generbtiono of
mankind. The Imediate needs to adequately setiefy much a requirement are to
(1) to acquire a basic understanding of the processes by which contaminants
can ●nter into and be transported by groundwater fluw systems, (2) find a
means to identi~y and obtain tne major parameters that govern contaminant
geochemistry, ●nd (3] chow that ouch information is a reliable ❑eans of
predicting the contnmina:ion of groundwater.

Obviously, the results and activities preuente~ are not comprehensive,
●nd ●re not intended to be so. They do, however, show eoue facete that must
be investigated.

In conclusion, our current knowledge of the geochemistry of the Yucca
Mountain site, although far from completa and only partially summarized in
this phper, indicace~ that there are no potentially adverse conditions that
would disqualify thie uite for a nuclear waste repository. Indeed, the
studies indicate that the qeochemlcal properties and setting of the Yucca
Mountain site will strongly inhibit the mwemer~t of radlonuclides to the
●ccessible ●nvironment.
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