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ABSTRACT

Chemical understanding of the reactions by which radionu-

clides could sorb onto solid surfaces in Yucca Mountain is not

well developed at the present time. Nor are the controls on these

mechanisms well defined. Yet in order to properly evaluate the

whether or not the site can meet the regulations established for

a nuclear waste repository, the chemical interactions of radionu-

clides with the host rock of the repository must be quantified.

This paper presents a strategy for quantifying these interac-

tions for the Yucca Mountain site. The strategy recognizes that

minimum values exist for sorption coefficients for radionuclides

in the emplaced waste which provide adequate barriers to trans-

port relative to the regulatory limits. For example, preliminary

transport calculations suggest a minimum Kd value of i00 ml/g

should provide an adequate sorption barrier for Am, Cm, Cs, Nb,

Pu, Ra, REE, Sn, Th, and Zr. This economizes the experimental

work required to address the sorption barrier for these radionu-

clides in that this work must only show that a K d value of at

least i00 ml/g will be achieved under any credible scenario. If

the major mineral phase that has the lowest sorption potential

shows a sorption coefficient for these elements of at least i00

ml/g under the least favorable conditions, this value could be

used in all transport scenarios. If this mineral phase does not

have sufficient sorption potential, the phase with the next low-

est sorption potential could be evaluated. This approach may also

be appropriate for Ni and Pd although further analysis is

required for a fuller evaluation. Sorption of radionuclides dur-
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ing fracture flow could be addressed using a minimum K a approach

similar to the minimum Kd approach. For some radionuclides (i.e.,

U, Np, C, I, Se, an_ Tc), this approach is clearly inadequate.

Out of this group, the elements C, I, and Tc will likely not have

a significant sorption barrier. For U, Np, and Se, the proposed

strategy is to first identify the mineral/water parameters that

are most critical to their sorption behavior. This information

could be obtained from pure mineral and whole-rock sorption

studies. Once the parameters are identified, site data could be

used to bound the expected variations in these parameters and to

develop probability distributions for these variations. These

distributions could then be used along with the results of batch

sorption studies to develop probability distributions for the U,

Np, and Se Kd'S. Questions concerning colloidal transport of

radionuclides or the potential influence of organic species on

radionuclide transport in the Yucca Mountain flow systems are not

addressed in this paper.
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i. INTRODUCTION

The chemical interactions of dissolved radionuclides with

mineral surfaces along flowpaths from the proposed repository to

the accessible environment around Yucca Mountain constitute one

of the potential barriers to radionuclide migration at the site.

Our limited understanding of these interactions suggests their

details will be complex and will involve control by numerous

chemical and physical parameters. It appears unlikely that we

will understand all the details of these reactions or obtain all

the site data required to evaluate each of them in the time

available for site characterization. Yet, performance assessment

calculations will require some form of coupling of chemical

interaction models with hydrologic flow models for the site.

Clearly, strategies will be needed to bound the problem without

compromising the reliability of the performance assessment calcu-

lations required for site suitability analysis. The main purpose

of this paper is to describe such a strategy.



2. Identification of the Important Radionuclides

The types of radioactive waste that may be emplaced in a

high-level nuclear waste repository include (i) spent fuel, (2)

high-level (reprocessing) waste, and (3) high-level defense

waste. Oversby (1987) has evaluated compositions and likely

inventories of spent fuel to be emplaced in a geologic repository

and has provided lists of those radionuclides for which the per-

formance of the site will be critical with respect to meeting the

regulatory release limits. Oversby (1987) compared the maximum

annual release rates from an engineered barrier system as allowed

by NRC regulations (10CFR60) with integrated release limits to

the accessible environment allowed by EPA regulations (40CFRI91).

In effect, she assumed the boundary to the accessible environment

and the engineered barrier boundary to be one and the same. The

"important radionuclides" were identified as those radionuclides

for which the allowed NRC annual release rates from the engi-

neered barrier system resulted in integrated release rates to the

accessible environment that exceeded the EPA release limits

(40CFRI91). Table I lists the "important radionuclides" result-

ing from this evaluation in order of the degree to which they

exceed the EPA release limits. Note that this listing is indepen-

dent of the characteristics of the engineered barrier system and

of the site, it is a direct result of the composition of the

emplaced waste and the combined NRC and EPA regulations.

Unless the engineered barrier system is designed to provide

compliance with 40CFRI91, site characteristics must be called on

__i_i_|_ii_ii_|_li|_i_R_mm_uaai_|i_i_i_aaHmm_mn_Ii_N_I_H_n_a_mn_m_aaa_m_|_i_m__|m_||_il_N_||_i|_|mt_i_n_i_m_KDf
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for such compliance. The site characteristics which could ulti-

mately determine the rate at which radionuclides are released to

the accessible environment from the repository horizon include

(figure i): (I) the solubilities of compounds of the important

radioclides that are stable in ground waters located between the

repository horizon and the accessible environment, (2) the rate

and volume of water and air movement through the repository to

the accessible environment, (3) the dispersion rates for radionu-

clides in the ground water and air flow systems associated with

the Yucca Mountain site, (4) the sorption of radionuclides to

immobile and mobile (e.g., colloidal) surfaces present in the

ground water and air flow systems associated with the site, and

(5) the decay of the radionuclides during transport. This paper

is concerned primarily with (4), the sorption barrier.

3. Summary of the Mineralogy of Yucca Mountain Tuffs

The mineralogy and textures of Yucca Mountain tuffs is

important to the sorption behavior of the important radionuclides

because it determines (i) the types (i.e., structure and composi-

tion) of mineral surfaces available in the tuffs, and (2) the

areas of the different mineral surfaces (internal and external)

available for sorption of radionuclides.

The mineral species that have been identified in in the mat-

rix and in fractures within Yucca Mountain tuffs are listed in

Table 2 in order of overall abundance. Feldspar and quartz are by

far the most common matrix minerals (Bish and Vaniman, 1985).

They are most abundant in the devitrified tuffs such as those

found in the Topopah Springs member of the Paintbrush Tuff, the

m
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Prow Pass and Tram members of the Crater Flat Tuff, and the Older

turfs as shown in Figure 2. The zeolites clinoptilolite and

mordenite are abundant in parts of some nonwelded units (e.g.,

Calico Hills) but are limited to sparse fracture lining minerals

in most of the devitrified tuffs (see below). In the nonwelded

units, the zeolitic zones are thickest in the northern and east-

ern portions of Yucca Mountain but thin out to the south and west

(Bish and Vaniman, 1985). Clays are locally abundant in the mat-

rix of some tuffs (e.g., in some parts of the vitrophyres, in

Drill Hole G-2 and the bottom of Drill Hole G-l) but are a minor

component (1-3 %) in most of the tuffs beneath the potential

repository (Chipera and Bish, 1989). Calcite is generally a minor

component in the tuffs with a bimodal distribution. In most

holes, it is a minor to abundant constituent at depths <300m and

at depths >900m but is sparse or absent at intermediate depths.

Hematite is widely distributed as a trace mineral, particularly

in the matrix of the devitrified units.

Although a relatively large number of fracture minerals are

listed in Table 2, the overall abundance of these minerals is

very small (Spengler et al., 1983; Maldonado and Koether, 1983;

Spengler and Chornack, 1984; Scott and Castellanos, 1984; Carlos,

1985; Carlos, 1989; Carlos et al., 1990). Manganese minerals are

found in fractures throughout most of the holes for which data

are available except in G-2. In G-2, manganese minerals are

restricted to the upper few hundred feet of the h:_:.ie. In most of

the holes for which data are available, calcite is common in

fractures within a few hundred feet from the surface, is minor or

absent in the middle sections of the holes and is again common in
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fractures in the lower parts of the holes consistent with the

abundance variations of calcite in the matrix. Clays and zeoli-

tes generally increase in abundance in fractures downhole and are

the dominant secondary minerals in the lower parts of some holes.

Silica and iron oxide/oxyhydroxide phases are somewhat unevenly

distributed in fractures but are nonetheless important fracture

lining phases.

Data on the concentrations of elements on surface sites

in minerals in Yucca Mountain tuffs are very limited at present.

The minerals for which the greatest number of data are available

are the zeolites and clays. This is because measurement of the

bulk cation abundances (i.e., Ca, Mg, Na, K) in these minerals

reflect the cation populations on intracrystalline exchange

sites accessible to aqueous species. Broxton et al. (1986) have

tabulated chemical data for zeolites and clays from various vol-

canic units in Yucca Mountain. In general, samples from the west

side of the repository block are Na-and K-rich while the eastern

samples are enriched in Ca and Mg (Broxton et al., 1986; Figure

i). Carlos (1985; 1989) and Carlos et al. (1990) have provided

chemical data on zeolites and clays found in fractures. In gen-

eral, the zeolites found in fractures are similar in composition

to zeolites present in the matrix adjacent to a given fracture

sample although exceptions have been noted. Analytical data on

the surface compositions most of the other mineral phases listed

in Table 2 are essentially non-existent. The actual surface

structures (e.g., defects, pits, etc.) of minerals in Yucca Moun-

tain tuffs are also essentially unknown.

The available data on total surface area (BET) of tuff
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samples from Yucca Mountain is shown in Table 3. Devitrified and

vitric tuffs generally have surface areas of 1-9 m2/g while

zeolitic turfs have surface areas up to 117 m2/g. Data on the

specific surface areas of the various mineral phases in Yucca

Mountain ruffs are not available at the present time. Available

data on the "cation exchange capacities" of Yucca Mountain tuffs

are listed in Table 4. The zeolite and/or clay-rich tuffs have

cation exchange capacities in the range of 10-20 milliequiva-

lents/g while the capacities of devitrified and vitric tuffs are

in the range of 0.1-175 meq/100g.

4. Summary of Hydrology and Ground Water Chemistry of Yucca Mountain

Site

Knowledge of the hydrology of the site is important to the

development of a sorption strategy because any sorption strategy

developed must be compatible with the hydrologic model formulated

for the site. A generalized conceptual model of unsaturated zone

water flow in Yucca Mountain is shown in Figure 3 (Montazer and

Wilson, 1984). According to Montazer and Wilson (1984), water in

the unsaturated portion of this system will flow dominantly in

the matrix and intermittently in fractures. Given the low infil-

tration rate at Yucca Mountain, the rate of water movement in the

matrix should be slow (Sinnock et al., 1984). The rate of water

movement in fractures may be fairly rapid according to recent

modeling efforts (Buscheck et al., 1991). However, the question

of whether or not there will be significant water flow in frac-

tures beneath the repository horizon after waste emplacement is

unresolved at present.
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5. Strategy for Derivation of KdS for Performance Assessment

Calculations

Although we have a reasonably good idea of the types of

information that are required to model the chemical interactions

of the important radionuclides with mineral surfaces in Yucca

Mountain (Appendix A), it is clear that many of the data required

for such modeling are not currently available nor will they

likely be available given the time-frame for repository site

suitability analysis. This does not mean the sorption barrier

should be ignored in assessments of the performance of the site.

It does imply, however, that a more pragmatic approach is needed

in the derivation of models for the sorption behavior of the

important radionuclides in the Yucca Mountain flow systems. There

are two key factors that I believe should be considered in the

formulation of such an approach. These are: (I) bounding versus

exact predictions of sorption behavior, and (2) the use of site

specific materials in laboratory experiments. These factors will

be discussed in relation to the development of a sorption

strategy.

The regulations for releases of radionuclides to the acces-

sible environment (40CFRI91) specify the total amounts of each of

the radionuclides contained within a repository that are allowed

to be released to the accessible environment over a period of

i0,000 years. They do not specify (i) the rate of release to the

environment, (2) the actual amounts released as long as those

amounts are less than the limits, nor (3) the release points.

Further, the regulations require only reasonable assurance (i.e.,
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The chemical compositions of ground waters in the present

and future ground water flow systems are important parameters

with regard to the sorption behavior of important radionuclides

in this system. The data available in 1984 on the chemistry of

saturated zone ground waters was reviewed by Ogard and Kerrisk

(1984). In the volcanic units, the ground waters are basically

dilute sodium bicarbonate waters. Calcium, potassium, and magne-

sium are the less abundant cations and bicarbonate, sulfate,

chloride, nitrate, and fluoride are the major anions in order of

concentration. The only other major constituent is silica. The

water from the Paleozoic aquifer has higher concentrations of

almost all these constituents as sho w in Table 5.

The composition of waters from the unsaturated zone are not

well known. Yang et al. (1990) has reported partial analyses of

unsaturated zone waters from wells UZ-4 and UZ-5 obtained by tri-

axial compression and centrifugation methods. Core samples from

which waters were obtained came from the nonwelded portion of the

Yucca Mountain and Pah Canyon members of the Paintbrush tuff. The

major cation and anion concentrations in these waters are

intermediate between the saturated zone tuffaceous waters and

waters from the carbonate aquifer (Table 5). Water samples

obtained from UZ-4 cores tend to be closer in composition to the

tuffaceous waters while waters from UZ-5 cores appear to be

closer in composition to water from the carbonate aquifer

although this statement is not intended to imply genetic associa-

tions of the waters with these aquifers.

The Eh and pH of the ground waters in Yucca Mountain are

particularly important with respect to the solubilities and sorp-

I
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tion behavior of a number of the important elements (e.g., acti-

nides, Tc). The available data suggests most of the waters within

Yucca Mountain site are oxidizing (e.g., Ogard and Kerrisk,

1984). Because the spatial and temporal variability in this par-

ameter (i.e., Eh) will be difficult to quantify, the conservative

approach would be to assume all the ground waters between the

repository and the accessible environment are in equilibrium with

atmospheric oxygen. This is conservative because all the impor-

tant (radionuclide) elements have either higher or equal solubil-

ities in oxidizing waters compared to reducing waters. Available

data on the pH of waters in Yucca Mountain show a range from 6.5

to 9.4 (Ogard and Kerrisk, 1984; Yang et al., 1990). In this

case, no single value can be chosen as being conservative, as

explained further below.

The future compositional variations of ground waters in

Yucca Mountain must also be considered in the development of a

sorption strategy. To a first approximation, the variations are

likely to be similar to the present-day variations as a result of

buffering reactions by the country rock. More detailed predic-

tions of future ground water compositional variations will be

developed in the Ground Water Modeling Task of the Yucca Mountain

Project. The strategy proposed here should be sufficiently gen-

eral so that new information from this task can be incorporated

without major revision of the strategy.



phases were found to dominate Np sorption in the tuffs, a similar

methodology would have to be developed. Alternatively, a value of

0.0 ml/g could be used as the default value in performance

assessment calculations unless this value turns out to be unac-

ceptable from a regulatory standpoint.

6. DISCUSSION

The strategy presented here offers a simplified approach to the

inclusion of sorption reactions in performance assessment models.

The level of simplification with which the sorption behavior of

each of the important radionuclides is characterized can be tail-

ored to reflect other barriers that may be available at the site.

The strategy provides a basis for major reductions in the amount

of site specific and experimental data required for the inclusion

of the sorption barrier into performance assessment calculations

yet it has a solid technical foundation.

One important aspect of sorption behavior not fully

addressed by this approach is sorption along fractures. Given

the great variability of secondary mineral distributions in frac-

tures, I believe the actual sorption coefficients operative dur-

ing flow in a given fracture cannot be reliably calculated. How-

ever, a minimum Ka for sorption during the flow of water in

fractures could be derived by assuming the fracture is coated

with the least sorptive mineral phase identified in fracture lin-

ings (e.g., silica). The water composition chosen for this situa-

tion could be either the most active ground water composition in

Yucca Mountain or some more appropriate composition assuming such



J
i

determined to calculate the U Kd in any given rock unit is the pH

of the water chosen for that unit. Because it is unlikely the

actual values for pH will be known at each node in the transport

model, either a conservative value for pH could be chosen or pH

values could be assigned in a probabilistic fashion on the basis

of available data and ground water chemistry model in order to

derive appropriate KdS for U.

In the case of Np, the available data suaaest KdS in the

Yucca Mountain flow system should be in the range of 0-i0 ml/g

(Daniels et al., 1982) with the most likely values in the range

of 0-5 ml/g, assuming oxidizing conditions (>+300 mv). The

measurements indicate that vitric samples generally have the low-

est Np K d values, zeolitic samples have intermediate values and

devitrified tuffs have the highest values (Figure 7). Variations

in ground water composition, including pH, appear to be secondary

factors under oxidizing conditions (Knight and Lawrence, 1987).

The reason rock type appears to be the main control on Np sorp-

tion in the tuffs is not entirely clear. Given that iron oxides

and oxyhydroxides have very high affinities for Np (Meijer,

1989), it is possible the small amounts of hematite generally

found in the devitrified tuffs from Yucca Mountain (Chipera and

Bish, 1989) provide the sorption potential that is observed in

the whole-rock experiments. This possibility could be tested by

performing autoradiography experiments on Np-traced samples con-

taining these oxides (Beall and Allard, 1981). If iron oxides

were found to be the dominant Np sorbers, some methodology for

predicting the iron oxide contents of the hydrologic units in

Yucca Mountain would have to be developed. If some other phase or
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the U data (Thomas, 1987; Meijer, unpub.). Near pH = 7.0, the

whole-rock KdS for Np are in the range of 0-8 ml/g with the lower

portion of this range represented by vitric samples and exper-

iments with high concentrations of Np (near solubility limit).

The KdS measured for Np at pH = 8.5 are generally factors of 2-5

larger than those obtained at pH = 7.0. Allard et al. (1982)

suggest this increase with pH reflects the hydrolysis behavior of

Np in solution.

In terms of performance assessment calculations, the avail-

able data suggest that either a conservative value of 0.0 ml/g

should be used for the U and Np KdS in all calculations or values

used must be assigned on the basis of information on the mineral-

ogy of the rocks and/or the water compositions at each node in

the calculations. Assuming oxidizing conditions, the most impor-

tant factors controlling the U K d value at a given point in the

Yucca Mountain flow system appear to be pH of the ground water,

the carbonate ion concentration in the water, and the rock type

(Figure 6). The carbonate concentration of ground water is

strongly coupled to pH of the water. Therefore, the most impor-

tant parameters are pH and rock type. Detailed mineral composi-

tions (e.g., cations in zeolites) are a factor but appear to be

of lesser importance.

Because (i) rock types are fixed in a given hydrologic unit

and a representative rock composition could be chosen for each

unit that results in a conservative Kd for that unit at a given

pH, and (2) the water composition (other than pH) chosen for the

unit could be that composition which results in a conservative K d

for the chosen rock type, the main parameter that needs to be
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samples used in the experiments were 1-2 order of magnitude

smaller than those used in the pure mineral experiments suggests

much of the difference may be due to this factor alone. However,

additional experiments must be carried out as a function of pH

using representative whole-rock samples and the most active water

composition expected in each hydrologic unit in Yucca Mountain.

By using rock samples and the most active waters from the site,

the competitive effects noted in (i), (2), and (3) will be

addressed directly in the Kd measurements.

For Np, the available data suggests the KdS are small for

quartz and feldspar (<i0 ml/g) in ground waters with pH < 8.0

(e.go, Allard et al., 1980; Beall and Allard, 1981). Above pH =

8.0, the Kds for Np on these minerals increases in an exponential

fashion to values >i00 ml/g at pH > 8.5. Experiments have also

been carried out on the sorption of Np, in J-13 water at pH = 7.0

and 8.5, onto pure separates of representative secondary phases

identified in Yucca Mountain (Meijer, 1990). The results indicate

iron oxides and oxyhydroxides have the strongest affinity for Np

(>103 ml/g) followed by Mn oxides (50-1100 ml/g), montmorillo-

nite, calcite, and clinoptilolite (4-50 ml/g). As with feldspar

and quartz, the Kds measured at pH = 8.5 were higher (on the

order of 4-20 times) than those measured at pH = 7.1 but showed

the same order.

Behavior similar to that observed in the pure mineral exper-

iments as a function of pH is observed in batch experiments

involving Np sorption on tuffs from Yucca Mountain in J-13 water.

However, the absolute values of the sorption coefficients meas-

ured are much smaller in the tuffs similar to the situation with
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7.5 and then back down to 0.0 ml/g at pH 8.5-9.0. The available U

KdS for zeolitic samples in J-13 water decrease almost linearly

with pH from 12-25 ml/g at pH = 7.0 to 0-i0 ml/g at pH = 9.0

depending on the actual rock sample used in the experiments (Fig-

ure 6). Further, the range in values at a given pH appears to be

correlated with the Ca+Mg/Na+K ratio of the clinoptilolites in

the samples (Broxton et al., 1986).

Ground water composition has some effect on the U KdS

although the available data are very limited. For example, the

"Paleozoic water" appears to produce increases in the U KdS in

devitrified and vitric samples while it results in a decrease in

the U K d in the single zeolitic sample for which data are

available (Thomas et al., 1988).

Relative to the pure mineral U KdS, the generally low values

obtained for U KdS on the whole-rock samples are puzzling given

the abundance of silica polymorphs, clays, zeolites, and other

phases in these tuffs (Table 2). Possible explanations for these

low values include (i) the existence of ligands in J-13 water

(e.g., F-, PO4_2) that have a stronger affinity for U in the pH

range from 6.5-8.0 than do the available mineral surfaces, (2)

competition between U and other ions in J-13 water for available

surface sites, (3) competition between U species and other

species already on the mineral surfaces for available surface

sites, and (4) differences in surface area between the tuff

samples and the pure mineral separates. Without data on the sepa-

rate effects of each of these parameters, the actual cause for

the lower KdS in the whole-rock experiments is difficult to

judge. The fact that the surface areas of many of the tuff



identification of the most important parameters that influence

the sorption of these elements and the range of values of these

parameters which are most critical. Once these parameters have

been defined (e.g., pH), experiments will be conducted over the

critical range with whole-rock tuff samples from Yucca Mountain

to quantify the effects of these parameters on the whole-rock

KdS. The results of these experiments can be used to derive an

appropriate methodology for assigning KdS in the performance

assessment models.

For U under oxidizing conditions, sorption data from pure

mineral experiments are available for goethite (Hsi and Langmuir,

1985; Tripathy, 1987), hematite (Ho and Miller, 1986), alumina

(Allard et al., 1982)_ clays, clinoptilolite, opal, silica gel

(Ames et al., 1983a), quartz (Relyea and Silva, 1981), micas

(Ames et al., 1983b), titania, and zirconia (Maya, 1982) in vari-

ous Na+-based simple electrolytes and a range of radionuclide

concentrations. In 0.01M NAC1, all of these phases show U KdS

greater than I00 ml/g over a pH range from 6.5 to 8.0. Data

available for goethite, hematite, and silica show that U adsorp-

tion is very sensitive to pH and is relatively insensitive to

ionic strength. At high pH (>8.0), U adsorption is decreased due

to complexation of U by carbonate ions in solution.

The data available for U sorption on whole rock tuff

samples indicate KdS in J-13 water are in the range of 0-30 ml/g

with the most likely values between 0-15 ml/g, assuming oxidizing

conditions (Figure 6). The vitric and devitrified tuff samples

show similar KdS in the range of 0-i0 ml/g. As a function of pE,

the values increase from 2-5 ml/g at pH = 6.0 to i0.0 ml/g at pH



values may not be conservative. The Ni Kd predicted on the basis

of the correlation in Figure 5 and the calculated solubility is

in the range of 200-400 ml/g depending on ground water composi-

tion especially pH. However, more experimental work on Ni sorp-

tion is required to determine whether or not a minimum Kd of I00

ml/g can be used in performance assessment calculations for this

element

The elements neptunium and uranium pose the greatest chal-

lenge for the sorption barrier because these elements have rela-

tively high solubilities in (oxidizing)Yucca Mountain ground

waters (Ogard and Kerrisk, 1984; Nitzche, 1990), relatively low

sorption potenti_l (Meijer, 1990), yet they comprise a signifi-

cant part of the waste inventory. Based on available data (Tho-

mas, 1987), the sorption behavior of element Se seems to be simi-

lar to that of Np. Because its total inventory will be only

slightly above regulatory release limits (Table i), as a first

approximation, the approach to predicting its sorption behavior

will be taken to be the same as that derived for Np. The minimum

K d approach discussed above for the strongly sorbing elements

will not be appropriate for these elements because KdS derived in

this way will likely be less than i0 ml/g. A more sophisticated

approach is needed for the derivation of sorption coefficients

these elements.

The approach proposed here consists of two parts (i) pure

mineral studies and (2) whole-rock studies. The pure mineral

studies are designed to identify the dominant controls on the

sorption behavior of U, Se, and Np on common mineral types in

Yucca Mountain. In particular, these studies should lead to the
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tuffs (Meijer, unpub, data). Measured sorption coefficients for

these elements in zeolitic tuffs are in the 100,000-200,000 ml/g

range (Daniels et al., 1982). This result combined with the data

for devitrified and vitric samples suggest a minimum K d of i00

ml/g would be a conservative estimate of the real K d values for

Ra in the Yucca Mountain flow system.

Evaluation of the likely sorption behavior of the elements

Ni and Pd is more difficult because so little pertinent informa-

tion is available. The inventory of Pd is sufficiently small so

that a sorption barrier will likely not be required for this ele-

ment. However, Ni is a significant component of the inventory and

should be considered for sorption potential. Data available in

the literature suggests nickel has a higher affinity for silica

surfaces than the major cations in ground waters (Dugger et al.,

1964). No data have been identified for Ni sorption on feldspars.

It is well known, however, that iron oxides and particularly man-

ganese oxides have high affinities for Ni and other transition

metals over the pH range expected in Yucca Mountain ground waters

(Jenne, 1968; Richter and Theis, 1980). Batch whole-rock KdS

measured for nickel on devitrified and zeolitic tuffs from Yucca

Mountain are in the range of 150-500 ml/g in J-13, H-3, and

UE-p#1 ground waters (Knight and Lawrence, 1987). These data

reinforce the conclusion stated above for silica that Ni competes

favorably for sorption sites with the major ions in ground

waters. Unfortunately, all the available whole-rock Ni KdS are

for experiments with waters in which pH > 8.3. Because lower Ni

Kd values are expected at lower pH for silica (Richter and Theis,

1980) and probably for feldpar and zeolite, the quoted range of
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There are some radionuclides in the list of important

radionuclides for which the minimum K d approach is clearly not

appropriate. These include (in order of importance): U, Np, C, I,

Se, and Tc. In addition, there is a group that includes Ni, Ra,

Cs, and Pd for which the adequacy of this approach has not been

fully evaluated. The elements C, I, and Tc have little or no

affinity for most mineral surfaces in Yucca Mountain and likely

will not have a significant sorption barrier (Thomas, 1987; see

also Brandberg and Skagius, 1991). Other processes must be

invoked for their retardation such as dispersion, diffusion, iso-

topic exchange, long ground water travel times, radioactive

decay, and/or a backfill material that has a significant sorption

potential for these elements (Figure i). Fortunately, the inven-

tories of I and Tc are sufficiently small so that the lack of a

sorption barrier should not pose a problem. The situation is dif-

ferent for carbon mainly because of the size of the inventory and

the potential for transport in the gas phase. Isotope exchange

with natural carbon compounds and minerals in Yucca Mountain may

offer a significant retardation barrier for this radionuclide.

The element Cs has high solubility in Yucca Mountain ground

waters and would be predicted to have a low affinity for the min-

eral surfaces in Yucca Mountain based on the correlation line

shown in Figure 5. However, measurements on whole-rock samples

indicate Cs has a very high affinity for the zeolitic tuffs and a

significant affinity for the devitrified turfs (Figure 5). In the

zeolitic samples, the high affinity is clearly due to ion

exchange reactions involving zeolites. The element Cs has among

the highest selectivity coefficients on zeolites of all the chem-
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ical elements (Ames, 1964). Explanations for the relatively large

sorption coefficients (100-400 ml/g) measured for Cs in contact

with devitrified and vitric samples are less obvious. These coef-

ficients may reflect ion exchange reactions on clays, micas,

feldspar surfaces and in the case of the vitric samples, poorly-

structured clays resulting from incipient alteration of glass.

Smectitic clays are ubiquitous in the devitrified tuffs although

not very abundant overall (Chipera and Bish, 1989). The coeffi-

cients may also reflect surface adsorption reactions on the dif-

ferent mineral phases in the tuffs. According to Tadros and

Lyklema (1969), silica has a higher affinity for Cs + than the

major cations (e.g., Ca +2, Mg +2, Na + , K +) usually found in ground

waters. When combined, the whole-rock and pure mineral data for

Cs suggest a minimum K d of i00 ml/g should be appropriate for

Yucca Mountain as a whole. Alternatively, larger minimum KdS

could be assigned to the zeolitic units and smaller values could

be assigned to the vitric and devitrified units.

Barium and its congener Ra behave somewhat differently from

Cs primarily because of the low solubility of the corresponding

sulfate compounds. If Ba and Ra are plotted along the correlation

line in Figure 5 according to their solubilities, fairly large

values would be predicted for their sorption coefficients. How-

ever, the measured sorption coefficients are even larger (Figure

5) suggesting these elements may also participate more favorably

surface adsorption reactions than Cs. This is consistent with the

results of experiments involving Ra sorption onto silica as

reported by Ames et al. (1983a). Like Cs, Ba and Ra have large

selectivity coefficients for the zeolites in Yucca Mountain
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samples from Yucca Mountain indicate large KdS for these elements

(Daniels et al., 1982). Batch sorption experiments also indicate

large KdS for these elements in the other tuffaceous rock types

in Yucca Mountain (Daniels et. al., 1982). This suggests the KdS

for these elements should be large in all the transport scenarios

considered for the Yucca Mountain ground water flow system (DOE,

1989) .

The fact that many elements have high affinities for the

surfaces of oxides and aluminosilicates is well known (e.g.,

Beall et al., 1981). Dugger at al., (1964), Schindler and Stumm

(1987) and others have suggested the relative affinities or bind-

ing constants of various chemical elements for oxide surfaces is

correlated with the hydrolysis constants for these elements in

solution. However, this hypothesis does not appear to explain the

relative affinities of the actinides for mineral surfaces. For

example, Am +3 binds much more strongly to mineral surfaces than

U +6 (Meijer, 1990) eventhough the first hydrolysis constant for

U +6 is approximately 3 orders of magnitude greater than that

inferred for Am +3 (Baes and Mesmer, 1986). In a search for alter-

native explanations, I have found that the relative affinities of

the actinides for rock surfaces seem to be closely correlated

(negatively) with the solubilities of the appropriate chemical

compounds of each actinide in Yucca Mountain ground waters as

shown by the graph in Figure 5. The high degree of correlation

displayed in Figure 5 suggests the chemical elements that sorb

dominantly by surface adsorption processes could be ordered in

terms of their affinity for a given oxide surface in a particular

ground water, based on their solubilities in that ground water.
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the sample of the least sorptive mineral phase used in the exper-

iments should be obtained from the site to minimize the impact of

possible competitive effects with "strongly sorbing" elements

already present on the surface of the mineral as a result of i0

million years of rock/water interaction in the Yucca Mountain

ground water flow system.

If the least sorptive major phase is not an adequate sorber

of the radionuclide of interest (i.e., does not provide the mini-

mum Kd), the sorption behavior of the radionuclide of interest

could be evaluated in relation to the next least sorptive major

phase (e.g., feldspar). In this case, however, additional infor-

mation would be required to derive the minimum K d including (i)

the maximum abundance (actually the maximum surface area or

cation exchange capacity) of the silica (i.e., mimimum Kd) phase

in Yucca Mountain or in a given hydrologic unit in Yucca Mountain

and (2) the total surface area of the least-sorptive whole-rock

sample chosen to represent the unit or the mountain. These par-

ameters could be obtained from analyses of mineral abundances and

textures within the rock unit at various points in Yucca Mountain

and interpolation of these analyses between sampling points

(Chipera and Bish, 1989).

Based on data available in the literature on sorption of the

important radionuclides by quartz and feldspars (Allard et al.,

1980; Brandberg and Skagius, 1991), the KdS for Am, Cm, Nb, REE,

Sn, Th, Zr, and Pu should be large (i.e., >1000ml/g) in units

containing devitrified tuffs. As noted in Section 3, devitrified

tuffs are composed almost entirely of feldspar and silica phases.

The results of batch sorption experiments on devitrified tuff



not proof) that the amounts released be below some fraction of

the original inventory of the waste emplaced in the potential

repository. This simplifies the transport problem considerably

by requiring only that it provide reasonable assurance that the

maximum expected releases to the environment are within the

regulatory constraints.

On the basis of what is currently known about the hydrologic

system and the geochemical conditions at the site, a sorption

strategy has been developed (Figure 4) that allows for the evalu-

ation of a large range of performance scenarios, requires consid-

erably fewer detailed chemical data than would be required for a

fully mechanistic model, yet is based on sound chemical prin-

ciples. A cornerstone of this strategy is the observation based

on preliminary transport calculations (Birdsell et al., 1991),

that Kd'S of I00 ml/g or more result in more than adequate isola-

tion of radionuclides from the accessible environment over the

regulatory lifetime of the proposed repository at Yucca Mountain.

Because many of the important radionuclides have KdS >i000 ml/g

in Yucca Mountain turfs when in contact with waters from the site

(Thomas, 1987), knowledge of the precise value of the Kd for

these "strongly sorbing" radionuclides in a given radionu-

clide/rock/ water combination is less critical than it would be

for radionuclides with smaller KdS. This provides for consider-

able latitude in the simplification rf the experimental evalua-

tion of the sorption behavior of the "strongly sorbing" radionu-

clides.

One such simplification would be to use only the "most

active" ground water composition in the experiments carried out



to obtain sorption coefficients for each of the "strongly sorb-

ing" radionuclides. By "most active" I mean that composition, out

of the expected range of ground water compositions at the site,

that results in the most conservative estimates of sorption

behavior for the radionuclide of interest (i.e., that resulting

in the highest concentrations of the radionuclide in solution).

This composition would be chosen on the basis of any pertinent

sorption data for the radionuclide of interest that might be

available, any data available on the solution behavior of the

radionuclide (e.g., complexation behavior), and the results of

pure mineral experiments.

Another simplification involves reliance, for the sorption

barrier, on only the major mineral phase or phases in the site as

a whole or in each of the hydrologic units defined at the site.

Ideally, the sorption behavior for each of the "strongly sorbing"

radionuclides would be evaluated in relation to the the least

sorptive major mineral phase (e.g., quartz) in Yucca Mountain and

the most active water composition for each radionuclide. If the

least sorptive major mineral phase results in a K d >>i00 ml/g for

a given radionuclide using the most active water, a minimum K d of

i00 ml/g (or some other acceptable minimum value as supported by

an appropriate transport calculation) could be used directly for

this radionuclide in performance assessment calculations. The

advantage of this approach is that it would result in the most

robust predictions of sorption behavior because the true sorption

coefficient for a given radionuclide in the Yucca Mountain ground

water flow system would always be larger than this minimum Kd

value no matter what the actual flow path of the water. Note that



a composition could be reliably defined.

Another aspect not addressed in this approach involves the

transport of radionuclides adsorbed to colloid size materials

that could advect with ground water. Although this is considered

a significant aspect of the overall transport problem, it will be

addressed separately.

7. CONCLUSIONS

A strategy has been developed for the derivation of sorption

coefficients for the important radionuclides in the Yucca Moun-

tain ground water flow system. The strategy separates the impor-

tant radionuclides into those for which a minimum K d value should

be appropriate those for which a sorption barrier is not avail-

able , and those for which sorption coefficients must be assigned

on the basis of detailed site information (Np, U, possibly Ni,

Pa). Fortunately, it appears most of the important radionuclides

(i.e., Am, Cm, Cs, Nb, Pu, Ra, Sn, Zr, Th) can be assigned a min-

imum Kd value in each of the hydrologic units identified within

the site. The radionuclides lacking a significant sorption bar-

rier include C, I, Se, and Tc. The inventories of I, Se and Tc

are sufficiently small relative to the regulatory constraints so

that the lack of a sorption barrier for these elements should not

pose a problem. Carbon may be retarded by isotope exchange reac-

tions with carbon presently on mineral surfaces in the site. The

strategy developed for U and Np involve more detailed site char-

acteristics. For U, the main controls on sorption behavior appear

to be pH and rock type. By selecting the least sorptive rock in

_



each hydrologic unit for experimentation, the main parameter of

interest will be pH. Because detailed information on the spatial

and temporal variability of pH in Yucca Mountain flow system will

not likely be available, a probabilistic approach will be used in

the derivation of possible pH variations. All available data will

be used in the derivation of these distributions. The distribu-

tions will then be used to derive a probabilistic distribution of

U sorption coefficients through the database on whole-rock U

sorption coefficients as a function of pH.

For Np, the dominant control on sorption behavior in Yucca

Mountain tuffs appears to be rock composition. The preliminary

conclusion is that certain mineral phases dominate the adsorption

behavior of Np. Once these minerals are identified, pure mineral

experiments will be carried out to determine the dominant con-

trols on sorption behavior. The information obtained will be used

to formulate a strategy for Np that follows the strategy devel-

oped for U. If the minimum Kd approach turn out not to be appro-

priate for Ni, a similar strategy could be developed for this

element.
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i0. APPENDIX A

Chemical and Physical Parameters Required to Model the Sorption

Behavior of Important Radionuclides in the Yucca Mountain Ground

Water Flow System.

As previously noted, the sorption behavior of important

radionuclides in the Yucca Mountain water and air flow systems

will be a function of various chemical and physical parameters.

In the following discussion, the chemical parameters will be

emphasized in order to identify those parameters that are most

critical to the sorption behavior of each of the important

radionuclides. Once these critical parameters have been identi-

fied, they can evaluated relative to their impact on the trans-

port behavior of the important radionuclides in the Yucca Moun-

tain flow systems.

The chemical parameters that could influence the sorption

behavior of the important radionuclides in the Yucca Mountain

flow systems can be divided into those parameters related to the

solution behavior of the important radionuclides, and those

related to the behavior of the radionuclides on or in solids.

The most important solution parameters include:

(i) pH,

(2) Eh,

(3) concentration of elements in solution,

(4) species of each element in solution,

(5) formation constants for species in solution,

(6) kinetics of complex formation in solution,



(7) activities of species in solution,

(8) equilibrium constants of the most stable radionuclide com-

pound in the solution,

(9) common ion effects,

(i0) concentration of complexing agents,

(Ii) ionic strength of the solution,

(13) concentration of organic species in solution.

and (14) complexation constants of radionuclides with organic species

in solution

The most important solid parameters include:

(i) ion-exchange mineral abundances along flowpaths,

(2) mineral-specific ion-exchange site populations

(3) identity of in-situ (e.g., present-day) sorbate populations,

(4) exchange constants for each type of exchange site,

(5) activity coefficients for ions on exchange sites,

(6) kinetics of ion-exchange reactions,

(7) pore sizes in porous minerals,

(8) accessible mineral-specific (ex)surface areas along flow

paths,

(9) mineral specific (ex)surface site densities,

(i0) sorption site energy distributions,

(Ii) mineral specific (ex)surface acidity constants,

(12) identities of surface complexes,

(13) mineral specific (ex) surface complexation constants for each

species of each element of interest on each type of surface

binding site,

(14) mineral specific (ex)surface activity coefficients for each



surface species of interest,

(15) kinetics of each (ex)surface adsorption reaction,

(16) isoelectric points of minerals of interest in electrolytes of

interest,

(17) nature of organic surface coatings.

and (18) binding constants for radionuclides of interest on organic

coatings.

In the following, a brief discussion of why each of these

parameters are important will be provided starting with the solu-

tion parameters. The pH influences solution complexation reac-

tions (e.g., through carbonate-bicarbonate reactions). In addi-

tion, hydrogen and hydroxide ions are potential determining ions

(PDI) in the double layers on the surfaces of the solid phases.

The redox potential (Eh) determines the oxidation state of the

important radionuclides in solution. The solubilities of the

actinide elements and some fission products (e.g., Tc) are

strongly influenced by the redox state of the solution. Sorption

coefficients for the important radionuclides are generally a

function of the concentration of the radionuclides in solution.

The variations of sorption coefficients with radionuclide concen-

tration are commonly modeled with isotherm equations. The specia-

tion of each important radionuclide in solution must be known to

calculate the solubility of the most stable compound of that

radionuclide in solution and to evaluate sorption reactions. In

order to calculate the species of a given radionuclide in solu-

tion, the formation constants for all possible complexes in solu-

tion must be known as well as the activity coefficients for each

species or complex in the chosen solution. With all possible



phases, the exchange constants for each of the elements of inter-

est on each of these sites relative to some common ion, the acti-

vity coefficients for each of the ions of interest on each of the

available sites, the present-day sorbate populations on each of

the sites available in each of the ion-exchanging minerals pre-

sent along potential flowpaths to the accessible environment,

and the kinetics of all the pertinent ion-exchange reactions.

Data on the pore sizes of porous minerals are required to judge

whether or not ions or complexes of the important radionuclides

can even gain access to the exchange sites internal to the ion-

exchanging minerals.

Mineral phases that sorb the important radionuclides through

(external) surface adsorption processes require a somewhat dif-

ferent set of parameters. This is largely a result of the fact

that the site densities available for the adsorption of a given

surface species are not necessarily fixed as they are in typical

ion exchange minerals (e.g., zeolites, clays). The site popula-

tions available on minerals that sorb by (ex)surface processes

depend on the characteristics of the mineral surface as well as

characteristics (e.g., pH) of the solution in contact with the

surface. Further, steric factors are less important than they are

for intra-crystalline ion-exchangers.

Although the theoretical understanding of adsorption pro-

cesses in the electric double layer of minerals is not complete,

the essential parameters required for a successful model can be

delineated on the basis of our present understanding of double

layers (e.g., Davis et al., 1978). Site densities and site energy

distributions must be obtained for each of the mineral surface



I

solution species and their activity coefficients identified for a

given radionuclide in solution, equilibrium constants are used to

calculate the solubility of the most stable solid compound of the

radionuclide in solution. The presence of compounds with a common

ion (e.g., carbonate) may influence the relative solubility of

the compounds. The concentration of complexing agents or ligands

in solution will determine the solubility of radionuclide-bearing

compounds through the equilibrium constant. The ionic strength of

the solution primarily impacts the values of the activity coeffi-

cients of each of the species in solution and the surface charge

of solids in the system. The size of the species in solution

determines whether or not they can access the exchange sites

internal to the ion-exchange minerals. Organic species in solu-

tion that have significant complexation or binding constants for

one or more of the important radionuclides could enhance the con-

centration of the radionuclides in solution and thereby influence

their migration behavior.

The following discussion of solid-phase parameters is

divided into parameters relating to solids that sorb dominantly

by ion-exchange and solids that sorb dominantly by surface com-

plexation reactions. For the ion-exchangers, information is

required on the ion-exchange capacity of solid phases along flow-

paths to the accessible environment. This is addressed by obtain-

ing information on the abundances of ion-exchanging phases along

these flowpaths and on the exchange capacity of each of these

phases. In order to calculate the affinity of each of the impor-

tant radionuclides for each of the ion-exchanging phases, infor-

mation is required on the types of sites available in each of the



types in the system. Site densities are generally obtained from

measurements of the mineral specific surface areas and estimates

of areas of individual sites on the surface. The latter may be

obtained from data on site geometries in the substrate surface.

Methods of obtaining surface site energies are not available at

the present time although methods for deducing the existence of

multiple site energies are available in limited applications

(e.g., Sipps, 1948; Triay and Rundberg, 1987). Data on surface

site energies for the mineral phases pertinent to the Yucca Moun-

tain site are not available.

Sites on the surfaces of minerals can be either unfilled or

populated by protons, hydroxide ions, or various other species

originating in the surrounding aqueous solution. Acidity con-

stants quantify the interaction of protons with the surface in

the absence of other cationic species. Mineral-specific affinity

constants quantify the interaction of different surface species

with energetically distinct sites on the surface. Methods for

obtaining these constants are either unavailable or unproven at

the present time. In order to derive these constants, the identi-

ties of at least the dominant surface species of a given element

must be known. Techniques for the identification of surface

species are in development at the present time. To model the

adsorption behavior of a given surface species as a function of

concentration, surface activity coefficients are required for

that species on a given surface as a function of concentration.

Reliable methods for obtaining such coefficients on the types of

minerals present in Yucca Mountain are not available at the pre-

sent time. Data on the kinetics of surface adsorption reactions



are required to evaluate whether or not such kinetics could

influence the transport behavior of the important radionuclides.

If such kinetics are fast relative to the fluid flow rates, they

need not be incorporated into the transport equation. On the

other hand, if the reverse is true, kinetic terms may need to be

incorporated into the transport equations. Similarly, if organic

surface coating are found on mineral surfaces in the rocks in the

repository block, the extent to which the important radionuclides

bind ot these coatings must be determined. If such coatings are

absent, such information is not required. Finally, the isoelec-

tric points of mineral surfaces in the rocks in the repository

block must be known to evaluate the behavior of ions that (physi-

cally) adsorb in the outer part of the double layer.
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TABLE 2a

Minerals in Matrices of YM Rocks

Quartz

Alkali Feldspar

Clinoptilolite

Cristobalite

Plagioclase

Tridymite

Opal-CT

Smectite

Mica

Mordenite

Analcime

Calcite

(Glass)

Hematite

Dolomite

Chlorite

Illite

Fluorite

Hornblende

Pyroxene

Fe-Ti oxides

ilm_nit_

Zircon

Allanite

Sphene

Rutile
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TABLE 3

SURFACE AREA MEASUREMENTS (BET)

m2/g

Devitrified Tuffs:

YM-45 106-500 microns 3.08

YM-54 75-500 '' 1.26

GI-1271 75-100 '' 0.71

GI-2410 38-106 '' 2.14

GI-2840 75-500 '' 3.76

38-106 '' 3.78

G2-770 <500 '' 1.06

GU3-304 '' 1.56

GU3-316 '' 1.96

GU3-855 75-500 '' 2.35

<500 '' 2.71

Zeolitic Tuffs:

YM-49 75-500 '' 16.56

GI-1436 <500 '' 31.82

GI-2289 <500 '' 63.95

GI-2698 <500 '' 117.0

GI-3116 38-106 '' 6.52

G2-1951 75-150 '' 34.63

G2-1813 '' 58.39

G2-1914 '' 58.39

G2-2000 75-100 '' 59.11

38-106 '' 46.31

i



<500 '' 55.94

G2-2221 '' 59.33

GU3-1937 <500 '' 28.41

G3-2978 '' 44.84

G4-1501 '' 31.7

G4-1607 '' 28.37

G4-1711 '' 27.62

Vitric Tuffs:

JA-18 150-180 '' 9.23

GI-1292 38-106 '' 1.42

G2-339 75-150 '' 5.99

GU3-1436 75-500 '' 2.46

GU3-1531 75-500 '' 7.03

q
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