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ABSTRACT

To evaluate the source term for low-level waste disposal, a comprehensive model had
been developed and incorporated into a computer code, called BLT ¢_Breach-I_,each-
Transport). Since the release of the original version, many new features and improvements
had also been added to the Leach model of the code. This report consists of two different
studies based on the new version of the BLT code:

1) a series of verification/sensitivity tests;
2) benchmarking of the BLT code using field data.

Based on the results of the verification/sensitivity tests, we concluded that the new
version represents a significant improvement and it is capable of providing more realistic
simulations of the leaching process. In addition, we found that the predicted releases are
sensitive tc) newly introduced parameters, such as the distribution coefficient pertaining to

rinse release (Kp), and therefore, the input values of these parameters must be considered
carefully.

Benchmarking work was carried out to provide a reasonable level of confidence in
the model predictions. In this study, the experimentally measured release curves for nitrate,
technetium-99 and tritium from the saltstone lysimeters operated by Savannah River
Laboratory were used. The model results are observed to be in general agreement with the
experimental data, within the acceptable limits of uncertainty. The results also support the
concept that for soluble species, such as those under study, diffusion is the controlling
release mechanism from large porous monolithic wasteforms. Furthermore, the results
demonstrate that under certain conditions, 2-D approximations can be used to adequately
simulate real release in three dimensions.
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EXECUTIVE SUMMARY

The BLT (Breach-Leach-Transport) computer code was developed as a product of
the low-level waste source term model development project at Brookhaven National
Laboratory. In this code contaminant release and transport are calculated in the aqueous
phase as a function of water flow rate, container degradation, wasteform leaching and water
phase transport.

Water flow rate and moisture content are estimated using the two-dimensional
unsaturated flow code FEMWATER. The output of FEMWATER is used by BLT in
predicting contaminant releases from the disposal facility. BLT contains modules to predict
container failure (_B_reach), wasteform release (.__Leach), and radionuclide migration
(_Transport).

The breach model used to estimate container performance considers local and
general degradation processes. The local degradation process model uses an empirical
correlation based on data for pitting corrosion of carbon steels in soil environments. This
model allows penetration of a small fraction of the container at earlier times than general
corrosion and consequently earlier releases. The general degradation process is assumed
to occur at a constant rate. Therefore, the time of failure is the container thickness divided
by the degradation rate. After failure, the container no longer provides a barrier to water
flow.

The wasteform leaching model simultaneously considers three possible release
mechanisms: surface rinse, diffusion, and dissolution. Releases from the wasteform are

directly coupled with the concentration in the contacting solution using a mixing cell model.
This model assumes that within a single mixing cell, the solution concentration is uniformly
distributed. This coupling allows solution feedback effects (solubility limits, partitioning
effects, and reduction in the concentration gradient for diffusion) on wasteform release to
be directly calculated.

Radionuclide transport is calculated using a modified version of the two-dimensional
finite element code FEMWASTE. Processes modeled include advection, dispersion,
diffusion, radioactive decay, retardation, and production (i.e., the source due to release from
the wasteforms).

A number of improvements have been made to the BLT code since its first release
in 1989. These improvements include a finite difference model for predicting wasteform
release, a rinse release model which includes partitioning between the wasteform and the
solution via a distribution coefficient, and the ability to calculate release based on the
processes of surface rinse, diffusion, and dissolution.
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The new version of the BLT code was subjected to verification and sensitivity tests
to examine the relative influence of wasteform release rate parameters on performance and
to identify the interactions between different release parameters. We investigated the
effects of the following factors on release from the wasteform:

(1) solubility limit;
(2) wasteform distribution coefficient;
(3) wasteform diffusion coefficient;
(4) stacking waste containers;
(5) moisture content;
(6) number of finite difference cells;
(7) time step size; and
(8) wasteform size.

The results of these tests verified that the models were working as intended and
identified the distribution coefficient, diffusion coefficient, and solubility limit as important
parameters for defining wasteform releases.

To provide confidence that the BLT code can reproduce field scale experimental
results, a benchmarking exercise was performed. The BLT code was used to model the
Saltstone lysimeter experiments conducted by Savannah River Laboratory. Model
predictions were compared to experimental data for release of nitrates, technetium, and
tritium from the bottom of the lysimeters. The BLT predictions matched, within reasonable
limits of uncertainty, the breakthrough time and release curves of these species.
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1. INTRODUCflON

The U.S. Nuclear Regulatory Commission (NRC) is responsible for regulating and
licensing low-level nuclear waste disposal facilities. NRC's regulation, 10 CFR Part 61,
specifies that the facilities must be capable of being characterized, modeled, analyzed and
monitored. Pertaining to this regulation, accurate performance assessment modeling is
currently one of the important technical issues in licensing new waste disposal facilities.
Therefore, the capability of predicting accurately the rate of release of radioactive species
from the wasteform is essential. To achieve this, Brookhaven National Laboratory (BNL)
has developed a general computer model - BLT (Breach-Leach-Transport) - to calculate
the release of radionuclides from low-level waste disposal facilities.

1.1 Overviev, of the BLT Model

The FEMWATER/BLT code package consists of four modular compartments which
model:

1) water flow through the disposal facility (typically, a shallow burial trench);
2) corrosion and subsequent breaching ofwaste containers (Breach module);
3) leaching of radionuclides from the wasteforms (Leach module); and
4) transport of radii)nuclides tct the trench boundary (Transport module).

For the first modular compartment, modeling water infiltration into the trench region
is accomplished by u_ing a modified version ttf the 2-D finite element saturated/unsaturated
groundwater flow code, FEMWATER, [Yeh, 1087] which was developed by Oak Ridge
Nati,)nal Laboratory. FEMWATER calculates the hydraulic head distribution, water flow
rate arid moisture content according to the geometry, boundary conditions, and hydraulic
properties of the materials, including the porous wasteforms and the surrounding soils. Its
output is then used as a part t)f the input for the BI..T code, which contains the remaining
three m¢)dular ct)mpartments, namely, Breach, Leach and Transport.

The Breach module considers general and local failure of the containers. The time
()f general failure is estimated by the container thickness and corrosion rate. "l]ae amount
¢)farea breached by Ic_calcorrosion is calculated based on the correlations of m_Lximum pit
depth wlth soil plt, sc)il aerJtion, moisture content, and clay fraction, using data from the
National Institute of Stanttards and Technolog), (formerly, National Bureau of Standards)
experiments. The results are used subsequently by the Leach module in two ways: first, tc)
determine whether leaching can occur, and second, tc) control the rate of leaching when it
does.

In the original version of the wasteform leaching compartment (I.each module), three
processes are considered - the diffusi¢_n of chemical species through the pores within the
wasteform, the dissolution of the wasteform, and the surface rinse, by which chemical species



on the surface are "washed off". Diffusion within the wasteform is modeled using analytical
solutions of the diffusion equation with the effective diffusivity approach. For the
dissolution of the wasteform, first-order kinetics is assumed, i.e., the rate varies linearly with
the degree of saturation. For the surface rinse process, the chemical species on the surface
are "washed off" instantaneously, limited by only the solubility of the chemical species in
water. Ali three release mechanisms are calculated independently and summed, but the
total release is s,zaled down linearly by the amount of container corrosion if the container
has not yet completely failed. The wasteform release is coupled to the mass transport
equation through the source and sink term.

Finally, the Transport module solves the advection-dispersion equation using the
computed release from the Leach module as the source term, and the water flow velocity
from the water flow module (FEMWATER).

1.2 Recent Improvements and Modifications of BLT

The original version of the BLT code was completed and tested in 1989 [Sullivan and
Suen, 1989]. Subsequently, a number of model refinements and improvements have been
added. The major changes are:

Finite difference/mixing cell solution of the diffusion equation. The diffusion
model in the original Leach routine contains analytical solutions of the diffusion
equation in one or two dimensions. These solutions are strictly applicable to
situations with very specific types of boundary conditions. For real cases, these
analytical solutions may not accurately predict the actual diffusion release. The
current code incorporates the capability of solving the diffusion equation
numerically using the finite difference method, therefore, allowing diffusion to be
coupled directly with the concentration of leachant in the volume immediately
associated with the wasteform, which is referred to as the mixing cell. This should
provide a more realistic and more accurate estimate of the release rate. The finite
difference model has been verified against the analytical solutions [Sullivan, 1991].

Rinse release based on a partitioning model. In the original rinse model (in the
Leach module), an instantaneous total "wash off" of surface species is assumed,
although the actual amount of rinse release is limited subsequently by the solubility
(saturation limit) of the particular species. This assumption may overestimate the
rinse release. In the current code, a constant partitioning between the solid
(surface of wasteform) and the liquid (leachate in the mixing cell) is used as a
generalization of the total wash off model.

Simultaneous solution for ali three release mechanisms, namely, diffusion,
dissolution, and rinse. The original BLT code treats them independently and then
combines all releases into the mixing cell. The current version of BLT couples the
three mechanisms by means of the concentration in the mixing cell. This allows



interplay among the different release mechanisms, such as solution feedback on
diffusion release.

1.3 Objectives of this Study and Methodology

This report consists of two parts. The first part (Chapter 2) _]escribes the results of
verification and sensitivity tests performed on the new version of the BLT code. The second
part (Chapter 3) describes the results of benchmarking of the code against data from
lysimeter experiments which were carried out by Savannah River Laboratory.

1.3.1 Verification and Sensitivity Tests

The new version of the BLT code should be subjected to more verification and
sensitivity tests because of the modifications since 1989. A significant amount of preliminary
testing has been carried out in conjunction with code development [Sullivan, 1991].
However, comprehensive tests on the new Leach routine had not been performed. The
objectives of the current tests are:

(1) To verify the new Leach routine (Subroutine LEACHFD);

(2) To examine the relative influence of release rate parameters, and to identify the
significant factors as well as the interactions among these factors.

These objectives were accomplished by executing the new version of the BLT code
systematically, using a number of test cases with a range of values of input parameters and
under different hydrologic conditions. The results were examined. Comments, conclusions
and recommendations are presented in Chapter 2 of this report.

1.3.2 Benchmarking BLT

The objective of the benchmarking work is to provide a reasonable level of
confidence in the model predictions. This can be achieved by demonstrating that the model
predictions can match the real data within acceptable limits of uncertainty.

Initial benchmarking work was carried out with limited data from lysimeter
experiments performed by Pacific Northwest Laboratory [Jones et al, 1988]. The results
were reported in our previous report [Sullivan, 1991].

In this study, the data from the saltstone lysimeters tested by Savannah River
Laboratory were used. The predictions of nitrate, technetium-99 and tritium releases were
made using the new version of BLT. Outputs were calibrated against the actual lysimeter
data by adjusting various input parameters. Results are presented in Chapter 3 of this
report.



2. VERIFICATION AND SENSITIVITY TESTS

This chapter describes various test conditions and results of test runs which were
performed on the new version of the BLT code. Other verification and sensitivity tests had been
performed and reported previously [Suen, 1989; Sullivan, 1991]. In this study, we focused on
the new features of BLT and conditions which we had not previously investigated.

2.1 General Setup and Test Conditions

Similar to the verification tests previously performed for the original version of BLT
[Suen, 1989], a domain with uniform, homogeneous and isotropic hydraulic properties, and with
a simple and regular geometry_ was used for ali test cases in this study. This ensured that the
water flow was uniform and easily predictable, and there were no unnecessary geometric effects.

In this study, the simulation domain has an area of I00 m2 divided into 100 1 m-square
elements and 121 nodes (Figure 2.1). Material properties used were based on the values for
undisturbed soil in Table 6.1 of one of our previously published reports [Sullivan, 1989]. Two
steady-state simulations of water flow were carried out using the modified FEMWATER code.
For water flow simulations, the top boundary, was a prescribed flux boundary ("Cauchy"
boundary condition, as defined in [Sullivan, 1989]) with a constant flux equivalent to: (1) an
average infiltration of 127 cm per year to simulate an extremely wet climatic condition _, and
(2) an average infiltration of 20 cm per year to simulate a drier climatic condition. The bottom
boundary, was a prescribed head (Dirichlet) boundary where the water table (at which pressure
head, _k = 0) was held constant. The left and the right sides were zero flux boundaries. (See
Figure 2.1). Zero flux boundaries represent a symmetry plane at which the net flow into the
modeled domain is zero.

To test the new version of BLT, time variant simulations were carried out, using
increasing time intervals from 1 (first time-step) to 37 (last time-step) years and a total
simulation time up to 756.66 years. A zero flux condition was applied to all boundaries except
the bottom where the concentration is held at zero at ali times (Dirichlet boundary condition).
The zero flux condition prevents mass from entering or leaving the system at these boundaries.
A radioactive source of 2 grams was placed in each wasteform, equally distributed between the
masses available for surface rinse and diffusion releases. Dissolution release was not simulated

because the latest modifications are expected to have the least direct effect on dissolution.
Furthermore, the interrelationship between diffusion and dissolution rates had already been

1 The infiltrationrate of 127 cm per year is used to simulatethe extreme wet conditiononly for the purposeof
testing, lt is not consideredto be a typicalvalue for any real existingor planneddisposalsites.
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examined and reported in our previous topical report [Sullivan, 1991]. To avoid the
unnecessary super-position of other secondary effects on the final release results, values of a few
other parameters were set to avoid complications introduced by parts of the model not relevant
to this study. In summary,

• the decay constant was assigned a value of zero, i.e., no decay,

• the container thickness was set at a very low value (101° m), i.e., no container,

• the concentration at saturation (C_:,t)was set to 1, i.e., no practical solubility limit,
except in those cases described in Section 2.2.1, in which the effect of solubility
limit on release wal tested.

Values of other parameters used in the tramsport module of BLT are similar to those used in our
previous tests [Sullivan, 1989; 1991]. These parameters are relatively unimportant in this
current study, because our goal is to test the new leach routine, and not the transport module.

2.2 Description of Test Results

In the current study, our approach was similar to that used in our earlier work on the
original version of BLT [Suen, 1989]. We examined the influence of specific parameters by
repeating runs while varying the parameter under study, and by disabling unwanted models with
the appropriate choice of input parameters. We then examined the results according to our
understanding of the model processes and their interrelationship. We searched for possible
errors, if results did not meet our expectations or they were not comparable to our estimations.
During these tests, a few very minor errors were discovered and corrected.

In this study, we investigated the effects of the following factors on release from the
wasteform:

(1) solubility limit;
(2) partitioning on rinse release;
(3) the wasteform diffusion coefficient2;
(4) stacking waste containers;
(5) changing moisture content;
(6) number of finite difference blocks on diffusion release;

2 There are two different diffusion coefficients in the input parameters for BLT: (I) The effective diffusion

coefficient within the porous wasteform, lt is a leach parameter used by the LEACH module to calculate release
rate from the wasteform. In this report, the term -- wasteform diI"fusion coefficient --- is used to denote this
parameter. (2) The effective diffusion coefficient of the surrounding porous media (e.g., soil), lt is a parameter
used by the finite element TRANSPORT module to calculate dispersive transport, in this report, the term
transport di[fitsion coe[ficient _ is applied to this parameter.



(7) size of time increments;
(8) size of the wasteform.

2.2.1 Solubility Limited Release

Seven simulations were carried out with a range of solubility limits (concentration at
saturation, C_at= 1, 10t, 102, 103, 104, 10-5,and 10.6 g/cm3). In this case, the solubility limit
refers to the solubility in solution of the radionuclide under study. To isolate the effect, the
diffusion release was practically shut off by using a very small value of wasteform diffusion
coefficient (D = 10-_°cm2/s). Mass available for dissolution release was also set to zero. In
each case, a single wasteform was placed in the middle of the domain (element no. 45 in Figure
2.1), and the same water flow and moisture content values were used.

Examples of results of rinse release under the wet climatic condition (average infiltration
= 127 cm/yr) are shown in Figure 2.2. Except for the two cases with the two smallest C,..,t
values, ali (four) release curves are similar. This is specially true for the three cases with
highest C_,tvalues (upper three curves in Figure 2.2). Since the release mass is proportional to
(1 - C.,/C,,t) for C, < C,,,, (where C, is the concentration in the leachate), the solubility limit has
negligible effect on release for these three cases, because the ratio C.,/C,,lt < < 1. For the
remaining four curves (C,,,, < 10-4 g/cm3), the release is controlled by the (1 - C,/C_,t) factor.
For small Cs_t values we observe near straight-line release curves. In this case, the leachate
concentration remains constant and is limited to a maximum value equal to that of C_at. This
observation is consistent with results reported previously [Suen, 1989].

2.2.2 Effects of Partitioning on Rinse Release

In the current version of BLT, a constant wasteform distribution coefficient, 3 Kp , is
applied to determine the ratio of the concentration on the surface of the solid wasteform to that
in the mixing cell. This model has been described in a previous report [Sullivan, 1991].
Partitioning will occur for contaminants bound to the surface of the wasteform by chemical
processes, for example ion-exchange resin wasteforms.

To test the effects on rinse release, a rinse-only test case was run. For this test case, we
turned off diffusion with a fictitiously low wasteform diffusion coefficient (D = 10.20cm2/s) and
we set a fictitiously high solubility limit (C,_t = 1) m so high that solubility does not limit
release. For this test, a total of five wasteforms, each with a different value of Kp, were placed
in a horizontal row near the middle of the 10 x 10 mesh. These wasteforms had a dimension

3 There are two distributioncoefficientparametersin BLT: (i) the effective wasteform distributioncoefficient
whichis usedby the Leachmodule incalculatingreleasesfromthe wasteform. (In this reportthe term wasteform
distributioncoefficientand the symbol Kpare used to identifythis parameter);and (2) the effective distribution
coefficientof the surroundingporous media which is used by the Transport module. (In this report the term
transport distributioncoefficientand the symbol Kd are used for this parameter.)
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of 50 cm x 50 cm, and each contained 1 gram mass available for rinse release. The test was
run under the extreme wet climatic condition (high infiltration rate).

Figure 2.3 shows the curves of cumulative rinse release versus time for/Cp = 0, 0.1, 1,
10, and 100. When Kp is zero, all the mass available for rinse release enters into the ieachate
in the mixing cell. Therefore, rinse release is instantaneous and this corresponds to the previous
rinse model found in BLT. As shown in the plot, the cumulative rinse release curve for Kp = 0
is constant at 1 gram (complete release) after the first time-step.

At the opposite extreme, when Kp has a large value, fractional release at each time-step
would be small because only a small ratio of the available mass can be transferred from the solid

(wasteform) to the liquid (leachate). This effect is illustrated by the release curve for Kp = 100
(Figure 2.3), which shows minimal release (less than 1%) in the first 66 years.

From Figure 2.3, we can also observe that as the value of Kp decreases, the
corresponding release rate increases as expected. In addition, the fractional release rate
decreases as the source becomes more depleted with time. Theoretically in the absence of
radioactive decay, ali cumulative fractional release, (CFR), curves for/Cp > 0 can be expressed
in terms of an infinite geometric series which is asymptotic to CFR = 1 as t---, ao. This

behavior is demonstrated by the curves in Figure 2.3, especially by those curves for Kp = 0.1
and Kp = 1.

Results from this test indicate that the rinse release rate may be very sensitive to the

value of Kp. These examples demonstrate that even a small value of Kp (0.1) can significantly
delay release over a period of 20 years as opposed to an instantaneous release, Kp = 0. Though
the release rate depends on the value of Kp, it is also a function of the ratio of the mixing cell
water volume to the total mass (i.e., volume x density) of the wasteform, and the waterflow rate.

2.2.3 Effects of Changing Diffusion Rates

The current version of BLT couples diffusion with the dissolution rate and the mixing
cell concentration. The relationship between diffusion and dissolution was examined in terms
of a dimensionless parameter in Sullivan, 1991. In this study, with dissolution turned off, test
cases were run to investigate the effects of changing diffusion rates on rinse release with a small
distribution coefficient. For these test runs, the solubility limit was set so high (C_t = 1) that

solubility did not limit final release. For all cases, Kp was given a constant value of 0.1. This
constant ratio was applied in every time-step before any leachate was withdrawn (i.e., mass was
released). As a result, the rinse release rate can be affected by the rate of the other mechanisms,
namely, diffusion and dissolution. Under certain conditions (high rates of diffusion and
dissolution, low leachate renewal frequency), the rinse release can be negative, i.e., masses
released by diffusion and dissolution can be adsorbed onto the surface of the wasteform
preventing their release as the source term.
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Figure 2.3 Cumulative rinse release vs. time, showing the effect of varying the distribution

coefficient, Kp, between the leachate and the surface of the wasteform. In this
test case, the ratio of the volume of the mixing cell to that of the wasteform is

1:4 (V,/Vw_ = 1/4). The mass available for rinse release is 1 gram.
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In these tests, the wasteform diffusion coefficient D varied from 10 -4 to 10.8 cm2/s under
both high and low infiltration rates. 4 Only the release curves for the high infiltration rate are
shown in Figure 2.4. As expected, the diffusion release rate increases with the increase of D.
The lower curves in this figure are nearly parallel, and for every two orders of magnitude
increase in D, the release rate increases approximately one order of magnitude, except when the
cumulative release approaches the available mass limit and source depletion starts to take effect.
This observation is identical to what we have reported previously on test mns of the original
version of BLT, which uses only analytical solutions of the diffusion equation [Suen, 1989]. In
the current tests using numerical solutions, we expect an additional feedback effect resulting in
a slow down in the release rate. This is due to an increase of the concentration in the mixing
cell. However, because of the high leachate renewal frequency, when the fractional release is
low (as in the case of the lower two curves), this effect is negligible.

In Figures 2.5a and 2.5b, the rinse (with partitioning) release curve is shown in relation
to the diffusion release curve of the same test case in order to see the effect of one on the other.

Figures 2.5a and 2.5b correspond to the two cases in Figure 2.4 in which D = 10.8 and 10.5
cm2/s, respectively, lt is important to note that in Figure 2.5a, the upper curve is rinse release
and the lower curve is diffusion release, while in Figure 2.5b, the opposite is true. Although
the rinse release curves for both cases are similar in shape and magnitude, the case with a higher
diffusion rate (Figure 2.5b) demonstrates the effect of another relatively rapid release mechanism
(either diffusion or dissolution or both) on the rinse (w/partitioning) release rate. In this case,
the initial diffusion release is many times higher than the rinse release (Kv = 0.1). Therefore,
the rinse release rate is depressed relative to that of the case with a lower diffusion rate (shown
in Figure 2.5a). Figure 2.5c compares the rinse release curves of the two cases on the same
graph. The reason for the relative depression of the rinse release rate for the case with a higher
D is because during the initial period of leaching (30--50 years), as diffusion rapidly releases
mass into the leachate, it limits the amount which can be released by the surface rinse
mechanism due to the application of the constant distribution coefficient. After the initial period
(50 years) as the diffusion rate slows down, the competition effect eases and the rinse curve
recovers. Consequently, the two curves in Figure 2.5c meet at approximately 70 years.

In addition to the relative depression of the rinse release curve due to rapid diffusion, we
also observe a decline of the curve after the first time-step. In fact, the amounts released in the
first time-step are identical for the two curves in Figure 2.5c. This first decline of the depressed
curve is artificially amplified because of the discretization in time. This effect is caused by the
fact that the LEACHFD routine calculates partitioning based on the concentration at the
beginning of the time-step (i.e., the value from the last time-step), which is zero for the first
time-step in both high D and low D cases.

4 The high D value of 10.4 cm2/s is fictitious, lt is used here only as an extreme case for the purpose of code
testing, and it does not resemble any real values.
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for diffusion release is 1 gram. For the purpose of experiment, a fictitious high
value of D = 10-4cm2/s is used as the upper bound of the range of values.
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During the first few time-steps, r_nse release can be negative as represented in the
case identical to that of Figure 2.5b but under the dry climatic condition (Figure 2.5d). This
negative release is more pronounced in a dry case than a wet one because the volume of
liquid in the mixing cell is smaller, and thus the concentration becomes higher, increasing
the partitioning effect. In this case, for the first 5 years the model predicts that the
wasteform surface absorbs mass released by diffusion instead, thereby, reducing the effective
diffusion coefficient.

2.2.4 The Effect of Stacking Waste Containers

In a typical waste trench or other similar disposal facilities, such as an earth mounded
bunker or an underground vault, waste containers are likely to be stacked and placed one
on top of the other co optimize space usage. For such configurations, we expect to see
variations in composition of the incoming water entering the different breached containers
depending on the relative position within the stack. The top container would receive
relatively clean water mainly from surface infiltration, while the containers below would
receive water which also consists of the leachates from the breached containers higher in
the stack. This contaminated water ("dirty water") may already contain a high concentration
of radioactive species which would slow down the rate of leaching due to the rinse, the
partitioning, the dissolution and the diffusion processes. The BLT model should be capable
of simulating this effect.

To test this, we conducted three test runs - Cases 1, 2 and 3 - under identical flow

and transpor', conditions. In Case 1, we placed a single wasteform near the center of the
finite element mesh (Element No. 44). In Case 2, an additional wasteform was put on top
of it (Element No. 45). In Case 3, one more was added to the top (Element No.46) with
a total of three wasteforms stacked in a column (Figure 2.6). Each wasteform was allocated
a source of 1.8 grams available for rinse release.

For these tests, we used the wet climatic condition (a net infiltration of 127 cm/yr)
and a constant time step of one year. To better identify the cause and the effect, we applied

a simple test condition with the distribution coefficient set to zero (Kp = 0) and an arbitrary
low wasteform diffusion coefficient of 10.20cm2/sec. The application of such values basically
eliminated the effects of partitioning and diffusion, and rinse release was the only controlling
process. Therefore, the results would show th,- effects of stacking containers on the rinse
release p_ocess alone.

The saturation concentration (C,_,) was set to a low value of 10-5g/cre 3, so that the
leachate in the mixing cell would be saturated. The available mass for rinse in these tests
was set to 1.8 grams, which effectively set the upper limit for the cumulative release curves
(Figure 2.7). The values of transport parameters used in these tests can be tbund in Table
2.1.
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Figure 2.6 Finite element mesh used to test the effect of stacking waste containers on rinse
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Figure 2.7 Cumulative release from Element 44 (the bottom wasteform) vs. time, showing
the effect of stacking on rinse release. Case 1 is the control case, with only one
single wasteform. A column of two and a column of three wasteforms were
stacked in Case 2 and Case 3, respectively.

20



Table 2.1 Transport parameters used for
wasteforms and (soil) medium

Distribution Coefficient 0.0

Bulk Density 1.5 g/cm 3

Porosity 30%

Decay Constant 0.0

Molecular Diffusion Coefficient 1 × 10.5 cmZ/s

Tortuosity 0.1

l_xmgitudinai Dispersivity 200 cm

Lateral Dispersivity 40 cm

Note: Computed Darcy Velocity = 4.09 × 10.6 cm/s

Figure 2.7 compares the computed cumulative release from Element No. 44 for ali
three cases. As expected, the release rate decreases as more wasteforms are stacked on top
of it. This "dirty water" effect can be readily examined from the rinse release equation in

the case when Ko = 0:

cs
M_(1- )

C._, (2.1)
S r =

0. V_ a t

where Sr is the rinse mass release rate, M r is the rinse mass available at the beginning of
the time step, C_ is the concentration in solution. Cut is the concentration at saturation,
is the moisture content, Vc_is the volume of the element, and At is the time step. Equation
(2.1) shows that the rinse release rate varies linearly with (1 - CffC_t) and inversely with _.
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Since we are comparing release rates from the same finite element (No. 44), the
moisture content is therefore constant. Therefore, the observed variations in the rinse

release rate must be caused primarily by the presence (or absence) of other wasteforms
above it. The linearity of the three curves in Figure 2.7 also indicates that the leachate in
the mixing cell is at or near saturation. Under this situation, ali the incoming water of the
lower elements would normally be nearly saturated, therefore reducing the rinse release of
the lower finite elements to almost zero. However, the computed rinse release rate is not
reduced to near zero. In fact, the release rate remains quite high, although it is somewhat
reduced by the "dirty water" effect.

This effect is not very pronounced under these test conditions because the saturated
leachate released from the wasteform directly on top is very much diluted by the unusually
high water flow rate (i.e., a high leachate renewal frequency) and also by the dispersion of
the plume to the adjacent regions. Consequently, the bottom wasteform still can receive
relatively unsaturated water (C_ < C_,t) but the water progressively contains a higher
concentration of the contaminant species as it percolates down the stack of wasteforms.

2.2.5 The Effect on Rinse Release due to Variation in Moisture Content

The rate of rinse release with partitioning is a function of the leachate volume in the
mixing cell, which is equal to 0-VS,where 0 is the moisture content, and Vs is the volume
of the mixing cell. Under steady-state water flow conditions, the moisture content depends
on the relative position of the wasteform above the water table (bottom row of nodes). In
this study, we tested this effect by placing five wasteforms in a vertical column (Figure 2.8).
For these test runs, both diffusion and dissolution were turned off, and unlike the previous
tests on the effect of stacking waste containers (Section 2.2.4), the solubility limit was set
high enough so that it would not have any effect. The results under the high and the low
infiltration rates are presented in Figtlres 2.9a and 2.9b, respectively.

The difference in release rate can be attributed tc) the difference in their moisture

content, 0. Under the high infiltration rate condition (Figure 2.9a), the moisture content,
0, of the top waste element (No. 59) is 12.8%, while that of the bottom (No. 55), 13.4%-
an approximately 5% variation in 0. For the same case under the low infiltration rate
condition (Figure 2.9b), the variation in 0 between the top and bottom elements is
approximately 31%. These differences in 0 correspond directly tc) the observed differences
in rinse release rate.

The top element in a vertical column receives cleaner water than the bottom
element, therefore, the observed differences in rinse release rate could also be caused partly
by the "dirty water" effect similar tc) that discussed in the previous section (Section 2.2.4).
Tc) assure that the observed differences are mainly caused by moisture content variations
and not by a partitioning effect, we have carried out a control run using the configuration
shown in Figure 2.10. The results show no significant differences in release between waste
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Figure 2.8 Finite element configuration used to test the effect of varying moisture content,
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Elements containing wasteforms are shaded.
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condition of high infiltration rate (wet).
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Figure 2.9b Cumulative total release from the 5 waste elements in Figure 2.8 under the
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elements (No. 26 and 76) located beneath other waste elements and waste elements (No.
46) not directly under any other waste elements but located at the same elevation.

In addition, we also carried out another control run with ali five wasteforms placed
in a horizontal row. Results from this control run show negligible differences as expected.

2.2.6 Number of Nodal Points in the Finite Difference Solution Procedure

In the finite difference solution procedure of the diffusion equation, the diffusion
length is divided into a finite number of equal-sized grid spacings. For a fixed length, the
number of finite difference nodal points (NFDP) therefore determines the size of each
spacing, which in turn controls the stability and the accuracy of the solution. For the current
version of BLT, this number is not an input parameter, lt is coded into the LEACHFD
subroutine. In our earlier tests, the value for NFDP was 11 (i.e., 10 grid-spacings). In this
study, we varied this number to see whether it is better to increase or decrease this number.
Increasing this number will require more computation time and memory space, while
decreasing it may adversely affect accuracy and stability.

We performed several test runs using NFDP = 3, 6, 11, and 21, a waste element size
of 1 m x 1 m, and a wasteform diffusion coefficient of 10-6 cmZ/s the maximum rate

permitted in the NRC's Technical Position on wasteforms [Lohaus, 1991]. Figure 2.11
shows the cumulative diffusion releases versus time for the test cases normalized to the
release curve for the case of NFDP = 11. Although some deviations are observed, the
differences are small. Doubling the number of blocks in this case (NFDP = 21) would only
produce less than 1% difference in accuracy during the first ten years. Decreasing NFDP
to 6 (half the number of blocks) would create larger deviations (2%) in accuracy.
Therefore, under these test conditions, NFDP = 11 is acceptable. However, if the diffusion
rate is lower, the value of NFDP may need to be changed accordingly.

2.2.7 The Effect of Time-Step Size on Diffusive Releases

In BLT, time is divided into discrete time-steps. Calculations of the mixing cell
model are performed at the end of every time-step. The smaller the time-step, the closer
the simulation approaches an ideal continuous mixing process. For the rinse/partitioning
mechanism, an ideal continuous mixing process would be the most effective in removing
radionuclides from the surface of the wasteform. Since we expect that the mixing process
in reality would be more akin to a continuous process than a discrete one, smaller time-steps
would produce a more accurate prediction.

We tested this effect by changing the size of the time-step (At). For these test runs,
At was held constant during each simulation. Figure 2.12 shows the total release curves
(diffusion and rinse) versus time for _,t = 2, 1, ½, _, and 1/8years. As expected, the total
release is higher with smaller time-step sizes as the effectiveness of the rinse/partitioning
process increases. Under our test conditions (D = 10-6, C_at = 1, and Kp = 0), the curves
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Figure 2.11 Cumulative diffusion release curves vs. time for NFDP = 3, 6, 11, 21. The
release is normalized to that for the case of NFDP = 11.
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Figure 2.12 Cumulative total release vs. time, showing the effect of varying the size of the

time-steps, At.
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of smanJ At's (.', years and I/s years) converge, i.e., they show no significant differences.
However, for the curve of a larger At (2 years), the total release can be a few percent
(< 5%) lower than that of At = V0 years. The percentage difference is more pronounced
(-10%) during the early period whe;n the fractional release rate is high.

In addition to the accuracy consideration, a general guideline for stability requires
that the size of the time-step should lte chosen so that the Coura,,c number, C,, is less than
or equal to one. The Courant number is the ratio of the distance traveled by advection over
a single time step to the width of the computational element. For a typical case, the
Courant number is given by

V _ q, _t (2.2)- g 1
c'-Rt

where R is the retardation factor, ,_t is the time-step size, ,_,r is tile characteristic length of
the element, 17r_is the average linear advection velocity which is equal to the specific
discharge (or Darcy velocity), q,, divided by the volumetric moisture content, 0

From Equation (2.2), it follows that

Z ,: I (2.3)
R

where v is the leachate renewal frequency. In other words, if ',here ;_ t;ttle or no retardation
(R = 1), the time-step sizc should be selected such that the vc_'.me of the liquid in the
element (i.e., leachate in the mixing cell) will not be replaced entirely in one single time-
step.

Similarly, to insure an accurate estimate of diffusion releases, the fractional release
for diffusion should be maintained under lC_ (<0.01) for each time step.

2.2.8 Size of the Wasteform

As the size of the wasteform decreases, the diffusion length also decreases. This
increases the fractional diffusion release rate and enhances the partitioning effect.

Although BLT uses the element size to calculate the water flow volume and the
mi, ing cell size, the diffusion length (L) for the wasteform is an input parameter. In

" another word, the wasteform size for the diffusion release calculation can be varied

independently of element size. To test the effect of changing wasteform size, three test runs
were conducted using the LEACHFD routine (!-D finite difference model) with different!

element sizes, namely, 1 m by 1 m. _ m by _ m, and _ m by _ m and diffusion lengths,
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L = 0.5 m, 0.25 m, 0.125 m, respectively. In ali three cases, we kept a single waste element
at the center of the square mesh, and we also maintained the same concentration by varying
the available mass according to the wasteform volume (i.e, the cross-sectional area of the
two-dimensional element). To keep the test simple, the total mass in the wasteform was
available for diffusion only. The rinse and the dissolution processes were therefore not

considered. There was also no partitioning effect (Kp -- 0) ox" solubility constraint
(C_t = 1 g/ml) for these test runs.

Results of this test are shown in Figure 2.13. The fractional release rate (due to
diffusion alone) increases as the size of the wasteform decreases as expected, lt can also
be observed in this plot that initially before the depletion effect sets in (i.e., before the
curves flatten), the three curves more or less behave similarly on the semi-log plot. That
is, the ratios of cumulative fractional release (release as a percentage of the initial available
mass) between the first and the second, and between the second and the third runs (i.e., the
vertical differences between the curves) are approximately the same. In these test cases the
flow rate is high, this maintains low concentrations outside the wasteform and thereby
minimizes solution feedback effects. Therefore, cumulative fractional release rates vary
linearly with the reciprocal of the diffusion length until depletion effects occur (CFR > 0.2).

2.3 Conclusions and Recommendations

A number of verification and sensitivity tests were conducted on the new LEACHFD
routine. The new version of the BLT code was verified successfully and a few minor errors
were corrected. Based on our test runs, the following conclusions and recommendations can
be made:

(1) No matter what the release rate and the release mechanism are, the value
of the contaminants solubility limit in solution, C_,, puts a final limit on
the total amount that can lye released in each time-step. When release
rates are low and C_, is high, the solubility limit has no effect. However,
when C_, is low, this limit would in,pose a constant total release rate,
generating a straight cumulative t:tal release curve. Therefore, in cases
when the solubility limit is expecteca to have an effect, the accuracy of the
value _)fC,,,t is extremely important.

(2) Partitic_ning in the surface rinse process imposes a fi-:ed ratio between the
solid and liquid concentrations (constant Kp). This ratio physically
represents 'he distributi¢)n of cc_ntaminant specics in the wasteform and
solute due tc) surface binding caused by chemical interactions. Therefore,
f¢_r the new version of BLT, if the other release rates (diffusion and
dissolution) are fast relative t(_ the water flow rate, cc)ntaminant in solution
may be sc)rbed by the wastef¢)rm and the rinse release ma_ become
negative. In other words, portions of masses which are released by
diffusion and dissolution into the mixing cell can be absorbed back onto the
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Figure 2.13 Cumulative release (in percentage of initial inventory) vs. time, showing the
effect of the wasteform size on diffusion release.
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surface of the wasteform preventing their release to the outside. Similarly,
radionuclides in the leachate which have been released upstream may be
scavenged by wasteforms downstream. Consequently, understanding the
partitioning process, knowing tbe effect of chemistry on the value of/Co and the
kinetics of the reactions are essential for making accurate predictions.

(3) Although the diffusion/dissolution release and the partitioning effect are
coupled through the concentration of the mixing cell, there is a lag of one time-
step. The cause for this is the rinse calculations are based on the concentration
at the beginning of the time-step, while the other release mechanisms are
calculated at the end of the time step. However, this discrepancy would not
pose any major problems provided that the size of time-steps (At) is reasonably
small (typically, < I year). In the BLT model, time is divided into discrete
time-steps, and there are no iterative loops to adjust the concentration within
a time-step.

(4) If the leachate renewal frequency is high (---1) and the incoming water is
relatively clean, the diffusion release rate is approximately proportional tov/Dt
when the cumulative fractional release (CFR) is small (<20%). When the
cumulative fractional release becomes large, source depletion becomes
significant.

(5) In the absence of feedback effects, the 1-D finite difference model predicts that the
cumulative fractional release is proportional to the i_:'erse of the diffusion length
before depletion effects occur (CFR < 0.2). In general, for CFR < 0.2 diffusion
release models predict releases proportional to the ratio of surface area to volume.
In l-D, this ratio is the diffusion length.

(6) The location of the waste container with respect to other waste containers is a factor
affecting the rinse release rate. This is due to the "dirty water" effect. If containers
are stacked in a column and the contaminants solubility in solution is a limiting
factor, then the higher the location of the container, the higher will be the rinse
release rate, provided ali other conditions remain the same.

(7) The results from the rinse release model (with partitioning) are sensitive to the
volume of the liquid in the mixing cell. Therefore, the moisture content, 0, is
an important factor of the rinse release rate. The moisture content is dependent
on the water flow condition (infiltration rate), and in some cases, it is also a
function of the elevation of the waste element above the water table according
to the characteristic suction curve. Therefore, attention should also be paid to

the accuracy of these other input parameters when performing simulation runs.
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In summary, the new version of the BLT code with the LEACHFD routine is capable
of providing more realistic simulations of the leach process than the original version of the
code. Unlike the original version which treats each release mechanism separately, they are
now coupled. However, successful simulations heavily depend on the accuracy of sensitive
input parameters, such as the solubility limit (C_t), the moisture content (0) and the

distribution coefficient (Kp) and the diffusion length (L), ali of which we have identified in
this study. Furthermore, values of these parameters cannot be applied universally to ali
cases without the knowledge of specific chemical reactions involved. Ideally, to obtain these
controlling parameters, we must have an accurate understanding of the chemistry that
controls solubility and partitioning. This will require accurate thermodynamic databases and
geochemical modeling.
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3. BENCHMARKING WIIH LYSIMETER DATA

To provide a reasonable level of confidence in the model predictions, we performed
benchmarking exercises of the source term model against data from suitable iysimeter
experiments. We had already carried out some initial benchmarking work with limited data
from the experiments of Pacific Northwest Laboratory (PNL) [Jones et al, 1988; Sullivan,
1991]. Although we had been able match roughly PNL's data with BLT [Sullivan, 1991],
those results had not provided us with a high level of confidence, because the available data
only covered a relatively short time span (approximately three years), during which 30% of
the total inventory of tritium and only 0.1% of cobalt-60 were released. (Data beyond the
initial three years were collected, but they have not been published or released. In addition,
the leach rate for cobalt-60 was too slow to draw any definite conclusions).

Lysimeter e,_periments have been conducted by Savannah River Laboratory (SRL)
on saltstone monoliths since 1984 [Wolf, 1984]. Although the cross-section of these
moncqiths is trapezoidal-shaped making it slightly more complicated tc) nac)del, and the
hydrologic data were not as comprehensive as the PNL experiments, the SRL experiments
produced an additional well controlled field study data set in a longer time frame than
PNL,_'. Therefore, benchmarking BLT with these additional data could nevertheless provide
a higher level of confidence in the capability of the BLT code to make accurate predictions.

3.1 Setup and General Condition_

The lysimeter data used in this report are from the saltstone lysimeter tests,
designated as the Tank 24 lysimeters by SRL. The experiments were started in January of
1984 [Wolf, 1984]. These lysimeters consist of three saltstone monoliths - one was covered
with a gravel cap, another with a clay cap, and the third without any cover. Our
benchmarking runs focused on the data from the latter two) monoliths.

The SRL saltstone monoliths were made from a low-level "decontaminated" salt

solution and cement-fly ash mixture [Wilhite, 1087]. The salt solution was produced from
decontaminating soluble salts, a product of processing defense high-level waste. This
solution contained sodium nitrate as the main constituent and other radioactive

contaminants, the most abundant of which being tritium and technetium-99.

The trapezoidal monoliths were cast in situ in a trapezoidal shape trench, which was
backfilled with native soil and compacted to the original grade. Natural rainfall was allowed
to percolate and the leachate was collected from a sump constructed at the bottom.

We carried out the two-dimensional simulations of the trapezoidal trench with a
trapezoidal shape monolithic wasteform. Only one half of the vertical cross-section
perpendicular tc) the longitudinal axis of the trench was used, because of bilateral symmetry.
The simulation domain was divided into a finite element mesh of 102 nodes and 80

elements (Figure 3.1). The top width of the mesh is 5.5 m, the bottom width is 1.1 m, and
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Figure 3.1 Finite element mesh used for benchmarking. Because of symmetry, only the
right half of the vertical cross-section was used. Half of the saltstone monolith
is represented by Element No. 8. For the case of the capped lysimeter, the clay
cap is represented by Elements No. 9, 10, 11, 12, 25, 26, 27 and 28.
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the overall depth is 6.8 m. Element No. 8 represents the trapezoidal-shaped saltstone
monolith, 5 with its bottom at a distance of 2.7 m from the bottom of the trench. The
wasteform has a top (half) width of 1.6 m, bottom (hal0 width of 0.8 m and a height of 1.6
m. Elements 9, 10, 11, 25, 26 and 27 were used to represent the clay cap.

The hydraulic and transport properties of the soil, the saltstone wasteform and the
clay cap material were partly based on measurements made by SRL's consultants [Cook et
al, 1986; Wilhite and Wolf, 1986], and the input values are summarized in Table 3.1.

To obtain the water flow field and the moisture content distribution in the finite

element domain, steady state simulations were carried out using the modified FEMWATER
code [Sullivan, 1989]. The top boundary is a prescribed flux boundary with a constant flux
equivalent to 38 cm (15 inches) of net infiltration per year based on the average rainfall
minus evapotranspiration [Wolf, 1984]. The bottom boundary is a prescribed head boundary
at which the pressure head equals zero. The left and the right boundaries are zero flux
boundaries. Two simulations were performed. The first one simulated a buried monolith
without any moisture barrier, and the other, a monolith with a clay cap. (The two
FEMWATER input files used are included in Appendix 1). The results of the water flow
simulation were used as inputs for the BLT code.

We simulated the release of nitrate, technetium-99 and tritium using the calculated
water flow field and moisture content data. Time variant simulations were performed with
constant time steps of 30 days up to a total of 1,500 days (about 4.1 years) using the BLT
code. The top boundary and the two side boundaries were set to be zero flux boundaries,
while at the bottom, a Dirichlet boundary condition with zero concentration was applied at
all times. In the field, leachate was collected daily from the sump at the bottom of the
trench. The finite element mesh simulates this bottom with a row of nodes 1 cm above the

bottom boundary of the simulation domain. In the benchmarking runs, these nodes (No.
2, 19, 36, 53, 70 and 87) were used as the concentration trace nodes, and the average
concentration of the leachate in the sump was taken to be the area-weighted average of
their computed concentrations.

5 The BLTcode is structured in sucha way that a waste formis representedbyan individualelement. Therefnr.,:,,
only one large element (No.8) was chosento represent the singlemonolithicwasteform. However,the large
elementsize relativeto the other elementsmayinducenumericaldispersionandoscill,tion,and it mayalsocause
convergenceproblemsin simulationof unsaturated flow. Alternatively,dividingup the waste form into several
individualelements would alter the surface to volumeratic_of the waste form (i.e. the diffusionlength), thus
artificiallyincreasingthe release rates. Despite the large sizeof the wasteelement used, we did not encounter
anyserious problems, for the Peclet number, determined by the experimentalconditions,was low.
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Containers were not used in the lysimeter experiments, and therefore the BREACH
routine was not activated. This was done by simply setting the container thickness to a very
low value of 10.8 m. In ali cases, none of the available mass was assigned to dissolution
release. Only diffusion and rinse releases are considered to be significant. For diffusion
release, the LEACHFD (finite difference model) routine was used.

To "best fit" the experimental data, input (leaching) parameters for rinse and
diffusion, such as the distribution of the total available mass and the wasteform diffusion
coefficient etc., were adjusted within reasonable ranges to match observed data. The best
fitting was done only by manual estimation without using any quantitative criteria or
predefined algorithms. The key input parameters for BLT can be separated into three
types:

(1) Hydrologic parameters calculated by the water flow module (FEMWATER)
based on measured hydraulic properties of the media and experimental
conditions, e.g., infiltration velocity and moisture content. These
parameters were fixed unless experimental conditions changed, i.e., use of
the clay cap.

(2) Transport parameters of the media, e.g., dispersivity, and some of the
leachi_g parameters of the wasteform, e.g., number of finite difference
points /' ]KT1U'l-_n\_,,,'ur) used to model the wasteform, diffusion length and initial
activity, which are either calculated or estimated based on measured data
and/or experimental conditions. These values were fixed for ali runs and
were not adjusted for the purpose of fitting.

(3) Leaching parameters of the wasteform, viz. available mass distribution
between rinse and diffusion, distribution coefficient and wasteform diffusion

coefficient, which were adjusted to "best fit" the experimental data.

The values of the key input parameters are summarized in Table 3.2.

3.2 Results and Discussions

The output data generated by the BLT code were compared with the observed data
of nitrate, technetium-99 and tritium releases taken from published graphs and data released
by SRI_, [Mclntyre et al, 1989; Clark and Wilhite, 1991; Clark, 1991]. In this report, we will
present only the results of the "best" cases. Details for the release of the three species are
discussed individually in the following sections.
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3.2.1 Nitrate Release

We carried out simulations of nitrate release under two different conditions: the first

for the monolith without any covering except backfill (with native soil), and the second for
the one with a clay cap. Our approach was to adjust the (Type 3) leaching parameters to
match the observed release data [Wilhite, 1987; Clark, 1991]. The adjusted parameters are
the distribution coefficient, the wasteform diffusion coefficient and the available mass
distribution between rinse and diffusion. The "best fit" parameters are shown in Table 3.2.
The corresponding input flies for both the capped and the uncapped benchmarking runs are
included in Appendix 2.

The total inventory of nitrate was calculated based on the measured concentration
of 130 g/liter in the salt solution [Wilhite, 1987], and that a total of 9,500 liters of the
solution was used in each monolith [Mclntyre et al, 1989].

Sodium nitrate is highly soluble, and the release of soluble species such as nitrate are
likely controlled by diffusion and/or rinse mechanisms. Laboratory leaching experiments
(ANS-16.1) on samples of saltstone performed by SRL [Wilhite, 1986] had showed that the
leach rate after the second day for soluble species decreases linearly with the square root
of time, indicating a diffusion-controlled release mechanism. Accordingly, we distributed
80% of the available mass for diffusion release, and the remaining 20% for rinse. No
dissolution release was considered.

The laboratory experiments by SRL had yielded a value for the effective wasteform
diffusion coefficient (D,_) of nitrate in the saltstone in the order of 1 × 10.8 cm2/s [Wilhite,
1986]. The effective diffusion length (L) for the three-dimensional trapezoidal wasteform
was estimated by using the volume tc) surface ratio, and was calculated to be 38.8 cm. This
3-D value was used instead of the 2-D equivalent - area to (exposed) perimeter ratio of the
vertical cross-section (= 45 cm). In the real experiments, release does occur in three
dimensions. Therefore, using the 3-D value would give a more realistic result, though the
subsequent transport model is still limited tct two dimensions.

The sensitivity of this parameter L was also tested, and the results are presented in
Figure 3.2. As expected, the release amount is slightly (< 1%) higher for L - 38.8 cm than
for L -- 45 cm. However, there is no significant difference, unless L is decreased to less
than 20 cm.

Sensitivity tests on the effect of the number of finite difference points (NFDP) on
diffusion release were conducted. Results are described in Section 2.2.6. Because the D,_-
value was lowered by two orders of magnitude compared to the tests we previously ran, we
again performed sensitivity studies on the parameter, NFDP, under the new set of
experimental conditions, lt was found that NFDP should be increased to 101 for these
benchmark runs. (Further increase in NFDP to 1,001 produced no significant changes).
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Figure 3.2 Computed concentration of nitrate (ppm) in the leachate vs. time for different
values of the diffusion length (L).
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Figure 3.3 shows our model results for the uncapped monolith in relations to the
iysimeter data up to 1,500 days. Model predictions from Intera and SRL are also included
for comparison. Our results compare reasonably well for the first 1,100 days (about 3
years) into the experiment. The BL.'" ;imulation correctly predicts breakthrough at the
bottom at about 150 days, followed by a gradual increase in concentration. Our model
prediction also compares well with those made by SRL and Intera models. However, ali
three models fail to match the concentration peaks which occurred after the third year. This
discrepavJcy could l_e _.aused by seasonal and climatic variations since our model relies on
a steady-state water flow simulation with a constant infiltration rate based on the average
annual rainfall.

The lysimeter data on nitrate release from the monolith with a clay cap was
insignificant as compared to the release from the one without any cap discussed above. The
concentration of the leachate increased slightly with time, but the average concentration
never exceeded 10 ppm as shown in Figure 3.4.

Our model data for the capped monolith also show a significant reduction of
advection rate, and :he concentration in the ieachate is significantly (a factor of three) lower
as c¢_mpared to the leachate from the uncapped monolith (Figure 3.3). However, our model
data peak at about 40 ppm at approximately 900 days - about a factor of four more than
the experimental data. This discrepancy may be due to one of the two possible factors: (1)
The inpu, hydraulic conductivity value for the clay cap may be too high, because unsaturated
hydraulic properties measured under laboratory conditions may not accurately reflect the
actual field conditions. (2) The clay cap in our model "leaked" numerically because of the
large element size used for representing the wasteform. Large size elements are not
suitable for sit,.Jations with abrupt spatial variations (e.g., a sharp contrast in moisture
content and in flow rate).

3.,..2 Technetium-99 Release

For technetium-99 release, we used the same water flow and moisture content data

as in the nitrate release (uncapped) case, and we applied a similar approach to "best fit" the
experiment+,i data obtained by SRL [Mclntyre et al, 1989] for the uncapped monolith of
Tank 24 lysimeter (Figure 3.5). This input file is included in Appendix 2. The fitted
parameters are the Type 3 !caching parameters as described earlier. The key parameters
are shown in Table 3.2.

The total i wentory of technetium-99 was determined based on the concentration of
technetium-99 in the decontaminated salt solution which was rep¢_rted to be 35 nCi/g, and
the amount of the sc_lution used for making each monolith -- a total of 9,500 liters [Mclntyre
et al, 1089]. Taking the density f_>rthe solution to be approximately 1.3 g/ml [Wilhite,
1087], the total initial amount of technetium-gO in the (3-D) monolith was calculated to be
about 0.43 Ci (as shown ira Table 3.2).
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Figure 3.3 Concentration of nitrate (ppm) in the leachate vs. time, for the uncapped
lysimeter, showing how the BLT prediction compares with the actual lysimeter
data and also other model predictions made by SRL and Intera.
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The measured concentrations of technetium-99 in the leachate are three orders of

magnitude lower than the concentration in the original decontaminated salt solution, and
therefore no solubility limit was imposed (i.e., we set Csat - 1 g/ml).

Technetium had been reported to have a soil-water distribution coefficient in the order
of 10 .3 [Looney et al., 1987], and therefore, we assume the distribution coefficient (between
wasteform and leachate) to be low also. Consequently, no partitioning effect was simulated in
our model.

Results from earlier laboratory leaching experiments (ANS-16.1) by SRI., had indicated
that the release of soluble species from saltstone is mainly diffusion controlled [Wilhite, 1986].
In our benchmark runs, the available mass for release was distributed 1 to 9 between rinse and

diffusion mechanisms, making the latter mechanism the dominant process.

The effective wasteform diffusion coefficient (Dwf) for technetium in saltstone had not
been measured. The "best" value used in our benchmark run is 1.0 × 10 -9 cm2/s, which is
within one order of magnitude from the measured Dwf value for nitrate. The fact that the
observed release curve for technetium-99 from the uncapped monolith is very similar to the
release curve of nitrate [Mclntyre et al, 1989] (Figure 3.3) not only suggests a similar
controlling mechanism, but also a relatively high effective diffusion rate as discussed earlier.
Therefore, we believe our fit for the value of Dwfis within an acceptable range.

Figure 3.5 shows a reasonable match between our BLT model data and SRL's
experimental data up to a period of 1,500 days, during which approximately 0.21% of the total
inventory has been released to the drains (according to model sinmlation). As we depend on a
steady-state simulation for water flow based on the average annual rainfall rate, there are no
seasonal or month-to-month fluctuations in our model data. Nevertheless, our model results
show the initial breakthrough of technetium-99 concentration of the leachate collected at the
bottom sump at about 200 days into the experiment, then followed by a gradual increase in
concentration, and finally, a leveling-off after 3 years (approx. 1,000 days). As presented in
Figure 3.5, our results agree reasonably well with the experimental data during the initial period.

3.2.3 Tritium Release

Apart fi'om the seasonal fluctuations, the tritium (cumulative) release data from the
uncapped lysimeter indicate a relatively constant release rate (i.e., a linear cumulative release
curve) after an initial period of about 500 days. Similar observations were made earlier from
the PNL experiments [Sullivan, 1991].

The key parameters for the tritium release model from the uncapped monolith are also
presented in Table 3.2. A diffusion-dominant model was used, similar to that used for
nitrate and technetium-99. The "best" value for the effective wasteform diffusion coefficient
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(Dwf) for tritium was in the order of 5.0 × 10 7 cm2/s, which is reasonably close to but
slightly higher than the measured range of D in various cement materials [Matsuzuru, 1979],
and it is about two orders of magnitude lower than the D for H . in pure water. Since
tritium is in the form of water, no partitioning and solubility limiting effects were applied.
The total inventory of tritium was calculated based on the measured concentration in the
salt solution of 12 nCi/g [Mclntyre et al, 1989], similar to what had been done for nitrate
and technetium.

Figure 3.6 compares the lysimeter data [Clark and Wilhite, 1991; Clark, 1991] and
our model results. Again, because our water flow model was based on only the steady state
solution, our model release curve is smooth, and without any seasonal variations exhibited
by the lysimeter data. Nonetheless, it matches the actual release reasonably weil, i.e., within
an order of magnitude.

Although in our model, the cumulative release curve is almost linear, we can also
observe an initial growth of the curve after the initial period of about 300 days from the
start of the experiment. This represents the dispersive front of the breakthrough curve. A
corresponding observation can also be made from the lysimeter data at about the same time
period, in good agreement with the model data.

3.3 Conclusions and Recommendations

Using the new version of the BLT code, we have matched within reasonable limits
of u,lcertainty the release curves of nitrate, technetium-99 and tritium from the Tank 24
saltstone lysimeter experiments carried out by the Savannah River Laboratory. Based on the
results of these benchmarking exercises, the following conclusions and recommendations can
be made:

(1) Models using diffusion controlled release of soluble species such as
nitrate, technetium-99 and tritium, from large porous monolithic
wasteforms such as large cement blocks, seem to adequately reproduce
the experimentally measured release rates from the lysimeter bottom.
ttowever, for smaller or non-porous wasteforms the other two release
mechanisms- rinse and dissolution- may be more dominant. For less
sc_luble species, dissolution (of the wasteform) could be the controlling
process.

(2) The cumulative tritium release has been observed to be almost linear
with time. This linear behavior could be explained by the fact that only
a small percentage of the total tritium inventory has been released (only
about 2.6% in 1,500 days for SRL's experiment). Within this small
percentage range, the diffusion flux out of the wasteform does not vary
greatly. However, dispersion during transport does impose a slight
curvature on the initial portion of the cumulative release curve.
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Figure 3.6 Cumulative tritium release (pCi) from the uncapped lysimeter vs. time, showing

how the BLT prediction compares with the actual lysimeter data.
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(3) The three-dimensional effective diffusion length (L) of a more or less
equidimensional wasteform can be estimated by its volume to surface
ratio. Using this estimated value in BLT's 1-D finite difference diffusion
routine can functionally compensate for the under-estimation of
diffusional effect due to the use of a 1-D solution. However, depending

on the particular cross-section selected for the 2-D simulation and the
shape of the wasteform, the area to perimeter ratio of the cross-section
(the 2-D equivalent) may be close enough for this purpose.

(4) BLT simulates the transport process only in two dimensions, therefore,
the model results may over- or under-estimate the total release as
observed at the bottom of the trench. This effect can be minimized if the
2-D simulation is carried out for a cross-section perpendicular to the

elongated direction of the wasteform.

(5) A clay cap is an effective moisture barrier. However, it may be difficult
to accurately simulate its effect numerically because of the abrupt spatial
variation of parameters, which are not handled well with common
numerical techniques.

(6) The number of finite difference points (NFDP) used in the diffusion
release routine should be adjusted according to the value of the effective
wasteform diffusion coefficient.

(7) BLT's Leach module calculates the release from a waste container and
makes it available for transport by treating it as an element source.
Although the size of the wasteform for computing the release rate is an
input parameter, the Transport (finite element) module limits the spatial
representation of the waste container by the size of the element. For
some real cases in which the size of the wasteform (and also the waste

container, if any) may be relatively large with respect to the simulation
domain, the use of unevenly large elements may give rise to difficulties
in the form of numerical oscillations and dispersion.

A general rule is to make ali the elements in the finite element domain
approximately same size. The proper characteristic size of the elements
is governed by the advection rate, the coefficient of hydrodynamic
dispersion and the time step size, as well as the required spatial
resolution with respect to the size of the simulation domain. In our case
for the saltstone lysimeters, the oversized waste element used in the
model is not technically ideal.

Alternatively, one may be able to subdivide the large wasteform into
several finite elements. In subdividing the wasteform, care must be taken
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to insure calculation of the proper release rates from the region
containing the wasteform. Three possible approaches are:

Specify the diffusion length and surface to volume ratio based on
the actual size of the undivided wasteform, and increase the

transport parameter (preferably the dispersive transport
properties) of ali the constituent waste elements such that as soon
as the contaminant is released by the Leach module, the
contaminant is rapidly transported to the surface of the actual
(larger size) wasteform.

Artificially scale up the release rate, so that the Leach module
instantly releases the contaminant from each of the constituent
waste elements. The value of the effective wasteform diffusion

coefficient is assigned to ali the (smaller) constituent waste
elements as their transport diffusion coefficient, so that the
release is calculated not by the Leach module, but by the
Transport module. This method only works if diffusion is the only
dominant wasteform release mechanism.

If the wasteform is at the boundary, as in our case for the
saltstone lysimeters, analytical expressions for diffusion release can
be used to calculate wasteform release rates. These release rates

can be used to generate a table of boundary flux versus time
which can be prescribed as a boundary condition.

In summary, the BLT code is capable of predicting the release from lysimeter
experiments within reasonable limits of uncertainty. The nature of the physical processes
under investigation is inherently complex, and consequently, the computer code for
simulating these processes must be necessarily complex. Therefore, correct values for the
numerous input parameters and the proper choice of approach are the crucial factors
essential for obtaining accurate results. We have shown in this and previous reports that
reasonably accurate predictions could be made using the BLT code. It is the user's
responsibility tc) ensure that the code is implemented correctly with accurate and realistic
input parameters based on sound experimental data and detailed technical considerations,
and the results are interpreted carefully and judiciously.
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4. SUMMARY AND RECOMMENDA'IIONS FOR FURTHER WORK

The BLT (Breach-Leach-Transport) computer code was developed as a product of
the low-level waste source term model development project at Brookhaven National
Laboratory. In this code contaminant release and transport are calculated in the aqueous
phase as a function of water flow rate, container degradation, wasteform leaching and water
phase transport.

Water flow rate and moisture content are estimated using the two-dimensional
unsaturated flow code FEMWATER. The output of FEMWATER is used by BLT in
predicting contaminant releases from the disposal facility.

The breach model used to estimate container performance considers local and
general degradation processes. The local degradation process model uses an empirical
correlation based on data for pitting corrosion of carbon steels in soil environments. This
model allows penetration of a small fraction of the container at earlier times than general
corrosion and consequently earlier releases. The general degradation process is assumed
to occur at a constant rate. Therefore, the time of failure is the container thickness divided
by the degradation rate. After failure, the container no longer provides a barrier to water
flow.

The wasteform leaching model simultaneously considers three possible release
mechanisms: surface rinse, diffusion, and dissolution. Releases from the wasteform are
directly coupled with the concentration in the contacting solution using a mixing cell model.
This model assumes that within a single mixing cell, the solution concentration is uniformly
distributed. This coupling allows solution feedback effects (solubility limits, partitioning
effects, and reduction in the concentration gradient for diffusion) on wasteform release to
be directly calculated. ,

Radionuclide transport is calculated using a modified version of the two-dimensional
unsaturated finite element code FEMWASTE.

As required in ali model and code development process, verification and sensitivity
tests on the BLT code were performed. Results of these tests are found to be satisfactory.
In order to provide confidence in model predictions, results generated by BLT were also
compared with experimental data obtained from laboratory scale wet/dry cycle experiments
and field lysimeter experiments conducted at Pacific Northwest Laboratory as presented in
previous report [Sullivan, 1991]. In addition, the BLT code was benchmarked against field
data from the saltstone lysimeters operated by Savannah River Laboratory. The results from
these stud: s have shown that under certain well-controlled conditions, the BLT code is

capable of making predictions with reasonable accuracy.
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However, for dealing with more complex conditions, such as situations involving
interactions among chemical species and radionuclide transport via the gas phase,
improvements on the model are needed. The existing BLT code can handle only one
species at a time, and it calculates contaminant transport by considering only advection and
dispersion in pore water, and therefore, it does not have the capability to consider gaseous
species transport or geochemical reactions among different species. A more comprehensive
model addressing these areas should be developed because these processes could
significantly affect the rate of release from the waste facilities. Towards this goal, we
recommend the following improvements to be made on the existing source term model:

(1) The model should be expanded to handle multiple species. This will permit
decay chains and chemical interactions to be incorporated.

(2) The model should be modified to include gaseous species production and
transport

(3) The model should be expanded so that it will have the capability of
handling geochemical reactions either singly or simultaneously, such as:

dissolution/precipitation;
ion substitution/hydrolysis;
complexation reactions;
acid-base reactions;
oxidation/reduction reactions.

(4) The model should remain modular so that further development can be
easily added without major revision.

(5) The code should contain its own thermodynamic data base which can be
conveniently updated and appended at later times.

(6) The code must be compact and capable of being executed using inexpensive
desktop computer systems (high-end PC systems or unix workstations)
within a reasonable execution time. The source code should be written in

the standard FORTRAN-77 language so that it is transportable between
different systems requiring only minor changes.
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APPENDIX 1

Input File for FEMWATER - Lysimeter without Cap

1 SRL CALIBRATION(NO CAP) 9/91 111
102 80 2 1 0 0 1 10 5 1 0 1 0 100 O0 0
0 0 0 300 0

1.5768D7 .0 7.3D9 0.0 0.0 0.01 .I 1.0
980.6 0.013 0.5 1.0 1.0 0.0

55
11
1.0D38

0.0 0.0 0.37 2.3D-5 2.3D-5
0.0 0.0 0.5 1.0D-8 1.0D-8

-3200.0 -3000.0 -500.0 -300.0 -200.0 -100.0 -50.0 -25.0
0.0 25.0

-3200.0 -3000.0 -500.0 -300.0 -200.0 -100.0 -50.0 -25.0
0.0 25.0

.29999 .30 .3079 .3177 .3197 .3315 .35 .361
.369 .37

.31999 .32 .3650 .3827 .3945 .4118 .4275 .450
.499 .50
.0754 .0755 .0956 .1409 .1560 .2315 .4378 .7548
.9999 1.0

8.47D-4 8.5D-4 .0048 .01 .0155 .031 .059 .15
.9999 1.0
0.0 0.0 3.16D-6 4.9D-5 2.0D-5 1.18D-4 3.7D-4 4.4D-4

3.6D-4 0.0
0.0 0.0 1.8D-5 8.85D-5 1.18D-4 1.73D-4 3.14D-4 9.0D-4

2.0D-3 0.0
1 16 1 O.ODO O.ODO O.ODO

18 0 0 40.ODO O.ODO O.ODO
19 0 0 40.148D0 O.ODO O.ODO
20 4 1 46.67D0 6.68D0 O.ODO
25 0 0 80.ODO O.ODO O.ODO
26 8 1 160.0D0 O.ODO O.ODO
35 0 0 57.5D0 O.ODO O.ODO
36 0 0 57.77D0 O.ODO O.ODO
37 4 1 69.79D0 12.29D0 O.ODO
42 0 0 131.25D0 O.ODO O.ODO
43 2 I 217.06D0 0.4DO O.ODO
46 4 i 218.67D0 7.68D0 O.ODO
51 0 0 257.5D0 O:ODO O.ODO
52 0 0 75.0D0 O.ODO O.ODO
53 0 0 75.546D0 O.ODO O.ODO
54 4 I 92.92D0 17.92D0 O.ODO
59 0 0 182.5D0 O.ODO O.ODO
60 2 I 274.12D0 0.81D0 O.ODO

Al-1



- Bl,

- 63 4 I 277,35D0 15.37D0 O.ODO
68 0 0 355.0D0 O.ODO O.ODO
69 0 0 92.5D0 O.ODO O.ODO
70 0 0 93.319D0 O.ODO O.ODO
7] 4 ] 118.04D0 23.54D0 O.ODO
76 0 0 233.75D0 O.ODO O.ODO
77 ? I 331.1800 ].2]DO O.ODO
80 4 1 336.03D0 23.06D0 O.ODO
85 0 0 452.5D0 O.ODO O.ODO
86 0 0 110.0D0 O.ODO O.ODO
_7 0 0 111.092D0 O,ODO O.ODO
88 4 1 139.17D0 29.7D0 O.ODO
93 0 0 285.0D0 O.ODO O.ODO
94 2 ] 388.24D0 1.62D0 0.000

- 97 4 1 394.71D0 30.74D0 O.ODO_

102 0 0 550.0D0 O.ODO O.ODP
0 0 0 O.ODO O.ODO O.OSO
l 5 17 O.ODO O.ODO O.UDO
2 5 17 I ODO O.ODO O.ODO
3 5 17 45 ODO O.ODO O.ODO
4 5 17 90 ODO 00DO O.ODO

• 5 5 17 ]35 ODO 0 ODQ O.ODO
6 5 17 180 ODO 00DO 00DO
7 5 17 225 ODO 0 ODO 0 ODO
8 5 17 270.0D0 0 ODO 0 ODO
9 5 17 430 ODO 00DO 00DO
10 0 0 472 5DO O.ODO 0 ODO

i
27 4 17 432 5DO O.ODO 00DO
11 0 0 515 OgO O.ODO 00DO
28 4 17 435 udO O.ODO 00DO

• 12 0 0 520 ODO O.ODO 00DO
29 4 17 4.O.ODO O.ODO 00DO
13 0 0 547.5D0 O.ODO O.ODO
30 4 17 487.5D0 O.ODO O.ODO
14 0 0 575.0D0 O.ODO O,ODO
31 4 17 535.0D0 O,ODO O.ODO
15 0 0 602.5D0 O.ODO O.ODO
32 4 17 582.5D0 O.ODO O.ODO
16 5 17 630.0D0 O.ODO O.ODO
17 5 17 680.0D0 O.ODO O.ODO

l I 18 19 2 ] 16 5
8 0 0 2 0

" 1 lO1 l 0.0 0.0 0.0
0 0 0 0.0 0.0 0.0
0 0 0 0 0 0 0 6 l 2 6 5 1 2 0 0--

t

0 0 0 0 0
=_

: 0.0 0.0 I.OD20 0.0
l 18 35 52 69 86
1 5 1 l 0

7

- Al-2



0.0 -1.208D-6 1.0D20 -1.208D-6
17 34 51 68 85 102

l 5 1 l 0
END OF IDTYPE

l 4 l 2 1 1 I

AI-3

_



Input File for FEMWATER - Lysimeter with Clay Cap

1 SRL CALIBRATION(CLAY CAP) 9/91 I11
102 80 3 9 0 0 1 I0 5 1 0 1 0 100 O0 0
0 0 0 300 0

1.5768D7 .0 7.3D9 0.0 0.0 0.01 .1 1.0
980.6 0.013 0.5 1.0 1.0 0.0

55
11
1.0D38

0.0 0.0 0.37 2.3D-5 2.3D-5
0.0 0.0 0.5 1.0D-8 1.0D-8
0.0 0.0 .272 3.4D-9 3.4D-9

-3200.0 -3000.0 -500.0 -300.0 -200.0 -100.0 -50.0 -25.0
0.0 25.0

-3200.0 -3000,0 -500.0 -300.0 -200.0 -100.0 -50.0 -25.0
0,0 25.0

-3200.0 -3000.0 -500.0 -300.0 -200.0 -100.0 -50.0 -25.0
0.0 25.0

.29999 .30 .3079 .3177 .3197 .3315 .35 .361
.369 .37

.31999 .32 .3650 .3827 .3945 .4118 .4275 .450
•499 .5

.10999 .11 .2307 .2423 .2524 .2670 .269 .271

.27199 ,2720
.0754 ,0755 .0956 .1409 .1560 .2315 .4378 .7548
,9999 I.0

8.47D-4 8.5D-4 .0048 .01 .0155 .031 .059 .15
.9999 1.0
•01323 .01323 0.18 .2 .22 .2588 0.2941 0.7353
.99999 .999999

0.0 0.0 3.16D-6 4.9D-5 2.0D-5 1.18D-4 3.7D-4 4.4D-4
3.6D-4 0.0

0.0 0.0 1.8D-5 8.85D-5 1.18D-4 1.73D-4 3.14D-4 9.0D-4
2.0D-3 0.0

0.0 0.0 4.828D-5 5.8D-5 1.01D-4 1.46D-4 4.00D-5 8.0D-5
4.0D-5 0.0
I 16 I O.ODO O.ODO O.ODO
18 0 0 40.ODO O.ODO O.ODO
19 0 0 40.148D0 O.ODO O,ODO
20 4 I 46.67D0 6.68D0 O.ODO
25 0 0 80.ODO O.ODO O.ODO
26 8 I 160.ODO O.ODO O.ODO
35 0 0 57.5D0 O.ODO O.ODO
36 0 0 57.77D0 O.ODO O.ODO
37 4 I 69.79D0 12.29D0 O.ODO
42 0 0 131.25D0 O.ODO O.ODO
43 2 I 217.06D0 O.4DO O.ODO
46 4 0 218.67D0 7.68D0 O.ODO

Al-4



51 0 I 257.50D0 O.OODO O.ODO
52 0 0 75.0D0 O.ODO O.ODO
53 0 0 75.546D0 O.ODO O.ODO
54 4 I 92.92D0 17.92D0 O.ODO
59 0 0 182.5D0 O.ODO O.ODO
60 2 I 274.12D0 0.81D0 O.ODO
63 4 1 277.35D0 15.37D0 O.ODO
68 0 0 355.0D0 O.ODO O.ODO
69 0 0 92.5D0 O.ODO O.ODO
70 0 0 93.319D0 O.ODO O.ODO
71 4 I I16.04D0 23.54D0 O.ODO
76 0 0 233.75D0 O.ODO O.ODO
77 2 I 331.18D0 1.21DO O.ODO
80 4 I 336.03D0 23.06D0 O.ODO
85 0 0 452.5D0 O.ODO O.ODO
86 0 0 ]IO.ODO O.ODO O.ODO
87 0 0 111.092D0 O.ODO O.ODO
88 4 1 139.17D0 29.7D0 O.ODO
93 0 0 285.0D0 O.ODO O.ODO
94 2 I 388.24D0 1.62D0 O.ODO
97 4 I 394.71D0 30.74D0 O.ODO
]02 0 0 550.0D0 O.ODO O.ODO
0 0 0 O.ODO O.ODO O.ODO
I 5 17 O.ODO O.ODO O.ODO
2 5 17 I.ODO O.ODO O.ODO
3 5 17 45.0D0 O.ODO O.ODO
4 5 17 90.ODO O.ODO O.ODO
5 5 17 135.0D0 O.ODO O.ODO
6 5 17 180.ODO O.ODO O.ODO
7 5 17 225.0D0 O.ODO O.ODO
8 5 17 270.0D0 O.ODO O.ODO
9 5 17 430.0D0 O.ODO O.ODO
10 0 0 472.5D0 O.ODO O.ODO
27 4 17 432.5D0 O.ODO O.ODO
11 0 0 515.0D0 O.ODO O.ODO
28 4 17 435.0D0 O.ODO O.ODO
12 0 0 520.0D0 O.ODO O.ODO
29 4 17 440.0D0 O.ODO O.ODO
13 0 0 547.5D0 O.ODO O.ODO
30 4 17 487.5D0 O.ODO O.ODO
14 0 0 575.0D0 O.ODO O.ODO
3] 4 17 535.0D0 O.ODO O.ODO
15 0 0 602.5D0 O.ODO O.ODO
32 4 17 582.5D0 O.ODO O.ODO
16 5 17 630.0D0 O.ODO O.ODO
17 5 17 680.0D0 O.ODO O.ODO

] I 18 19 2 I 16 ,5
8 0 0 2 0
9 3 I 3 0
25 3 I 3 0

Al-5



1 101 ] 0.0 0.0 0.0
0 0 0 0.0 0.0 0.0
0 0 0 0 0 0 0 6 l 2 6 5 l 2 0 0
0 0 0 0 0

0.0 0.0 l.OD20 0.0
1 18 35 52 69 86
1 5 1 1 0

0.0 -1.208D-6 ].OD20 -1.208D-6
17 34 51 68 85 102

l 5 l l 0
END OF IDTYPE

l 4 1 2 1 l 1

Al-6



APPENDIX 2

BLT Input File for Nitrate Release- Lysimeter with Clay Cap

5 CALIBRATIONOF MODEL" NITRATERELEASE (CLAY CAP) 110
102 80 3 9 50 1 0 0 I 15 1 0 0 I I I
I 0 0 0 6 0 I 4 0

2.628D06 0.00 7.30D09 4.31D16 1.0 1.0 1.0 0.0
1.0D-3 I.OD-3 I.ODO 0.0 0.921 84.99

222222222222222222222222222222222222222222222222222
112222111111111111111111111111111111111111111111111

6.31D25
2 19 36 53 70 87

0.0 1.67 10.0 1.0 O.ODO 0.37 0.0 1.04D-5
0.001 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.542 10.0 1.0 O.ODO 0.50 0.0 1.04D.-5

0.001 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.70 10.0 1.0 O.ODO 0.272 0.0 1.04D-9

0.001 0.0 0.0 0.0 0.0 0.0 0,0
8 0 0 2 0
9 3 I 3 0
25 3 1 3 0

I 101 I 0.0 0.0

0 0 0 0 0 0 0 6 I 2 0 0 0 0 0 0
0 0 0 0 0 1 I I
I.D-I0 0.39 0.074 2.1D04 0.2 5.0D03 4.0D-04 0.2

6.0
2
8
I 0 0 I 0

0.2 0.8 0.00 1.04D-8 4.0D-I0 38.800 100.0 3.89D4
1.9382D4 1.0 0.00
II.716D02

1 0 0 1 0

0.0 0.0 I.OD20 0.0
I 18 35 52 69 86
1 5 1 1 0

A2-1



BLT Input. File for Nitrate Releas.e - Lysimeter without Cap

673 CALIBRATION OF MODEL: NITRATERELEASE (NO CAP) II0
102 80 2 1 50 1 0 0 1 15 1 0 0 1 1 1

1 0 0 0 6 0 1 4 0
2.628D06 0.00 7.30D09 4.31D16 1.0 1.0 1.0 0.0

1.OD-3 1.0D-3 1.0D0 0.0 0. 921 84.99
222222222222222222222222222222222222222222222222222
112222111111111111111111111111111111111111111111111

6.31D25
2 19 36 53 70 87

0.0 1.67 10.0 1.0 0.0D0 0.37 0.0 1.04D-5
0.001 0.0 0.0 0.0 0.0 0.0 0.0

0.0 1.542 10.0 1.0 0.0D0 0.50 0.0 1.04D-5
0.001 0.0 0.0 0.0 0.0 0.0 0.0

8 0 0 2 0

1 101 1 0.0 0.0

0 0 0 0 0 0 0 6 1 2 0 0 0 0 0 0
0 0 0 0 0 1 l 1
I.D-IO 0.39 0.074 2.ID04 0.2 5.0D03 4.0D-04 0.2

6.0
2
8
1 0 0 1 0

0.20 0.80 0.00 1.04D-8 4.0D-lO 38.800 I00.0 3.89D4
1.9382D4 ].0 0.00
11.716D02

I 0 0 I 0

0.0 0.0 I.OD20 0.0
1 18 35 52 69 86
1 5 1 1 0

A2-2



BLT Input File for Technetium Relea..se

5 CALIBRATIONOF MODEL: TECHNETIUMRELEASE (NO CAP) 110
102 80 2 1 50 1 0 0 1 15 1 0 0 1 1 1

1 0 0 0 6 0 1 4 1
2.628D06 0.00 7.30D09 4.31D16 1.0 1.0 1.0 0.0

1.0D-3 1.OD-3 1.OD0 0.0 1.0 98.906254
222222222222222222222222222222222222222222222222222
112222111111111111111111111111111111111111111111111

6.31D25
2 19 36 53 70 87

0.0 1.67 I0.0 1.0 1.032D-13 0.37 0.0 I.OOD-5
0.001 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.542 I0.0 1.0 1.032D-13 0.50 0.0 1.00D-5

0.001 0.0 0.0 0.0 0.0 0.0 0.0
8 0 0 2 0

1 101 1 0.0 0.0

0 0 0 0 0 0 0 6 1 2 0 0 0 0 0 0
0 0 0 0 0 I 1 I
I.D-I0 0.39 0.074 2.1D04 0.2 5.0D03 4.0D-04 0.2

6.0
2
8
1 0 0 I 0

0.05 0.95 0.00 1.0D-09 4.0D-I0 38.800 100.0 3.89D4
1.9382D4 1.0 0.00
3.809D-4

1 0 0 1 0

0.0 0.0 1.OD20 0.0
1 18 35 52 69 86
1 5 1 I 0

A "_ "_
_ /--_,-.._



BLT Input File for Tritium Release

41 CALIBRATIONOF MODEL: TRITIUMRELEASE (NO CAP) 110
102 80 2 1 50 1 0 0 1 15 1 0 0 1 l 1
1 0 0 0 6 0 I 4 0

2.628D06 0.00 7.30D09 4.31D16 1.0 1.0 1.0 0.0
1.0D-3 1.0D-3 I.ODO 0.0 1.0 3.01605

222222222222222222222222222222222222222222222222222
112222111111111111111111111111111111111111111111111

6.31D25
2 19 36 53 70 87

0.0 1.67 10.0 1.0 1.744D-9 0.37 0.0 1.00D-5
0.001 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.542 I0.0 1.0 1.744D-9 0.50 0.0 1.00D-5

0.001 0.0 0.0 0.0 0.0 0.0 0°0
8 0 0 2 0

I 101 i 0.0 0.0

0 0 0 0 0 0 0 6 I 2 0 0 0 0 0 0
0 0 0 0 0 I I I
I.D-I0 0.39 0.074 2.1D04 0.2 5.0D03 4.0D-04 0.2

6.0
2
8
1 0 0 1 0

0.20 0.80 0.00 5.0D-07 4.0D-I0 38.800 100.0 3.89D4
1.9382D4 1.0 0.0
I.1539D-8

1 0 0 I 0

0.0 0.0 I.OD20 0.0
1 18 35 52 69 86
1 5 1 1 0

A2-4
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