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ABSTRACT 

Unsaturated zone transport modeling is being 
conducted as part of the performance assessment of the 
Greater Confinement Disposal (GCD) facility which is 
located on the Nevada Test Site. This performance 
assessment is based on an iterative process of modeling 
and data collection to assess the likelihood the site will 
meet the U. S. Environmental Protection Agency's 
containment, individual protection and groundwater 
protection requirements for the disposal of transuranic 
wastes, high-level wastes and spent fuel. The current 
iteration of the performance assessment evaluates the 
potential impact of future events on the transport system. 
The hture events included in this analysis are 
subsidence, bioturbation, erosion, climate change, 
irrigated farming and drilling. This paper presents the 
unsaturated transport model, how it fits into the 
performance assessment and how the future events are 
incorporated in the model. 

I. INTRODUCTION 

From 1984 to 1989, the Department of Energy 
(DOE) disposed a small quantity of "special-case" 
transuranic (TRU) wastes in several large-diameter (3 to 
3.6 meter), 36.6 meter deep boreholes at the Radioactive 
Waste Management site in Area 5 at the Nevada Test 
Site.' The wastes are located in the unsaturated zone, 
approximately 200 meters above the water table. This 
disposal method is called "Greater Confinement 
Disposal" (GCD) because it provides greater confinement 
than shallow land burial. The TRU waste in the GCD 
boreholes is subject to the containment, groundwater 
protection and individual protection requirements in 
40CFR 191.2 The purpose of this performance 
assessment is to provide the DOE with enough 

information to determine if the site will comply with 
these regulations. 

The modeling approach used for this site is based on 
the assumption that the exact hydraulic conditions at the 
site are not known and can not be predicted due to 
uncertainty in the exiting conditions and future events. 
Therefore, whenever there is uncertainty in the process or 
event, conservative assumptions are made when 
formulating the conceptual model of the transport system 
and when simplifying the system for simulation with a 
numerical model. This conservative bias assures that the 
simulated release rates will be as high and higher than 
the actual rates. The modeling is performed in a Monte- 
Carlo fashion to account for the effects of the uncertainty 
in the parameter values and future states of the system. 
The uncertainty in the model parameter values is 
simulated using probability distribution functions (pdf). 
Latin hypercube sampling of the pdf is used to assure 
sufficient sampling across the entire parameter space.3 
The sensitivity of the model output to the range and 
distribution of each input parameter is evaluated and the 
results are used to identify the most significant parameter 
uncertainties and guide additional data collection. 

An iterative performance assessment process is used 
to determine whether or not the site is likely to meet the 
containment and protection requirements and to optimize 
data collection. The first two performance assessment 
iterations indicate that the GCD site is likely to comply 
with all of the containment and protection requirements 
under the existing hydrologic c0nditions.4~~ The third 
iteration of the performance assessment incorporates the 
effects of climate change, erosion, bioturbation, 
subsidence and human activity on the contaminant 
transport system. The potentially disruptive human 
activities that will be analyzed include irrigation and 
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intrusion by drilling.' 

11. UNSATURATED ZONE TRANSPORT MODEL 

The transport model is used to estimate the flux and 
concentration of the TRU wastes in the subsurface as a 
function of time and distance from the source under 
different transport conditions. In this performance 
assessment, changes in the transport system due to 
subsidence, climate change, erosion, bioturbation, drilling 
and irrigated farming are represented by changes in the 
model parameter distributions. The numerical transport 
model used in the third performance assessment iteration 
is based on a conceptual model of groundwater flow and 
contaminant transport. This conceptual model is based 
on general concepts of unsaturated flow and transport 
and on the interpretation of the isotopic data collected to 
estimate the recharge rates at the GCD site.7 

A. Conceptual Model 

Site characterization data indicate that downward 
advection through the sediments at the GCD site is 
negligible (Le., infiltrating water will not reach the water 
table in 10,000 years) under the dry existing conditions 
and wetter conditions in the past? Consequently, the 
processes that will transport contaminants to the 
accessible environment are upward advection, diffusion, 
bioturbation and plant uptake. Since the shortest pathway 
to the accessible environment is between the waste and 
the ground surface, the most important transport system 
is the one that moves the contaminants from the source 
to the ground surface. The transport model for the site is 
based on the following major assumptions: contaminants 
move by difhsion fkom the source to the plant roots and 
into the zone where upward advection and bioturbation 
are significant; sorption retards the diffusive transport; 
individual isotopes are depleted and generated by 
radioactive decay; the tortuosity of the transport path is a 
function of the porous medium and water content; 
erosion, subsidence, climate change and burrowing will 
occur at the site; and human activity may alter the 
transport system. In the upward advection and diffusion 
model, it is conservative to assume that downward 
advection is negligible, erosion exceeds deposition, and 
that subsidence, climate change and burrowing occur. 

B. Numerical Model 

The governing equations for the numerical model are 
based on the assumption that there is a steady advective 
velocity, upward from the waste to the ground surface. 
The conceptual model is simplified to allow 
implementation of the numerical model of the site. The 

other simplifying assumptions include no containment of 
the waste at the source; homogeneous porous medium; 
constant molecular diffusion coefficient; uniform water 
content; chemical equilibrium; reversible, linear sorption; 
zero-concentration upper boundary condition; specified- 
concentration lower boundary condition; no alteration of 
the concentration gradient by plant uptake; no 
hydrodynamic dispersion; and all the erosion, subsidence 
and burrowing occur at the beginning of the simulation. 
The governing equation for this transport system is a 
one-dimensional, advection-diffusion equation with 
retardation by sorption, and source and sink terms for 
radioactive decay (Eq.1). 

In this equation, the change in the concentration of a 
specific isotope, at some distance above the source, over 
time is equal to the sum of the sources and sinks of that 
isotope. The first term on the right hand side of the 
equation is the change in concentration due to diffusion. 
The second and third terms represent the change in 
concentration due to radioactive decay, and the last term 
is the change in concentration due to advection. The 
initial concentrations, of all the isotopes in the soil above 
the waste, are zero. The liquid phase concentration of 
each isotope at the lower boundary is equal to the initial 
concentration for the entire simulation and zero 
concentration is maintained for each isotope at the upper 
boundary to maximize the concentration gradient. 

In the performance assessment of the GCD site there 
are four radioactive decay chains with a total of 19 
isotopes that must be modeled. The computer code 
SWIFTII' is used to implement the transport model 
because it is capable of simultaneously simulating the 
advection and diffusion of all four decay chains, when a 
steady-state, unsaturated flow system is assumed. 

In the first stage of the assessment, the performance 
of the site is evaluated with respect to the containment 
requirements2. For this analysis, the transport model is 
used to estimate the concentration of the isotopes at the 
ground surface, plant rooting depth and bioturbation 
depth. These concentrations are used to estimate the flux 
of the isotopes at the ground surface due to diffusion 
(Eq. 2), plant uptake (Eq. 3) and bioturbation (Eq. 4). 
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In the containment calculations, the mass flux due to 
plant uptake and bioturbation are a function of the total 
amount of the isotope in the soil, while the diffusive flux 
is only a function of the amount of the isotope in the 
liquid phase. The plant uptake model (Eq. 3) is a simple, 
empirical model chosen because of the availability of 
data on the proportions of radioactive contaminants 
removed from soil by different plant species.’ In this 
model the flux at the surface is a function of the plant 
uptake factor (concentration ratio), the mass density of 
the plant at the surface and the plant growth rate (amount 
of plant mass produced over time). The bioturbation 
model (Eq. 4) is even simpler than the plant uptake 
model, because all the contaminants in a given volume of 
material are transported. Bioturbation and plant uptake 
are treated as continuous transport processes. 

The fluxes at the surface for each isotope are 
calculated, summed, and scaled by the factor established 
in the containment requirements. Then the scaled releases 
are summed to calculate the EPA sum (Eq. 5). 
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C. Future Events and Processes 

Consequence models for subsidence, climate change 
and human intrusion are in the development stage.’ The 
consequence of both subsidence and erosion is to reduce 
the distance fiom the waste to the accessible 
environment. Currently, subsidence and erosion are 
incorporated in the containment calculations as changes 
in the depth of burial of the waste and are treated as 
uncertain variables. As stated previously, all the 
subsidence and erosion is assumed to occur at the 
beginning of the simulation to simplify the problem. This 
is a conservative assumption, because it minimizes the 
rooting depth necessary to reach significant contaminant 
concentrations. Subsidence may also affect the porosity, 
upward advection rate, water content and plant growth. 
These effects will be represented in the transport model 
and containment calculations as correlated changes in the 
pdf for each of the impacted parameters. 

Site characterization data indicate that the primary 
consequence of climate change is the development of 
deep-rooting species at the GCD site?,’o For the 
containment calculations, the pdf for rooting depth, 
concentration ratio, vegetation turnover fraction and 
biomass density will be changed to add deep-rooting 
species in the simulations. More information on the 
expected plant characteristics under climate change 
conditions can be found in these proceedings.” As with 
subsidence, climate change may result in changes in the 
upward advection rate and water content of the 
sediments. 

Bioturbation is incorporated in the model as a direct 
transport mechanism and closely resembles the plant 
uptake model. The future bioturbation depth and the 
volume of sediments transported to the surface are 
uncertain parameters. The ranges of the pdf for each of 
these parameters will be determined using natural 
analogues. 

Human activity at the site may occur, but unlike the 
other future processes it is not assumed that it will occur. 
Consequently, the potential effect of human activities on 
the site’s performance will be assessed using scenario 
analyses. The current model results in four possible 
scenarios: no drilling or irrigated farming (base case), 
drilling, irrigated farming, and irrigated farming and 
drilling. In the scenario analyses the simulated 
cumulative release is weighted by the probability of 
occurrence of the scenario. These probabilities have not 
been established yet. The consequence model for 
irrigated farming is still being developed. As with 
climate change, the most significant change in the 
system, with respect to the containment requirements, 
will be the development of deep-rooting species at the 
site. The changes in the pdf for each of the plant-uptake 
parameters will be based on natural analogue data. The 
effects of human intrusion by drilling will be simulated 
using the bioturbation model. 

111. SUMMARY 

The performance assessment of the GCD site uses a 
simple model of diffusive and advective unsaturated 
transport linked to bioturbation and plant uptake models 
to evaluate the potential release of radioactive 
contaminants to the accessible environment. The focus 
of this research is modeling the ability of the site to meet 
the containment and protection requirements, not on 
creating a realistic simulation of the transport system at 
the site. The effects of the uncertainty in the future and 
existing transport conditions at the site are incorporated 
in the performance assessment using a Monte-Carlo 
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approach. 

NOMENCLATURE 

A decay constant 
pb sediment bulk density 
T tortuosity 
6 volummetric water content 
A cross-sectional area 
b dry biomass density (surface) 
BD bioturbation depth 
Ci liquid concentration of isotope (i) 
CR concentration ratio 
D, free water molecular difision coefficient 
Fi 
J 

K, sorption distribution coefficient 
L depth of burial 
n vegetation turnover fraction 
P vegetation turnover period 
R retardation factor 
RD rooting depth 
t time 
T 
VB soil volume moved to surface by bioturbation 
v advective velocity 
z distance above waste 

containment requirement scaling factor for isotope (i) 
mass flux at ground surface due to plants (JJ, 
diffusion (J,) and bioturbation (JB) 

total number of time steps 
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