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- Executive Sunimary

One proposed method of low-level radioactive waste (LLW) disposal is to mix the radioactive
waste streams with cement, place the mixture in steel barrels, and store the barrels in unsaturated
near-surface sediments. Cement or concrete is frequently used in burial grounds because cement
porewaters are buffered at high pH values, and typically lanthanides and actinides are very insoluble
in highly alkaline environments. The calculations performed in this study demonstrate that the pH of
cement porewaters will be maintained at values greater than 10 for 10,000 years (the period of
regulatory concern) under hydrogeochemmal conditions specific to the Hanford Site. The
concentrations of dissolved hexavalent uranium [U(VI)] are also constrained by the high pH and
predicted porewater compositions over the 10,000-year period, which is favorable from a long-term
performance perspective.

To evaluate the potential for suppressing the release of U [specifically U(VI)] from low-level
radioactive waste solidified in cement for 10,000 years at the Hanford Site, sixteen waste disposal
scenarios were evaluated. These scenarios are described by the permutations of two choices for each
of four variables: the recharge rate, the influent solution, the length (or number) of waste drums in
the flow path, and the mass of cement per waste dram. Coupled reaction/transport calculations were
performed for nine of the scenarios using the CTM (Contaminant Transport Model) computer code.
Results for the other seven scenarios are deduced from these calculations.

These calculations demonstrate that the portlandite [Ca(OH),] component of the CSH-gel phase in
cement disappears over time and the SiO, (am) component may be introduced depending on the
influent composition. The cement degrades more quickly when it reacts with soil porewater with a
composition typical of Trench 8 porewater than when it reacts with rainwater. The pH values drop
below 10 when the calciuin silicate (CaH,SiO,) component of CSH-gel completely dissolves.

The CTM calculations predict that, regardless of which recharge rate and influent solution is
selected, solid CaH,SiO, will not disappear within 10,000 years from steel barrels that are completely
filled with Portland Type I cement. For a barrel that is only one-third filled with cement, the results
predict that, given a 0.5 cm/yr recharge rate, the CSH-gel will not disappear in 10,000 years. On the
other hand, at a recharge rate of 5 cm/yr, CSH-gel is predicted to completely dissolve after 4,000 to
8,000 years in the barrel that is only one-third filled with Portland Type I cement. If three drums
were stacked on top of each other, the cement would not all dissolve and pH values would not drop
below 10 for the entire 10,000 year period modeled. The upper two barrels would however be
completely devoid of cementmous solids by the end of 10 000 years for this upper bound recharge
rate of 5 cm/yr. .

As long as cement hydration (weathering) products containing CSH-gel are present, the pH of the
surrounding water will remain above 10. The most likely U(VI)-bearing solids that may precipitate
from U released from the LLW waste are quite insoluble at pH values above 10. Based on the
solubilities of these solids, the total concentrations of dissolved U could range from subparts per
trillion (<102 mg/L) to at most one part per million (ppm, 10° mg/L) under these cement gel
dominated conditions. After the cement solids have been exhausted through dissolution reactions, the
total concentrations of dissolved U(VI) in the porewater would be controlled by the solubility of solids
such as schoepite (UO;-2H,0), uranyl silicates or perhaps alkaline-earth uranates. The silicates are
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less soluble than the alkaline earth uranates and schoepite at slightly alkaline to neutral pH values
expected at the Hanford area. Thus, U(VI) silicate solids would limit the dissolved U concentrations
to the low ppb range. If present in the waste or formed in situ, calcium uranate would limit dissolved
U concentrations within the range 100s of ppb to low ppm. Finally, if schoepite is the U-bearing
solubility control, dissolved U concentrations would be in the range of several ppm to several tens

of ppm.

Experimental studies where specific U(VI) solids have been used or identified in waters relevant
to shallow land burial grounds or cement waste forms are quite limited. There is only empirical data
available for U solution concentrations in the presence of cement leachates. In general, the U
solution concentrations are found to be less than tens of ppb to less than one ppm, which is in good
agreement with our predictions. Empirical solubility data for uranyl silicates and U(VI)-bearing
solids containing alkaline-earth and alkali metals, such as Ca, Mg, Na and K, are however not
available. These four cations and Si are naturally present in soil porewaters and solubility
experiments where these constituents may form U(VI) bearing solids need to be performed to fully
verify calculations such as we presented. Cement weathering products especially provide large
quantities of Ca, Na, K and Si to the reacting waters and the formation of less soluble U(VI) bearing:
1) silicates, 2) Ca-silicates, and 3) alkaline earth uranates are very plausxble For conservative
bounding calculations for near-neutral pH conditions, constrammg the maximum concentrations of
dissolved U(VI) by the solubility of the mineral schoepite remains a technically defensible approach.

Only if more realistic calculations are required would one need to explore whether the other plausible - '

U(VI) solids with lower solubilities are present.

The calculations showed that the mass of cement present in the streamtube (simulates the
weathering waste-form within the shallow land burial ‘ground) changes substantially with time.
Additional computations to examine changes in porosity due to cement dissolution may be important
to this study, because an increase in porosity will lead to a lower solid/water ratio and potentially to a
quicker rate of cement dissolution. Future work should also include a sensitivity analysis of
hydrodynamic dispersion on the concentrations of dissolved major elements-and U(VI).
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.1,0 AAIntroduction

One proposed method of low-level radioactive waste (LLW) disposal is to mix the radioactive
waste streams with cement, place the mixture in steel barrels, and dispose of the barrels in near-
surface unsaturated sediments. Cement or concrete is frequently used in burial grounds, because
‘cement porewaters are buffered at high pH values and lanthanides and actinides are very insoluble in
highly alkaline environments. Therefore, leaching of these contaminants from the combined
cement/low-level radioactive waste streams will at least initially be retarded. The calculations
performed in this study demonstrate that the pH of cement porewaters will be maintained at a value
greater than 10 for 10,000 years under Hanford specific hydrogeochemical conditions. Ten thousand
years is the period generally. studied in long;term performance assessments per regulatory guidance.
The concentrations of dissolved hexavalent uranium [U(VI)], the valence form of dissolved U usually
present in oxidizing surface and groundwaters, are also constrained by the high pH and predicted
solution compositions over the 10,000-year period, which is favorable from a long-term performance
perspectwe

1.1 Cement Models

Due to the slow hydration process of cementitious material, there are problems in quantifying the
chemical composition of cement porewater with predictive equilibrium models. The major problems
are: 1) the hydrated reaction products in cement are solid solutions; and 2) the cement/porewater
system is always in a transient, nonequilibrium state due to.the slow diffusion of elements to the
porewater from unreacted pockets of original cement minerals through hydrated alteration layers.
Despite these problems, equilibrium models can be used to represent the dynamic chemical evolution
of solids and porewaters by representing solid solutions as physical mixtures of pure end members
and representing transient states as a progressive series of equilibrium states (Reardon 1992).

1.1.1 pH of Cement Porewater

The pH of porewater in cements evolves in several stages when the cement is in contact with
water. Initially, the pH is controlled by KOH and NaOH leached from the cement. These
compounds are totally soluble and will be removed on relatively short time scales. When controlled
by these compounds, the pH of the cement porewater may exceed 13. Then, as leaching continues,
the pH of the porewater is buffered at 12.5 by the solubility of the solid portlandite, Ca(OH),.
Finally, the pH is controlled by the hydrated calcium silicates, which dominate the long-term behavior
of the cement in the repository (Haworth et al. 1989). Because the KOH/NaOH and Ca(OH), stages
are finite and a high pH is maintained, investigators (e.g., Haworth et al. 1989; Gardiner et al. 1989)
interested in the long-term behavior of a repository for radioactive waste frequently ignore these
stages in cement/porewater evolution and focus on the dissolution of the hydrated calcium silicate gel
(CSH-gel) that structurally holds the cement together.

1.1.2 Cement/Porewater Chemistry
Several simple models to describe the dissolution of CSH-gel have been developed. Solubility
data on CSH-gel found in the literature are well represented by the solid solution model developed by

Atkinson et al. (1987). They describe the aqueous solubility of CSH-gel by assuming that both
Si0, (am, amorphous) and Ca(OH), can form solid solutions with an intermediate compound having a
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composition close to that of the mineral tobermorite [CasSis(0,0H),-5H,0,"C/S = 0.833 where C is
Ca and S is Si]. The Gibbs free energies of formation of the solid phases in the system are then
described by the free energy of formation of the end members, the intermediate compound and solid
solution interaction parameters. -The choice of an intermediate compound similar to tobermorite is
‘consistent with observations of a tobermorite-like structure w1th1n the CSH-gel.

Because most thermodynamic equilibrium codes do not include solid solution models, Berner
(1988) developed a model that simulates the incongruent dissolution of CSH-gel by descnbmg the gel
as a mixture of congruently soluble components with variable solubility products. The main
assumptions of Berner’s model are: 1) the whole range of C/S ratios for the calcium silicates can be
divided into three regions, and 2) within each region, the solid is considered to be a non-ideal mixture
of congruently soluble components that each have a variable solubility product depending on C/S
ratio. There are two C/S ratios where there is a sharp change in the solubility behavior and these
form the boundaries between different regions. For the region below C/S = 1, the solid is described
as a mixture of SiO, and CaH_SiO,, both with variable solubility products. Between C/S = 1 and
C/S = 2.5, Ca(OH), with a variable solubility product and CaH,SiO, with a constant solubility
product are assumed. For C/S > 2.5, Ca(OH), and CaH,SiO, are again used to describe the
hydrated calcium silicates, but the associated solubility constants are held constant.

Haworth et al. (1989) incorporated Berner’s model for the incongruent dissolution of cement into '

a coupled reaction/transport model in order to predict the long-term buffering capacity of the cement.
Gardiner et al. (1989) and Alcorn et al. (1989, 1990) chose to describe cement grout as a rhixture of
three minerals: 14-A tobermorite (CasSi0,,-10.5H,0), hydrogarnet (Ca;Al,04,-6H,0), and ettringite
[Ca;Al,(CaSO,);-32H,0] in order to perform calculations to predict the life-span of grout seals for a

repository. In their models, 14-A tobermorite was used as a substitute for the CSH-gel. Criscenti
and Serne (1990) determined the hydrated mineral assemblage for Portland Type III cement using
Berner’s (1987) cement hydration model. The mineral afwillite (3Ca0-2Si0,-3H,0) was used as a
substitute for CSH-gel in subsequent calculations to predict leachate compositions from cement waste

forms. Afwillite is stoichiometrically similar to CSH-gel and is the end product of the hydration of ~

pure tricalcium silicate.

Glasser et al. (1988) developed a model to predict the equilibrium phase distribution in slag-
cement blends. His model for the Ca0O-Al,0,-Si0,-MgO-H,0 system consists of the following solid
phases: portlandite [Ca(OH),], gehlenite hydrate (2Ca0-Al,05:SiO,-8H,0), hydrotalcite
[6Mg0O-Al,O,-(OH),-yH,0], monosulfate (4Ca0-A1,0,-SO,-12H,0), and poorly crystalline CSH-gel.
Glasser et al. (1988) did not address the issue of how to characterize the CSH-gel for incorporation
into predictive computer codes.

- Reardon (1992) emphasized that the principal cations in fresh cement porewaters are Na* and K*,
and that the concentrations of these cations will dictate the solution pH. The alkalis are present as
soluble sulfates that dissolve early in the cement hydration process and as minor constituents in solid
solution with the dry, unreacted cement "clinker" minerals. Reardon (1992) suggested that, without
Na* and K*, the porewater will be in equilibrium with Ca(OH),, CSH-gel, hydrogarnet, brucite, and
either ettringite or monosulfate. The concentrations of Ca, Mg, Al, Si, and SO, will be independent
of water/cement ratio, hydration kinetics, extent of hydration, and cement composition. On the other
hand, the alkali concentrations will be a function of the cement mix and the hydration process.
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Reardon (1992) attempted to describe the hydration of cement using a thermodynamic ion-

. interaction model. Studies on the longevity of cement for repository environments (e.g., Haworth
et al. 1989) start with the premise that the cement is completely hydrated and that the alkalis haye
already been flushed out of the porewater thxough the interaction with the environment. This .=~
assumption is adequate only if the effects of high ionic strength solutions on the solubility of -
radionuclides can be ignored, an assumption we feel has merit.

1.1.3 Actinide and Lanthanide Solubilities in Cement Porewater

The insolubility of actinides and lanthanides at high pH conditions in low ionic strength solutions
is well documented. However, during the earliest stage of cement leaching, the ionic strength of the
porewater is high. To describe the cement behavior and examine the effect of ionic strength on mass
transfer between the solid and porewater during the earliest stage, calculations with a thermodynamic
Pitzer ion-interaction model (Pitzer 1991) are likely necessary.

Studies to determine the behavior of actinides and lanthanides in solutions characterized by both -
high pH values and high ionic strengths have only recently been initiated. Preliminary results, with
ion-interaction parameters, are described, for example, in studies by Felmy et al. (1989, 1990, 1991,
1993), Felmy and Rai (1992), Rai et al. (1992), and Roy et al. (1992). From these studies, we
conclude that, for trivalent and tetravalent actinides only, high concentrations of F- or CO% llgands
would increase the solubility. It is unlikely that cement environments would allow high
concentrations of these ligands, because the Ca present will combine with these ligands to precipitate |
fluorite and calcite. Thus high ionic strength corrections may not be necessary for the prediction of
actinide and lanthanide solubilities under conditions where actinides and lanthanides are present in the
IIT and 1V valence states and the ionic strengths are limited by the formation of CaF, and CaCO,

"solids. In general, ligand interactions, excepting U(VI)-carbonate, with U(V) and U(VI) valence
states are weaker than for U(II) and UQV). Therefore, high ionic constructs, such as the Pitzer ion-
interaction model (Pitzer 1991) are not necessary to accurately perform the U(VI) solubility
calculations described in Chapter 4. That is, activity corrections using the extended Debye-Hiickel
equation, such as that in the MINTEQA2 computer code (Allison et al. 1991), should yield realistic
predictions for cement/porewater reactions.

1.2 Cement/Water Modeling for Repository Environments

The research of Haworth et al. (1989, 1990) was sparked by interest in the United Kingdom (UK)
in using a cementitious backfill as an engineered barrier in its design for low- and intermediate-level
nuclear waste repositories. The high pH environment introduced by the cementitious backfill will
reduce the general corrosion rate of metal canisters and radionuclide mobility.

Haworth et al. (1989, 1990) incorporated Berner’s (1988) model for CSH-gel dissolution into the
CHEQMATE computer code. The CHEQMATE code is a coupled chemistry/transport model that
uses the PHREEQE geochemical reaction code (Parkhurst et al. 1980) to calculate aqueous speciation
and solubility. The transport part of the code includes diffusion, advection, and electromigration.
Within CHEQMATE, transport is solved for one-dimension by a finite difference method.

Haworth et al. (1989) performed diffusion-only calculations, in which cement leached into pure
water. In a following paper, Haworth et al. (1990) compared the advection of demineralized water
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and groundwater through cements of various compositions. Calculations and experiments showed that
interaction with groundwater will lead to a quicker decrease in cement porewater pH than interaction
with demineralized water. After 100,000 years, the pH at the center of an 11-meter block of cement
dropped below 10 for the cement in contact with groundwater, but was still predicted to exceed 11 for
the cement in contact with demineralized water. Haworth et al. (1990) also concluded that cements
with low C/S ratios were not suitable for maintaining a high pH in the near-field of a repository.

1.3 Coupled Reaction/Transport quel CT™M)

The CTM (Contaminant Transport Model) computer code, developed at PNNL (Schramke et al.
1992), is a coupled reaction/transport model that can simulate transport and reaction of aqueous
solutions in porous, homogeneous media alohg a one-dimensional streamtube under steady-state flow
conditions. The CTM code uses a two-step algorithm to link the hydrologic and geochemical modules
that perform the calculations. The geochemical module can be used to calculate aqueous
complexation, the precipitation and dissolution of solid phases, and the adsorption and desorption of
aqueous species to solid surfaces. The distribution of components between aqueous species is
determined using a modified Newton-Raphson technique. A Markov approach is used to solve the
advection/dispersion transport equation.

Input for CTM consists of a geochemical model, a hydrologic model, initial conditions and
boundary conditions. The code can be run with 1) no geochemistry; 2) equilibrium speciation,
solubility, and adsorption; or 3) constant Ky adsorption. If the full geochemistry option is selected, -
then the user must enter the chemical components, solids, adsorbates, adsorbents, and aqueous species
that will be considered for the geochemical model. Therefore, it is important to completely define the
geochemical conceptual model prior to using CTM. For example, it can be important for a cement
system to review which solid phases might precipitate as the hydrated cement phases dissolve and how
the pH of the porewater changes through time.

Input for the hydrologic model includes the number of bins, the length of the streamtube, the time
increment, the porewater velocity, and the dispersion coefficient. A probability density function is
used to describe advection and dispersion in the streamtube. Values for the Peclet number, Courant
number, and row sum are calculated. This output is used to adjust the number of bins and time
increments to reduce numerical dispersion in the calculations and assure that mass balance is
maintained in the streamtube.

The initial conditions are defined by the initial aqueous concentrations (molal) of the components,
the initial concentrations (mol/kg H,0) of solids (including adsorbents) in the streamtube, and the
initial concentrations (mol/kg H,O) of the adsorbates bound to adsorbents in the streamtube. The
boundary conditions are defined by the influent composition through time for the calculation. .

In order to perform calculations involving cement dissolution, Berner’s (1988, 1990) incongruent
dissolution model was incorporated into CTM. After the mass of each component has been
redistributed by the transport module, each bin is reequilibrated. Prior to each calculation of the
equilibrium assemblage in a bin, the moles of calcium and silicon in the solid phases [Ca(OH),,

‘Si0, (am), and CaHﬁiQ,] used to define CSH-gel are summed and the C/S ratio determined. New
equilibrium constants, using Berner’s (1988,1990) empirical equations are defined. These equatlons
are provided in Table 1.1.
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Table 1.1. Simplified Chemical Systerh Used to Model the Incongruent Dissolution of Hydrated
Calcium Silicates Based on Berner (1990)

g Model Apparent Solubility Product of‘ Model

Region C/S Range Components Components as a Function of C/S
CS=0 Si0, log K, = -2.71
Sio, log K,, = -1.994 + [0.861 / (C/S - 1.2)]
I 0<CiIS<1
: CaH,SiO, log K, = -7.12 - [(1 - C/S) / (C/S)] x
{0.79 + [0.861 / (C/S - 1.2)1}
Ca(OH), logK,, = -4.945 - [0.338 / (C/S - 0.85)]
I 1<C/S<25
CaH,SiO, log K,, = -7.12
Ca(OH), log K,, = -5.15
41 C/S>25
’ CastiO4 IOg Ktp = '7.12

1.4 Geochemical Reaction Model (MINTEQA2)

Modeling of concentration limits for dissolved U(VI) based on solubilities of U-bearing solids was
completed separately from the pH evolution calculations that used the CTM code. The large number
of possible U(VI) aqueous species and solids that should be considered in performing comprehensive
U(VI) solubility calculations would be difficult to include in the CTM code and would result in very
long computation run times. Moreover, at the time this work was performed, the main author
(L. J. Criscenti) was on an off-site assignment and had access to limited computing facilities.

The U(VI) solubilities and associated aqueous speciation equilibria were calculated using the
personal computer (PC) version of the chemical equilibria code MINTEQA2 (Version 3.10).® The
MINTEQA2 code and its predecessor versions have been described by Felmy et al. (1984,
MINTEQ), Peterson et al. (1987, MINTEQ), Brown and Allison (1987, MINTEQA1), and Allison
et al. (1991, MINTEQA2). The code was originally constructed by combining the mathematical
structure of the MINEQL code (Westall et al. 1976) with the thermodynamic database and
- geochemical attributes of the WATEQ3 code (Ball et al. 1981). The MINTEQ calculations may
" include aqueous speciation, solubility and saturation state (i.e., saturation index), adsorption,
oxidation-reduction, gas phase equilibria, and precipitation/dissolution of solid phases. The MINTEQ
code mcorporates a Newton-Raphson iteration scheme to solve the set of mass-action and mass-
balance expressions, and uses the Davies and extended Debye-Hiickel equations to calculate activity

(a) The PC version of the MINTEQA2 code was obtained from the Center for Exposure Assessment
Modeling at the U.S. Environmental Protection Agency (EPA) in Athens, Georgia.
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coefficients for aqueous ions. The reader is referred to the references and user guides listed above
for details regarding the use of MINTEQ code, types and examples of geochemical equilibria
calculations possible with this code, and the basic equations on which the model is based.

The MINTEQ code is used in conjunction with a thermodynamic database to calculate complex
chemical equilibria among aqueous species and solubility constraints. The thermodynamic data used
to calculate U(VI) solubilities include the database originally supplied with the MINTEQA2 code by
the U.S. Environmental Protection Agency (EPA) and the addition of U-bearing species, solids, and
associated thermodynamic data primarily from Grenthe et al. (1992) and several secondary sources.
The complete MINTEQA2 thermodynamic database for U-bearing aqueous species and solids and the
sources used for these data are hsted in the appendix.

Output from the CTM code was used as part of the input for the MINTEQA2 calculations of
solubility limits for dissolved U(VI). The required output from CTM included the chemical
composition of the equilibrium water leaving each bin at specific travel times. For each specific
water composition, the MINTEQAZ2 calculates the distribution of aqueous species involving all
dissolved chemical components. The MINTEQAZ2 code then recalculates the final equilibrium
composition of each water using any solubility constraints applied by the user to the geochemical
system. For a subset of the scenarios considered in this study, the solubility of U(VI) was calculated
by assessing the total amount of U(VI) that would be in equilibrium with one of three likely
U-bearing solid phases. These solids included schoepite (UO;-2H,0), uranophane
[Ca(U0,),(Si0,),(OH),-5H,0)],-or calcium uranate (CaUQ,). These three U-bearing solids were
chosen as possible solubility-limiting phases based on results from published studies that suggest these
solids have commonly been found to form in low temperature’ aqueous environments typical of the
shallow land burial ground environments (both natural and cement influenced).
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2.0 Conceptual Models 'and Input Data

'I"his chapter details the conceptual models used to predict the evolution of the pH and
compositions of the cement porewater, and calculate the solubility-limited concentrations of
dissolved U(VI).

2.1 Waste Disposal Scenarios

To evaluate the potential for suppressing the release of U, specifically U(VI), from low-level
radioactive (LLW) waste solidified in cement for 10,000 years at the Hanford Site, sixteen waste
disposal scenarios were evaluated. These scenarios are described by the permutatioris of two choices
for each of four variables: the recharge rate, the composition of the influent solution, the length (or
number) of waste drums in the flow path, and the mass of cement per waste drum. From sixteen
potential disposal scenarios, coupled reaction/transport calculations were performed for nine of the
scenarios. Results for the other seven scenarios are deduced from these calculations. The sixteen
potential scenarios are described in Table 2.1 and the scenarios for which calculations were performed
are indicated in the far right column of Table 2.1. Input parameter selection for these scenarios is
described below. .

22 LLW Sourpe Term

The dimensions of the barrels used to contain the low-level radioactive waste mixed with cement
are assumed to be 59.8 cm in diameter and 88 cm in height, which are equivalent to the dimensions
given in catalogs for 55-gal drums. The barrels are assumed to be made of Fe metal (steel) that is
approximately 0.127 cm thick as designated in supply catalogs. The Fe barrels have a lifetime in
Hanford soil of 20 to 200 years.® Because of the short lifetime of the barrel, the effects of Fe-metal
degradation on the cement porewater composition and surrounding soil water are.not considered in the
calculations presented.

Changes in cement porewater and-effluent compositions [especially for U(VI)] are modeled as a
function of time for two barrel configurations: 1) one barrel of cement, and 2) three barrels that are
stacked on top of each other. The latter is a plausible design for the waste disposal site. For this
study, the total height taken up by the stacking of each barrel is assumed for convenience to be 1 m
(an approximate round off of the 88 cm barrel height). The flow path consists of recharge water or
porewater percolating from the site surface, vertically through the burial ground and into the
underlying vadose zone sediments. The modeling simulations are therefore completed for lengths of -
1 m (i.e., one barrel) and 3 m (i.e., three barrels) of cement-containing waste.

Each barrel will contain a mixture of cement and waste. Calculations are performed assuming
that 1) each barrel is completely filled with cement (that contains excess U), or 2) each barrel is a
homogeneous mixture of one third cement and two thirds inert waste material that contains excess U.
These options are intended to provide the maximum and minithum mass of cement that will be found
in any flow path through the disposal site if wastes are solidified in cement.

(@) L. Roy Bunnell; Pacific Northwest National Laboratory (PNNL), personal communication.
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Table 2.1. Sixteen Scenarios Considere& for Coupled Reaction/Transport Modeling
Using Four Variables

q Length of CTM Model
Scenario Recharge Rate (cm/yr) Influent Cement Column (m) Barrel Contents Run #
.A 0.5 Rain Water 1 Cement 7,8
B 0.5 . Rain Water 1 , 1/3 Cement 9,10
2/3 Waste
(o] 0.5 Soil Porewater 1 Cement 31
D 0.5 Soil Porewater | 1 1/3 Cement 30
2/3 Waste
E 0.5 . Rain Water 3 Cement None
F . 0.5 Rain Water 3 1/3 Cement None
2/3 Waste
G 0.5 Soil Porewater 3 Cement None
H 05 Soil Porewater 3 1/3 Cement None
2/3 Waste
1 ’ 5 . Rain Water 1 Cement None
J 5 Rain Water 1 1/3 Cement 23
2/3 Waste
K 5 Soil Porewater ° l‘ Cement None
L 5 Soil Porewater 1 1/3 Cement None
2/3 Waste
M 5 Rain Water - 3 Cement 24
N 5 Rain Water 3 . 1/3 Cement 22
’ 2/3 Waste
(o] 5 ' - Soil Porewater 3 Cement 29
P 5 Soil Porewater ) 3 1/3 Cement 28
’ ’ 2/3 Waste

2.3 Composition of Cement/Grout

The cement/grout mixture for the disposal of low level radioactive waste has not been selected for
the disposal site. For the sixteen scenarios, Portland Cement Type I, also called Ordinary Portland
Cement (OPC), is used. The composition for this cement is given in Table 2.2. The C/S ratio (2.7)
for this cement is determined by the moles of Ca and Si present in the dry calcium silicates (C,S and

2.2
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C,S, where C,S = 3Ca0-Si0, and C,S = 2Ca0-Si0,). The hydrated phases in Berner’s cement -
model for a C/S ratio of 2.7 are Ca(OH), and CaH,SiO,. The dry calcium silicates are reacted with
water to form these phases.

Table 2.2. Composition of Portland Cement Type I

Oxide - Compound=

Basis Weight % Basis® Weight %
Ca0 63.8 . Free C 0.4
MgO 3.7 . CAF 7
ALO, 5.6 CA : 11
Fe,0, 24 CS 55
Sio, 20.7 C,S 18
TiO, 0.23

Na,0 0.21

K,0 0.51

SO, 1.6°

(@ C = Ca0, A = AL,O,,F = Fe,0,,S = SiO, |

In Berner’s incongruent dissolution model, the CSH-gel is represented by three components:
portlandite [Ca(OH),], CaH,SiO,, and SiO, (am). Simple calculations were performed with GM
(Geochemical Model) computer code, an aqueous speciation/solubility submodel of CTM, to simulate
the equilibration of distilled water with each of these components. The calculated pH values for these
solutions are 12.5 with respect to equilibrium with Ca(OH),, 10.9 with respect to equilibrium with
CaH,Si0,, and 6.3 with respect to equilibrium with SiO, (am). These calculations suggest that
. cements with a high C/S ratio will sustain high pH environments longer than cements with a low C/S
ratio. This hypothesis is consistent with experimental observations by Haworth et al. (1990).

During the model simulations, the composition of the cement was allowed to change according to
Berner’s incongruent dissolution model. In addition, the precipitation of calcite (CaCO,), brucite
[Mg(OH).], and gypsum (CaSO,-H,0), is permitted in the simulations if the solutions become
oversaturated with these solids. Because a fluorine concentration is included in the analysis of the
Trench 8 porewater, precipitation of fluorite (CaF,) was also allowed in simulations using this
influent.
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2.4 Recharge Rates

The estimated recharge rates for the Hanford Site provided by staff from Westinghouse Hanford
Company are 5.0 and 0.5 cm/yr. The porosity of cement ranges from 0.20 to 0.30 (Lea 1988). For
the calculations in this report, a cement porosity of 0.20 was selected and the cement was assumed to
be fully saturated. The porewater velocity was defined as the recharge rate divided by the volumetric
water content for the fully saturated cement. Therefore, porewater velocities of 2.5 and 25 cm/yr are
derived from the values of the parameters given. A porewater velocity of 2.5 cm/yr is reasonable
through cement; a velocity of 25 cm/yr is high for water passing through a cement block and should
lead to a conservative estimate of cement longevity. For the porewater velocities of 2.5 and
25 cm/yr, dispersion coefficients of 0.0001 and 0.001 m?/yr, respectively, are used. Through these
selections, the ratio of advection to dispersion is constant for all calculations.

2.5 Compositions of Influent Solutions

The compositions of influent solutions selected include those for a rainwater and Hanford soil
saturation extract. These solutions are intended to bound the compositions of aqueous solutions.that
might contact the cement in the low-level radioactive waste burial ground. Given a high recharge
rate, the rainwater may not have time to equilibrate with the soil before reacting with the cement.
Given a low recharge rate, the soil porewater may reach equilibrium with the soil and contain a
higher concentration of total dissolved solids.

The rainwater composition used in this study (Table 2.3) is the average rainwater composition for
Menlo Park, California during the winters of 1957-1958. The rainwater composition was selected
from the literature, because a documented report of the composition of rainwater at the Hanford Site
was not found. The selected rainwater composition is given in Table 7.1 of Freeze and Cherry
(1979) along with six other rain and snow: compositions. For these seven analyses listed in Freeze
and Cherry, the rainwater pH varies from 4.1 to 5.9 and bicarbonate concentration varies from 1.95
to 3.0 mg/L.

The composition of soil solution used in this study (Table 2.3) is porewater from Trench 8
(Serne et al. 1993, Table 9) at the Hanford Site. Results of a geochemical speciation/solubility
calculation indicated that the reported composition for this soil solution was slightly out of charge
balance and oversaturated with respect to calcite. The composition used in the CTM calculations was
therefore modified by the subtraction of some Cl and equilibrated with calcite. The solution
composition was charge balanced by decreasing the concentration of Cl which was decreased from
109 mg/L to 70.9 mg/L. Equilibration with calcite decreased the reported Ca and CO, concentrations
by 0.22 mg/L and 0.35 mg/L respectively, which are relatively insignificant changes.

2.6 Streamtube’

The cement was represented in the streamtube by CSH-gel consisting of the hydrated phases in
Berner’s model. The initial condition for each scenario consisted of a homogeneous streamtube
containing the appropriate ratio and amounts of two cement phases Ca(OH), and CaH,SiO,. They
were chosen to proxy for OPC, and porewater in equilibrium with these phases at a pH of 12.5.
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For a recharge rate of 0.5 cm/yr (porewater velocity of 0.025 m/yr), the CTM simulations were
completed for 1 m of cement. The streamtube was divided into 5 bins, each 0.2 m in length.
A time-step of 10 years was used.

For the faster recharge rate of 5.0 cm/yr (porewater velocity of 0.25 m/yr), the calculations were
performed for 3 m of cement. For the 3-m streamtube simulations, the streamtube was divided into
15 bins, each 0.2 m in length. A time-step of 2 years was used, and 5000 time-steps were calculated
per model simulation.

Table 2.3. Composition of Rainwater and Soil Porewater

Component Rain Water Soil Porewater
rH 59 7.87
(mg/L)
H,SiO, 0.46 63.6
Ca 0.77 58.28®
Mg 0.43 15.0
Na 2.24 34.8
K 0.35 6.8
Co, 1.92 77.65@
SO, 1.76 85.0
a 3.75 70.9®
.NO, 0.15 <0.5
F NA® - 1.00
(a) The concentrations of Ca, CO,, and Cl listed for Trench 8
porewater in Serne et al. (1993) were modified for the CTM
calculations by assuming equilibrium with the solubility of
calcite and increasing the Cl concentration to charge-balance the
solution composition.
‘() NA = concentration not available.
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3.0 Results of Coupled Reaction/Transport Calculations

Coupled reaction/transport was calculated using CTM for Scenarios A through D, Scenario J, and
Scenarios M through P (see Table 2.1). The predicted changes in cement and porewater chemxstry
are described below in detail as a function of time for Scenarios A, B, and D.

The CTM simulations for Scenarios C, J, M, N, O, and P are not discussed in detail, because the
evolution of their pH and chemical systems through the first 10,000 years is not significantly different
than one of the three scenarios discussed in detail below. In many scenarios, very few changes occur
during the first 10,000 years, and excess Ca(OH), component in the cement keeps the porewater pH
(=12.5) and composition fairly constant. In general, evolution of the porewater pH and system
chemistry predicted by CTM for Scenarios J and N resemble those for Scenario B with only the event
times being different. The same is true for the pairs of Scenarios A and M, D and P, and C and O.
Scenario V, and thus O, show an evolution pattern for pH and system chemistry that is quite similar
to that for Scenario D excepting that the times for significant decreases in porewater pH are later
because three times more cement is present.

3.1 Scenario A

Figures 3.1a, 3.1b, and 3.1c illustrate the mass of the Ca(OH),, CaH,SiO, and SiO, (am)
end-member components, respectively, remaining in the CSH-gel in each bin (0.2 m long) as a
function of time for Scenario A. As time increases, interaction between the cement and rainwater
decreases the mass of Ca(OH), present in each bin. As the Ca(OH), end member of thie CSH-gel
dissolves, the C/S ratio of the gel decreases. When Ca(OH), has disappeared from the system,
SiO, (am) precipitates The intermediate solid, CaH,SiO,, is present throughout the 10 OOO-year
calculation. A maximum in the mass of CaH,SiO, present in a bin occurs immediately pnor to the
onset of the precipitation of SiO, (am). :

The calculated concentrations of dissolved Ca and Si in the porewater within each bin as a
function of time for Scenario A are given in Figures 3.2a and 3.2b, respectively. Figure 3.2¢
illustrates the changes in pH as a function of distance and time. The Ca solution coricentration is
controlled by the masses of CaH,SiO, and Czn(OH)2 present in each bin. The concentration of
dissolved Si is controlled by the masses of CaH,SiO, and SiO, (am) in each bin. Both Ca and Si are
maintained at lower solution concentrations when controlled by the solubility of CaH,SiO, than when
controlled by the solubility of Ca(OH), or SiO, (am), respectively. Therefore, the higher the ratio of
CaH,SiO, to either Ca(OH), or SiO, (am), the lower the Ca and Si concentrations in solution. The
mass of CaH,SiO, present buffers the pH of the cement porewater such that it does not decrease
below 11.0 throughout the simulation.

Figures 3.3a and 3.3b illustrate the mass of precipitated calcite and the concentration of dissolved
carbonate (CO;) in-the porewater, respectively, as a function of distance and time. The mass.of
precipitated calcite in each bin (distance) is small compared to the mass of the CSH-gel present
throughout time (see Figure 3.1b). This suggests that the precipitation of solids will not have a major
effect on the cement porosity for this scenario.
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Figure 3.2a. Scenario A - Concentration of Dissolved Calcium in Porewater as a Function
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3.2 Scenario B

The mass of cement used as the initial condition for the Scenario B simulation is one-third the
mass of cement used in Scenario A. The smaller mass of cement increases the rate of change in the
cement-water system. Nonetheless, the pH of the cement porewater remains relatively high
(PH > 10.5) over a 10,000-year period (Figure 3.4).

Figures 3.5a through 3.5e illustrate the mass of cement and the cement components in each bin at
several times during the calculation for Scenario B. These diagrams show that the moles of cement
present in the streamtube decrease with increased cement leaching. They also illustrate the changing
ratios of the cement solids/reaction products Ca(OH),, CaH,SiO,, and SiO, (am) as a function of time.
First, the ratio of Ca(OH), to CaH,SiO, decieases. Then, at approximately a pH of 11.5, Ca(OH),
disappears and the SiO, (am) end member of cement begins to precipitate. Finally, the ratio of
SiO, (am) to CaH,SiO, present increases.

Calcium, magnesium, silica (as H,Si0,), and carbonate solution concentrations for Scenario B are
illustrated in Figures 3.6a through 3.6d. Brucite and calcite were predicted to precipitate, whereas
the solution remains undersaturated with respect to gypsum throughout the calculation sequence.
Figures 3.7a through 3.7e illustrate the moles of precipitated brucite and calcite as a function of time
in bins 1 through 5. Again, the moles of precipitated solids are small compared to the initial moles of
cement present in the streamtube. Less than 1%, as many moles of brucite and calcite form compared
to the moles of CaH,SiO,, and SiO, (am) present throughout the time period modeled. The
dissolution of cement phases will affect cement porosity more than the precipitation of alteration
products.
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3.3 Scenario D

In Scenario D, the simulated porewater from Trench 8 was used as the influent solution.
Reactions between the Trench 8 porewater and cement immediately caused precipitation of brucite and
calcite. Gypsum and fluorite remained undersaturated throughout the calculation. Reaction between
cement and the Trench 8 porewater did not lead to cement compositions with C/S < 1; therefore the
precipitation of the SlO2 (am) end member did not occur.

In the first 0.2 m (bin 1) of the cement, the Ca(OH), end member completely dissolved in 900
years and the pH dropped from 12.5 to10.34. Brucite dissolved after 3,500 years and the pH was
maintained at a value of 10.32 until the CaH,SiO, end member completely dissolved after 8,850
years. The pH of the porewater stayed above 10 for 8,850 years, then dropped below 8 w1th the
dissolution of CaH,SiO, (Figure 3.8a). At this point, the cement [Ca(OH), - CaH SiO ] had
completely dissolved and resultant porewater. was identical to the m1t1a1 Trench 8 porewater. The pH
was controlled by calcite precipitation.

Because the Trench 8 porewater was saturated with respect to calcite and contained higher
concentrations of calcium and carbonate than the rainwater, more calcite precipitated during reaction
between the Trench 8 porewater and cement than upon reaction of rainwater and cement. The change
of pH and concentrations of precipitated solids in bins 1 through 5 are shown in Figures 3.8a
through 3.8e, respectively. In the first bin (0.2 m), in Scenario D, more than 1 mole of calcite
precipitates in 10,000 years, while, in Scenario B, less than 0.025 mole of calcite precipitates during
the same time period (compare Figures 3.7a and 3.8a). The precipitation of calcite from the reaction
of Trench 8 porewater and cement will influence (likely reduce) the porosity of the soﬂ/waste form in
_ the immediate vicinity of the burial ground.

Figures 3.9a through 3.9e illustrate changes in cement porewater composition for Scenario D as a
function of time and distance. The initial Ca solution concentration (Figure 3.9b) was controlled by
the coexistence of the cement related solids Ca(OH), and CaH,SiO,. The initial increase in moles of
CaH,Si0, precipitated downstream from the first bin and decrease in moles of Ca(OH), was
accompanied by an increase in Ca concentration in solution which was quickly counteracted by the
precipitation of calcite which dramatically decreased the Ca solution concentration in all bins as time
increased.

The CO, concentration (Figure 3.9c) was effectively zero in the cement porewater at the
beginning of the calculation. The CO, concentration increased quickly to 10° mol/L and was
maintained at this concentration by the coprecipitation of CaH,SiO, and calcite. When the dissolution
of CaH,SiO, was complete, calcite became the only solubility control in the system, and both Ca and
CO, concentrations in solution increased and were maintained at approximately 10 molIL.

Small amounts of brucite precipitated and then redissolved through time. At 2,000 years, bins 1
and 2 contained brucite and calcite. At 4,000 years, bin'1 no longer contained brucite, and the Mg
concentration in solution (Figure 3.9d) was the same as the Mg concentration present in the soil
saturation extract (that is, there was no further reaction of Mg in the system). '

Silicon (Si) concentrations (Figure 3.9€) are low in the cement porewater controlled by CaH,SiO,.
When the Trench 8 porewater infiltrated the cement, the concentration of dissolved Si increased. For
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8,850 years, the silica solution concentration was controlled by the presence of CaH,SiO,. After
8,850 years, CaH,SiO, dissolved in bin 1 and the Si concestration in solution was the same as the Si
concentration in the soil saturation extract. \

Based on a comparison of the CTM simulations for Scenarios A and B, the rate of pH evolution
appears to directly correlate with respect to the mass of cement present. Therefore, one would
predict that the eévolution of the porewater pH and composition for Scenario C would be the same as
Scenario D. The times for the described events, however, would be approximately three times longer
because Scenario C has three times as much cement as that considered in Scenario D.
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3.4 Summary

For the two scenarios with rainwater (coupled with barrels completely filled with cement or
1/3 filled with cement and 2/3 filled with inert waste material) and the more realistic recharge rate
(0.5 cm/yr), the porewater pH in the full 1-m streamtube of cement did not decrease below a pH
of 11 during 10,000 years. For the two scenarios with soil saturated extract, the porewater pH in the
full 1-m streamtube did not decrease below a pH of 10 during 10,000 years. Therefore, for all four
scenarios, the pH of the effluent did not decrease below a pH.of 10 for the first 10,000 years." It can
be extrapolated from these results that the effluent pH from a 3-m streamtube of cement (e.g.,
a burial ground with three barrels stacked on top of each other) will not decrease below a pH of 10
during a period of 10,000 years when the recharge rate is <0.5 cm/yr.

Because the 1-m streamtube is discretized into 5 bins, variation in the composition of the cement
porewater can only be evaluated bin by bin. The change in porewater pH in the first bin or 0.2 m of
"cement contacted by the influent solution is provided in Table 3.1. Changes in the cement
composition and porewater pH occur more slowly, when the cement reacts with rainwater than when
it reacts with soil saturation extract. Within a 10,000-year period, the predicted pH in the first bin of
the streamtube (0.2 m) drops below 10 for. Scenario D in which the streamtube contains 1/3 cement
and 2/3 inert material and the influent is soil saturation extract. For the other scenarios A-C, the
calculated pH remains over 10 throughout 10,000 years. For the cases where three barrels are
stacked on top of each other, one can estimate that times of events presented in Table 3.1 will
increase by a factor of three.
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Table 3.1. Time Predicted to Lower pH in the Outer 0.2 m of Cement Given a Recharge

Rate of 0.5 cm/yr
Time (yrs) Time (yrs)
Scenario Influent Barrel Contents pH > 12 10<pH <K 12

A Rain Water Cement 3,600 10,000
B Rain Water 1/3 Cement 1,230 10,000

2/3 Waste
C S_oil Porewater Cement 2,680 10,000
D Soil Porewater 1/3 Cement 900 8,850

2/3 Waste

For a recharge rate of5.0 cm/yr (porewater velocity of 0.25 m/yr), caléulations for 3 m of

cement were completed (Scenarios M through P). It is assumed that the porewater composition and
solid phases present at a 1-m depth in the 3-m streamtube will be equivalent to the chemistry at the
end of a 1-m streamtube. To test this hypothesis, Scenario J was modeled, and these results were
compared to the results for Scenario N (see Table 3.2). The calculations for Scenarios M through P
should provide information pertinent to Scenarios I through L (see Table 2.1). The results from
Scenarios J and N confirm the assumption that the reaction between cement and porewater in a 1-m
streamtube will parallel the reaction of cement and porewater in the first meter of a 3-m streamtube.
The minor differences observed are due to different choices for bin size and time steps used for each

simulation.

Table 3.2. Comparison of Scenario J and Scenario N at 1 Meter-Depth in Cement

3.24

Time (yrs) Time (yrs)
Scenario Influent Barrel Contents pH > 12 10 < pH < 12
J Rain Water 1/3 Cement 440 4,110
2/3 Waste
N Rain Water 1/3 Cement 500 4,520
2/3 Waste .




For the 3-m streamtube simulations, the streamtube was divided into 15 bins, each 0.2 m in
length. The results of the CTM calculations show that the porewater pH for the full 3 m of cement
does not decrease below a pH of 12 in 10,000 years. Tables 3.3 and 3.4 show the results for the
decrease in porewater pH at 0.2 m and 1.0 m depths into the cement. The buffering capacity of the
cement is once again reduced more quickly through reaction with the soil saturation extract than
through reaction with rainwater.

Table 3.3. Time Predicted to Lower pH in the Outer 0.2 m of Cement Given a Recharge

Rate of 5 cm/yr
. Time (yrs) Time (yrs)
Scenario Influent Barrel Contents pH > 12 10 <pH < 12

M Rain Water Cement 720 6,560
N Rain Water 1/3 Cement 240 2,180

» 2/3 Waste
0 Soil Porewater Cement 540 5,300
Soil Porewater 1/3 Cement 180 1,760

2/3 Waste

Table 3.4, Time Predicted to Lower pH in the Outer 1.0 m of Cement for a Recharge

Rate'of 5 cm/yr
Scenario Influent Barrel Contents Time (yrs)‘ Time (yrs)
pH > 12 10 < pH < 12
M Rain Water Cement 1,540 10,000
N Rain Water 1/3 Cement 500 4,520
2/3 Waste
0 Soil Porewater Cement 1,200 .10,000
Soil Porewater 1/3 Cement 440 3,980
2/3 Waste
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4.0 Results of U(VI) Solubility Calculations

The MINTEQA2 code was used to calculate the concentrations of dissolved U(VI) for release
scenarios B, D, N, and P (listed in Table 4.1) that were also.modeled with CTM. These four
scenarios include the two recharge rates, the two compositions of influent water, and the waste barrel
content with the lower volume of cement. Additionally, three U-containing solids {schoepite
(U0,-2H,0), uranophane [Ca(U0,),(Si0,),(OH),-5H,0)], and calcium uranate (CaUO,)} were
included as possible solubility-controls for dissolved U(VI) for each scenario. The solution
compositions predicted by CTM for bin 1 at six discrete times for each scenario were used as input
for the equilibrium solubility calculations. The time steps used for the calculations were chosen

"where the CTM simulations indicated that pH or the mass of some cement phase changed significantly
during the system evolution.

4.1 Scenario B

In Scenario B, rainwater is considered to continually percolate at a constant recharge rate of
0.5 cm/yr through a waste barrel that is 1/3 filled with cement and 2/3 filled with inert material.
The pH-evolution calculations indicate that the pH of porewater in bin 1 remains at 12.5 until.about
1,400 years when the Ca(OH), component of cement is completely dissolved. At about 4,500 years,
" the pH is still 11 and, at the termination of the simulation (10,000 years), the pH is still elevated
at 10.81.

The predicted concentrations of dissolved U(VI) varies significantly with pH and the choice of
solubility-controlling solid. A summary of the MINTEQA2 calculations for Scenario B is listed in
Table 4.1. When schoepite is assumed to be the solubility-controlling solid, the concentration of
dissolved U(VI) in the effluent is initially high and then decreases as pH of the porewater decreases
with time. During the initial stages of cement dissolution in Scenario B when the pH is 12.5, the
solution concentration of U(VI) is predicted to be 1.8 x 102 M (~4,300 ppm). After 10,000 years,
when the pH has decreased to 10.81, the U concentration is predicted to be 2.9 x 10* M (~70 ppm).

If uranophane is assumed to be the solubility-controlling solid, the trend is similar in that the
solution concentration of U(VI) is higher during early stages of cement dissolution when the pH is
highest, and lower at the end of the 10,000 years when pH has decreased somewhat. Although the
trend is similar, the concentration of dissolved U(VI) predicted using the solubility of uranophane is
significantly lower than that based on the solubility of schoepite. Assuming equilibrium between the
CTM-predicted composition of the porewater in bin 1 and uranophane, the total U(VI) solution
concentration.is predicted to be 4.3 x 10° M (~ 1 ppm) at pH 12.5 and 3.5 x 10"° M (~0.06 ppb) at
the end of 10,000 years at pH 10.81. This major decrease in the concentration of dissolved U(VI) is
mostly due to the dramatic increases in the concentration of dissolved silica as the C-S-H cement gel
dissolves, which, in turn, lowers the mass of U(VI) that can be in Solution in equilibrium with the
silica-bearing uranophane.

The lowest concentrations of dissolved U(VI) at each time step are predicted when calcium
uranate is assumed to be the solubility-controlling solid for dissolved U(VI). Initially, when the
porewater has the highest pH, calcium uranate is least soluble because the concentrations of dissolved
Ca'are the highest. At the end of the CTM simulations when solution concentrations of Ca are lower,
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calcium uranate is more soluble but would still control the U(VI) concentrations in solution at a very
low values of 1.1 x 10** M (~0.003 ppb). :

For all the MINTEQAZ2 calculations involving Scenario B, 91-99% of the dissolved U(VI) at these
high pH values is predicted to be present as the aqueous species UO,(OH);. Most of the remaining
dissolved U(VI) will exist as the species UO,(OH), (aq) and (UO,),(OH);. The exact percentages of

each species depends on the pH of the porewater.

Table 4.1. Concentrations of Dissolved U(VI) Versus pH/Time for Selected Solubility-Controlling
Solids for Scenarios B and D Based on 1/3 Barrel of Cement and Two Types of Influent Solutions

Solubility- Concentration of Dissolved U(VI) in Effluent
Controlling Solid mol/L and (ppm)
Scepario B (Porewater Velocity: 0.5 cm/yr, Influent: Rain)
pH12.5at0-1,400 yrs | pH 11.75 at 1,410 yrs | pH 10.99 at 4,480 yrs | pH 10.81 at 10,000 yrs
Schoepite 1.8 x 10° 2.6 x 10° 4.4%10° 2.9 x 10*
(4.3 x 10%%) (6.3 x 10%% (1.0x 10*?) (7.0 x 10*7)
Uranophane 43x10° 6.9 x 10°® 6.3x 107 2.5x 10"
{.0) 1.6x 107 1.5x 10% (6.0 x 10°)
Ca Uranate 4.1x 10% 6.6 x 10™ 7.8 x 107 1.1x 10%
. 9.7 x 10°) 1.6 x 107) (1.9x 10°) " (2.6 x 109
Scenario D (Porewater Velocity: 0.5 cm/yr, Influent: Soil Porewater)
pH 12.5 at 0 - 850 yrs pH 12.13 at 890 yrs ‘ pH 10.32 at 3,360 yrs pH 7.83 at 9,460 yrs
Schoepite 1.8 x 10? 6.9 x 10° 9.9x 10° 9.8 x 10°*
(4.3 x 10%%) (1.6 x 10*%) (2.4 x 10" 2.3x10*
Uranophane 4.4% 10 62x107 | 7.3x10™ © 1.0x 10°
1.0 @.5x10% (1.7 x 10°) (2.5 x 107
Ca Uranate 4.0x 10" 1.5x 108 . 3.1x10™ 1.7 x 10°
9.6 x 10°) (3.5x 10% (7.3x 10°) - 4.1x 107
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4.2 Scenario D

. The MINTEQAZ2 solubility calculations for Scenario D includes the soil porewater extract for the
Hanford vadose zone sediment as the composition of the initial influent, the recharge rate of
0.5 cm/yr, and a waste barrel with a 1/3 cement content. The modeling results for the early time
periods are very similar to the results for Scenario B. The interaction of the soil porewater with the
cement causes the pH to decrease (decreasing from a value of 12.5 as the Ca(OH), component is
removed) more rapidly than when rainwater is the reacting influent. The pH of the porewater in
bin 1 has decreased to 10.3 after approximately 3,500 years and 7.8 after approximately 9,500 years.
At 9,500 years, the system is esseritially devoid of cement solids and the composition of the porewater
is identical to the soil saturation extract. No further reactions are then expected. This final pH of 7.8
is significantly different when compared to the CTM results for rainwater as the influent (Scenario B)
where the pH of the porewater in bin 1 does not decrease below 10.8 even after 10,000 years.

The solubility predictions of dissolved U(VI) for Scenario D are summarized in Table 4.1. The
larger change in porewater pH in Scenario D causes a larger difference in the predicted concentrations
of dissolved U(VI). The general trend in U(VI) solubility predicted for Scenario B is also observed
for the modeling results for Scenario D where the calculated concentrations of dissolved U(VI) based
on the solubilities of schoepite and uranophane decrease as time progresses and the porewater pH
decreases, whereas those based on the solubility of calcium uranate increase with time and decreasing
pH. At a pH value of 12.5, schoepite is rather soluble [4,300 ppm total dissolved U(VI)],
uranophane is moderately soluble [~ 1 ppm total dissolved U(VI)], and calcium uranate is very
insoluble [~1 x 10°® ppm total dissolved U(VI)] ,

After approximately 9,500 years, when all of the CSH-gel have been leached, the predicted
concentrations of dissolved U(VI) for a porewater pH of 7.8 are 9.8 x 10° M (23 ppm), 1.0 x 10 M
(0.002 ppm), and 1.7 x 10° M (0.4 ppm), respectively, for the solubilities of schoepite, uranophane
and calcium uranate. For this cement-water system (Scenario D) at the pH of 7.8, uranophane is the

.. least soluble solid as compared to Scenario B in which calcium uranate was the least soluble solid.

For Scenario D, the dissolved U(VI) is also present predominately as the aqueous species
UO,(OH); until the pH decreases to 7.8. At this low pH, uranyl] carbonate and mixed hydroxy-
carbonate complexes [(UO,(CO,)5, UO,(CO,)5, and (UO,),CO,(OH);] are the predominant aqueous
forms of dissolved U(VI).

4.3 Scenario N

The concentrations of dissolved U(VI) predicted with MINTEQA2 for Scenario N can be

. compared to those for Scenario B, because the two scenarios differ only in the assumed recharge rate
with the flow rate of infiltrating rainwater for Scenario N being ten times greater. The Ca(OH), .
component of the CSH-gel disappears from the waste form in Scenario N approximately five times
faster than in the Scenario B calculations. The porewater pH remains at 12.5 until Ca(OH), has
completely dissolved. The pH then starts to decrease more quickly in Scenario N, and all traces of
cement and its reaction products have totally leached from the system after about 2,200 years. At this
point, calcite is the only phase that remains to buffer the pH, and, by 2, 500 years, the system has
reached the pH (5.9) of the rainwater influent.
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Until about 2,000 years, the MINTEQA2 predictions for Scenario N of the solubility of dissolved
U(VI) are very similar to those for Scenario B, except for the time for corresponding chemical
changes in Scenario N being approximately five times shorter. After 2,000 years, the pH of the
‘porewater for Scenario N has decreased below any value predicted in Scenario B. At about 2,200
years, when the porewater pH is ~9.7, the predicted concentration of dissolved U(VI) is 7.8, 0.012,
or 0.0003 ppm, respectively, depending upon if schoepite, uranophane, or calcium uranate is assumed
to be the solubility-controlling solid. At 2,520 years, when the system is completely leached of
cement and the pH is 5.9, the predicted concentrations of dissolved U(VI) are 1.2, 5.5, or
4,500 ppm, respectively, depending of the same-sequence of solubility-controlling solids. These
results are summarized in Table 4.2.

Table 4.2. Solution Concentrations of U(VI) Versus pH/Time for Selected Solubility-Controlling
Solids for Scenarios N and P Based on 1/3 Barrel of Cement and Two Types of Influent Solutions

Concentration of Dissolved U(VI) in Efftuent

Solubility-
Controlling Solid mol/L and (ppm)
Scenario N (Porewater Velocity: 5 cm/yr, Influent: - Rain)
pH 12.5 at 0 - 250 yrs pH 11.63 at 280 yrs pH 9.73 at 2,180 yrs pH 5.90 at 2,520 yrs
Schoepite 1.8 x 102 2.0x 10% 3.3x10°% 5.1x10°
4.2x 10%) ' 4.7 x 10%% 7.8) 1.2
Uranophane 4.3 x 10 3.0x 10® 5.1x10%® 2.3x 10°
1.0 (7.2x 107 (1.2x10% 4.5)
Ca Uranate 4.1x10% C1.1x 107 1.2 x 10° 1.9 x 102
9.8x 10%) 2.5x 107 3.0x 10% 4.5x 10"

" Scenario P (Porewater Velocity: 5 cm/yr, Influent: Soil Porewater)

pH 12.5 at 0 - 50 yrs

pH 12.13 at 160 yrs

pH 10.32 at 640 yrs

pH 7.83 at 1,760 yrs

Schoepite - 1.8x10? 6.9 x 10°® 9.9 x 10° 9.8 x 10°
4.3 x 10%) (1.6 x 10%) (2.4x 10™) (2.3x 10*)

Uranophane 4.4 x 10° " 6.2 x 107 7.3 x 10 1.0x 10°®
: €. {€.5x10% 1.7 x 10°) (2.5x 10°)

Ca Uranate 4.0 x 10 1.5x 10 3.1x 10 1.7x10°
9.7 x 10°) 3.5x10% (7.3x 10° 4.1x10%
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4.4 Scenario P

The final suite of MINTEQAZ2 calculations were completed using porewater compositions for
Scenario P predicted with the CTM code. The conditions for this scenario differ from those for
Scenario D only in assumed recharge rate, and from those for Scenario N in the composition of the
influent reacting with the cementitious, U-bearing waste. The total concentrations of dissolved U(VI)

-and distribution of U(VI) aqueous species calculated for Scenario P are the same as those described
above for Scenario D. Although the chemical systems used to simulate Scenarios D and P are the
same, the factor of ten increase in recharge rate used for Scenario P results in a factor of five

" decrease in the times calculated for major changes in the chemistry of the cement/porewater system.
At each corresponding major change in the evolution of the porewater pH out to the time when all
cement components have dissolved, the predicted concéntrations of dissolved U(VI) for Scenario P
from 0 to 1,760 years (Table 4.1) are approximately the same as those for Scenario D from 0 to
9,460 years, including the types of solubility-controlling solids.

<.

4.5 Summary

At the early period of cement/porewater reaction, the Ca(OH), component of the CSH-gel
controls the porewater composition and pH at 12.5. Under these conditions, the concentrations of
dissolved U(VI) should be less than 1 ppm if controlled by calcium-bearing urany! silicates or in the
low ppb range if controlled by calcium uranate-like solids. At intermediate times, when porewater
pH is controlled in the range of 10.9 to 12.5 by the cement CSH-gel, the solution concentrations of
U(VI) should be in the low ppb to 100’s of ppb range. After the cement components have all
dissolved and the porewater pH is controlled at values near 7.8-8.5 by calcite or reactions with other
major secondary minerals, the MINTEQAZ2 calculations indicate that schoepite would limit the
concentrations of dissolved U(VI) in the range of 1 to 25 ppm. On the other hand, if calcium uranate
or uranophane is the solubility control at these near-neutral or slightly acidic pH values, the solution
concentration of U(VI) would be -approximately 1 ppm or in the low ppb range, respectively.

4.5




5.0 Conclusions

5.1 Evolution of Porewater pH and Cement Degradation

The coupled/reactive transport calculations using the CTM model demonstrate that, over time, the
portlandite [Ca(OH),] component of the CSH-gel dissolves completely by reaction with the influent
solution. Depending on the influent composition, the SiO, (am) component may be introduced. The
cement degrades more quickly when it reacts with the soil porewater (characteristic of Trench 8
porewater) than when it reacts with rainwater. Calcite (CaCO,) and brucite [Mg(OH),] precipitate
during a 10,000-year period. The pH of the porewater decreases below 10 when the CaH,SiO,
component of CSH-gel completely dissolves.

The CTM calculations also predict that, regardless of which recharge rate and influent are
considered, the CaH,SiO, component will not completely dissolve within 10,000 years from Fe
barrels that are filled entirely with Portland Type I cement. For a 1-m high Fe barrel that is only
1/3-filled with cement, the resuits predict that, given a 0.5 cm/yr recharge rate, the CSH-gel will not
. completely dissolve in 10,000 years. Therefore, the porewater pH will remain above 10 for at least
10,000 years.

On the other hand, at a faster recharge rate of 5 cm/yr for either influent solution, the
components of the CSH-gel are predicted to completely dissolve after 4,000 years in the 1-m high Fe-
barrel that is only 1/3-filled with Portland Type I cement. The porewater pH decreases below 10
after 4,520 and 3,980 years for rainwater influent and soil saturation extract, respectively, reacting
with the cement waste form. As the cement reacts with the soil porewater, the following major solid
phase assemblages form in sequence: 1) CaH,SiO,, brucite and calcite; 2) CaH,SiO, and calcite; and
3) calcite. The sequence of solid phase assemblages that occur from reaction between cement and
rainwater is: 1) CaH,SiO,-SiO, (am), calcite, and brucite; 2) calcite and brucite; 3) calcite; and 4) no
solids present. In either case, at the 5 cm/yr recharge rate, after 4,000 to 4,500 years, the pH of
porewater inside the 1-m thick weathered waste form will be the same as that of the influent solution.
If three drums were stacked on top of each other, the cement would not all dissolve and the porewater
pH value would not decrease below 10 for the entire 10,000 year period modeled.  However, the
upper two barrels should be completely devoid of cementitious solids by the end of 10,000 years for
the upper bound recharge rate of 5 cm/yr.

5.2 Solubility Limits for Dissolved U(VI)

As long as the hydration components of the CSH-gel are present in the cement, the pH of the
surrounding porewater will remain greater than 10. Based on equilibrium thermodynamic
considerations, the most likely U-bearing solids that should be present as solubility controls for
dissolved U(VI) present are quite insoluble at pH values above 10. Total concentrations of dissolved
U(VI) should be in the sub-ppb (parts per trillion) to at most 1 ppm under these CSH-gel dominated
conditions. After the components of the CSH-gel have all been dissolved by the porewater, the total
U(VI) solution concentrations would be controlled at the ambient porewater pH by U-bearing solids
such as schoepite, uranyl silicates, or perhaps alkaline-earth uranates. The uranyl silicates are less
soluble than the alkaline earth uranates and schoepite at slightly alkaline to neutral pH values as
expected for the Hanford scenarios modeled in this study. Uranyl silicates would limit the
concentrations of dissolved U(VI) to the low ppb range. Calcium uranate would control solution
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concentrations of U(VI) to the range from 100s of ppb to low ppm, while schoepite would limit U(VI)
solution concentrations to the range several ppms to several tens of ppm.

The concentration limits predicted for dissolved U(VI) using the MINTEQA2 code were based on
assuming one of three U-bearing solids is the solubility control. The thermodynamic databases of
MINTEQA2 and other geochemical reaction codes include a large suite of U(VI)-bearing solids (for
example, see U-containing solids listed in the appendix). An examination of all the possible solids
that could control the concentrations of dissolved U(VI) indicate§ that another uranyl silicate mineral,
such as soddyite [(UO,);s(Si0,),(OH),-5H,0], could be a candidate solubility-controlling solid for
dissolved U(VI). Soddyite is slightly less soluble than schoepite (UO;-2H,0) at high pH values, and
-much more insoluble at neutral pH-conditions. Our modeling calculations indicate that soddyite is
however more soluble than uranophane [CafUQ,),(Si0,),(OH),-5H,0)] under all conditions.
Therefore, at the pH conditions predicted in this study, the solubility of soddyite is intermediate
relative to those of schoepite and uranophane. For a pH greater than 8, soddyite is always much more
soluble than calcium uranate (CaUQ,). However, for porewater pH values less than approximately 8,
all the U(VI)-bearing minerals considered in these MINTEQAZ2 calculations, including soddyite, are
less soluble than calcium uranate. Another way of stating this relationship is that calcium uranate can
only be the most stable solid at pH values greater than 8. If we had completed more modeling
simulations in the pH region from 7.8 to 9.7, the minimum pH for the stability limit of calcium
uranate might even be further restricted to a pH value above 9. The MINTEQAZ2 calculations also
indicate that another uranyl silicate, haiweeite [Ca(UO,),Si;O,5s-5H,0}, is more stable than uranophane
and soddyite in the mid pH range from approximately 10.4 to neutral pH values, but very soluble
above pH 10.5. '

Based on empirical observations from laboratory leach experiments with cementitious materials
present (for example, see Atkins and Glasser 1992; Atkins et al. 1990 1991; Brownsword et al. 1990;
and Serne et al. 1989) and solubility tests of U(VI)-bearing solids at alkaline to neutral pH conditions
(for example see Brush 1980 and Krupka et al. 1985), it seems likely that a transition/transformation
" of U(VI)-solubility controlling solids may occur as the cement chemistry and pH evolve in
environments analogous to the hypothetical Hanford solid waste scenarios considered in this study.
That is, it is very likely that different U solids will control the concentration of dissolved U(VI)
during the different stages of the evolution of the porewater pH and composition. We speculate that
solids similar to calcium uranate control the concentrations of dissolved U(VI) in porewater at the
very high pH values associated with fresh cement and excess Ca(OH), (pH = 12.5). - Calcium uranate
or uranyl silicates, such as uranophane, will control the concentration of dissolved U(VI) at
intermediate alkaline conditions (pH’s ~ 11 down to 8 or 9), and then perhaps schoepite becomes the
solubility-controlling solid at pH values below 8 or 9.

These possibilities lead to the following predictions. At early times, when Ca(OH), controls the
cement chemistry and pH (12.5), the concentrations of dissolved U(VI), if controlled by calcium
uranate-like solids, should be in the low ppb range or, at most, less than 1 ppm if controlled by .
calcium bearing uranyl silicates. At intermediate times, where pH is controlled by the components of
the cement CSH-gel, U(VI) solution concentrations should be in the low ppb to 100s.of ppb range.
After all of the CSH-gel components have ‘dissolved and the composition of the porewater is
controlled by calcite or reactions with other major secondary minerals, schoepite would limit
concentrations of dissolved U(VI) to the range of 1 to 25 ppm. If calcium uranate or uranophane was
still the U(VI)-controlling solid at ambient pH conditions, the concentrations of dissolved U(VI)
would be near 1 ppm or in the low ppb range, respectively.
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5.3 Recommended Future Studies
' 'I'heyfollowing!future studies are recommended:

-’ Coubled reaction/transport modeling calculations to examine changes in porosity due to
cement dissolution

Sensitivity analysis of hydrodynamic dispersion to study its affect on the concentrations of
dissolved constituents in the porewater

Detailed laboratory studies of the solubility of well characterized U(VI) solids in
environmentally relevant waters across the pH range from 7 to 12.5 to help validate the
geochemical modeling calculations.

It is evident from results presented in Figures 3.5 and 3.8 that the mass of the CSH-gel
components present in the streamtube (simulating the hydration and weathering of a radioactive waste
form within a shallow land burial ground) changes substantially with time. Calculations to examine
changes in porosity due to cement dissolution may be important to this study, because an increase in
porosity will lead to a lower solid/water ratio and potentially to a faster rate of cement dissolution.
Future work should dlso include a sensitivity analysis of hydrodynamic dispersion on the
concentrations of dissolved constituents in the porewater.

Experimental studies where specific uranium (VI) solids have been used or identified in shallow
land burial grounds or cement waste forms are quite limited. There is only empirical data available
for concentrations of dissolved U(VI) in the presence of cement leachates. In general, the U(VI)
solution concentrations are found to be less than tens of ppb to less than one ppm which are in good
agreement with our modeling predictions. Other studies of the solubility of schoepite in simple
solutions that do not include dissolved silica or carbonate are available that confirm the adequacy of
thermodynamic data in the MINTEQA2 database for schoepite. However, more detailed laboratory
studies using well characterized U(VI) solids and environmentally relevant waters across the pH range
from 7 to 12.5 are recommended to evaluate the veracity of these MINTEQA?2 predictions. Extra
attention should be placed on monitoring possible transformations of U(VI) solid and the equilibrium
pH and solution concentrations of Ca, Si and other alkaline earth and alkali metal elements.

Empirical solubility data for uranyl silicates and uranyl alkaline-earth and alkali metals, such as Ca,
Mg, Na and K, are not available. These four cations in addition to silica are naturally present in soil
porewaters. Laboratory-scale solubility experiments where the presence of these constituents may
form U(VI)-bearing solids need to be performed to fully verify calculations such as those presented in
this report. The dissolution of cement hydration products especially result in significant quantities of
"dissolved Ca, Na, K and Si being added to the porewaters. Under these conditions, the formation of
less soluble uranyl silicates, calcium uranyl silicates, and/or alkaline earth uranates are very plausible.
For conservative bounding calculations at near-neutral pH conditions, concentrations of dissolved
U(VI) controlled by the solubility of the oxide schoepite remains a technically defensible approach.
Only, if more realistic solubility calculations are required for performance assessment considerations,
would one need to explore the precipitation of the above mentioned less soluble U-bearing solids.
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Appgndix

MINTEQA2 Thermodynamic Database for Uranium

This appendix lists the U-bearing aqueous species and solid compounds that are in the
MINTEQA2 thermodynamic database. The thermodynamic data for the U-bearing aqueous species
and solids were taken primarily from Grenthe et al. (1992) and earlier drafts of this compilation and
several secondary sources as noted. '
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Table A.1. Formula of the U-Bearing Aqueous Species and the Sources of Their Thermodynamic
Data Used in MINTEQAZ2 Calculations i

Formula

Reference Source

Formula

Reference Source

U3 +

U4 +

Uo3

uoz*
UOH*
U(oH);*
U(OH)3
U(OR); (a9
U(OH);
UO,0H*

UO,(OR); (ag)

UO,(OH);
UO,(OH)Y
(UO0,),0H*"
(UO,),(OH);*
(UO,),(OH);"
(UO,);(OH)3
(UO,),(CH);
(UO,)(OH)7
Ug(OH)Ys

. UI:3+

UF*

UF: -

UF; (2q)

UF;

UF?

UOF*
UOSF; (aq)
UO,F;
UO,F?
ucPt

Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)

Grenthe et al. (1992) -

Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)

Grenthe et al. (1992) ..

Grenthe et al. (1992)
Grenthe et al. (1992)

. Grenthe et al. (1992)

Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)

" Grenthe et al. (1992)

Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)

Uo,Cl1*
UO,C; (ag)
UBr*
UO,Br*
UIG+

Us0oz+ .
UO,S0; (ag) ’
U(SO,); (aq)
UO0,(S0.)3
UNO3*
UMNO,)3*

UO,PO;

UO,HPO; (aq)
UO,H,PO?
UO,H,PO2*
UO,(H,PO,); (aq)
UO,(H,PO)(H;PO)*
U(COy¢

U(CO,)§

UO0,CO; (aq)
UOLCO,);
U0,(CO)5
U0,(COs)5
(U0)5(CO5)§
UO,0HCO?
(U0,),,(CO,)(OH)};
(U0,),CO,4(0H);
UO,Si0(0H)3;

same as UO,H,Si0%

Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)

Grenthe et al. (1992)

Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)

Grenthe et al. (1990)

Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al. (1992)
Grenthe et al, (1992)
Grenthe et al. -(1992)
Grenthe et al. (1992)

Grenthe et al. (1992)

Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
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Table A.2. Formula and Mineral Names of the U-Bearing Solid Compounds
and the Sources of Their Therinodynamic Data Used in MINTEQA2

_Calculations ‘

’ Formula Mineral Name Reference Source
UBr,Cl Grenthe et al. (1990)
UBr, Grenthe et al. (1990)
UCl, Grenthe et al. (1990)
UBCl, Grenthe et al. (1990)
uocl Grenthe et al. (1990)
UF, Grenthe et al. (1990)
Ul, Grenthe et al. (1990)
U0, (am) Grenthe et al. (1990)
U0, Langmuir (1978)
U,04 Grenthe et al. (1990)

» UBr, Grenthe et al. (1990)
UOBr, Grenthe et al. (1950)
UBr,Cl Grenthe et al. (1990)
UBrCL, Grenthe et al. (1990)
UcCl, Grenthe et al. (1990)
UBr,Cl, Grenthe et al. (1990)
uocl, Grenthe et al. (1990)
U,0,Cl; Grenthe et al. (1990)
UF, Grenthe et al. (1990)
UF,2.5H,0 Grenthe et al. (1990)
U,F, Grenthe et al. (1990)
UF,, Grenthe et al. (1989)
UCIF; Grenthe et al. (1990)
UCLF, Grenthe et al. (1990)
UCL,F Grenthe et al. (1990)

* UOF, Grenthe et al. (1990)
UOF,-H,0 Grenthe et al. (1990)
UOFOH Grenthe et al. (1990)
Ul, Grenthe et al. (1990)
UCII, Grenthe et al. (1990)
UCLI, Grenthe et al. (1990)
UCLI Grenthe et al. (1990)
U(COy), Grenthe et al. (1990)
U(OH),S0, Grenthe et al. (1990)
U(SO,), Grenthe et al. (1990)
U(S0,),*4H,0 o Grenthe et al. (1990)
U(SO,),-8H,0 Grenthe et al. (1990)
UHPO,),'4H,0 ) Grenthe et al. (1990)
Usio, Coffinite Grenthe et al. (1990)
Na,UO, Grenthe et al. (1990)
UBrs. Grenthe et al. (1990)
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Table A.2. (continued)

U0,-0.393H,0
U0,-0.648H,0
U0,-0.850H,0
U0,-0.900H,0
UO0,-1.000H,0
Uo,

a-U0,;

$-00,

7-UO,

U0, (am)
K,U0,

Li,Uo,
Na,U,0,
a-Na,U0,
BaUO,

CalUo,
MgUuo,
NaUo, -
NaUO,(CO;),
Rb,UQ,
«-SrUo,
UO,Br,
UO0,BryH,0
UO0,Br,:3H,0

UO,BrOH-2H,0

UCl,
U0,Cl,
U0,Cl,'H,0
U0,Cl,-3H,0

UO,CIOH-2H,0

(U0,).Cly
UF,

Dehyrated Schoepite
Dehyrated Schoepite
Dehyrated Schoepite
Dehyrated Schoepite
Dehyrated Schoepite
Uraninite

Gummite

Formula Mineral Name Reference Source

" UOBr, Grenthe et al. (1990)
UCl; Grenthe et al. (1990)
UOCL, Grenthe et al. (1990)
UO,Cl Grenthe et al. (1990)
U;0,,Cl Grenthe et al. (1950)
a-UF; Grenthe et al. (1990)
B-UF, Grenthe et al. (1990)
UPO; Grenthe et al. (1990)
B-U0,(0OH), Grenthe et al. (1990)
U0,-2.0H,0 " Schoepite Grenthe et al. (1990)

O’Hare et al. (1988)

O’Hare et al. (1988)
O’Hare et al. (1988)
Grenthe et al. (1990)
O’Hare et al. (1988)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Langmuir (1978)

Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)

-Grenthe et al. (1990)

Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)
Grenthe et al. (1990)

A4




Table A.2. (continued)

Formula Mineral Name Reference Source
UO,FOH Grenthe et al. (1990)
UO,FOH-H,0 Grenthe et al. (1990)
UO,FOH-2H,0 Grenthe et al. (1990)
UO,F, Grenthe et al. (1950)
UO,F,:3H,0 Grenthe et al.’ (1990)
U,0,F; Grenthe et al. (1950)
U,0,F; . Grenthe et al. (1990)
UOF, Grenthe et al. (1990)
U0,CO,8 Rutherfordine Grenthe et al. (1990) -
UO,(NO3), ‘ Grenthe et al. (1990)
UO,(NO,),-H,0 Grenthe et al. (1990)
UO,(NO,),-2H,0 Grenthe et al. (1990)
UO,(NO,),-3H,0 Grenthe et al. (1990)
UO,(NO,),-6H,0 Grenthe et al. (1990)
V0,80, Grenthe et al. (1990)
U0,S0,-H,0 Owens and Mayer (1964)
U0,50,-2.5H,0 Owens and Mayer (1964)
U0,S80,-3H,0 Owens and Mayer (1964)
U0,80,-3.5H,0 * Owens and Mayer (1964)
(U0,);(PO,), Grenthe et al. (1990)
(U0,),(PO,),-4H,0 Grenthe et al. (1990)
(U0,,P,0, Grenthe et al. (1990)
Pb,(UO,)(PO,),-2H,0 Parsonite Rickard and Nriagu (1978)
U0,(PO,), Grenthe et al. (1990)
UO,HPO, Tripathi (1984)
UO,HPO,-4H,0 Grenthe et al. (1990)
UP,0,-20H,0 Grenthe et al. (1990)
UO0,(AsO,), Grenthe et al. (1990)
(U0,),As,0, Grenthe et al. (1990)
(U0,)3(AsO,), Grenthe et al. (1990)
K(UO,)AsO, Wagman et al. (1982)
K(H,0)(UO,)(Si0,) Boltwoodite Hemingway (1982)
Ca(U0,)(5i,05),5H,0 Haiweeite Hemingway (1982)
Pb(UO,),Si0,-H,0 Kasolite Hemingway (1982)
Mg(H,0),(U0,),(Si0,),-4H,0 Sklodowskite Hemingway (1982)
(U0,),(8i0,)-2H,0 - Soddyite Hemingway (1982)
K,(U0,),(51,05);°4H,0 Weeksite Hemingway (1982)
Ca(U0,),(VO,), Tyuyamunite Langmuir (1978)
K{UO,)(VO,) Carnotite Langmuir (1978)
Ca(U0,),(PO,), Autunite Sverjensky (1990)
H,(U0,),(PO.), H-Autunite Grenthe et al. (1990)
K,(UO,),(PO,), K-Autunite Sverjensky (1990)
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Table A:2. (continued)

Formula Mineral Name Reference Source
Na,(U0,),(PO,), Na-Autunite Sverjensky (1990)
Sr(U0,),(PO,), Sr-Autunite Langmuir (1978)
CaU(P0,),-2H,0 Ningoyite Langmuir
(1978)(NH,),(UO,),(PO,). Uramphite Langmuir (1978)
Mg(U0,),(PO,), Saleeite Sverjensky (1990)
Ba(U0,),(PO,), Uranocirite Langmuir (1978)
Fe(UO,),(PO,), Bassetite Langmuir (1978)
Ca(U0,),(POY - Torbernite ) Sverjensky (1990)
Pb(UO,),(PO.,), Przhevalskite Langmuir (1978)
Ca(U0,),(8i0,0H), Uranophane Nguyen et al. (1992)
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