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I. RELEVANT GOALS FROM SITE CHARACTERIZATION PLAN STUDIES 

This chapter summarizes the objectives of the laboratory-based testing for geochemistry/transport as defined by 
section 8.3.1.3 of the Yucca Mountain Site Characterization Plan (SCP) for the Yucca Mountain Site 
Characterization Project (YMP). Each of the sections that follows is based on material taken from study plans 
that are relevant to this report (Table I), and each section is, thus, expressed from a point of view prior to actual 
research. These sections present the goals of the geochemistry program for groundwater chemistry. solubility 
and speciation, sorption, transport, and diffusion. 

A. GROUNDWATER CHEMISTRY MODEL 

The purpose of the groundwater chemistry investigation is to provide a model of groundwater chemistry at 
Yucca Mountain that reflects groundwater compositions that will occur as a result of interaction with different 
chemical environments. The groundwater chemistry model will show the geochemical materials that control 
the composition of the present groundwater, support site-characterization activities, and be used to support the 
resolution of Performance Assessment Issues 1.1 (Total System Performance), 1.8 (Siting Criteria), and 1.5 
(Engineered Barrier Performance). In addition, the groundwater chemistry model will support the geochemistry 
program by providing actual or simulated data on water composition required by other investigations, studies, 
or activities. A mathematical model will be developed that can be used to predict groundwater composition 
through time when different sets of environmental conditions are imposed on the system. 

The groundwater chemistry model is being developed in two phases through SCP Activities 8.3.1.3.1.1.1 
(Conceptual Model) and 8.3.1.3.1 . I  .2 (Mathematical Model). The purpose of Activity 8.3.1.3.1 -1.1 is to 
develop conceptual models of groundwater chemistry that isolate the geochemical parameters with the greatest 
influence on groundwater composition. The purpose of Activity 8.3.1.3.1.1.2 is to develop mathematical 
models of groundwater chemistry. These models will be based on the conceptual model and will use the 
important variables and parameters to quantitatively predict the ranges of groundwater composition subject to 
fluctuations in overall chemical conditions due to changes in the Yucca Mountain environment. 

Development of the conceptual model. A preliminary conceptual model of groundwater chemistry will be 
proposed to provide a qualitative understanding of the geochemical parameters and processes controlling the 
groundwater composition over time. The behavior of different chemical parameters and geochemical processes, 
such as pH, mineralogy, and sorption, on groundwater composition will be examined by computer codes and 
tested through detailed experiments, and those parameters that most influence the groundwater composition will 
be included in a refined conceptual m,odel. 

Developing conceptual models of groundwater composition requires a database of the geochemical parameters. 
variables. and processes that could influence groundwater composition, such as pH. redox conditions, and 
sorption, as well as the concentrations of aqueous ions such as Ca2+, Mg2+, Na+, K+,  C1-, Sod2-, F, HC0,-, 
A13+, Mn2+, Fe3+, Fez+, Si02(aq), and other trace constituents. In addition, data and information on 
geochemical processes related to groundwater chemistry, such as secondary mineral precipitation, and data on 
mineralogy, petrology, and radionuclide solubility and the array of environmental conditions to be used in the 
calculations will be included. The information will show the variables and parameters primarily controlling 
groundwater composition. The completed database with the conceptual model will be the initial input for 
development of the mathematical model in Activity 8.3.1.3.1.1.2. 

Development of the mathematical model. The goal of this activity is to produce a model that can be used to 



Table 1. Yucca Mountain Site Characterization Plan (SCP) Studies Relevant to This Report 

SCP Number SCP title 

lnvestigation 8.3.1.3.1: . . . on water chemistry. . . 
Study 8.3.1.3.1.1 Groundwater chemistry model 

Activity 8.3.1.3.1.1 .I Conceptual model 
Activity 8.3.1.3.1.1.2 Mathematical model 

lnvestigation 8.3.1.3.4: . . . on radionuclide retardation by sorption . . . 
Study 8.3.1.3.4.1 Batch-sorption studies 

Activity 8.3.1.3.4.1.1 
~atch-sbrption measurements as a function of 
solid-phase composition 

~atch-sorption measurements as a function of 
Activity 8.3.1.3.4.1.2 

sorbing element concentrations (isotherms) 
Activity 8.3.1.3.4.1 -3 Sorption as a function of groundwater composition 
Activity 8.3.1.3.4.1.4 Sorption on particulates and colloi.ds 

Study 8.3.1.3.4.3 Development of sorption models 

lnvestigation 8.3.1.3.5: . . . on radionuclide retardation by precipitation . . . 
Study 8.3.1.3.5.1 Dissolved species concentration limits 

Activity 8.3.1.3.5.1 .I Radionuclide solubility measurements 
Activity 8.3.1.3.5.1.2 Radionuclide speciation measurements 
Activity 8.3.1.3.5.1.3 Solubility modeling 

Study 8.3.1.3.5.2 Colloid behavior 
Activity 8.3.1.3.5.2.1 Colloid formation, characterization, and stability 
Activity 8.3.1.3.5.2.2 Colloid modeling 

lnvestigation 8.3.1.3.6: . . . on retardation by dispersive, diffusive, and advective transport.. . 
Study 8.3.1.3.6.1 Dynamic-transport column experiments 

Activity 8.3.1.3.6.1 .I Crushed-tuff column experiments 
Activity 8.3.1.3.6.1.2 Mass transfer kinetics 
Activity 8.3.1.3.6.1 -3 Unsaturated tuff columns 
Activity 8.3.1.3.6.1.4 Fractured tuff column studies 
Activity 8.3.1.3.6.1.5 Filtration 

Study 8.3.1.3.6.2 Diffusion 

Activity 8.3.1.3.6.2.1 
Uptake of radionuclides on rock beakers in a 
saturated system 

Activity 8.3.1.3.6.2.2 Diffusion through a saturated tuff slab 
Activity 8.3.1.3.6.2.3 Diffusion in an unsaturated tuff block 

predict groundwater composition as a result of different chemical environments over time. The mathematical 
model will support the caIculations of radionuclide retardation that ultimately will be used to support the 
resolution of Performance Assessment Issue 1.1 (Total System Performance). 

Sources of data for development of models. To develop a conceptual model and a mathematical model of 
groundwater chemistry, this study will obtain data on major ion chemistry and on other parameters important to 
groundwater composition, both from published reports and from other YMP studies. Mineralogical and 
petrological data of rock-matrix and fracture minerals wil l  be used to evaluate how these minerals control 
groundwater composition. Data on the alteration history wil l  suggest possible changes in groundwater 
composition as a result of mineral transformation through time. Information on the kinetics of mineral 
dissolution and precipitation wil l  be obtained from YMP conceptual mineral evoIution studies such as Carey et 



al. (1997) and from the published literature. For example, cristobalite may control the activity of silica in Yucca 
Mountain groundwater even though cristobalite is metastable with respect to quartz. Results for the longevity 
of cristobalite/opal-CT from natural-analog and dissolution/precipitation studies differ by at least a factor of ten, 
suggesting that experimental dissolution rates may not be applicable or that alteration mechanisms are not 
completely understood. An alternative kinetic formulation for the reaction of cristobalitelopal-CT to quartz 
yields more realistic transformation times for several natural analogs and predicts very limited degrees of 
reactivity at depths of the Calico Hills Formation under repository-induced heating (Carey et al. 1997). 

Duffy (1985) showed that the kinetics of mineral transformations are important components to incorporate in 
the conceptual model for groundwater chemistry because few of the interactions between rock and water at 
Yucca Mountain are expected to reach true thermodynamic equilibrium. Such information will be obtained 
from the literature. Data from different studies will be used with groundwater chemistry data to determine the 
minerals that control groundwater composition, the stability of pH, redox conditions of groundwater at Yucca 
Mountain, and the composition of the groundwater as a result of interactions between host rocks and different 
weathering environments over time. 

B. DISSOLVED SPECIES CONCENTRATION LIMITS AND COLLOID BEHAVIOR 

The purpose of these studies, Dissolved Species Concentration Limits (Study 8.3.1.3.5. I) and Colloid Behavior 
(Study 8.3.1.3.5.2). is to supply data for calculating radionuclide transport along potential transport pathways 
from the repository to the accessible environment. These calculations are needed to address the overall system- 
performance objective for radionuclide releases in 10 CFR 60.11 2 (NRC 1983) (Issue 1.1, Total System 
Performance), to make findings on the postclosure system guidelines and the technical guidelines for 
geochemistry in 10 CFR 960.3-1-5 (DOE 1988) (Issue 1.9, Higher-Level Findings-Postclosure), and to 
address the siting criteria of 10 CFR 60.122 (Issue 1.8, NRC Siting Criteria). Specifically, Issue 1.1 requires 
estimates of the means and standard deviations of the solubility limits of radionuclide-bearing compounds under 
the waterchemistry conditions expected at the site. 

Water moving through the emplacement area toward the accessible environment can transport radionuclides in 
two ways: either as dissoIved species in the water or as particulate material (that is, natural colloidaI materials 
or radiocolloids) carried by the water. This investigation will supply data and models that can be used to 
calculate the concentration limits of dissolved radionuclides in local water at the Yucca Mountain site that will 
be used directly in performance-assessment models of radionuclide transport, including colloid transport. 

It is not practical to measure the solubilities of all radionuclides that may exist in radioactive waste under all 
conditions that may occur at the repository or along flowpaths to the accessible environment. Therefore, the 
technical approach used is to select radionuclides for solubility measurements and to select the conditions of 
these measurements based on three criteria: 

radionuclides present in quantities that are large in comparison with Environmental Protection Agency 
(EPA) release limits; 
radionuclides that are likely to reach solubility limits during transport based on current knowledge of 
radionuclide chemistry and expected repository conditions; and 
conditions for solubility experiments that will bound expected conditions at the repository or along flow 
paths to the accessible environment. 

The initial emphasis is on solubility and speciation for americium, plutonium, and neptunium. Measurements 
are also planned for uranium, thorium, radium, zirconium, tin, and nickel. The latter elements are included in 
the testing program so that their concentrations can be used as upper bounds for transport assessments. 



Investigation 8.3.1.3.5. Radionuclide Retardation by Precipitation Processes, consists of two distinct studies. The 
goal of the first, Study 8.3.1.3.5.1, Dissolved Species Concentration Limits, is to comply with the Nuclear 
Regulatory Commission's (NRC) position paper (NRC 1984) by providing solubility data (concentration limits) 
for dissolved species of important radionuclides under conditions that are characteristic of the repository and along 
flow paths to the accessible environment, and to provide a predictive capability for solubility under conditions for 
which solubility has not been empirically determined. This study will consist of three separate Activities: 
Solubility Measurements (8.3.1.3.5.1.1). Speciation Measurements (8.3.1.3.5.1.2), and Solubility Modeling 
(8.3.1.3.5.1.3) that, respectively, will measure the solubilities of important radionuclides under closely controlled 
experimental conditions, identify important aqueous species of radionuclides and determine their formation 
constants under prescribed conditions, and implement the thermodynamic models and determine the data needed 
to calculate radionuclide solubilities over the entire range of conditions expected at the repository site. 

The second study, Study 8.3.1.3.5.2, Colloid Behavior, will focus on understanding the behavior of 
radiocolloids, defined as colloidal aggregates composed of radionuclides or simple complexes of radionuclides 
(as opposed to complex colloids composed of clay or other particulate matter onto which radionuclides are 
sorbed, which will be studied under other activities). The goal of this study is to determine the stability of 
radiocolloids under site-specific conditions at the repository or along flow paths to the accessible environment 
by determining the conditions favorable to the formation and stabilization of the radiocolloids and by 
characterizing the physical and chemical properties of these colloids. The various parameters that influence 
solubility can be divided into three groups: 

those parameters that define the conditions controlling solubility (water chemistry, temperature, and 
radiation field), 
those parameters that define radionuclide behavior (radionuclide chemistry, colloid behavior, and kinetic 
data), and 
those parameters necessary to understand precipitation processes (models). 

Five specific parameters have been considered in designing the experiments for the solubility studies: I) water 
composition, including pH and Eh (speciation of redox-sensitive radionuclides), 2) temperature, 3) identity of 
the solid that controls solubility, 4) the presence of other solids, and 5) radiation effects, such as radiolysis. 
Solubilities that represent upper limits on radionuclide concentrations are of primary concern in defining the 
experiments. However, our approach also stresses an understanding of the basic thermodynamic processes 
through speciation determinations and thermodynamic modeling of the multicomponent aqueous systems found 
in the Yucca Mountain environment. 

An important part of this investigation is modeling the solubility and speciation of radionuclides, which will be 
used to 1) assess the importance of the various parameters that influence solubility and speciation (for example, 
water composition) and 2) calculate solubilities under conditions not directly covered by the solubility 
experiments. The models will be based primarily on equilibrium methods that require thermodynamic data both 
for solids that are likely to precipitate and for aqueous species that may be present in the water. However. 
nonequilibriurn or kinetic models will be used as needed to describe certain aspects of radionuclide solubility. 

To assess the potential for colloid transport, information is needed about the likelihood of colloid formation 
under extant water chemistry conditions at the Yucca Mountain site and the stability of colloids once formed. 
Two radionuclides that may form stable colIoids under these conditions have been identified: plutonium and 
americium. Because these radionuclides also contribute significantly to the radioactivity of the waste inventory, 
we plan to examine their potential for colloid formation and to perform stability experiments. 



C. BATCH-SORPTION AND SORPTION-MODELING STUDlES 

The rock units in Yucca Mountain contain mineral and other solid phases known to have significant sorption 
affinities for most of the radionuclides likely to be emplaced in the potential repository. These phases make up 
one of the multiple barriers to radionuclide migration in the potential repository block. The purpose of this 
study is to obtain data on the sorption behavior of key radionuclides under the physical and chemical conditions 
anticipated in the rock volume between the disturbed zone and the accessible environment. Here, key 
radionuclides are those radionuclides for which a sorption barrier could provide a significant contribution to the 
regulatory compliance strategy, including americium, carbon, cerium, cesium, iodine, niobium, nickel, 
neptunium, plutonium, radium, selenium, tin, technetium, thorium, uranium, and zirconium. 

Data will be obtained that will provide input to the evaluation of alternative models for transport (for example, 
matrix versus fracture flow). Alternative models for sorption behavior will be investigated through studies on 
pure mineral separates. Key radionuclides that sorb dominantly by surface-complexation mechanisms will be 
studied in addition to radionuclides that sorb dominantly by ion exchange. Alternative models for transport will 
be addressed by studies of minerals that are found as fracture linings in yucca Mountain and by studies on the 
sorptive potential of natural colloids in Yucca Mountain. Investigation of the sorption behavior of fracture- 
lining minerals will provide data on the impact of these minerals on the retardation of the important 
radionuclides during fracture flow. The potential for the transport of radionuclides adsorbed onto colloidal 
materials will be investigated by studying the degree to which the important radionuclides sorb to natural 
colloids found in the Yucca Mountain groundwaters. 

One of the supporting parameters needed for site characterization is the sorption distribution coefficient (K,) in 
the rock matrix for americium, carbon, cerium, cesium, iodine, neptunium. plutonium, strontium, technetium, 
uranium, and zirconium. These coefficients will be provided for all hydrologic units in the controlled area. 

The NRC, in its "Generic Technical Position on Sorption," has drawn attention to a number of potential 
problems in the interpretation and application of batch-sorption data (NRC 1987). These problems concern 
aspects of the experimental technique and application of the results to real-world situations. Data obtained in 
this task will be combined with data obtained in Investigation 8.3.1.3.6 (Retardation by Dispersive, Diffusive, 
and Advective Transport) to address the concerns of the NRC. 

D. DYNAMIC TRANSPORT STUDIES 

The main intent of Study 8.3.1.3.6.1 (Dynamic Transport Column Experiments) is to test the necessary 
assumptions made in applying values of the sorption distribution coefficient, K,, (determined by the batch- 
sorption measurements described in Study 8.3.1.3.4.1, Batch Sorption Studies) to describe hydrologic transport. 
These assumptions are 1) microscopic equilibrium is attained between the solution species and the adsorbent, 2) 
there is only one soluble chemical species or, if more than one species is present, the species interchange rapidly 
and are present in the same properties, 3) the radionuclides in the solid phase are adsorbed on mineral surfaces, 
that is, not precipitated, 4) the dependence of sorption on concentration is described by a linear isotherm, and 5 )  
crushing the rock does not alter the sorption properties. 

The importance of verifying these assumptions can be demonstrated by the following five hypothetical cases. 
1) If equilibrium were not attained in the batch experiments, the retardation of radionuclides could be dependent 
on groundwater velocity. Some mineral-forming reactions can occur that incorporate adsorbed radionuclides in 
the crystal structure in an irreversible manner. Such reactions would increase the value of the distribution 
coefficient on a geologic time scale, that is. batch measurements would determine conservative values of 



sorption. Conversely, mineral changes induced by differences in exchangeable cation compositions could lead 
to lower values of Kd on geologic time scales. 2) If a radionuclide were present in solution as two different 
species, an anion and a cation, and solution equilibrium were not maintained, the batch measurement would 
predict a single retardation factor, whereas in a flowing system, the anion would move unimpeded because of 
the paucity of anionexchanging minerals in Yucca Mountain tuff. 3) If the radionuclide had precipitated in the 
batch experiments, the K,, value thus determined would be meaningless. Depending on the precipitation 
mechanism, colloid transport could be important. 4) A nonlinear isotherm will usually result in broadening of 
the migration front of radionuclides in column studies that would appear as increased dispersion over that 
observed for nonsorbing tracers. 5) If by crushing the tuff, reactive mineral surfaces were exposed that were 
unavailable in the intact tuff, retardation in the field would be lower than data obtained from batch 
measurements would predict. 

The studies described in this plan will provide an experimental basis for validating transport models. The 
experiments are designed to vary in complexity from crushed tuff, which has the most similarity to the batch 
measurements (that is, would not test assumption 5 listed above), to solid tuff and fractured tuff, in which steady 
state is not achieved during the course of the experiment. In all the experiments described under this activity. 
the physical processes include the following: advection, dispersion (which is minimized in the crushed-tuff 
experiments), and diffusion (both longitudinal, in the crushed- and solid-tuff columns, and transverse in the 
fractured-tuff columns). The effect of saturated and unsaturated conditions on all three of these process will 
also be studied. 

The transport experiments, varying in complexity, will be modeled using the transport processes currently 
available in the transport codes of Investigation 8.3.1.3.7. If the outcome of these efforts indicates that the 
transport codes are ignoring processes that are essential to the prediction of transport behavior as shown by the 
experimental results, the identified processes will be added to the transport models used. This type of effort will 
lead to a cycle of modeling and experimentation, which should identify the key experiments to be performed as 
well as improve the transport models used. 

E. DIFFUSION STUDIES 

The goal of these studies is to experimentally determine diffusivities and mass transfer rates for consolidated 
tuff for use both in performance-assessment calculations and in support of Study 8.3.1.3.6.2, Diffusion. The 
combined goal of this study and Study 8.3.1.3.6.1, Dynamic Transport Column Experiments, is to investigate 
the effective retardation of radionuclides by dispersive, diffusive, and advective processes. Specifically, there is 
a need for experimental evidence that confirms or denies the theory of advective/diffusive coupling of solute 
concentrations in matrix and fracture flow. This theory is embodied in transport models for fracture flow. 

This study will provide values for the effective diffusivity of aqueous chemical species contained in the pores of 
the matrix of each rock unit in the saturated and unsaturated zones needed for resolution of Issue I . I .  An 
understanding of dispersal of radionuclides into the tuff matrix and the contributions of sorption to radionuclide 
retardation in an advective system is necessary, including determination of the empirical parameter that measures 
the effective diffusivity of the fracture matrix interface (constrictivity/tortuosity factor) for the saturated and 
unsaturated zones. The diffusion studies also provide a means of measuring sorption and sorption kinetics. 
Distribution coefficients for the rock matrix in both the unsaturated and saturated zones beyond the disturbed 
zone are needed for site characterization, but if measured sorption data are to be used in a dynamic system, then 
sorption (distribution coefficients) must be evaluated in dynamic systems. The diffusion experiments will 
provide that evaluation and will support the use of the sorption data by Issue 1.1.  The results from this study are 
also to be used in modeling and interpreting the results of dynamic transport column experiments. 



11. SUMMARY OF RESULTS TO DATE 

The results that have been obtained to date in the groundwater, solubility and speciation, sorption, diffusion, 
and transport studies have been presented in detail in the summary and synthesis report for geochemistry 
(Triay et al. 1997) and are summarized here. Our intent in this report is to assess the completeness of the pro- 
gram goals in Chapter VIII by comparing the goals of the relevant studies presented in Chapter I with the 
results obtained to date and the available models important to transport (presented in the rest of this report). 

A. GROUNDWATER CHEMISTRY 

The chemical compositions of pore waters, perched waters, and saturated-zone groundwaters suggest there are 
basically two types of waters in Yucca Mountain. 

Vpe-I water occurs as pore waters in hydrologic units mainly above, but also below, Tuff of Calico Hills. 
This water type generally has higher ionic strength than type-2 waters and is strongly influenced by soil- 
zone processes such as the precipitation of calcite, gypsum, and silica. 

Qpe-2 water occurs as perched waters and saturated-zone groundwaters. This water type is more dilute 
and is strongly influenced by hydrolysis reactions involving carbonic acid. 

Pore waters in Tuff of Calico Hills appear to be mixtures of the two basic water types, that is, pore waters 
from the overlying Topopah Spring Tuff and perched waters. 

The chemical data indicate that the equilibration of pore waters and perched or groundwaters is a very 
slow process. 

Future compositional variations in water chemistry under ambient conditions are likely to be of minor 
magnitude. 

The compositions of the E l 3  and UE-25 p#l waters appear to bound most of the compositional variations 
to be expected in the ambient flow system at Yucca Mountain in the future. The main parameters not 
entirely bounded by these compositions are pH, Eh, and chloride concentrations. 

The uncertainty in the identity of alteration phases that control the type-2 water compositions and the lack 
of experimental data on the kinetics of formation of possible alteration phases preclude the development 
of realistic quantitative models of water chemistry in Yucca Mountain. 

B. SOLUBILITY AND SPECIATION 

The carbonate anion is an exceptionally strong complexing agent for actinide ions and is present in signif- 
icant concentrations in waters characteristic of the Yucca Mountain region. 

The ability of some actinide cations to hydrolyze water requires that any aqueous model of actinides in 
Yucca Mountain groundwaters include thermodynamic descriptions of hydroxo, carbonato, and mixed 
hydroxo-carbonato complexes. 

The solubility of neptunium, plutonium, and americium will depend on solution speciation (especially 



with OH- and C032-) and the solubility-limiting solid. 

Bulk solubility experiments can provide empirical data directly, but because they are long-term experi- 
ments, only a limited number of data points can be collected over a limited range of conditions. To deter- 
mine solubility for general conditions, the system must be modeled thermodynamically. 

Bulk solubility of neptunium in J-13 water ranges from 6 X 10" M to M; the solubility-limiting solid 
was predominately (but not exclusively) Np20S. -. 

For water conditions expected at Yucca Mountain, the data for Np(V) solutions is consistent, and model- 
ing with the EQ316 code suggests a combination of Np02+ and Np02C03- as the dominant species. 

Recent modeling work at Los Alamos indicates Np(1V) solids may form in Yucca Mountain waters 
depending on which solid-state numbers are used. The importance of this observation is that Np(1V) 
solids may be much less soluble than the Np(V) currently considered in performance-assessment calcula- 
tions. 

Bulk solubility of plutonium in J-13 water extends over a relatively narrow range from 4 X to 
5 X lo4 M; the predominate solubility-limiting solid is Pu(1V)-oxide polymer at 25°C. aging to more 
crystalline Pu02(s) at 90°C. 

In the model, plutonium speciation is calculated to be dominated by Pu(OH)~- in J-13 water, and the 
solids Pu02(s) and Pu(OH),(s) are calculated to be supersaturated to saturated. 

The bulk solubility of americium ranges from 3 X 10-lo to 4 X lo4 M; the solubility- limiting solid was 
reported to be a mixture of hexagonal and orthorhombic forms of AmOHC03, but this assertion is contro- 
versial and more work would need to be done to confirm or reject the statement. 

Only preliminary modeling of americium has been done. The predominate solution species was calculat- 
ed to be AmC03+ in J-13 water except at 90°C and a pH of 8, in which case the dominant species was 
caIcuIated to be Am(C0,);. Furthermore, the hydroxo solids Am(OH), and Am(OH)3(amorphous) were 
calculated to be significantly below saturation throughout the experimentaI conditions for the bulk solubil- 
ity study. The only solid to approach saturation in the calculations was AmOHC03. 

C. SORPTION 

The elements niobium, tin, thorium, and zirconium show strong sorption onto surfaces available in Yucca 
Mountain rock units. In addition, these elements form solid oxides and hydroxides that have very low 
solubiIities in Yucca Mountain groundwaters. In near-neutral solutions, they are fully hydrolyzed. A min- 
imum sorption-coefficient value of 100 mVg is appropriate in performance-assessment calculations for all 
these elements under essentially all conditions expected within the Yucca Mountain flow system. 

The elements actinium, americium, and samarium also sorb strongly to surfaces in Yucca Mountain rock 
units. These elements tend to form carbonates, phosphates, and mixed hydroxycarbonate compounds that 
are very sparingly soluble. A minimum sorption-coefficient value of 100 mllg is appropriate for each of 
these elements. 

Plutonium's solution and sorption behavior are the most complex of all the elements of interest. The 



groundwater compositional parameter most critical to this element in the Yucca Mountain flow system is 
the redox potential, Eh. The available sorption data suggest that this element should sorb strongly to 
Yucca Mountain tuffs under most of the expected conditions. However, because in the experiments to 
date, the redox potential was not controlled, additional controlled experiments should be carried out. The 
recommendation is to bias the redox potential to a high level in a series of sorption experiments using sev- 
eral rock types and a water composition representative of the unsaturated zone. If the sorption coeffi- 
cients obtained i n  these experiments are consistent with earlier results, plutonium can be classified with 
the strong sorbers and a minimum sorption-coefficient value of 100 ml/g could be used in performance- 
assessment calculations. On the other hand, if the sorption coefficients are decreased by the elevated 
redox potential imposed, then additional experiments will need to be carried out to better define the 
appropriate range of the sorption coefficient to be used in the calculations. 

Cesium and radium have high affinities for most Yucca Mountain rock samples, particularly zeolitic sam- 
ples. A minimum sorption-coefficient value of 100 mug could be used for these elements assuming that 
cesium concentrations in solution stay below M. For strontium, the situation is more complex. 
Although this element has a high affinity for zeolitic samples, it is not strongly sorbed by devitrified and 
vitric tuffs. Because the zeolitic tuffs will be a strong barrier for this element, the small sorption-coeffi- 
cient values obtained to date for this element could be used for devitrified and vitric units. 

The sorption coefficient data available for the elements nickel and lead are limited to a dozen or so exper- 
iments on nickel. In the surficial environment, lead appears to be less mobile than nickel. Therefore, the 
nickel sorption coefficients can be used as default values for lead. In devitrified and zeolitic zones, a min- 
imum sorption-coefficient value of 100 mug is appropriate for nickel. In vitric zones, sorption coeffi- 
cients will be in the range from 0 to 50 mug. For vitric zones, it is recommended that performance- 
assessment calculations use a random sampling technique to derive nickel and lead sorption coeff~cients 
from a normal distribution ranging from 0 to 50 mug. 

The group that includes the elements neptunium, protactinium, selenium, and uranium is the most difficult 
to deal with because the sorption affinities for this group are generally small. Neptunium appears to sorb 
primarily by surface-complexation and surface-precipitation mechanisms. The carbonate content of the 
rocks used in experiments with neptunium appear to have a large impact on sorption behavior. The pres- 
ence of ferrous iron on surfaces in the tuffs may also be a factor. The recommendation is to oxidize the 
samples prior to use in sorption experiments to passify any ferrous iron that may be present on surfaces. 
If this does not affect the sorption coefficient for the rock, a very weak acid leach should be used to 
remove potential carbonate minerals. If this also has minimal effect, then the presently available sorption- 
coefficient data could be used for performance-assessment calculations. If either of these procedures 
results in the lowering of the sorption affinity, additional steps will have to be taken to derive appropriate 
sorption coefficients. 

Protactinium appears to be very insoluble in near-neutral solutions, but its sorption behavior is more com- 
plicated. At high pH, protactinium appears to sorb strongly, whereas just below neutral pH, it sorbs poor- 
ly. Because only lower-range pH experiments have been conducted with Yucca Mountain samples to date, 
the recommendation is to carry out several experiments in the higher pH range. 

Selenium will be present as an anion in Yucca Mountain flow systems and will have low sorption affinity. 
The main unresolved issue is the effect of elevated levels of calcium and magnesium on its sorption 
behavior. The recommendation is to carry out several additional sorption experiments with selenium 
using a water with relatively high amounts of calcium and magnesium. 



Uranium sorption appears to be controlled by pH, alkalinity, and alkaline-earth-ion concentrations. Its 
affinity for Yucca Mountain rock samples is generally low with the highest sorption coefficients observed 
in zeolitic tuffs. The main gap in the available data is for sorption coefficients on zeolitic and devitrified 
samples in contact with water enriched in calcium and magnesium at pH values from 6.5 to 8.0. The rec- 
ommendation is to carry out two sets of experiments: one with a water high in calcium and magnesium 
but low in alkalinity; the other with a water high in calcium, magnesium, and alkalinity (for example, 
UE-25 p#I water). Both a zeolitic and a devitrified sample should be tested. 

The final group includes the elements carbon, chlorine, iodine, and technetium. These elements have little 
or no sorption affinity under the oxidizing conditions expected within the Yucca Mountain flow system. 
Any retardation of these will involve processes other than sorption. 

In a batch-sorption study of the effect of naturally occurring organic materials on the sorption of cadmium 
and neptunium on oxides and tuff surfaces, the model sorbents were synthetic goethite, boehmite, amor- 
phous silicon oxides, and a crushed tuff material from Yucca Mountain, Nevada. An amino acid, 3-(3,4- 
dihydroxypheny1)-DL-alanine (DOPA), and an aquatic-originated fulvic material. Nordic aquatic fulvic 
acid (NAFA), were used as model organic chemicals. DOPA and NAFA have little effect on neptunium 
sorption on all sorbents selected for this study. 

D. TRANSPORT AND DIFFUSION 

Batch-sorption techniques yield sorption coefficients that appear to predict radionuclide transport under satu- 
rated and unsaturated conditions (at the laboratory scale) conservatively. These techniques need to be supple- 
mented with dynamic transport and diffusion experiments. 

The Unsaturated Flow Apparatus (UFA) is a useful technique to assess the validity of batch-sorption coef- 
ficients. However, it would be practically impossible to measure all the necessary Kd values using the 
UFA approach because of the amount of time required for such an effort (as a result of the extremely low 
conductivities of the Yucca Mountain tuffs). Therefore, the UFA should be used for validation of K,s 
under unsaturated conditions rather than for collection of the majority of the data in the sorption database. 

The exclusion of anions such as pertechnetate in the vitric, devitrified, and zeolitic crushed tuffs we stud- 
ied is almost negligible except in the case of zeolitic tuffs in J-13 water. In this case, the anion exclusion 
of pertechnetate in zeolitic tuffs is small but measurable. 

To assess colloid-facilitated radionuclide transport in groundwaters at the potential nuclear waste repository at 
Yucca Mountain, it is very important to understand the generation and stability of coIIoids, including naturally 
occurring colloids. 

The colloid concentration in waters from Well 1-13 was measured to be on the order of lo6 particles/ml 
(for particle sizes larger than 100 nm). At this low particle loading, the sorption of radionuclides to col- 
loids would have to be extremely high before the colloids could carry a significant amount of radionu- 
clides from the repository to the accessible environment. 

Diffusion is one of the most important retardation mechanisms in fractured media. 

The diffusion of nonsorbing radionuclides into saturated devitrified tuff is slower than diffusion into 
saturated zeolitic tuffs. The diffusion of tritiated water through saturated devitrified tuffs is on the 



order of 1 O4 cm2/s. 

Large anions, such as the neptunyl-carbonato complex or pertechnetate, are excluded from the tuff pores 
because of their size and charge. The diffusion coefficients for pertechnetate in saturated tuffs are on the 
order of lo-' cm2/s. 

The use of the Unsaturated Flow Apparatus is the most efficient and cost effective way of studying diffu- 
sion as a function of saturation in Yucca Mountain tuffs. 

Calculations of radionucIide transport often include assumptions about fast pathways, such as fractures, that 
are too simplistic. This approach leads to over~onser~ative predictions of radionuclide reIeases to the environ- 
ment. 

Our results indicate that diffusion from the fracture into the matrix can take place even at relatively fast 
flow rates. 

Neptunium transport can be significantly retarded, even during a fracture-flow scenario. Retardation of 
neptunium transport in fractures could be due to both diffusion into the matrix and sorption onto the min- 
eraIs lining the fracture walls. 



111. Models for SolubiIityISpeciation 

A. SOLUBILITY PRODUCTS 

Models to describe the equilibria of trivalent lanthanidedactinides in carbonate systems have been presented 
(Runde et al. 1992). The solubility products of hydroxocarbonates determined at a CO, partial pressure of 0.03% 
were found to be: 

log K, = - 19.94 f 0.16 for NdOHCO,, 

log K, = -20.18 f 0.09 for EuOHCO,. 

log K, = -18.70 + 0.12 for AmOHCO,. 

The solubility products of carbonates, which can be applied at a CO, partial pressure range from 1 .O% to loo%, 
were reported by Runde et al. (1992) to be: 

log K, = -3 1.35 + 0.12 for Nd 2(C03)3. 

log K, = -31.78 f 0.22 for Eu,(CO,),, 

log K, = -29.45 f 0.18 for Am,(CO,),. 

The solubility of americium under Yucca Mountain conditions can be calculated from these data. 

Models to predict the solubility of pentavalent neptunium in Yucca Mountain waters under ambient conditions exist 
(Lieser et a]. 1988; Runde et al. 1996) and can be used to corroborate the Yucca Mountain solubility data for 
neptunium. Lieser (1988) has described the two hydrolysis products of NpO,' INpO,(OH) and NpO,(OH),] with 
the following hydrolysis constants: 

[NpO, (OH11 
= [,pol ][OH-] 

(log 0, = 2.33 rt 0.62 at ionic strength p = 1 .O) 

[NPO, (OH); I 
P2 = [N~o;][oH-]~ 

(log P, = 4.89 f 0.05 at ionic strength p = 1 .O) 

The solubility product of NpO,(OH) was presented by Lieser (1988): 

Ks = [NpO;][OH-] (log K, varying between -8.8 1 and -9.73) 

In Yucca Mountain groundwaters, the most important ligand is carbonate. As summarized by Lieser (1988). at 
low and medium carbonate alkalinity, defined as WCO,] + [HC0,2-], I : 1 and 1 :2 complexes are predominant: 

NpOf + CO:- w Np0,COj (log P, = 4.13 k 0.03 at ionic strength p = 0.02) 

NpOf + 2 ~ 0 : -  N~O,(CO,):- (log P, = 7.06 f 0.05 at ionic strength p = 0.02) 

The triscarbonato complex, N~o,(co,),S', is not formed in significant amounts in the range of carbonate alkalinity 
up to M. 

Pashalidis et al. (1993) summarized the equilibria of Pu(VT) and U(V1) in aqueous carbonate systems. The 
solubility products, converted to zero ionic strengths, were found to be: 



log K, = - 14.84 f 0.10 for PuO,CO, (s), and 

log K, = - 14.22 f 0.14 for UO,CO, (s) . 

The functional dependence of the soIubility product with temperature can be expressed with thermodynamic rigor. 
However, this approach requires knowing the thermodynamic solubility products (KT0) of the dominating 
dissolution reactions. The thermodynamic treatment to obtain the functional dependence of an equilibrium 
constant (such as K,") with temperature T, derived in Triay et al. (1997), is valid only when considering the same 
chemicaI reaction attaining equilibrium at different temperatures. The resulting dependence is given by 

where R is the gas constant, " refers to reactants and products in their standard state ( I  atm, zero ionic strength), H 
is enthalpy (AHi = mi.-,* - CHi.,,J, and a ,  6, c ,  and i are constants. 

With regard to the Laboratory's empirical solubility data for actinides as summarized in Triay et al. (1997), it is 
important to make the foIIowing observations: 

1) the solid phases reported at 25°C and 60°C for neptunium do not match the solid phases found at 90°C 

2) information on the soIid phases of plutonium formed is not available, and 

3) it is not clear that equilibrium is obtained in the time scale of the experiments. 

These observations are important for the following reasons: 

1) Deriving a K, from the Yucca Mountain solubility data requires knowing the dissolution reaction and 
knowing that the same reaction takes place across the desired temperature range. It is not clear that this is the 
case for either neptunium or plutonium. 

2) If equilibrium is not attained during the solubility experiments. the variability of the solubility data with 
temperature could be a result of kinetic effects. In particular, the apparent solubility measured could increase 
with temperature as a result of faster dissolution rates at higher temperatures. 

3) To define a K,, equilibrium has to be attained from oversaturation and from undersaturation. The same 
solubility for americium, neptunium, and plutonium must be measured (either starting from an oversaturated 
solution or from an undersaturated solution using the solid phases formed during the oversaturation 
experiments). Consequently, the members of the Radionuclide Solubility Working Group (SolWOG) of the 
Yucca Mountain Site Characterization Project decided not to apply a rigorous thermodynamic treatment to 
extrapolate the empirical solubilities in the Project's data base as a function of temperature. 

B. SPECIATION AND SORPTION 

The speciation of Np and Tc as a function of Eh and pH has been summarized by Lieser ( I  988, 1987) using 
published thermodynamic data and is reproduced here in Figs. 1 and 2, respectively. 



Figure 1. Neptunium Speciation. Eh-pH-diagram of neptunium plotted 
on the basis of thermodynamic data (from Lieser, et al. 1988). 

Figure 2. Technetium Speciation. Eh-pH-diagram of technetium plotted 
on the basis of thermodynamic data (from Lieser, et al. 1988). 



The implications of reducing conditions in Yucca Mountain groundwaters extremely significant for the 
solubility and sorption of Np and Tc. If Np solubilities are controlled by Np(IV) solids, the solubility of Np used 
in transport calculations would have lower values than the ones currently used based on Np(V) solids. An 
analogous argument can be made for Tc under reducing conditions. Additionally, as pointed out by Lieser (1988, 
1987). Np and Tc sorption increases dramatically with decreasing Eh (Figs. 3 and 4). Therefore, exploring the 
potential for reducing conditions at Yucca Mountain is of extreme importance to the project. 

Figure 3. Neptunium Sorption. Sorption ratios, R,, measured for neptunium in various 
systems at pH 7.0 + 0.5 as a function of the redox potential, Eh (from Lieser, et al. 1988). 
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Figure 4. Technetium Sorption. Sorption ratios, R,, measured for technetium in various 
systems at pH 7.0 f 0.5 as a function of the redox potential, Eh (from Lieser, et al. 1988). 



IV. SORPTION MODELS 

In this Chapter, we present the sorption models that can be used in the transport codes to account for sorption as 
a retardation mechanism. Section A briefly introduces the basic equation for transport models. Section B 
provides a literature review of surface complexation models and their application to relevant repository 
conditions. Section C provides the application of surface complexation models to actual tuffaceous materials 
(the work was performed by Jim Leckie's group at Stanford). Section D summarizes the recommended models 
that can explain radionuclide sorption onto tuffaceous materials. 

A. SORPTION JN TRANSPORT CONCEPTUAL MODEL 

The most comprehensive expIanation of the fate of reactive and nonreactive solutes and suspended particles in 
porous and fractured media has been presented by de Marsily (1986, Chapter 10). The transport of 
radionuclides in porous media is governed by advection, diffusion, or kinematic dispersion. Advection is the 
mechanism whereby dissolved species are carried along by the movement of fluid. Diffusion causes species to 
be transferred from zones of high concentration to zones of low concentration. Kinematic dispersion is a 
mixing phenomenon linked to the heterogeneity of the microscopic velocities inside the porous medium. 

The basic relationship used in the transport models for linear, reversible, and instantaneous sorption with 
radioactive decay of the solute is 

where D is the dispersion tensor, C is the concentration of soIute in the solution phase, U is the filtration 
veIocity (Darcy's velocity), E is the porosity, t is time, pb is the dry bulk density of the medium, Kd is the linear 
distribution coefficient (that is, F = K,C, where F is the mass of solute sorbed per unit mass of solid), and A is 
related to the half-Iife, tin, of the decaying radionucIide by the relationship A = 0.693/r,,. 

The expression inside the first set of parentheses in Eqn. 2 is equivalent to the transport retardation factor, R p  
which is only valid if sorption is linear, reversible, and instantaneous. 



B. SORPTION THEORIES AND LITERATURE REVIEW OF RELEVANT DATA 

B.l  Metal Ion Adsorption Theories 

Forces acting at interfaces are composed of extensions of forces acting within the two phases. Phenomena 
particular to interfaces result from an unbalance of such forces. Solids in natural wastes have electrically charged 
surfaces. 

One side of the interface assumes a net electrostatic charge, either positive or negative, and an equivalent number 
of counter ions of opposite charge form a diffuse layer in the aqueous phase. Such an electric double layer exists 
at all interfaces in natural waters. Because of electrostatic repulsion, particles tend to remain dispersed, that is, in a 
colloidal state (Stumm and Morgan 1970). 

Origin of surface charges 
1 ) Charge may arise from chemical reactions at the surface. 

Many solid surfaces contain ionizable groups, such as OH, COOH, or OPO,H,. For example, the electrical 
charge of a silica surface in water can be explained by the acid- base behavior of the silanol 
Si-OH groups found on the surface of hydrated silica. 

2) Surface charge at the boundary may be caused by Iattice imperfections at the solid surface and by isomorphous 
replacements within the Iattice. 

For example, if, in any array of solid SiO, tetrahedral, a silcon atom is replaced by an aluminum atom, a negatively 
charged framework is established. 

3) Surface charge established by ion adsorption can arise from Van der Wads interactions and from hydrogen 
bonding. 

Reactions of metal ions with oxides in water systems are of importance in colloid chemistry, in natural water 
systems, and in geochemical processes. 

Interactions at the solid-water interface can be characterized in terms of chemical properties and physical properties 
of the water, the solute. and the sorbent. 

The mechanism of an adsorption reaction is used here in an equilibrium sense rather than in a reaction-path or a 
kinetic sense. Various reaction factors may influence the adsorption mechanism, including: 

- pH, 
- metal ion concentration, 
- surface coverage, and 
- sorbent type. 

It is well known that pH and metal ion concentration affect the extent of metal ion adsorption. Moreover, the 
correlation between hydrolysis reactions and the sorption of cationic metals is well established. The extent of 
surface coverage and sorbent type also influence adsorption but in a less defined manner. The influence of these 
parameters on the adsorption mechanism and resulting surface structure are not resolved. 

The following is a summary of the type of surface complex formation equilibria that characterize the adsorption of 
H+, OH-, cations, and ligands at a hydrous oxide surface. 



Acid base equilibria 
Because of the two lone electron pairs on oxygen atoms and the dissociating hydrogen ion, surface hydroxyl 
groups are amphoteric. Acid-base reactions at this surface can be presented as follows (Stumm 1992): 

S-OH,' = S-OH + H' K, I .s (3) 

S-OH = S-0- + H' Ka2s (4) 

The surface is considered to exist in positive, neutral, or positive states. The energy of dissociation of a particular 
proton is influenced by the state of the nearest neighbors. The surface constant K,, correlates with the 
corresponding constants K, of the same metal ion in solution. 

Metal M binding 

S-OH + M" ----- > S-OM '"IH+ H' 

2 S-OH + M" ----> (S-O),M'"'"+ 2 H' 

S-OH + M" + H20 -----> S-OMOH(z-2'++ 2 H' 

Deprotonated surface hydroxyl groups have a Lewis basicity. Metal ions can interact with these groups. If 
protonation or deprotonation of these groups is considered as adsorption or desorption of the proton, metal ion 
adsorption is a competitive reaction. The adsorbed species in these reactions are denoted binary surface 
complexes. 

Because there is competition between the adsorption of the metal and the proton, pH is an important variable that 
governs the extent of adsorption. Adsorption of the metal ion increases with an increase in pH. Typically there is 
a narrow pH range in which adsorption increases from 0 to 100% (Balistrieri and Murray 1982). This narrow pH 
range is called the adsorption edge. 

In the adsorption of a metal ion on y AI,O,, it is observed that the adsorption rate constant is related to the release 
of water molecules from the hydrated metal ions (Hachiya et al. 1984). This supports the formation of an inner 
sphere complex in adsorption. 

There is a Iinear relationship between the stability constants  log*^,,"' or log* P,,'" of surface complexes on 
amorphous silica and the stability constants log*Kl or log* P2 of hydroxo complexes. 

Ternary surface complex formation 
Because surface hydroxyl groups are rigid in structure, they cannot occupy all the coordination sites of the metal 
ion. This unsaturation gives the metal the possibility of bonding with other ligands, leading to two types of 
ternary surface complexes: 

S-OH + L- + M" < -  S-O-M-L'""' + H' Type A ternary complex (8) 

S-OH + L- + M" c-> S-LM" + OH- Type B ternary complex (9) 



where Type A (Eqn. 8) can actually have the metal ion bonding to several ligands (S-O-ML,) and Type B 
(Eqn. 9) is favored at low pH because the anion is adsorbed by ligand exchange with OH-. 

Mechanism of surface adsorption reaction 
As shown below, the process of proton adsorption on an oxide surface can be explained with four steps (Westall 
1987). where M" is the hydrolyzed ion or complexed cation. 

SURFACE AQUEOUS ELECTRIC LAYER BULK 

S-0- ..... M =+ r step 2 M =+ 

1 step 1 X- 4 
step 3 

X- 

A+ step 4 
A+ 

Step 1 : only a cation that has approached the surface reacts with the surface oxide group. 

Step 2: a cation of M" moves from the bulk solution to the surface. 

Step 3: the countercharged ion X transfers from the bulk solution to the electrical layer 

Step 4: the oppositely but equally charged ion A+ moves from the eIectrical layer to the buIk solution. 

Experimentally, only the overall energy of reaction can be measured. The energy of transferring the charged 
cation to the surface (step 2) and the energy of moving the charged ions between the electric layer and the bulk 
solution (steps 3 and 4) can be ca1c"lated from some electrostatic model. The former relates to the surface 
potential, Y, and the latter depends on the electric-layer model. The intrinsic chemical energy of the surface 
reaction (step I) can be obtained by subtracting these calculated energies from the observed energy. Surface 
potential varies with the adsorption of ions and surface chemical groups should be considered to have a few 
discrete energies. However, the heterogeneity of functional groups on the surface makes it difficult to calculate the 
exact energy of electrostatic interactions. Additional experimental data showing the effect of neighboring 
functional groups are needed. 

The surface complexes can be divided into inner and outer sphere complex types according to the bonding between 
the surface and the metal ion. 

Inner-sphere surface complex: the metal ion binds directly to the surface functional group and no coordinated 
water molecules lie between the two units. The bonding is covalent orland ionic in nature. 

Outer-sphere surface complex: The bonding is coulombic in nature and more than one water molecule 
coordinated to the metal ion or to the surface silanol group lies between the two units. 

The stability of an inner sphere complex is greater than that of an outer sphere complex. 



The Different Models 
Adsorption chemistry started with the chemistry of natural waters. The results of adsorption experiments have 
been reported in terms of the empirical method used, such as: 

- partition coefficient, 

- isotherm equation, 

- conditional equilibrium adsorption constant at various pH, 

- ionic strength, and 

- competing ion presence. 

The interpretation of experimental values requires an adsorption model. The purpose of theoretical modeling is to 
understand the sorption mechanisms, to explain the experimental results, and to predict sorption at conditions far 
from the experimental conditions. The reaction between the ion and the sites on the surface can be considered to 
be similar to complex formation in homogeneous solution-that is, a surface complexation theory. To this theory, 
site specific binding, the mass law equation, and electrostatic effects represented by a coulombic term are included. 
This theory could be applied to a well-defined surface group such as hydrous metal oxide. For such a case, we 
use the acidity constants, K,,, and K,,,, of Eqns. 3 and 4 and the equilibrium constants, K l ,  and K' , , .  of Eqns. 5 
and 6 for metal ion adsorption on surface hydroxyl groups, a11 of which are expressed as follows: 

* K,,,  = {S -OH]  [H'] 1 {S-OH2' ) (10)  

* K,, = { S - 0 ' )  w] I {S -OH)  ( 1  1 )  

* K I A  = { S - O M ]  [H'] / {S-OH) MI, (12) 

* K J I ,  = {(s-o),M) [H+l2  1 (112) (S -OH]  w] (13)  

where { ] denotes the concentration of surface species in moles per kg of adsorbent, . If the concentration of 
oxides is w kilograms in v liters of aqueous phase, this concentration of surface species can be converted into the 
same concentration units as the dissolved species by the relationship [S-OH] = (wlv )  ( S - O H ] .  Note also that in 
adsorption through formation of (S-O),M, two close surface silanol groups interact simultaneously with a metal 
ion similar to chelate formation in bulk solution. Thus, the effective concentration of the active site in Eqn. 13 is 
half of the total active surface hydroxide groups. 

As with chemical reactions in homogeneous solution phase, the mass law equation, the mole balance equation, and 
the charge balance equation can be applied to this oxide surface adsorption reaction. In applying these equations, 
adsorption at specific coordination sites, existence of different site types, and the influence of the change of 
surface charge, which is caused by adsorbed ions, should be considered. 

The quotients *K,,,, * K,,, * K,, ,  * P,, are conditional stability constants measured at constant temperature, 
pressure, and ionic strength. Their values depend on the concentration of the surface species as follows: 

log K,(X) = log K,'"(X) - a ( X) 

where K,(X) is the conditional and K,"(X) is the intrinsic stability constant for the surface species of X; a is an 
empirical constant of the experimental system; and K,(X) becomes K,"'(X) as { X )  approaches zero. The constant a 
includes the effect of adsorbed metal ions and surface heterogeneity. 



The adsorbed metal ions produce surface potential change and mutually interact among themselves. Mutual 
interaction also results in a change of activity. Because of meager knowledge or lack of theory about the surface 
heterogeneity and the change of activity, modeling has focused on the effect of surface potential. In the case 
where the effect of surface heterogeneity and the change of activity are ignored, the observed Gibbs free energy in 
the adsorption reaction can be divided in two components: an intrinsic term and a coulombic term. For the 
intrinsic term, the concentrations of solutes at the surface layer is used instead of those for the bulk solution. 

Thus, Eqns. 10 through 13 can be re-expressed as: 

* K,,, = (S-OH) [H'], I (S-OH,' ] 

* K,, = (s-0.1 [H'], / (S-OH) 

* K',, = ((s-o),M) [H'],~ / (1/2) (S-OH)[M], (17) 

where [H'], denotes a proton released at the surface but not yet transported to the bulk solution and [MI, indicates 
that the metal ion exists in the surface layer after passing through the electric field. 

At the point of zero charge, (SO)  is theoretically equal to {SOH,'] and the following relationship can be written: 

The coulombic term is the energy required to bring an ion from the bulk solution to surface site of potential Yo: 
AG, = zFY,,. The coulombic term is also considered as an activity coefficient for the charged surface groups 
under long-range electrical effects. 

The concentration of the positively charged ion in the surface layer can be derived from its concentration in the 
bulk solution as follows: 

where M" is a proton or a metal ion. 

Thus, the observed stability constant and the calculated intrinsic stabiIity constant have the following relationship: 

The critical problem is the vaIue of Yw This parameter cannot be experimentally measured but can be estimated 
with several different assumptions, each yielding a different surface-complexation model: constant capacitance, 
two layer (or diffuse layer), Stem, triple layer, etc. 

Double-Iayer model 
The double-layer model can be divided into two cases: 

Case I :  Helmholtz or constant-capacitance model. For this case, all the adsorbed ions are considered to be part 
of the solid surface, background electrolytes exist at a discrete distance, and the potential drops linearly with 
distance. This model is applicable only for the case of high background electrolyte and/or low potential systems; it  
assumes a single layer at the particle-water interface (Turner and Sassman 1996). 



Case 2: D~fise-layer model, For this case, the interface between the oxide solid and the aqueous phase is 
considered to be composed of two large layers. All specifically adsorbed ions are assigned to one surface layer 
and the other nonspecifically adsorbed background electrolyte ions are assigned to a diffuse layer in the solution. 
The diffuse layer has a Gouy-Chapman distribution of ions. 

The electrical double layer of oxide suspensions has been investigated in recent years by potentiometric titration, 
microelectrophoresis, colloid stability studies and other methods (for surface-charge studies, see Abendroth 
(1970). Li and de Bruyn (1966). Tadros and LykIema (1968), and Schindler and Kamber (1968); for 
electrokinetic-potentialdetermination studies, see Li and de Bmyn (1 966), Wiese et al. (1 97 l), Hunter and Wright 
(1 971), Shindler et al. (1 976). and Gaudin and Fuerstenau (1 956)). Many electrical double- layer and adsorption 
models have been proposed to account for the experimental observations. Some emphasize the importance of the 
electrical double layer structure and physical interactions in controlling the distribution of solutes. Others stress 
the specific chemical or coordinative interactions of solutes with oxide surfaces. Davis et al. (1978) develop an 
integrated approach that has been applied successfully to the adsorption of major electrolyte ions and dilute 
solutes. This model is reasonably complete in that both physical and chemical interactions are accounted for. 

Triple-layer model 
As its name implies, the triple-layer model (TLM) assumes three layers. The compact layer next to the oxide is 
split into an inner and an outer layer. The third layer remains the diffuse layer that is located further out. In the 
inner layer, the separation between the innermost surface plane, where adsorbed proton ions exist, and the 
specifically adsorbed ion layer is very small. On the other hand, the separation in the outer layer is large because 
of the existence of severaI structured water layers between the inner layer and the edge of the diffuse layer. Thus, 
the inner layer has higher capacitance, and the outer layer has lower capacitance. 

In the TLM, K, OH- and other strongly bonding ions are located at the innermost layer (as an inner-sphere 
surface complex). They contribute to the surface charge o, and experience the surface potential \y,. Separated 
from the surface by a region of capacitance, C1, is the inner Helmholtz plane (IHP). Weakly binding ions are held 
at the MP and are labelled the outer-sphere surface complex. They contribute to the IHP charge q and experience 
the potential at IHP, v,. 

These three models use similar concepts to fit the experimental data. All three models assume equilibrium 
reactions involving protonation/deprotonation of amphoteric surface functional groups. However, since they 
calculate YO from different models, they produce somewhat different values of G~ and sometimes even different 
surface species, such as (S-O),M from the constant-capacitance model and S-0-M-OH from the triple-layer model 
for the same adsorption data (Westall and Hohl 1980). 

The surface-complexation models have been used to describe the adsorption of ions on pure oxides (Yates et d. 
1974; Davis and Leckie 1978; Hayes and Leckie 1987). However. the ability to quantitatively predict ion 
adsorption on multicomponent oxides is still limited (Honeyman and Santschi 1988). Several variations of the 
surface-complexation approach are known and used, differing in the number of adjustable parameters and, thus, 
complexity. The simplest model is the diffuse double- layer model @LM) with three adjustable parameters; the 
most complex is the TLM with seven adjustable parameters. 

In the DLM, the three adjustable parameters that can be optimized for simulating titration behavior are the two 
surface protolysis constants K' and K and the total number of surface sites 4. The DLM is usually restricted to 
modeling low ionic strength situations. 



In the constant-capacitance model (CCM), there are four adjustable parameters that can be optimized in simulating 
titration behavior: the two surface protolysis constants K+ and K ,  the total number of surface sites N,, and an 
inner-layer capacitance term C,. The CCM is restricted to constant ionic strength conditions. 

The more complex TLM has seven adjustable parameters including two surface protolysis constants K+ and K, 
two capacitance parameters C, and C,, total site concentration 4, and two electrolyte surface binding constants K, 
and K,. 

Model parameter estimation 
If the surface-complexation models (SCMs) are to be used to model sorption processes, experimental and 
theoretical methods are required to determine the followi-ng values for the various model parameters: total site 
concentration, interfacial capacitance, and surface equilibrium constants. 

For any of these, the preferred method of obtaining the parameter value is to measure it directly. However, except 
for the total site concenfration, this has not been possible. For this reason, FITEQL, the nonlinear least-squares 
fitting program, is often used to find optimum model parameter values from a set of titration data. This program 
optimizes the values of adjustable parameters by changing their values until the sum of the squares of the residuals 
between the measured titration data and FITEQL calculated values is minimized (Hayes et al. 1991). Hayes et al. 
describe a methodology for determining a unique set of model parameters from titration data for three commonly 
used SCMs: the diffuse-layer, the constantxapacitance, and the triple-layer model. 

Other models that exist are: 

The Gouy-Chapman-Stern-Graham model, which accounts for specific and electrostatic adsorption. 

The udsorption-hydrolysis mde l ,  which postulates that the adsorption of hydrolyzable metal ions is directly 
related to the presence of hydrolysed species. 

The ion -solvent interaction model, which considers coulombic, solvation, and specific chemical energy 
interactions as the ion approaches the interface and implies that a lowering of the ionic charge of the metal species 
(e.g., by hydrolysis) decreases the ion-solvent interaction that represents a barrier to the close approach of 
multiply charged ions to the surface. 

Solid-solution interface of goethite 
The goethite surface is comprised of three different types of surface hydroxyl groups: single-, double-, or triple- 
coordinated F e r n  (Hiernstra et al. 1989). These different types of hydroxyl groups have different acidities, 
affiiities for metal ions, and adsorption reaction rates (Gross1 et d. 1994). The existence of independent acidic 
and basic hydroxide groups can explain basic behavior at low solution pH and acidic behavior at high solution pH 
(Healy and White 1978). As for molecular metal (hydr)oxides, surface metal (hydr)oxides can be explained with 
amphoteric properties. 

- Low pH: the surface hydroxy groups protonate and the surface will be positively charged. 

- High pH: the surface hydroxy groups deprotonate and the surface will be negatively charged. 

- Medium pH: The amount of positive charge from protonation approaches the amount of negative charge from 
deprotonation, and the net charge due to surface ionization becomes zero. If the solution is free of adsorbing ions, 
this pH is called the iso-ionic point or point of zero charge (pzc). 



B.2 Literature Review of Applications of the Surface Complexation Models 

Sorption of cesium, iodine, and actinides in concrete systems 
Concrete is a possible conditioning, encapsulation, and over-pack material in connection with long-term storage of 
radioactive waste. Allard et al. (1984) prepared samples of seven different concretes (Standard Portland cement of 
two types (SPP and FPP), sulfate-resistant cement (SRP). blast-furnace slag cement 0). high-alumina cement 
(ALP), fly-ash cement (FAP), and silica cement (SIP)), and the pore waters were analyzed in the concretes after 
storing the samples under water for a minimum of 14 months. Table 2 lists the chemical compositions of the 
cement pastes (before addition of water, quartz sand, and occasionally, other agents such as fly ash. thinning 
agent, or napthalene). 

Table 2. Chemical Compositions of Cement Pastes (in weight %). 

SPP FPP SRP MP AL P FA P SIP 

so; 
C1 - - - - - trace 0.01 

ZnO - .. - - - - 0.07 

The sorption of Pum on concrete was studied in distribution experiments using a batch technique. A small volume 
of a Pu stock solution was added to the concrete, with particle sizes ranging from 0.09 to 0.125 rnm, after 
washing and pre-equilibration with artificial pore water. 

The distribution coefficients, K,,, for Pu and Np were determined and are shown in Figs. 5 and 6 (where the 
notation indicates the cement after addition of water, quartz sand, etc.-see Allard et al. (1984) for detailed 
descriptions). Pu, which is P u w )  or Pu(V) under oxidizing groundwater conditions, exhibits a sorption 
behavior similar to that of T h o  but with lower distribution coefficient values in certain systems. Possibly, a 
partial oxidation to the hexavalent state would be feasible in an oxidizing cement pore water environment as 
illustrated by the EhIpH-diagram of Fig. 7. 

Allard et al. observed, for most of systems, an increase in the value of K,, which reached a fairly constant level 
after several months. Exceptions were observed for Pu and sometimes for Np. A decrease in the value of K, with 
time may indicate a phase change in the cement or a slow speciation change of unknown nature. For Pu, slow 
oxidation to the hexavalent state could be an explanation. 



Figure 5. The Distribution Coemcient E(, of Pu versus Time (for two sets of samples) 

to) 

lo- '  10 1  0' time. d 

0 SPB, A FPB, TB, 98-1, A PE-I1 

lo- '  1  10 1  0' 
time. d 

0 SPB, A MR. 0 FAB, SIB, A ALB. 



Figure 6. The Distribution Coefficient K, of Np versus Time. 

0 FPB, PW4, FPB, Ca(OH)2-solution, . FPB, PW4+TBP, 
* FPB, PW4+amine, 4 HB, PU4, MP, PU4 

Figure 7. Eh/pH Diagram for Pu in Groundwater-cement Pore-water System. 
a - system free from CO," b - open system (CO, from the air) c - probable Eh range in aerated systems 



Thermodynamic modeling of the sorption of radioelements onto cementitious materials 
Heath et al. (1996) have developed a model based on the diffuse-layer model (DLM) to model the sorption of 
radioelements onto cementitious materials. This model assumes that silicon sites (>SiOH) and calcium sites 
(>CaOH) dominate the surface chemistry. 

The DLM includes the electrostatic interaction between a sorbing ionic species and a charged interface but does not 
require the extra surface parameters associated with the more detailed surface-complexation models. 

The surface of the material is described by five surface equilibria (Table 3). 

Table 3. Cement Surface Equilibria 

Equations 1 and 2: Protonation and deprotonation equilibria for silicon sites. 

Equations 4 and 5: Protonation and deprotonation equilibria for calcium sites. 

Equation 3: Sorption equilibrium for Ca ions onto silica. 

Foieach cement studied, the log IC" values have been calculated assuming that they vary linearly with the mole 
fraction of calcium surface sites, X,(Ca), between the limiting values, which have been obtained by fitting 
experimental data wherever possible. 

X,(Ca) = 1 

-2.8 
-6.8 

-15.1 
12.6 

-14.4 

Surface Equilibrium 

1. >SiOH + H' = >SiOH,' 
2. >SiOH + >SiO' + H' 
3. >SiOH + CaZ' + H,O = >SiOCaOH + 2 H+ 
4. >SiOCaOH + H' = >SiOCaOH,' 
5. >SiOCaOH = >SiOCaO- + H' 

Sorption of radioelements onto Nirex Reference Vault Backfill (NRVB) 
Batch sorption experiments have been carried out for a range of radioelements using NRVB. The SiICa value for 
NRVB is above 2.5, and therefore, the high calcium limit of the sorption model is applicable. Under these 
conditions, the species formed by equilibria 3 and 5 dominate the surface. 

log K'"'x,(Ca) = 0 

-2.8 
-6.8 

-17.0 
8.3 

-13.4 

Table 4 gives the log values for the sorption of radioelements. These values have been adjusted so that the Rd 
values from the model match those observed for the nonsaline batch sorption experiments. 

Table 4. Calculated Equilibrium Constants for Radionuclide 
Sorption onto NRVB Fitted to Nonsaline Data. 

Table 5 shows sorption data for nonsaline and hypersaline environments and, thus, the effect of ionic strength. 
There is only a weak dependence of sorption on ionic strength. 



Table 5. Effect of Ionic Strength on the Rd Value 
- - 

The redox chemistry of the Pu(V)O,' interaction with mineral surfaces in dilute solutions and seawater 
It has long been recognized that the pub ion can be readily adsorbed on solid surfaces, but it has been assumed 
that the generally more abundant Pu(V)O,+ ion should have little affinity for surfaces. The question arises whether 
there is a reduction of dissolved Pu(V) followed by adsorption or adsorption of the oxidized form followed by 
subsequent reduction on particle surfaces (Keeney-Kennicutt and Morse1985). 

Rd value (cm' g ") 

The primary difficulty of the mechanism in which Pu is reduced after adsorption has been the assumption that the 
oxidized Pu should have a very low affinity for particle surfaces. The lack of Pu(VI)O12+ adsorption is largely 
based on analogy to the behavior of U(VI)O,Z', which does not interact strongly with surfaces in natural aquatic 
systems. It has also been argued that Pu(V)O,' should have an even lower surface affinity because it is a singly 
charged ion. However, Keeney et al. have demonstrated that Np(V)O,' has a surprisingly high affinity for 
common mineral surfaces in both dilute solutions and seawater. They did not find evidence for it being reduced 
after adsorption. Table 6 displays some of their experimental conditions and results. 

u(rv) 
u(VI) 

N P ( ~  
Pu(1V) 

Table 6. Experimental Conditions and Results for the Sorption of Pu on Minerals 

Nonsaline (I = 0.05 moM) 
experimental 

8.OE3 
6.2E3 
6.OE4 
6.6E4 

Hypersaline (I = 1.6 moM) 
predicted experimental 

7.8E3 6.4E3 
2.4E3 4.8E3 
5.9E4 1.7E.5 
6.4E4 4.6E4 

adsorption 
equilibrium 

[Pu 1 
10-10- 1 0 - 1 2 ~  
> 10"%4 
Ionic strength 

solid/solution 
ratio 

room light 

dark 

desorption 

6 MnO, 
HIO + calcite seawater 

> 2 days 

rapid and less 
increase from adsorption 
14% to 40% 
effect 
-flocculation 
tompetition 
for sites 
increase by 
increasing 
ratio 
no difference 

no difference 

100% in 5 213 of 
min desorption 

Goethite 
H,O + seawater 
calcite 

1 day 

rapid 
slow 
no effect 

rapid more 
slowly 

rapid max 
level 
% adsorption 
more slowly 

Aragonite 
H,O + seawater 
calcite 
1 day 

no effect 

- 

Calcite 
H,O + seawater 
calcite 

1 day 

no effect 



Adsorbed Pu oxidation states. The distribution of oxidation states for dissolved Pu, 5 x M, after 1 hour and 
before the addition of goethite, is presented in Table 7. 

Table 7. Speciation of the Different Oxidation States of Pu before Adsorption on Goethite. 

The speciation of Pu &orbed on goethite. The sorption of Pu on goethite was followed as a function of time 
(Table 8 and Fig. 8). The percentage of adsorbed Pu that could be desorbed decreased with increasing time, 
indicating that a strongIy bound form of Pu was being created. If the Pu that could not be desorbed is indeed 
Pu(IV), the speciation of Pu on the surface eventually becomes primarily Pu(1V). 

Table 8. Speciation of Adsorbed U 8 ~ u ~  on Goethite in Deionized Water Equilibrated with Calcite 
and in Seawater in Light and Dark. (='Pu(v) = 5 x 10-'OM; goethite = 5 m211; seawater: S = 35.) 

-- 

Z I Oesorbable Total  Adsorbed 
Solution Time Adsorp. Desorp. X I V  X V S V I  i I V  Z V % V l  

Oclonfzed w t e r  1 min 79.8 92.5 30.2 23.5 46.3 35.4 21.8 42.0 
( l i g h t )  I f 99.7 64.4 37.6 4 .0  58.4 59.8 2 .6  37.6 

7 d 99.6 52.2 54.4 8.3 37.3 76.7 4.3 19.0 
30 d 99.3 36.8 60.8 7.7 31.5 85.6 2.8 11.6 

Deionized rroter 30 s 77.6 63.7 27.6 46.2 26.2 53.8 29.5 16.7 
(dar t )  l h  96.0 74.0 27.9 17.9 54.2 46.7 13.2 40.1 

1 d 98.9 49.7 25.4 9.8 64.8 62.9 4 . 9  32.2 
7 d 99.0 44.1 39.5 5 . 6 .  54.9 73.3 2.5 24.2 
30 d 99.9 20.0 52.0 7.5 40.5 90.4 1.5 8 .1  

k8wter 30 min 52.3 75.9 29.2 6.6 64.2 46.2 5.0 48.8 
( 1  lght )  1 d 95.5 72.1 35.9 6.2 57.9 53.8 4.5 41.7 

7 d 95.5 55.1 30.3 8.2 61.5 61.6 4.5 33.9 
30 d 97.7 32.8 47.2 7.5 45.3 82.6 2.5 14.9 

k a w t e r  1 h  34.8 69.5 23.9 14.7 61.4 68.5 10.2 21.3 
(dark) 1 d 98.4 71.6 21.7 6 . 6  71.7 44.0 4.7 51.3 



Figure 8. Speciation of Adsorbed wPu(V) on Goethite in Distilled Water Equilibrated 
with Calcite and in Seawater in Light and Dark (goethite = 5 m2/l; seawater S = 35). 

LCG TIME (s) 

The speciation of Pu adsorbed on 6Mn0, was also followed as a function of time (Table 9 and Fig. 9). 

Table 9. Speciation of Adsorbed 2 3 8 ~ ~ ( V )  on 6 MnOz in Deionized Water Equilibrated 
with Calcite and in Seawater. (='Pu(v) = 5 x ID" M.) 
- 

blld to T i e  Oewrbable Total M~rbcd 
Solution blutfon (d) Msorp. Dcsorp. I I V  I V I V I  I IV I V I Y l  

Ratio 
{ m l  1-11 

D11 5 0.042 48.7 100 1.8 82.1 16. 1.8 82.1 16.1 
2 1 86.7 0.0 61.3 39.3 12.8 53.1 31.1 
8 98.4 77.6 0.6 56.8 42.6 23.0 4 . 0  33.0 
35 99.8 77.9 1.6 58.9 39.5 23.3 45.9 30.8 
64 99.4 71.6 0 78.5 22.3 28.4 55.8 15.8 



Figure 9. Speciation of Adsorbed =Pu on 6 MnO, in Distilled Water 
Equilibrated with Calcite and in Seawater. 

LOG TIME (11 

For a solid to solution ratio of 5 mZ/l, the initial adsorbed Pu speciation was 80% Pu(V) and 20% Pu(V1). For a 
solid to solution ratio of 100 m2n, the initial adsorbed speciation was 50% Pu(TV), 30% P u O ,  and 20% Pu(VI). 
With time, Pu is oxidized to Pu(V) and Pu(VI). 

Conclusions: 
Pu(V) appears to be reduced with time at the goethite surface, leaving primarily reduced Pu(TV) on the mineral 
surface. 

The interaction of Pu with 8 MnO, resulted in a net oxidation of Pu(IV) and Pu(V) to Pu(VI). 

Sanchez et al. (1985) has investigated the effects of pH, ionic strength, cabonate alkalinity, and dissolved organic 
matter on the adsorption of Pu(1V) and Pu(V) on goethite using a concentration of 1 x lo-" M. A summary 
of what was learned foIlows: 

Kinetics. Pu(N) adsorbed rapidly with equilibrium attained in an hour and the adsorption edge occurring at pH 
values from 3 to 5. h(V) adsorbed slowly, not attaining an equilibrium distribution even after 10 days, and the 
absorption edge occurred from a pH value of 7 to lower pH values. There was a gradual increase in Pu(V) 
adsorption with time, suggesting that h ( V )  may be reduced to the lower oxidation state. The problem is whether 
the h(V) was adsorbed first followed by reduction or whether it was reduced close to the goethite surface with 
subsequent rapid adsorption. 

Effect of pH. The ionic form of Pu(lV), Pu6, is most stongly hydrolyzed, whereas the ionic form of Pu(V), 
PuO,+, is least hydrolyzed. Thus, because the adsorption edge for Pu(IV) occurs at a pH of 3 and for Pu(V) at pH 
of 7, the larger the hydrolysis constant, the stronger the adsorption and the lower the pH of the adsorption edge. 

Modeling. A triple-layer model was applied using the MINEQL computer program. It was predicted that the 
hydrolytic species of Pu(W adsorbs on the goethite surface as follows: 

SOH + Pu" + H 2 0  SO-Pu(0H) + 2H' 

SOH + Pu6 + 2H,O e SO-Pu(OH),2' + 3H' 

SOH + Puk + 3H,O e SO'Pu(OH),' + 4H' 

SOH + Pu6 + 4H20 e SO'Pu(0H): + 5H' 



The intrinsic constants describing Pu association with goethite, log *K"', that were required to fit the adsorption 
data were 2.50, -2.00, --5.90, and -12 for PU(OH),', Pu(OH),~+, Pu(OH),', Pu(OH),", respectively. 

Efect of ionic strength. The effect of ionic strength at pH 7.0 was examined for NaNO, solutions of 0.1, 0.5, 
l .O, and 3.0 M concentrations, NaCl solutions at 0.5 and 3.0 M, and Na,SO, solutions of 0.03, 0.15, and 0.3 M 
concentrations. There was no effect. 

Efect of carbonate alkalinip. The adsorption of Pu(1V) and Pu(V) on goethite decreased with increasing 
carbonate concentration, perhaps due to the formation of a Pu-CO, complex. At equilibrium. the adsorption plots 
for both Pu(N) and Pu(V) versus carbonate alkalinity overlap, which leads to the foIlowing possibilities: 

The same adsorption behavior for Pu(1V) and Pu(V) may occur at high carbonate concentration. 

A redox transformation of one oxidation state to the other. 

The conclusion of their experiments with goethite is that Pu(V) is reduced to Pu(rV) in the presence of goethite and 
complexed with carbonate. Sanchez et al. tried to model the system and found the formation of a Pu-CO, 
complex according to the following reaction: 

SOH + Puh + 4H20 + C0:- ------> SOH,*PU(OH),CT>,~' + 3H' 

The value of the formation constant is poorly known, and it is uncertain whether or not the complex adsorbs. 

Adsorption of Pu onto SiO, 
Allard et al. (1983) studied the adsorption of Pu on crystalline AI,O, and SiO,. Their batch technique used 
crystalline AI,O, and SiO, as solid sorbents (grain size:-0.09 - 0.125 mm and a solidniquid ratio of 0.2 g120 ml), 
0.1 and 0.01 M NaCIO, solutions at a temperature of 25°C and NaOH to vary the pH. 

The measured distribution coefficients Kd versus pH for Pu are shown in Fig. 10. The authors point out that three 
of the Kd versus pH curves exhibit three separate stages: 

- increasing Kd with increasing pH from very low to high Kd values within a fairly narrow pH range: for 
example, from Kd of 0.005 to 1.9 (5% and 95% sorption, respectively) within 3 pH units, 

- high and fairly constant K, in the intermediate pH region, and 

- slightly increasing Kd with increasing pH in the high pH region. 

According to AIlard, the significant decrease in distribution with increasing pH observed for Pu could reflect the 
formation of anionic species. The observed actinide sorption behavior indicates a predominantly physicaI 
adsorption mechanism. 



Figure 10. Distribution Coefficients 
t l . . . ' ' ' ' ' v - . l  

for Pu. 

Sorption of aqueous Plutonium on silica surfaces 
RozzeIl and Andelman (1971) studied the sorption and desorption of aqueous Pu (10" to 10" M) on quartz and 
other silica surfaces. The rate of sorption was studied on 230-pm particles of silica at various values of pH and 
ionizing strength (I). The time required to attain 50% of equilibrium was 2 to 5 days. Solutions were prepared 
with ionic strengths of 0.0002, 0.01, and 0.1 M and pH values ranging from 3 to 8.5. 

The effect of ionic strength. At a pH of 7.1, sorption increased with increasing I, whereas at a pH of 5, sorption 
decreased with increasing I. Such phenomena may be explained in terms of the types of sorbing species and the 
fact that protons and other cations compete on a stochiornetric basis for ion-exchange sites on the silica surfaces. 
Thus, at the lower pH, increasing the ionic strength may have resulted in an increased competition with sorbing 
ions and other small charged species, thereby reducing the sorption. 

The effect ofpH. For pH from 3 to 8.7 and I = 0.01 M, sorption decreased with increasing pH. 

The effect of silica particle size. As the particle size of the mineral decreased, the surface area per unit weight 
varied inversely with diameter. Generally, it is expected that sorption will be in direct proportion to the availabIe 



surface area. However, the amount remaining in solution at equilibrium was essentially the same for each of the 
different sized particles. 

Desorption study. A study was made of the effect of pH on the rate of desorption by first sorbing Pu onto silica at 
pH 7, then desorbing into an infinite-volume solution at pH values of 5, 7, and 9. The results, plotted in Fig. 11, 
indicate that there is a significant increase in the rate of desorption at pH 5 compared to pH 7 and 9. The 
approximately exponential desorption curves may be rather precisely represented as reflecting two simultaneous 
first-order desorption processes, probably indicating the presence of two different desorbing species. The 
sorption process involves essentially two kinds of sorbing species. 

Filtration of the desorbing Pu with a 15 to 40 pm porous silica disc indicated that the very first material to desorb 
was essentially small, unfilterable Pu(1V). A second type of sorbing species is one that is essentially colloidal or 
even somewhat larger-sized charged particles. 

Figure 11. Effect of pH on Desorption of Pu from Granular Silica into an Infinite Solution ( I  = 0.01 M). 
, 

lo- 

Adding bicarbonate may have resulted in a cornplexing effect, both with small Pu species and those at the surface 
of the colloid, causing additional negative charge and thereby decreasing sorption. The decreased sorption with 
increased bicarbonate concentration is possibly an important environmental effect because of the variable 
concentrations of bicarbonate in natural waters. 

Sorption mechanism of Pu, Am, and Se onto sodium bentonite 
Shibutani et al. (1994) measured the distribution coefficients K, for Pu on sodium bentonite in bentonite- 
equilibrated distilled water over a pH range from 4 to 10. Sodium bentonite includes sodium montmorilIonite and 
ferrous minerals such as pyrite. Table 10 gives the mineralogical analyses of sodium bentonite. 

Table 10. Mineralogical Analyses of Sodium Bentonite. 
h 

Mineral Wt % of bulk rock 
montrnorillonite 50 - 55 

quartz 30 - 35 
feldspar 5 -  10 
calcite 1 - 3  

dolomite < 2 
zeolite < 2 
mica < 2 
pyrite < 2 

7' 



After 30 days, all samples were filtered through a 10,000 molecular weight cut-off filter for solid/solution 
separation. The analyses of " Pu were conducted via a spectrometry. The distribution coefficients, K,, were 
calculated from the ratio of the tracer-element concentration in the solid and the solution. 

The thermodynamic modeling of sorption. The distribution coefficient of cationic species on sodium bentonite is 
higher than the anionic species. Sodium montmorillonite has a structurally permanent negative charge in the 
interlayer of tetrahedral silicate. The zeta potential of sodium bentonite is negative across the pH range of the 
experiments (Fig. 12). The number of sorption sites for surface compIexation of an anion decreases with 
increasing pH. Thus, the sorbing species of Pu will be Pu(OH),' and PuO,' (Fig. 13). 

Figure 12. Zeta Potential of Sodium Bentonite in Bentonite-equilibrated Water. 

Figure 13. Experimental Results and Predicted Speciation of Pu. 



Cation exchange model and surface complexation model. The cation sorption mechanism of sodium bentonite 
can be considered to be either of two types: 1) cation exchange between interlayer cations of sodium 
montmorillonite or 2) surface complexation of the edge silanol and aluminol groups of aluminosilicates included in 
sodium-bentonite. In sodium montmorillonite, the effect of cation exchange can be considered more significant 
than the surface complexation of silanol and aluminol groups because the cation- exchange capacity of ordinary 
clay minerals increases with increasing pH owing to an increase in edge sites. 

The values of K, for Pu on sodium bentonite were in the range of 1 to 100 m3/kg for pH values from 4 to 10. The 
sorbed ratio of Pu was in the range from 60% to 100%. The sorbed ratio of Pu can be predicted by the cation- 
exchange model (Fig. 14). 

Figure 14. Results of the Comparison of Predicted and Experimental 
Data of Pu Sorption on Sodium Bentonite. 

Interaction of plutonium with complexing substances in soils and natural waters 
Bondietti et al. (1975) studied the reduction of P u O  by soil clays. The experiments were conducted by 
comparing Pu and U sorption to clays separated from a Miami silt loam soil. The results are summarized in 
Table 11 along with additional studies conducted with various Pu isotopes, Th, and a reference clay, 
montmorillonite. Because the ratio of solution to solid was not the same in all experiments, the distribution 
coefficients K,, have been tabulated The collective results indicated that substantial differences existed between the 
sorption behavior of U(VI) and P u O  and between Pu(lV) and T h o .  Sorption of Pu onto Miami silt loam clay 
was always above 99.4% regardless of initial valence. The sorption of U(V1) from a 5 mM Ca-acetate solution 
was substantially low (57%). as was the sorption of h(V1) to the reference clay montmorillonite (37%). Low 
sorption of P u O  has been previously reported for montmorillonite. P u o  and Th(W sorption to 
montmorillonite was substantially greater than Pu(V1). The 2% value for unadsorbed %(N) in the 
montmorillonite clay included a substantial amount of Pu polymer formed during the experiment. 

The high sorption of Pu(VI) to the soil clay, as contrasted to the montmorillonite, indicates that reduction by clay 
components must have occurred, yielding sorption values similar to the tetravalent experiments. The poor 
sorption of U(VI) to the soil clay tends to support the occurrence of Pu(V1) reduction, as Pu(V1) and U(V1) should 
tend to behave similarly. 



Table 11. Summary of the Effect of Valence on Sorption of Actinides to Ca-saturated Clays (pH = 6.5). 

Clay Actinide valence % Unabsorbed to clay krd (x lo?C 

Miami silt loam 

238PU IV 
% IV 
""Pu VIb 

2J3u vr" 
Montmorillonite 

"Pu w 
"'Pu w 
U"rh w 

'Aqueous phase 5 mM in Ca2* bCa-acetate ; remaining studies conducted in Ca(NO,), 
'K, is defined as  the ratio o f  the amount adsorbed to the amount remaining in solution (units are mVg) 

Calculation of distribution coefficients for radionuclides in soils and sediments 
Puigdomenech and Begstrom (1995) tried, in their study, to extend the knowledge regarding factors that influence 
the accumulation of long-lived radionuclides in soils and sediments. This study was made to determine whether 
the surface-complexation models for sorption would be applicable for performing assessment studies for 
radioactive waste repositories. Such information will lead to increased accuracy and lower uncertainty in the 
choice of Kd values. For this study, they used theoretical surface-complexation models. 

Methodology. l'le Kd value for each radionuclide was obtained from chemical equilibrium calculations. The 
dissolved and adsorbed concentrations for a given solid-to-water ratio were calculated with a combination of 
chemical models. For a given element Me, the Kd (m3/kg) was calculated as the quotient between the concentration 
in the solid (moVg) and the soluble fraction (moVI). 

1 [ s o M ~ " - ' ) ~  ] + [SO - M ~ O H  '"' ] + [X, Me] + . . . 
Kd = S [A4e2-] + [M~OH'~'" ']  + [ M ~ L ~ - ' ]  + ... 

whem solution concentrations are in units of moV1, S is the solid concentration in g/l, L" represents a ligand (such 
as carbonate or phosphate), X is an ion exchanger (for example, clay), and SO' is a surface complexation site of 
the iron oxide. 

The computer program HYDRAQL was used to calculate the chernical equilibrium (including surface complexation 
and ion exchange). The ionic strength was kept constant at 0.1 mol/L. Calculations for Pu set the main 
components as: PuO, '+ , PuO,', Pu4+, and pus. The results were then collected and integrated into a single Kd 
value through the use of a spreadsheet program. The total concentration of Pu in the simulation was 10.' moVI. 

The goethite selected for this study had a specific surface area of 39.9 m2fg, a site density of 1.7 sites/nm2, 
equlibrium values of log K'"' , = -7.5 and log KC'" = -9.5. 



The triple-layer model capacitances are C, = 1 .4F/m2 and C2 = 0.2~lm'. The surface complexation of CO, " and 
HCO, were not considered in the calculations. It was assumed that the sorption of Pu was 5% in goethite. The 
other surface-complexation constants are given in Table 12. 

Table 12. Surface Complexation Equilibrium Constants used in the Soil Calculations. 

REACTIONS log ,, K'"' 

( For Np" and Pu" I 
SOH + Mek + H20(1) w SOMe(0H)' + 2 H' 

SOH + Mek + 2 H20(1) w SOMe(OH), + 3 H' 

SOH + Me6 + H 2 0  w SO'-Me(0H) + 2 H' 2.5 
SOH + Me6 + 2 H20  w SO'--M~(oH)," + 3 H' -2.0 

SOH + Me6 + 3 H 2 0  w SO'-Me(OH),' + 4H'  -5.9 

SOH + Me6 + 4 H 2 0  w SO'--0, + 5H'  -12.0 
SOH + Me6 + 4 H,O + CO? w SOH,+-M~(OH),~~,~-  + 3 H' 8.0 

For NpO,' and PuO,' 

SOH + MeO,' w SOMe02 +H' -3.0 

I For UO,", NpO,", and PuOZh 1 
SOH + M~O,Z* + H 2 0  w SOM~O,(OH)~ + 2H' 

SOH + ~ e 0 , 2 '  + 2 H20 w SOMeO,(OH), + 3 H' 

SOH + M e 0 F  + 3 C0: + H' w SO H,'--M~O,(CO,),C 

Note: SOH stands for a surface site, and outer layer complexes in the TLM are indicated with a 
"-" between the surface site and theco-mplexed metal species. 

Neptunium 
The K, values for Np were high under reducing conditions (Fig. 15). This fact agrees with the investigations 
made under reducing conditions as well as the low solubility of the tetravalent Np, which is the dominating state 
under reducing conditions. The pH dependence of K,, shown in this figure agrees with experimental studies of the 
adsorption behavior of Np in soil. 



Figure 15. K, Values for Np Calculated by a Surface-complexation Model 
as a Function of pH and Redox Potential Eh ([CO,~.], = 0.001 moVI). 

Plutonium 
In contrast to Np, the K, values for Pu were not as sensitive to Eh at neutral and acid conditions. Figure 16 plots 
K, against pH and Eh for a constant total inorganic carbon content of 61 mgll. The dependence of pH is clearly 
seen. There is a large scatter of values in the literature concerning the K,, values for Pu. 

Figure 16. K,, Values Calculated for Pu by a Surface-complexation Model 
as a Function of pH and Redox Potential Eh ([co,~-], = 0.001 moVI). 



The conclusion of this study is that the triple-layer surface-complexation model is suitable for the estimation of the 
dependence of K, on chemical parameters. 

Modeling studies of the sorption of uranium and plutonium in the far field of a nuclear repository 
Bond et al. (199 1) developed a model for the transport of sorbing radioelements through geological materials. 
These models couple a surface-complexation model of sorption processes with transport simulations in the 
CHEQMATE code. A triple-layer sorption model has been used to simulate the experimental data on the sorption 
of Pu onto London clay. The Pu concentration is 10"" M. The surface-complexation data used in the model are 
listed in Table 13. 

Table 13. Surface-complexation Data used in the Model. 

Reactions log K 
SOH - H' 4 SO' - 10.7 
SOH + H' + SOH,' 5.1 
SOH +Na+ - H+ + SONa -9.3 
SOH + caZ' - H' + SOCa' -6.0 
SOH + ~ g "  - H' + SOMg' -6.45 
SOH + H+ + SO," + SOH,SO' 9.9 
SOH + 2 H' + SO," + SOH,SO, 14.4 
SOH + H' + COJ2' + SOH,CX>; 15.9 
SOH + 2H' + C0;' + SOH,CO, 22.3 
SOH + Puk - H' + soh3' -1.45 
SOH + h4' - 2 H' + H,O -, S O ~ O H ~ '  -3.00 
SOH + Pu" - 3 IT + 2 H,O 4 SOPu(OH),' -4.65 
SOH + hh - 4 H' + 3 H20 + SOPu(OH), -6.6 
SOH + h4+ - 5 H' + 4 H,O + SOPu(0H); -17.0 

A comparison of the predicted and experimental R, values is given in Table 14. The model gives reasonable 
qualitative and quantitative agreement for the sorption of h .  

Table 14. Comparison of Predicted and Measured R, Values for Pu Sorption onto London Clay. 

PH W: R Glucomate Measured Rd Predicted Rd 
concentration (M) (m@) 

11.0 50: 1 >E4 I3 
10.4 5: I lo00 4500 
9.0 5: 1 1500 6000 
8.4 50: 1 > E4 1.25E4 
10.8 50: 1 2E-3 300 300 
8.4 5: 1 2E-3 500 1400 
8.1 5: 1 2E-3 1500 2200 
8.1 50: 1 2E-3 4500 2000 
7.7 50: 1 2E-3 > E4 3600 



C. SURFACE COMPLEXATION EXPERIMENTS AND MODELING USING TUFFS 

This section presents experimental data on the surface chemical characteristics and adsorption behavior of uranyl 
on devitrified tuffs that can be used in surface-complexation modeling of sorption reactions. The Project uses 
strictly empirical lumped parameters such as rocklwater distribution coefficients to represent sorption in transport 
codes. However, on a mechanistic level, these coefficients reflect various chemical processes including the 
formation and binding of complexes on the outer surfaces of minerals, ion-exchange reactions, and the formation 
of surface solid-solutions, a11 of which are solution species specific. Because these processes may show different 
dependencies on the physical and chemical states of the overall system, each must be studied separately to gain 
insight into the basic controlling processes. 

Introduction 
The mineralogy and texture of Yucca Mountain tuffs are significant to understanding the adsorption behavior of 
radionuclides because they determine 1) the types of mineral surfaces exposed in the tuffs and 2) the magnitude of 
the surface area of the different mineral surfaces, both internal and external, available for formation of surface 
complexes with radionuclides of interest. 

The minerals identified in the matrix of the Yucca Mountain tuffs are given in Table 15. Feldspar (albite) and 
quartz are the most common matrix minerals and are most abundant in the devitrified tuffs (Bish and Vaniman 
1985). 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. Available data on the 
specific surface area (BET) of tuffs from Yucca Mountain are limited but three samples are reported in the range 
from 2.6 to 10.0 m2/g (Wolfsberg and Vaniman 1984). 

The chemical composition of groundwaters in the present groundwater flow systems are important parameters 
with regard to the adsorption behavior of radionuclides in the system. The data available from Ogard and Kerrisk 
(1984) on the chemical composition of saturated zone groundwaters (Table 16) can be characterized as dilute 
sodium-bicarbonate waters. Calcium, potassium, and magnesium are the less-abundant cations and bicarbonate, 
sulfate, chloride, and fluoride are the major anions in order of decreasing concentration. SiIica is the only other 
major constituent. For comparison, the water from the Paleozoic aquifer (UE-25 p#l) has higher concentrations of 
almost all these constituents (Table 16). The water from wells J-13 and UE-25 p#l seem to bound the 
groundwater chemistry at Yucca Mountain; the vaIues shown in TabIe 16 for the unsaturated zone groundwater 
chemistry, by and large, are within the range of the bounding groundwaters. 

Data available on the pH of water in Yucca Mountain range between 6.5 and 9.4 (Ogard and Kenisk 1984; Yang 
et al 1990). The redox conditions in the groundwaters of Yucca Mountain are critical to the control of solubilities 
and adsorption characteristics of the actinide elements. The available data show most groundwaters at Yucca 
Mountain are oxidizing (Ogard and Kerrisk 1984), indicating likely contact with atmospheric oxygen. 



Table 15. Major, Minor, and Trace Minerals Typical of Yucca Mountain Rocks1 

r 

Major Phases Minor and Trace Phases 

Alkali Feldspar Hematite 

Quartz Dolomite 
Clinoptilolite Chlorite 
Cristobalite Illite 

PIagioclase Fluorite 

Tridyrnite Hornblende 

Opal-ff Pryoxene 

Smectite Fe-Ti Oxides 

Mica Ilrnenite 
Mordenite Zircon 

Analcirne Allanite 
Calcite Sphene 
(Glass) RutiIe 

'Bish and Vaniman (1985) 

Table 16. Groundwater Composition at Yucca Mountain 

Constituent 5-13' ( m d )  UZ2 (md) P# UE-25 1' (mfl) 
-- 

GI 11.5 27- 127 87.8 
Mi3 1.8 5-2 1 31.9 
Na 45 26-70 171 
K 5.3 5-16 13.4 

Si(OH), 30 72-100 30 
C1 6.4 34- 1 06 37 
F 2.1 - 3.5 

So, 18.1 39- 174 129 
H a 3  143 - 698 

PH 6.9 6.5-7.5 6.7 
Eh(rnv) 340 - 360 

'Ogard and Kcrrisk (1984) 'Yang et a!. (1990) 

Stability reiations and solution composition 
The dissolution of feldspars typically occurs incongruously, leading to the deposition of a second phase (usually a 
clay) as a reaction product. Figure 17 depicts the stability fields for the incongruent dissolution of Na-feldspar 
(albite) with gibbsite. kaolinte, and Na-montmorillonite as the secondary reaction products. In addition, the 
stabiIity field for Na-montmorillonite in Fig. 17 results from the equilibria between kaolinite and Na- 
montmorillonite given in Eqn. 19 for pure phases (Stumm and Leckie 1967). 



NaAISi,O,(s) + H' + 912 H20 = Na+ + 2 Si(OH), + 112 A12Si20,(OH)(s) (1 8) 
albite kaolinite p K =  1.9 

3 Na,,,AI,,Si3.6,0,0(OH>,(s) + H+ + 2312 H,O = 712 A12Si20,(OH),(s) + 4 Si(OH), + Na' (19) 
Na-montmorillonite kaolinite pK = 9.1 

Al~i,O,(OH),(s) + 5 H20 = AI2O3*3H2O + 2 Si(OH), 
kaolinite gibbsite 

2 NaAISi,O,(s) + 2H' + 14 H20  = 6 Si(OH), + AI2O3*3H2O (s) + 2 Na' 
albite gibbsite 

7 NaAISi,O,(s) + 6 H' + 19 H20 = 6 Na++ I0 Si(OH), + 3 N~,,AI,,,Si,6,0,,(OH)2(s) (22) 
albite Na- montmorillonite pK = 4.2 

Water composition data from ~ab1.e 16 have been plotted on Fig. 17 showing the region on the stability fields for 
albite, kaolinite and Na-montmorillonite where the water would be at equilibrium. The mineralogy of the tuffs 
(Table 15) is compatible with both Fig. 17 and the water composition given in Table 16. 

Figure 17. Stability Diagram for Equilibrium Relationships between Gibbsite, Na-feldspar, 
Kaolinite, Na-montmorilIinite, and Amorphous Silica (Sturnm and Leckie 1967). 

The concentration 
for Yucca Mountain 
groundwater 
composition 
reflects data in 
Table 16. 



Surface functional groups and mineral types 
Adsorption can be described in terms of a set of complex formation reactions between dissolved solutes and 
surface functional groups (Stumm et al. 1970; Sposito 1984; Leckie 1986). The free energies of the reactions can 
be divided into chemical and electrostatic contributions for modeling purposes. Surface functional groups 
influence both terms. The nature of the surface functional groups controls the stoichiometry of the adsorption 
reaction, and hence the variation in adsorption with solution chemistry. Surface functional groups also influence 
the electrical properties of the interface, and their density controls the adsorption capacity. 

Numerous solid phases are of interest as adsorbents in the field of aquatic geochemistry. For this discussion these 
materials are cIassified in terms of the nature of the surface functional groups that they possess (Kent et al. 1988). 
Hydrous oxide minerals and natural particulate organic matter possess protolyzable functional groups. 
AIuminosilicate minerals are divided into those that possess a permanent structural charge and those that do not. 
Those aluminosilicate minerals without permanent charge have protolyzable surface functional group, and hence, 
are discussed along with metal oxyhydroxides. Minerals with permanent structural charge, such as clay minerals, 
micas, zeolites and most Mn oxides, have ion-bearing exchange sites in addition to protolyzable surface functional 
groups. The devitrified tuff contains all three types of materials (Table 15) in quartz, cristobalite, tridyrnite, 
hematite, rutile, and other Fe-Ti oxides (hydrous oxides), smectites, chlorite, iIlite (alurninosilicates with fixed 
charge and protolyzable sites), and albite, clinoptilolite, mica (aluminosilicates with onIy protolyzable sites). 
Surface hydroxyl groups constitute the complexation sites on oxide and aluminosiIicate minerals that do not have 
fixed charge sites (James and Parks 1982; Bolt and Riemsdijk 1987). Analyses of the crystal structures of oxide 
and aluminosilicate minerals indicate that the different types of surface hydroxyls have different reactivities (James 
and Parks 1982; Sposito 1984). 

Phyllosilicate minerals. Clay minerals are important adsorbents in many systems of interest in low temperature 
aqueous geochemistry. Kaolinite and minerals in the smectite, vermiculite, and illitic mica groups are especially 
important because they often occur as extremely small particles with high surface areas and they are ubiquitous. In 
addition to surface hydroxyl groups, these minerals have rings of siloxane groups, =Si,O, which occur on the 
basal planes and interlayer regions that dominate the surface area of these minerals. In many phyllosilicate 
minerals these siloxane groups are not hydroxylated because the coordination environments of the bridging 
oxygens are satisfied by the two S i o  ions with which they are coordinated. The importance of the siloxane rings 
as surface functional groups is enhanced by the magnitude of the permanent charge of the crystal lattice of clay 
minerals, which is due to isomorphic cationic substitutions. 

Kaolinite has five types of surface functional groups: ditrigonal siloxane cavities on the face of tetrahedral sheets, 
aluminols on the face of octahedral sheets, silanols and aluminols exposed at the edge of the sheets, and Lewis- 
acid sites at the edges (Sposito 1984). The principal surface complexation sites are the silanols, aluminols, and 
Lewis acid sites located along the edge of the sheets. All three site types are proton donor groups, which can form 
complexes with metal ions. Only the aluminols are proton acceptor groups and can form complexes with anions. 

Smectites, vermiculites, and illitic micas all have significant permanent charges resulting from isomorphic cation 
substitution. Protolyzable sites occur along the crystaIIite edges and can form surface complexes with metal ions. 
A more detailed discussion is presented by Davis and Kent (1 990). 

The experimental data presented below can be interpreted in terms of the interactions of uranyl ions with the 
protolyzable sites of the mineral phases comprising the mineral assemblage of the devitrified tuff used in these 
experiments. Although the response of a complex mineral assemblagdsolution system to the adsorption of 
radionuclides like uranyl must be a weighted average of the different types of reaction sites available, the signal 



can not be deconvoluted. It is the overall response of the system that is of interest in the experiments presented 
here. Figure 18 is a schematic that portrays the wide range of interactions that must occur in multi-mineralic 
heterogeneous aqueous systems in which solutes are partitioning between solution and the mineral surfaces. 
These types of reactions can be modeled using the surfacecomplexation model (SCM) format in which the 
binding intensities reflect average values for the overall system. 

Figure 18. Surface Complex Formation. This schematic diagram depicts the types of surface complex 
formation likely in multimineralic systems. Note that all solute species are likely to have some association 

with the mineraVsolution interface, including background electrolytes and organic ligands. 
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Uranyl adsorption experiments 
Sorption experiments with uranyl (U2U) were performed with powdered Yucca Mountain tuff samples and 
powdered albite. The tuff samples, prepared from bulk rock (G Tunnel "B"), had a composition of 25% 
Tridyrnite, 7% Cristobalite, 64% Feldspar, and 1 % Hematite. An analysis of pore size distribution indicated that 
most of the tuff surface area was located in pores less than 150 nm in diameter (mesopore size), and a multipoint 
BET analysis yielded a surface area of 6.1 1 m2/g A suspension of powdered albite was prepared with a solids 
concentration of 5 1.3 g/l. The albite had a surface area of 1.2 m2/g. 

Uranyl sorption experiments were performed at 25OC with lod M total uranyl concentration, 1 gA solids 
concentration, and 0.1 M NaCl background electrolyte. Prelimi'nary equilibration experiments were done with two 
sets of samples in which the pH was adjusted, after addition of the uranyl solution, with HCI to a pH of 5.8 and 
then with NaOH to a pH of 8.6. After equilibration, centrifugation, and analysis, the final pH of the supernatant 
liquid was taken. A comparative uranyl sorption study was then carried out on weathered and unweathered 
suspensions of both the Yucca Mountain tuff material and albite. Simulated weathering was achieved by periodic 
centrifugation (every 5 days over a 35day period) of the suspension and replacment of the 0.1 M NaCl 
supernatant. This procedure lowered the initial pH of the tuff suspension from 10.3 to 7.2. 

Figure 19 shows the quantity of uranyl ion adsorbed versus equilibration time. The pH 5.8 samples show a slow 
increase in sorbed uranyl over time, whereas the pH 8.6 samples remain steady. Figure 20 makes it apparent that 
the drift for the pH 5.8 samples is dependent on final pH and closely follows a sorption-edge trend reveded in 
preliminary experiments. Because there was very little pH variation in the pH 8.6 samples, the data points are 
tightly cIustered. The anomaIous point in the pH 5.8 group belongs to a 6-hour sample, which indicates the 
uranyl had not equilibrated with the tuff surface within that time. 

Figure 19. Uptake of Uranyl Ion on Tuff. This plot shows the % adsorption of uranyl over 
time for a batch tuff suspension equilibrated for 4 days prior to introduction of the uranyl. 
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Figure 20. Comparison of Uranyl Uptake for Various pH Values. This plot compares 
uranyl uptake on tuff in suspension as a function of final pH for timeequilibration 
Batch tuff suspension was equilibrated for 4 days prior to introduction of uranyl. 

Figure 21 shows the uptake of uranyl ion by tuff at various pH values for the 24-hour period needed to achieve 
equilibration. Adsorption of uranyl on tuff is characterized by a maxima at about pH 7 decreasing monotonically 
for the weathered tuff. The plateau of maximum uranyl sorbed observed in single-phase studies is absent. The 
unweathered tuff is further characterized by a sorption minima and reversal at around pH 9, absent in the 
weathered-sample study. This behavior has not been seen before and may be due to alteration of the rock surfaces 
by dissolution reactions leading to accumulation of dissolved aluminum and silica species in bulk solution. We are 
testing this hypothesis by analyzing samples for dissolved aluminum and silica over a range of pH. 

Figure 22 shows the quantity of uranyl partitioning to the albite solid surface over time. For the initial-pH 5.91 
and 6.45 sample series, the sorbed uranyl fraction decreased rapidly over the first week. The decline in the initial- 
pH 7.58 sample series was less severe. It appears that the lower the initial quantity of sorbed uranium, the more 
severe the observed decline. However, this behavior over time was more the effect of pH drift/equilibration rather 
than equilibration of uranyl sorption. Note that pH drift is towards lower pH except for the last in the time series 
in which pH 5.91 and 6.45 sample series values reverse direction and increase. The pH effect is illustrated in 
Figure 23, which shows a plot of sorbed uranyl versus measured pH after shaking. The tight alignment of the 
data to the uranyl sorption edge found in the preliminary experiment suggests that pH equilibration is slow and 
ratedetermining, whereas uranyl sorption equilibration is a relatively rapid step. 

Figure 24 presents the pH sorption-edge results (sorbed portion of total uranyl versus pH of subsamples) of the 
preliminary experiment. Uranyl sorption increased between pH 5 and 7 with 50% uranyl sorption occurring at 
about pH 5.5. Above pH 7, uranyl slowly desorbed. Under these experimental conditions, a maximum of 90% 
of the total uranyl sorbed to the solid. The shape of the sorption trend in the forward direction was preserved in 
the reverse-direction sorption edge. 



Figure 21. 
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Figure 22. Uptake of Uranyl Ion on Albite. The aIbite suspensions in these 
batch-sorption experiments were equilibrated 28 days before introduction of uranyl. 
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Figure 23. Comparison of Uranyl Uptake. This plot illustrates uranyl sorption 
on albite as a function of final pH in time-equilibrated experiments. The 
albite suspension was equilibrated for 28 days prior to addition of uranyl. 

Figure 24. pH-adjusted Uranyl Sorption on Albite. Data are shown for pH adjustments 
made with base (forward) and acid (reverse). The albite suspension equilibrated for 15 days 

prior to the addition of uranyl, and 6 days elapsed before starting reverse titration. 
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Figure 25 presents the pH sorption-edge results of the preliminary, weathered-solid, and unweathered-solid 
experiments. The sorption edges for the three experiments are distinctly different. Maximum uptake was much 
greater in the preliminary experiment, whereas the other experiments managed to reach a maximum uptake at about 
50 to 60% total uranyl. However. maximum uptake in all experiments did occur around pH 6.7. Desorption of 
uranyl above the pH of maximum uptake was quantitatively similar for the preliminary and weathered solid 
experimental runs. For the unweathered solid experiment. more desorption occurred as a function of pH, and 
there was a distinct reversal to sorption at about pH 9.6. 

The different maximum quantities of uranyl sorbed suggests that there are mineral or mineral-surface alterations 
that occur over time. In this albite study, the preliminary experiment downtrend resembles the weathered rather 
than the unweathered solid data set. This phenomenon needs to be clarified through further experimental work. 

Chemical information on the composition of Yucca Mountain tuff indicates a predominant proportion of feldspars 
(-67% likely comprising albite and K-feldspar). A significant portion is tridymite (-25%). a form of silica that 
contains a significant quantity of A1 as an impurity. The resistance of feldspar minerals to weathering is described 
by the Goldlich series: anorthite < bytownite < labradorite < andesine < oligoclase c albite < K-feldspars. Using, 
as an example, the weathering of albite: 

it is possible that weathering of the more resistant K-feldspar also results in the release of dissolved A1 and Si, 
although the rates involved for the latter mineral may be slower. The mobilized fraction is termed the "chemically 
active" pool. The release rate of A1 may, however, be controlled to some extent by whether the release occurs in 
clay interlayer zones or on outward surfaces. For the case in which Al is released in the interstital spaces of clay 
particles, leaching would be relied on to transport the dissolution solute products to the bulk solution. 

Figure 25. Albite Weathering Effects. This plot compares uranyl sorption onto albite for the preliminary 
experiment (15day equilibration) and the weathered and unweathered suspensions (- 41day equilibration). 



The fate of A1 in this pool depends on pH and mineral solubility conditions. Besides free ion (actually 
hexaaquocomplex in aqueous solution), which is dominant at low pH, the aqueous speciation of A1 can be 
described in terms of hydrolysis products and the polymers of these species. The amphoteric nature of dissolved 
A1 results from the formation of hydrolysis products including AIOH~', Al(OH),', AI(OH),, and AI(0H);. 

At low pH, AI,(oH),&, AI,(oH),~, and AI ,,o~(oH),," are believed to form as a result of polymerization. 
AI,o(oH),~. may form at high pH and high A1 concentration, coexisting with AI(OH),'. Furthermore, 
aluminosilicate complexes may form when H,SiO, is also present. 

Precipitation of aluminosilicate and hydroxyaluminum minerals may occur when pertinent solute concentrations 
exceed the saturation thresholds of these minerals. Deposition may be in the form of sparse or extensive coatings. 
In the case of AI(OH), precipitation, the material eventually transforms to gibbsite (AI,O; 2H,O). 

It is expected that the tuff material will release A1 and Si into solution upon preparation of the suspensions used in 
the experimental work. Due to the presence of high Na in the background electrolyte, the following incongruent 
dissolution reaction may also occur: 

Due to the amphoteric nature of its solution species, A1 is expected to compete for exchangeable ion sorption sites 
across the range of pH used in the sorption experimental work. Furthermore, the sorption characteristics of uranyl 
ion may be affected by precipitated aluminum minerals. Lower A1 concentrations are expected in experiments in 
which the solution phase is periodically replaced with fresh NaCI solution, and the dissolution products are 
removed; this may lessen the chances of AI(OH), deposition. 

Conclusions 
The data reported here do not allow fm conclusions to be drawn in most cases. Work on the effect of the 
dissolution-modified mineral surfaces on adsorption characteristics has not been completed. The data indicate 
distinctly different interaction behavior depending on the type of prior treatment of the rock or mineral suspension. 

The adsorption of uranyl onto devitrified tuff shows characteristics both distinctly similar to and different from the 
adsorption characteristics for uranyl uptake by single pure mineral phases. The low pH profile of the pH 
adsorption edge is similar to the adsorption uptake observed on numerous single mineral solid,solution interfaces, 
a sharp increase of adsorption with increasing pH over a pH range of several pH units. The pH adsorption edges 
for both tuff and albite have sharp increasing adsorption before the maxima. For tuff, the adsorption edge spans 
over 3 pH units, whereas the adsorption edge for albite spans between 2 and 3 pH units. The relative steepness of 
the adsorption edge is indicative of the pH dependence of the overall adsorption reaction stoichiometries. The data 
for uranyl adsorption on both the tuff and albite show a maxima near pH 7 for both solids for weathered (electro- 
lyte solutions changed every 5 days over a 35-day period) and unweathered pretreatments (solution not changed). 
In addition, the preliminary experiments (solution contact time of 5 days) also show a maxima at pH 7. 

Although the data are preliminary and more detailed weathering and dissolution studies are needed to evaluate the 
nature of the surface modification occurring during contact with the electrolyte, it is clear that the prior history of 
the solid/solution interactions influence subsequent interfacial reaction stoichiometries, kinetics, and capacities. 

The effect of adsorption of carbonate species on the interfacial interactions of other solute species is important to 
understand because it relates to both the capacity of the surfaces to accommodate other adsorbed species and to the 
understanding of conditions likely to promote remobilization of adsorbed radionuclides. 



D. MODELS THAT CAN EXPLAIN THE YUCCA MOUNTAIN SORPTION DATA 

Radionuclides are known to be adsorbed by mineral surfaces in rocks and soils. The strongest interactions 
between aqueous species and mineral surfaces are the formation of electrostatic and covalent bonds. Ion- 
exchange reactions are primarily electrostatic interactions (outer electronic sphere and diffuse layer). Inner- 
sphere surface complexes form a chemical bond (to the mineral surface) that is more covalent. The electrostatic 
interaction does not have the same degree of selectivity between aqueous ions of like charge as does the more 
covalent inner-sphere surface complex. Stable inner-sphere complexes can be formed even when the mineral 
surface charge is the same as the aqueous ion. On the other hand, the adsorption of metal ions via cation 
exchange will only occur on surfaces of opposite charge and is affected by such common components of 
groundwater as sodium. Both of these processes can, in principle, be modeled using a triple-layer surface- 
complexation model. There are significant differences between the cation exchange in zeolites and clays and 
the formation of outer-sphere complexes on metal oxides. For this reason, cation exchange and surface 
complexation will be treated separately. 

Cation Exchange 
Description of the process. The cation-exchange capacity of aluminosilicates is often high. Zeolites, such as 
clinoptilolite and mordentite, and clays, such as montmorillonite, have enormous surface areas because of their 
channeled and layered structures, respectively. The surfaces are negatively charged because they are composed 
of tetrahedrally bound silica and alumina. Aluminum requires an additional electron to share electrons equally 
between four oxygen atoms in a tetrahedral structure. The excess negative charge is balanced by an alkali-metal 
or alkaline-earth cation. These cations can be exchanged for cationic radionuclides. The extent to which a 
radionuclide is adsorbed depends on the selectivity for that cation. The equilibrium reaction can be represented, 
for example. as follows: 

where t-AIO- represents a tetrahedrally bound aluminum site. The equilibrium expression for this reaction is 

where K is the selectivity coefficient. For a mineral with one type of cation exchange and a binary aqueous salt, 
this expression can be rewritten in terms of the solid-phase concentration, q, of one of the cations of interest 
(here, cesium). The result is 

4 = *+co  (K- 1)c , 

where, in this case, q = [AIO-Cs+], c  is the solution-phase concentration of the cation, [Cs+], c, is the total 
solution-phase cation concentration ([Cs+] + [Na']), and Q is the cation-exchange capacity of the solid phase 
([AIO-Cs+] + [AIO-Na']). Equation 25 is nearly identical to the Langmuir isotherm (derived for the 
adsorption of gases on solids) and will be referred to as such in the remainder of this report. 

Factors affecting cation exchange. There are many factors affecting cation exchange in natural systems. such 
as competition between multipie cation-exchange sites, selectivity between cations in groundwater and the 
radionuclide of interest, and aqueous speciation of the radionuclide, to name a few. Competition between 
multiple cation-exchange sites Ieads to nonlinear adsorption isotherms. The selectivity between cations depends 
on the geometry of the cation-exchange site and the relative degree of hydration of the aqueous cations. In 
clays and zeolites, the selectivity coefficient increases from more- to less-hydrated cations, so that the order for 



alkali metal cations is lithium < sodium < potassium < rubidium < cesium (see McBride 1994, for example). 
Aqueous speciation can change the charge and the net size of the ions. In addition, there are sites in minerals, 
such as analcime, that can exclude larger ions, like cesium, entirely. 

In principle, an equilibrium code, such as EQ3/EQ6 (Wolery 1983), could predict cation exchange if selectivity 
coefficients for all the significant cationic constituents of groundwater were known for each cation-exchange 
site in each mineral contained in tuff. In practice, few selectivity coefficients are known for single minerals, let 
alone individual exchange sites. 

Experimental methods. The most useful experiment for determining sorption thermodynamic data is the 
adsorption isotherm. The adsorption isotherm is a measurement of the solid-phase concentration versus the 
aqueous-phase concentration at constant temperature. If the behavior of the isotherm is ideal, i t  can be 
described by a Langmuir isotherm (Eqn. 25), which can be the case only if there is one type of cation-exchange 
site and if outer-sphere surface complexation is not significant. 

Pure cation exchange cannot be measured in a system alsocapable of surface complexation, whether that 
system is a whole rock or a clay mineral. By varying the pH and electrolyte concentration, either surface 
complexation or cation exchange can be enhanced, which allows information about both mechanisms to be 
extracted from the data. The Swiss nuclear waste program has made great progress in developing such methods 
(Baeyens and Bradbury I995a, 1995b; Bradbury and Baeyens 1995). 

Ion-exchange models. One approach that allows the determination of the free energy of exchange in even 
nonideal systems is that of Gaines and Thomas (1953). This approach requires that the adsorption isotherm be 
taken from one end member (for example, sodium saturated) to the other end member. In this case, the free 
energy of exchange, AGO, is related to the definite integral over the mole ratio of cations from one end member 
to the other as follows: 

where Z, and Z, are the charges on the original and incoming cations, respectively, A is the mole ratio of the 
incoming cation, R is the gas constant, and T is absolute temperature. This approach cannot, in general, be used to 
calculate distribution coefficients because it cannot describe nonideal solid solutions. 

Ion exchange arises from two distinctly different chemical structures on the surfaces of minerals. One is the 
incorporation of aluminum (with a valence of 3) in a tetrahedrally bonded silicate structure. The other is the 
amphoteric reaction of metal oxides with acids and bases. The former is a negatively charged surface of a futed 
nature with the charge compensated by cations. The latter can be either negatively or positively charged 
depending on the pH of the aqueous phase. The exchange capacity of the former structure is fixed, whereas the 
exchange capacity of the latter depends on pH, ionic strength, and the concentration of specific inner-sphere 
complexing ligands. The adsorption of exchangeable ions on an activated metal-oxide surface is a form of outer- 
sphere surface complexation. 

The selectivity in alurninosiIicates for a given radionuclide over another has been shown to be not a simple 
binary-exchange process, even when the solution is a simple binary aqueous solution, because not all positions 
in aluminosilicate are equivalent with respect to crystallographic structure. For example, there can be 
differences due to steric crowding. These differences have been studied by deconvolving the ion-exchange 
isotherm. 



The method of deconvolution has been shown to be effective in studying structural effects on ion selectivities in 
synthetic zeolites (Triay and Rundberg 1989a). In that study, the shape of the ion-exchange isotherm was shown 
to be due to differences in the crystallographic structure at the ion-exchange sites. This interpretation could not be 
made on the basis of the deconvolution of adsorption isotherms without spectroscopic data. However, the method 
of deconvolution does allow a quantitative correlation of the ion-exchange data with the spectroscopic data. 

The method of analysis assumes ion exchange. The thermodynamics of ion exchange have been reviewed by 
Cremers (1977). The selectivity coefficient K for the hypothetical ion-exchange process in the reaction 

AIO-MI + M; t, M,+ + AIO-M2 (27) 

is given by 

where al and a, g-e the activities in solution of the cation to be exchanged and the entering cation, respectively. 
and q l  and q2 are the corresponding concentrations of these cations in the solid phase expressed as moles of 
cation per gram of the exchanger. 

As a result of mass-balance considerations, Eqn. 28 can be rewritten as 

where Q is the total moles of exchangeable sites per gram of exchanger (Q = ql  + q2), C2 is the concentration 
of the entering cation in the liquid phase, C, is the total concentration of cations in the liquid phase (C, + C2), 
and y, and y2 are the activity coefficients in the solution phase of the cation to be exchanged and the entering 
cation, respectively (that is, a, = ylC1 and a2 = y2C2). 

Equation 29 represents the dependence of the solid-phase concentration on the liquid-phase concentration. It 
has the mathematical form of the Langmuir isotherm. In general, adsorption isotherms do not follow the Lang- 
muir isotherm. Many authors have successfulIy described cation exchange in terms of multiple sites (Barrer 
and Klinowksi 1972; Barrer and Munday 1971; Brouwer et al. 1983). The underlying assumption of the 
deconvolution method is that the nonideality of the adsorption isotherm is due to adsorption at muItipIe sites. 
Consequently. one may consider a set of simuItaneous equilibria 

where A', A2, . . . , An represent different sites in the ion exchanger. 

The solid-phase concentration of the cation M: in site i is given by 

and the total solid-phase concentration of M; is given by the sum 



This approach is further generalized by replacing the sum in Eqn. 32 with the integral equation 

42(C2) = /q2(c2.K)~K) dK (33) 

whereflu is a distribution function for the selectivity coefficient of the exchange. 

The idea of expressing the heterogeneity of the exchanger in terms of a distribution function has been 
previously presented (Brouwer et al. 1983; Adamson 1982; Sposito 1979, 1980. 1984; Kinniburgh et al. 1983). 
Equation 33 is a Fredholm integral of the First Kind, and the methodology used here to solve forflK) has been 
described by the authors (Triay and Rundberg 1987, 1989b) and others (Butler et al. 198 1 ; Britten et al. 1983). 
The computer code INVPOS has been written (Travis 1996) to solve Eqn. 33. INVPOS uses the method of 
Butler, Reeds, and Dawson (1981) to find an optimal solution using regularization with a positivity constraint. 

Semiempirical adsorption isotherms, such as the Freundlich isotherm, are derived by evaluating the integral 
(Eqn. 33) using closed-form approximations and assuming some arbitrary site energy distribution. These 
approaches are only valid for data interpolation because they do not provide insight into the actual mechanism 
of adsorption. 

Description of cation-exchange sites in Yucca Mountain tuff Detailed adsorption isotherms adequate for the 
analysis described above have not been done for the Yucca Mountain Project. Measurements of the mineralogy 
of Yucca Mountain tuff have shown an abundance of minerals known to have both pH-independent cation- 
exchange sites (that is, tetrahedral aluminum sites) and surface-complexation sites (for example, clay edge sites) 
for outer-sphere surface-complex formation. The most abundant minerals found in Yucca Mountain tuff (Bish 
et aI. 1983; Daniels et al. 1982) with a high cation-exchange capacity are listed in Table 17. 

In addition to the minerals listed in that table, feldspars may be important cation exchangers in the devitrified 
tuffs. Cation-exchange capacity for a feldspar is not an intrinsic property because only the external surfaces are 
available for exchange. Thus, the number of sites depends on the crystal size and morphology. 

State of knowledge of cation exchange with respect to Yucca Mountain. As early as 1983 (Daniels et al. 1982). 
it was shown that the sorption distribution coefficient, Kd, for the adsorption of cesium onto Yucca Mountain 
tuff could be predicted to within a factor of three using I'iterature data for the cation exchange on the minerals in 
Table 17 with the addition of analcime. These predictions only considered competition with sodium. This 
simplification was made because there were no-data , I 

these additional data. 

for the cation exchange of the other alkali metals and 
alkaline earths present in J-13 well water. Some of 
the observed scatter could possibly be reduced with 

We determined the relative contribution of cation 

Table 17. Minerals in Yucca Mountain Tuff 
with High Cation-exchange Capacities 

exchange to the adsorption of neptunyl onto the 
zeolitic tuff sample G4- 1506 from a sodium- 

Maximum Capacity I Mineral abundance (meqfg) I 
Clinoptilolite 90 % 2.3 

bicarbonate solution. The experiment was based partly 1 Mordenite 60 'YO 2.3 1 
on the method of Baeyens and Bradbury. Crushed tuff 
G4-1506 was equilibrated with 1 M sodium Montrnorillonite 40 % 0.8-1.5 

perchlorate to remove alkali metals and alkaline earths lllite 20 % 0.13-0.42 



by mass action. Solutions containing 0.0022 M sodium bicarbonate (as a pH buffer) were prepared with sodium 
perchlorate added to provide sodium concentrations that varied from 0.0022 M to 0.22 M. Distribution 
coefficients for neptunium were determined using the standard procedure (Fig. 26). 

The surface complexation of neptunyl has been shown to be inner sphere and noncharging. Therefore, the 
surface complexation of neptunium is expected to be largely independent of sodium-ion concentration. The 
results show a linear decrease in Kd with sodium concentration at low sodium concentrations that is consistent 
with cation exchange (see Eqn. 27). At high sodium concentrations, the Kd asymptotically approaches 2.5 mug, 
consistent with surface complexation. The ion-exchange component is larger than the surface-complexation 
component, which corresponds to a Kd of about 10 in 0.0022 M sodium bicarbonate. The relatively Iow Kd for 
neptunyl in a zeolitic tuff is likely due to the large ion size and high hydration number. The Kd in pure sodium 
bicarbonate solution is larger than that observed in J- 13 water; this effect is due to competition with the additional 
cations in J-13 water of calcium, magnesium, and potassium. A model that describes these data and predicts 
neptunium sorption in the zeolitic tuff of Calico Hills will be described in the next section. 

Surface Complexation 
Description of surface-complexation process. The model that we will use to interpret the results of our 
experiments is the triple-layer surface-complexation model (Davis et at. 1978). The most important difference 
between this model and conventional chemical equilibria is the effect of surface charge on the activity of ions in 
the triple layer. This effect is calculated by multiplying the bulk-solution concentration, [M+Jbulk. by a 
Boltzmann factor 

where k is the boltzmann constant, T is the absolute temperature, e is electronic charge, and rC0 is the potential of 
the ion in the inner Helmholtz layer. 

The charge on the metal-oxide surface is produced by the amphoteric reaction of the metal-oxide surface with 

s Measured K, 

.. ,,x,*m- Calculated K, 

-- Ion-exchange 
component 

* * E (  
Surface 
complexation 

Figure 26. Modeling of Neptunium Sorption. The plot shows data points for the sorption distribution 
coefficient of neptunium on the zeolitic tuff sample G4-1506 at a pH of 8.4 a s  a function of sodium ion 

concentration. Surface complexation should not vary with sodium concentration, so the horizontal 
dashed asymptote at high concentrations is a measure of surface complexation, and the dashed linear 

slope at low concentrations is a measure of the ion-exchange component of the sorption. 



acids and bases. The basic charge-producing reactions are with Bronsted acids and bases: 

MOH: + H20 ++ MOH + H,O+ and (35) 

MOH + H20 ++ MO- + H,O+ , 
for which the equilibrium constants are: 

Cations and anions can interact with the electric field near the metal-oxide surface by forming outer-sphere 
complexes. Ions can also be repelled from the aqueous phase near the metal-oxide surface, as illustrated by 
Eqn. 38, which can lead to what appears to be a negative sorption distribution coefficient. This phenomenon is 
a result of the increase in tracer concentration in the bulk solution due to repulsion of ions from the solution 
within the double layer. This effect is always small, Kd > - 1 mllg. The strict definition of Kd does not allow 
for negative values because that would imply a negative concentration (which is meaningless). The negative Kd 
arises because, experimentally, it is impossible to separate the solid phase without including the thin layer of 
water close to its surface. 

Negative Kd values can be used in the same way as positive Kd values and lead to the correct prediction of more 
rapid migration of excluded tracer with respect to tritiated water, that is, retardation factors less than 1. This 
phenomenon has been used by van den Hul and Lykelma (1968) to measure the specific surface area of 
suspended materials. Outer-sphere surface complexation can account for this phenomenon and is represented 
by the following equations: 

MOH; + An- H M0H:An- and (39) 

where An- is the anion, Cat+ is the cation. The equilibrium constants corresponding to these equations are 

[MOH2'An-] 
K ~ t  = w O 4 + ]  [An-] e-(*) and 

where t,bp is the potential of the ion in the outer Helmholtz layer. The ions adsorbed in the outer layer can be 
exchanged for other ions. The ionexchange process would be expected to have selectivity differences due to 
factors such as ion size. 

Factors affecting surface complexation. Surface-complexation models are equilibrium models and, therefore, 
account for speciation reactions explicitly. It is inherently difficult to characterize whole rock, however. This 
difficulty arises from the very surface nature of the reactions described. The number of available sites depends 
on the crystal size and morphology. The identity of available sites depends on the availability of mineral 
surfaces to the pore water and can be changed by weathering (as described in Chapter IV, Section C of this 
report). Given these inherent difficulties, we will attempt to develop a simplified model of surface 
complexation, including cation exchange. 



HSAB (hard-soft acid-bare) theory. The surface-complexation coefficients for monodentate surface complexes 
have been shown to be proportional to the first hydrolysis constant of the aqueous metal ion. This relationship 
is the natural consequence of the Lewis acid-base theory. The Lewis definition of an acid is an electron-pair 
acceptor and of a base, an electron donor. The hydrolysis of metal ions in aqueous solution proceeds by 
reacting with a water molecule displacing a hydrogen ion (an Arrhenius acid) yielding a monohydroxide: 

Mn+ + H,O t, MOHcn-I)+ + H +  . (43) 

This reaction is analogous to the formation of a monodentate surface complex on a metal oxide, for example, 
alumina: 

AI~",-OH + M ~ +  + A I ~ ~ ~ ~ - O M ( ~ - ~ ) +  + H+. (44) 

The principal difference between these reactions is that the hydroxide ion is the Lewis base in the aqueous 
hydrolysis reaction (Eqn. 43) and the surface oxygen is the Lewis base in the surfacecomplexation reaction 
(Eqn. 44). The strength of the Lewis acid Mn+ in both reactions is related to the first hydrolysis constant, K,,. 
The basicity of the surface oxygen is related to the second acid-dissociation constant, K,,, of the metal oxide. 
This relationship can be tested by comparing the sum of the logarithms of the surface-complexation constant 
and the second aciddissociation constant against the logarithm of the first hydrolysis constant of the metal ion. 
The log K, values for the first and second acid- 
dissociation constants of metal oxides expected to be 
found in Yucca Mountain tuff are listed in Table 18, along 
with the point of zero charge (the pH at which surface in 
equilibrium with that solution has no net charge). The 
comparison of literature values (Dzombak and Morel 
1990; Kinniburgh et al. 1976; Huang and Stumm 1973; 
Schindler 1985) for surface complexation (log K, + 
log K,), of metal ions on alumina, silica, and iron oxide 
are shown in Fig. 27. 

Table 18. Intrinsic Constants for Metal Oxides 

Metal Point of 
oxide log K,, log Kal zero charge 

SiO, -0.5 -8.2 4.3 

A',o, -7.8 -11.3 9.3 

FeOOH -7.6 -11.4 8.5 

The results of this comparison demonstrate that the surface-complexation constant can be estimated to within an 
order of magnitude, for most metals, given the first hydrolysis constant. A similar comparison for bidentate 
attachment has yet to be developed, primarily because of the lack of reliable data for bidentate surface 
complexes. 

Description of surface-complexation sites in Yucca Mountain tufl Although surface complexation has just 
begun to be studied on Yucca Mountain tuff, there are a number of mineral surfaces having known surface- 
complexation sites. These are hematite and related iron oxides, silica, and the edge sites of clays. The clay 
edge sites have been studied and found to be most similar to octahedral alumina (Wieland 1988; Stumm 1992). 
Although there is no supporting data to determine the relative abundance of these sites, the HSAB approach 
described above allows one to predict the surface-complexation mechanisms in terms both of stoichiometry and 
of equilibrium constants. 

Modeling of Yucca Mountain tuff A surface-complexation model for neptunium adsorption onto the zeolitic 
tuff sample G4-1506 was developed to fit the sodium-concentration dependence. The model considered a 
simple ion-exchange mechanism: 

AIO-Na+ +NpO: t, A10-Np0: +Na+ , (45) 

and the formation of an inner-sphere surface complex with octahedral alumina (edge sites) or hematite: 

AlOH + NpO: + AlONpO, + H+ . (46) 
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Figure 27. Surface Complexation versus Hydrolysis. This plot compares surface 
complexation (log Ks + log K,) for monodentate attachment of metal ions with 

hydrolysis (log K,,) based on the HSAB (hard-soft acid-base) theory. 

The number of cation-exchange sites available to neptunium (Table 19) was based on the apparent saturation of 
sites observed in a neptunium adsorption isotherm measured for tuff sample G4-1608 in a carbon-dioxide 
atmosphere (Thomas 1987). The neptunium-exchange capacity for clinoptilolite (as illustrated by the small 
neptunium Kds) is four orders of magnitude smaller than the cation-exchange capacity of clinoptilolite given 
inTable 17. This difference can be explained by the large size of the hydrated neptunyl ion. If no sorption 
occurs in the intracrystalline channels of the clinoptilolite, the maximum exchange capacity will be on the order 
of a prnole per gram, assuming a 3-pm crystal diameter. The selectivity for neptunium was used as an 
adjustable parameter, and the model was fit to the results of the sodium-ion dependence of neptunium 
adsorption onto tuff sample G4- 1506. 

The inner-sphere surface complexation of neptunium was modeled assuming that surface complexation occurs 
primarily on clay edge sites or iron-oxide surfaces. The constant for inner-surface complexation of neptunium 
onto iron oxide was used because the analogous constant for alumina is expected to be nearly equal on the basis 
of the HSAB theory shown above. Thus, the second adjustable parameter was the edge-site density. 

To extend this model to the empirical measurements done under the project's geochemistry program, additional 
assumptions were made. The competition of cations in groundwater for cation-exchange sites was based on the 
selectivities derived from measurements on the mineral tobermorite (Tsuji and Komarneni 1993). This 
approach was the result of the argument explaining the reduced cation-exchange capacity for neptunium. If 
exchange occurs only on the exterior of the zeolite crystal, then steric effects must be avoided. Tobermorite 
offers an open structure that could be expected to have less steric effects than a zeolite. Furthermore, that work 
showed little difference between magnesium and calcium so that both magnesium and calcium were treated as 
one competitor. There were no data for potassium, so competition with potassium was not considered. 

The surface-complexation constant for calcium was taken from the HSAB theory. Thus, there were no 
additional adjustable constants. The concentrations used for 5-13 and UE-25 p#I well water are shown in  



I Table 19. Equations and Parameters Used to Model Neptunium Adsorption onto Zeolitic Tuff I 
I Type of reaction Equilibrium reactions 

Aqueous reactions: NpO: + H,O t, Np020H(aq) + H + 

NpO: + 2H20 t, Np02(OH); + 2H+ 
NpO; + C032- t, Np02C03- 

HC0,- t, C0:- + H+ 
CO,(g) + H20 t, H2C03 t, HCO; + H+ 

Metal-oxide surface protolysis: MOH + Hf w MOH: 
MOH: + CI0,- t, MOH,+CIO; 

MOH t, MO- + H+ 
MO- + Na+ t, MO-Na+ 

Neptunyl adsorption reactions: t-Al-Na+ + NpO: t, t-Al-NpO: + Na+ 
MOH + NpO; t, MONpO, + H+ 

Extension to groundwater: 2t-Al-Na+ + Ca2+ t, t-A122-Ca2+ + 2Na+ 
MOH + Ca2+ t, MOCa+ + H+ 
MOCa+ + CI- t, MOCa+CI- 

I Parameters I 
I Type of site Site density (eqlkg) Layer Capacitance (Flm2) I 

Tetrahedral (0 aluminum 2 x 10" Inner Helmholtz 1.1 
Octahedral aluminum (edge) 3 x lo4 Outer Helmholtz 0.2 

Table 20. The calculations were made using the FITEQL , I 

and the measured resuIts were in general exceIIent. The 
correct pH dependence was predicted for the dry-sieved 
samples; the wet-sieved samples agreed better with a 
calculation that had no surfacetompIexation sites. The 

equilibrium code in the forward mode only, that is, no 
fitting. The results of the modeling are shown in Figs. 28 
and 29. The agreement between the model calculations 

implications of these results are not yet fully understood. 
n o  possibilities are that either the clay particles are 
washed out, reducing the available edge sites, or that a 
trace component of J- 13 water is forming a strong surface 
complex that competes with neptunium. The model also 
predicted the observed reduction in the sorption distri- 
bution coefficient, Kd, due to the components of UE-25 
p#l water. In this water, the higher carbonate concen- 
tration eliminates the contribution of surface complex- 
ation observed in J- 13 water at pH values above 7. 

Table 20. Groundwater Compositions Used 
for Neptunium Sorption Modeling 

A model was also developed for pH dependence of uranium 

Concentration (mgn) 
5-1 3 UZ UE-25 p#l 

Constituent water water water I 
Sodium 

Potassium 
Magnesium 

Calcium 
Silicon 

Fluoride 
Chloride 
Sulfate 

Bicarbonate 
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Figure 28. Neptunium Sorption in J-13 Water. This plot compares sorption data (points) 
with the predictions of the FITEQL code for the pH dependence of neptunium sorption on 
zeolitic tuff from J-13 water with and without surface complexation at edge sites (curves). 

The sorption data for samples G4-1608 and G4-1502 are from Thomas (1 987). 
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Figure 29. Neptunium Sorption in UE-25 p#l Water. This plot compares sorption data (points) 
with the predictions of the FITEQL code for the pH dependence of neptunium sorption on zeolitic 

tuff from UE-25 p#l water with surface complexation at edge sites (curve). 

adsorption onto crushed devitrified tuff. This treatment was similar to that used to model neptunium adsorption 
except that 1) the cationexchange capacity for uranium was not known (that is, there was no adsorption isotherm) 
and 2) a cation exchange with the monohydroxy-uranyl complex was included. The parameters used are listed in 
Table 21. The number of sites used to model these data was much greater than for the zeolitic tuff. The possible 
reason for this is the exposure of fresh surfaces of feldspar and quartz combined with the lack of exposure to a 
complex groundwater. 

The results of this exercise are shown in Fig. 30 and are in excellent agreement with the results of Leckie and 
his students (Davis et al. 1978). The equilibrium concentration of uranium at pH values of 9 and above are 



Table 21. Additional Equations and Parameters Used to 
Model Uranium Adsorption onto Devitrified Tuff 

Equilibrium reactions 

Aqueous reactions: U0,2+ + H20 t, U020H+ + H+ 
U0,2+ + 2H20 t, U02(OH), + 2H+ 

.2U0,2+ + 2H,O t, (uo,),(OH),~+ + 2H+ -5.62 
3U0:+ + 5H20 o (U02),(OH): + 5H+ - -15.63 

Uranyl adsorption reactions: 2t-Al-Na+ + U0:+ t, (t-~l-),U0;+ + 2Na+ 1.8 
t-Al-Na+ + U0,2+ + H20 t;, t-AI-U020H+ + Na+ + H+ -1.5 

MOH + U0:+ t, MOUO: + H+ 0.60 
MOH + U0:+ + Cl- t, M0UO:CI- + H+ 2.8 

2MOH + U0:+ t, (MO),U02 + 2H+ -2.8 

I parameters: Type of site Site density (eq/kg) 1 
Tetrahedral (0 aluminum 2 x 1 0-2 

Octahedral aluminum (edge) 2 x  lo4 

Figure 30. Uranium Adsorption. The curve above shows the predictions of the FITEQL code 
for the adsorption of uranium onto crushed devitrified tuff from an 0.1 M sodium-chloride solution 

in a controlled atmosphere with an initial uranium concentration of 1 x lo4 M. 

above the solubility limit for uranium hydroxide. The effect of precipitation was evident in the experimental 
data. The solubility product was not included in this model. 

Stafe of howledge of surface complexation with respect to Yucca Mountain. Surface-complexation reactions 
with Yucca Mountain tuff have just begun to be studied. The pH dependence of actinide adsorption can be 
readily explained with a combined surface-complexation and ion-exchange model. The effect of changing 
groundwater composition on neptunium adsorption has also been successfully modeled using a surface- 



complexation model. There are significant gaps in the knowledge base, however. From a fundamental 
standpoint. an HSAB model for bidentate inner-sphere complexes needs to be developed. The consequences of 
a bidentate attachment mechanism, as was included in the uranium adsorption model, is an increased sensitivity 
to competition with metal ions favoring rnonodentate attachment (for example, calcium). From an experimental 
standpoint. the effects of wet-sieving needs to be better understood. If wet-sieving removes a11 of the clay 
minerals, the resulting distribution coefficients may be too low (overly conservative). On the other hand, if a 
trace component of groundwater is responsible for the decrease in surface complexation, it must be identified 
and measured in groundwaters and in pore waters. 

The modeling of actinide sorption shows that high carbonate concentrations will severely reduce the ability to 
form surface complexes on tuff. The ion exchange of actinides appears to dominate under normal conditions 
over surface complexation. Furthermore, divalent cations are found to be strong competitors for cation- 
exchange sites found in Yucca Mountain tuff. 



V. MODELS FOR DISPERSION AND DILUTION 

Introduction 
The adsorption properties of Yucca Mountain tuff have been studied for many years (Daniels et al. 1982). This 
has been done as part of the overall evaluation of the site as a potential repository for the long-term storage of 
nuclear waste. The past studies were primarily batch-sorption measurements of the distribution coefficients 
(Thomas 1987) for several radionuclides as a function of stratigraphic position. Other parameters affecting 
sorption measurements such as temperature, water composition, air composition, tracer concentration, and particle 
size have been varied and the sensitivity to these parameters evaluated for crushed tuff samples (Beckman et al. 
1988; Fuentes et al. 1987). Crushed-tuff columns have been used to verify the drediction of retardation factors 
based on batch K,s and found to be in good agreement provided the particle size distributions were controlled 
(Treher and Raybold 1982). The experiments are column experiments using saturated, intact tuff samples. The 
use of intact tuff is necessary because the crushing of tuff could alter mineral surfaces possibly resulting in an 
overly optimistic value for the K,. The problem that arises from the use of intact tuff is the heterogeneity of natural 
samples, which leads to large values of dispersivity and causes a shift in the breakthrough curve. This effect 
makes the determination of the retardation factor model dependent. 

The theory of transport through porous media is well developed for chemical engineering (e.g., Sherwood et al. 
1975). The theoretical methods have been developed with the principal purpose of designing efficient separation 
processes for the chemical industry using chromatographic columns. Chromatographic columns are generally 
homogeneous with respect to chemical properties and both hydraulic properties, porosity and permeability. 
Transporting geologic media is, on the other hand, complex, both hydrologicalIy and chemically. Some of the 
difficulties that must be overcome to predict the hydrologic transport of radionuclides are: I)  the solubility of many 
radionuclides is too low to allow the direct determination of the chemical structure of solution species by 
spectroscopic methods, 2) the chemical interactions between radionuclides and the minerals present in tuffaceaous 
rock have not been identified, 3) the significant aqueous-phase reactions occurring in groundwater have not been 
quantified, and 4) the effect of heterogeneity is not considered in column chromatography. Concerning the fourth 
difficulty, hydrologists have successfully applied the principles developed for column chromatography by the use 
of the simplifying assumption of a representative elementary volume, REV (Bear 1979). However, the 
assumption of a REV is valid only under special circumstances. A general approach to modeling transport in 
complex hydrologic systems has yet to be developed. 

The transport of solutes in porous media is most often considered a Fickian diffusive process described by the 
advectiondiffusion equation (Bear and Bachrnat 1967): 

where D = dispersion tensor, C = concentration of solute, U = Darcy's velocity vector, E = effective porosity, and 
R, = retardation factor. 

The dispersion tensor represents both diffusion and hydrodynamic dispersion. Hydrodynamic dispersion in this 
context refers both to dispersion caused by the variation in water velocity across pores and the dispersion caused 
by heterogeneity in the permeability of the hydrologic system. The use of a diffusive mechanism to describe 
dispersion would appear justifiable considering the concept of representative elementary volume. 



The intact tuff columns approximate a onedimensional porous column. The solution for the above equation with 
continuous injection is: 

When the tracer is injected as a pulse the concentration is, 

C(X, t, d t )  = C(x, t )  - C(x, t -At )  

where dt  is the length of the pulse. 

Modem stochastic models (Mather and de MarsiIy 1980; Gelhar et al. 1979; Dagan 1982) capable of calculating 
the transport of conservative tracers describe the heterogeneity of aquifers in terms of the covariance of the 
permeability distribution. If the probability distribution of the velocity field is assumed to be Gaussian, the 
transport equation (de Marsily 1986, pp. 247-251). given in Eqn. 48, can be written as, 

where A = covariance matrix of the velocity field, i= velocity, and j, k = the indices for the axes in the coordinate 
system. 

This equation replaces the dispersion in Eqn. 47 with the integral of the covariance over time. These approaches 
predict increasing dispersion with time. 

Spatial covariance of hydraulic conductivity has been used to calculate macrodispersion (Molz et al. 1983; Ross 
1981; Neuman et al. 1987). However, as de Marsily has pointed out, the variation of chemical properties is also 
important. The spatial variation of the geochemical and sorptive properties has not been modeled. Of particular 
concern in terms of making accurate predictions of radionuclide migration is the covariance between permeability 
and sorption. For example, if the highly sorptive minerals, such as srnectites, were correlated with zones of low 
permeability the fastest moving radionuclides would, besides having an above-average water veIocity, have a 
below-average retardation factor. This could greatly increase the observed dispersion and lead to early 
breakthrough of small quantities of radioactive waste. 

Results 
Elution studies were carried out on intact Yucca Mountain tuff columns using water from Well J-13 and the 
radioactive sorbing tracers *TC, "Sr, lnCs, ' " ~ a ,  and 'H. The tuff columns were fabricated from Fran Ridge 
outcrop and drill core samples USW-G4- 1607 and USW-GU3- 1 1 19; Table 22 gives their mineralogical 
compositions. The Topopah Spring member tuffs (Fran Ridge outcrop and GU3-1119) are densely welded tuffs, 
having a low porosity and low permeability. The Calico Hills tuff sample (G4-1607) is a highly zeolitized ash-fall 
tuff having a high porosity and higher permeability. The activities of the tracers were 
9.3 x lo4 Bq =Sr, 1.85 x lo3  Bq of " '~a ,  980 Bq of "'c. 1.44 x 10' Bq %Tc, and -250 counts per second 
tritiated water. After the tracers were run through the Topopah outcrop samples for 78 weeks, the experiment was 
terminated, the columns were sectioned, and the slices of tuff were counted. 

Samples of the densely welded Topopah Spring tuff from have exhibited elution curves that cannot be f i t  to the 
conventional advectiondispersion equation (Bear and Bachmat 1967). The curves from the outcrop 



Table 22. Mineralogical Composition of Tuff Samples 

- 

Topopah Springs Member Tuff Calico Hills Tuff 

Mineral Fran Ridge outcrop* G U ~ - 1  119' 
-- G4- 1607' 

Srnectite 2 f  I - 6 f 2  

Mica trace - 1 trace 

Quartz 12k  1 19 + 3 5 f 2  

Cristobalite 23 f 2 9 f 3  - 

Clinoptilolite - - 6 8 f  6 
Mordenite - - 3 f l  

O p a l 0  - - 1 3 f  3 
Felspar 59 f 7 70 f 5 5 f l  

Calcite I k l  - - 
Hematite trace - - 
*Bish and Chipera (unpublished data); 'Chipera and Bish 1989; 'Bish and Chipera 1989. 

samples can be fit, however, with a time-dependent equivalent dispersion coefficient (Dieulin et al. 1981) and 
Eqns. 48 and 49. This effect has been previously observed by Coats and Smith (1964) and more recently by Herr 
d al (1989). These authors have attributed the effect to that of local heterogeneities or dead-end pores (Coats and 
Smith). The effect of heterogeneity is more generally described by the methods advocated by de Marsily and his 
co-authors (Matheron and de Marsily 1980; de Marsily 1986; Dieulin et al. 1981). This phenomenon was 
theoretically shown by Matheron and de Marsily (1980) to be the result of the spatial distribution of permeability. 
The tritiated water data were fit by approximating the time dependence of the dispersion coefficient with a power- 
law expression, 

The value for the exponent, n,  which best fits the data for tritiated water, was 1.0. The fits achieved using this 
approximation (Fig. 3 1). In addition to duplicate tracer runs, as shown in Fig. 3 1, duplicate columns of each tuff 
specimen were constructed and used. The results from duplicate columns were in good agreement for all tracers 
and tuff samples studied. The second set of Topopah Spring member tuff specimens from GU3-1 I 19 exhibited a 
timedependent dispersion that could not be fit with any value of n in Eqn. 51. The elutions in these columns 
(Fig. 32) exhibit two distinctly different flow paths as evidenced by a double-peak elution curve. This result 
implies the presence of permeable fractures in the tuff samples. The tritiated-water elutions for the Calico Hills 
samples from G4-1607 were adequately fit by a time-independent dispersion coefficient (Fig. 33). This tuff is 
more porous and evidently more uniform in hydraulic conductivity than the two Topopah Springs member tuffs. 

Pertechnetate was eluted under the same conditions as the tritiated water and exhibits anomalous behavior. For the 
Topopah Spring member tuff from the Fran Ridge outcrop, the shape of the elution curves (Fig. 34) are the same 
as the tritiated-water elutions, but the area under the curve does not equal the amount of technetium injected. This 
loss (51 %) cannot be explained, though possible explanations are adsorption on a unidentified trace mineral or 
uptake by microorganisms. The shape of the elution curves in Fig. 34 were rescaled to compensate, so the loss of 
technetium is not evident in the drawing. The column of Calico Hills tuff, G4-1607, did not exhibit any loss or 
retention of pertechnetate (Fig. 35). However, the dispersivity required to fit  the data was much higher: 6 cm as 
opposed to I .4 cm for tritiated water. The anion exclusion volume was 0.2 ml. 



Fig. 31. Elution of Tritiated Water through Fran Ridge Outcrop. The plot compares 
predicted tritiated water elution (solid curve) with measured elutions (run I : circles; 

run 2: crosses) through an intact Topopah Spring member outcrop tuff column. 

V U E  (mO 

Fig. 32. Elution of Tritiated Water through Tuff GU3-1119. This plot shows tritiated water elution 
through an intact Topopah Spring member tuff column from GU3-1119 (run I :  circles; run 2: crosses). 



Fig. 33. Elution of Tritiated Water through Tuff G4-1607. This plot shows tritiated water elution through 
an intact Calico Hills G4-1607 tuff column (predicted: solid curve; run 1: circles; run 2: crosses). 

Fig. 34. Elution of Pertechnetate through Fran Ridge Outcrop. This plot shows pertech- 
netate elution through an intact Topopah Spring member outcrop tuff column rescaled to 
compensate for a 5 1 % loss (predicted elution: solid curve; run 1 : circles; run 2: crosses). 



Fig. 35. Elution of Pertechnetate through Tuff G4-1607. This plot shows pertechnetate elution through 
an intact Calico Hills G4-1607 column (predicted elution: solid curve; run I: circles; run 2: crosses). 

Prior to the injection of the sorbing tracers I3'cs, "Sr, and ' " ~ a  into the Fran Ridge outcrop samples, batch- 
sorption measurements were made. One gram of crushed tuff was contacted with 20 ml of 1-13 water containing 
the above tracers for a period of 1 I days. The resulting values of K, are shown in Table 23 along with the 
standard deviation of 8 batches. These K, values were used to fit the observed elutions with the retardation factor 
calculated using (Hiester and Vermeulen 1952): 

where is the dry bulk density. 

Table 23. Batch-sorption Distribution Coefficients for Devitrified Tuff Columns 

Element Batch K, R, (predicted) - - R, (observed) 

"S r 26f 4 356 f 55 63 

350' 

I3'Cs 512 f 47 6900 f 63 393 

6900' 

'"Ba 762 + 66 10300 f 89 491 

'R,  used to fit elution curve with timedependent dispersion. 
bEstimated from median distance traveled in solid tuff in Fig. 38 without considering dispersion. 
'R,  used to fit tracer distribution in solid tuff (Fig. 38) with time-dependent dispersion. 



If the retardation factor of Eqn. 52 is employed to predict the breakthrough of strontium, the expected 
breakthrough in the solid-tuff column would be at -1.5 years, based on batch-sorption measurements. The actual 
breakthrough (Fig. 36) occurs within a few weeks of the start of the experiment. This difference is a discrepancy 
of -2 orders of magnitude. Three approaches toward reconciling the discrepancy were examined: adjustment of 
the value of K,, adjustment of the dispersivity, and fitting the data to a timedependent dispersivity. 
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Fig. 36. Elution of Strontium through Fran Ridge Outcrop. Various fits to the data for strontium 
elution through an intact column of Topopah Spring member outcrop tuff (tracer recovery -100%). 

A better fit to the data (dotted Iine in Fig. 36) could be obtained by arbitrarily lowering the value of K, a factor of 5 
and using the Fickian dispersivity for tritiated water of 2.5 cm. This fit was the poorest of the three approaches. 
The K, adjustment resulted in a curve that predicts a more than 20 percent larger concentration at the peak and dso 
gives the poorest fit to the tail of the elution curve. Also, this approach is objectionable because the evidence from 
static and dynamic sorption experiments performed on crushed and intact tuff do not support such a K, adjustment. 
The isotherm for devitrified Yucca Mountain tuff of similar mineralogy has been shown to be linear for strontium 
adsorption over a broad concentration range (Daniels et al. 1982; Fuentes et al. 1987). The kinetics of sorption 
have been shown to be diffusion limited (Rundberg 1987). The K, derived from diffusion experiments using 
intact tuff waters agrees with batch-sorption measurements (Daniels et al. 1982). Crushed-tuff column 
experiments have been shown to agree with batch-sorption measurements (Fuentes et al. 1987). No chemical 
reasons for the reduction of the Kd for strontium in intact, devitrified tuff can be supported by other experiments 
performed for the Yucca Mountain project. 

The second approach was to arbitrarily increase the dispersivity to I7 cm, which resulted in a better fit to the 
elution curve than the first approach (dashed line in Fig. 36). The peak arrival time was correctly predicted 
without adjusting the batch Kd, and the concentration at the peak was in good agreement with the measured 
concentrations. However, the width of the peak was significantly narrower than the measured curve. This 
approach also suffers from the lack of a fundamental basis for making a change in the dispersivity. As stated 
above, there is no kinetic or concentration dependence that would lead to broadening of the elution curve. 



The third approach used the time-dependent dispersivity of Eqn. 51, which gave the best fit (solid curve of Fig. 
36). while using the measured batch-sorption coefficient. Also, this approach has a theoretical basis as outlined in 
the introduction. We did not determine the covariance function of the hydraulic conductivity, which is 
experimentally difficult to do in small rock cores. 

The dispersion as a function of time used to fit the tritiated water data and the strontium data are shown in Fig. 37. 
The strontium elution required a dispersion that had a dependence on time of a power less than one (n = 0.4). 
This result suggests the asymptotic approach to Fickian dispersion that is expected for Gelhar's covariance 
function (Gelhar et al. 1979) for a stratified medium, as defined by: 

where d = variance in conductivity; s = position difference perpendicular to direction of flow; and I = length 
scale. 

The time dependences for the dispersivities observed for tritiated water and strbntium can be combined into a 
single function by using Gelhar's dispersivity (Gelhar et al. 1979) for a stratified medium: 

where A, = asymptotic dispersivity; a, = transverse dispersivity; U = mean velocity; and t = time. 

Time (s) 

Fig. 37. Tuff Dispersivity. This plot shows dispersivity, as a function of time. 
used to fit the intact Topopah Spring member tuff column data (tritiated water: 

solid line; strontium: dashed line; Gelhar dispersion model: dotted line). 

This function (Eqn. 54), inserted into Eqns. 48 and 49. fits the elution curves for both tracers, as does the 
empirical function (Eqn. 51). The use of the empirical function requires four parameters to establish the time 



dependence for each tracer (two for each), whereas the GeIhar dispersion equation requires only three parameters 
(dotted line). The parameters used for the Gelhar fit were 1.66 cm for the length scale, 0.12 1 cm for the 
transverse dispersivity, and 20.6 cm for the asymptotic dispersivity. 

The distribution of residual radioactivity in the tuff columns was measured by sectioning the column at the end of 
the elution experiments. The concentration of cesium and barium as a function of distance from the column inlet is 
shown in Fig. 38. The predicted distribution, based on the solution to the transport equation (Eqn. 49) and 
Gelhar's dispersivity (Eqn. 54). are shown as lines. These curves are not actually on the same scale because the 
activities were not corrected for differences in counting geometry and losses in sample during cutting. The 
remarkable feature of the two curves is that, although the shapes are different, the peaks occur at the correct 
position. This prediction was made using the batch K, vaIues of Table 23. 
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Fig. 38. Cesium and Barium Distribution. This graph shows the distribution of 
sorbed cesium and barium in an intact Topopah Spring member tuff column. 

The lines are the calculated distribution using timedependent dispersion. 

The concentration of strontium, cesium, and barium as a function of distance in a second column is shown in Fig. 
39. The distribution is nonuniform. The most localized tracers are the more strongly sorbed tracers because these 
tracers have not eluted to a significant extent. The heterogeneous distribution of sorbing mineraIs may be 
responsible, at least in part, for the time-dependent dispersion. 

Conclusions 
The intact columns with densely welded tuff from the Topopah Spring member have exhibited time-dependent 
dispersion. This complicates the interpretation of these experiments in terms of the predictability of retardation 
given batch-sorption K, measurements and given dispersivity (determined from conservative tracer transport). The 
most important consequence of this observation is that, without time-dependent dispersion, the eIution of alkali 
metals and alkaline earths did not agree with batch-sorption measurements. The apparent error in the predicted 
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Fig. 39. Strontium, Cesium, and Barium Distribution. This plot shows the distribution of 
sorbed strontium, cesium, and barium in the second Topopah Spring member tuff column. 

arrival time is an order of magnitude or more. The results were reconciled by giving the dispersion a time 
dependence, which, in the devitrified tuff sample, agreed with Gelhar's asymptotic Fickian dispersion. The 
tritiated-water dispersion linearly extrapolated to the times relevant for the strontium elution would provide a 
conservative value of the dispersion. However, this is probably not universally true. 

The analyses of the tracer elutions through intact tuff samples assumed that the distribution of sorption was 
uniform. The measured distribution of sorbed tracers was found to be nonuniform. Although the experiments 
with devitrified tuff samples did not exhibit any obvious sensitivity to the distribution of minerals, a general 
treatment of dispersion should include the spatial covariance of sorbing minerals. The dispersion for a sorbing 
tracer should depend both on the covariance of the hydraulic conductivity and the cross correlation between the 
conductivity and the sorbing minerals. For example, if the sorption is anticorrelated with the hydraulic 
conductivity, then the variance of the tracer velocity would be greater than the variance of the water veIocity 
divided by the retardation factor. 

The pertechnetate tracer elutions agreed with the dispersion observed with tritiated water in the Fran Ridge outcrop 
sample. They did not in the zeolitized Calico Hills tuff, G4-1607. This result again suggests that dispersion 
depends not only on the hydraulic properties of the rock but on the chemical properties as well. 



VI. DIFFUSION MODELS 

A model for matrix and fracture flow regimes in unsaturated, fractured porous media at Yucca Mountain was 
developed by Nitao (1991). This model provides a framework for assessment of the importance of matrix 
diffusion at Yucca Mountain. Solute transport in fractured rock in a potential radionuclide waste repository has 
been discussed by Neretnieks (1990) who concluded that most rocks (even dense rocks such as granites) have 
small fissures between the crystals that interconnect the pore system containing water. Small molecules of 
radioactive materials can diffuse in and out of this pore system. The inner surfaces in the rock matrix are much 
larger than the surfaces in the fractures on which the water flows. The volume of water in the microfissures is 
much larger than the volume in fractures. Therefore, over a long time scale, diffusion can play an important 
role in radionuclide retardation. 

The results of the diffusion experiments conducted in support of YMP were summarized in the synthesis and 
summary report for radionuclide retardation (Triay et aI. 1997). The available models for diffusion (de Marsily 
1986, Chapter 10) appear to fit we11 the experimental data obtained. The diffusion equation is 

where E is the total porosity of the tuff, d is the diffusion coefficient through the tuff, Cis  the concentration of 
the diffusing tracer in solution, and the source term, Q, is zero for a nonreactive tracer but for a sorbing solute 

where F is the amount of tracer sorbed per unit mass of solid and p,, is the bulk tuff density (6 = (1 - ~)p,, 
where ps is the density of the solid particles). 

The mechanism of sorption determines the relationship between F and C. When sorption is linear, reversible, 
and instantaneous, the relationship between F and C is given by the sorption distribution coefficient 

Substitution of this equation and Eqn. 57 into Eqn. 56 yields 

ac 
V . ( E ~ V C ) = E R  - . 

at 
where the retardation factor, Rp is given by 

R r =  1 + AK,. 
E 

(60) 

Equation 60 provides a means of comparing results for sorption coefficients obtained under diffusive conditions 
with sorption coefficients obtained from batch-sorption experiments and is valid only if sorption is linear, 
reversible, and instantaneous (the Langmuir and the FreundIich isotherms are examples of nonlinear 
relationships between F and C). Consequently, we can determine the diffusion coefficient by fitting 
concentration profiles for the nonsorbing tracers, and we can determine sorption parameters, such as Kd, by 
fitting concentration profiles for the sorbing tracers. 

Figure 40 shows an example of a set of difision data for rock-beaker experiments in which we used the feldspar- 
rich tuff G4-737 and solutions of tracers in J-13 water. The concentration of tracer, C, remaining in solution inside 
the cavity of the rock beaker divided by the initial concentration, C,, is plotted as a function of elapsed time. 
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Figure 40. Diffusion Data Cuwe Fits. The solid curves are fits to the diffusion data by the TRACRN 
code for the nonsorbing tracers tritium and technetium in the rock-beaker experiments with tuff G4-737. 

The solid lines in Fig. 40 are a fit of these sarye data to the diffusion equation (Eqn. 56) for the two nonsorbing 
radionuclides, tritium and technetium-95m. The diffusion coefficients obtained in this manner for these 
radionuclides for all the tuff samples studied (Table 24) agree we11 with previous results (Rundberg et al. 1987). 
These two tracers diffuse essentially as tritiated wafer and the pertechnetate anion, TcO;. Large anions are 
excluded from tuff pores because of their size and charge, which can account for the lower diffusivity of TcOc. 

( Table 24. Rock-beaker Diffusion Results for Nonsorbing Radioisotopes and DeviMfied Tuffs I 
Tuff Major Diffusion coefficient, d (cm2/s) 

sample minerals Porosity HTO T&,- 

Alkali feldspar 68% 
Cristobalite 28% 

GU3-304 #I Alkali feldspar 75% 1.5 x 10-6 3.0 x IO-~ 
GU3-304 #2 Cristobalite 25% 1.6 x lo4 3.0 x lo-' 0.06 

Alkali feldspar 76% 
Cristobalite 15% 

Alkali feldspar 70% 
Quartz 19% 

Alkali feldspar 59% 
Topopa h 

Cristobalite 23% 0.07 1.0 x lo4 1.0 x 
outcrop 

Quartz 12% 



If sorption is linear, reversible, and instantaneous, then FIC is equal to a sorption coefficient, Kd. To test this 
assumption. we determined values of K,, in batch-sorption experiments using the tuffs under study (Table 25). 
We then calculated an expected diffusion curve using, for each tuff, the diffusion coefficient measured for 
tritiated water and the batch-sorption coefficient measured for each sorbing radionuclide. Figure 41 shows 
these calculated diffusion curves for devitrified tuff G4-737. Comparison of the calculated curves with the 
actual measured data (see the example in Fig. 42) shows that the concentration of the sorbing radionuclides 
remaining in the rock beaker drops faster than predicted on the basis of a linear Kd. This result indicates that the 
diffusion of the sorbing radionuclides could not be fitted by assuming reversible, instantaneous, and linear 
sorption. These results also indicate that transport calculations using a batch-sorption Kd value and the diffusion 
coefficient measured for tritiated water will result in conservative predictions for the transport of sorbing 
radionuclides. 

Table 25. Batch-sorption Coefficients for Devitrified Tuffs 

Tuff Major Batch-sorption coefficient, K,, (mug) 
sample minerals Neptunium Americium Cesium Strontium Barium 

1 (34-737 
Alkali feldspar 68% 

Cristobalite 28% 
8 

Alkali feldspar 75% 1 GU33M Cristobalite 25% 8 

Alkali feldspar 76% 
GU3-433 Cristobalite 15% 9 

( GU3-1119 
Alkali feldspar 70% 

Quartz 19% 
8 

Topopah 
Alkali feldspar 59% 
Cristobalie 23% 

outcrop 
9 

Quartz 12% 

The resuIts obtained from rock-beaker experiments agree with previous results (Rundberg 1987). We 
performed experiments on the uptake of sorbing radionuclides by tuff and found that rate constants for uptake 
of the sorbing cations from solution onto tuff were consistent with a difision-limited model in which 
diffusion occurs in two stages. In the first stage, the cations diffuse into rock through water-filled pores; in the 
second stage, they diffuse into narrower intracrystalline channels. This diffusion model yielded sorption 
coefficients for cesium, strontium, and barium that agree well with the sorption coefficients determined by 
batch techniques. 

The main evolution of the diffusion testing has been the collection of diffusion data as a function of saturation 
using the unstaurated flow apparatus (UFA) developed by Conca. Inspection of Fig. 43, which summarizes the 
UFA experimental data (Conca 1997), indicates that it is possible to generalize the variation of diffusion with 
volumetric water content and parametrize it as shown in Fig. 44 (Conca 1997). The data available should be 
adequate for incorporating diffusion models into the transport codes used by the Yucca Mountain Project. 
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Figure 41. Calculated Diffusion Curves. These curves were calculated for tuff G4-737 using the diffusion 
coefficient, d, measured for tritiated water and the batch-sorption coefficients, 6, measured 
for the sorbing radionuclide. The diffusion curves for tritium and technetium are also shown. 
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Figure 42. Comparison of Calculated and Actual Diffusion Data. The solid curve is the 
diffusion curve calculated for cesium using a K, value and the diffusion coefficient for tritium; 

the squares are the actual diffusion data for cesium with tuff G4-737 
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Figure 43. Diffusion Coefficient Data as a Function of Volumetric Water Content. 

This figure summarizes the UFA diffusion experimental data (Conca 1997). 
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Figure 44. Diffusion Coefficient Parametric Equation. This plot shows the parametric equation 
defined from UFA data for the diffusion coefficient as a function of volumetric water content (Conca 1997). 



VII. MODELS FOR COLLOID TRANSPORT 

This chapter presents an overview of the models that can be incorporated into transport codes to assess the role of 
colloids at Yucca Mountain. Section A describes a global approach for the stability of natural colloids (developed 
by Degueldre) that can be applied to Yucca Mountain waters. Section B describes available colloid transport 
models and the effectiveness of those models to fit  laboratory data obtained for an idealized system that describes 
the role of silica colloids facilitating cesium transport through glass-bead columns. Section C illustrates a metho- 
dology for the determination of sorption parameters needed for colloid transport models. Section D employs this 
methodology to determine sorption parameters needed for colloid transport calculations involving actinide colloids. 

A. Global Approach to Colloid Stability 

This section presents groundwater colloid results from various geological formations ranging from crystalline to 
sedimentaxy, saturated to unsaturated, and organic rich to organic depIeted. Colloid presence and their potential 
mobility are justified on the basis of stability properties in the investigated groundwater. The colloid concentration 
is a function of pH, potential redox, the concentrations of Na, K, Ca, Mg and organic c h n ,  as well as the status 
of the chemical and physical steady state of the hydrogeochemical system. The colloid properties are discussed 
with a non-site-specific approach. 

Introduction 
Groundwater colloids are investigated for their potential role in subsurface systems. Contaminants can be 
transported either in true solution or associated with coIloidal particles whose sizes range from some nm to pm. In 
natural groundwaters, there is a continuum between inorganic colloids (clay, oxide), inorganic colloids coated 
with organic material, organic colloids associated with inorganic phases, and organic colloids. A first list of 
colloid data (e.g., concentration) was published recently (McCarthy and Degueldre 1993). Colloid studies are 
important to understand the behavior of trace concentrations of strongly sorbing or insoluble elements in 
groundwater systems. Key factors affecting colloid stability are pH, redox potential, salt (Na, Ca) concentrations 
(Degueldre et al. 1996), the presence of dissolved organics (O'Melia and Tiller 1993), and the status of the system 
steady state (e.g., Fa& et al. 1994). 

The conceptual model describing the colloid occurrence takes into account their generation and disappearance, their 
aggregation and desegregation, as well as their attachment and detachment on the rock. In the aquifer, the balance 
between production and disappearance may be postulated for the undisturbed saturated zone. However, it is 
considered that the stability of the colloid phase is a function of the disappearance rate by attachment, which 
justifies the colloid concentration in the aquifer. Because attachment parameters are defined in stationary 
conditions, this concept must be extended for perturbed aquifers. This extension may just@ larger colloid 
concentrations during hydrogeochemical transients in the aquifer. 

The general consensus about contaminant transport by colloid-facilitated process is that we need to understand the 
colloid generation mechanisms to evaluate contamination hazard or to design remediations when required. The 
purpose here is to discuss and define rules for evaluating colloid properties in natural systems or systems modified 
by the presence of contaminant and to sketch a concIusion on a non-site-specific basis. This general study, based 
on recent resuIts obtained from selected hydrogeochemical systems, should alIow us to draw a global approach. 

Systems 
Data have been colIected for systems ranging from various crystalline to sedimentary geological formations. Table 
26 summarizes the minerals composing the rocks of the considered formations. The crystalline systems comprise 
recent granitic systems (such as the Central European Basement with studies in the Black Forest, South Germany, 
and the Northern part of SwitzerIand, as well as in the Alpine area, Grimsel, Switzerland) and older granitic 



systems (such as the Scandinavian or Canadian shield). The rock in these systems is mainly composed of quartz, 
feldspar and mica. Minerals currently found in the granitic fractures are illite, muscovite, quartz, chlorite, calcite, 
iron oxyhydroxides, and some pyrite. Their organic content is rather low. 

Table 26. Rock Composition in Water-conducting Features. 
(X represents more than 10% of the weight; (X) more than 2% but less than 10%) 

The Swiss Crystalline studies (Degueldre et al. 1996% b) selected systems ranging from shallow to deep aquifers. 
The sites are the Menschenchwand uranium prospect, the Bad Sackingen spring, the Zurzach thermal well, the 
Leuggern bore hole, and in the Alps, both the Grirnsel Test Site and the Transitgas Tunnel. The depth ranges 
from about 100 to 1680 m in 600 Mysld granite. In Sweden, two systems were considered in the 2 By-old 
granite: &p6, the Experimental Underground Laboratory at a depth of 70 m below the surface (Laaksoharju et al. 
1995). and the Laxemar deepbore hole with a 1420-1705 m depth. Both sites are located on the Baltic coast 
about 350 km south of Stockholm. In Canada, Vilks et al. (1991) investigated waters at the Whiteshell Research 
Area, underlain by the Lac du Bonnet granite batholith and located in the southeastern part of Manitoba. Zones, at 
depths down to 1 150 m. 

Site 

Transitgas Tunnel 

Grimsel Test Site 

Leuggren 

As pa 

Yucca Mountain 

M o m  de F e m  

Yucca Mountain consists of a 1500-m-thick accumulation of Miocene silicic ash-flow tuffs of volcanic origin. The 
rocks can be generally characterized as alternating layers of highly porous nonwelded tuff and low-porosity 
densely welded tuff. The original rock constituents were predominantly volcanic glass, but high-temperature 
devitrification and lower-temperature alteration have produced mineral assemblages dominated by feldspar, 
zeolites, and various silica polymorphs with low organic content. Crystallized accumulations of former colloidal 
material, produced during rock alteration, are present in the pores of some rock layers (Levy 1992). 

Mono do Fern, Brazil, is an altered (weathered) formation with some organic content that issued from volcanic 
activities in a subtropical area. M o m  do Ferro is located in the caldera of P q o s  de Caldas, Minerais Generai. 
The rocks are predominantly carbonitites deeply weathered to laterites (gibbsite, illite, and kaolinite-rich). As its 
name suggests, Mono do Ferro is characterized by magnetite dikes and brecia, which are believed to comprise the 
most hydraulically conductive zones (Miekeley et aI. 1992). 

Rock 

S.-Aare Granite 

Mylonite Granite 

Conderite Granite 

Granite 

'hff 

Phonoli te 

Gorleben Marl Sand X 

Wellen berg Marl X 

BagombC Pelite Sandstone X 

Markham Marl Sandstone X 

X 

X 

X 

(x) 

X 

X 

X 

X 

Quartz 

X 

X 

X 

X 

X 

X 

X 

(x) 

(x) 
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(x) 

(x) 

0 

0 

0 

Feldspar 

X 

X 

X 

X 

X 

X --- 

Zeolite 

X 

Biotite 

X 

X 

X 

X 

Organic 



Partially and nonmetamorphosed sedimentary systems were also considered. They generally contain more organic 
compounds than the previous studied formations. 

The Wellenberg (Degueldre et al. 1991) system is Iocated in Central Switzerland and comprises a marl formation 
slightly metamorphosed. The investigated aquifer lies in this marl formation at a 360-m depth, but another system 
of interest lies at a depth of 1600 m below the marl formation in a kalk (limestone) layer. In Markham, U.K., 
Longworth et al. (1989) investigated colloids from the glacial sand aquifer (120 m depth) of a site 50 km north of 
Nottingham. At Gorleben, Central Germany, Kim et al. (1992) investigated a system composed of porous 
sediments with lignite intercalations. The aquifers there are Iocated between 50 and 300 m depth and are 
composed of glacial sand, silt, marl, and clay. Elevation has caused rupturing and folding of the overlying and 
surrounding Miocene "Brown-Coal" sand and clay. 

The Cigar Lake uranium deposit is a sandstone-hosted ore body Iocated in the Athabasca Sandstone Basin of 
northern Saskatchewan, Canada (Vilks et al. 1993). The ore is located at the contact between sandstone and 
altered basement rock and is separated from the sandstone host by zones of clay-rich altered sandstone. The 
sandstone formation lies at a depth of 432 m below the surface. Finally, the BagomM fossil reactor zone, Gabon, 
discovered in 1980, is located some 30 km south of the Oklo deposit. The sedimentary formation of sandstones is 
overdecked by a thick series of marinederived, organic-rich pelites associated with limestones. These formations 
were also slightly metamorphosed (Pederson et al. 1996). 

Waters 
Prior to comparing colloid properties, the hydrochemical properties of the studied groundwaters must be well 
described and understood. Table 27 shows the most important hydrogeochemical parameters. The individual 
water properties may be summarized as follows: 

In the Transitgas tunnel, zone 1, nine springs were investigated with mixed Na-Ca-SO4-HCO, waters at pH values 
from 7.8 to 9.4 that were mostly oxic (5-9°C). Locally. in zone 2 (springs 10-14). hydrothermal (18-28°C) Na- 
SO4 waters with pH of 8.8 to 9.2 were sampled that were reducing. Finally, irl zone 3 (springs 15-16), shaIlow 
groundwaters of the Ca-HCO, type with oxic character, pH of 9.2 to 9.6, and temperature around 4 to 6OC were 
sampled. At the Grimsel Test Site a deep Na-Ca-HC0,-F groundwater was collected at a depth of 450 m below 
the surface. From the bore holes in Leuggern and Zurzach, crystalline waters of a Na-SO4-HCO,-CI type were 
sampled from depths of 1860 and 450 m, respectively. 

At Whiteshell, Na-Ca-HCO, waters were studied in the upper zones down to 400 m, and Ca-Na-CI waters were 
collected at depths down to 1100 m below the surface. In &@, mixed waters of Na-Ca-C1-HCO, type were 
studied at a depth of 70 m below the surface, and at Laxernar, deep Na-Ca-C1 water was pumped from a depth of 
1400 rn. 

In Yucca Mountain, the J-13 oxic water of a Na-HCO,TSiO, type is pumped from a depth of some 300 m below 
the surface. At Momo do Ferro, the K-SO4-F water was also pumped, but from a depth of 30 m only. 

In the sedimentary aquifers, the water properties may be summarized as follows: 

At Gorleben, both GOHY532 and 1271, deep Na-HC0,-OC waters are sampled from depths of 60 and 80 r n  
below the surface. At Wellenberg, deep Na-HCO, waters flow artesically from depths of 350 and 1350 m below 
the surface. 



Sources Transitgas-tunnel Menzen- Bad Grimsel Zurzach Leuggern 
Zone 3 Zone 1 Zone 2 schwand Sackingen Test Site 

Water 
type Ca-HC03 NaCa-SO,-HC03 Na-SO, Ca-Na-HCO, Na-Cl Na-Ca-HC03-F Na-SO,-HC03CI Na-SO,-HC03-CI 

PH 9.2 8-9 9.2 6.5 6.5 9.6 8 7.8 

Pe +6 +6 0 +6 +6 -3 -3 -3 

PNa 4.5 4.5 - 4.1 2.6 - 2.3 3.9 1.3 3.2 1.9 1.9 

PCa 3.4 3.9 - 3.5 4.2 - 3.8 3.4 2.4 3.9 3.4 3.6 

T&T,,PC 4&2 6&5 22&90 12&13 29&50 12&13 398~45 66&66 



Site AS@ Whiteshell Morro Yucca Wellenberg Gorleben Cigar Lake Bagomb6 Markham 
S CD BZ USA CH D CD GA UK 

- - 

Water Na-Ca-HC4 Na-Ca-CI K-SO,-F Na-HC03Si02 Na-HCQ Na-HCS-OC Na-HCg Na-Ca-Mg-HC4 Mg-HC4 

PH 7.5 8.9 6.1 6.9 8.5 8.8 8.3 6.5 5.9 6.2 7.8 

Pe -4 + 1 +6 -5.2 0 -1 - - 0 +2 +7 

pAl k 1.5 0.4 3.5 2.7 1.7 2.1 2.5 3.0 3.5 4.3 3.6 

pEAlk 2.0 0.7 4.3 3.4 4.1 4.1 3.6 3.3 4.1 3.7 2.8 

POC 3.7 - 4.4 - 4.2 2.7 2.5 3.0 - - - 

-. 
granite granite phonolite tuff marl marl sandstone pelite marl 1 8 

coal sandstone sandstone 4 

Qpe of Rock 



h Markham, the oxic municipal water of a Mg-Ca-Na-HCO, type is pumped from a depth 100 m below the 
surface. At Cigar lake, the Ca-Na-HCO, groundwaters were sampled from depths down to 435 m. Finally, in 
BagomM, complex Ca-Mg-Na-HCO, (relatively demineralized) waters were pumped from depths of about 20 m 
below the surface. The considered anaerobic aquifers are rather shallow but not oxidized. 

These groundwaters range from oxic to anoxic, Na (Bad Sackingen) or Na-Ca-rich (Aspo) to K-rich (Pqos de 
Caldas) or with large Mg contribution (Markham, Wellenberg), and organic depleted (Zunach) to organic rich 
(Gorleben). Their type goes from shallow Ca-HCO, (Transitgas tunnel, zone 3) to more complex Na-SO,-HC0,- 
CI (Zurzach) or K-SO,-F ( P ~ o s  de Caldas). For the water considered, the salt concentrations range over 4 orders 
of magnitude, the total hardness of the water over 2 orders of magnitude. and the pH from 6 to 10. Total organic 
carbon (TOC) is low in most of the groundwater and is < 10" M in the Swiss crystalline and of the order of 
6 x 10" M in the sedimentary (e.g., Wellenberg). Its concentration in the Gorleben system may reach the 1 0 . ' ~  
level because the waters originate from the brown coal formation (nonmetamorphosed system). 

The steady state in the aquifer is broken in some cases. For example, mixing of Na-Ca-HC0,-CI and Na-Ca- 
(Mg)-CI-HCO, waters is observed at Aspo. A similar situation is also locally observed at Bad Sackingen. An 
important assessment of the status of the aquifer is comparison of water temperature with the temperature 
estimated by the geothermometer (T&T, in Table 27). which may give information about the status of the thermal 
steady state of the water. For example. Iarge differences between temperature at the source and that evaluated 
from the geothermometer are noted in the hydrothermal waters collected in zone 2 of the Transitgas Tunnel. 

Colloid Characterization 
Colloids have been characterized by various techniques, including detection of a single particle unit by scattering 
of laser light, filtration and ultraf~ltration techniques (see Buffle et al. (1992) for limitations of this technique), 
SEM investigation and counting (McCarthy and Degueldre 1993). and gravimetry (Vilks et al. 1991). 

Colloid concentration results obtained for various sizes may be modeled. When a size distribution is studied in 
detail and accurately, it can be described by a Pareto power law: 

and with A and b constant for given size ranges. The parameter b can then be easiIy determined when plotting the 
log of the normalized colloid concentration as a function of the log of their size. The slope of the plot, b, reflects 
the stabiity such that the value of b is Iarge for a small stable colloid population. The colloid concentration given 
in mass units is then deduced by taking into account an average density for the size range and by considering 
spherical colloids. 

Measurement of the colloid attachment factors, a, was performed with model colloids of montmorillonite with size 
of 100 nm. The effect of Ca, Mg, Na, K concentrations and pH changes was studied in batch experiments. The 
attachment factors were obtained by measuring the colloid concentration during the coagulation process and 
elimination by sedimentation in static batches. 

Results and Discussion 
Colloid occurrence in the aquifer is postulated to be a consequence of the colloid stability in the hydrogeochemical 
system. The system is first supposed to be constant in time (no hydrogeochemical changes). 

Colloid phases range from clay (Grimsel Test Site, Wellenberg), to SiO, (Yucca Mountain), Fe-organic-rich 
phases (Morro do Ferro), clay-coated with organics ( ~ s p o ) ,  and clay associated with organic phases (Gorleben). 



Comparison of all results was performed at the 100-nm size for accuracy reason. Factors decreasing the colloid 
stability are an increase of salt (Na*, K') concentration and of water total hardness (Ca2', Mg2'). The trend of 
colloid concentrations as a function of salt and hardness of the water is shown in Fig. 45. Strong floccuIant (e.g., 
Fe", AI>) are quasi-insoluble in the groundwater, limiting their action in the aquifer. The effect of calcium may be 
reversed on a charge basis (Seaman et al. 1995). mostly in weakly acidic oxic water loaded with positively 
charged iron oxyhydroxy colloids for which cations are not able to act as a coagulant. This effect was observed in 
the P q o s  de Caldas mine where iron oxyhydroxo colloids are stabilized at pH values from 3 to 5 in the surface 
water in which pyrite oxidation decreases the pH, locally increasing the stabiIity of these positively charged iron 
colloids. The calcium does not act as a coagulant for iron-rich colloids in these waters. It must also be noted that 
artifacts such as calcite particles are generated during water sampling; consequently. colloid concentrations from 
calcium-rich water are sometime affected by the& artifacts. This fact explains the absence of Laxemar, 
Whiteshell, and ~ s p 6  data in Fig. 45. 

The trend observed in Fig. 45 must be justified on the basis of the physicochemical properties of alkali and 
alkaline& elements on the stability of model colloids. This was tested for montmoriIlonite colloids, selected as 
an example of clay colloids. The attachment factor of these colIoids increases towards 1 with increasing alkali and 
alkaline- element concentrations (Fig. 46). This test clearly demonstrates that the salinity and the hardness of 
the water play an important role on the colloid stability and that the attachment factor of these clay colloids reachs 
about 1 for saIt concentrations around M and alkaline* element concentrations around lo4 M. 

Factors increasing colloid stability and their transport include the presence of organics or changes the hydrogeo- 
chemical state in the aquifer. The effect of organics on the colloid phase stability was studied in detail by O'Melia 
and Tiller (1993). These authors c o n f m  that the specific increase of dissolved organic concentration and of pH 
enhances colloid stability. This result justifies the large colloid concentration observed in Gorleben. Their 
presence stabilizes the small colloids and, consequently, increases the value of b in the Pareto law (Fig. 47). The 
dissolved organics originate from the rock and the groundwater colloids are potentially transportable through the 
formation. The next cases studied were systems subject to chemical or dynamic changes that are not in steady 
state with a hydrothermal signature (e.g., zone 2 in the Transitgas tunnel, Bad Sackingen, and Yucca Mountain) or 
with phases that include amorphous components (vitrified tuff from Yucca Mountain) or in which the chemistry is 
variable (such as the mixing waters at hp6). In zone 2 from the Transitgas tunnel, the colloid concentration 
remains large because the hardness of these waters is low. 

A model of contaminant transport by colloids may be better adapted to describe reality on the basis of these 
properties. Colloid stability may be described first as a function of the water chemistry and not of the rock itself, 
because groundwater chemistry is already driven by rock properties on the basis of rock-water interactions. The 
colloid stability limits their presence and mobiIity. 

Conclusions 
Colloid concentration in a given aquifer is a function of the colloid phase stability in the hydrochemical system. 
Stability is a function of the chemical composition of the water as well as of the hydrogeochemical steady state of 
the aquifer. For an aquifer in a steady-state situation, decreases of the concentration of alkali element below 
10.' M and of alkaliearth elements below lo4 M contribute to an increase in the colloid stability and concentration. 
However, water mixing and large concentrations of organic carbon contribute to an increase in the colloid stabiIity 
and concentration. Generally, the presence of transient situations, such as changes of T. flow rate, or chemistry 
(pH, salt, or redox potential) in the aquifer, also induces larger colloid concentrations. The values of b obtained 
from the distribution law are indicative of the system's situation with regard to chemical or dynamic steady state, 
and these values are also a function of pH and the presence of organic carbon. 



Figure 45. Colloid Concentrations. Here, concentrations of co1Ioids are compared on 
the basis of alkali and a l k a l i n e 4  element concentration for colloid size > 100 nm. 

0 Ca and Na 

Mg and K 

Figure 46. Colloid Attachment. This plot shows the effect of Ca, Mg and Na,K on the colloid 
attachment factor at a pH of 8 for montmorillonite colloids of size > 100 nm with TOC c 5 x lo5 M. 



Figure 47. Colloid Distribution Parameter. This plot emperically compares the coIloid 
distribution parameter, 6 ,  as a function of groundwater pH and organic concentration. 



B. Modeling of Colloid Transport 

Experimental Study 
Groundwater colloids can act as a vector that enhances the migration of contaminants. While sorbed to mobile 
colloids, contaminants can be held in the aqueous phase, which prevents them from interacting with immobile 
aquifer surfaces. As a result, an important aspect of the modeling effort for the Yucca Mountain Site 
Characterization Project is to describe colloid transport. 

In our study (Noell et al. 1997a), an idealized laboratory setup was used to examine the influence of amor- 
phous silica colloids on the transport of cesium. Synthetic groundwater and saturated glass-bead columns were 
used to minimize the presence of natural colloidal material. The columns were assembled in replicate, some 
packed with 150- to 210-pm glass beads and others packed with 355- to 420-pm glass beads. The coIloids 
used in the experiments were 100-nm amorphous silica colloids. 

The retardation factor for cesium in the two types of glass-bead columns was determined both in the absence 
of the silica colloids and in the presence of a constant flux of colloids. Also, the influence of anthropogenic 
colloids was tested by injecting pore-volume slugs of an equilibrated suspension of cesium and colloids into 
the colloid-free columns. Finally, a model developed by Corapcioglu and Jiang (1993) was compared with the 
experimental elution data. Both equilibrium sorption expressions using an effective retardation coefficient and 
fully kinetic simulations were used to describe the colloid-facilitated transport of cesium. 

Summary of Results 
The intent of these experiments was to establish data, under ideal circumstances, that show the influence of sil- 
ica colloids on the migration of radionuclides through porous media. This goal was accomplished by using 
synthetic groundwater and saturated glass-bead columns so that the amount of natural colloidal material in the 
columns was minimized. We used cesium-137 as a model radionuclide because of its detectability and simple 
chemistry. We examined colloidal silica because of its abundance in many groundwaters. 

The sorption of cesium to the amorphous silica colloids was found to be significant and fuIly reversible. In 
independent batch-sorption experiments, it was determined that a FreundIich isotherm with the partitioning 
coefficient, K, equal to 0.11 1 X/+ 1.17 d m g  and with the empirical order. rn, equal to 0.882 + 0.013 ade- 
quately described the partitioning of cesium to the amorphous silica colloids at equilibrium. Nonlinear 
Freundlich isotherms also best described the sorption of cesium to the glass beads. The nonlinear least-squares 
approximations of Freundlich parameters for the sorption of cesium to the 150- to 210-pm glass beads were 
K = 1.58 X X I +  3.18 mVmg and m = 0.828 + 0.007, whereas for the sorption of cesium to the 355- to 
420-pm glass beads were K = 9.86 X X I +  9.23 mYmg and m = 0.821 t 0.014. 

The impact of amorphous silica colloids on the transport of cesium was assessed in saturated glass-bead 
columns. Independently calculated column parameters were verified using vitiated water as a groundwater 
tracer. The retardation of cesium in colloid-free water was initially examined. The migration of cesium 
through the columns with the smaller glass beads was more retarded than it was in the larger glass-bead 
columns. Linear Freundlich partitioning coefficients determined from these column experiments agreed with 
the sorption data determined in batch experiments. The flow of colloids was also examined independently. 
Because the surface charges of the silica colIoids and the glass beads were similar, the colIoids were repelled 
from the surface of the media and were able to migrate easily through the glass-bead columns. The slight 
retardation of the colloids was mainly due to physical interactions between the silica colloids and glass beads. 
To simulate the effect of anthropogenic colloids, an equilibrated suspension of cesium and silica colloids was 
injected into colloid-free columns as a 0.09 pore-volume pulse. In the smaller glass-bead columns, the colloid 
front traveled eight times faster than the cesium front. Because the sorption of cesium to the colloids is 



reversible, this effect resulted in little noticeable colloid-facilitated transport of cesium. In the larger glass- 
bead columns, however, there was a slight reduction in the retardation of cesium. This reduction was probably 
due to the fact that the colloid front only traveled 3.6 times as fast as the cesium front. When silica colloids 
had a continuous presence and a constant flux through the columns, silica colloids significantly enhanced the 
migration of cesium. In the smaller glass-bead columns, the silica colloids reduced the retardation of cesium 
by 14 to 32%. whereas in the larger glass-bead columns, they reduced the retardation of cesium by 38 to 51%. 

To simulate the colloid-facilitated transport of cesium, a model based on work by Corapcioglu and Jiang 
(1993) was used. Models with equilibrium sorption and with first-order kinetic sorption were compared with 
colloid-facilitated transport experiments of cesium. For the equilibrium case, when the flux of colloids was 
constant, the transport of cesium was able to be modeled using an effective retardation coefficient, R*r This 
relation is expressed by the equations: 

where CD is the mass concentration of dissolved contaminant, D is the hydrodynamic dispersion coefficient, Kc 
is the equilibrium coefficient used to express the sorption of contaminant to the mobile colloids, Cc is the mass 
concentration of the suspended colloids in the aqueous phase, V is the aqueous phase velocity, Rf is the retarda- 
tion coefficient for the contaminant, and Rc equals the retardation coefficient for the colloids. As the partition- 
ing of cesium to the colloids and the concentration of colloids approaches zero, the effective retardation of 
cesium approaches the retardation of cesium in the absence of colloids. As the partitioning of cesium to the 
colloids and the concentration of colloids increases, the effective retardation of cesium approaches the retarda- 
tion of the silica colloids. Equation 62 also reveals that the continuos presence of colloids decreases the effec- 
tive dispersion of the contaminant. 

The equations used for the kinetic simulations start with the net rate of contaminant sorption to the soil media, 
Q,, given by 

where pb is the bulk density, u, is the mass fraction of contaminant sorbed to the soil media, 4 is the porosity, 
uc is the volumetric fraction of captured colloids (volume of captured colloids per unit volume of porous 
media), and k, and k, are the first-order adsorption and desorption rate coefficients, respectively, for the sorp- 
tion of contaminant to the media. 

Next, the governing equations developed to express the colloid-facilitated transport of contaminants for the 
fully kinetic sorption case are a set of first-order sorption expressions. First, the transport and sorption of col- 
loids is described by 

a( see> - = D*8V2Cc - VBVC, - k,BCc + k,pccrc , and at 



where B = 4 - a,,  D* signifies the gradient of D, k ,  and k, are the first-order adsorption and desorption rate 
coefficients, respectively, for the sorption of colloid to the media. and pc is the density of colloidal particles. 
Likewise, the transport of contaminants is described by: 

where kg is the first-order adsorption rate coefficient, k6 and k, are the first-order desorption rate coefficients 
from the mobile and captured colloids, respectively, and a,, and ucc are mass fractions of contaminant sorbed 
to colloid per unit mass of that colloid for mobile colloid surfaces and captured colloids, respectively. 

The sorption of contaminant with the soil media is described by 

the sorption of contaminant to mobile colloids is described by 

= [D*evCc - Vt?Cc]V~cm + [D*f?v2Cc - VeVCc - (k,  + k6)eCc]ucm 
at (69) 

+ kseCD + k2pcacaw ; 

and the sorption of contaminant to captured colloids is given by 

Fully kinetic simulations using the above equations were found to more accurately describe the colloid-facili- 
tated transport of cesium in these experiments. 



C. Determination of Sorption Parameters for Colloid 'Ikansport Model 

When natural colloidal material is present, stable, and mobile in groundwater, colloids can facilitate the trans- 
port of contaminants. When the sorption of contamimants to colloids is irreversible, the transport of the con- 
tamimant can become solely a function of the transport of colloids. The failure to account for the role of col- 
loids in facilitating the transport of contaminants can lead to a serious underestimation of the distances that 
groundwater contaminants migrate (McCarthy and Zachara 1989). 

Experimental Study 
In our study (Noell et al. 1997b), the kinetics for the adsorption and desorption of cesium to amorphous silica 
colloids was examined in batch experiments. The partitioning of cesium between the water and the colloids 
was determined after many different time periods. 

A sorption rate equation was developed for the reaction. Because the number of sorption sites overwhelmed 
the number of sorbents, this rate equation was able to be expressed with first-order adsorption and desorption 
rates. We solved the ordinary differential equation, which allowed us to calculate the forward and reverse first- 
order sorption rates. We also found that a Freundlich isotherm adequately described the sorption of cesium to 
these amorphous silica colloids in the given synthetic water. 

Summary of ResuIts 
The sorption of cesium to amorphous silica colloids occurred very rapidly and was completely reversible. This 
fact allowed the reaction to be approximated with sorption isotherms. The sorption of cesium to amorphous 
silica colloids in a synthetic water resembling UE-25 p#l groundwater under atmospheric conditions was best 
approximated using a Freundlich isotherm with partitioning coefficient K equal to 0.0224 X I +  1.21 and empir- 
ical order m equal to 0.955 + 0.023. A linear Freundlich isotherm also suitably described this sorption reac- 
tion. Although the sorption of cesium to amorphous silica colloids was slightly underestimated at lower 
cesium concentrations, a Kd equal to 0.0219 +. 0.0022 nVmg adequately described sorption of cesium to the 
amorphous silica colloids for most of the regions examined. 

Although the sorption of cesium to amorphous silica colloids appeared to be rapid and completely reversible, a 
methodology was established to determine first-order kinetic sorption rate coefficients from batch experiments. 
To find these coefficients uniquely. batch-sorption experiments must be performed at multiple time intervals 
both before and after sorption equilibrium occurs. The first-order sorption of cesium to silica colloids is 
described by 

where kf and k, are the first-order forward and reverse reaction rates, respectively, and brackets denote number 
concentrations. Ordinarily, the forward reaction should be described as second order, but when the sorbed con- 
taminant does not influence the sorption of additional contaminants (as is the case when the number of sorp- 
tion sites overwhelms the number of sorbents), it is valid to use a first-order adsorption rate coefficient. 

The analytical solution of Eqn. 68, in terms of the ratio of the number concentration of colloidally sorbed 
cesium to the number concentration of dissolved cesium ions, is 

We determined that the first-order desoprtion rate coefficient for cesium on silica colloids was approximately 



eight times greater than the first-order adsorption rate coefficient. Because equilibrium was achieved in a]] of 
the samples, only minimum values of the sorption rate coefficients were determined. These values were 

kf > 0.005 sec- and k, > 0.04 sec- ' . 

By finding batch kinetic sorption rates between various radionuclides and naturally occurring colloidaI materi- 
al, it might be possible to determine which radionuclides have the lowest desorption rates from natural col- 
loids. This information could aid in predicting their migration because radionuclides that are irreversibly 
sorbed to colloids are most likely to be transported by colloids. 



D. REVERSIBILITY OF RADIONUCLIDE SORPTION ONTO COLLOIDS 

Section A of this chapter presented a global approach to colloid stability. Sections B and C reviewed colloid 
transport models, their effectiveness in fitting laboratory data, and a methodology to determine the parameters 
needed for the colloid models. Sections B and C deal with an idealized system involving silica colloids and 
glass beads as the transport medium. In this section, we apply the methodology developed for an idealized 
system to the colloids expected at Yucca Mountain, namely plutonium sorbed onto iron-oxide colloids. 

Sorption of ?U onto iron-oxide coIloids in groundwater plays an important role for the transport of Pu along 
potential flow paths from radionuclide contaminated areas and the release to the accessible environment. A 
natural groundwater and a carbonate-rich synthetic groundwater, filtered through a 0.05-pm membrane, were 
used as media in this section. We performed laboratory batch-sorption experiments to evaluate sorption of Pu as 
a function of different iron-oxide colloids and different oxidation states of Pu and to examine the sorption 
kinetics of Pu(1V) colloids and soluble Pu(V) onto these iron-oxide colIoids. 

The preliminary results show that adsorption of Pu exhibits different patterns between Pu(1V) colloid and 
soluble Pu(V), hematite and geothite, and natural and synthetic J-13 groundwaters. Adsorption of both the 
Pu(1V) colloid and soluble Pu(V) onto the hematite and geothite colloids occurs as a function of time. Iron- 
oxide colloids sorbed more soluble Pu(V) than Pu(IV) colloids and also sorbed more Pu in the synthetic J-13 
groundwater than in the natural 5-13 groundwater. The results also show that the hematite coIloids sorbed more 
Pu than the geothite colIoids. This result was due to differences in their surface characterization. Preliminary 
results indicate that P u O  colloids, as well as soluble Pu(V), can be rapidly adsorbed by hematite or geothite 
colloids in natural or synthetic groundwater. Desorption of Pu(IV) colloids as well as soluble Pu(V) is slower 
than the sorption processes. To confirm the results from these experiments, additional experiments are being 
conducted to examine 1) sorption of Pu onto iron-oxide colloids in nanopure deionized water under carbon- 
dioxide-free environments; 2) desorption of Pu from Pu-loaded iron-oxide colloids as a function of time over a 
long period (-1 year); and 3) the identification of the species of Pu(IV) and Pu(V) on the surface of iron-oxide 
colloidal particles after the sorption process. 

Introduction . 

Traditionally, the transport of metal contaminants in groundwater has been predicted by evaluating their 
distribution between two phases: a dissolved, mobile phase and a sorbed or precipitated, stationary phase 
associated with aquifer solids. Most models of metal contaminant transport processes assume that groundwater 
is a two-phase system with contaminants partitioning between the immobile solid phase and the mobile aqueous 
phase (McCarthy and Zachara 1989). However, components of the solid phase may exist in groundwater in the 
colloidal size range (I nm to 1 p.m. or to a few pm for organic colloids). These colloidal particles have 
compositions and surface characteristics similar to the immobile aquifer solids but are mobile within aquifers. 
In porous media, the size of colloids is smaller than the pores that allow colloids to migrate over long distances. 
Generally, the same processes that control adsorption of radionuclides to aquifer solids also affect their 
association with colloidal materials. Colloids are capable of associating with radionuclides (Penrose et al. 1990; 
Vilks and Degueldre 1991). The very large surface area of colloids (10-500 m2 g-I) can significantly sorb 
radionuclides even for relatively low mass concentrations of colloidal particles in the aquifer (McCarthy and 
Degueldre 1993). These mobile colloids may enhance the transport of the strongly sorbing radionucIides along 
flowpaths and release these radionuclides to the accessible environment. Triay et al. (1996) studied the 
generation and stability of colloids in Yucca Mountain groundwater and found that colloids of clays, silicon, and 
iron oxides were generated in the groundwater and irreversible sorption of radionuclides onto these colloids 
occurred. The stability of clay and silica colloids is a function of the ionic strength. Ryan and Gschwend 
(1990) reported that anoxic conditions induce mobilization of clay colloids in groundwater by dissolving the 



ferric oxyhydroxide coatings cementing the clay particles to the aquifer solids. Champ et aI. (1982) observed 
that when groundwater was pumped through undisturbed aquifer cores, plutonium was rapidly transported, and 
almost 75% of the plutonium was associated with colloidal particles. At the Nevada Test Site, transition metals 
and lanthanide radionuclides were associated with inorganic colloids recovered from groundwater 300 m from a 
nuclear detonation cavity (Buddemeier and Hunt 1988). Plutonium and americium were associated with 
siliceous colloids in an alluvial aquifer at Los Alamos National Laboratory (Penrose et al. 1990). Uranium and 
its daughter species were found associated with iron- and silica-rich colloids downgrade from a uranium deposit 
in Australia (Short et al. 1988). 

Mineral oxides/hydroxides, especially those of Si, Fe and AI, are important in natural water systems. These 
oxides and hydroxides exhibit variable charged surfaces; the net charge changes with pH and is positive at low 
pH and negative at high pH. Metal sorption kinetics on oxides and hydroxides depend on the type of surface 
and metal being studied but generally are rapid (Sparks 1995). The mechanism that dominates the sorption of 
metal onto oxide or hydroxide colloids in a solid-aqueous interface system is surface complexation (reaction of 
cations with surface hydroxyl groups) (Ling and McCarthy 1995). 

Thermodynamic calculations show that Pu(V) is a stable oxidation state in the pH range of 5 to 7 at a pE of 12 
and that Pu(VI) is the most stable oxidation state at higher pH values (Sanchez et al. 1985). It was assumed that 
adsorption of Pu(IV) onto suspended particulate matter is due to the interaction of the strongly hydrolyzable 
Pu(1V) oxidation state with the surfaces of natural particulate matter (Sanchez et al. 1985). Keeney-Kennicutt 
and Morse (1 985) found that Pu(V)O,'can be adsorbed from diluted solution and seawater on geothite. 
aragonite, calcite and 6Mn02.  The sorption behavior of Pu(V)02+ is influenced by oxidation-reduction 
reactions occurring on the mineral surface. Adsorption of Pu(V)O,' on geothite results in a reaction in which 
Pu(1V) and Pu(V1) are formed on the mineral surface. The Pu(VI) is slowly reduced to Pu(IV), leaving Pu(1V) 
as the dominant surface Pu species (Keeney-Kennicutt and Morse 1985). Sanchez et al. (1985) studied 
adsorption of soluble Pu(IV) and Pu(V) on geothite from a sodium-nitrate solution and found that redox 
transformations are an important aspect of Pu adsorption chemistry. The adsorption behavior of Pu on geothite 
is related to the different hydrolytic character of these two oxidation states in the solution. The adsorption edge 
of the more strongly hydrolyzable P u o  occurred in the pH range 3 to 5 whereas that for Pu(V) is at pH 5 to 7 
(Sanchez et al. 1985). 

However. information on af3nity, kinetics, and reversibility, critical to the evaluation of the significance of 
colIoids to Pu transport, is largely unavailable for groundwater particles. There is no information on the 
adsorption of radionuclide colloids (e.g., Pu(N) colloids) onto iron oxide, silica, and clay colloids in 
groundwater. Our studies. performed in three phases, focus on the adsorption affinity, kinetics, and reversibility 
of the sorption of soluble Pu(V) and P u o  colloids onto iron oxide, silica, and clay colloids and on the effect 
of different Pu oxidation states with different forms (e.g., colloidal or soluble form) on their behavior in natural 
and synthetic groundwater. In this phase of our study, we performed laboratory batch-sorption experiments, 
using a natural groundwater and a carbonate-rich synthetic groundwater as media, to evaluate 1) the sorption of 
Pu as a function of two different iron-oxide colloids (hematite and geothite); 2) sorption of Pu as a function of 
two different oxidation states with different forms (Pu(1V) colloid and soluble Pu (V)); 3) sorption kinetics of 
P u W )  colloid and soluble Pu(V) onto these iron-oxide colloids; and 4) desorption of Pu from Pu-loaded iron- 
oxide colloids as a function of time over a long period (- 1 year). 

Adsorption of Pu(IV) and Pu(V) onto Hematite Colloids 
The preliminary results show that sorption of Pu onto the hematite and geothite colloids is a function of time. 
The amounts of Pu adsorbed varied among the two iron oxides and two solutions. The adsorption of Pu also 
exhibits different patterns between the Pu(IV) colloid and the soluble Pu(V). 



Hematite sorbed more soluble h ( V )  than Pu(IV) colloids (Table 28). Adsorption of Pu also shows different 
patterns for the two solutions (natural groundwater and synthetic groundwater). In the synthetic groundwater, 
the adsorption of Pu(1V) colloids shows a one-step mechanism. After a 10-minute contact period, about 66% of 
h ( N )  colloids were adsorbed onto hematite colloids, and from then on, the percentage of adsorbed Pu(1V) 
remained constant over time. 

Table 28. Percentage of ?u Adsorbed onto Hematite Colloids 
in Natural Groundwater and Synthetic Groundwater. 

Fez03 Fez03 
Time 3-13 5-13 Syn. 5-13 Syn. 5-13 

p u o  Pu(rv) PuW) - Pu(W 

Additional contact time between Pu(lV) colloids and hematite colloidal particles did not affect the amount of 
P u o  colloids adsorbed onto the hematite colloidal particles. The adsorption rate is 11.36 pCi/mg per minute 
during the first 10 minutes (Fig. 48). 

In the natural groundwater, although the amounts of adsorbed Pu(IV) colloids increased sIightly as the contact 
time extended from 10 minutes to 60 minutes, the adsorption of P u O  colloids also shows a one-step 
mechanism The percentage of adsorbed P u O  colloids remained constant with additional time (Table 28). 
After 10 minutes of contact period, about 60% of the h ( W )  colloids was adsorbed by hematite colloids. The 
adsorption rate is 10 pCi.mg per minute in the natural groundwater (Fig. 48). At the end of the experiments 
(5760 minutes), about 60% to 66% of the P u o  colloids was adsorbed by hematite colloids in both natural and 
synthetic groundwater. These results indicate that P u O  colloids can be rapidly adsorbed by hematite colloid 
in natural or synthetic groundwater. 

With soluble P u O ,  adsorption patterns of P u O  onto hematite coIloids varied between the two solutions. 
Generally, hematite coIloids sorbed more Pu(V) in the synthetic groundwater than in the natural groundwater. 

In the synthetic groundwater, the adsorption of soluble h ( V )  shows a two-step mechanism. The first step is a 
fast process that occurred in the 10-minute contact period. About 82% of the h ( V )  was sorbed during this short 
period (Table 28). The adsorption rate is 14.18 pCi/mg per minute in the natural groundwater during this period 
(Fig. 50). The second step is a slow process that continued for 5750 minutes. Only 5% additional Pu(V) was 
adsorbed during this period. 
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Figure 48. Adsorption of Pu(n3 and Pu(V) onto Hematite Colloids. These plots follow the 
sorption of Pu(lV) and Pu(V) onto hematite colloids as a function of time for both groundwaters. 

The results of Fig. 48 indicate that soluble h(V)  and Pu(IV) colloids can be rapidly adsorbed by hematite 
coIloids in natural or synthetic groundwater. In natural groundwater, the adsorption of Pu(V) shows a positive 
correlation with time. The amounts of h ( V )  adsorbed gradually increased from 44% to 76% as the sorption 
time increased from 10 to 5760 minutes (Table 28). However, these data were not adequate to determine if the 
adsorption of Pu(V) in natural water is a one-step or a two-step mechanism. The adsorption of Pu(V) may be a 
one-step mechanism. 

Desorption of Pu from Pu-loaded hematite colloids did not occur during the first 3 days of desorption process. 
After 30 days of desorption, h ( V )  was not desorbed from hematite, and less than 0.01 9% of h(lV colloid was 
desorbed from hematite. Desorption of Pu is much slower than sorption. 

Adsorption of P u O  and Pu(V) onto Geothite Colloids 
Generally, geothite sorbed less amounts of Pu(IV) and Pu(V) than hematite did in both natural and synthetic 
groundwater. Adsorption of Pu onto geothite colloids also exhibits different patterns between PuW) colloids 
and soluble Pu(V). Adsorption of Pu also shows different patterns between the two solutions (natural 
groundwater and synthetic groundwater). 

In the synthetic groundwater, adsorption of Pu(IV) onto geothite colloids is slower than onto hematite colloids. 
After a 10-minute contact period, only 34% of the Pu(IV) was adsorbed. The adsorption rate is 5.6 pCi/midrng 



(Fig. 49). Although the amounts of h(1V) adsorbed increased with increasing contact time, only 52% of 
Pu(1V) was adsorbed after 5760 minutes of sorption (Table 29). 

In the natural groundwater, about 29% of the Pu(1V) colloids was adsorbed during the first 10-minute period; 
after 10 minutes, the amounts of h(1V) colloids adsorbed reached a maximum (45%) at 60 minutes, then the 
sorption of Pu(1V) colloids decreased with additional time. The adsorption rate is 4.5 pCi/g per minutes during 
the first 10-minute contact period (Fig. 49). 

With Pu(V), geothite also sorbed the more soluble Pu(V) in the synthetic groundwater than in the natural 
groundwater. In the synthetic groundwater, about 63% of the soluble Pu(V) was sorbed during the first 10- 
minute period. The adsorption rate is 10.6 pCifmin/mg during this period (Fig. 49). Thereafter, there is a small 
but significant increase in the adsorption of soluble Pu(V) with time. 

Table 29. Percentage of L)9Pu Adsorbed onto Geothite Colloids in 
Natural Groundwater and Synthetic Groundwater. 

FeOOH FeOOH FeOOH FeOOH 
Time J-13 5-13 Syn. 5-13 Syn. 5-13 

p u o  Pu(W) Pu(V) P u ( W  
(min) % % % % 

In the natural groundwater, the adsorption of soluble Pu(V) onto geothite also shows a positive correlation with 
time. Amounts of Pu(V) adsorbed gradually increased from 19% to 62% as the sorption time increased from 10 
to 5760 minutes (Table 29). 

These results indicate that Pu(lV) colloids and soluble h ( V )  can be rapidly adsorbed by geothite colloids in 
natural or synthetic groundwater. However, desorption of Pu(V) and Pu(N) from h-loaded geothite colloids 
did not occur during the first 3 days of the desorption process. After 30 days of desorption. less than 0.01 % of 
Pu(V) and less than 0.1 % of P u O  desorbed from the geothite. Desorption of h is much slower than sorption. 

Our results show that hematite colloids sorbed more Pu than geothite (Tables 28 and 29). This result was due to 
differences in their surface characteristics and the purification of the mineral materials. The hematite material 
contained 99.6% Fe,O,; the geothite material contained 86% Fe,O,. Chwertmann and Taylor (1977) reported 
that the usual crystal morphology of synthetic hematite particles is hexagonal plates and the crystal morphology 
of synthetic geothite particles is an aciculate. Therefore, hematite colloids may have larger surface areas than 
geothite when the particle sizes of both iron oxide coIIoids are the same. 
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Figure 49. Adsorption of P u o  and Pu(V) onto Geothite Colloids. These plots follow the 
sorption of P u O  and h(V) onto geothite colloids as a function of time for both groundwaters. 

Both iron-oxide colloids sorbed more Pu in the synthetic groundwater than in the natural groundwater. The zero 
point of charge (ZPC) of synthetic hematite and geothite ranged from pH 7.95 to 8.01 in both groundwaters. 
indicating a similar surface activity with regard to the Fe-OH groups for the two iron oxides. However, the 
surface electrical potential of iron-oxide colIoids in the synthetic groundwater was higher. than in the natural 
groundwater. 

Adsorption of soluble h(V) may be a chernisorption process in which the soluble PUO or its hydrolysis 
species bind to hydroxyl (OH) groups on the hematite or geothite surface. Assuming that P u O  binds to 
hematite or geothite surface ( O W  groups analogous to aqueous coordination reactions, the adsorption of P u O  
to both iron-oxide colloids can be chemically described by the following equation (Liang and McCarthy 1995). 

where S O H  denotes a surface site of hematite or geothite and S O - P U ' ~ ~  is the concentration of Pu(V) 
adsorbed on the surface sites of the colloids. K,.,,is the apparent surface equilibrium constant and is defined as: 

Because of the charge characteristics of the surface of iron-oxide colloidal particles, the activity of ions at the 
surface needs to be corrected to obtain the intrinsic equilibrium constant, which can be calculated by the 
following equation: 



where Y is the potential difference between the binding site and the bulk solution, F is the Faraday constant, R 
is the gas constant, T is temperature in absolute degrees, and z is the ionic charge of the sorbing metal ion. The 
exponential term accounts for the coulombic contribution to the intrinsic equilibrium constants. 

Theoretically, from the reaction equation, after soluble h ( V )  adsorbs onto iron oxide, Pu(V) is reduced to 
Pu(IV) on the surface of colloidal particles. To confirm this possibility, we will experimentally determine the 
Pu oxidation species on the surface of iron-oxide colloidal particles. We will also determine if Pu(V) in the 
natural or the synthetic groundwaters remains stable. The hydrolysis constants for adsorption of Pu(V) onto 
iron oxides are not well known (Sanchez et al. 1985). 

However, sorption of Pu(1V) colloids onto iron-oxide colloids may have different mechanisms; the adsorption 
mechanism of Pu(IV) colloids onto hematite or geothite colloids is not well understood. During our experiment, 
precipitation of Pu(1V) colloids did not occur. The sorption of Pu(N) colloids onto iron-oxide colIoids may 
have happened by an electrical or other binding force. In the natural or the synthetic groundwater with pH 
ranges of 8.4 to 8.6, the surface electrical potential of hematite and geothite colIoids ranged from 27.1 to 35.4 
mV. Therefore, the negatively charged surfaces of iron-oxide colloids may electrostatically sorb (or bind) 
positively charged Pu(1V) colloids. 

Sanchez et al. (1985) studied the sorption of soluble Pu(lV) species onto geothite. They found that soluble 
Pu(lV) species was chemically described by three reactions involving the adsorption of Pu(IV) hydrolysis 
species. 

S O H  + Pu'+ + 2H20 w SO-Pu(OH),2' + 3W *KI, in, (74) 

*OH + Pu" + 4H20 w SO-P~(OH),O + 5H' ' ~ 3 .  inr (76) 

It is not known whether the sorption of Pu(IV) colloids onto hematite or geothite follows the same reactions 
described by Sanchez et al(1985). 

Because of the presence of carbonate and bicarbonate ions in both natural and synthetic groundwater, the 
formation of Pu(V)-carbonate complexes may occur, which may influence the adsorption of P u o .  To c o n f m  
this, we are conducting the experiments with deionized water under carbon-dioxide-free conditions. The ionic 
strength of deionized water was brought to 0.005 M using sodium nitrate (NaNO,) (same ionic strength as the 
natural and the synthetic groundwater). The alkalinity of the natural and synthetic groundwater used in our 
study ranged from 22.5 to 25 meqll. At these values, we predicted that the adsorption of both P u O  and Pu(V) 
shoud not be affected. Sanchez et al. (1985) reported that adsorption of soluble P u O  and Pu(V) was not 
affected by alkalinity values less than about 100 meqIC, where the amount of adsorbed Pu on geothite was 
similar to that obtained at the same pH in 0.1 M sodium-nitrate solution. 

Conclusions 
Our preliminary results show that both hematite and geothite colloids sorbed more soluble Pu(V) than Pu(IV) 
colloids in the natural and synthetic groundwaters. Iron oxide sorbed more Pu in the synthetic groundwater than 
in the natural groundwater. The percentage of Pu adsorbed varied with the two iron oxides and the two 
solutions. Adsorption of Pu(IV) is a time-independent process whereas adsorption of Pu(V) is a time-dependent 
process. After a 10-minute contact period, hematite sorbed about 57% to 66% of Pu(IV) colloids and 44% to 
82% of soluble Pu(V). whereas geothite sorbed 29% to 34% of Pu(1V) colloid and 19% to 63% of Pu(V). 
However, the process of Pu desorption from Pu-loaded iron-oxide colloidal particles is slow. After 30 days of 



desorption. Pu(V) was not desorbed from hematite, and less than 0.01 8 of Pu(V) desorbed from geothite. Less 
than 0.01 % of Pu(IV) colloids was desorbed from hematite and less than 0.1% of Pu(IV) was desorbed from 
geothite. 

Studies in progress are: 1) sorption of Pu onto iron-oxide colloids in nanopure deionized water under carbon- 
dioxide-free environments, 2) desorption of Pu from Pu-loaded iron-oxide colloids as a function of time over a 
long period (- 1 year), 3) characterization of Pu species on the surface of iron-oxide colloidal particles after 
sorption process, and 4) characterization of hematite and geothite collloidal particles (e.g., particle size 
distribution, surface morphology). 



VIII. COMPLETION OF TESTS AGAINST PROGRAM GOALS 

The goals of the relevant studies of the Geochemistry Program of the Yucca Mountain Project have 
been summarized in Chapter I. In this chapter, we compare those goals with the results obtained to 
date and make critical recommendations for future work that needs to be part of the confirmatory 
testing phase of the project. 

The lack of field testing dedicated to collecting groundwater chemistry data at the site has made 
it difficult to develop a robust groundwater chemistry model. 

It is imperative-to undertake the planned groundwater chemistry field investigations. In 
particular, measuring the Eh of groundwaters at the site and developing a technically defensible 
model for the redox conditions of the groundwaters at Yucca Mountain could be of great 
benefit to the project. 

Reducing conditions at Yucca Mountain have extremely positive implications for the project. 
The solubility of Np and Tc decreases and the sorption of these elements increases with 
decreasing Eh. The solubility/speciation and sorption studies need to revisit the conservative 
approach described in the study plans for these activities, which assumed oxidizing conditions 
only, and consider more realistic models for Np and Tc solubility and sorption that incorporate 
the results of groundwater chemistry investigations. 

Bulk solubiIity experiments can provide empirical data directly, but because they are long-term 
experiments, only a limited number of data points can be collected over a limited range of 
conditions. To determine solubility for general conditions, the system must be modeled 
thermodynamically. 

Models for trivalent, pentavalenf and hexavalent actinide solubility exist that include 
descriptions of hydroxo, carbonate, and mixed hydroxocarbonato complexes. Therefore, it is 
imperative to use those models to predict the solubility of actinides in Yucca Mountain 
conditions and critically compare the results with the existing empirical solubility data base for 
the Project. 

Development of a model to describe the generation and stability of actinide polymers is of the 
essence to fully understand the implications of colloids to radionuclide transport. 

Use of K, values in transport calculations requires sorption to be linear, reversible, and 
instantaneous. For certain radionuclides, such as neptunium, uranium, and plutonium, more 
sophisticated sorption models need to be explored. 

Plutonium's solution and sorption behavior are the most complex of all the elements of interest. 
The groundwater compositional parameter most critical to this element in the Yucca Mountain 
flow system is the redox potential, Eh. The available sorption data suggest that this element 
should sorb strongly to Yucca Mountain tuffs under most of the expected conditions. 
However, in the experiments to date, the redox potential was not controlled, therefore, 
additional controlled experiments should be canied out. 



In batch-sorption studies of the effect of naturally occurring organic materials on the sorption 
of cadmium and neptunium on oxides and tuff surfaces, the model sorbents were synthetic 
goethite, boehmite, amorphous silicon oxides, and a crushed tuff material from Yucca 
Mountain, Nevada. An amino acid, 3-(3,4-dihydroxypheny)-DL-alanine (DOPA), and an 
aquatic-originated fulvic material, Nordic aquatic fulvic acid (NAFA), were used as model 
organic chemicals. DOPA and NAFA have little effect on neptunium sorption on all sorbents 
selected for this study. This study should be expanded to assess the effects of organics on the 
sorption of other actinides onto tuffaceous materials. 

The distribution sorption coefficients used in performance assessment to describe radionuclide 
retardation by sorption are empirical parameters that cannot be used to extrapolate to important 
water conditions at Yucca Mountain. It is essential to develop sorption models that can explain 
the radionuclide sorption onto Yucca Mountain tuffs for important radionuclides. 

The applicability of K, values (obtained under saturated conditions) to describe radionucIide 
transport under unsaturated conditions needs to be assessed by performing column experiments 
with the unsaturated flow apparatus. 

To assess the effects of scale on radionuclide transport, large blocks should be used to perform 
transport experiments with radionuclides at the bench scale. 

A selected database describing radionuclide diffusion through tuff as a function of water 
content should be obtained to verify the parameterization proposed by Conca to describe 
diffusion as a function of saturation for tuffaceous materials. 

Given the potential for colloidal radionuclide transport at the Nevada Test Site, some aspects of 
the colloids strategy developed by the project should be undertaken. 

A global approach (proposed by Degueldre) seems to exist for the stability of natural colloids. 
Measurements of the colloidal content of Yucca Mountain groundwaters is of the essence to 
compare Yucca Mountain values with the expected colloid concentrations. 

Colloid transport models capable of describing the effect of colloids in facilitating colloid 
transport exist and have been tested at the laboratory level. These models should be integrated 
into the transport models of the Yucca Mountain site. 

In this report, we presented the available data describing the sorption of radionuclides onto colloids 
that can exist in the near and far-field environments. It is extremely important to address the issue 
of sorption reversibility onto coIloids for key radionuclides (such as Pu and Am), which are well 
known for their strong sorption onto colloidal material (such as iron oxides, clay, and silica). 



IX. DATA TRACEABILITY 

A11 work performed to collect data and test, analyze, model, or describe the natural system under study has been 
done under the YMP QA program at Los Alamos. This report and the analyses included herein are considered "Q". 
However, the computer codes used for the interpretive analyses were not developed or tested under a YMP QA 
program. We assume that these Q reports/analyses/models can use non-Q data that are clearly defined as such, and 
the report is still classified as Q. Based on this assumption, all of the field data developed at Los Alamos and most 
of the laboratory data discussed in this report are Q data. 

The following outlines the Q or non-Q status and data tracking numbers (DTNs) relevant to the data included in this 
report or used to summarize the current state of knowledge: 

Sorption 
Neptunium data: 

LA000000000090.00 1 * ; Q data 
LAOOOOOOOO104.OO 1 *; Q data 

Plutonium data: 
LAOOOOOOOOO 104.00 1 *; Q data 

Uranium data: 
LAO00000000 104.00 1 *; Q data 

All other radionuclides 
DTNs are not applicable; non-Q data 

Transport 
Solid Rock Columns (all isotopes) 

LA000000000127.001*; Q data 
Fractures (all isotopes) 

LAIT83 136 1 AQ95.003; Q data 
LAIT83 136 1 DQ95.004; Q data 
LAIT83 136 1 AQ97.004; Q data 

Colloids 
Stability data and concentration determinations in J- 13 water 

LAOOOOOOOOO128.001; Q data 
Transport 

LAIT83 134 1 AQ97.002; Q data 
Reversibility of Radionuclide Sorption onto Colloids 

LAIT83 1341AQ97.001; Q data 
Rest of data 

DTNs are not applicable; non-Q data 

Diffusion 
All isotopes 

LAIT83 1362AQ95.001; Q data 
LAIT83 1362DQ95.002; Q data 
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YMP-023-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
05/06/96 TECHNICAL DATA INFORMATION Page I of 2 

(Check one): (x ACQUIRED DATA (complete Parts I and 11) 
Data Tracking Number (DTN): LA1T831341AQ960001 

DEVELOPED DATA (complete Parts I, I1 and 111) 
Data Tracking Number (DTN): 

PART I Identification of Data 
Title/Description of Data: MEASUREMENTS OF BATCH SORPTION DISTRIBUTION COEFFICIENTS FOR BARIUM, CESIUM, 

SELENIUM, STRONTIUM, URANIUM, PLUTONIUM, AND NEPTUNIUM. (THESE DATA SUPERSEDE DATA PREVIOUSLY 
-- --- - 

IDENTIFIED BY DTN'S: LA000000000090.001, LA000000000091.001, LA000000000092.001, LA000000000098.001, 

LA000000000104.001, LA000000000127.001 AND LAIT831341AQ95.001) 

Principal Investigator 

Organization: 

(PI) : TRIAY, I R 
Last Name First and Middle Initials 

LOS ALAMOS NATIONAL LABORATORY 

Are Data Qualified?: Yes Governing Plan: SCP 

SCPB Activity Number(s): 8. 3. 3. a 

WBS Number(s): 1.2-3.4.1.2.1 

PART I1 Data Acquisition/Development Information 
~ ~ t h ~ d :  TWS-INC-DP-79, 'LIQUID SCINTILLATION COUNTING OF SAMPLES,' TWS-INC-DP-62, 'BULK NTS WELL 

WATER SAMPLES,' TWS-INC-DP-83, "STORAGE AND HANDLING OF SOLID SAMPLES,n LANL-INC-DP-35, "PH I 
MUISrn(EMEN'I', LANL-INC-DP-86, 'SORPTION AND DESORPTION DETERMINATIONS BY BATCH SAMPLE TECHNIQUE FOR I 
THE DYNAMIC TRANSPORT TASK,' LANL-CST-DP-100, 'SORPTION AND DESORPTION DETERMINATIONS BY A BATCH I 

PART Ill Source Data DTN(s) 

Comments 
MILESTONE 378413 THIS DATA SET HAS BEEN 

EXTENDED BY ADDITIONAL ABSORPTION DATA AND INCLUDES THE DATA PREVIOUSLY IDENTIFIED WITH DTN 

F/20 / 9 7 ' Date 

YAP-S111.3Q. 1 

I Period(s): 10/1/92 to 9/3/96 
From: MM/DD/YY To: MMlDD/YY 

Sample ID Number(s): (SEE DATA RECORDS PACKAGE) I 



I YMP-023-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
08/3 I 195 TECHNICAL DATA INFORMATION I 

I CONTINUATION SHEET Page 2 of 2 
- 

SCPB Activity ~urnber (s) (continued] 

WBS Number(s1 (continued) 

Method (continued) 

SAMPLE TECHNIQUE WITHIN THE CONTROLLED ATMOSPHERE OF A GLOVEBOX FOR THE DYNAMIC TRANSPORT TASK," LANL 
NOTEBOOK TWS-INC-03-93-01, PAGE A4. 

Comments (continued) 

LA000000000090.001, LA000000000091.001, LA000000000092.001, LA000000000098.001, LA000000000104.001, 
LA000000000127.001 AND LAIT831341AQ95.001. 



TECHNICAL DATA SUPPLEMENT 
THIS FORM PROVIDES TRACEABILITY OF THE DATA TO ITS SUPPORTING DOCUMENTATION. 

DATE: 09/02/97 (Rev. 1) DTN#: LAIT831 341AQ96.001 
(To be assigned by Technical Data Coordinator) 

PREPARED BY: J. E. Young I 
TITLEISUBJECT: Measurements of Batch Sorption Distribution Coefficients for Ba, Cs, Np, Pu, Se, Sr, l 

and U. I 
THE FOLLOWNG ITEMS CONTAIN SUPPORTING DOCUMENTATION FOR THE ATTACHED DATA 
SUBMITTAL. FILL IN THE BLANKS WTH AS MUCH INFORMATION AS POSSIBLE; IF THE INFORMATION 
DOES NOT APPLY TO A PARTICULAR SUBMISSION, MARK 'NIA." 

NOTEBOOK: MIS-INC-05-93-05, YMP Sorption Data Base, All Pages 
ID# and Page(s) 

ID# and Page(s) I 
ID# and Page@) I 

I 
ID# and Page(s) 

I PHOTOGRAPHS: N/A 
Identification (if applicable) 

I MAPS: NfA 
ldentification (if applicable) 

COMPUTER 
FILES: NIA 

File name 

I OTHER 
C0MMENTS:Rev. 1 of this page corrects the notebook number. 

I. R. Triay I INVESTIGATOR 
I Print name Signature 

TECHNICAL DATA COORDINATOR: 

J. E. Young 
Print name /signature / 

Los Alamos 
LANL-YMP-QP-08.3 

Yucca Mountain Site 
Characterization Project 



y ~ p - 0 2 3 - ~ 4  YUCCA M O U N T ~ S I T E  CHARACTERIZATION PROJECT 
TECHNICAL DATA INFORMATION Page 1 of 1 2 

(Check one): ACQUIRED DATA (complete Parts I and 11) 
Data Tracking Number (DTN): LA000000000090.001 

DEVELOPED DATA (complete Parts I, I1 and 111) 
Data Tracking Number (DTN): 

PART I Identification of Data 
~itl~/~~~~.~ti~~ of ~ ~ t ~ :  NEPTUNIUM TRANSPORT IN YUCCA MOUNTAIN TUFFS: STATUS REPORT (THESE DATA HAVE 

BEEN SUPERSEDED BY DATA IDENTIFIED WITH DTN LAIT831341AQ96.001) 

Principal Investigator (PI): TRIAYf I R 
Last Name First and Middle Initials . 

pl organization: LOS ALAMOS NATIONAL LABORATORY 

Are Data Qualified?: Yes No Governing Plan: SCP 

SCPB Activity Number(s): .4 

WBS Number(s): 1,2.3-4.1.4.1 

PART II Data Acquisition/Development Information 
~ ~ t h ~ d :  TWS-INC-DP-79 LIQUID SCINTILLATION COUNTING OF SAMPLES TWS-INC-DP-62 BULK 

NTS WELL WATER SAMPLES TWS-INC-DP-83 STORAGE AND HANDLING OF SOLID SAMPLES 
- 

LANL-INC-DP-15 CRUSHED ROCK COLUMN STUDIES LANL-INC-DP-35 PH MEASUREMENT 

LANL-INC-DP-63 PREPARATION OF NTS CORE SAMPLES FOR CRUSHED ROCK EXPERIMENTS 

Location@): LANL 

Period(s) : 10/1/92 to 9130193 
From: MMlDDNY T o  MMAIDNY 

Sample ID Number(s): (SEE REPORT) 

PART Ill Source Data DTN(s) 

Comments 
MILESTONE 13349 DATA SUPERSEDED AND TDIF CORRECTED AS OF 12/03/96 

Checked by: 2 $ 
Signature / d'?- te 

/ L / YAP-S111.3Q 1 





I Yw-O*3-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
05/06/96 TECHNICAL DATA INFORMATION Page 1 of - I 

(Check one): ACQUIRED DATA (complete Parts I and 11) 
Data Tracking Number (DTN): LA000000000104 .Ool 

DEVELOPED DATA (complete Parts I, I /  and 111) 
Data Tracking Number (DTN): 

PART I Identification of Data 
Title/Description of ~ ~ t ~ :  REPORT ON RADIONUCLIDE SORPTION IN YUCCA MOUNTATN TUFFS WITH 5-13 WELL WATER: 

NEPTUNIUM, URANIUM, AND PLUTONIUM (THESE DATA HAVE BEEN SUPERSEDED BY DATA IDENTIFIED WITH DTN 

LAIT831341AQ96.001) 

Principal Investigator (PI): TRIAYd I R 
Last Name First and Middle Initials 

PI Organization: LOS A M O S  NATIONAL LABORATORY 

Are Data Qualified?: Yes No Governing Plan: SCP 

SCPB Activity Number(s): 8. + ' 0  4. * 

WBS Number@): 1.2.3.4.1.2.1 

I PART ll Data Acquisition/Development Information 
1 ~ ~ t h ~ d :  LANL-CST-DP-86 'SORPTION AND DESORPTION DETERMINATIONS BY A BATCH SAMPLE TECHNIQUE FOR THE 

DYNAMIC TRANSPORT TASK' LANL-CST-DP-100 'SORPTION AND DESORPTION DETERMINATIONS BY A BATCH SAMPLE 

TECHNIQUE WITHIN THE CONTROLLED ATMOSPHERE OF A GLOVEBOX FOR THE DYNAMIC TRANSPORT TASK' 

LANL-INC-DP-35 "PH MEASUREMENTa LANL NOTEBOOK 

Location(s): LANL 

Period(s): 6/11/93 to 10/11/94 
From: M M l D D m  To: MMfDDNY 

Sample ID Number@): 017696 

PART Ill Source Data DTN(s) I 
Comments 
DATA SUPERSEDED AND TDIF CORRECTED AS OF 12/03/96 

Checked by: + ! k z / ' 5 ! !  
ate 

r' 

YAP-S111.3Q 1 



YMP-023474 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
08/3 I /95 TECHNICAL DATA INFORMATION 

CONTINUATION SHEET Page 2 of 2 

Method (continued) 

TWS-INC-03-93-01 PAGE A4 

Sample ID Number (s) (continued) 

024577 
024582 

024586  

024588 
024590 

YAP-S111.3Q. I 



YMP-0*3-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
05/06/96 TECHNICAL DATA INFORMATION Page 1 of 1 

L 

I I (Check one): ACQUIRED DATA (complete Parts I and 11) 
Data Tracking Number (DTN): LA000000000127.001 I I 

/-J DEVELOPED DATA (complete Parts I, 11 and 111) 
Data Tracking Number (DTN): I I 

PART I Identification of Data 
~ i t l ~ / ~ ~ ~ ~ ~ i ~ t i ~ ~  of oata: REPORT ON VALIDITY OF BATCH SORPTION DATA TO DESCRIBE SE TRANSPORT THROUGH 

UNSATURATED TUFF (THESE DATA HAVE BEEN SUPERSEDED BY DATA IDENTIFIED WITH DTN LAIT831341AQ96.001) 

Principal Investigator (PI): TRIAY 1 1 
Last Name First and Middle Initials 

pl organization: LOS ALAMOS NATIONAL LABORATORY 

Are Data Qualified?: Yes No Governing Plan: SCP 

SCPB Activity Number(s): 3 .  3. 4. 

WBS Number(s): 1.2.3.4.1.2.1 

PART II Data Acquisition./Development Information 
~ ~ t h ~ d :  DIRECT MEASUREMENTS OF UNSATURATED SELENITE RETARDATION COEFFICIENTS AND UNSATURATED 

HYDRAULIC CONDUCTIVITY WERE OBTAINED ON TWO TUFF SAMPLES FROM THE YUCCA MOUNTAIN USING THE UFA TM 

TECHNOLOGY 

Location(s): LANL 

Period(s): 7/25/94 to 3/6/95 
From: MMlDDNY To: MM/DDiYY 

Sample ID Number(s): (SEE REPORT) 

Comments 
MILESTONE 3415 DATA SUPERSEDED AND TDIF CORRECTED AS OF 08/19/97 

Checked by: 
- 7  - - , 

YAP-S111.3Q.1 



YMP-023-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
05/06/96 TECHNICAL DATA INFORMATION Page 1 of 1 

(Check one): ACQUIRED DATA (complete Parts I and /I) 
Data Tracking Number (DTN): LA1T831361AQ95. 0°3 

DEVELOPED DATA (complete Pads I, 11 and 111) 
Data Tracking Number (DTN): I I 

PART I Identification of Data 
~ i t l ~ / ~ ~ ~ ~ ~ i ~ t i ~ ~  of ~ ~ t ~ :  TRANSPORT DATA OF H3, NP, AND TC-95M COLLECTED TO CALCULATE RETARDATION 

COEFFICIENTS USING 5-13 AND UE-25 P#1 WATERS 

Principal Investigator (PI): TRIAYf 1 
Last Name First and Middle Initials 

pl organization: M S  ALAMOS NATIONAL LABORATORY 

( ( Are Data Qualified?: Yes No Governing Plan: SCP I 
- 

PART I1 Data Acquisition/Development Information 
~ ~ t h ~ d :  DATA ACQUIRED UTILIZING LANL-CST-DP-79, LIQUID SCINTILLATION COUNTING OF SAMPLES; 

WS-INC-DP-68, NTS FRACTURE CORE EXPERIMENTS; LANL-CST-DP-60, PREPARATION OF NTS SAMPLES FOR LANL YMP 

SOLID CORE EXPERIMENTS ; LANLCST-DP-35, PH MEASUREMENTS 

Location(s): LANL 

Period(s) : 5/23/95 to 9/29/95 
From: MWDDNY To: MMIDDNY 

Sample ID Number(s): (SEE DATA RECORDS PACKAGE) 

PART Ill Source Data DTN(s) 

Comments 
MILESTONE 3063 

Checked by: ti-/*pp- 
YAP-S111.3Q.1 

I SCPB Activity Number(s): 6. . 4  

WBSNumber(s): 1.2.3.4.1.4.1 



304233 

YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
0311 4/94 TECHNICAL DATA INFORMATION FORM Page I of 3 

(Check one or more): 

DATA RESULTING FROM DATA ACQUISITION (complete Pads 1 land /I)  
Data Tracking Number (DTN): ~ ~ ~ ~ ~ ~ 0 0 0 0 0 1 2 8 . 0 0 1  

DEVELOPED DATA (complete Pa& I, 11, and 11) 
Data Tracking Number: 

DATA TRANSFER (complete Parts Ill and IV) 

PART I Identification of Data and Source 

Submittal Date: 3/7/95 WBS Number: 1 . 2 . 3 . 4 . 1 . 4 . 1  
M M I D D I W  

Is Data Qualified? YES 

Preparer: HERRERA# M IZ Preparer Org.1 LOS ALAMOS NATIONAL LABORATORY 
Last Name First Initial 

Principal Investigator: TRIAY 1 I R PI erg.: LOS ALAMOS NATIONAL 
Last Name First Initial 

Participating Organization Generating Data: LOS -0s NATIONAL IABORATORY 

Automated Recording System Data Source: J IP  

Parameter: RETARDATION FACTOR Parameter No.: 1517 

Parameter Category: U l h  Parameter Category No.: td f A  

Report Number: ?.I /A 

Title/Description of Data: PROGRESS REPORT ON COLLOID-FACILITATED TRANSPORT AT YUCCA MOUNTAIN 

Activity Number: 8.3.1.3 . 6 . 1 . 1  Governing Plan: SCPB 
Acronym 

comments: MILESTONE 3383 

AP-5.1 Q 



304233 

YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
0311 4/94 TECHNICAL DATA INFORMATION FORM Page 2 of 3 

PART II Data Acquisition and Development Information 

Acquisition/Development Method: AGGREGATION EXPERIMENTS WERE PERFORMED TO EVALiJATE COLLOID STABILITY 

OF SILICA AND CLAY COLLOIDS AS A FUNCTION OF IONIC STRENGTH INA CARBONATE RICH SYNTHETIC GROUNDWATER. 

THE RATE OF PARTICLE AGGREGATION WAS ESTIMATED USING AUTOCORRELATION PHOTON SPECTROSCOPY.THE STABILITY 

RATIO WAS DETERMINED USING THE SMOLUCHOWSKI RATE EXPRESSION FOR IRREVERSIBLE AGGREGATION. 

Identification 
Number of Test: Sample Number: 00100291 00100292 00503113 

Acquisition/Development Location: LOS ALAMOS NATIONAL LABORATORY 

Period of Data Acquisition/Development: 11/8/93 t o  317/95 
M M I D D I W  M M l O D l W  

PART Ill Source Data 

A. If ALL data identified by a previous TDIF(s) was transferred or used to generate developed data, identify the 
DTN(s) assigned to the TDIF(s): 

I 

8. If only a portion of the data identified by a previous TDIF(s) were transferred or used to generate developed 
data, identify the DTN(s) assigned to the TDIF(s): 

M I A  

AP-5.1 Q 

. 



I YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
0311 4/94 TECHNICAL DATA INFORMATION FORM 

CONTINUATION SHEET Page 3 of L- 1 
Parameters (continued) 

SORPTION RATE 175 
SORPTION RATIO 191 

I Identification Sample Number (continued) 00503114 00503115 00503116 00503117 00503118 00503119 00503120 00503121 00503122 00503123 I 



- 

YMP-0*3-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
05/06/96 TECHNICAL DATA INFORMATION Page 1 of 1 

I (Check one): ACQUIRED DATA (complete Parts I and 11) 
Data Tracking Number (DTN): 

DEVELOPED DATA (complete Parts I, 11 and 111) 
Data Tracking Number (DTN): LAIT831361DQ95 .004 

PART I Identification of Data 
Title/Description of ~ ~ t ~ :  RETARDATION FACTORS FOR H3, NP, AND TC-95M USING 5-13 UE-25 P#l WATERS 

Principal Investigator (PI): TRIAYl 1 
Last Name First and Middle Initials 

PI Organization: LOS ALAMOS NATIONAL LABORATORY I 
Are Data Qualified?: Yes No Governing Plan: SCP I 
SCPB Activity Number(s): .3 .6.1.4 I 
WBS Number(s): 1.2.3.4.1.4.1 I 
PART II Data Acquisition/Development lnfonnation 
~ ~ t h ~ d :  DATA ACQUIRED UTILIZING LANL-CST-DP-79, LIQUID SCINTILLATION COUNTING OF SAMPLES; 

TWS-INC-DP-68, NTS FRACTURE CORE EXPERIMENTS; LANL-CST-DP-60, PREPARATION OF NTS SAMPLES FOR LANL YMP 

SOLID CORE EXPERIMENTS: LANL-CST-DP-35, PH MEASUREMENTS 

Location(s): LANL - - 

Period(s): 5/23/95 to 9/29/95 
From: MMlDDNY To: MMIDDNY 

Sample ID Number(@: (SEE DATA RECORDS PACKAGE) 

PART Ill Source Data DTN(s) 

Comments 
MILESTONE 3063 

I Checked by: 



Los Alamos 
N A T I O N A L  L A B O R A T O R Y  

Earth and Enuironmental Sciences Division 
EES-13-Nuclear Waste Manapement R&D 
Mail Stop 5521, Los Alamos, NM 87545 
Phone (505) 667-9768, Fax (505) 667-1934 

June 26, 1997 

LA-EES- 13-06-97-007 

Mr. Phil1 Jones 
Technical Database Administrator 
1180 Town Center Drive 
MIS 423 
Las Vegas, NV 89 134 

Dear Mr. Jones: 

Technical Database Submission for "Reversibility of Radionuclide Sorption," 
DTN LAIT83 1341AQ97.002 (SCP 8.3.1.3.4.1.1) 

Enclosed is a Data Transmittal Package (Dm) for the subject data. Contained within thc DTP 
are the following: 

a Technical Data Information form numbcr 306148, Ipp. 
a Los Alamos Technical Data Supplement Sheet, lpp. 

One 3.5" Diskette containing the data. 

If you have any questions regarding this transmittal or require additional information, 
please call Jim Young at  505-667-3221. 

Sincerely, 

K. A. West 

cy W/O enc.: 
C. Harrington, EES- 13, MS 552 1 
C. Ncwbury, DOEIYMP, Las Vegas, NV 
R. Patterson, DOEIYMP, Las Vegas, NV 
S. J. Bodner, M&O, Las Vegas, NV 
D. N. McAlister, M&O, Las Vegas, NV 
5. E. Young, EES-13, MS 5521 
LA -EES- 13 File, MS 5521 

An Equal Opportunity Employer/Operated by the University of California 



Los Alamos 
N A T I O N A L  LABORATORY 

Earth and Environmental Sciences Division 
EES-13-Nuclear W a s k  Management R&D 
Mail Stop 3621. Los Alamos, NM 87646 
Phone (606) 667-9768, Fax (605) 667-1934 

November 13, 1996 

Ms. Joanna Wiggins 
Technical Database Administrator 
101 Convention Center Drive 
M/S 423 
Las Vegas, NV 89125 

Dear Ms. Wiggins: 

Technical Database Submission for "Measurements of Batch Sorpt ion 
Distr ibut ion Coefficients for Barium, Cesium, Selenium, Strontium, Uranium, 
Plutonium, and Neptunium," DTN LAIT831341AQ96.001 (SCPB 8.3.1.3.4.1.1) 

Enclosed is a Data Transmittal Package (DTP) for the subject data. Contained within the DTP 
are the following: 

Technical Data Information form number 305788, 2pp. 
Los Alamos Technical Data Supplement Sheet, lp.  
Data Tables - Barium, 5pp. 
Data Tables - Cesium, 5pp. 
Data Tables - Selenium, 30pp. 
Data Tables - Strontium, 5pp. 
Data Tables - Uranium, 60pp. 
Data Tables - Plutonium, 100pp. 
Data Tables - Neptunium, 310pp 

The Data H e s  have been sent via FTP, formatted as ASCII, comma-delimited, DOS files 
called Ba-txt, Cs-txt, Se-txt, Sr-txt, U-txt, Pu-txt, and Np-txt. 

If you have any questions regarding this transmittal or require additional information, 
please call Jim Young @ 5051667-3221. 

Sincerely, 

J. A. Canepa 

Enclosure: als 

An Equal Opportunity Employer/Operafed by the University of California 



Cy WIO enc.: 
C. Newbury, DOETYMP, Las Vegas, NV 
R. Patterson, DOETYMP, Las Vegas, NV 
S.  Nelson, M&O, Las Vegas, NV 
J. A. Canepa, EES-13, MS 5521 
G. Bussod, EES-13, MS 5521 
J. E. Young, EES-13, MS 5521 
EES-13 File, MS 5521 

An Equal Opportunity EmployerIOperated by the University of California 



fMf3-0*3-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
15/06/96 TECHNICAL DATA INFORMATION Page I of 1_ 

(Check one): k/ ACQUIRED DATA (complete Parts I and 11) 
Data Tracking Number (DTN): LA1T831341AQ97. 0°2 

DEVELOPED DATA (complete Parts I, I1 and 111) 
Data Tracking Number (DTN): 

- --  

PART I Identification of Data 
~ i t l ~ / ~ ~ ~ ~ ~ i ~ t i ~ ~  of rjata: REVERSIBILITY OF RADIONUCLIDE SORPTION 

Principal Investigator (PI): TRIAYl I R 
Last Name First and Middle Initials 

pl organization: LOS ALAMOS NATIONAL LABORATORY 

Are Data Qualified?: (xj Yes No Governing Plan: SCP 

SCPB Activity Number(s): 8. . . 

WBSNumber(s): 1.243-4.1.2.1 

-- - ~ -- 

PART II Data Acquisition~Development Information 
~ ~ t h ~ d :  DATA ACQUIRED IN ACCORDANCE WITH LANL-CST-DP-112, RO, "SORPTION OF RADIONUCLIDE ONTO 

COLLOIDS;" LANL-CST-DP-79, R2, "LIQUID SCINTILLATION COUNTING OF SAMPLES;' LANL-CST-DP-35, R3, "PH 

MEASUREMENTS. ' 

306147 

- - 

1 

- - 

Checked by: G/P/ 9 7 
/ / Date 

/ 

YAP-SIII 3Q 1 

Location(s): LANL 

Period(s): 3/25/97 to 6/3/97 
From: MMlDDNY To: MMIDDNY 

sample ID ~ ~ ~ b ~ ~ ( ~ ) :  (SEE DATA RECORDS PACKAGE) 

PART Ill Source Data DTN(s) 

Comments 
MILESTONE SP341DM4 



Los Alamos 
N A T I O N A L  L A B O R A T O R Y  

Earih and Envitvnmental Sciencer Division 
EES-13-Nuclear Wmle Msnrpement RdtD 
Mail Stop 5521. Los Alamos. NM 87545 
Phone (505) 667-9768, F a x  (505) 667-1934 

August 11, 1997 

Mr. Phill Jones 
Technical Database Administrator 
1 180 Town Center Drive 
M/S 423 
Las Vegas, NV 891 34 

Dear Mr. Jones: 

Technical Database Submission for "Report on Microautoradiography Experiments," 
DTN LAIT831341AQ97.001 (SCP 8.3.1.3.4.1.1) 

Enclosed is a Data Transmittal Package (DTP) for the subject data. Contained within the DTP are 
the following: 

Technical Data Information form number 306148, lpp. 
Los Alamos Technical Data Supplement Sheet, 1 pp. 
Data Files Directory, 1pp 
One 3.5" Diskette containing the data. 

If you have any questions regarding this transmittal or require additional information, please 
call Jim Young at 505-667-3221. 

Sincerely, 

K. A. West 

cy WIO enc.: 
C. Ham'ngton, EES-13, MS J521 
C. Newbury, DOEIYMP, Las Vegas, NV 
R. Patterson, DOEIYMP, Las Vegas, NV 
S. J. Bodner, M&O, Las Vegas, NV 
D. N. McAlister, M&O, Las Vegas, NV 
K. A. West, EES-13, MS J521 
J. E. Young, EES-13, MS J521 
LA -EES-13 File, MS J521 

An Equal Opportunity Employer/Operated by the University of California 



I YMP-023-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
05/06/96 TECHNICAL DATA INFORMATION Page 1 of 1 I 

(Check one): ACQUIRED DATA (complete Parts I and I/) 
Data Tracking Number (DTN): LA1T831341AQ97 .Ool 

DEVELOPED DATA (complete Parts I, I1 and 111) 
Data Tracking Number (DTN): 1 

PART I Identification of Data 
~ i t l ~ / ~ ~ ~ ~ r i ~ t i ~ ~  of ~ ~ t ~ :  REPORT ON MICROAUTORADIOGRAPHY EXPERIMENTS 

Principal Investigator (PI): TRIAYl I R 
Last Name First and Middle Initials 

pl organization: LOS A M O S  NATIONAL LABORATORY 

Are Data Qualified?: Yes No Governing Plan: SCP 

SCPB Activity Number(s): 8. . 3. . 

WBSNumber(s): 1-2.3.4.1-2.1 

PART II Data Acquisition/Development Information 
~ ~ t h ~ d :  DATA ACQUIRED IN ACCORDANCE WITH LANL-EES-DP-16, RS, 'SIEMENS X-RAY DIFFRACTION PROCEDURES;" 

I LANL-EES-DP-130, RO, "GEOLOGIC SAMPLE PREPARATION:" LANL-CST-NBK-97-009. YMP AUTORADIOGRAPH I1 

PREPARATION (PP A1-A6), LANL-CST-DP-86, R1/2, 'BATCH SORPTION (UNDER ATMOSPHERIC CONDITIONS),' 

LANL-INC-DP-35, R3, 'PH MEASUREMENTS:' LANL-CST-DP-79. R2. 'LIOUID SCINTILLATION COUNTING OF SAMPLES.' 

Location(s): LANL 

Period(s): 9/11/96 to 5/23/97 
From: ~9 To: MM/DD/YY 

Sample (SEE DATA RECORDS PACKAGE) 

1 

PART Ill Source Data DTN(s) 

- 

Comments 
MILESTONE SP34 1CM4 

Checked by: 



Los Alamos 
N A T I O N A L  L A B O R A T O R Y  

Earth and Environmental Sciences Division 
EES- 13-Nuclear Waste Management R&D 
Mail Stop 5521, Lor Alarnos, NM 87545 
Phone (505) 667-9768, F a x  (505) 667  1934 

March 2 1. 1997 

LA-EES- 13-03-97-006 

Ms. Joanna Wiggins 
Technical Database Administrator 
1180 Town Center Drive 
MIS 423 
Las Vegas, NV 89134 

Dear Ms. Wiggins: 

Technical Database Submission for "SoIid Rock Diffusion Data Collected to 
Determine Rate of Movement for NP, U, and HTO Through an Unsaturated Tuff," 
DTN LAIT831362AQ96.001 (SCP 8.3.1.2.2.2.1) 

Enclosed is a Data Transmittal Package (DTP) for the subject data. Contained within the DTP 
are the following: 

Technical Data Information form number 305108, 3pp. 

Los Alamos Technical Data Supplement Sheet, lp. 

Data Tables: 
Equilibration Test, 3pp. 
Diffusion Cell G-4- 1509B, 12pp. 
Diffusion Cell 287B, 14pp. 
Diffusion Cell 287C, 14pp. 
Diffusion Cell 287A, 12pp. 
Diffusion Cell 28'73, 12pp. 
Diffusion Cell 1362A, 14pp. 
Diffusion Cell 1362B, 13pp. 
Diffusion Cell 1362C, 14pp. 

3.5" diskette containing the data 

If you have any questions regarding this transmittal or require additional information, 
please call Jim Young a t  (505) 667-3221. 

An Equal Opportunity Employer/Opereted by the University of Celifomie 



M s .  Joanna Wiggins 
LA-EES-13.03-97-006 
March 21, 1997 
Page 2 

Enclosure: a/s 

Cy wlo enc.: 
C. Newbury, DOENMP, Las Vegas, NV 
R. Patterson, DOEIYMP, Las Vegas, NV 
S.  J. Bodner, M&O, Las Vegas, NV 
J.A. Canepa, EES-13,5521 
J.E. Young, EES- 13,5521 
LA-EES- 13 File, 552 1 

An Equal Oppofiunity EmpIoycr/Opcralcd by (he Univcnily of California 



305108 

YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
03/14/94 TECHNICAL DATA INFORMATION FORM Page 1 of 3 

(Check one or more): 

DATA RESULTING FROM DATA ACQUISITION (complete Parts I and 11) 
Data Tracking Number (DTN): LAIT831362AQ95.001 

DEVELOPED DATA (complete Parts I, 11, and 11) 
Data Tracking Number: 

DATA TRANSFER (complete Parts Ill and / I / )  

PART I Identification of Data and Source 

Submittal Date: 9/29/95 WBS Number: 1.2.3.4.1.4.2 
M M I D D I W  

Is Data Qualified? YES 

  re parer: HERRERA, E Preparer Org.: LOS ALAMOS NATIONAL LABORATORY 
Last Name First Initial 

Principal Investigator: TRIA*, 1 R pl Org.: LOS AMOS NATIONAL 
Last Name First Initial 

Participating Organization Generating Data: LoS A m o s  NATIONAL L&K)RATORY 

Automated Recording System Data Source: N/A 

Parameter: EFFECTIVE POROSITY Parameter No.: 405 

Parameter Category: Parameter Category No.: 

Report Number: N/A 

Tflle/Description of Data: SOLID ROCK DIFFUSION DATA COLLECTED TO DETERMINE RATE OF MOVEMENT FOR NP,U, AND 

HTO THROUGH AN UNSATURATED TUFF. 

Activity Number: 8.3.1.3.6.2.3 Governing Plan: SCPB 
Acronym 

comments: MILESTONE 3064 

I I 



< 

305108 

YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
0311 4/94 TECHNICAL DATA INFORMATION FORM Page 2 of 3 

PART II Data Acquisition and Development Information 

Acquisition/Deve~opment Method: DATA COLLECTED IN ACCORDANCE WITH LANL-CST-DP-66, R2, 'SATURATED 

DIFFUSION CELL EXPERIMENT" 

Identification 
Number of Test: sample ~ ~ ~ b ~ ~ :  SEE DATA RECORDS PACKAGE 

Acquisition/Development Location: 

Period of Data Acquisition/Development: 4/19/95 t o  9/21/95 
M M I O O I W  MMIDDIYY 

PART Ill Source Data 

A. If ALL data identified by a previous TDiF(s) was transferred or used to generate developed data, identify the 
DTN(s) assigned to the TDIF(s): 

8. If only a portion of the data identified by a previous TDiF(s) were transferred or used to generate developed 
data, identify the DTN(s) assigned to the TDIF(s): 

AP-5.1 Q 

I 





L 

YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 

Q 
> 

ow1 4/94 TECHNICAL DATA INFORMATION FORM Page 1 of 3 

(Check one or more): 

DATA RESULTING FROM DATA ACQUISITION (complete Parts 1 and 11) 
Data Tracking Number (DTN): 

DEVELOPED DATA (complete Parts I, 11, and 11) 
Data Tracking Number: mIT831362DQ95 .0°2 

DATA TRANSFER (complete Parts Ill and IV) 

- 
PART I Identification of Data and Source 

Submittal Date: 9/29/95 \NBSNumber: 1.2.3.4.1.4.2 Is Data Qualified? YES 
M M l D D l W  

Preparer: HERRGRAf E Preparer Org.: LOS W O S  NATIONAL LABORATORY 
Last Name First Initial 

Principal Investigator: m l A Y i  I pl 0rg.Z M S  A M O S  NATIONAL 
Last Name First Initial 

Participating Organization Generating Data: LOS -0s NATIONAL LA~omTORy 

Automated Recording System Data Source: NlA 

Paramefer: DIFFUSION COEFFICIENT Parameter NO.: 401 

Parameter Category: Parameter Category No.: 

Report Number: N/A 

Title/Description of Data: SORPTION RATES FOR NP, U, AND HTO OBTAINED BY SOLID ROCK DIFFUSION MEWODS 

- 

Activity Number: 8.3 . Governing Plan: SCPB 
Acronym 

comments: MILESTONE 3064 

AP-5.1 



I YMP-023-R3 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
0311 4/94 TECHNICAL DATA INFORMATION FORM Page 2 of 3 I 

PART 11 Data Acquisition and Development lnforrnation I 
Acquisition/Development Method: DATA DEVELOPED IN  ACCORDANCE WITH LANL-CST-DP-66, REV 2, 'UNSATURATED 

DIFrmSION CELL EXPERIMENT' 

Identification 
Number of Test: sample ~ ~ ~ b ~ ~ :  (SEE DATA RECORDS PACKAGE) 

Acquisltion/Development Location: LANL ~ 
Period of Data AcqulsitioniDeveloprnent: 4/19/95 t o  9/?1/95 

MMlDDlW M M l D D l W  

1 PART Ill Source Data 

A. If ALL data identified by a previous TDIF(s) was transferred or used to generate developed data, identify the 
DTN(s) assigned to the TDIF(s): 

If only a portion of the data identified by a previous TDIF(s) were transferred or used to generate developed 
data, identify the DTN(s) assigned to the TDlF(s): 





TABLE A - Description/completion criteria location summary for U. S. Department of Energy 
Draft Summary Report Geochemistry~Transport Laboratory Tests. Deliverable No.: SP23QM3-Revised. 
Due Date: 18Nov97. 

CRITERIA TEXT LOCATION 

TECHNICAL REQUIREMENTS 

This report will summarize the laboratory based 
geochemistryltransport testing as defined by SCP 
section 8.3.1.3 and conducted under the associated 
Study Plans. 

The report will discuss additional confirmatory 
testing deemed necessary to produce a defensible 
integrated transport model. 

This report will include a description and summary 
of conclusions from several key level 4 reports, 
including : 

a) Conceptual models for solubilitylspeciation 

b) Sorption 

c) Diffusion 

d) Dispersion and 

e) Dilution 

as they relate to transport. 

Radionuclides considered will include, but not be 
limited to Np, Pu (an analogous inference for U), Tc, 
and Colloids. 

Other level 4 reports providing input to this 
milestone will include: 

a) An Integrated Conceptual Model for Mineral 
Evolution, and 

b) Oxidation State of Saturated Zone Waters. 

This deliverable shall be prepared in accordance with 

Chapter 1, pages 1-6. 

The evolution of testing has been provided in Chapter TI, 
pages 7-1 1. Critical recommendations for confirmatory 
testing may be found in Chapter VIII, pages 102- 103. 

Chapter 111, pages 12-16. 

Chapter IV, pages 17-64. 

Chapter VI, pages 75-79. 

Chapter V, pages 65-74. 

Chapter V, pages 65-74. 

Np, Pu, U, and Tc have been discussed throughout the 
report within the context of solubility and sorption - 
specifically in Chapters 111 and IV. 

Colloidal facilitated radionuclide transport is discussed 
in Chapter W. 

Work from this milestone is included in Chapter I, pages 
2-3, under Sources of data for development of models, 
and in  Chapter VII, page 8 1 .  

Input from this milestone has been included i n  the 
discussion in Chapter 11. 

- 
This deliverable was prepared following QA 

OCRWM approved quality assurance procedures 
implementing requirements of the Quality Assurance 
Requirements Description. 

requirements. 



TABLE A - Description/completion criteria location summary for U. S. Department of Energy 
Draft Summary Report Geochemistryflransport Laboratory Tests. Deliverable No.: SP23QM3-Revised. 
Due Date: 18Nov97. 

CRITERIA 

The product shall be developed on the basis of the 
best technical data, including both Q and non-Q data. 
The Q status of data used and cited in the report shall 
be appropriately noted. 

TEXT LOCATION 

Q and Non-Q data have been specified i n  Chapter IX. 

References to data used in the report shall include 
record Accession Numbers or Data Tracking 
Numbers when available. 

DTN Numbers have been specified in the reference list 
when available. 

Verification of technical data submittal compliance 
shall be demonstrated by including as part of the 
deliverable: 

Technical data contained within the deliverable and 
not already incorporated in the Geographic Nodal 
Information Study and Evaluation System 
(GENISES) shall be submitted for incorporation into 
the GENISES in accordance with YAP-SIII.3Q. 

a) a copy of the Technical Data Information Form 
generated identifying the data in the Automated 
Technical Data Tracking System, and 

Submission is in progress. 

b) a copy of the transmittal letter attached to the 
technical data transmittal to the GENISES 
Administrator. 

See attached. 

TDlFs submitted to date are included, and the remainder 
will be transmitted when they are submitted. 

Because of technical problems, two criteria from 
milestone SP34 1HM4 could not be completed for 
that milestone, but have now been completed and 
are summarized in this milestone: 

a) This report will address the validity of using 
batch sorption data to describe the transport of 
actinides through natural fractures, and 

b) This report will summarize the available data 
describing radionuclide transport through 

fractures under varying degrees of saturation 
presenting data describing the elution of actinides, 
anions, and strongly sorbing radionuclides. 

This information is summarized in Chapter V, pages 65- 
74. 

This information is summarized in Chapter V, pages 65- 
74. 


