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Abstract

The conventional approach of source-term evaluation for performance assessment of
nuclear waste repositories uses speciation-solubility modeling tools and assumes pure phases of
radioelements control their solubility. This assumption may not reflect reality, as most
radioelements (except for U) may not form their own pure phases. As a result, solubility limits
predicted using the conventional approach are several orders of magnitude higher then the
concentrations of radioelements measured in spent fuel dissolution experiments. This paper
presents the author’s attempt of using a non-conventional approach to evaluate source term of
radionuclide release for Yucca Mountain.

Based on the general reactive-transport code AREST-CT, a model for spent fuel
dissolution and secondary phase precipitation has been constructed. The model accounts for both
equilibrium and kinetic reactions. Its predictions have been compared against laboratory
experiments and natural analogues. It is found that without calibrations, the simulated results
match laboratory and field observations very well in many aspects. More important is the fact
that no contradictions between them have been found. This provides confidence in the predictive
power of the model.

Based on the concept of Np incorporated into uranyl minerals, the model not only
predicts a lower Np source-term than that given by conventional Np solubility models, but also
produces results which are consistent with laboratory measurements and observations. Moreover,

two hypotheses, whether Np enters tertiary uranyl minerals or not, have been tested by
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comparing model predictions against laboratory observations, the results favor the former. It is
concluded that this non-conventional approach of source term evaluation not only eliminates
over-conservatism in conventional solubility approach to some extent, but also gives a realistic
representation of the system of interest, which is a prerequisite for truly understanding the long-
term behavior of the proposed repository. Therefore, it is a very promising alternative approach
for source-term evaluation.

Key Words: reactive-transport modeling; nuclear waste; spent nuclear fuel; radionuclide solubility

1. Introduction

Geological disposal is being considered by several countries for nuclear wastes
accumulated through power generation and other sources. An important aspect in assessing the
performance of a potential nuclear waste repository is to evaluate the releases of radioactive
elements from waste packages. Conventionally, they are capped by their solubility limits under
the expected environments.

Solubility limits are usually estimated from geochemical modeling calculations, using
speciation-solubility models, such as EQ3/6 (Wolery, 1992), PHREEQC (Parkhurst and Appelo,
1999), with supporting evidence from laboratory experiments (see e.g., Lemire and Garisto
(1989), Bruno et al. (1997), Stockman and Moore (1999), Chen et al. (2000)). Typically, a pure-
phase solid is chosen to control dissolved levels of each element of interest based on either
laboratory and/or field observations or on conservative assumptions under the expected
environmental conditions.

While the conventional approach described above has been a standard practice in the

nuclear waste management community for over two decades, its shortcomings are also obvious.

For instance, it is well recognized that the concentrations of most radionuclides in the process of

spent fuel dissolution are likely to be very low (except for U) so that they may not form their




own pure phases (Grenthe, 1991; Langmuir, 1997). As a result, the predicted radionuclide
solubility limits by the conventional approach may not match the concentrations measured in
spent fuel dissolution experiments. The difference between them can be as high as several orders
of magnitude, with the predicted values higher than the measured ones. A particularly important
example of this is Np solubility.

Np is one of the most important actinides in nuclear waste disposal due to its long half-
life and high dose-converting factor. The conventional solubility approach for Np usually
assumes Np,Os or other pure Np solids as the solubility-controlling mineral for Np. However, no
Np pure phase has been identified in spent fuel dissolution experiments (Wilson, 1990a; Wilson,
1990b; Finch, 2000). The predicted Np solubility given by pure Np-solid models are several (3-
7) orders of magnitude higher than the measured Np concentration in spent fuel dissolution
experiments (Wilson and Bruton, 1990; Sassani and Siegmann, 1998; Chen, 2001).

The shortcomings of conventional solubility approach calls for innovative approaches to
evaluate radionuclide source term. Several attempts have been reported along that direction
(Sassani and Siegmann, 1998; Bruno et al., 1998; Murphy and Codall, 1999). On the other hand,
as a new class of geochemical modeling tools — reactive-transport models - has fledged in the
past two decades (Lichtner, 1985; Ortoleva et al., 1987; Yeh and Tripathi, 1991; Steefel and
Lasaga, 1994; Chen, 1994; Parkhurst and Appelo, 1999). This also motivates geochemists to
employ new geochemical modeling approaches to solubility evaluations. This study presents the
author’s attempt of applying the reactive-transport modeling approach to evaluate radionuclide
release rates for a potential geological repository at Yucca Mountain Southern Nevada, USA.

2. Governing Equations and the Modeling Tool

2.1 Governing Equations




When both fluid flow and chemical reactions are considered, the concentration of

aqueous species in porous media can be described by the mass conservation equation:

é,qu—éf’cLz—V-('ji+j§v,.ka(é),i=1,2,...,N5 (1)
where ¢ is porosity, o is the density of fluid, 6;is the volumetric water content, ¢; is the molal
concentration of aqueous species 1, and ¢ is time. The first term on the right-hand side represents
the contribution of transport processes to the change rate of c;, where q; is the transport flux of

species i. The second term on the right hand side represents the source/sink term of species i due

to all chemical reactions (from reaction 1 to N,), which in general is a nonlinear function of all
concentrations C = (C,C,,...,Cy. )T, where N, is the total number of aqueous species; the
superscript 7' denotes the transpose of the concentration vector; vy is the stoichiometric
coefficient of species i in reaction k, and W} is the rate of reaction k.

If advection, dispersion, and diffusion are the transport processes to be included in q;,

and we assume that dispersion can be represented by a Fickian-type law, then

q; = ¢p,0,(uc, -D,(6,)- Vc,) @)
where uis the pore-water velocity; and D; is the hydrodynamic dispersion tensor.
The source/sink term in Eq. (1) can be divided into two terms, one for equilibrium

reactions, and the other for kinetic reactions:

Ne —- Nk -
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where W/ is the rate of equilibrium reaction /, while Wj" is the rate of kinetic reaction j; N, is the

total number of equilibrium reactions (which will be eliminated by linear transformation upon
Eq. (4), and thus, need not be defined); N. is the total number of kinetic reactions; and

N, + N, = N,. This distinction has important consequences both for the capability of the model




(i.e., the capability to model both kinetic and equilibrium reactions) and for the numerical
algorithms (i.e., the non-linear PDE of Eq. (1) cannot be reduced to linear PDEs if kinetic

reactions are considered). Thus, the mass balance equation of solutes is
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Rates of heterogeneous reactions can be parameterized as:

WE= A,k TT@)"" -[T@)""”" (k" )
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where 4, is the effective reaction area in unit bulk volume, k;and K;* are rate constants and

m(j)
equilibrium constants, respectively; a; is the activity of species 7; f; is the factor of reaction order.
The other aspect of reactive-transport modeling is the property of the rock matrix, as

chemical reactions change not only the concentrations of solutes, but also the properties of rock

matrix. For mineral m of spherical shape with a radius Ry, its volume fraction is given by

V= 2akin, ©
and its change rate is
W _ 4nR}n, Ry, (7
ot ot

where np, is the number of grains of mineral m in unit bulk volume.
The dissolution rate of mineral m is the sum over all the dissolution/precipitation

reactions pertaining to mineral m:
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where p,, is the molar density of mineral m ([mol/L%)).




2.2  The Modeling Tool - AREST-CT

The modeling tool used for this study is the general reactive-transport simulator AREST-
CT (Chen et al., 1995; Chen et al., 1996; Chen et al., 1997; Chen, 1998) built on the governing
equation system described in Section 2.1. The following physical-chemical processes are
accounted for: 1) kinetic dissolution/precipitation of solid phases, 2) aqueous equilibrium
speciation, 3) gas-aqueous equilibria, 4) redox reactions, 5) advection, 6) diffusion, 7) dispersion,
and 8) nucleation thresholds for precipitation of new solids.

The simulator has the following features: 1) 1-D or 2-D simulation domains, 2) general
interface to input user defined chemistry, 3) non-isothermal or isothermal chemistry, 4) ionic
strength correction using the modified B-dot equation (Wolery, 1992), 5) spatially varying
distribution of solid phases, and 6) effective reaction surface area depending on texture of solids.

The primary output of AREST-CT consists of: 1) concentrations of aqueous species and
components as a function of time and space; 2) pH changes; 3) radii, surface areas, and volume
fractions of solids; 4) dissolution/precipitation rates of solids; and 5) porosity changes.

AREST-CT utilizes a fully coupled numerical algorithm to solve the non-linear reactive-
transport equations (Chen, 1994). The code was written in FORTRAN-77 and has been ported to

various UNIX workstations.

3. Model Configurations

Under the current design, the potential repository would be located in tuffaceous units
formed between 14 to 7.5 million years ago. The waste emplacement drafts would sit in an
unsaturated zone and waste packages loaded with civilian spent nuclear fuel (CSNF) would be
placed in them, as shown in Fig. 1. The current design also has a drip shield to protect the waste

packages from ambient moisture.




Once a waste package and its drip shield fail, water may seep into it and react with
CSNF. The model treats a CSNF waste package as a 1-D porous medium column, as shown in
Fig. 2. The length of the column is 1.56 m, the inner diameters of a typical waste package.
Dripping water enters the column at the top and exits it at the bottom. The volume fraction of
CSNF is 14%, equal to the volume of CSNF in a waste package divided by the volume of the
waste package. Cladding and basket materials occupy 21% of the space and are assumed
chemically inactive for this study. Thus, the porosity of a waste package is 65%. The specific
surface area of spent fuel was set to 39 cm*/g, according to Gray and Wilson (1995). According
to the modeling results for the long-term average seepage into drift (Francis et al., 1998), the
velocity of water seeping into waste packages is set to 3.2 cm/year, water saturation in waste
packages is set to be a constant 70%. The temperature is set to 90°C to match ANL’s drip tests.

The composition of incoming water is listed in Table 1. Table 1 also gives the fugacities
of Oy(g) and CO,(g), according to in-drift chemistry modeling results (Sassani et al., 1998).
Twenty-seven aqueous equilibrium reactions and two gaseous-aqueous equilibrium reactions
were considered in the model, as listed in Table 2. All the equilibrium constants used in this
study are from EQ3/6 database (Wolery 1992), unless stated otherwise.

Chemically, spent fuel is treated as pure UO,. The reaction of spent fuel dissolution is
given in Table 3. The equilibrium constant of uraninite (UO,) is assigned to spent fuel. The
dissolution of spent fuel is treated as a kinetically controlled. Gray et al. (1992) gives a rate law

of CSNF based on flow-through dissolution experiments as:

log R = 7.45+0.2581og[C]+0.142log[ H*]~1550/T ©)

where R is the dissolution rate of U (mg/[m’-day]), C stands for the total of COs* and HCO5




concentrations (mol/kg), [H] stands for the concentration of H' (mol/kg), and T is the
temperature in Kelvin. In AREST-CT, the UO; forward dissolution rate is implemented as:

29697

R =000137xe A ag®, aji® (10)

where R’ is the dissolution rate of spent fuel in [mol/m*sec], R is the gas constant,

a5 cop- anda,. are activities of [HCOj3 +CO05%] and H, respectively.

Nine secondary uranyl minerals have been identified as products of CSNF dissolution in
drip-tests (Wronkiewicz et al., 1992; Finn et al., 1994; Finn et al., 1998). Similar uranyl mineral
assemblages are observed at the natural analog site of Pena Blanca (Pearcy et al., 1994). The
secondary uranyl minerals can be grouped into three categories: (a) uranyl-oxide hydrates,
including schoepite, dehydrated schoepite, compreignacite, and becquerelite; (b) uranyl silicate
hydrates: soddyite; and (c) uranyl alkaline silicate hydrates, including uranophane, boltwoodite,
Na-boltwoodite, and sklodowskite.

In this study, four of these minerals, schoepite, soddyite, uranophane, and Na-boltwoodite
are included in the model. The first two represent category (a) and (b), respectively, and the last
two represent category (c). The dissolution/precipitation reactions for these minerals are given in
Table 3. The rate constants for these mineral reactions were derived from the experimental
results reported by Bruno et al. (1995), and Perez et al. (1997, 2000). They were derived by

assuming the forward dissolution rate equals:
— Vo
R=kya (11)
where V. is the stoichiometric coefficient of H' in the dissolution reaction for the mineral.

Using the pH conditions of the experiment, the value of ko can be derived. Table 4 lists the




relevant rate constants. The rate constant for Na-boltwoodite is estimated based on the

uranophane data, since they are similar in crystal structures and chemical compositions.

4. Simulation Results

The simulations were carried out for 10,000 years. Fig. 3 shows the calculated
dissolution rate and volume changes of CSNF as a function of time and the position within a
waste package. Fig. 3A shows that the dissolution rate of CSNF is almost constant, both
spatially and temporally. Fig. 3B shows CSNF is almost totally consumed in about 100 years.

The development of secondary phases throughout the one-dimensional column of CSNF
is shown in Fig. 4. Schoepite (Fig. 4A) is the major secondary uranyl-mineral and distributes
almost uniformly within the waste package, except for the top portion (~0.1 m) of the waste
package. In 100 years, about 30% schoepite (volume fraction of the WP) precipitates uniformly
through the lower 1.4 m of the waste package, and another 5% schoepite accumulates after 100
years. The volume ratio of schoepite to the originally available spent fuel is about 35/14 = 2.50,
which is very close to the expansion factor of molar volumes from UO, to schoepite (2.684).
That means 93% of the original UO; is converted to schoepite. The rest has either formed
uranophane or soddyite, or has been removed from the system by transport.

As shown in Fig. 4B, uranophane precipitates mainly in the top portion of the waste
package. That is because the precipitation reaction rapidly depletes Ca and Si in the incoming
water. For a similar reason, soddyite (Fig. 4C) precipitates at the top of waste package, due to
the consumption of Si. Only trace amount of Na-boltwoodite was formed in the simulation (Fig.
4D).

Scrutinizing the development of the precipitation fronts of secondary minerals reveals

that uranophane forms at the expense of schoepite and soddyite. Since the reactive-transport




model is based on the average of many solid grains and does not provide meaningful results for
individual grains, the simulation results do not represent, in strict sense, the paragenetic sequence
of secondary minerals. However, a general sequence of mineral formation can be derived from
the movement of reaction fronts. Fig. 5 is the derived formation sequence of secondary minerals
based on the simulation results. Stable phases are shown as solid lines and dashed lines
represent meta-stable phases. Note that both schoepite and soddyite become meta-stable after
spent fuel is consumed. As uranophane and soddyite replace schoepite, they are called tertiary
minerals hereafter.

Fig. 6 shows the pH and U concentration (denoted as [U]) at the bottom of the waste
package (exit) as functions of time. The pH drops initially and then reverses to its initial value,
though the change is quite small (about 0.5 pH unit). [U] increases first and then decreases, due
to the precipitation of secondary minerals. The final [U] at t = 1,000 years is about 3x107
mol/kg.

S.  Model Validation

Model validation here indicates comparison of modeling results against data acquired
from laboratory or field observations to evaluate the predictive capabilities of the model.

The laboratory and field observations used to do the comparison are the CSNF drip-tests
reported by Wronkiewicz et al. (1992), Finn et al. (1994; 1998), and Pearcy (1994). The drip-
tests are comparable with this model in several aspects: 1) both the model and experiments are
flow-through system, 2) the composition of incoming water in both cases are J-13-like water
reacted with tuff rock, and 3) the temperature'is 90°C. Thus, the drip-tests are good benchmarks
for validating the model. However, the comparison can be done only on semi-quantitative basis

as, for example, the drip-tests are performed over much smaller scales in time and space.
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The modeling results and corresponding experimental observations are listed side-by-side
in Table 5, along with the author’s comments/explanations. They are listed under four categories
(i.e., the dissolution rate of CSNF, the abundance and distributions of secondary uranyl minerals,
their paragenetic sequence, and the chemistry of water at the exit).

It should be pointed out that the simulation has not been calibrated by the laboratory and
field observations. In other words, it is a blind prediction and no data have been manipulated.
The only exception is that the observations of secondary mineral abundance have been utilized to
make a choice of uranyl minerals to be included in the model.

The comparison given in Table 5 demonstrates that the model reproduces experimental
results and field observations in many aspects. More important is the fact that no contradiction
among them has been found yet. It strongly indicates that the model, consisting of the computer
code, the conceptualization, and the data used in the simulation is a reasonably good
representation of the real system.

The above validation shows the capability of the model in predicting the behaviors of
CSNF under the repository conditions. The following section discusses the application of the
model to predict the source terms, using Np as an example.

6. Source Term of Radionuclides - Np Concentrations at the Exit

CSNF contains a small amount of Np, depending on the fuel types, its burnout rate, and
the time out of reactor. For example, the ATM-103 fuel contains about 0.00044 mole of Np for
each mole of U. As CSNF dissolves, Np can be expected to do so as well:

CSNF + 2H" + 0.5 0, (2) = UO,"" + 0.00044 NpO;* + H,0 (12)
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Denoting the ratio of Np to U in solution as (Np/U)soin and in spent fuel as (Np/U)syel, We
define the concentrating factor of Np, which measures the degree of Np being concentrated in

solution compared to the spent fuel with which it is in contact, as

F =P Do (13)
(Np/U)fueI

If all the Np released from the CSNF dissolution stays in solution, the concentration of
Np and Fc should keep rising, as predicted by the simulation and as shown in Fig. 6. The
simulation also predicts that Np concentration is as high as 1.0x10” mol/kg, which is three to
four orders of magnitude higher than the measured Np concentrations in spent dissolution
experiments (Finn et al., 1994; Wilson, 1990a; 1990b). This big difference indicates that Np was
not totally released into solution during the process of fuel dissolution. Determining the
mechanism(s) of Np retention is crucial to constraining Np concentration in performance
assessment. Precipitation of Np pure phases is not considered since no such phases have ever
been observed in spent fuel dissolution experiments.

Based on an analysis of the crystal-chemical properties of U-O bond, Np-O bond, and Pu-
O bond, Burns et al. (1997) predict that “the substitutions Pu®* <> U*" and (Np™*, Pu’") & U**
are likely to occur in most U®* structures.” Later, Buck et al. (1998) confirmed the prediction by
finding Np incorporated into dehydrated schoepite. Therefore, it is reasonable to assume that
during the process of CSNF dissolution some of the Np will be segregated into the secondary
schoepite. Assuming Np enters schoepite with the same Np/U ratio as in the CSNF, then
schoepite precipitation reaction would be:

U0, + 0.00044 NpO," + 3H,0 = Np-bearing Schoepite + 2H"  (14)
Although it is believed that Np can also be incorporated into tertiary uranyl minerals,

such as uranophane, soddyite etc. (Burns et al., 1997), it is yet to be confirmed by laboratory
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analysis. Thus, two possible hypotheses are considered: Hypothesis-1 assumes that Np does not
incorporate into tertiary minerals and Hypothesis-2 assumes that Np incorporates into tertiary
minerals congruently with U. For example, in Case-1, the uranophane reaction is
Ca™ + 2 SiOy(aq) + 2 UO,** + 4 H,0 = Uranophane + 6 H* (15)
while in Case-2, the reaction is:
Ca"™ + 2 SiOa(aq) + 1.99912 UO,*" + 0.00088 NpO,* + 4 H,0 = Uranophane + 6 H" (16)

Hypothesis-1 and Hypothesis-2 were implemented into the reactive-transport model of
spent fuel dissolution described in Section 3, and the simulation results are presented in Fig. 7.

Fig. 7A shows [U], [Np], and F. at the exit for Hypothesis-1. Over the period of 10,000
years, [Np] at the exit remains nearly constant of 1.0E-6 mol/kg. In contrast, [U] decreases with
time. The steep decrease in [U] happens at about 100 years, when CSNF is totally consumed.
Compared to the Np solubility (4.28E-5 mol/kg) predicted by Np,Os model for comparable
conditions, [Np] yielded by Hypothesis-1 is about 40 times lower. However, it is still about two
orders of magnitude higher than Np concentration measured in spent fuel experiments (Finn et
al., 1994; Wilson, 1990a, 1990b). On the other hand, over the same time period, F. increases
from less than 10 to over 100. The value and the trend of F. do not match what have been
observed in drip-tests (Chen, 2001), where F. fluctuates around 1.0 and damps to 1.0 as time
increases.

Fig. 7B is for Hypothesis-2. Like [U], [Np] decreases over the 10,000-years period,
except for the very beginning. Before the disappearance of CSNF, [Np] is about 1.0E-7 mol/kg.
After that, [Np] is about 1.0E-8 mol/kg. These values are closer to experimental measurements
than that for Hypothesis-1. On the other hand, F; remains constant of 1.0, which is consistent

with laboratory observations (Chen, 2001).
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Therefore, based on the comparison between the predicted and measured Np
concentrations and time evolution patterns of F, it is reasonable to infer that Case-2 is more
likely. In other words, Np incorporated not only into schoepite, but also into tertiary uranyl
minerals is a better explanation for the observed Np concentrations and F. behaviors with time in
drip test.

7. Conclusions

A reactive-transport model for spent fuel dissolution and secondary phase precipitation
has been constructed and validated by comparing modeling predictions against laboratory
experiments and natural analogues. Based on the concept of Np incorporated into uranyl
minerals, the model not only predicts a lower Np source-term than that given by conventional Np
solubility models, but also produces results which are consistent with laboratory measurements
and observations. Moreover, two hypotheses, whether Np enters tertiary uranyl minerals or not,
have been tested by comparing model predictions against laboratory observations and the results
favors Hypothesis-2. It is concluded that this non-conventional approach of source term
evaluation not only eliminates some over-conservatism in conventional solubility approach, but
also gives a realistic representation of the system of interest, which is a prerequisite for truly
understanding the long-term behaviors of the proposed repository. Therefore, it is a very
promising alternative approach for source-term evaluation
Acknowledgements-This work was supported by the U.S. Department Of Energy Yucca
Mountain Site Characterization Office under contract #DE-AC08-01RW12101. The author
would like to thank Patrick V. Brady for his review and Bechtel SAIC Company, LLC
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Fig. 1.

Fig.2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Schematic of a waste placement draft.

Schematic of the simulation configurations. Water enters the waste package

from the top, exits at the bottom, and reacts with SF while flows through it.

Calculated CSNF volume (A) and dissolution rates of CSNF (B). The Y-axis is
the depth into the column shown in Fig.1. 3A shows CSNF was totally consumed
in about 100 years of dissolution. 3B shows the dissolution rate of CSNF varies

less than 15% with time and space.

Volume profiles of secondary minerals. (A) schoepite, the major secondary
minerals, precipitates almost uniformly throughout the WP, except for the top
portion; (B) uranophane precipitates mainly at the top of WP; (C) soddyite
precipitates similarly to uranophane; (D) only trace amount of Na-boltwoodite

precipitated.

Paragenetic sequence of secondary uranyl minerals observed in the simulation
results. Dashed line indicates meta-stable phases. Uranophane is the most stable

uranyl mineral in the simulation.

U(total) concentration, pH, Np(total) concentration, and concentrating factor (Fc)

of Np at the exit as functions of time.

U(total) concentration, Np(total) concentration, and concentrating factor (Fc) of Np at

the exit as functions of time for Case-1 (A) and Case-2 (B).
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Table 1. Incoming Water Composition and Gas Fugacities

pH 825

Al (molality) 1.00E-8
K (molality) 1.29E-4
Mg (molality) 1.47E-7
Si (molality) 1.36E-3
Na (molality) 1.99E-3
Cl (molality) 2.01E-4
Ca (molality) 9.44E-5
U* (molality) 1.00E-10
Np? (molality) 1.00E-14
Logfbog (bars) -3.0
Logfp, (bars) -0.7

# U and Np concentrations are arbitrarily assumed low.




Table 2. Equilibrium Reactions Considered in Simulations

Aqueous Equilibrium Reactions

H,0=H +OH

CO,(aq) + H,O=H" + HCO5

HCO:;- = H+ + CO3“

HSiO3- + H-‘i SIOz(aq) + Hzo

CaCOs(aq) + & =Ca " + HCO;

CaHCO;" = Ca + HCO;5

NaCO; +H™ =Na’ + HCO;

NaHCO,(aq) = Na® + HCO;

NaCl =Na™ + CI

NaHSiOs(aq) + H' = Na’™ + SiO,(aq) + H,O

UO,(CO5);™ + 3H =UO,” +3 HCOy

UOz(CO:;)z“ + 2H+ = IJOZ++ +2 HCO3-

UO,(CO;) (aq) + H' =UO,” + HCO5’

UO,(OH), + 3H° = U0, + 3H,0

UOLOH), (aq) +2H = U0, + 2H,0

UOy(OH)” + H =UO, + H,0

Np(OH)yq + H™ = Np(OH);” + H,0

Np(OH)s + H' = Np(OH)aeg T HZ0

NpO," +4 H,0 = Np(OH)s + 3H" + 0.50,(aq)

NpO,(OH)" + H™ =NpO, + H,0

Np02(CO3)2“ + 2H+ = Np02H +2 HCO:;-

NpOZ(CO:;):;““ + 3H = NpOZH +3 HCO3-

NpO,(OH) (aq) + H =NpO, + H,0

NpO»(COsy + H' = NpO, + HCO;

NpOZ(CO3)2“. + 2H+ = Np02+ +2 HCO:;-

NpO;' + 3.5 H,0 = Np(OH)s + 2 + 0.250,(aq)

NpO,(CO,);~ + 3H" =NpO, +3 HCO;

Gaseous-Aqueous Equilibrium Reactions

CO,(g) + H,O=H +HCO;y’

Oq(g) = Os(aq)




Table 3. Solid Reactions

Solid Reaction Log K™
Source
Spent Fuel UO, +2H + 0.5 0,(g) =UO, +H,0 (Uraninite)
U0, EQ3/6
Uranophane Uranophane + 6 H = Ca™ + 2 SiOx(aq) + | Nguyen et al.,
Ca(UO,),(Si0:):(OH), | 2UO,™ +4 Hy0 1992
Schoepite (Schoepite) + 2H™ =UO, " 3 H,0 EQ3/6
UO0s:2H,0
Soddyite: Soddyite +4 H = SiO(aq) +2 UO, Nguyen et al.,
(U02)2(8i04)2H20 + 4 Hzo 1992
Na-Boltwoodite Na-Boltwoodite + 3 H™ = Na' + SiO,(aq) | Nguyen et al.,
NaH;0U0,Si04:H,0 + UO,™ +4H,0 1992




Table 4. Rate Constants of Solid Dissolution

Spent Fuel Schoepite Soddyite Uranophane Na-boltwoodite®
ko (mol/m’-sec) 0.00137 6.3E+6 6.8E+8 5.56E+35 2.0E+12
E, (J/mol) 29697 0 0 0 0

* The rate constant for Na-boltwoodite is estimated based on the uranophane data.




Comparison of the Modeling Results and Observations

Phenomenon

Modeling Results

Lab Observations

Comments

Dissolution Rate of

The dissolution rate of

“either that the reaction pathways have been

The modeling results and laboratory

CSNF spent fuel varies less than | constant during this time or that the contribution observations match each other quite well.
15% with time and space. from multiple reaction pathways has not varied
over time" (Finn et al., 1998)
CSNF is totally consumed “*T¢ release fraction should reflect the minimum The predicted average dissolution rate of
in about 1,000 years. In matrix dissolution rate” (Finn et al., 1998) and “0.03 | CSNF is of the same order of magnitude
other words, more than of the total *Tc inventory has been released after as the observed rate, but lower by a factor
0.1% spent fuel dissolves 3.7 years of reaction” (Finn et al. 1998) That is, of 8. The lower dissolution rate in the
each year. 0.81% spent fuel dissolves each year simulation is caused by the lower
temperature (70°C) used in the simulation.
Abundance | Schoe | Schoepite is the major “dehydrated schoepite is the dominant alteration The model calculation and laboratory
and -pite secondary phase and phase” (Wronkiewicz et al., 1992) observations match each other very well.
Distribution distributes evenly in the
of waste package.
se_condary Urano | Uranophane mainly “Uranophane is the most common phase observed | The simulation correctly reproduces the
minerals -hane | precipitated at the top of the | on the top surface... but is conspicuously absent same phenomenon observed in the
WP. from the sides and bottoms of these samples” experiments. They reflect the mechanism
(Wronkiewicz et al., 1992) that the rapid precipitation of uranophane
consumes Ca in the incoming water.
Soddy | a small amount (< 0.5%) of | “Soddyite has been identified as a minor alteration | The modeling result matches well with the
-ite soddyite has been product” (Wronkiewica et al., 1992) lab observation.
precipitated.
Paragenetic The paragenetic sequence | Wronkiewicz (et al., 1992) summarized the The good match in paragenetic sequence
Sequence of secondary uranyl phases | paragenetic sequence of drip-tests as uranium between simulation results and laboratory
is schoepite (uranium oxide | oxide hydrates->soddyite->uranium alkali silicate. and field observations suggests that the
hydrate)->soddyite- Murphy. (1997) also gives a similar paragenetic model qualitatively reproduce the
>uranophane (uranium sequence of uranyl minerals at the natural analog replacement relations among uranyl
alkali solicate); site at Pena Blanca minerals.
Water pH | As shown in Fig. 5, the pH “the pH (of the dripping water) was 8.4” (Finn et al., | The simulation correctly reproduces the
Chemistry at at the exit first decreases 1994) “the leachate had a pH of 6.0 at 57 d(ay) and | trend of pH changes, though the modeled
Exit first and followed by an 6.3 at 120 d” (Finn et al., 1994) change is smaller.
increase. The change is
quite small, from 8.2 to 7.6;
U Total concentration of U at | The average U concentration of the leachate The calculated U concentration matches
the exit is between 10° =10" | reported by Wronkiewicz (1992) is 3.2 pg/ml = the experiments very well.
* mol/kg. 1.34x10"° mol/kg.




