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1. Introduction to this study

This report discusses the concept of surrounding high-level nuclear

wastes with materials designed to retard the migration of specific hazardous

radionuclides. These materials are termed engineered barriers and for the

purposes of this study are defined as the set of chemical and physical

restrictions inserted between the canister and the surrounding geologic

environment. The term backfill has also been used to describe materials

filling this volume of repository space.

The objective of this study is to provide technical assistance for

understanding the ability of engineered barriers to adequately retard

certain key hazardous radionuclides and to identify major research needs

required for the achievement of this objective. In particular, an assessment

will be made of the extent to which engineered barriers can be used to

contain or retard the migration of radioactive chemical species from a

nuclear waste repository.

The format adopted is as follows. Section 1 discusses the rationale

for engineered barriers. The key questions addressed in this section

are:

o What chemical processes lead to a redistribution of mass in the

engineered barriers?
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o How do these processes affect the migration (mass transport)

of hazardous radionuclide species?

o What are the advantages in the use of engineered barriers?

o What properties should barrier materials possess?

o What materials should be considered as candidates for

engineered barriers?

o How are the properties of these materials affected by 
post-

closure thermal and chemical processes?

Section 2 presents the results of calculations designed 
to make

an initial appraisal of the ability of engineered barriers 
to adequately

retard certain key radionuclides. The calculations, which employ two

simple analytical models of radionuclide migration, approximate 
the chemical

retardation process with a linear sorption isotherm. 
Precipitation and

complexation, as well as more realistic models of sorption, 
are not

considered. Key questions addressed in this section are:

o What types and amounts of backfill materials are needed 
for

the retardation of key hazardous radionuclides to innocuous

levels?

o What type of transport model is needed for accurate simulation

of barrier-induced retardation?

o How can one devise a measure of the effectiveness of 
an engineered

barrier?



3

Section 3 presents the conclusions of the study. Recommendations

are made in the form of a detailed list of major research needs required

for a thorough appraisal of the ability of engineered barriers to

adequately retard hazardous radionuclides.

2. Rationale for engineered barriers

The rationale for an engineered barrier system stems from considera-

tions of its retarding properties in relation to the properties of

natural geochemical systems. If the chemical and physical properties of a

geochemical system are such that adequate containment can be insured,

engineered barriers may not be needed. On the other hand, if the complexity

of the geochemical system is such that it cannot be adequately treated by

predictive models of radionuclide-rock-water interaction and adequate

containment cannot be assured, then it may be necessary to implement

engineered barriers in order to insure adequate containment.

2.1 Geochemical natures of potential repository host rocks

At this time, three rock types (granite, basalt, and salt) are

the principal candidates for nuclear waste repositories. Granite,

basalt, and salt-water systems are not in a state of internal equilibrium.

Such non-equilibrium systems are characterized by the presence of unbalanced

chemical and physical forces which result in mass transport. Repository

excavation and construction procedures, together with the emplacement of

nuclear wastes, will lead to a further departure from the equilibrium

state. Therefore, the potential exists for enhanced transport of chemical

species, including radionuclides, from the repository to the biosphere.
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2.1.1 Geochemical processes which affect radionuclide

migration

The principal geochemical processes common to rock-water systems are

dissolution, complexation, oxidation-reduction, sorption and precipitation

processes. These processes are functions of temperature and chemical

composition. Most, if not all, primary minerals found in granites,

basalt, and salt were formed under thermochemical conditions different

from those which presently obtain. When these minerals come in contact

with groundwater, they dissolve and release their structural components

to solution. These components may participate in several chemical processes

including hydrolysis, complexation, sorption and precipitation. This

results in partitioning of the components between the solid and aqueous

phases. Radionuclide species leached from the waste form package will also

participate in this partitioning process.

2.1.2 Geochemical properties of rock-water systems

which affect radionuclide migration

Aqueous phase properties. Considering the charge and size of metal

ions, it is obvious that in aqueous solution they cannot exist "freely" but

are associated with counter ions or other components of the solution having

unbonded electron pairs. The term ligand refers to any anion or neutral

molecule which can be coordinated to a metal ion. The greater the ligand

concentration, the greater the degree of coordination and complexation of a

metal ion. Figure 2.1 from Silva et al. (1980) illustrates this phenomena.

The metal ion is uranium in its highest oxidation state U(VI), and the

ligand of interest is hydroxide (OH-). For any fixed total uranium

concentration, increasing the pH results in an increase in the relative

amount of UO2 ++ coordinated with OH-.
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In groundwater the most important ligands available for metal

ion complexation are OH-, C03 , S04 and C1-. In Table 2.1

are listed representative concentrations of these ligands in basalt,

granite and salt groundwater systems. The data indicate that basaltic and

granitic groundwaters have only a moderate capacity for complexation of

radionuclides; however, salt brines taken frcm the Rustler-Salado interface

have a relative large potential for the formation of chloride and sulfate

complexes. In addition, the chemical potential of any solute species

(including radionuclides) is an inverse function of the ionic strength

of the aqueous solution. Therefore the solubilities of radionuclide-

bearing precipitates will be enhanced in brines as a result of effects of

both ionic strength and complexation processes.

It should also be noted that the wasteform leach rate will be

greater in concentrated aqueous solutions, especially if a metallic

canister is chosen to encapsulate radioactive waste.

Solid phase properties In basalts and granites, those solids which

line fluid pathways are of the most interest since they will contact

migrating radionuclides. The fluid pathways, which have been the sites of

geochemical processes for millions of years, are often coated with a

variety of secondary minerals. Smectite, silica, and zeolites are

common to basalts (Benson and Teague, 1979; Ames, 1976) while sericite

(illite), chlorite, quartz, epidote, hematite and carbonates are frequently

observed in granites (see e.g. Wollenberg et al. 1981).



6

The rheological properties of salt, for the most 
part, prohibit

the maintenance of open fractures along which 
fluids continually migrate.

Radionuclides migrating along fractures created 
subsequent to emplacement

will come in contact with chloride, carbonate 
and sulfate minerals

formed at the time of the salt deposition or formed subsequent to

deposition (salt dome caprock). These minerals do not have significant

sorption capacities for hazardous radionuclides, and are therefore not

expected to retard their migration.

Eventually the migrating radionuclides might 
reach aquifer systems

which surround the salt deposit. Retardation in these systems will

depend on the sorptive properties of minerals 
lining fluid pathways. In

the case of salt domes, flanking sediments are 
usually detrital clastics

(sands and shales) containing clays, feldspars 
and quartz. In the

case of the WIPP bedded salt site, fluvial-deposited clastics containing

clays and silica, carbonates (caliche) and gypsum overlie the salt

deposit. Gypsum underlies and flanks the salt and is in turn underlain

by clastic sediments (shales and sandstones) 
or carbonates (Powers et

al., 1978).

Knowledge of the types of minerals lining fluid 
pathways in the

three repository rock types is by itself not 
sufficient for an adequate

understanding of the migration behavior of radionuclides. 
In order

to achieve an adequate understanding of the 
interaction of various

radionuclides with the hydrochemical system 
of interest, knowledge of the

location of principal flow paths, the rate of fluid motion 
along these
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flow paths, the types and spatial distributions of minerals lining the

flow paths, and the retardation behavior of each mineral with respect to

each key hazardous radionuclide, is essential.

The degree to which this knowledge can be obtained largely depends

on the homogeneity of the system of interest. If the system is chemically

and physically homogeneous, then relatively few measurements of its

properties are needed for its characterization. If the hydrochemical

system is both anisotropic and inhomogeneous, then the number of measure-

ments needed to adequately characterize its properties may become large

to the extent that the sampling process itself may perturb the natural

system and jeopardize its integrity as a host rock.

The degree of anisotropy and inhomogeneity of any potential hydro-

chemical repository system cannot be specified beforehand. This is

itself a subject for investigation. However, no study exists which

purports to have demonstrated a clear understanding of the chemical

transport processes which occur in either granite, basalt or salt hydro-

chemical systems.

This is not to say that such systems are inadequate for the safe

disposal of high-level radioactive wastes. However, the natural complexity

of such systems may preclude the unequivocal demonstration of their

adequacy and may necessitate the use of engineered barriers in order to

insure adequate containment of hazardous radionuclides.
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2.2 Engineered Barriers

Engineered barriers are one component of a multicomponent defense-in-

depth system designed to retard the migration of radionuclide chemical

species. The other components are the wasteform package and the surrounding

country rock.

Present concepts dictate that the wasteform package will be designed

to guarantee at least a 1000-year period of nuclear waste isolation

(USNRC, 1980). This serves two purposes: (1) it renders certain of the

short-lived fission products such as 90Sr and 1 37Cs virtually harmless

and it allows the heat load in the near-canister vicinity to partially

dissipate prior to the leaching of the radioactive waste (Figure 2.2). At

the end of the 1000-year period the number of toxic elements in spent fuel

and high level waste would be reduced considerably (Table 2.2). For the

purposes of this tabulation, a radionuclide was considered to be significantly

toxic if its toxicity index was greater than that of the most toxic

radionuclide, 22 6Ra, present in ore produced by the processing of

one metric ton of typical uranium ore (Silva, 1980).

Table 2.2 serves to focus attention on radionuclides which engineered

barriers should be designed to retard. Most of these radionuclides will

exi3t as positively charged chemical species; however, iodine will exist

as negatively-charged iodide (I-) while other elements such as technetium

and selenium may exist as negatively charged species depending on their

oxidation states.
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2.2.1 Functions of the engineered barriers system

The overall function of an engineered barrier system is the 
creation

of an environment which decreases the rates of release of 
radionuclides

to the geosphere. The design of an engineered barriers system should

take into account properties of the radioactive waste, the 
canister, and

the repository environment. Decreases in the rate of radionuclide

release from the repository can be achieved by both physical 
and chemical

retardation.

Physical retardation. Physical retardation of radionuclies can be

achieved by decreasing the hydraulic gradient, by decreasing 
the permeability

and by increasing the path length (tortuosity). The repository is expected

to exist in a dry state after closure and it is particularly 
desirable that

the reestablishment of a saturated state be delayed as much 
as possible.

This will, in turn, delay the reaction of groundwater with the engineered

barriers and with the wasteform package during the period 
of high thermal

loading (Figure 2.2). The longer the delay, the greater the probability

that the engineered barriers will remain unaltered (unrecrystallized)

and the longer the period of time that the canister remains intact and

unbreached.

The buoyancy force due to the thermal flux from the waste will not

reach its maximum value until about 1000-2000 years after 
canister emplacement.

The hydraulic gradient associated with this force may reach 
a value of

.1 compared to a regional gradient normally on the order of 
.0001 to .001.
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(Wang et al, in preparation). In order to minimize the effects of the

buoyancy force on the fluid flow rate it will be necessary to emplace

materials with low permeabilities in the engineered barriers region. If

possible, permeabilities should be low enough to render transport by

advection negligible.

Chemical retardation. The aim of chemical retardation is the creation

of a chemical environment which maximizes the residence time of toxic

radionuclides within the repository. To be specific, processes such as

sorption and precipitation which minimize the residence time of radionuclides

in the mobile aqueous phase should be emphasized.

Solubility constraints. Precipitation may be the most effective

control on the migration rate of certain radionuclides including the

actinides and iodide given in Table 2.2. Of special concern are radionuclides

with exceptionally long half lives, and descendant radionuclides which

become especially hazardous long after waste emplacement, e.g., 237Np,

23 6U, 9 9Tc, 9 3Zr, 1291, 226Ra, 2 2 0Rn and 2 3 3U (Table 2.2).

Factors which favor the precipitation of the most insoluble actinide

hydroxides and oxides include: (1) maintenance of an environment which

favors the +4 state of plutonium, uranium and neptunium, (2) maintenance

of a high pH, and (3) elimination of ligands (deionization) such As C03=,

P04 -
3, S04= and C1- which react with the actinides to form stable

complex species.
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Iodide compounds of alkali and alkaline-earth metals common

to groundwaters are extremely soluble. For example, the equilibrium

constant for the reaction

CaI2 (s) = Ca++ + 2I-

has a value of about 1023 (Benson and Teague, 1980). However, iodide

does form compounds with certain metals which are rather insoluble.

For example the equilibrium constant for the reaction

CuI(s) = Cu+ + I

has a value of approximately 10-12.5. In order to precipitate iodide,

it will be necessary to emplace within the engineered barriers environment

a substance like Cu+ in a form easily accessible for reaction with

iodide.

The establishment of solubility constraints in the near-canister

region is also important with respect to the implementation of quantitative

numerical models of chemical transport. The source terms for such

models, i.e., the amount of each radionuclide available for transport,

can be calculated from the solubilities of the radionuclide-bearing

compounds and the composition of the aqueous solution.

Sorption. Sorption is the process most often discussed

in the literature as the main agent of radionuclide retardation. It can,

in the widest sense, be defined as the sum of the processes, exclusive

of precipitation, which lead to the partioning of an element between

the solid and aqueous phases.
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In studies of the sorption of trace amounts of radionuclides, the

distribution coefficient, defined by

_d (A) (1)
Kd = -

(A)

where (A) = the amount of A adsorbed per unit weight of sorptive

substrate, and

(A) = the concentration of A in the equilibrium solution

is often used to quantify the results of sorptive processes.

Certain studies (Wahlberg and Fishman, 1962; Wahlberg and Dewar,

1964; Wahlberg et al., 1964) have shown that the sorption of certain of

the alkali and alkaline earth metals by clay minerals (kaolinite, mont-

morillonite, and illite) could be explained by ion exchange theory.

Examples of their experimental results showing the relationship between

the distribution coefficients for cesium on sodium illite and potassium

montmorillonite as a function of the concentrations of the supporting

electrolyte and cesium are given in Figure 2.3.

The graphs in Figure 2.3 show that each distribution coefficient

corresponding to a given clay and concentration of competing cation

Approaches a constant value at very low cesium concentrations. This can

be explained by considering the exchange equilibrium between cesium at

low concentrations and sodium. Assuming there exists only one type of

exchange site, the mass action equation for this reaction is
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[Na]+[Cs+]=[CsJ+[Na+], (2)

where [Na] = the activity of the adsorbed sodium

[Cs] = the activity of the adsorbed cesium

[Na+l = the activity of sodium in the equilibrium solution

(Cs+] = the activity of cesium in the equilibrium solution

The equilibrium constant for this reaction is

Keq [Cs] [Na] (3)

[Na] (Cs+]

It is known that [Cs+] = (Cs+)yCs; [Na+] = (Na+)yNa; [Cs] = (Cs)yCs;

and [Na] = (Na)yNa in which y is the activity coefficient; the quantities

in parentheses represent concentrations, and those in brackets represent

activities. In the low range of cesium concentration, the ionic strength

of the solution is determined mainly by the sodium chloride concentration,

which is essentially constant for a particular curve. Under these

conditions the activity coefficients for Cs+ and Na+ will be constant;

thus

[Cs+] = a(Cs+) (4)

and (Na+t = b(Na+) (5)

In this low range of cesium concentration, the amount of cesium adsorbed

should be very small and the amount of sodium adsorbed should be essentially

equal to the exchange capacity of the clay. Subject to these conditions,

the activity coefficients of the adsorbed ions may be expected to be

constant. Hence,
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[Cs] = c(Cs) (6)

and

Nal = d(Na) (7)

Inserting these quantities into the equation for the equilibrium constant

Keq = c(Cs)b(Na ) (8)

d(Na)a(Cs+)

The uncorrected selectivity coefficient, K', is defined by:

KI = (Cs)(Na+)

(Na)(Cs+)

Combining the equations for Kd and K'

Kd K'(Na) (10)

(Na+)

Inasmuch as K', (Na), and (Na+) are constant for a particular

sodium concentration and very low cesium concentration, Kd also

should be constant.

At cesium concentrations above 10 6N (Fig. 2.3), the value of the

distribution coefficient decreases with an increase in cesium concentration.

At these higher cesium concentrations the curves showing the relationship

between the distribution coefficient and the cesium concentration tend

to converge. The slopes and convergence of these curves at high cesium

concentrations can be explained by considering again the equation:
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Kd (CS) (11)
( Cs+ )

When the concentration of cesium in solution far exceeds that of the

competing cation, the concentration of cesium adsorbed approaches

the exchange capacity of the clay; thus, when (Cs+)>>(Na+),

Kd = CEC (12)
(CsT)

where CEC is the cation exchange capacity. Under such conditions the

plot of log Kd versus log (Cs+) should asymptotically approach a

straight line having a slope of -1 and an intercept of log CEC; therefore,

the lines should converge.

Unfortunately, ion exchange theory has not been sufficient to

explain the observations of other workers who have studied the

partitioning of various radionuclides between aqueous solutions and

a variety of mineral types (see, e.g., Barney and Brown, 1979; Ames

and McGarrah, 1979; Silva et al., 1980).

Various mechanisms for sorption, including ion exchange, were

reviewed by Parks (1975). An abstract of this review, which provides

a great deal of insight into the nature of sorption processes, follows.

It is frequently held that adsorption of ionic species occurs in

response to attraction by solids of opposite electrical charge. These

generalizations are dangerous oversimplifications since they fail to

explain adsorption of non-electrolytes, selectivity between ions of

like charge, adsorption of ionic species on solids of like charge
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and the reversal of charge which occurs when an excess of certain ionic

species is adsorbed. These phenomena which are commonly observed in

fresh water laboratory systems must also be expected to occur in natural

systems as well; they stem from the fact that the behaviour of solids

is complex and that it is not possible to clearly characterize one

as positive and another as negative.

Adsorption occurs as a result of a variety of binding mechanisms.

Most solids in aqueous environments are electrically charged, and some

adsorption of ionic species would be expected to occur through electrostatic

attraction. Electrostatic adsorption does take place, of course. It

is rapid and readily reversible. The charge on the solid is sensitive

to the composition of the aqueous phase and frequently it is possible

to identify certain ionic solutes as being potential determining, i.e.,

primarily responsible for the surface charge. There is usually a particular

concentration of the potential-determining species at which the charge

is zero. This is the point of zero charge, PZC. The charge becomes

positive at higher concentrations of the positive potential-determining

species. If the solid is positively charged, anionic adsorption will

occur and the solid is an anion exchanger. Anions can be desorbed by

reversing the charge, for example by adding an excess of a negative

potential-determining ion.

There are many causes of adsorption other than electrostatic

attraction. Changes in hydration state of the solid or the adsorbate,
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interactions between the adsorbate molecules or ions themselves, and

covalent, Van der Waals or hydrogen bonding between the adsorbate and

the solid are examples. When contributions to the free energy of

adsorption from these sources are large, adsorption is said to be

specific and an ion can be adsorbed against electrostatic repulsion,

even to the extent that the total adsorbed charge exceeds the original

charge on the solid thus causing charge reversal. Clearly, purely

electrostatic adsorption cannot lead to charge reversal. Electrostatic

attraction or repulsion may play an insignificant role in specific

adsorption. Unlike electrostatic adsorption, specific adsorption may

be slow and is less readily reversible in the sense that equilibrium is

not achieved in a reasonable time.

Specific and electrostatic adsorption occur simultaneously.

Regardless of the original charge, specific adsorption may increase,

reduce, neutralize or reverse the effective charge on the solid. If a net

charge remains, the solid-specific adsorbate complex will still be

capable of adsorbing more ionic species electrostatically. Ions thus

adsorbed may have the same sign as the original charge on the solid.

Hydrous iron (III) oxide is slightly positive in pure water or in NaCl

solutions up to 1.0 M. However, it specifically adsorbs sulphate ions

from dilute sulphate solutions, and becomes negatively charged. Thus, in

fresh water or NaCl brines it is an anion exchanger or adsorbent, but in

sea water, owing to the S04= present, it will adsorb cations.
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The charge on a solid can have many origins. It may

be intrinsic to the structure and composition of the solid or it can

arise from the interaction of the solid with the water itself or its H+

and OH ions. Alternatively, it may be extrinsic to the solid, and

arise from specific adsorption of a solute foreign to the solid.

Some examples of intrinsic charge development are barite (BaSO4)

which develops a surface charge by non-stoichiometric dissolution,

proteins and insoluble oxides which develop charge by electrolytic

dissociation of bound ionogenic functional groups, and clays in

suspension in which the silicate structure may carry a net charge which

is not completely neutralized by exchangeable ions.

Unfortunately for simple presentation, real solids defy rigid

categorization and their properties cover a wide range. Even so, it is

useful to recognize the extremes of behaviour.

o Salts of simple ions

Origin of charge. Salts of non-hydrolyzing ions such as

BaSO4 or AgCl are largely ionic and they interact with water principally

through dissolution. Surface charge appears to develop as part of the

dissolution process. As normally written the reaction

BaSO4(s) = Ba + SO4 (13)

implies stoichiometry and electroneutrality in solid and solution.

However, the existence of an observable charge on the solid is evidence

that separation of charge occurs between the surface of the solid and the

aqueous solution. Apparently the dissolution of anions and cations is not

strictly coupled. The dissolution reactions should be written separately,
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Ba++(in BaSO4 (s)) = Ba++(aq)
(14)

S04(in BaSO4(s)) = S04(caq)

If one reaction proceeds to a greater extent than the other an excess

of one ion over the other will remain on the solid. An excess of one

ion could equally well arise through stoichiometric dissolution and

selective resorption. In either case the surface charge, aO, and

surface charge density r, are related by,

aO = z+Fr+ + zFFr- (15)

where F is the Faraday; z should take account of the algebraic sign.

Solid space charge. Because it is known that equilibrium concentra-

trations of vacancies and interstitial ions exist in solids such as the

silver halides, it has been suggested that the equilibration of solid

with aqueous phases involves the transfer of ions between the interior

of the solid and the solution; this will result in a space charge or

diffuse layer charge both on the solid and the solution side of the

interface. Haydon (1964) has reviewed this model and the evidence for

its validity. If the solid is a semi-conductor, an electronic space

charge could develop in the solid (Parks, 1965).

The point of zero charge, PZC. The algebraic sign of co

depends on the relative magnitudes of r+ and r-. These, in turn,

depend on the equilibrium constants for reactions (14) and the activities

of the anion and cation in both the solid and the solution. Obviously,

increasing a+(aq) (the activity of Ba++ in the BaSO4 example)

increases the surface concentration of the cation, and the excess a+
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leads to a positively charged surface. There will be some combination

of a+(aq) and a.(aq) at which aO is zero; this is the point of

zero charge, PZC. Since a+ and a. are coupled through the

solubility product, the PZC is fully defined by specifying either

a+ or a-.

Surface potential and potential determining ions. The potential

difference between the solid and the solution is determined by the activities

of the dissolving ions (see e.g. Overbeek and Lijklema, 1959; de Bruyn

and Agar, 1962). The chemical potential of each species must be the

same in all parts of the system. At equilibrium, the total chemical

potential is

Vi,p Po, + ziFTp + RT ln aip (16)

where i,p = chemical potential of species i in phase (or position) p,

Pi°Qp= standard chemical potential of i in p,

Zi = charge on ionic species i,

Tp = electrostatic potential in phase (or position) p,

aip = thermodynamic activity of i in p.

At equilbrium,

Piaq = Pis (17)

where "aq" refers to the bulk aqueous solution phase and "s" to the solid

surface which is assumed to be the seat of the charge on the solid.

Expanding and separating variables yields

To =s Taq = 'laq IIIs + 1_ ln aitaq (18)
ziF ziF ai s
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To is the surface potential relative to the bulk solution potential.

Potential determining ions. Ions for which equation (18) holds

are called potential determining ions (PDI) of the first kind (James, 1971).

For barite, the PDI are Ba++ and SO4. For AgI, they are Ag+ and I-.

T. and the PZC; the Nernst equation. If no polar molecules are

adsorbed, TO is zero when co is zero, i.e. co and To are both zero at

the PZC, thus

To(PZC) = I= i ,aq -1,S + RT ln aiaq(at PZC)
ziF ziF ai 5s(at PZC)

TO at any other PDI activity is 'O(aiaq) - 'O(PZC), or

T RT 1 ai,aq - RT ln ais . (19)

ziF ai aq(at PZC) ziF ais(at PZC)

It is not known how ai s can be evaluated. It is usually assumed to be a

constant, independent of ri or Go (de Bruyn and Agar, 1962). This is

tantamount to assuming that the change in concentration of PDI at the surface

accompanying changes in To is negligible with respect to the total concentra-

tion, or that ions at the surface do not interact. Berube and de Bruyn (1968)

and Hunter and Wright (1971) are doubtful about the general validity of

this assumption, but concede that it is probably true for ionic crystals

in which the surface concentration of PDI is large.

On the assumption that aims is constant, equation (11) takes the

simple form
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to i _ n aiaq (20a)

ziF aiaq(at PZC)

or, because the PZC is usually given as the common logarithm of ai at Go =°

TO _2.3 (log aiaq - PZC) * (20b)
ziF

Equation (20a) resembles the Nernst equation, and is often referred to by

that name. It is obeyed well only close to the PZC.

o Oxides and hydroxides

Origins of charge. Interaction with water hydroxylates the

surfaces of oxides, i.e. oxides such as MgO, A1203, FeO3 and SiO2, have

hydroxide surfaces, as must solid hydroxides themselves (see e.g. Parks,

1967). The reaction of cations in fresh fracture surfaces with water

to produce the hydroxylated surface is equivalent to a surface hydrolysis.

All surface MOH groups have Brcnsted acidity, and charge can develop by

amphoteric dissociation or hydrolysis (equivalent to desorption and

adsorption of H+),

MOH t MO + H+

(21)
H+ + MOH t MOHI

MOHJ is equivalent to a hydrated M+. This is probably the principal

mechanism of charge develoment on insoluble oxides such as crystalline SiO2,

A1203 and Fe2O3 (Healy and Fuerstenau, 1965; Parks, 1965).
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Oxides and hydroxides must also establish equilibrium with respect

to dissolution. For the more soluble hydroxides such as Mg(OH) 2 or

Zn(OH) 2 , charge may also develop by non-stoichiometric dissolution

as with BaSO4 . The dissolved cation hydrolyzes, producing a suite

of hydroxo complexes which may resorb, offering still another mechanism

of charge development (Parks and de Bruyn, 1962). Matijevic ( cited in

Parks, 1967) has suggested that the polymeric species among the suite of

hydroxo complexes should adsorb more strongly than the others and dominate

surface charge. However, James and Healy (1972) contest this claim.

Solid space charge. Onoda and de Bruyn (1966) have suggested that H+

may diffuse into oxides producing a positive interior space charge,

and that H+ may diffuse out of hydroxides and hydrous oxides

leaving a negative interior space charge. Obviously these processes

would alter the potential and charge of the surface.

Potential determining ions and the PZC. H+ is probably the principal

sorbed species controlling the (n of soluble oxides. If the hydrogen

ion activity is expressed as a pH, equations (19) and (20) can be written

Y' =2. _ (-PZ -pT
F(-Z-j

or, at 250 C, . (22)

YSO 59 - Pzc - pH) mV
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If the cation, Mz+, of a metal having a relatively soluble hydroxide

(M(OH)z) is potential determining, TO is still uniquely determined by pH

if the solid is the only source of Mz+ in the system, thus

To = _ ln am
zF am(at PZC)

but

am = Kso(OH )z = KoKwz(H )

and To = 2.3 __ log IsoKwtH+)Z 2.3 __ (- PZC - pH) . (23)

zF K KRZ(H+)Z F
w PZC

In general, it is probably appropriate and simplest to regard H+ as

the PDI and to treat adsorption of metal hydroxo complexes as specific

adsorption in response to To (Healy and Jellett, 1967). This approach

does not contradict Matijevic's viewpoint since the specifically

adsorbed hydroxo complexes are in the Stern Layer, and hence contribute

to, and may indeed dominate, the effective or observable surface charge--

the charge responsible for electrokinetic and coagulation behaviour.
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o Salts of weak acids

Origins of charge. If the solid is a salt of a weak acid or

base, such as calcite or apatite, hydrolysis 
complicates the chemistry of

charge development. Charge may develop by non-stoichiometric 
dissolution,

but the dissolution products hydrolyze, 
and resorption of hydrolysis

products is another candidate mechanism, as has been suggested for CaCO3

by Somasundaran and Agar (1967) and for apatite by the same authors (1972).

Hydrolysis may also occur on the surface, 
leading to charge development

by H+ adsorption (Fuerstenau and Miller, 
1967). Regardless of the

mechanism, Ca++ and CO3 will be present in the solution 
and on the

3

surface, and equation (18) and its derivatives can be used to relate

TO to solution composition; i.e., regardless of the mechanism of charge

formation, the principal anion and cation 
of the solid must be potential

determining. However, because these ions hydrolyze their activities

change with the concentrations of H+, OH- or any of the hydrolysis

products; thus all of these species are potential determining ions of

the second kind. The concept of a PZC is complicated in systems with

several PDI. This can be illustrated by two examples.

PDI and pH dependence of To. The two PDI of the first kind for

CaCO3 are Ca++ and Co0. If the activity of one is fixed, that of 
the

3

other is also fixed by virtue of the solubility 
product relationship. Thus,

the PZC is determined by the CO' activity. If the solid itself is the

only source or sink for calcium and carbonate in the system, there should be
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a unique pH corresponding to the zero charge condition, a "pH(PZC)".

CO activity is determined under these conditions by the activity of
3

The

H+, the solubility product, Kso, and the first and second acid dissociation

constants, Kl and K2 as follows:

(Co0)Pzc = Kso

1+ (H+)pzc +(H+) 2

K2 K1 K2

1/2

(24)

Substitution of this expression for (CO)pzc into the appropriate

form of equation (18) and its derivatives, enables T. to be obtained

as a function of H+. Because the carbonate concentration corresponding

to the true PZC is unique, the (H+)pZc appearing in equation (24) is

also unique, and in terms of pH is written pH(PZC).

If there are other sources of calcium or carbonate in the system

there is no unique PZC on the pH scale; instead, there is a different

pH(PZC) for each solution composition. If it is assumed that an

independent source of carbonate produced C mol 1l- of carbonate in

addition to that derived from dissolution of calcite and that a source

calcium contributed M mol 1-1, the relationship betweer. (C0)pzc

o)f

and (H+)pzc becomes

0 =(Co=)c [1 +
(H4)pZC (H+)2 1M (25)

PZC + (CO)pzc[M C Kso (25)

K2 KjK2 J



27

and the PZC on the pH scale is a function of the amounts of extra

calcium and carbonate in the system.

o Non-Clay silicates

The PZC's of silicates are determined by the composition of the

exposed surface of the mineral. It has been shown (see e.g. Smolik

et al., 1966; Parks, 1967; Smith and Trivedi, 1971; Parks and Luce,

1972) that weathering selectively and progressively depletes the silicate

surfaces of cations of lower charge. Since oxides of higher valent

cations have the more acid PZC's, the PZC's of silicates become more

acidic, or the surface charge becomes more negative as weathering

proceeds. A maximum PZC can be predicted from the composition (Parks,

1967). The physical form or habit of the mineral particle also

affects the PZC; chrysotile (Mg3Si205(OH)8) should have, according

to its bulk composition, a PZC near pH 9. However, the observed values for

samples exposed to water for only a short time are between pH 10 and 11.8

and apparently reflect the fibrous habit which exposes a magnesium rich

surface (Parks, 1967).

Co-precipitated hydrous oxides of Al(III) with Si(IV), Fe(III)

with Si(IV), and some complex hydrous M203 .P205-SiO2 coprecipitates

have IEP's which vary roughly lintearly with composition between the IEP's

of the component hydrous oxides (Parks, 1967).

o Clays

Most clay minerals are layered structures consisting of sheets of

interbonded SiO4 tetrahedra lined via shared oxygen ions with sheets
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of A106 octahedra. Their charge originates mainly by isomorphous

substitution of Al(III) for Si(IV) at tetrahedral sites or of Mg(II)

or Fe(II) for Al(III) at octahedral sites. The resulting negative

charge is internal to the structurei it is not a surface charge. It

might be called a structural or intrinsic charge. Unlike the flat

surfaces, however, the edges of layers terminate in broken or unsatisfied

Si--a or Al--O bonds. These hydroxylate in water, producing SiOH and

A10H sites capable of amphoteric dissociation. Like the surfaces of

oxides and non-clay silicates, the edges of clay particles develop a

pH-dependent true "surface" charge (oo (edge)) which may be positive

or negative and has a PZC.

The structural charge on clays is fixed by the composition of the

clay and is independent of solution composition. As it is not determined

by adsorption of ions from solution there are no particular PDI species.

The charge is constant and consequently there is no PZC associated

with the structural charge. It is distributed throughout the particle

volume, hence it interacts with the surroundings mainly through the

flat layer surfaces.

The net charge on the clay particle is the algebraic sum of the

structural and edge charges. When the edge charge is negative the

particle charge is negative. When the edge charge is sufficiently

positive to neutralize the face charge (on the acid side of the edge's

PZC) the particle charge is zero. The pH corresponding to zero

particle charge is not a PZC for two reasons. The PZC is defined

in terms of the PDI, and the particle charge is not determined
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exclusively by PDI adsorption. The surface potential should be

zero at the PZC. The potentials between the particle faces and

the solution and between the particle edges and the solution are

certainly not zero when particle charge is zero since a net edge

charge is required to neutralize the permanent structural charge.

The pH at which the net particle charge is zero in indifferent

electrolytes is best called an Isoelectric Point or pH(IEP) in recognition

of the fact that electrophoretic mobility, for example, will be zero

at that pH. If the maximum edge charge is small relative to the

structural charge, it may not be possible to acquire zero net charge

without specific adsorption of a positive species.

When the edge charge is positive, electrostatic interaction

between the positive edges and negative faces of clay particles leads

to interesting properties. The gelling and high viscosity of very

dilute montmorillonites, for example, is attributable to edge-to-face

coagulation leading to a cellular structure enclosing large amounts

of water (Van Olphen, 1963).

When the edge charge is positive, the edge should adsorb anions

whereas the face of the same particle should adsorb cations. The

clay should be simultaneously an anion and a cation exchanger. However,

it should be noted that the ratio of edge to face sites is extremely small.

Constant potential and constant charge systems. When a solid

develops charge by adsorption of PDI, its potential is fixed by the

activities of the PDI and it is referred to as a contant potential system.

Its charge adjusts to the potential and the solution composition. Thus,

in the absence of specific adsorption
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Go = -GG = - F(Zz+rG+ + £zzrG-) (26)

in which rG+ and rG. are the adsorption densities of positive and

negative species in the Gouy Layer.

The structural charge of a clay leads to a potential difference

between the solid and liquid phases, but it is the potential which

must adjust to the charge and solution composition (Van Olphen, 1963)

since the charge is constant. If the total charge on a clay particle

is dominated by structural charge, the clay is referred to as a constant

charge system.

Ion exchange. The ion exchange capacity of a constant potential

surface is aG and depends on both the activities of the PDI (or TO) and

the solution's electrolyte concentration. The ion exchange capacity of a

clay has two components, the constant cation exchange capacity determined

by the structural charge, and a variable capacity of anion or cation

exchange associated with the edge charge.

In Table 2.3 are given PZC's and IEP's, and pH (IEP)'s for selected

solids. With the exception of the magnesium silicates (chrysotile and

lizardite) and the possible exception of calcite, these materials take

on a negative surface charge in the pH range possessed by most groundwaters.

This implies that very few natural materials are available which can be

used to retard negatively charged radionuclide species by any sorption

process. On the other hand, most of these materials can be used to retard

postively-charged radionuclides.
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One measure of the retardation capacity of a solid with respect

to positively-charged species is its cation ion exchange capacity (CEC).

The CEC's for various solids are given in Table 2.4. The data indicate

that only expandable clays (smectite, vermiculite) and zeolites have CEC's

in excess of 100 meq/g. These relatively high capacities are due to

isomorphous substitution of aluminum (III) for silicon (IV) in the

zeolites. For example, in Table 2.4 note that the CEC's for both natural and

synthetic zeolites are inverse functions of the Si/Al ratio.

In smectites, ionic substitution occurs in both tetrahedral and

octahedral sites, A13+ and/or Fe3+ for Si4+ in tetrahedral sites

and Fe2+ and/or Mg2+ for A13+ in octahedral sites. The greater

the degree of substitution, the larger the structural charge imbalance

and therefore the larger the CEC.

Other silicate minerals, not characterized by a significant degree of

isomorphous substitution (e.g. quartz), possess relatively trivial CEC's

(Table 2.4). Layered silicates such as muscovite and biotite and

nonexpandable layered clays such as illite and chlorite possess small but

significant CEC's due to frayed edge effects (Dolcater et al., 1968; Sawhney,

1972) and isomorphic substitution.

Deionization. Deionization is a third process that might be effective

in aiding retardation. It is a sorption process involving the sequential

processes of cation and anion exchange. In particular, the cation

exchanger is loaded with H+ and the anion exchanger loaded with OH-.

As an aqueous solution passes the exchanger, anions in the solution

replace OH- groups on the exchanger and cations replace H+ and
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OH- and H+ combine to form H2 0; therefore the pH of the aqueous

solution remains unchanged as its ionic strength approaches zero.

Deionization has several beneficial effects with respect to retardation:

(1) a deionized fluid will be less corrosive; therefore, loss of canister

integrity will be delayed and the waste form leach rate may be lessened;

(2) complexation will be minimized therefore, solubilities of radionuclide-

bearing precipitates will be minimized and neutral species will not be

formed which remain unaffected by electrostatic sorption mechanisms; and

(3) competition by non-radioactive species for available sorptive sites

will be minimized thus maximizing the sorption of hazardous radionuclides.

2.2.2 Candidate materials for engineered barriers

In Section 2.2.1, chemical and physical retardation processes were

discussed. In this section, materials which can be used for the purpose

of physical or chemical retardation are introduced and discussed.

Materials for physical retardation. Swelling layer silicates

(smectites) are a potential component of engineered barriers. Bentonite,

a montmorillonite-rich clay formed by devitrification of the natural

glass component of volcanic ash, has been extensively investigated by

Swedish scientists (Pusch, 1977, 1978a, 1978b, 1979; Ahlstrom, 1979).
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Ahlstrom (1979) characterized the mechanical properties of a

reference bentonite (Volclay MX-80). High density bentonite can be

obtained by pressing bentonite powder into blocks under 100 MPa of

isostatic pressure. The bulk density of the water-saturated bentonite

blocks is about 2.3 g/cm3 and 1.75 g/cm3 for compressed powder.

The material properties of bentonite vary with density. Experimental

studies indicate that bentonite with a density of about 2.1 g/cm3 will

perform the following functions:

o The hydraulic conductivity of saturated bentonite

(-2 x 10-14 m/sec; Pusch, 1979) is sufficiently low to

impose a negligible flow rate. This means that the principal

transport mechanism is diffusion; and cation diffusivity

has been found to be about 1% of that occurring in pure water under

these conditions. The low permeability and diffusivity of

dense bentonite stems from the fact that even with a 25% water

content, the average interlamellar space is only 3 to 5 i

due to the large specific surface area of montmorillonite.

The water molecules constituting this film will be strongly

adsorbed to the clay mineral surfaces leaving narrow, tortuous

passages for water and ion transport.

o A significant swelling pressure (--5 MPa at 2.1 g/cm3 ) enables

bentonite to penetrate into and seal fissures which exist

at the time of canister emplacement or form at a later time.

For narrow joints, the dominant process is viscous flow,
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while for joints wider than a few millimeters, simple expansion

by water uptake governs the rate of extrusion (Pusch 1978b,

1979).

Restriction of the bentonite content has been suggested as a means

of increasing the thermal conductivity, thereby decreasing the liklihood

of a temperature buildup that might threaten the functional integrity

of the engineered barriers. A mixture of 80 to 90% quartz sand and

10 to 20% bentonite has been proposed by Swedish scientists (Ahlstrom,

1979; Mattsson, 1979). However reduction of the bentonite content reduces

the plasticity, ion exchange capacity, and the density of the barrier material.

The use of a 90% sand, 10% clay mixture decreases the hydraulic conductivity

under confined swelling conditions to values ranging from 10-8 to 10-11

m/sec and decreases the swelling pressure of the mixture to values ranging

from 0.3 to 1.5 MPa (Ahlstrom, 1979).

The emplacement of crushed nonexpandable materials (e.g. basalt,

quartz, granite) will not lower the permeability of the porous medium

to values near that achieved by the use of expandable clays. The

one advantage of using materials other than expandable clay lies in their

higher thermal transmissivities.

Materials for chemical retardation

Materials for chemical retardation should be selected on the basis of

their abilities to enhance sorption and precipitation processes and to

minimize the formation of nonadsorbable or nonprecipitable complex species.
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Solubility constraints. Solubility and thermodynamic

data are available for some, but not most of the radionuclides of interest.

Very few data are available for temperatures in excess of 250 C.

Wood (in Smith et al., 1980) and Goodwin (1980) have recently

presented the results of uranium solubility calculations for a

variety of conditions expected to be representative of conditions

present in granite and basalt repositories. Both authors, for

the purposes of the calculations, assumed that the stable uranium

phase would be U02 . Uranium oxide is the most important component

of spent fuel and will therefore be present within the repository.

However, groundwaters rich in silica may actually precipitate

coffinite (USiO4 ) which is more insoluble than U02 . Therefore,

the calculations of both Wood (in Smith, et al, 1980) and Goodwin

(1980) are probably conservative with respect to the solubility of the

uranium.

Wood performed U02 solubility calculations at 650 and 150 0 C

using the data of Langmuir (1978) and assuming the dominant aqueous

species to be U(IV) complexes. The results of these calculations are

shown in Figure 2.4. For pH's thought representative of basalt groundwaters

during the early hydrothermal period, a maximum uranium concentration of

about 3 x 10-8 mol/l or 7 ppm should be achieved. Wood (1980) has gone on

to show that for basalts, given the assumptions of his calculation, solubility

constraints should lead to uranium release rates several orders of magnitude

below the maximum permissible release rate.
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Goodwin's (1980) calculations are somewhat more sophisticated

than Wood's. He used a modified version of the SOLMNEQ program to

which had been added the uranium thermodynamic data tabulation of

Lemire and Tremaine (in press). Two extremes of groundwater composition

were chosen: a synthetic groundwater used for experimental sorption

studies (I = .002) and a synthetic brine used for experimental leaching

studies (I = 1.43). Both groundwaters were assigned a pH of 7.0 at 250 C.

The pH was also varied from about 5.6 to 7.0 in solubility runs done for

pure and brine waters. The temperature was varied over the

range 250 to 1750 C and the Eh was varied from about -0.2 to about

0.4 volts.

Goodwin (1980) concluded from the results of the simulations that

uranium solubilities are expected to be very low (<10-10 M) under nearly

neutral pH and reducing conditions, and that solubilities should not vary

much for minor variations in Eh or pH. However, both Wood (1980) and

Goodwin (1980) caution that if uranium becomes oxidized to U(VI), its

solubility will drastically increase (Rich et al., 1977) and its release

rate will not be controlled by wasteform solubility.

The control of Eh or, to be more precise, the control of the

oxidation state of the actinides including uranium, is clearly of

great importance if solubility constraints are to be employed.

There are several steps by which the oxidation state of the actinides

can be controlled. The first step in oxidation-state control is to put

radionuclides contained in processed wastes into their optimum oxidation
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states during processing. This procedure obviously does not apply to

spent unreprocessed fuel.

The second step in oxidation-state control is the elimination of

oxygen from the aqueous solution. Graphite and finely ground metals

such as iron or titanium have been suggested as potential oxygen getters

(Wood and Schulz in Smith et al., 1980). However, the graphite-

oxygen reaction is strongly temperature-dependent, and sufficient reaction

may be kinetically hindered. While metals are more reactive than graphite,

their tendency to passivate may severely limit their usefulness as oxygen-

getters.

One possible means for oxidation-state control is the use of a salt

of a reduced metal (e.g. FeC12). As groundwater enters the repository

and contacts the salt, the salt would dissolve releasing the reduced metal

ion to solution. The reduced metal ion would then react with the dissolved

oxygen to form oxides and/or hydroxides of the metal. Both the dissolution

and precipitation reactions are known to occur rapidly.

The third step in oxidation-state control is the maintenance of a

buffered redox (Eh) state which would inhibit changes in the desired

oxidation state of specific radionuclides. A reduced metal salt suggested

above may or may not prove to be appropriate for this purpose. In order

to ensure the correct ratios of metal oxidation states it may be necessary

to provide two salts of a metal in a fixed ratio of oxidation states (e.g.

FeC12/FeC13) which will poise the oxidation state of the aqueous

solution at the desired level. If the major metallic components of
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processed wastes (e.g. iron) can be put in the correct proportion of

oxidation states during processing, the leaching of the wasteform itself

will tend to poise the Eh state of the reacting aqueous solution. In the

case of unreprocessed spent fuel, the reaction of the uranium (IV) may

itself poise the aqueous solution.

Ames (personal communication) has proposed a novel way to impose

solubility constraints on the iodide anion (I-). As will be

discussed later, iodide is not likely to be strongly retarded by sorption

processes; therefore, the precipitation of an insoluble iodide compound

may be the only way to effectively retard its rate of migration. Ames

has suggested filling the exchange sites of the mineral ultramarine

with silver (Ag+) and emplacing the silver-ultramarine in the

engineered barriers region. The silver is not readily exchangeable

below 900C; therefore, if it is placed in a region of the repository

where the temperature remains below 900C, repository exchange reactions

with cations dissolved in groundwater should not occur. When iodide is

leached from the wasteform, dissolved iodide will supposedly combine with

the silver to form relatively insoluble silver iodide by a reaction of

the form

AgI = Ag+ + I- (27)

having a log K of about -16 (Benson and Teague 1980). There are two

problems with this concept; the first of course, is the problem of

finding a region in the repository where the temperature never exceeds

900C. The second is that the reaction of silver with chloride and

sulfide dissolved in groundwater is sure to occur before the release of

iodide. For example, the log K of the reaction
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AgCl = Ag+ + C1 (28)

is about -10 and the log K of

1/2 Ag2 S = Ag+ + 1/2 S= (29)

is about -24. The large negative values of log k for these reactions

demonnstrate that they will occur spontaneously. Given sufficient C1-

or S= or both in the groundwater, these reactions will occur to the

extent that all available silver-loaded sites will become occupied by

C1- and/or S= which cannot be dislodged by I- at some later time.

Sorptive constraints. Three radionuclides which have been

observed to sometimes occur in the form of negatively charged species

(l29j, 99Tc and 79Se) are hazardous (Table 2.2). The half-life of

1 29I is so long (1.7 x 107 yr) that sorption processes will probably

only serve to delay its passage into the geosphere without significantly

affecting its toxicity. 7 9Se has a half-life of 6.5 x 104 years and

9 9Tc has a half-life of 2.13 x 105 years.

Selenium will always exist as a negatively charged species (SeO4=,

SeO 3=, Se=) unless the environment is reducing enough to cause

formation of elemental selenium (Se0). Technetium, on the other hand,

is negatively charged in its oxidized state (Tc04-) and positively

charged in its reduced state (TcO2++). Since solubility constraints

dictate the imposition of reducing conditions, and since iodide is so

long-lived, of the three species discussed the only negatively charged

radionuclides which should be considered candidates for sorption by

engineered barriers are species of selenium. However, it should be
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noted that carbonate, sulfate, or chloride complexes of the radionuclides

listed in Table 2.2 may be negatively charged. Unfortunately little or no

thermodynamic data exist which allow the checking of this supposition and

the determination of the nature of these species.

Few studies of the adsorption of selenium have been made. Barney and

Brown (1980) have studied the sorption of selenium on a secondary mineral

(mostly smectite) sample taken from basalt vug. The concentration

of the tracer selenium was varied over four orders of magnitude, the

temperature was held at 23 ± 20C, and the experiment was run under oxic

conditions for 14 days and a synthetic basalt groundwater was used. For

a pH of 8.0 ± 0.1, the selenium Kd ranged from 1.4 to 13.

Ames (1978) has studied the adsorption of selenium on basalt,

heulandite and nontronite. The concentration of selenium was in the

range 10-12 to 10-13 M; the temperature was 250C, the experiment

was run under oxic conditions for up to 30 days and a synthetic basalt

groundwater was used. After 30 days the selenium Kd's on basalt,

heulandite, and nontronite were 11.1 ± 0.8, 0, and .025 ± 1.3,

respectively. Clearly the Kd values do not bear any relation to the

CEC's of the mineral substrates.

Hingston et al. (1968, (1974) studied the adsorption of selenite

(SeO3=) by goethite and gibbsite under oxic conditions. They

found that the desorption of selenite from goethite was not reversible,

and that the adsorption and desorption of selenite from gibbsite was
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reversible for changes in pH but irreversible for changes in NaC1 concentra-

tion at a fixed pH. The reasons for the irreversibility are not completely

understood; it was suggested that the kinetics of OH- loss or H+ gain

at the surface is much faster than the rate of SeO3= removal.

The adsorption of selenium under oxic conditions apprears neither

reversible nor does it proceed by a simple ion exchange mechanism, i.e.,

a positive correlation does not exist between the CEC's of the materials

studied and the selenium Kd's.

Materials which should be given further consideration as anion sorbers

are the serpentine minerals chrysotile and lizardite which possess rather

high IEP's (Table 2.3), activated charcoal which has been demonstrated to

sorb pertechnetate (TcO4-) anions with Kd values in the range 200-400

(Nowak 1980, 1981), massicot (PbO) and litharge (PbO) (Bird and Lopata,

1979), and hydrous zirconia which appears stable under hydrothermal

conditions (Hure et al. 1958).

In Section 2.2.1 two general criteria were established for the

selection of materials designed to sorb positively charged radionuclides:

(1) the materials should have negatively charged surfaces and (2) the

materials should have significant cation exchange capacities. However,

of the radionuclides listed in Table 2.2, only radium may possibly sorb

by an ion exchange process. All the other radionuclides tend to hydrolyze

in aqueous solution and the sorption of these species occurs probably by

some mechanism other than simple ion exchange (see section 2.2.1). This
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being the case, CEC alone may be of limited importance as a criterion in

the selection of barrier materials.

For the purposes of selecting engineered barrier materials which

will act as efficient sorbers of hazardous radionuclides, the overwhelming

majority of sorption studies are insufficient for the following reasons:

o The sorption experiments have generally not been performed

under the appropriate redox conditions. For example,

experiments often do not incorporate the reduced form

of the radionuclide of interest, e.g., the use of U02++

instead of U4+; the redox state of the solution is often

not controlled; oxygen is not completely removed from the

surrounding atmosphere and the aqueous solution; the redox

state(s) of the radionuclide is not determined at the

conclusion of the experiment. All these problems lead to

some doubt as to the form (oxidation state) of the radio-

nuclide involved in the sorption process.

o The interaction of a radionuclide with ligands in the aqueous

solution (the type and degree of complexation) is not well

understood and its results cannot be calculated even theoretically

due to a lack of fundamental thermodynamic data. For example,

there exist no data on the carbonate complexes of U4+. This

makes impossible a clear understanding of what type of complex

may participate in the sorption process, or if complexation by
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the creation of negatively-charged or neutral species inhibites

sorption. For example, it may be that the actinides form large

poly-nuclear complexes with ligands such as OH-. Such complexes

would be too large to fit into the channels of zeolites or the

interlayer spaces in swelling clay, thus effectively

nullifying much of the sorptive capacity of these minerals.

In addition, the amount of radionuclide species sorbed would

be a function of the size of the charged polynuclear species

and not the charge density of the sorptive substrate.

o The surface state of the sorptive material is often not well

characterized before the experiment and the charge of the

surface state is not monitored during or at the conclusion

of the experiment. This has lead to the suggestion that

sorption kinetics may govern radionuclide concentrations in the

aqueous solution, when in fact a change in the surface state

of the solid may be the actual time-dependent mechanism.

Until a fundamental understanding of sorption processes is gained

from experiments designed to simulate the engineered barriers environment,

it is extremely difficult to choose the best materials for the achievement of a

desired degree of recardation.

The results of calculations using mass transport models which employ

a sorptive source/sink term based on simple ion exchange theory or a

linear isotherm to predict the migration of hazardous radionuclides

should be viewed with extreme caution until experiments have been performed

which justify the application of ion exchange theory.
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Compositional constraints (deionizaton). As mentioned in section

2.2.1, deionization of groundwater, especially a salt brine, has certain

beneficial effects such as decreasing the canister corrosion rate.

In addition, deionization would leave the silver in silver ultramarine

unreacted and available for reaction with iodide at the time of wasteform

leaching.

Cation exchange could be accomplished using zeolites (natural or

synthetic) or cation exchange resins (see Table 2.4 and p. C803 of

Weast, 1976). Anion exchange can be accomplished using anion exchange

resins such as Dowex, Duolite or lonac (Weast, 1976).

How much exchanger is needed to deionize an infiltrating 5 M NaCl

solution? For the sake of illustration assume that waste canisters are

stored in an adit 5 m on a side and 100 m long. Also assume that the

emplacement of engineered barriers leaves a porosity of 10% and that

both cation and anion exchangers have CEC's of 5 x 10-3 eq/g

and densities of 2.5 g/cm3.

The volume of the filling brine is given by

5 m x 5 m x 100 m x .1 = 250 m3.

The total moles of Na+ which must be sorbed by the cation exchanger

is given by

5 moles Na+ x 10 x= x
__________ x x 25Gm3 = 1.25 x 106 moles Na+.

The volume of cation exchanger needed to sorb the sodium is therefore
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1.25 x 106 moles Na+ x g cm3 m3 = 100 m3

5 x 10 3 moles Na 2.5 g cm

Therefore, 4% of the volume of the adit should contain cation exchanger;

and another 4% should contain anion exchanger. If this material were spread

evenly along the adit surface, the total thickness of cation and anion

exchanger would be about 10 cm.

While deionization is an interesting concept, fundamental problems

exist. Synthetic exchange resins are thermally unstable. Cation

exchange resins (H+ form) have a maximum thermal stability of 1500C

and anion exchange resins (OH- form) have maximum thermal stabilities

of less than 600C. After the capacity of the ion exchanger has been

used up, transport of additional dissolved salt across the exchanger will

leave the fluid composition unaltered.

2.2.3 Chemical and hydrothermal alteration of engineered barriers

This section is devoted to a discussion of possible alteration of

barrier materials during and after emplacement. The discussion will

be confined to a few minerals (smectite, natural and synthetic zeolites

and silica) which have been given consideration as components of engineered

barriers systems.

Smectite. Data on observations of the montmorillonite - mixed layer

- illite transition in buried rocks have been recently summaried by Velde

(1977).
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It has been known for some time (Burst, 1959) that argillaceous rocks

frequently present a continuous sequence of clay mineral assemblages as

depth of burial increases. Weaver (1959) attempted to duplicate these

transformations by applying high pressure to natural montmorillonites at

room temperature. Since these studies were made, a number of investiga-

tions of deeply buried sediments have been completed; all show similar

parageneses (Dunoyer de Segonzac, 1970; Mitsui, 1975). The most valuable

information gathered in such studies is that of mineralogical determina-

tion as a function of both depth and temperature. With such data one can

correlate the mineral facies observed in the context of a geothermal

gradient and ultimately delimit the existence of critical assemblages as

a function of pressure and temperature.

Basically, the available information is of two kinds: that from

sequences of rocks in sedimentary basins where the geothermal gradient

is on the order of 25 0 C/Km and that from so-called hydrothermal areas

where the gradient is much higher, 1300 C/Km. The very close

correspondence of mineral transformations under both gradients leads one

to believe that the parageneses observed are both a function of depth

(pressure) and temperature.

In general, unordered interlayered minerals are succeeded

by ordered ones as physical conditions become more severe. Browne and

Ellis (1970); Muffler and White (1969); Steiner (1978) Schoen and White

(1965) and Eslinger and Savin (1973) report the following clay minerals in

rocks of varying origin--volcanic tuffs to normal terrigenous sediments--

which are found in areas where the geothermal gradient is high.
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1. Montmorillonite exists up to a temperature of 1000C at

100 meters depth. Calcic montmorillonites may persist to

1500C or so at more shallow depths.

2. Mixed layered clays, most often ordered, are present up to

temperatures near 2000C at depths of 500 to 1500 meters.

The minerals form in two distinct zones. At shallow depths

(between 100 and 200 0 C) the extent of the montmorillonite component

ranges from 90 to zero percent. Above 2000 C or so no expandable

minerals are present. In the second zone (1.5 Km depth) ordered

interlayering, showing after glycollation the superstructure

reflection near 27 i, is found.

3. Above 200-2200 C only illite or sericite is found, usually with

chlorite. No dioctrahedral mixed layered phase is present. This

is the 'illite-chlorite" zone.

Iijima and Utada (1971) Perry and Bower (1970, 1972) Dunoyer de

Segonzac (1969) Weaver and Beck (1971) and Hower, et al. (1976) have

studied the sequences of clay minerals found in deeply buried sediments,

both terrigenous and tuffaceous. Their data are quite similar to that

obtained from "hydrothermall areas in that the three major assemblages are

present which contain respectively montmorillonite, highly expandable

mixed layered minerals and low expendability minerals, frequently with an

allevardite type superstructure. The upper limit of montmorillonite

stability appears to be slightly variable at different depths but it is

generally between 80C and 100 0 C. The range of mixed layering

between 80 and 30% is restricted to temperatures between 800 and about

1200C, depending upon the depth and precision of the temperature
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observations. The allevardite-type mineral which has 30-40% expandable

layers is present over a much larger temperature range.

It is important to note that in all cases where the bulk composition

of the argillaceous samples was determined, no systematic bulk compositional

variation was observed as a function of depth (Perry and Hower, 1970;

Weaver and Beck 1971; Dunoyer de Segonzac, 1969; van Moort, 1971; and

Hower, et al., 1976). This is especially true for alkalis. Thus

the occurrence of illite or mica is not necessarily a function of

bulk composition but one of pressure-temperature conditions (Figure 2.5).

Aoyagi and Kazama (1980), in a study of the transformation of clay

minerals in Cretaceous and Tertiary argillaceous rocks of Japan, found

that the montmorillonite-mixed layer transformation occurred at a

temperature of about 1000 C and a pressure of about 900 bars. The

transition from mixed-layer clay to illite was found to occur at about

1400 C and 920 bars.

Eslinger et al. (1979) in a study of Cretaceous bentonites from

Montana have shown that the reduction of structural Fe 3 + to Fe2 +

is positively correlated with the illite mixed - layer component. The

bentonites from the Sweetgy ass Arch contain less than 25% illite layers

and no structural Fe2 +. Bentonites from the Disturbed Belt which

have experienced burial metamorphism contain structural Fe 2 +, and

there exists a good positive correlation between the amount of Fe2 +

and the percentage of fixed interlayer K+ which ranges from 25-90%.

The reduction of Fe 3 + to Fe 2 + leads to an increased negative
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structural charge which Eslinger et al. (1979) have theorized caused

the increased fixation of K+ in interlayer sites.

In summary, geologic evidence indicates that smectites tend to

transform first to smectite-illite mixed-layer assemblages and then

to illite under conditions of increased pressure, temperature and

potassium concentration. Substitution of A13+ for Si4+ in tetrahedral

sites or substitution of Fe2 + for Fe3+ in octahedral sites increases

the negative structural charge and has been inferred to cause the

fixation of K+.

Laboratory studies of clay mineral alteration support the geologic

observations discussed above and shed some additional light on the

subject. Eberl (1978) saturated Wyoming bentonite with alkali and

alkaline earth cations and reacted it hydrothermally for one month

at 3000 C, and one month at 400 0 C. The rate of formation of collapsed

layers for the alkali clays was found to be inversely related to inter-

layer hydration energy while the reaction rate for the alkaline earth

clays was directly related to interlayer hydration energy. This pattern

of reaction is expected if layer dehydration occurs when the energy of

attraction between the negative 2:1 layers and the positive interlayer

catiojn exceeds the energy of attraction between the cation and its

hydrating water. The greater the interlayer hydration energy, the

greater the charge that must develop on the 2:1 layers for dehydration,

the more A13+ for Si 4 + substitution is required to build this charge, and

the slower is the reaction rate. Clays saturated with cations of hydration
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energy equal to or greater than that of Na+ (Li+, Ba++, Sr++,

Mg++, Ca++) did not react at 300 0C, and ceased to react at 50%

expandable layers at 400 0C. Those saturated with cations of lower

hydration energy (K+, Rb+, Cs+) continued to form mica-like layers

with increasing run time at both 3000 and 4000C. Clays saturated

with monovalent cations reacted by a process of gradual transformation

of smectite layers into collapsed layers, whereas those with divalent

cations reacted directly from the smectite structure to form a rectorite-

like phase.

Frank-Kamenetski et al. (1979) performed a laboratory study of

the influence of tetrahedral aluminum on the hydrothermal transformation

(200 0 -500 0 C) of smectite to mixed-layer illite-montmorillonite

and illite. The experiments usually ran for 23 hours. They concluded

that the transformation of dioctahedral smectites to illite over mixed-layer

illite-montmorillonite takes place with conservation of the lattice

structure. The process of transformation is mainly determined by the

transition of the aluminum ions from the octahedral layers into the

tetrahedral layers. Increasing tetrahedral substitution of aluminum binds

potassium in an increasing number of layers. The mixed layers change over

from montmorillonite-rich to illite-rich sequences, until all interlayer

positions are occupied by potassium ions.

The structural and crystallochemical differences occurring within

the montmorillonite group, particularly the different aluminum content in
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the tetrahedral layers and the different layer charge connected with

this, largely influence the range of existence of the mixed-layer

illite-montmorillonite appearing in the montmorillonite to illite

transformation in the form of transitional stages.

While prolongation of the duration of the experiments and

increased potassium concentrations can displace the temperature

range of the occurrence of mixed-layer illite-montmorillonite toward

lower temperatures, the formation of illite can take place with

decreasing aluminum content in the tetrahedral layers of the

initial material only by an increased supply of thermal energy.

Rozenson and Heller-Kallai (1978) in a study of the oxidation

of octahedral iron in montmorillonite have documented certain

effects of particular importance for the engineered barriers

environment. They found that (1) heating a dry sample of Wyoming

montmorillonite even briefly at a temperature as low as 1040C caused

partial oxidation of Fe 2 +, and (2) that copper is an effective catalyst

for the oxidation of structural iron. Oxidation of structural iron

reduces the charge on the montmorillonite layers. Charge balance can

be maintained either by deprotonation of structural hydroxyl groups

or by a decrease in the amount of exchangeable cations. Rozenson and

Heller-Kallai (1978) speculated that since the Mossbauer spectra

showed no correlation between the amount of Fe 2 + oxidation and quadrupole

splitting, oxidation was not associated with deprotonation.
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In summary, evidence from the laboratory and from nature

suggests that thermal and compositional effects in the near-canister

engineered-barriers region may lead to significant changes in the

properties of bentonite emplaced around the canister. The use

of clay having a thermal conductivity of about .4 (Clark, 1966) as

compared to granite having a thermal conductivity of about 3.0

will itself cause an increase in the maximum repository temperature

from about 500C to about 850C above ambient (see equation on p. 36 of

Wang et al., 1979) for a 10 w/m2 loading. Changes in properties

include a reduction in the CEC, changes in the groundwater composition,

changes in permeability, and a reduction in swelling pressure. Should

it prove necessary to keep smectite expanded in a wet state at high

temperatures it would be best to saturate it with a cation of

intermediate hydration energy. The experiments of Eberl (1978)

show that Ba- and Li- saturated montmorillonites undergo the least

change in expandability at elevated temperatures.

Zeolites. McDaniel and Maher (in Rabo, 1976) have recently summarized

what is known about zeolite stability. Among other things, they pointed

out that:

o In general, the-.e is a relation between the silica-to-alumina

ratio of a zeolite and its thermal stability: the more siliceous

zeolites tend to be more stable. Many authors attribute the

relatively high stability of zeolites such as mordenite,

clinoptilolite, and erionite to their high silica content.
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o The diverse nature of experimental methodologies which purport to

assess the thermal behavior of zeolites establishes why it is so

difficult to draw more than semiquantitative conclusions about

thermal stability. Because the thermal collapse of a crystalline

zeolite structure does not represent a true melting point,

but rather a gradual degradation that is dependent not only

on temperature but also on time, the presence of water vapor, and

probably on other factors, there exists no satisfactorily reproducible

method to measure and accurately express the degree of thermal

stability. The results of stability determinations have therefore

been reported in many ways.

o The aluminosilicate zeolites have limited stability in acid

media because of the solubility of aluminum. Hydrated alumina

becomes appreciably soluble at a pH of about 4. In the presence

of hydrated silica, the solubility of aluminum is suppressed to

a slightly lower pH. The zeolites are chemically similar in

nature to other aluminosilicate minerals and to the hydrated

amorphous silica-aluminas. They are especially susceptible

to acid attack because, in most cases, essentially alltheir

aluminum is near the surface and receives little or no protection

by being buried or inaccessible.

o The nature and number of metal cations that are present

contribute significantly to the stability exhibited by a

particular zeolite structure (e.g. Table 2.5).
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Clinoptilolite is a natural zeolite which has been suggested for

use as a barrier material. Field observations indicate that this mineral

is not stable at elevated temperatures. Aoyagi and Kazami (1980) found

that clinoptilolite recrystallized to heulandite and analcime at about

1200C and 860 bars pressure in Cretaceous and Tertiary rocks of Japan.

Hoover (1968) has shown that clinoptilolite recrystallized to mordenite

and analcime in vitric tuffs at a pressure of about 100 bars and at a

temperature less than 650C.

With regard to laboratory studies, Boles (1971) was able to

synthesize analcime from clinoptilolite at 1000C with solutions of

NaOH(0.lM) and Na2CO3 (0.1M and 0.01M) in 3-week runs.

Therefore, appears that clinoptilolite is unlikely to

remain unaltered if emplaced in the engineered barriers region.

Silica. Hydrothermal conditions have been shown to lead to reductions

in the permeabilities of sandstones. Gobran et al. (1980) performed

laboratory investigations of permeability changes in unconsolidated

quartz sand. Hydraulic conductivities ranged from 2.7 x 10 5 m/s

for unheated sand at 250C to 1.2 x 10-5 m/s for sand heated three

times in succession to 1600C. Unfortunately, Gobran et al. (1980)

did not present data on the cause of the change in permeability although

dissolution and reprecipitation of silica is the probable cause.
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Studies of natural hydrothermal systems demonstrate the importance

of quartz dissolution and silica reprecipitation in controlling permeability.

For example, Elders (1978) investigated the effects of temperature gradients

on the permeability of interbedded sands and silts of the Salton Trough

Geothermal Area, California. He found that in regions having temperatures

less than 1000C, the rocks were nearly sealed due to silica transport

from regions of higher temperature and subsequent precipitation in the

cooler region. The bulk density increased from about of 2.1 g/cm3 to

2.6 g/cm3.

The expected maximum repository temperature for a 10 w/m2 loading

is on the order of 1000 C with an ambient temperature in the surrounding

geosphere of about 500C. Saturation with respect to quartz yields

an aqueous silica value on the order of 48 mg/2 at 1000C (Fournier

and Rowe, 1977). The dissolved silica will be transported into the

geosphere by either diffusion or advection. When the fluid has cooled

to 500C, it will be supersaturated with respect to quartz (at 500C

quartz is in equilibrium with a solution containing about 14 mg!Q SiO2);

however, silica is not expected to precipitate since the precipitation

of quartz is kinetically hindered and the aqueous solution remains unsaturated

with any metastable silica phase whose precipitationn is not kineti ally

hindered.

Therefore, permeability changes due to quartz dissolution and silica

reprecipitation are not expected to occur in the engineered barriers

region unless a temperature significantly greater than 1000C is exceeded.

Under such conditions, quartz could dissolve to the extent that sunersaturation
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with respect to a metastable silica phase is achieved in the cooler

regions of the repository. For example, quartz saturation at

temperatures in excess of 1500C results in a solution supersaturated

with respect to beta-cristobalite at 500C.
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3. Supplementary Calculations

3.1 Introduction

Currently there exists considerable controversy within the scientific

community over the characterization of and need for engineered barriers for

use in isolation of high-level nuclear waste in deep geologic repositories.

However, there does not yet exist a rigorous basis with which to evaluate

barrier performance. It is the objective of this report to contribute to

the development of such a basis and to identify those areas where knowledge

is lacking and further research is required.

When viewed from a distance which is large compared to the dimensions

of the repository, the entire repository can be considered for all practical

purposes as a point source. From this perspective, the study of engineered

barriers can be considered as determining the detailed properties of

the source function for radionuclides which migrate into the host rock.

The essential question to be addressed is whether materials exist which

can substantially inhibit radionuclide migration over distances which

are small compared to the path length to the accessible environment.

To answer this question it is necessary to adequately simulate solute

transport within the engineered barrier region.

There exist several properties of engineered barriers which make them

attractive for retarding the migration of radionuclides. Firstly, solute

transport within the barrier is expected to be diffusion-dominated (Nowak,

1981; Neretnieks, 1977). This implies that the time required for solute

to migrate through the barrier is proportional to the square of the barrier

length rather than being linearly proportional as would be the case in a
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dominantly convective system. Secondly, retardation factors for carefully

chosen barrier materials may be sufficient to allow sufficient travel

time for many of these radionuclides to decay to harmless levels within

the barrier itself. Lastly, for those radionuclides that are not sorbable,

other chemical reactions such as precipitation may be useful in containing

them within the barrier.

To determine the physical and chemical properties of an engineered

barrier such as size, density, porosity and exchange capacity necessary

to effectively retard migration of radionuclides, accurate numerical

modeling of the relevant transport processes as well as a quantitative

measure of barrier effectiveness are required. After the repository has

been sealed, the engineered barrier will eventually become saturated with

groundwater providing a flow path for radionuclide migration away from the

canister. An ideal barrier would provide sufficient retention capabilities

to reduce the hazard of the effluent waste to levels that can be released

directly to the accessible environment without posing a health hazard.

In this work solute transport is described by the one-dimensional

diffusion-convection equation including radioactive decay with retardation

incorporated assuming a linear isotherm description of sorption. Two models

are considered, distinguished by the boundary condition imposed at the

barrier-canister interface. In the first model, Model I, the concentration

is specified whereas in the second model, Model II, the flux is specified.

The leach rate and boundary concentration are adjusted so that the same
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total amount of solute is injected into the system when the canister

completely disintegrates. As discussed in detail in NRC Task II - TA,

Model I suffers from the nonphysical effect of spurious backward diffusion,

which, depending on the magnitude of the convective velocity, allows

a portion of the solute to flow back into the canister after the concentra-

tion at the boundary is set equal to zero.

Both models are limited to a single porous medium defined by the

barrier material which extends from the canister-barrier boundary to

infinity. Thus the models necessarily treat the natural host environment

surrounding the barrier region also as a porous medium identical to the

engineered barrier.

The supplementary calculations performed here only deal with the

post-saturation period and thus neglect any time delay resulting from

the resaturation process. Solubility constraints have not been imposed

in the calculations for reasons discussed later in section (3.4.3). In

addition decay chains are outside the scope of the models.

To determine the effectiveness of an engineered barrier requires

a quantitative measure of the potential hazard presented by the waste

which emanates from the barrier. The determination of such a measure

appears to be a difficult problem and numerous hazard indices have

been proposed for safety assessments of nuclear waste (Voss, 1979). In

this work the recently proposed EPA release limits given in 40 CFR 191

specifying limits on total accumulated releases in curies from a repository

to the accessible environment will be investigated for use as a measure of

barrier effectiveness. The effective barrier length derived by this
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method is compared to that obtained by a simpler approach using the

barrier penetration time (Neretnieks, 1977; Nowak, 1979). 1

Total cumulative release limits provide an independent measure comple-

mentary to one based on maximum permissible concentrations in that satisfying

one measure does not preclude violating the other. Thus, although the EPA

release criterion may be satisfied, unfavorable reaccumulation effects in

the accessible environment could cause maximum permissible concentration

(MPC) limits to be exceeded. Conversely, employing only MPC's as a measure

puts no limit on the total accumulated release since faster groundwater

flow rates give greater dilution while releasing greater amounts of activity.

In fact, an acceptable repository should satisfy both measures when they

are applied to the accessible environment simultaneously at all times for

which the waste poses a hazard.

In contradistinction to concentration levels which could be quite

large in the immediate vicinity of a repository where disnersional dilution

has not had a chance to operate, the release-limit criterion may be directly

applied to the engineered barrier rather than to the accessible environment.

Indeed, if the EPA release criterion can be satisfied in the engineered

barrier, it will necessarily be satisfied in the accessible environment as

well. While this may not be possible, nevertheless the extent to which the

cumulative release limit can be satisfied should provide a useful measure

of barrier effectiveness.
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3.2 Penetration Time Estimate of Barrier Length Required for
Effective Containment

An estimate of barrier thickness necessary for effective containment

can be obtained from the time required for a radionuclide to propagate the

length of the barrier. Effective containment will be said to be achieved

when delay times on the order of ten half lives or more are obtained.

The penetration time, TpI is defined precisely as the time required

for the concentration at the end of the barrier to reach a given fraction,

a, of the concentration at the barrier-canister interface. Thus for a

barrier of length L, Tp satisfies

c(L, Tp(L)) = ac(O, Tp(L))). (30)

More details on the properties of the penetration time can be found in

NRC Task II - TA.

In the case of a purely diffusional system (v = 0) with diffusion

coefficient D, the penetration time predicted by Model I (see Appendix III

for a definition of Models I and II) is given exactly by the expression:

Tp(L) = RL2/4Dy2 (31)

when Tp < T, where T is the leach period.

Here R is the retardation defined by

R = 1+ P Kd (32)

with P the bulk density, 4 the porosity, and Kd the distribution

coefficient. The quantity Y satisfies

erfc(Y) = a. (33)
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For a given retardation factor, R, the barrier length required for

effective containment can be found by equating the penetration time to

N half lives, T1/2:

TP(L) = NT 1 / 2 . (34)

Solving this expression for L with Tp given by eq.(31) yields)1/2
L = 2y (DN T1/2 (35)

R

This barrier length will be said to provide effective containment for

N half lives.

Eq. (35) can be inverted to give an expression for the distribution

coefficient required for effective containment, Kd , as a function

of barrier length, L, by substituting eq. (32) for the retardation R and

eff
solving for Kd

K L) = ¢ ( 4Dy2 Ntl/2 1 ) (36)

The effective distribution coefficient is inversely proportional to the

square of the barrier length and directly proportional to the product of

the diffusion coefficient and the penetration time when the minus one

can be neglected on the right hand side of eq.(36).
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In figs. 3.lA,B,C the effective distribution coefficient is plotted as

a function of barrier length for three different velocities (v = 0.0, 0.01

and 0.1 m/y) and half lives ranging from 102 to 106 years in powers of

ten. A value for a of one percent was used and the density was fixed

at 2.7 g/cm3 and the porosity at 10 percent. The diffusion coefficient

was assumed to be 0.02 m2/y. Only Model I was employed in these

calculations since both models yield very similar results, Model I giving

penetration times slightly shorter than Model II (see NRC Task II-TA).

The parameters used in the calculations may be compared with those

found in natural systems. A typical value for the bulk density for

mineral soils is 2.65 g/cm3 (Freeze, 1979a). Porosities for unconsolidated

natural deposits range from 25 to 70 percent whereas sandstone porosities

range from 5 to 30 percent and shale from zero to 10 percent (Freeze,

1979b). Diffusion coefficients for solutes in clayey geologic deposits

generally range from 10-6 to 10-7 cm2/s and the diffusion coefficient

in water is approximately 2 x 10-5 cm2/s (Freeze, 1979c).

Fig. 3.1 used in conjunction with Appendix I giving experimentally

measured distribution coefficients for a limited number of nuclides

for several different barrier materials and solution ionic strengths

allows determination of the barrier length required for effective containment.

For small barrier lengths the three curves yield almost identical results

indicating that the system remains diffusion-dominated at these lengths.

The curves for 0.01 and 0.1 m/y give almost identical results up to one

meter and differ by approximately a factor of 3 to 4 at 10 meters.
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As an example in use of the curves, we note that according to Appendix

I, the distribution coefficient of 90Sr, with a half life of 30y, ranges

from zero to 5000 ml/g. A value of 200 ml/g, according to fig. 3.1,

requires a barrier length for effective containment of less than 0.1 m

irrespective of the pore velocity. For 23 9Pu with a half life of 2.41 x

104y, the distribution coefficient ranges from zero to over 20,000 ml/g.

A value of 1000 ml/g requires barrier lengths of approximately 1 m, 1.5 m

and 2 m for v = 0., 0.01, and 0.1 m/y respectively.

For the long lived radionuclide neptunium with a half life of 2.14 x

106 years, little data are available for the distribution coefficient.

The results reported in Appendix I for basalt and quartz suggest values

slightly less than those obtained for plutonium. For computational purposes

a distribution coefficient of 5000 ml/g was assumed. The barrier lengths

required for effective containment are then approximately 7m for v = 0.0, Sm

for v = 0.01 m/y and greater than 10 meters for v = 0.1 m/y according to

figs. 3.lA,B,C respectively.

3.3 Escaped Mass Fraction

The penetration time measure of barrier effectiveness suffers from

a number of defects already noted in NRC Task II - TA. In particular,

it contains the arbitrary parameter a, giving the ratio of the

concentration at the end of the barrier to the concentration at the

canister. There is no obvious choice for a. The larger the value of

a the smaller the length of the engineered barrier required for

effective containment for the same distribution coefficient. If too

small a value for a is chosen, unrealistically large barrier lengths

may result.
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Commensurate with its definition, the penetration time estimate

of barrier length gives little indication of the total amount of solute

which will eventually escape through the barrier into the host rock.

To investigate the amount of solute released from an effective

barrier we have computed the ratio, S(t), of the total amount of solute

outside the barrier, Mescape (t), to the total amount of solute leached

from the canister, Mtot (t), as a function of time:

M (t)
0 (t) = escape

Mtot (t)

(37)

and

inside (
1- bt) = (38)

Mtot (t)

Analytical expressions for Mtot, Minside and Mescape are given in

Appendix III. As is apparent from its definition, 6(t) is independent

of the radionuclide half life, T1/2, and the leach rate ro or

boundary condition co. For large times 0(t) approaches the value

of one because all of the solute will eventually escape from the barrier.

For the special case of transport by diffusion only, there exists a

simple analytical expression for the mass ratio predicted by Model I

evaluated at the penetration time Tp. This result only holds for times

less than the leach period T. In general, as follows from eq.(A34), f(t)

for v = 0 and t < T is given by
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RL2

~(t) =escape(t) _D 1 2DtRL 39
6(t)=M (t) = e 2 L -erfcMtot )Dt VE

Evaluating this expression at the penetration time TP, defined in eq. (31),

gives

O(Tp) = e -Y a Yf v 0.004 (40)

for a = 0.01 (Y 1.82).

According to this result ~(Tp) is independent of the barrier length

L. The mass ratio fit) could also be used to give an alternative definition

of the penetration time, in this case defined as the time required for some

fraction of the total amount of solute to lie outside the barrier.

The mass ratios, $(t), and l-W(t) are plotted in figs. 3.2A, B,

C for three different values of the pore velocity of zero, 0.01 and 0.1

m/y, and assuming a barrier length of one meter, a distribution coefficient

of 1000 ml/g and a leach period of 104 years. The values for the

diffusion coefficient, density and porosity are the same as used previously

in fig. 3.1.

As evidenced in the figures, 6(t) approaches the value one more rapidly

for model I (dashed curve) than for Model II (solid curve) as a result of

spurious backward diffusion present in Model I. Also noteworthy is

to compare the times at which half the solute lies outside the barrier, for

which 6(t) has the value one half, determined by the points of intersection

of 0(t) and l-0(t). It will be noted from the figures that this time

occurs substantially later for Model II compared to Model I when v = 0 and

the effect of spurious backward diffusion is most pronounced. The respective
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times approach one another as the pore velocity increases. We may also

note from the figures the obvious result that the greater the pore velocity

the more rapidly the solute escapes from the barrier.

According to fig. 3.1A for v = 0, a distribution coefficient

of 1000 ml/g and an effective barrier length of one meter corresponds

to a half life of 104 years or a penetration time of 105 years

(taking N = 10 in eq.(34)). Thus from fig. 3.2A, for this penetration

time approximately one percent of the solute leached from the canister

lies outside the barrier. This value is in coincidental agreement with

the choice of one percent used for the value of a. This result appears

due to the finite leach time of 104 years used in the calculation of

the mass ratio which decreases the value of Mtot and thus increases

~(t). In fig. 3.2D, a leach period of 1010 years is assumed and it

will be noticed that 6(t) is decreased and in agreement with the analytical

result given in eq.(40).

3.4 Epsilon Measure of Barrier Effectiveness

3.4.1 Measures of Barrier Effectiveness

Numerous hazard indices have been proposed for safety assessments

of nuclear waste (Voss, 1979). There are fundamentally two complementary

measures that can be used to define hazard indices. The first is based

on specifying upper limits to concentration levels such as MPC's or

RCG's while the second is based on total accumulated releases. Concentra-

tion limits suffer from several defects. Firstly, possible reaccumulation
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effects in the accessible environment are not accounted for unless they

are specifically included in the model. This, however, would entail modeling

detailed properties of the accessible environment over geologic time

spans, which is probably impossible to accomplish to a sufficient degree

of certainty. Secondly, it would be unreasonable to apply concentration

limits in the near-field region where they could be expected to be much

larger compared to the far-field due to lack of dispersional dilution.

Finally, concentration limits only consider the aqueous phase whereas,

depending on the distribution between solid and aqueous phases, the

solid phase generally contains many orders of magnitude more solute

than the aqueous phase (see NRC Task II-TA).

The second measure is based on the total accumulated release to the

accessible environment over the time interval during which the waste poses

a hazard. This measure does not put any limit on the concentration,

however. In fact, if the limits in both measures are realized simultaneously

for a particular radionuclide, they imply that the released contaminant is

diluted over a volume given by the biosphere dilution factor, 6Vi,

defined as the ratio of the release index, RIp, to the concentration

index, CIi:

6VRj ___ (41)

6vi RI,Cli

where the subscript i denotes the ith radionuclide. Thus if the total

amount of a given radionuclide released were equal to its release index,

but concentrated in a volume smaller than the corresponding biosphere

dilution factor, the concentration limit would be exceeded.
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The EL measure of barrier effectiveness is defined as the sum

over the radionuclide inventory of the ratios of the total accumulated

release from a barrier of length L, Qfy(t), to the release index, RIp,

for the ith radionuclide:

Q. (t) (42)
e (t) X, = 1 C(t)
L R~i 1

where QLI(t) = eAit jt e~iT Ji(L,T)dt (43)
1 0

and EL(t) = -t) (44)
i RIi

An ideal barrier is one which satisfies

max EL(t) < 1 (45)
t

While an ideal barrier may not exist in reality, it nevertheless provides

a useful criterion with which to compare the effectiveness of an actual

barrier. In general, different radionuclides will yield their maximum

contribution to the sum in eq.(42) at different times depending on their

half lives and migration rates.
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To compute Qi(t) requires knowledge not only of the radionuclide

concentration inside the barrier, but outside as well. This enormously

complicates the computation of Qi(t) since under conditions likely to

apply to a repository the problem involves two media, the engineered

barrier and the host rock, with transport in the host rock taking place

primarily in fractures If groundwater flow velocities in the fractures

are several orders of magnitude larger than in the engineered barrier, this

will have the effect of "drawing out" solute from the barrier as a result

of producing a sharp drop in the concentration at the barrier-host rock

boundary There do not exist any analytical solutions to this problem

known to the author and thus Qi(t) must be obtained by numerical methods.

Appropriate models to compute Qi(t) for fractured media are currently

in the development stage at LBL (Rasmussen, 1981).

3.4.2 EPA Hazard Index

The Environmental Protection Agency (EPA) has recently proposed in

40 CFR 191 release indices to regulate the quantity in curies of radionuclides

that can be acceptably released to the accessible environment from A UT.W

repository. These release indices- when applied to the HLW inventory

assuming the entire inventory to be released instantaneously to the

accessible environment with no dilution or delay provided bag the migration

path, serve several useful functions in determining the potential
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hazard of the waste. The potential hazard index, E,(t), is defined as

the sum of the ratio of the inventory, Qoi(t), of the ith radionuclide

to the corresponding EPA release index, RIi (see Table 3.1):

eot) = Qoi(t)/RIi

(46)

= Li oiit)

where the contribution from the ith radionuclide, E£i(t), is defined by

Eoi(t) = Qoi(t)/RIi * (47)

Table 3.2 gives the individual contributions, Coi, along with their sum,

Eot for times ranging from 102 to 106 years. The table is calculated for

spent fuel with inventories taken from the ORIGEN computer code (A.D.

Little, 1977). Generally, only those radionuclides were included which

give substantial contributions for times greater than 1000 years. Thus

9 0Sr and 1 37Cs, for example, were not included; however 1291 was

included because it is generally ranked as a hazardous radionuclide in

most other risk assessments even though, as is apparent from the table,

it gives an insignificant contribution in this case.

From the values given in the table, the radionuclides contained

in spent fuel can be ranked in time according to their toxicity based

on the EPA release indices.

The results for several selected nuclides are plotted in fig. 3.3 as

functions of time along with the total sum eo(t). It will be noted that

after approximately 104 years the hazard index remains relatively constant

as certain radionuclides decay while others grow in, altering the chemical

composition of the waste.
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Also included in fig. 3.3 is the EPA-potential hazard index for the

equivalent uranium ore body. Even at 104 years, the hazard index for

spent fuel is a factor of four larger than that for the equivalent ore

body. It must be stressed that the above analysis only considers the

static hazard of the waste and not its dynamic hazard. The dynamic

hazard index includes migration rates of the individual radionuclides

which will depend on the chemical composition. Thus, the dynamic hazard

index could be substantially different from its static counter-part.

In table 3.3 the individual contributions from the three decay series,

uranium, neptunium and actinium, are presented for various times. It will be

noted that the actinium series dominates for times up to 104 years due to

contributions from 2 3 9Pu and 2 43Am. At 105 years the uranium series

dominates, and finally the artificial neptunium series dominates at 106

years.

3.4.3 EPA Hazard Index as a Measure of Barrier Effectiveness

In this section the EL measure defined in eq. (42) is computed

using Models I and II with the release indices, RI, taken from the proposed

EPA values reproduced in table 3.1.

Because the models used are restricted to a single radionuclide,

radioactive decay chains could not be included in the computation and thus

the results presented here are limited to demonstrating the utility of the

method for several selected nuclides. The calculations are conservative in

the sense that solubility constraints were not imposed.
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We note here that solubility constraints could be the dominating effect

in determining leach rates from the canister. However, to properly incor-

porate solubility constraints appears to require a numerical model that is

beyond the scope of the analytical models employed here. This is because of

the more complex boundary condition required. During the time period

when the solubility constraints are in force, the concentration at the

canister - barrier boundary will be held at a fixed value which will not

decrease as a result of radioactive decay. However, when enough solute has

leached from the canister so that the leach rate is no longer solubility-

limited, the boundary concentration can be expected to follow an exponential

decay law. This more complicated time dependence of the concentration

boundary value does not appear amenable to simple analytical means in which

the concentration is expressible in terms of well known, tabulated functions

as is the case for Models I and II used here although it is conceivable

that an approximate analytical expression can be found. This has not

been investigated in this work. In addition it should be noted that after

the canister has completely disintegrated and leaching has ceased, the

no-flow boundary condition used in Model II should be imposed rather

than the customary, albeit nonphysical, zero-concentration boundary condition.

This will also require numerical as opposed to analytical methods modeling

to implement.

The sensitivity of the hazard index to the various parameters

appearing in the models was studied for 23 9Pu and in some cases for the

long lived 2 37Np. Figs. 3.4A,B show the results for variation of the



73

barrier length, L, on the hazard index. The values of the other parameters

held constant are given in the figure. It will be noted that in the

case of 2 39Pu, very little difference exists betweeb models I and II,

whereas for 2 37Np, model II gives results larger by almost an order of

magnitude compared to model I. This is because of the larger distribution

coefficient and barrier length used for 2 37Np, and the longer times

involved which enhance the effect of spurious backward diffusion present

in model I.

For 2 39Pu, a one meter barrier is almost sufficient for effective

containment in the sense of the eL measure, in agreement with the

earlier results obtained from the penetration time (see fig. 3.1A).

However, for 23 7Np a much smaller barrier of 2 meters predicted by

model II is seen to suffice, compared to 7 meters predicted on the basis

of the penetration time (see discussion at the end of section 3.2).

Model I yields an even smaller barrier length of 1 meter. However, this

result is nonphysical.

One possibility for the discrepancy between plutonium and neptunium

and their agreement with the penetration time measure of barrier length

could result from the different weighting given to each nuclide because

of their different EPA release indices. However it will be noted

from table 3.1 that plutonium is considered the least hazardous of

the actinides by the EPA which goes in the wrong direction to explain

the discrepancy.

Another possibility is that the 2 37Np inventory is almost two

orders of magnitude less than the 2 39Pu inventory. The penetration

time does not reflect the absolute amount of solute present since it only
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depends on relative concentrations. The ratio of the potential hazard

indices for 2 3 9Pu and 2 3 7Np at 1000 years is, according to

table 3.2 equal to 62.

In figs. 3.5 A, B the hazard index is compared for velocities equal

to zero, 0.01 and 0.1 m/y for a one meter barrier with a Kd Of 1000

ml/g in the case of 2 39Pu and a three-meter barrier with a Kd

of 5000 ml/g in the case of 23 7Np. There is very little difference

between the curves for velocities of zero and 0.01 m/y; however the curve

for 0.1 m/y is roughly an order of magnitude larger and the peak discharge

point is shifted to slightly earlier times.

In figs. 3.6 A, B the distribution coefficient is varied for

2 3 9Pu and 2 3 7Np respectively. For the barrier lengths of one meter

for 2 3 9Pu and three meters for 2 37Np, Kd's greater than 1000 ml/g

and 2500 ml/g respectively are required for effective containment.

In fig. 3.7 the diffusion coefficient is varied for the case of

plutonium assuming zero convective flow. Decreasing the diffusion coefficient

by one order of magnitude from 0.02 m2/y to 0.002 m2/g results in a

reduction of the hazard index by five orders of magnitude and shifts the

peak discharge by 2 x 105 years.

In fig. 3.8 the leach period, T, is varied. Values of T = 103,

104 and 105 years were chosen. Because of the long half life of 2 3 9Pu

the results are relatively insensitive. It will be noted that there is a

distinctly different behavior between models I and II for T = 105 years

compared to the other leach periods.
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Finally, in fig. 3.9 the hazard index is computed for canister

life times of 102, 103 and 104 years for plutonium. Again because of the

relatively long half life of 2 3 9Pu the results are insensitive over

these time intervals which are short or of the same order of magnitude as

the plutonium half life of 2.41 x 104 years.

One application of these results is to the EPA proposal in 40 CFR

191 that the time period during which regulatory constraints ought to apply

be limited to 104 years. The results presented here, however, would

suggest that a much longer time period is necessary commensurate with the

potential hazard of the waste as measured by the EPA release indices. A

physical criterion to determine such a regulatory time period would be

the time at which the total amount of solute discharged to the accessible

environment is a maximum. This time will depend on the half life of the

particular radionuclide considered and its migration rate and thus will

be different in general for each radionuclide.

It should be noted that the value of 104 years proposed by the

EPA may in fact be quite easy to meet through the use of a suitably

designed engineered barrier which can provide a delay time of this order.

However, for those radionuclides whose half lives are long compared to

this time, such a barrier would offer little if any substantial reduction

in their potential hazards. Indeed, as suggested by the results presented

here, the hazard index may be very small for times earlier than 104 years

and steeply rise thereafter.
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3.5 Barrier Concentration Profiles

Models I and II may be used to obtain an estimate of radionuclide

concentrations inside the engineered barrier. This calculation is

conservative in that it neglects solubility constraints and treats

transport in one dimension only. An initial inventory of one MTHM is

assumed with a plane surface release area of one square meter, the cross

sectional area of a typical HLW canister. A typical canister contains

approximately 0.5 MTHM.

In fig. 3.10A, the aqueous concentration in moles/liter, c (x,t),

is plotted for 2 3 9Pu as a function of distance for the indicated times

assuming v = 0. The other parameters used are given in the figure caption.

The dashed curve denotes Model I and the solid curve Model II.

The concentration continuously increases with time to a maximum

value of 6.8 x 10-6 moles/l when the leach period, T = 104 years, is

reached. For earlier times the Model I concentration exceeds that of

Model II as a result of the singularity in the flux in model I (see NRC

TASK II - TA). For times greater than the leach period, the Model II

concentration exceeds that of Model I as result of spurious backward

diffusion present in Model I.

In fig. 3.10B the velocity is increased to 0.1 m/y and in fig.

3.10C to 1.0 m/y. In the latter case there exists almost no noticable

difference between Models I and II as would be expected for a dominantly

convective system.
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4. Summary and Conclusions

The application of predictive models of radionclide 
transport to

geologic systems is extremely difficult due to the 
inhomogeneous and

complex natures of these systems. It is suggested that the emplacement

of a system of engineered barriers around the wasteform 
package may

prove to provide an extra margin of safety for the assurance of

adequate containment.

The overall function of an engineered barriers system 
is the

creation of an environment which imposes reductions 
in the release

rates of radionuclides to the surrounding geologic system by providing

mechanisms for both chemical and physical retardation. 
Physical

inhibition of solute transport velocities can be achieved 
by minimizing

the fluid flow rate and by increasing the tortuosity. 
The flow rate

can be minimized by decreasing the hydraulic gradient 
and the

conductivity (permeability). Decreasing the thermal gradient will

lessen the buoyancy force which is the main contributor 
to the

hydraulic gradient during the first few thousand years after

emplacement. Waste reprocessing, long-term above ground storage,

decreasing the density of waste emplacement and surrounding the waste

with materials having high thermal conductivities are procedures

which can be used to decrease the thermal gradient.

Chemical retardation can be achieved by several processes:

precipitation, reduction, deionization and sorption. Precipitation

of radionuclide-bearing solids imposes solubility 
contraints on the
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concentration of the radionuclide in the aqueous solution. Reduction

of uranium, plutonium and americium to the +4 oxidation state favors

the formation of minimally soluble solid phases. Deionization of the

aqueous solution maximizes existing solubility constraints through

suppression of complexation and other coordinative reactions which

occur in the aqueous phase. Sorption of radionuclides limits their

residence times in the aqueous phase thus decreasing their rates of

transport away from the wasteform package.

Solubility constraints may be sufficient in themselves to limit

the concentrations of hazardous radionuclides below their maximum

permissible concentrations. Unfortunately, thermochemical data for

input to solubility calculations is generally lacking or of poor

quality.

The processes and mechanisms responsible for the sorption of hazardous

radionuclides on various mineral substrates are not well understood.

Simple ion exchange theory has not been shown to apply. Results of calculations

using models of radionuclide migration which treat sorption as an ion

exchange process or with a constant Kd should be viewed with caution.

For the most part, laboratory studies have not been conducted in a manner

sufficient to provide an understanding of the mechanisms of sorption. In

addition, experiments have not been performed under redox conditions

expected to obtain in the engineered barriers environment. As a result,

the relative importance of sorption as a means of retardation remains

unclear.
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A review of the literature indicates that of the materials

suggested for use as engineered barriers, mixtures of bentonite and

quartz sand have received the greatest attention. Zeolites because

of their large cation exchange capacity have also been given consideration.

Graphite and fine powders of iron and titanium have been suggested as

materials which might be used to poise the redox conditions within the

engineered barriers environment, and the use of silver ultramarine to

precipitate negatively-charged radioactive iodide has also been proposed.

Little attention has been paid to the possibility of the hydro-

thermal transformation of engineered barriers materials. Studies in the

field and in the laboratory collectively indicate that both smectite and

clinoptilolite recrystallize under conditions of moderately elevated

pressure and temperature causing a reduction in their abilities to

effectively retard the migration of hazardous radionuclides. Synthetic

zeolites and resins are even less stable.

Two different methods were compared for measuring the barrier

effectiveness and estimating barrier length necessary for effective

containment. The penetration time measure of barrier effectiveness

was seen on one occasion to yield overly conservative estimates of the

barrier length necessary for effective containment. The e measure,

based on total cumulative releases, was seen to offer an attractive,

albeit more complicated, alternative since it requires modeling

transport in the host rock as well as the engineered barrier.
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Because of the practicalities of cost and construction of

engineered barriers, accurate means to assess barrier performance

are essential. The models used in the computations presented here

contain several deficiencies which should be removed through further

research. They are as follows:

o solubility constraints are not included,

o the host rock is assumed to be identical to the engineered

barrier,

o modeling of decay chains is not possible,

o transport is restricted to one dimension.

As a consequence of these deficiencies, a complete evaluation of

the C measure was not possible and therefore it was not possible to give

a definitive judgment on the effectiveness of engineered barriers in

inhibiting radionuclide migration. However, the results of the calculations

for plutonium would suggest that barriers on the order of several meters

in length will be necessary if any substantial benefit is to be derived

from their employment. Barriers of this length would appear to necessitate

redesigning the repository to allow for greater spacing between canisters

than currently envisioned in designs based on thermal leaching alone.

One possibility of canister emplacement that should be considered is

horizontal rather than vertical geometry with the canisters completely

surrounded by backfill material which fills the entire adit. One conceivable

drawback in such a design that must be investigated is possible uplift

effects caused by saturation of the backfill material and its consequent
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swelling. Whether such barrier expansion effects could be large enough

to cause any significant change in the local stress field of the repository is

not at present known, but would nevertheless be expected to be proportional

to the volume of backfill material used. Finally it was noted that

although a barrier delay time of 104 years may be easy to achieve thus

meeting the EPA regulatory time frame, there is no guarantee that the

same barrier will in addition reduce the potential hazard of the waste to

safe levels.

5. Recommendations for Research

In order to select materials to be used for engineered barriers and

in addition to provide essential data for input to models of radionuclide

migration in the engineered barriers region, the following areas of

research are recommended:

o Laboratory determinations of the solubilities of compounds

containing hazardous radionuclides should be conducted.

o The kinetics of precipitation of these compounds should be

investigated in order to determine if solubility constraints

will actually obtain in the engineered barriers regions.

o The formation constants of radionuclides complexed with

ligands common to groundwaters and canisters should be

determined.

o Sorption experiments involving hazardous radionuclides

and carefully chosen mineral substrates should be conducted

in such a way that the mechanism(s) responsible for sorption

can be determined.



82

o Laboratory studies of precipitation, complexation and

sorption should be conducted as functions of both

temperature and composition of the aqueous phase. The

redox state of the system should simulate that expected

in the repository environment.

o Methods of controlling the redox state of radionuclides in

the repository environment and in the laboratory should be

sought.

o The thermochemical stabilities of potential engineered

barrier materials should be carefully studied in the

laboratory and in the field.

o A complete evaluation of the CL measure of barrier effective-

ness should be performed for the entire waste inventory using

a physically realistic model to describe radionuclide transport

through the barrier and into the host rock. Such a model should

remove the deficiencies noted for the models employed in this

work and, if deemed necessary, include a realistic description

of relevant chemical reactions.

o The time delay resulting from resaturation should be estimated

and the resaturation process should be included in a comprehensive

model of engineered barriers. In particular, possible uplift

effects caused by barrier expansion resulting from resaturation

should be investigated especially if the entire adit is filled

with backfill material.
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o The release limits proposed by the EPA need to be reviewed

to ascertain whether they are sufficiently conservative. Certain

fission products such as 1 2 9I, generally considered hazardous

by other hazard indices, can be completely released according to

EPA. In addition plutonium is considered by the EPA to be the

least hazardous of the actinides. The methodology used by the

EPA to derive the release limits should be investigated for its

appropriateness. In particular if detailed modeling of transport

in the host environment was an essential element of the methodology

(as it appears to have been), then these release limits must be

used with caution since adequate models do not presently exist

for such calculations.

o The derivation of alternative cumulative release limits based

on the local natural background radiation in the accessible

environment surrounding the repository should be carried out

and compared with those developed by the EPA. Such release

limits would, of course, be site specific rather than generic.

o Proposed engineered barriers configurations should be assembled

and their retardation ability tested.
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APPENDIX I

DISTRIBUTION COEFFICIENTS (ml/g)

FOR SORPTION OF VARIOUS RADIONUCLIDES ON
BASALT, QUARTZ, SMECTITE AND CLINOPTILOLITE

BASALT

(Ames, L.L., 1978)

Umtanum Basalt

Solution pH

8.0U

2 37 Pu

D

Init. Conc. (M)

10-12-10-13

i.

I,

T9C

23

.I of

25

60CO to

it

Ka
d I

3.09±15

65..2

731±327

315±45.8

11.1i-.8
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882.1+60.7

120.4+11.6

12.4_2.2

75 Se .. *.

125I of II

II 23

8 5 r

9 5mTc

'l it

it I I
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BASALT

(Ames, L.L. and McGarrah, J.E., 1979)

Solution

Umtanum
137Cs

, Pomona
137cs

Flow E
1 3 7 Cs

85Umantum
Sr

Pomona
85Sr

Flow E
8 5 Sr

Umantum
79Se

(reducing)

Pomona
7 9 Se

pH
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8.15
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8.40
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9.00

8.90
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2.28xlO 9

1.83xlO09

1.83xlO09

2.28xlO-9

1.83xlO 9

2.28x10-9

1.26x10-1 2
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5.74x10-13

1. 26x10-12
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1. 74x10-1 2

1. 74x10-12
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BASALT (cont'd.)

( (
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to
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Flow E
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pH
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BASALT (cont'd.)

Solution pH

Pom~ona
99Tc F

it

Flow E
9 9 Tc
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2 2 6 Ra

PF

IPF

8.65
8.85
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8.50

Init. Conc. (M)

1. 62xl10 6
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BASALT

(Barney, G.S. and Brown, G.E., 1980)
WRIT Qtrly Reports, Oct.-Dec. 1979,
Jan.-Mar. 1980, Apr.-Jun. 1980

Umtanum Basalt

Solution pH Init. Conc. (M) TVC Kd

Cs G %8.5 1.74xl0-8 23±2 1727
1.41x10-7 1229
1.53x10-6 * 738

H H ~~~~~~~~~8. 32xl10 6
it 513

Sr G .8.5 2.26xlO 9 23±2 34
of ~~~~~~~~~~~1 .62x10 8 it 62

1. 60xl0x,' 7
to 172

to ~~~~~~~~4.40xl10 6 it474

Np C %8.5 1.05X10-7 23+ 2 5.8
9. 64xl10 7 3.2
1.04xl10 5 6.7
9 .95xl10 5 26.7

PU 5 5.78x10-1 5 23+2 5.9
9. 42xlO 1 4 " 2.9

l.llx10-1 2 " 1.6
3.66x10-12 90
1.11x10-1 0 12
1.87xlO 1 0 " 3639

9.85x10-1 0 8800

Altered Basalt

Solution pH Init. Conc. (M) T0 C Kd

Am G 9.2 5.23xlO 9 23 106
9.4 5 .5 4xlO-lo i 30

if"11 5.47xlO-ll il
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Altered Basalt (cont'd.)

Solution pH Init. Conc. (M) T0 C Kd

Se G 8.7 2.50xlf 5 23 0.60
if 8.8 2.41x10-6 " 1.3

8.9 2.41x10-7 1.7

8.8 2.41x10-8 2.1

Cs G 8.2 7.48xlo 6 23 960

"1 "7.37x10- 7 " 1947
8.5 7.39x10-8 " 3242
8.3 8.21xIO-9 " >2566

Sr G 9.1 1.09x10 4 23 1045

8.5 9.95x10-6 " 883
of " 1.lx10-6 " 762

8.8 1.13x10-7 " 418

Np G 9.4 7.49x1O 5 23 20

to 9.5 7.79xlO 6 " 19

"1 is 8.51xlO 7 " 33

of to 9.28xlO 8 " 42

BASALT

(Francis, C.W. and Bondietti, E.A., 1979)

Sentinal Gap

Solution pH Init. Conc. (M) T0 C Kd

238pU PH <10-12 22 22000+12000
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BASALT
(Seitz, M.G. et al.f 1980)

Cs Solution

H
H
H

pH

7. 3- 7.6
.,

of

Init. Conc. (M)

2.5xlO 9

1.0x10 7

9.7x10-5

T0 C

22-24
..

.i

K
d

380-+6
450+9
67.3+0.7

MONTMORILLONITE
(Beetem, W.A., 1963)

Montmorillonite No. 21

Sr Solution pH Init. Conc. T0 C

* 23 %5000

*Ca++ 1.7x10-4 , Na 10 N

MONTMORILLONITE
(Meyer, R.E., 1979)

Solution

*

(*0.0M NaC1)

**

(**0.03M NaC1)

pH Init. Conc. T0 C Kd

%540Cs 6-8.5 23

5-6.5 23 %1500

~140Eu(111) 5 23
(***O.OM CaC12
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MONTMORILLONITE
(Nowak, E. J., 1980)

( (

SWy-1

Solution

152 3+
Eu A

B

A
B

1%B
B

pH

5.5
..

6.5
5.

5.5
if

Init. Conc. (M)

2xl0 7

2x10 8

..

T°C

23
..

..

I.

i.

..

d

100
6700
850

1300
960

500

Hectorite

Solution

A
B
A
A
A

1%B

B

pH

6.5
6.5
6.5
8.0
7.4
5.5

of

Init. Conc. (M)

2x10 7

i,

I.

..

TVC Kd

23
if

70
23
..

5500*

7200

780
500

1500 .
2700

3400

2x10-8

137
Cs A

B

*Hectorite heated 6 hrs. 3001C, cooled to 231C.

6.5 2x10 7

7.7 "I

6.4 5x10 11

7.9 ..

7.5 5-6xlO 5

8 5 Sr

99 Tc-
To4

23
..

23
..

23

0.7
1 6

0
0

1

A
B
B
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MONTMORILLONITE (cont'd.)

Bentonite

Solution

152 3+
Eu

B
B

Am (111)

2 3 8Pu (IV)

137
Cs

85
Sr

99 Tc-
Tc4

B

A
B

A
B

A
B

A
B

pH

6.5
7.1
7.1

7.3

6.7
7.1

6.5
7.0

6.5
7.1

6.6
7.5

Init. Conc.

2x10 7

5x10 7

3x10 8

2x10

5x10 1 1

5-6x10 5

.,

23
i.

70

23

350
1400
5200

(M) T 0C Kd

4-14000

23
..

2300

40000

4.9
3.6

23
23

23
II

0
0

23 0
to 0
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MONTMORILLONITE (cont'd.)

10 Wt.% Bentonite + 90 Wt.% Sand

Solution

243Am(1l) B

2 38 Pu(IV) A

B

pH

7.3

6.7

7.2

Init. Conc. (M)

5x10 7

3x10 8

T°C

23

23
..

Kd

9400

540

3800

10 Wt.% Hectorite + 90 Wt.% Sand

Solution pH Init. Conc. (M) T°C K|

243Am(lll) B 7.3 5x10 7 23 16000

2 3 8Pu(IV) A 6.8 3x10 8 23 400
B 7.4 " " 860

MONTMORILLONITE

(Relyea, J.F. et al., 1979)

237PU

Solution

5.13N NaCl*
of

0.03N CaC12 *
.,

0.03N NaCl

0.03N NaHCO3
..

pH

7.0

it

'I

8.2
it

Init. Conc. T°C

23
it

K
d

1240-1050

1930+439
5270+3030

5990+3430
9680±6530

>2120

1.3x104+.3x10 4

60 30±2420

i.

II

of

*Ambient atmospheric environment
(vs. anoxic environment)
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MONTMORILLONITE
(Relyea, J.F. et al., 1979a)

Solution pH Init. Conc. T0 C

85Sr 5.13N NaCl*
'I

0.03N CaC12*
..

0.03N NaCl*

0.03N NaHC03 *

7.0
..

23
'I

it

it

'i

it

1.4±0.6

2.9+1.3
27.7+0.6
38±3

1074+91
456±71

1353 ±330
899+343

of

8.2
if

*Ambient atmospheric environment
(vs. anoxic environment)

5.13N NaCl*

0.03N CaC12*
..

0.03N NaCl*
it

0.03N NaHCO3*

5.13N NaCl*

7.0
..

it

of

..

..

8.2

23

'I..

0.03N CaC12*
0 N

0.03N NaCl*

7.0
f'

If

8.2
..

it

If

23
'I

ft

33±2
16+2
218±5
462±109

1120±81
763±122

1557±370
985+125

0.2±0.5
0.5±1.8

-0.7+0.1
4.1±0.7

-0.6+0.4
-1.0+0. 7
-1.5+0.3

1.1+1.9

II

o'

o'

of
0.03N NaHC0 3*
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MONTMORILLONITE

(Wahlberg, J.S. and M.J. Fishman, 1962)

Montmorillonite No. 21

Solution pH Init. Conc. (N) T°C Kd

Cs 0.2N NaCl - <10- 6 23 2000
0.02N NaCl , 11i2000

0.002N NaCl - <1 7 " 11000
0.2N KC1 <1 7 o %200
0.02N KC1 - , of 1900

0.002N KC1 " i1 of %200
0.2N MgC12 -i2 * 200

0.02N MgC12 - o ,050
0.002N MgC12 - it .. 050

0.2N CaC12 %250
0.02N CaC12 - ,, ,,600

0.002N CaC12 - if'1100

Montmorillonite No. 11

Solution pH Init. Conc. (N) T 0C

Cs 0.2N NaCl - <10-6 23 rl-600
0.02N NaCl " #, r5000

0.002N NaCl - it ".11000
0.2N KC1 , <107 -200

0.02N KC1 - ,,11000

0.002N KC1 - ,10500
0.2N MgC12 - <10-8 500
0.02N MgC12 -"-2500

0.002N MgC12 - it'7000
0.2N CaC12 - to ,800

0.02N CaC12 -500

0.002N CaC12 - "-3500
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MONTMORILLONITE
(Wahlberg, J.S. et al., 1964)

Montmorillonite 21*

8 5 Sr Solution pH Init. Conc. (N) T0 C

0.014N MgC12
0.0014N MgC12
0.00014N MgCl2
0.2N CaC12
0.02N CaC12
0.002N CaC12
0.2N KC1
0.01N KC1
0.2N NaC1
0.01N NaCl

'I(-

'i

is

<1,-

of

if

23
'l

I'

i.

..

80
900
8500

2.6
58

600
5

1100
34

7900

of

'II

*Montmorillonite treated with iM HC1

MONTMORILLONITE
(Silva, R.J., et al., 1980)

Belle Fourche Clay

Solution pH C NaCl T0C

oE

'I

to

5.
..

7.
I'

9.
.i

1. 57xl10 8

'U

'U

it

to

.001M
1.OM

.001
1.0

.001
1.0

250

of

f'

if

..

..

Kd

54843±33140
1286±68

14323±4290
7969+866
4648+624
8384+1732
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MONTMORILLONITE
(Silva, R.J. et al., 1980)

( (

Cs Solution

E
i*

*.

pH

5.

7.

9.
it

Init. Conc. (M)

1.01x10-7

'I

is

..

..

..

NaCl

.002 M

1. OM

.002

1.0
.002

1.0

T0C

260
'I

it

'S

of

go

Kd

2271+129
13.1±5.7

3839+214
17.7±5.9

4451+246
16.2+5.8

MONTMORILLONITE (Nontronite)

(Ames, L.L., 1978)

Garfield locality

Solution

D

'l

U

237pu

226Ra

6 0Co

75Se

1251

13 7cs

8 5 Sr

95mTc

pH

8.0

it

Init. Conc. (M)

10-12-10-13

T&C
/

230

25..

of

of

.. it

I:

I'

it

Kd

314+102

1456±609

1441+331

8393+428

0.02511.3

-3.0+2.8

1626+74

1046+1.21

12.8±1.4

II to it

to it .. 23°

.. to

to of of
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ClINOPTILOLITE
(Neretnicks, I., 1977)

Cs

Solution

J
J
K

pH

8.2-8.3

..

8.2-8.3
,.

Sr J
J
K

Init. Conc. (mg ./1)

14.7
..

5.00

10

T0C

20
70
20

20
70
20

20
Sl

20
20

2200- 5200
1500- 2400

16000-40000

600- 1400
4600- 6700
2300- 4000

1000- 30000
4000-60000

0o

Eu
K

8.2-8.3
..

U
K

8.2-8.3
..

Clinoptilol ite

Pu (lV)

2 4A (111)

Solution

A

A

pH

6.7

7.2

Init. Conc. (M)

3x10 8

5x10

T0C

23

23

Kd

1700

16000
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CLINOPTILOLITE (Heulandite)

(Ames, L.L., 1978)

Poona India locality

U

2 3 7Pu

2 26Ra

6 0CO

125I

1 3 7Cs

8 5Sr

9 5SnTc

Solution

D

pH

8.0

i.

Init. Conc. (M)

1O-12-10-13

.3

T0C

23

25

25
to

I.

'I

., 'I

I'

Kd

Ot3.93

66±16

975±660

234+j32

0

2.0+2.7

324±75.4

444.8±74.6

6.1±0.3

II
II of

of 'I 23

is '.

of ..
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QUARTZ

241AM

Np

(

(Meyer, R.E., 1979)

Solution

I

I

pH

5-9

5-9

Init. Conc. (M)

2xlO-9

2xlO- 1 1

T0 C

23

23

Kd

.3-1.0

.005-1.0

QUARTZ
(Relyea, J.F. et al., 1979a)

2 3 7 Pu

Solution

5.13N NaCl*
..

0.03N CaC12 *
..

0.03N NaCl*

pH

7.0
..

Init. Conc. (M) TVC

23
..

to

If
..

..

Kd

705+316

1110±630

1360+330
3630±2260

1010±430
92±69

326+53

100±32
0.03N NaHC03 * 8.2

of ..

*Ambient atmospheric environment

(vs. anoxic environment)

..
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QUARTZ

(

(Relyea, J.F. et al., 1979)

85sr

Solution pH Init.

5.13N NaCl* 7.0

0.03N CaC12 *

0.03N NaCl*

0.03N NaHC03 * 8.2

5.13N NaCl* 7.0
'l

0.03N CaC12 *
..

0.03N NaCl*

0.03N NaHC03 * 8.2
..

5.13N NaCl* 7.0

0.03N CaC12 *
..

0.03N NaCl*

0.03N NaHC03 * 8.2

*Ambient atmospheric environment
(vs. anoxic environment)

Conc. (M) T°C

23
of

it

Is

'I

23
'i

of

SI

'I

of

5'

23
o'

go

's

0.

Kd

1.1±0.4
-2.2±1.8
-0.2+1.1
-0.1±1.6
9.0+1.6
1.7+1.4

348170
266+17

2.2+0.8
-2.3+3.2
34+14
5+2

58±8

8. 5+4.5
37+5

11.4±2.8
1.6+0.9
6.2+4.1
0.7+1.0

6.7+3 .6

1. 4+1.5

27.+13
-0.4+0.3
61+28

9 5mTC
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QUARTZ
(Relyea, J.F. et al., 1979a)

Solution pH Init. Conc. T0 C Kd

2 3 7 Pu 5.13N NaCl 7.1 23 1110±630

0.03N " " " 92±69

5.13N* " " " 705±316

0.03N* " " 1010±430

QUARTZ
(Relyea, J.F. et al., 1979)

Solution pH Init. Conc. TVC Kd

85 Sr 5.13N NaCl 7.0 23 -2.2+1.8

0.03N " If "i 1.7±1.4

5.13N* " it 1.1±.4

0.03N* " it 9.0±1.6

95mTc 5.13N NaCl %7.0 23 2.3+3.2

0.03N " 8.5+4.5

5.13iR* " " 2.2+.B

0.03N* " 58±8

9 SmTC 5.13N NaCl %7.0 23 6.2+4.1

0.03N " " "I 27±13

5.13N* " " " 1.6+.9

0.03N* " " " 1.4+1.5

*Ambient atmospheric environment

(vs. anoxic environment)
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QUARTZ
(Schroeder, M.C. and Jennings, A.R., 1963)

Sr

Cs

Solution

10-4M Na+
5xl0 5M Ca++

10-3M K+
16x10-3M Ca++

pH

6.5
of

Init. Conc. (M)

5x10-9
..

T°C Kd

23 1.0
0.4

7.0
6.6

10-8
'i

23 0.1
1.0

QUARTZ
(Silva, R.J., 1980)

Min-u-sil
Solution pH Init. Conc. (M) T0C Kd

U
E
.,

5
7
9

1. 21x10-8

..

.I

25
of

of

7.37+0.71
105.9+6.8
299.2±34.8

1.85-+0.44
3.94+0.52
6.23±0.60

Cs E 5
7

1. 167xlO1 9

..

25
ii

I. 9 It
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QUARTZ (Min-u-sil)
(Silva, R.J., et al., 1980)

Solution pH Cm NaCl T0 C

U 1E

of

'I

of

of

5
.,

7

9
I,

1.130X10-4

of

'I

1. 16 7x10-9
It

II

it

if

.001M
1.0
.OO1M

1.0
.001

1.0

.OO1M
1.0

.001
1.0

.001
1.0

250

of

'U'Iof

11

250

it

of
11

Kd

42.98+2.4
6.01±.71

911. 7±41.8
7818±397
375±13.8
728.9±27

1. 85+. 44
-.06±.37
3.94±.52
-.14+.36
6. 23+. 60
-. 07-.36

Cs oE

of

to

of

Us

05

7

9
I'

QUARTZ (Sandstone)
(Serne, R.J. et al., 1977)

Cherry Canyon #2--Arkosic Sandstone

Solution

Eu XA
XB

D.W.

pH

6.79
7.35
8.05

Init. Conc. (mg./1)

1.2
of

'U

23
go

of

T°C Kd

39±4
38±15

1287+963

Cherry Canyon #3

XA
XB

D.W.

6.79
7.35
8.05

1.2
'U

it

23
it

If

8. 3+1. 5
2114

> 1307±698
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QUARTZ (Sandstone) (cont'd.)

CC #2

Solution pH

Sb XA

XB

D.W.

6.79

7.35
8.05

Init. Conc. (Mg./l)

5.09x10-3

,.

5.09x10-3
of
1l

23
Il

T°C Kd

.22+.40

.8+.2

1.57+.11

CC #3

XA

D.W.

6.79

7.35

8.05

23
It

II

1. 66+. 46

6.6+.4

5.99+.98

CC #2

Ru XA

XB

D.W.

6.79

7.35

8.05

2.43xlO-3

2.43x10-3
..

..

23
of

go

6.3+±.3

8.514.0

274±33

6.1+i.5

9.9±0.0
554±123

CC #3

XA

XB

D.W.

6.79
7.35
8.05

23
of

CC #2

Ce

CC #3

XA
XB

DA.W

6.88

7.35
8.37

1. 41x10-3

o,

of

1.41x10-3
..

tU

23
It

..

13+8
>608
>310

22+20
106+13
293tl89

XA
XB

D.W.

6.88
7.35

8.37

23
I!
II
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QUARTZ (Sandstone) (cont'd.)

CC #2

Solution

( (

Sr XA
XB

D.W.

pH

6.88
7.35

8.37

Init. Conc. (Mg./l)

2.73xlO 2

.I

..

T0 C

23
..

..

Kd

.4±.3

.7±.2

13+10

CC #3

XA
XB

D.W.

6.88
7.35

8.37

2. 73x10-2
..

i.

23
,.

..

.7+. 7

22+2

CC #2

Cs XA

XB

D.W.

6.88
7.35

8.37

2. 33x10-2

olit

23
..

CC #3

XA
XB

D.W.

6.88

7.35
8.37

2.33x10-2
..

..

23
it

CC #2

Tc

Sr

Cs

Cm

B

C
B

C
B

C
B

C
B

C
B

C
B

C

6.58
7.48
6.58
7.48
6.58
7.48
7.67
8.23
7.67
8.23
7.40
8.21
7.40
8.21

23
'I

SI

II

II

to

t'

-. 8+.1

-.1+. 7

6540±1800

.3+. 5

.6±.8

12191±699

1.88±1.56

6.70±4.80

.62±.84

1.67±2.11

1.14+1.10

4.15±3.75

6468±5010

25551±16942

2.9±1.0
-3.8±5.3

>900
>900

27.0±4.7

23.5+1.3

U

Am

Np
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C C # 2 ( c o n t ' d .) HI i . C n . M g / )T 9 d 8
SolutionpHIi.Cn.Mg 

l TCK

c 8.21 11 ~~~~~~~~~~~~~~~~55.1±25.7
Pu B ~~~~~~~~~6.78 I O2Pu ~~~~~C 7.52 1 OBl.
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Appendix 2

Synthetic Brines and Groundwaters
Used in Kd Determinations

AI

Na + 42000

K + 30000

Ca ++ 600

mg ++ 35000

Fe 2

Sr 5

Li + 20

Rb 20

Cs 1

CI 190000

SO: 3500

BO 3 1200
3

HCO; 700

Br 400

I 10

Al -

Sio -
2

F -

B
1

15

900

10

2

15

n.d

1

1

175000

3500

10

10

400

10

XA I XBC1 1 D2 E3 F4 G5 H6 I7

570005 1150055 100 TO76H TOR76 30-.7 2.46~ 29.9 56.2

52000 50000 5 9.0 5.0 9.0 2.51 9.4 4.3

1300 800 600 6.5 10.0 6.5 1.01 6.6 14.8

38000 1000 200 1.0 5.0 1.0 - 0.9 4.35

50 50 1 - 0.1 - - - -

20 20 15 - - - - - -

20 20 n.d - - - - - -

20 20 1 - - - - - -

10 10 1 - - - - - -

240000 200000 200 16.2 27.8 14.4 152 16.3 -

7000 10000 1750 23.0 24.0 11.1 108 24.0 11.2

1200 1200 n.d - - - - - -

700 700 100 63.0 65.0 81.5 65.4 57.9 100

400 400 n.d - - - - - -

10 10 n.d - - - - - -

0.03N

K NaHCOi
3_

' 42 652±37

0 5 <5

5 37.5 0.2±0.2

5 7.5 <0.05

- <0.1

- <0.05

) 93 43±22

5 7.5 <0.1

) 100 1480±307

- <0.1

- <0.1

L.5 0.75 -

5.13N 0.031 0.03

NaCl
9

CaC19 NaCl
9

121000±7000 4±2 672±45

<500 9±6 14±3

<20 537±75 0.2±0.2

<5 1.4±0.2 0.05±0.05

<10 <0.1 <0.1

<5 <0.05 <0.05

183000±7000 917±105 1000±11

36±33 <0.1 <0.1

11±5 11±10 14±10

-

_ _ _ - 0.01 -

- - - - 25.0 25.0 157

- 0.0079 -

- 15.1 -

<10

<10

<0.1 <0.1

<0.1 <0.1

- - 37.1 0.8 -

n.d - not detected
- - not determined
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APPENDIX III

Model Description

We consider transport of radionuclides in a porous medium described

by the diffusion-convection equation including radioactive decay and a

linear isotherm description of sorption. It will be assumed that the

radionuclides are uniformly released from a canister with a plane surface

of area A oriented perpendicular to the x-axis. In general this problem

will require a three-dimensional description of solute transport. Since in

this study transport will only be assumed to take place in the x-direction,

this problem reduces to a one-dimensional problem for which the radionuclide

+ +

concentration, c(r,t), at position r and time t is completely determined by

its concentration, c(x,t), along the x axis.

The concentration, c(x,t), at position x and time t, obeys the linear

partial differential equation given by

ac ~ ~ 2ac (Al)
R{ Xt + Xc} = Da -v - .

Here D is the diffusion coefficient, v is the fluid pore velocity, X is

the radioactive decay constant, and R is the retardation given by

R + (A2)

where p is the bulk density of the porous medium, ¢ is its porosity,

and Kd is the distribution coefficient.
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In this work two different models for solute transport in one

dimension are employed whose concentrations are assumed to obey

eq.(Al). Both models have identical initial conditions and identical

boundary conditions at infinity of zero concentration:

C(x't = 0) = (O < x < ¢)(A3)

la c(x't) = (O < t < (A4)

The models differ in the boundary condition imposed at the canister-

barrier interface: Model I specifies the concentration, and Model II,

the flux. The specific forms assumed are given by decaying pulses of

duration T, where it is assumed that leaching begins at time t = 0.

For Model I,

c, (O,t) = co e At {e(t) - 0(t-T)l (A5)

where co is the concentration at the canister-barrier boundary expressed

in moles/m3 or curies/m3, and e is the step function defined by

{t > 0
- tO (A6)

6(t) =

t < O

For Model II,

J I I (Ot) = roe-t I 6(t) - 6(t-T)} (A7)

where the flux, J(x,t), is defined in general by

J(x,t) = D axt + v c(xt), (A8)

and ro is the leach rate in moles/m2.year.
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Models I and II exhibit substantially different behaviors in the mass

flux at the canister-barrier interface as a result of the different boundary

conditions imposed on each model. For t > T, some of the mass present

in Model I diffuses backward through the canister-barrier boundary,

returning to the canister. This loss of mass through diffusion is

referred to as spurious backward diffusion and is a direct result of

setting the concentration equal to zero at the canister-barrier inter-

face rather than imposing the physically realistic no-flow boundary

conditions of Model II.

The explicit forms for c1(x,t) and c1 1(x,t) which are solutions

to equation (Al) can be found in NRC TASK II - TA where they are given as

c1(x,t) 1 coeXt { [erfc { E_(xt) + e D erfc I i+(xt) } ]

(A9)
- e (t - T) Et + t - T] }

and

cii(x't) = 1 rV e At Lerfc 4._ (x,t)l- (1+ b (x + vt))exp h- x

4~~~~ 2 R P{- 't (A10)erfc (t (x-t) + t -74p (-v xt)

-8 (t - T) [t + t -T) (v # 0)
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it(x't) = x + vt/R (All)
2 Dt/R

For v = 0,

cII(xt) = roe Xt 2 _rte I - Rx2/4DtJ _ x erfc __

\ LV R VN (A12)

- 6 (t - T) It t - T] (v = 0).

The notation (t + t - T] denotes that the quantities appearing in square

brackets are to be substituted with t replaced by t - T everywhere in the

expression.

The concentration boundary value, co, and the leach rate, r0, are

determined so that the total amount of solute leached from the canister

during the leach period, T, is equal to the total amount initially present

in the canister when adjusted for radioactive decay. This situation is

expressed as

Mt0t(T) = M°Yt(T) = Qoe-X(to + T) (A13)

where QO is the initial waste inventory and to is the canister life time.

The total mass of solute present at time t is obtained by integrating the

solute concentration over all space

MtOt(t) = R f c(r,t) d3 r

(A14)
= RA fJ c(x,t) dx
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Both c(r,t) and c(x,t) are expressed in moles/m3 or curies/m3 ofaqueous phase. Explicit forms for the total solute mass are given in NRCTask II-TA and repeated below.

For Model I when v # 0

Mtot (t)I Acoe Xt{ Dt e

---iVt erfc I2 ~(2 )DR]

+ A cve-At [t - 0

v 2 t

+ - erf | 2v I 2 DPR/

- 0 (t - T) [t + t-T] }

(t - T) (t - T)3 (Yv 0),

(Al5a)

and when v = 0

MtOt(t) = 2A coe- I_I 
A~~~~~Ti V t

Defining the function f(T) such that

MI (T) = Ac f(T)I 0

(A16)
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it follows from eq.(A13) that

-A(t +T)
Q e o

0

co Af(t)

From eqs.(A15) and (A16), f(T) has the explicit form given by

-X(t +T) e v2T DR v
f(T) = e ;o | _ exp t~ 4DR) + erf

- vT erfc (¾ + vT t (v # O)

(A17)

(Al~a)

(Al8b)

z \=& V WK ) )

for v # 0, and

f(T) = 2e A(to+T) DRT
(v = 0)

when v = 0. It will be noted from its definition that f(T) has the dimension

of length. For a dominantly convective system, f(T) has the limiting value

-X(t +T)
- 0Lul _VL vi m Xm _...

1-1 m r t T) -- VT e
V+CD

( Al 9)
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For Model II, the total solute mass is

MtOt(t) = A roe Xt [t - 0 (t-T) (t-T)) . (A20)

Thus the leach rate, ro, of Model II is determined according to eq. (A13)

by the initial waste inventory of a particular radionuclide, QO, divided

by the leach period, T according to the equation

QoeA(to + T) (A21a)

A T

As follows from eqs.(A17) and (A19) for a dominantly convective

system, ro and co are related according to

ro -vc 0. (A21b)

Analytical Expression for Mass

The mass of solute contained in a barrier of length L is obtained by

integrating the solute concentration over the barrier:

ML (t) = RA jL c (x,t) dx (A22)
0

where c(x,t) is given in eq. (A9) for Model I and eq. (AlO) or eq. (A12)

for Model II depending on the velocity v.

To evaluate the integral in eq. (A22) it is convenient to make the

following definitions.

Let

I1 (t) = JL erfc (E-) dx (A23a)
0

vx

I2 (t) = D e erfc (E+) dx (A23b)
0
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I3 (t) = fL xe vx/D erfc (g ) dx (A23c)
0

I4 (t) = J e dx (A23d)
0

RX2

I5 (t) = | e 4 dx (A23e)
0

16 (t) J x erfc (2 /R) dx (A23f)

Utilization of integral tables for error functions [Ng and Geller, 1969] enables

analytical evaluation of these integrals to give the following expressions:

I1(t) = 2 VDt/R [.(L,t) erfc (C_(L,t)) - E (o,t) erfc (E_(o,t)

/ ~ ~~22 (A24a)
1 | - [E-(L,t) - [ (ot)](A

-V r te- e
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I2(t) = V

vL
D

erc(~+ L,t)) + erf (6_(Lt))

- erfc (c+(ott)) - erf (gC(oft)j

(A24b)

I (t) = D L
3

vL
Dvt

R
erc(~+(L,t)) - v)erf c (++(ot))

+ i---iErf - (C(L,t)) -

- [C (L,t)] 2

- erf (�-(Olt)) (24c)

irR
- e - [C-(ot)] R I (t)

R 2
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Now, the mass of solute inside the barrier for Model I becomes

ML t) t I1(t) + I2(t)) - 9(t-T) [t+t-T]T

from eqs. (A9) ,(A22), (A23a), and (A23b).

(A25)

For Model II, the mass of solute inside the barrier when v # 0 is given by

ML (t) = ° [ l (1 D ) I D 13 (t) + 2v I I(t)l
ML (t) DR 2eD 16- + D4/

I ~~~~~~~~(A26)

- 6 (t-T) [t+t-T]

from eqs. (AlO), (A22), (A23a), (A23b), (A23c), and (A23d).

When the convective velocity, v, is zero, the solute mass inside the barrier

becomes

ML(t) = ARroe Xtj

II

- 6(t-T)

for Model II, where

-

15(t) - 1 I6 (t))] (A27)

-

(v = 0)

(A22), (A23e), and (A23f) have been used.

In the limit L+-, the expressions for ML(t) in eqs. (A25), (A26) and (A27)

approach MtOt(t) as they must.
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From ML(t) and Mt~t(t), the mass outside the barrier may be calculated as

Mout (t) = Mtot (t) - ML (t). (A28)

The qualitative nature of how the masses ML(t), Mout(t), and Mtot(t)

depend on various parameters (L, Kd, D, v, etc.) may be used to evaluate

the usefulness of engineered barriers.

For the special case of pure diffusion (v = 0), Model I yields

from eqs.(A25) and A(l5b) the following expression for Mout:
I

MI (t) = RAC e t 2 2 e

- RL2

4Dt
- L erfic (

(A29)

when t < T.

Using the corresponding expression for MtOt obtained from eq. (A15b) and
I

given by

M )=2D~tt D (A30)
MtOt(t) = 2Acoe -
I
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the mass ratio, 0(t) of MOUt to MtOt is found to be
I I

,B(t) = MIut(t)

Mtot t)
I

4RL2 (A31)

= e - - L i-erfc
2 weDt 2v5d <

when v = 0 and t < T.
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Table 2.1 Representative Groundwater Compositions from

the Stripa Granites, Hanford Basalts and

Salts. Concentrations in mg/l

Site

Sample No.

pH

C1

HCO3

co3

so4

++
Ca

++
Mg

Na

+
K

Stripa1

26-3 27-4

8.3 8.1

28 26

122 96.4

n.d n.d

89 147

52 81

3.5 6.0

38 45

0.6 2.9

Hanford2

DC2 Di

9.9 10

95 148

73 51

27 127

26 96

C6

.1

Rustler-Salado3

H-1 P-14

7.9 7.2

210,000 180,000

675 222

n.d n.d

520 10,000

13,000 570

30,000 1,200

56,000 120,000

17,000 1,300

.26

182

<1

1.4

1.3

2.0

242

3.2

1From Fritz et al (1979)

From Apps et al. (1979)

From Mercer and Orr (1978)

n.d = not detected
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Table 2 .2 Toxicity Index (TI) Ranking of Significant Radionuclides in Typical PWR(U) High Level waste (adapted from Silva, 1981)
I

103 yrs 104 yrs
Time After Discharge from Reactor

105 yrs
Tl 1 50tOnt tl Tl

aoutuw~~~~~~~~~~~~~~~~~~. I utu ...... l

241 A

243k (239p,)

240Pu

129
1

2 3
9Pq

126 5n (1 SOb

79 S

237Np (
233

p,)

99
Tc

07 Pd

16R& (22 Rn)

1.2 a 107

4.2 x106

1.4 xlo,

6.2 x 105

4.2 x 105

3.7 x 105

1.3 x 105

1,3 x 105

4.6 x104

3.8 a 104

1.9 xa10

243Am (
239

Np)

239pu

2 2 6
Ra (

2 2 2
Rn)

1291

240pu

1 2 6
5n (1

26
Sb)

237
Np (

2
33 hP

79 S

99
Tc

1 0
7Pd

210 pb (210Pb. 210Po

1.8 x 106

8.1 x 105

7.7 x 105

6.2 x 105

5.4 x 105

3.5 a 105

1.3 x 105

1.2 x 105

4.6 a104

3.8 x 104

2.4 x 104

2 2 6
R (222 Rn)

1291

2 2 9
Th (

2 2 5
RI 2

0 9
Pb)

2 1 0
Pb (

2 1 0
Bi. 

2 10
po)

126
Sn (126 Sb)

237 p (233Pa

2 3
9Pu

227A: (
2 27

Th 219"P)

79
Se

107P'd

99 Tc

6.2 x 106

6.2 x 105

3.5 x 105

1.9 x 105

1.9 x 105

1.3 x 105

1.1 X 105

8.8 x 104

4.6 x 10
4

3.8 X 104

3.4 x 104

106 yrs
Isotope Tl

226R& (222Rn) 1.7 x 106

229
7h (2250 

3
2Wpb) 7.7 x a05

1291 6.2 x 105

227, (
227

Th 2198n) 1.2 x 105

237p (
2 33

pa) 9.2 x l04

210
Pb (21081i 210

po) S.0 x ao,

107Pd 3.5 x 104

Toxicity Index (TI) Ranking of Significant Radionuclides in Typical PWR(U) Spent Fuel

241Am

2 4 0
pu

239pu

2 4 3
hm

226Ra

1291

126sn

237 Np

2.3 x 108

8.9 x 107

6.5 a10'

(239 N) 4.2 x 106

(222Rn) 1.0 x 106

6.2 x 105

(
1

265b) 3.7 x 105

(233
Pa) 3.6 x 105

3.5 x 105

1.9 x 105

(
227

Th 219R8) 1.3 a 10'

1.3 x 105

234Th. 
2
34'Pa) 1.3 x 105

6.5 x104

4.6 x 104

3.8 x l10

(
210

6i 
210

Po) 3.2 x 104

239 Pu

226Re (222Rn)

240pu

243Am (
239

6p)

2 1 0
Pb (

2 1 0
8i. 210PO)

2 2 7
Ac (

2 2 7
Th 21980)

129i

(
233

PA)

(
1 2 6

Sb)

5.0 x 107

4.6 x 107

3.5 xa 70

1.8 x io6

1.4 x 10
6

1.2 x 106

6.2 x 105

4.2 x 105

3.5 x 105

3.4 x 105

1.3 x10

1,2 x 10l

7.7 x 104

6.2 a 104

4.6 x 104

4.6 x 104

3.8 x104

226
Ra (222 Rn)

2 1 0
Pb (210 8, 

2 10
po)

227 AC(
2 27

Th 219Rn)

239 Pu

2 2 9
Th (

2 2 5
Ra 2

0 9
Pb)

1291

230 Th

237 Np (
2 33

pa)

242 Pu

1 2 6
5n (126Sb)

238U (
234

Th, 
234

mpa)

234u

79 Se

1 07Pd

99
Tc

231Pa

3.6 x 108

1.1 x 107

7.7 a 106

3.8 x 106

1.1 x106

6.2 x 105

5.0 a 105

4.2 x l0O

2.9 x 105

1.9 x 105

1.3 x 105

5.0 x 104

4,6 a 104

3.8 a lo0

3.4 x 104

2.6 x 104

226hR (222Rn)

2 27
?A (

2 27
Th 1'9Rn)

2 10
Pb (2108i. 

2 1 0
po)

2 29
Th (225R8 109Pb)

1291

237
Wp(

233
pa)

2 3 0
Th

238u (
234

Th, 234x )

242pu

107Pd

231 pa

233u

1.7 x 108

9.6 x io6

5.4 a 106

2.5 x 106

6.2 x 105

3.0 x 105

2.3 x 105

1.3 x 10l

5.8 a 1o
4

3.5 x 104

3.2 x 104

3.1 x 104

234%)

79
5e 795e

99
Tc

99
Tc

P 
9

Pb)



Table 2.3
PZCus, IEP's and pH(EP 's) for Selected Solids (after Parks, 1975)

PZC s and IEP's for salts of simple ions
8

Balt ISP PZC

Agcl pAg 4.1-4.6 nd

Agqr pAg 4 , 2 _5. 4 b 5.6-5.9
AgI pAg 5.1-6.2c 4.8-6.05

CaF2 pCa 2.6-7.7 nd
B3S04 pBa 3.9-7.0 nd
PbSO4 pPb 5.1 4.5
CAWO4 pCa 4.8

'References: Parks (1967), Honig and Hengst (1969), Fuerstenau and Healy (1972).

b1EPs bas low as 1.3 have been observed.

CIEP s as low is 2 have been observed.

Ranges of PZC's for oxides and hydroxidese

M20, MON PZC > pH 11.5
NO, M(OH)2 8.5 < PZC < 12.5
K203, M(OH)3 2 < PZC < 11

M02' M°2 *nH20 0 < PZC < 7.5
M205, MO3 < PZC < 0.5

aReference: Parks (1965)

PZC's and ISP's of Pe(III) oxides and hydroxides

PZC or IgP, (pH) Ionic Strength Comments Source
mol 11

Amorphous Fe203 nH20 6.5 to 8.8 Various Range of precipitated Parks (1965)
or materials free from C1-
FelIII) hydroxide' and Soj- and never dried

a-PeOOH 5.9 to 6.7 Various Synthetic and natural Parks (1965)
(Goethite) PZC, 7.8 to 8.3 I < 1.0, NaCl PZC depends on prepara- Hingston et al.

tion history (1972)

u-Fe2 O3 8.0 to 9.03 Various Synthetic, never dried Parks (1965)
including 1.0,

NaCl
PZC, 8.4 to 9.3 I < 1.0, Nacl Synthetic Atkinson et al.

(1967)
4.2 to 6.9 Various Natural Parks (1965)

PZC's and IEP's of manganese oxides

PZC or IEP, pH Ionic Str
Sol 1-

1
Source

6-MnO2 PZC, 2.8 ± 0.3 I < 0.01, Na+, Morgan and
(birnessite) Ht, C1- Stumm (1964)

IZP, 1.5 t 0.5 I < 0.001, Healy et al.

NaNO3 (1966)
PZC, - 4 I < 0.1 Jenkins and

Stumm (1971)
P2C, 2.2 ± 0.1 I < 0.01 NaCl Murray (1972)
ISP, < 2.5 or KC1

Mn(II) IEP, 1.8 - 0.5 I < 0.001, Healy, at al.
manganite N"03 (1966)

PZC, 1.8 ± 0.5 I < 0.01, Mu, Murray, et al.
C1- (1968)

a-MHO2 IgP, 4.5 + 0.5 I < 0.001, Healy, at al.
(cryptomelane) NaN03

O-MnO2 ISP, 7.3 ± 0.2 I < 1.0, Healy, et al.
(pyrolunite) NaNO3 (1966)

ISP, 4.6 ± 0.2 I < 0.01, Na+, Malati, et al.

C1- or N03 (1969)

y-14n02ISP, 5.5 3 0.2~~~~~~~~~~

Y-MnO2 IZP, 5.5 > 0.2 I < 1.0

NMN03
Healy, et al.
(1966)



Table 2.3 page 2

Isoelectric points (IEP's) of silicates

Source*

Aluminum silicates (see also 4.2.3.71

A1 2 SiO5 (kyanite, andalusite
*illimanite)

Faldepars
WaAlSi 3O8 -XAlSi 3 O8 (albite-
orthoclase)

microcline (KAlSi3 08, in OlalM
XC1, aged 3 hours)

Magnesium Silicates (Ng3 Si2O5 (OM)S)
chrysotile
chrysotile: freshly immersed

aged 70 days

lizardite
serpentine (aged 1 to 50 days)

Forsterite (Mg2 SiO4)

Cummingtonite ((FeMG)7(Si4Oll),(OH)2)

5.2-7.9b

2.0-2.4

<2

11-11.8
>12

-9

9.6
6.6-8.9

<8.4b

Ssolik at al.

(1966)

Warren and
Kitchener (1972)

Seith and
Trivedi (1971)
seith and

Trivedi (1971)

Soith and
Trivedi (1971)
Luce and Parke
(1972)

5.2

a If no source is given, data have been selected from the review by Parks (1967).

b Range reflects differences in history. IEP becomes more acidic as sample equilibrates in water.

pH(IEP) for kaolinite and montmorillonite

pH(IEP) Source

Xaolinite 3.3 to 4.6 Parks (1967)
3.3 Buchanan and Oppenheim (1968)

< 2 Veatier (1969)

montmorillonite < 2.5 Parks (1967)
< 2 Touret (1969)

Vestier found IEP < 2 for kaolin in Li+, Nff+, H+, Ca+
2
, and 89+2 forms at an ionic strength

of 0.01 mol 17(KC1).
Touret found IEP < 2 for montmorillonite in NaCI, CaC12 and U0 2 (NO 3 )2 solutions from 0 to 0.01
dol 1-1.

IEPS? of carbonates

PZC or IEP, (pH) Ionic Strength Comments Source
aol 1-1

Calcite, CaCO03 IEP, 10.8 Natural, aged Somasundaran and
minutes Agar (1967)

IEP, 9.5 Natural, aged 2
months
log ECa - -3.5;
log EC3 - -3

Dolomite, C&Mg(CO3)2 IEP < 8.5 0 to 0.01, KC1 Natural, aged 30 Predali (1970)
minutes

Magnasite, KgCO3 IEP, 5.2 t 0.1 0 to 0.01, KC1 Natural, aged 30 Predali (1970)
minutes



Table 2.4 Cation exchange capacities (meq/bo1g anhydrous)
for selected natural and synthetic solids

Solid CEC Si/Al Source
clays

kaolinite 3-15 Grim (1968)
halloysite 5-50 "
smectite 80-150 "
illite 10-40 "
vermiculite 100-150 "
chlorite 10-40
sepiolite 3-15

natural zeolites
chabazite 500 2 Breck (1974)
mordenite 260 5 "
erionite 380 3 "
clinoptilolite 260 4.5 "

synthetic zeolites
zeolite A 700 1
zeolite X 640 1.25
zeolite Y 500 2.0
zeolite T 340 3.5

other silicates
serpentine
talc
pyrophyllite
biotite
muscovite
quartz

3U l

8-13
8-11
.2-1.2

Dolcater et al. (1968)
SI

Silva et al. (1969)



TABLE 2.5

HYDROTHERMAL CONVERSION OF CERTAIN ZEOLITE MINERALS

AT 1000 BARS, 10 DAYS (FROM BRECK, 1974)

Starting Zeolite Degree of Exchange Temp.( C) Phase Formedb

Chabazitea 0.73 CaO 230 wairakite

Naex 0.98 210 analcime

Kex 0.92 300 high sanidine

CAex 0.90 230 phillipsite

Phillipsite 0.71 CaO 270 wairakite

Naex 0.92 230 analcime

Kex 0.65 300 high sanidine

Ca ex 0.90 260 wairakite

Clinoptilolite 360 mordenite

Degree of exchange expressed as Sum of exchange cation
total exchangeable ions

bThese were identified by x-ray powder patterns and indicate the
structure-type formed
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TABLE I _ CUMULATIVE RELEASES TO THE ACCESSIBLE ENVIRONMENT

FOR 10,000 YEARS AFTER DISPOSAL

Radionuclide Release Limit
(curies per 1000 MTHM)

Americium-241 - - - - - - - - - - - - - - - - - - - - - 10

Americium-243 - - - - - - - - - - - - - - - - - - -… - 4

Carbon-14 - - - - - - - - - - - - - - - - - - - - - - 200

Cesium-135 - - - - - - - - - - - - - - - - - - - - - - 2000

Cesium-137 - - - - - - - - - - - - - - - - - - - - - - 500

Iodine-129 - - - - - - - - - - - - - - - - - - - - - - 900

Neptunium-237 - - - - - - - - - - - - - - - - - - - - - 20

Plutonium-238 - - - - - - - - - - - - - - - - - - - - - 400

Plutonium-239 - - - - - - - - - - - - - - - - - - - - - 100

Plutonium-240 - - - - - - - - - - - - - - - - - - - - - 100

Plutonium-242 - - - - - - - - - - - - - - - - - - - - - 100

Radium-226 - - - - - - - - - - - - - - - - - - - - - - 3

Strontium-90 - - - - - - - - - - - - - - - - - - - - - 80

Technetium-99 - - - - - - - - - - - - - - - - - - - - - 2000

Tin-126 - - - - - - - - - - - - - - - - - - - - - - - - 80

Any other alpha-emitting

radionuclide - - - - - - - - - - - - - - - - - - - - 10

Any other radionuclide which does

not emit alpha particles - - - - - - - - - - - - - - 500

TABLE 3.1
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TABLE 3.2
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Decay Series

Uranium I Neptunium I Actinium
I Time (years) I I Time (years) I I Time (years)

nuclide I 103 104 105 106 1 nuclide I 103 104 105 106 I nuclide I 103 104 105 106
nuclide nuclide~~~~~I I nuld

I 0 I 1 2
2 10po I 0.28 12.2 98. 47. I 2 13Po I 0.01 1.7 41. 92. I 2 15Po I 0.04 0.36 2.3 2.9

218po I 0.28 12.2 98. 47. I 217At I 0.01 1.7 42. 94. I 219Rn I 0.04 0.36 2.3 2.9

2 2 2Rn I 0.28 12.2 98. 47. I 2 21Fr I 0.01 1.7 42. 94. I 2 2 3Ra I 0.04 0.36 2.3 2.9

226Ra 0.95 40.7 326.7 156.7 2 25Ac I 0.01 1.7 42. 94. 1 2 2 7Ac I 0.0 0.0 0.05 0.06

230Th 1.6 15.7 97.8 47. I 2 29Th I 0.01 1.7 42. 94. I 2 2 7Th I 0.04 0.36 2.3 2.8

234U 1 192. 188. 153. 41.1 I 2 3 3Pa I 2.1 2.4 2.4 1.8 I 2 3 1Pa I 0.04 0.36 2.3 2.9

238U 1 31.4 31.4 31.4 31.4 233U 0.33 5.0 42. 94. I 2 3 1Th I 0.04 0.04 0.06 0.06

242pu 17.4 17.1 14.5 2.8 I 2 3 7Np 1 52 61 60. 44. I 2 3 5U I 1.76 2.01 2.81 2.88

1 24IAm 1 92000 2.0 0 0 I 2 3 9Pu I 3220. 2520. 198. 0

241pu 4. 1.9 0 0 1 239NP 31.4 13.88 0 0

I 245CM 4. 1.9 0 0 1 243Am 1 3925. 1735. 0.5 0

TOTAL I 244 329 918 420 I TOTAL I 92000 83 313 608 I TOTAL I 7178 4289 213 18

Table 3.3 Contribution of Radioactive Decay Series to EPA - Potential Hazard Index


