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SUMMARY 

The ISystemsl task of the Assessment of Effectiveness of Geologic Isola
tion Systems (AEGIS) Program is developing a Systems Approximate Simulator 
(SAS); a computer code of low-level technical complexity that incorporates the 

most significant waste-package, repository, and site processes affecting geo
logic nuclear waste isolation. This report discusses the AEGIS 1982 fiscal 
year progress toward building a SAS. 

A computer code, SAS(82), has been developed as the site module of the 

SAS development effort. The SAS(82) is an efficient and accurate simulator of 
one-dimensional radionuc1ide transport. Features of the SAS(82) are direct 
(Monte Carlo) simulation, linear decay and sorption models, spatially and tem
porally varying hydrologic and geochemical variables, general travel-time dis

tributions (possibly non-Fickian), and mu1tinuclide release. 

The SAS(82) was used to simulate radionuclide transport from a nuclear 
waste repository located within the Hanford basalt~. A 99Tc analysis along a 

thermally influenced path through the Grande Ronde Formation demonstrated the 
complexity of modeling near-field transport. Perturbed hydrologic conditions 
corresponding to "Hanford Basalt Geologic Simulation Model" results (Petrie 
et al. 1981) were evaluated, using the SAS(82). 

Future work will include the development of SAS waste-package and reposi
tory modules as simplified process models become available. The SAS may even

tually be used as the basis for parametric sensitivity and uncertainty studies 
for the entire geologic nuclear waste isolation system. 
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1.0 INTRODUCTION 

For the 1982 fiscal year (FY82), the Assessment and Evaluation of Geologic 
Isolation Systems (AEGIS) Program has adopted the basic work breakdown struc
ture of the Office of Nuclear Waste Isolation (ONWI) and the Department of 
Energy National Waste Terminal Storage (DOE NWTS) by separating research into 
four areas: 1) waste-package research, 2) repository research, 3) site 
research, and 4) system research. Four computer models of low-level technical 

complexity are being developed by ONWI: 

• PACSYM--waste package 

• REPSYM--repository 

• SITSYM--site 
• SYSSIM--system. 

The AEGIS I Systems I task is developing a Systems Approximate Simulator 

(SAS), a computer model of low-level technical complexity that would qualify 

as a SYSSIM. The SAS is a modularized computer code that incorporates the 

most important aspects of waste-package, repository, and site processes of 

nuclear waste isolation. Figure 1 indicates the development status of the SAS 
for FY82. The SAS consists of three modules: 

• Waste Package--This 'PACSYSM'-type module is being developed by 
other ONWI contractors and will be included in the SAS when com

pleted. The three characteristics of the waste package to be 
modeled are corrosion of the cannister and overpack materials, 

leaching of the waste form, and transport of the radionuclides out 
of the emplacement niche. The output of this module would be 1) the 
radionuclide inventory at the repository at any time, and 2) the 
release time, duration, and leach rates for each radionuclide. 

• Repository--This 'REPSYM'-type module also is being developed by 
other ONWI contractors and will be included within the SAS when 

available. Detailed modeling of repository effects on waste migra

tion is an immense task due to the physical complexity of the prob

lem. The output of this module would be 1) repository-induced, 
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FIGURE 1. Systems Approximate Simulator Development for Fiscal Year 1982 

flow-field perturbations (i.e., the perturbations to the ground-water 
pore velocities and travel paths due to physical and thermal buoyancy 
effects), and 2) source locations or embarcation points in the flow 
field for radionuclide transport. 

• Site--This ISITSYMI-type module has been developed by the AEGIS pro
gram in FY82 and is referred to as the SAS(82) for the remainder of 
this report. The SAS(82) is a one-dimensional radionuclide transport 
code that includes 1) spatial and temporal variation in pore veloc
ity, dispersion, and sorption, 2) multinuclide leach rates and 
release times, 3) linear decay chains, and 4) linear sorption. 

Two other detailed process models are required as input to the SAS. The 
first, a three-dimensional ground-water flow and transport model, must exist 
for the proposed repository site for the calculation of nuclide travel paths 

from the repository to the biosphere. In the near-field, such a model must 
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include repository-induced, thermal buoyancy effects. In the far-field, a 
three-dimensional, finite element ground-water flow code such as FE3DGW may be 
used to determine the flow paths. 

The second required process model, a dynamic geohydrologic model for the 
repository site, predicts changes in the radionuclide travel pathways corre
sponding to ongoing geologic processes for the period of time that the reposi
tory is considered to be active (10,000 to 1,000,000 years). The AEGIS Program 
has developed a Geologic Simulation Model computer code that fulfills these 
requirements (Petrie et ale 1981). 

The information flow between the various computer models (shown in Fig
ure 1) is as follows: 

1. Changes in repository geometry caused by ongoing geologic processes 
are input to the Repository Module from the Geologic Simulation Model. 

2. Repository thermal effects are input to the Waste Package Module 
from the Repository Module. 

3. Repository breaching conditions (e.g., ground-water flow, percentage 
of radionuclide inventory affected) are input to the Waste Package 
Module from the Geologic Simulation Model. 

4. The type, time, and quantities of radionuclides to be released to 
the ground-water flow system are input to the Site Module [SAS(82)] 
from the Waste Package Module. 

5. The present-day flow system including pore velocities and pathways 
are input to the Site Module [SAS(82)] from the three-dimensional 
Hydrologic Flow and Transport Model. 

6. Geologic perturbations of the present-day flow system are input to 
the Site Module [SAS(82)] from the Geologic Simulation Model. 

7. The radionuclide release point from the repository is input to the 
Site Module [SAS(82)] from the Repository Module to determine the 
proper travel path to the biosphere. 

8. The radionuclide activity-level distribution (over time) at the bio
sphere discharge point is output from the Site Module [SAS(82)]. 

3 



The SAS research effort has purposely followed the path of modular com
puter code development so that state-of-the-art process models may be incorpo
rated as they become available. 

This report describes FY82 activities with an emphasis on the development 
of the SAS(82). Section 2 discusses conclusions and suggestions to future 
work; Section 3 describes the individual process models incorporated into 
SAS(82); Section 4 describes the numerical implementation of these process 
models; Section 5 examines test cases for SAS(82); and Section 6 provides an 
application of SAS(82) to radionuclide trasport in the Hanford basalt. 
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2.0 CONCLUSIONS 

The 'Systems' task of the Assessment of Effectiveness of Geologic Isola
tion Systems (AEGIS) Program is developing a Systems Approximate Simulator 
(SAS), a computer code of low-level technical complexity that incorporates the 
most significant waste-package, repository, and site processes affecting geo
logic nuclear waste isolation. 

A computer code, SAS(82), has been developed as the site module of the 
SAS development effort. The SAS(82) is an efficient and accurate simulator of 
one-dimensional radionuclide transport. Features of the SAS(82) are direct 
(Monte Carlo) simulation, linear decay and sorption models, spatially and 
temporally varying hydrologic and geochemical variables, general travel-time 
distributions (possibly non-Fickian), and multinuclide release. 

A waste package module must be developed that uses the material properties 
of the waste, canister, and overpack, as well as repository ground-water and 
temperature conditions to calculate radionuclide release times, rates, and 
durations. The AEGIS Program expects to receive a simplified waste-package 
model the latter part of FY82. The model is planned to be incorporated into 
SAS in FY83. 

A repository module must also be developed that accepts as input the 
waste package leaching information, repository dimensions and thermal condi
tions, and ground-water flow to calculate the radionuclide distribution on the 
near-field/far-field boundary as a function of time. This involves a three
dimensional analysis with coupled flow, heat transfer, stress, and transport 
models for fractured media. Development of a computer code to cover this 
physical complexity is an enormous undertaking. A simplified version embody
ing these concepts probably will not be available in the near future. Thus, 
development of a SAS repository module to calculate near-field radionuclide 
transport does not now appear to be feasible in FY83. 
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3.0 SAS(82) PROCESS MODELS 

The SAS(82) represents the development during FY82 toward a Systems 
Approximate Simulator (SAS), a computer code of low-level technical complexity 
that includes the most significant waste package, repository, and site pro

cesses that affect geologic nuclear waste isolation. 

The SAS(82) is a one-dimensional transport code that calculates the 

arrival time distribution of radionuclides to a discharge point in the bio
sphere via a fixed travel path. To model random effects such as longitudinal 

dispersion and radioactive decay, the SAS(82) has been developed as a direct 
(Monte Carlo) simulation code. Radionuclide particles are released from the 

repository and are propogated along the travel path according to spatially and 

temporally varying pore velocities, sorption, and dispersion coefficients to 

the discharge point. 

Radioactive decay is modeled into the SAS(82) ·as a linear chain 

where al is the parent element, a2' ... as_l are the daughter elements, 
and as represents the final nonradioactive stable element of the chain. 

(3.1 ) 

Geologic media sorption or ratardation effects on radionuclide transport 
are modeled as follows: 

(3.2) 

where V and D are the pore velocity and dispersion coefficient of radio-
ex a 

nuclide-a, V and D are the pore velocity and dispersion coefficient correspond-
ing to ground-water transport, and R is the retardation coefficient of 

ex 
radionuclide-a. Equation (3.2) assumes that sorption occurs rapidly relative 

to the ground-water pore velocity, allowing the chemistry of the ground water 

to be at or near equilibrium at all times. 
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The source module of the SAS(82) includes different release times, rates, 
and durations for each of the elements of the linear decay chain [Equa-
tion (3.1)J to reflect the exponentially decaying inventory of the repository, 
corrosion times of the cannister and overpack materials, and the different 
solubilities of individual radionuclides of a decay chain. A description of 
the transport, arrival time, decay, and sorption models implemented within 

SAS(82) are given below. 

TRANSPORT EQUATIONS 

The equations for mass transfer are extensions of the continuity equation 
for a specific chemical species. Stated in nonmathematical terms for a given 
control volume: 

Net rate of mass Net rate of accumu
lation of A within 
control volume 

Rate of chemical pro-
efflux of species A + 
from control volume 

duction of A within = 0 
the control volume 

A general continuity equation in three-dimensions for multiphase transport 
of species a (Gray 1975) is written for porous media as: 

where 

+ 1 J P ( V - W ) • n dA = - 'il • < J > V AfS(t) a a a a a 

1 J J. n dA + £ <R > f ( 3 • 3 ) 
- V Afs(t) a a a 

Pa = mass concentration of radionuclide-a in the fluid 
V = fluid pore velocity 
W = velocity of the interface 
£ = porosity 

J = diffusive flux of a with respect to the fluid pore velocity 
a 
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R rate of production of a in the fluid phase 
a 

N unit vector normal to the fluid-solid interface 
a 

<> the average of the quantity enclosed 
A = the local fluctuations of the quantity. 

The first term in the general continuity equation is the accumulation 

term. The next term accounts for concentration changes caused by changes in 

porosity; this term is useful for unsaturated conditions. The third term 

accounts for convection of species by movement of the fluid. The following 

term is the divergence of the average of the product of the local fluctuations 

of the mass concentration and pore velocity. This represents hydrodynamic 

dispersion, as defined by Bear (1972). The last term on the lefthand side and 

the first term on the right in Equation (3.3) relate to the effect of geometry 
on diffusive flux (tortuosity) and the diffusive flux, respectively. The last 

two terms relate to interphase mass transport and chemical production, 

respectively. 

Simplifying Assumptions 

Equation (3.3) represents a completely general transport equation; how

ever, not all the terms in Equation (3.3) are easily quantified given present 
technology. Several simplifying assumptions are necessary to obtain a usable 

formulation: 

1. The effect of changing atmospheric pressure is assumed to be 

negligible. 

2. A velocity field is required for input to the model. This data can 
be obtained from a hydrologic model or from analysis of data pro

duced from a field study program. In either case, the flow field is 
calculated before computing the mass transport simulation. Inherent 
in this procedure is the assumption that the flow patterns are inde
pendent of the chemical composition or temperature of the ground

water solution. This assumption is sound if the system is nearly 

isothermal and all solutes are at relatively low concentrations. 

For radionuclide transport from a geologie repository, the concen

trations of solute are not high enough to affect the viscosity or 

density of the solution. Near the waste repository the thermal 

9 



buoyancy effect influences the travel path and pore velocity within 
the vicinity of the repository, but does not in the far-field. 
Thus, the isothermal condition seems appropriate for the Site module 

of the SAS development effort. 

The above assumption allows decoupling of the mass transport equations from 
the flow equations and heat transport equations, enabling simulation of each 
phenomenon separately rather than simultaneously. 

Resolution of the flow patterns below a certain scale in a regional 
aquifer usually is not feasible, if not impossible. This small-scale uncer
tainty in the flow field results in the term "mechanical or hydrodynamic dis

persion" (Bear 1972). 

Schwartz (1977) subdivided hydrodynamic dispersion by scale and called it 
microscopic, macroscopic, or megascopic dispersion. Each term represents the 

scale of heterogeneity in the ground-water system. At the microscopic scale, 
dispersion occurs because the complex network of interconnected passages that 
compose the soil structure causes continuous division and redivision of the 
flowing fluid. On the macroscale, local variations in lithologic units are 
responsible for dispersion. Regional variations in lithology account for 
megascopic dispersion. In any case, the variation in hydraulic conductivity 
accounts for mechanical dispersion. 

The two larger-scale dispersions are made of microscopic dispersion and 
have results similar to molecular diffusion. In fact, Bear (1972) concluded 
that after a sufficiently long period of time hydrodynamic dispersion could be 
modeled as molecular diffusion. Therefore, for the SAS(82), it was assumed 
that hydrodynamic dispersion processes can be included with molecular diffu
sion on the relative flux term. Furthermore, the relative mass flux can be 
assumed to be adequately described by expressions of the form of Fick's first 
law. Thus, 

J = -pO v W 
a a 

(3.4) 
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where 
o = total mass density of the solution 
B hydrodynamic dispersion tensor 

W = mass fraction of species a (0 fa). 
a a 

Incorporating this assumption into Equation (3.1) results in: 

'i/ • (3.5) 

Incorporated into Fick's first law are the assumptions that the mixture 

is an ideal solution and that only binary interactions at the molecular level 
are significant. The hydrodynamic dispersion tensor, B, is assumed to be a 

function of the media alone (i.e., we are considering transport where the 
solute is not subject to sorption effects). 

The convective term can be expanded giving: 

v • 0 V 0 (v • V) + (V • '10 a a a 
(3.6) 

The pore velocity, V, can be expressed as qf~ where q is the Darcy veloc
ity and ~ is the effective porosity for saturated flow. The assumption here 

is that Darcy's Law holds for description of saturated ground-water flow. 

Expanding Equation (3.6) results in: 

v • p V 
a 

(3.7) 

If the transporting medium is assumed incompressible, which is valid except 
near the boiling point of water, then: 

for saturated systems, (3.8) 
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and 

v • q a0 
= - at for unsaturated systems. (3.9) 

For the SAS(82) the only region that would invalidate the above assumption 
would be near the nuclear waste repository and then for only a relative1y short 

time after emplacement of the waste. Incorporating the preceding assumptions 
and assuming that the total mass density of the mixture is relatively constant, 
Equation (3.3) becomes: 

ap 
_ _ a + V • "p " 0-" v = v· vp at a a 

for saturated systems. 

+ r 
a 

(3.10) 

In ground-water systems, the source/sink term, r , is usually a complex 
a 

function of several variables including soil or rock type, temperature, pres-
sure, and concentration of all species found at any point in the system. The 
function is normally represented by a complex rate expression. However, for 
most problems of practical interest these expressions probably are not known; 
and because of very difficult experimental problems, these expressions probably 
will not be obtained before a waste repository is put into operation. Fortu
nately, most ground water moves slowly and reaction kinetics are rapid enough 
to allow the assumption that most constituents in ground-water systems are at 
or near chemical equilibrium at 

where 

In one dimension, Equation 

_ap 
ap ap a(D axa ) 
~+ V~= at ax ax 

x = spatial position 
t = time 

all times. 

(3.10) reduces to 

+ r 
a 

(3.11) 
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p = p (x,t) = mass concentration of radionuclide-a 
et a 
V = V(x,t) = ground-water pore velocity (no sorptive effects) 
D = D(x,t) = longitudinal dispersion (no sorptive effects) 

r = r (x,t) = radionuclide-et source/sink. 
a et 

(Sorptive effects for one-dimensional transport are discussed later.) 

The one-dimensional transport approach was followed for the SAS(82) pri
marily for computational efficiency; however, considering radionuclide trans
port in fractured bedrock to be primarily one-dimensional along fractures is 

not unreasonable. The travel time of a radionuclide in the host bedrock con
stitutes essentially the entire travel time to the biosphere. 

TRAVEL-TIME FORMULATION 

Let the interval 0 ~ x ~ L denote the travel path from the repository to 
the biosphere. The left end-point (0) indicates the repository and the right 
end-point (L) indicates the discharge point to the .biosphere. Assume a parti
cle is released from the repository, and the arrival time (T) to the discharge 
point (L) is to be calculated. (For this case assume no decay or sorption). 
Using Equation (3.11) with r (x,t) = 0 (no source or sink within the travel 

a 
path) the arrival time (T) of the individual particle is a random quantity 
because of longitudinal dispersion. 

For the case where D(x,t) = constant and V(x,t) = constant, Equa
tion (3.11) reduces to the classical convective-dispersion equation 

ap 
~+ 
at o < x < L (3.12) 

that yields a Fickian travel-time distribution for a particle to traverse the 
distance L. The density function for the Fickian travel time distribution is 
given by: 

(3.13) 
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where 
a = 4D/V 
b = L/V 

The expected value and standard deviation of the travel time (T) is given by 

E(T) = b = L/V (3.14) 

(3.15) 

Notice that the expected travel time is distance divided by velocity. 

In general, the pore velocity V(x,t) and the longitudinal dispersion 

coefficient D(x,t) are spatially and temporally varying quantities affected by 
radioactive decay and sorption. Let the travel path 0 < x <L be partitioned 
into segments 

o = = L 

such that when the particle is within a segment xi_1 < 
velocity V (x,t) and dispersion coefficient D (x,t) of 

a a 
are constant. Thus, the arrival time (T) is given by 

x < x., the pore - , 
a radionuclide-a 

(3.16) 

(3.17) 

where 6T," is the travel time of the particle across the segment x. 1 < x < x. ,- - - , 
which may be simulated from a Fickian travel time distribution with the proper 
dispersion coefficient and pore velocity. 

The SAS(82) has been coded assuming a Fickian travel time distribution. 

Evidence indicates that the classical convection-dispersion Equation (3.12) 
provides an inappropriate description of mass transport in a natural hydrologic 

system (Gelhar, Gutjahr and Naff 1979; Smith and Schwartz 1980; Matheron and 
De Marsily 1980; Dagan and Bresler 1979; Simmons 1981). Simmons (1981) has 
suggested that a log-normal arrival time distribution (that corresponds to 
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log-normal hydraulic conductivity distributions) would be more appropriate for 
one-dimensional transport. The log-normal arrival time density is given by 

1 
fL(t) = 

~a 
exp[-(lnt - b)2/2a2J 

t 
(3.18) 

where b is the mean value and a is the standard deviation of the underlying 
Gaussian process [i.e., ln (T) is Gaussian with mean b and standard deviation 

aJ. The expected value and variance of a log-normal arrival time distribution 
are given by 

E(T) = exp (b + a2/2) 

u2(T) = E(T) [exp(a2) - 1J 

(3.19) 

(3.20) 

Simmons (1981) has shown that the log-normal density function approximates a 
Fickian density if the coefficient of variation of the travel-time distribution 
is less than one, that is, 

u(T) 
mr < 1 (3.21) 

Equating the first two moments of the Fickian density [Equations (3.14) and 
(3.15)J with those of the log-normal density yields the parameters a and b of 
the log-normal density that correspond to a Fickian density with pore velocity 
(V) and dispersion coefficient (D) 

a =Vln [1 + 2D/(LV)J 

b = ln (L/V) - 0.5 ln [1 + 2D/(LV)J 

RADIOACTIVE DECAY 

(3.22) 

(3.23) 

The SAS(82) is a radionuclide transport code with direct (Monte Carlo) 
simulation where atomic particles are released directly to a one-dimensional 
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hydrologic system so that the arrival times to a discharge point are simulated 
from a probability distribution (e.g., Fickian). The SAS(82) models first
order chain decay 

where al represents a parent element, 
as represents a nonradioactive stable 
sent the decay times from one element 

Ta 
S 

a2 .•• , as_l represent daughters, 
element, and T, T repre-

al as 
to the next. 

The decay times T, ., T are random quantities governed by al as 

(3.24) 

stochastically independent exponential random variables with decay constants 
A , ... , A . The probability density function (PDF) of an exponential 
al as 

random variable with decay constant A is given by 

A exp(-At) , t > 0 (3.25) 

The half life (HL) of a radioactive particle with decay constant A is given by 
the median of the exponential distribution 

Given a particle a1 to 
decay times T , ••• , T . al as 
pendent variates T~ , ••• , 

al 
AS populations according to 

HL(A) = In(2)/A (3.26) 

be released from the repository at time TO' the 
may be simulated by drawing stochastically inde
T~ from exponential- A , ... , exponential-as a 
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+ T 
a 

S 

To generate an exponential-A variate (T) from a uniformly distributed 

variate (v) on the interval 0 < x < 1 [uniformly distributed (0,1) random num
ber generators exist on all computers] let 

T = -In (V)/A (3.28) 

SORPTION 

When considering sorption of the radionuclides by the porous media through 
which the radionuclide and water are flowing, Equation (3.12) becomes for one-
dimension and first-order decay: 

where 
Bd bulk density of the media 

¢ = effective porosity 

S = mass concentration of a sorbed to the porous media 
a 

A = decay constant 
a 

(3.29) 

Because the concentration of radionuclide is assumed to be small, the sorption 
equilibrium curve should be nearly linear and is described by 

(3.30) 
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where, Kd a is the distribution coefficient. Thus, by substituting 
Equation (3.30), the last term in Equation (3.29) becomes A (1 + ~ Kd ) 

a e: a 
Since sorption is assumed to occur rapidly with respect to ground-water 
movement, Equation (3.30) becomes: 

when differentiated with repect to time. Thus, Equation (3.29) becomes 

2 

p • 
a 

(3.31) 

ap a p ap 
Ra ~ta = D ~ - V ~ - RAP (3.32) 

..... Co ax a a a ax 

after substituting Equation (3.31); Ra is the retardation coefficient to 
1 + ~ Kda . Dividing Equation (3.32) by Ra yields. 

2 ao ap a p 
~ + V ~;:: 0 __ a - A p ( 3 . 33 ) 
at a ax a ax2 a a 

which is similar to Equation (3.12) except for the (-A p ) decay induced 
a a 

sink term and the radionuclide pore velocity (V ) and dispersion coefficient 
a 

(D ) given by 
a 

V = VIR (3.34) 
a a 

o = D/R (3.35) 
a a 
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4.0 NUMERICAL IMPLEMENTATION OF SAS(82) 

The SAS(82) is a direct (Monte Carlo) simulation transport code that 
generates the arrival times of radionuclides released from a repository to a 
discharge point in the biosphere. In this section of the report, the internal 
programming and file structure of the SAS(82) will be described. 

The SAS(82) is composed of four data files (CONTROL, STATIC HISTORY, 
VELOCITY, and ARRIVAL TIME) and three routines (RELEASE, FLOW, and DENSITY); 
Figure 2 contains the flow diagram for the SAS(82). In summary, 

• RELEASE generates the STATIC HISTORY file that contains the radio
nuclide type, the release time, and the decay times for each particle 
to be released to the hydrologic system. 

• FLOW reads the STATIC HISTORY file and generates the particle arrival 
times that are stored in the ARRIVAL TIME file. Arrival time dis
tributions are determined from hydrologic parameters stored in the 

VELOCITY file. 

• DENSITY reads the ARRIVAL TIME file and produces an arrival-time 
distribution for an output device (e.g., line printer or plotter). 

The CONTROL file is used as input to execute any of the three routines; 
the SAS(82) was designed so that RELEASE, FLOW, or DENSITY may be executed 
independently of each other if the proper data files exist. For example, the 
same STATIC HISTORY file corresponding to a particular release scenario may be 

used as input to several different FLOW executions corresponding to different 
hydrologic travel paths. The SAS(82) was developed in a modular fashion so 
that it might incorporate waste-package and repository modules as simplified 
process models become available. A more detailed discussion of the internal 
structure of the SAS(82) is given below. 

CONTROL FILE 

CONTROL file is required as input to execute the RELEASE, FLOW, or DENSITY 
routines. CONTROL file contains the following information: 

• the title of the analysis 
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FIGURE 2. 
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SAS(82) Information Flow Diagram 

• the number of radionuclides (s) in the linear decay chain 

and the radionuclide .names and half-lives (years) 

• the number of leaching time intervals, beginning and ending times 

for each interval (years), and the number of particles of each 

radionuclide type to be released in each interval 

• the names of the STATIC HISTORY, VELOCITY, and ARRIVAL TIME files. 
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RELEASE ROUTI NE 

RELEASE creates the STATIC history file that contains the radionucl ide 

type, release time, and decay times for each particle to be released to the 

hydrologic system. The RELEASE internal logic is as follows: 

1. RELEASE reads from the CONTROL file the linear decay chain with 

half-lives, the leaching time intervals, the number of particles to 

be released per radionuclide type for each leaching time interval, 

and the STATIC HISTORY file name. 

2. The particles to be released during a leaching time interval, tl ~ 

t < t , are given random release times (TO) that are drawn from a - u 
uniform probability distribution with a range equal to the leaching 

interval, that is, with a probability density function given by 

1 
tl < t < tu 

otherwise 

3. The decay times for -each radionuclide particle to be released to the 

hydrologic system are drawn from stochastically independent exponen

tial probability distributions according to Equation (3.27). 

4. RELEASE writes to the STATIC HISTORY file the particle type ai' the 

release time TO' and the decay times 

FLOW ROUTI NE 

Ta .' 
1 

T ,.. 
ai+1 

(4.2) 

FLOW is the transport routine of the SAS(82). For each particle to be 

released into the hydrologic system, FLOW calculates the arrival time to the 
discharge point and logs it into the-ARRIVAL TIME file. 

FLOW is based on one-dimensional radionuclide transport. The travel path 

is divided into N segments of possibly differing widths 

(4.3) 
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where Xo represents the repository and xN = L is the discharge point. 
Figure 3 gives a representa t ion of a three-d imens ional t ravel path 
parameteri zed to one dimension. To allow for t emporal var i abili ty , the time 

period for the si mu l at ion i s par ti t ioned into M t ime peri ods of possibly 

different lengths 

(4.4 ) 

SL represen t s t he simulati on length. 

Th e spat i al and tempora l variability of t he pore ve loc i t y and di spersion 

coefficients f or a r adionuc l i de-a are modeled as 

v (x , t ) = V. . for x. 1 < x < x· and t. 1 < t < t . 
(l 1Ja 1- - 1 J - - J 

D (x,t) = D .. 
a 1Ja 

• • • • • • 
Xo Xl Xs 

FIGURE 3. A Three-D ime ns iona l Travel Pat h Par ameter i zed to 
One-Dimension 
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This means that the pore velocity and dispersion coefficient are homogeneous 
within the two-dimensional blocks of the displacement-time partition of Equa

tions (4.2) and (4.3). The pore velocity and dispersion coefficient for a 

radionuclide-a are related to the ground-water pore velocity and dispersion 
coefficients according to Equations (3.34) and (3.35). 

The FLOW internal logic is as follows: 

1. FLOW reads from the CONTROL file the linear decay chain and the 
names of the STATIC HISTORY, VELOCITY, and ARRIVAL TIME file. 

2. FLOW reads from the VELOCITY file 

a) travel path length (L) 

b) travel path partition {xii, i = 1, .•. , N 
c) simulation length (SL) 

d) the simulation time period partition 

{tjl, j = 1, ... M 
e) V .. ,D .. ,i = 1, 

lJaK lJaK 
N, j = 1, ••• , M, 

and k = 1, . . . S 

Notice that retarded pore velocities and dispersion coefficients are 

read directly into FLOW from the VELOCITY file for each of the 

radionuclides of the decay chain. 

3. For each particle to be released to the travel path 

a) FLOW reads from the STATIC HISTORY file the radionuclide type 

ai' the release time TO' and the decay times T , ••• , T 
ai as-1 

b) FLOW propagates the particle along the travel path to the dis-

charge point L and records the arrival time and radionuclide type 
(it could change because of decay) in the ARRIVAL TIME file. 

Stable particles (as) are not counted in the ARRIVAL TIME file. 

Details on the FLOW calculation of particle arrival times to the discharge 
point are given below. 

Let T denote the arrival time of a particle at the discharge point 

xN = L. T is given by 
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(4.6) 

where 6T. is the travel time of the particle across the path segment x. 1 < X , ,- -
< x .• - , Because of the random nature of the decay times and longitudinal dis-
persion, 6T. i=I, ... , N are random quantities , and are simulated from 
travel-time probability distributions. 

To simulate the travel time across the path segment xi_I ~ x ~ xi let 
Ti be the 'present' time of a radionuclide - ak particle at position xi_I. 

A travel time 6T i , is drawn from a Fickian travel time distribution 

corresponding to a displacement 6x i = xi - xi_I' 
and dispersion coefficient D.. . The integer j 

'JaK 
the 'present' time Ti in the time grid [Equation 

pore velocity = V.. , 
'JaK 

indicates the position of 

(4.4)J. 

t·I<T.<t. J- , - J , for some j = 1, ... , M 

If the particle velocity does not change in this time interval, that is, 

T. + 6T., < t. , , - J and T. + 6T., < T 
1 , - aK+I 

then 6T. = 6T., and (T. + 6T.) is the 'new' time at spatial position 
" " 

(4.7) 

(4.8) 

(4.9) 

xi. The travel-time accumulation process then continues to the next travel 

path segment xi ~ x ~ xi +I . 

If the particle pore velocity and/or dispersion coefficients change in 
the new time interval, that is, 

T. + 6T., > t. or T,. + 6T,., > T 
, , J aK+I (4.10) 
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then the interval xi_l ~ x ~ xi must be further divided to accurately estimate 
~T., Let ~T be given by 

1 

~T t. - T. 
J 1 

or - T. 
1 

(4.11) 

according to Equation (4.10). The distance traversed in time ~T from position 

xi_l is given by 

~T 
~x - -- (~xi) 

~T. , 
1 

(4.12) 

Thus, the particle is positioned at xi_l + ~x at time Ti + ~T. The original 
partition [Equation (4.3)] is modified (for this particle only) to 

(4.13) 

The travel-time accumulation process then proceeds to the next travel path 

segment xi_1 + ~x ~ x ~ Xi' 

For numerical simplicity the SAS(82) has implemented the log-normal 

approximation to the Fickian travel-time distribution [Equations (3.22) and 
(3.23)J because Gaussian random number generators are prevalent on most com
puter systems. An exponentiation of a Gaussian variate yields as log-normal 
variate. 

DENSITY ROUTINE. 

DENSITY is a data processing routine that analyzes the ARRIVAL TIME file 
and produces a smooth arrival-time density function from statistically irregu
lar (noisy) histograms. DENSITY is based on the 'kernel' smoothing algorythm 
developed by E. Parzen and is described by Tapia et al. (1978). 

Let F(t) and f(t) denote the cumulative distribution and density functions 
of a random variable T (arrival time) 
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F(t) = P [T ~ t] (4.14) 

f(t) d F(t) 
= dt (4.15) 

Let t 1, t 2, ... , tn be n independent observations of the random vari-
able T. The empirical cumulative distribution of T corresponding to the ran
dom sample t 1, t 2, ... , tn is the step-wise increasing function Fe(t) 
given by 

1 Fe(t) = n x (the number of ti's, = 1, ... , n (4.16) 
such that t. < t) 

1 -

For example, F (t) = 0 for all t less than the minimum of Jt.l; F (t) = 1 e 1 1· e 
for all t greater than or equal to the maximum of {til. Figure 4 contains a 
plot of Fe(t) for n = 5 sample values. 

A 

A smoothed estimate of the density function [f(t)] is derived from con-
volving the empirical distribution function [Fe(t)] with a kernel or filter
ing function (K). 

+00 

f(t) =Jr K(t-z)dFe(z) 
-00 

n 1 =-LK(t-t.) 
n . 1 1 

1= 

(4.17) 

To preserve the total mass of the arrival-time distribution, the kernel func
tion must be normalized to unity in the L1-sense. 

+00 

Jr K(z) dz = 1 
-00 

(4.18) 
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FIGURE 4. Empirical Cumulative Distribution Function (n=5 Sample Values) 

DENSITY uses symmetric kernel functions of the following form 

K(z) 

where Q may be one of these functions 

Q1(t)={1~2 

Q2(t) _ {I - [t [ 
- 0 

2 2 
Q3(t) = {~5!16 (1 - t ) 

Q(z/h) 
= h 

for 
otherwise 

for 
otherwise 

for 
otherwise 

-1 < t < 1 

-1 < t < 1 

-1 < t < 1 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

Q1 is known as a IIbox ll kernel, Q2 as a IItriangle" kernel, and Q3 as a IIbell ll 

kernel; Q1' Q2' and Q3 are shown in Figure 5. The value h is known as the 
II window width ll of the kernel and determines the degree of smoothing (large h 
much smoothing). The window value may be estimated using the formula (Tapia 
et al. 1978) 
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FIGURE 5. a) I1Box,11 b) I1Triangle,11 and c) I1Belll1 Smoothing Kernels 

h 1.07 cr 
= n(O.2) (4.23) 

where a is the standard deviation of the random sample t 1, t 2, .•. tn' 

The internal logic of DENSITY is as follows: 

1. DENSITY reads the radionuclide types al" . as_l of the linear 
decay chain and the ARRIVAL TIME file name from the CONTROL file. 

2. For each radionuclide aK, K = 1, •.• , s-1 

a) DENSITY reads from the ARRIVAL TIME file the arrival-time data for 
aK-particles, 

b) DENSITY plots a histogram of the aK-arrival time data, 

c) DENSITY plots a smooth arrival-time density function. The user 
specifies the window width and the kernel function type ( l1 box," 
"triangle," or "bell"). The default window width value is calcu
lated from Equation (4.24) and the default kernel function is the 
"bell." 

Examples of arrival-time density smoothing are contained in the next sec
tion of the report. 
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5.0 TEST CASES 

In this section we describe two test cases that were run to check the 
numerics of the SAS(82). Case 1 involves the release of 1291, considering 
only dispersive effects. Case 2 involves the point release of 248Cm , con
sidering only exponential decay effects. Analytical solutions exist for both 
test cases, permitting an evaluation of the direct-simulation approach to 
radionuclide transport modeling. 

CASE 1 

For CASE 1, the numerics of the Fickian travel-time distribution modeled 
within the SAS(82) were checked. The following parameter values were used for 
the analysis: 

• radionuclide released __ 129 I, 1000 particles at time = 0 
• half-life of 129 1 = 1.72 x 107 years 

• travel path length = 10,000 m 
• number of travel path segments = 1 
• ground-water pore velocity = 20 m/yr 
• ground-water longitudinal dispersion coefficient = 2,000 m2/year 
• retardation coefficient of 1291 = 1.0. 

Because the expected arrival time (100 years) is short in comparison to 
the decay time (1.72 x 107 years) no decay'is expected for the 200 particles 
that were released into the hydrologic system. 

Using the log-normal approximation to the Fickian travel time distribution 
[Equations (3.22) and (3.23)J, the parameter values of the log-normal density 
are a = 0.14072 and b = 6.20471. This results in an analytical solution 
arrival time density function 

2.8i501 exp [-(In t - 6.20471)2/(0.03961)J (5.1 ) 

Figure 6 contains plots of the DENSITY smoothed arrival-time density function 
and the analytical solution of the arrival-time density function. The 
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FIGURE 6. Plots of Analytical and DENSITY Smoothed 
Arrival Time Density Functions for 1291 

excellent agreement between the estimated and analytical density functions 
using 1000 particles indicates the strength of the direct travel-time 
simulation approach to radionuclide transport. (Default parameter values were 
used in DENSITY.) 

CASE 2 

For Case 2, the numerics of exponential decay were checked. The 

following parameter values were used in the analysis: 

• radionuclide released-_248Cm, 1000 particles at time = o. 
• decay chain 248Cm ~ 244pu 

• half-life of 248Cm = 4.7 x 105 years 
half life of 244pu infinite 

• travel path length = 10,000 m 
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• ground-water pore velocity = 20.0 m/year 
• ground-water longitudinal dispersion coefficient = ° m2/year 
• retardation coefficient of 248Cm = 1000 
• retardation coefficient of 244pu = 3000. 

The half-life of 244pu was assumed to be infinite so that an exact analytical 
solution of the 244pu arrival time density could be calculated. No disper

sion was allowed so that the exponential random decay effect could be isolated. 

Let T denote the exponentially distributed decay time associated with 

Because the half-life of 248 Cm equals 4.7 x 105 years, using Equation (3.26), 

the T exponential density function is given by 

1 ( -t ) 
678,067 exp 678,067 t > ° (5.2) 

The 248Cm pore velocity equals 0.02 m/year, which implies that a 244pu 

particle exits at the discharge point only if T ~ 500,000 years. The proba
bility that T ~ 500,000 year is given by 

1 f 500 ,000 
peT ~ 500,000J = 678,067 exp (-t/678,067)dt 

° 
= 0.52164 

that is, the proportion of 244pu particles to pass through the discharge point 
is 52.164%. 

The arrival-time distribution of 248Cm particles is a point mass at 

500,000 years because the dispersion coefficient equals zero. Thus, 47.836% 
of all particles released will exit at the same time, 500,000 years, as 
248Cm . The remaining 52.164% of particles will discharge as 244pu with a 

smeared (nonpoint mass) distribution. 
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The arrival time of a 244pu particle (244T) is given by 

( 5 .3) 

where 6248T is the 248Cm travel time and 6 244T is the 244pu travel time. 

Equation (5.3) is valid only if T < 500,000 years. Substituting T, the 244pu 

pore velocity (0.00667 m/year), th~ 248Cm pore velocity (0.02 m/year) into 

(5.3) yields 

by 

244T = T + 10,000 - T(0.02) 
0.00667 
6 

= 1.5 x 10 - 2 T (5.4) 

The conditional density function for T IIgiven that T ~ 500,000 11 is given 

exp (-t/678,067) exp (-t/678,067 f ° t 500 000 
(678,067) peT ~ 500,000)] = 353,707 or < < , ( 5.5) 

Therefore, the conditional density function of 244T IIgiven that T ~ 500,000 11 

is 

exp 

exp t - 1. 5 x 106 

1. 356 x 106 
= --""------..--....<. 

7.075 x 10 

6 6 for 0.5 x 10 < 5 t 1.5 x 10 (5.6) 

Figure 7 contains plots of the analytical solution density [Equation (5.6)] 

and a plot of the DENSITY smoothed arrival-time density using the default win

dow width value [Equation (4.9)] and the IIbell ll kernel fuction (Q3)' The 

smoothed density does not accurately approximate the analytical solution in 
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FIGURE 7. Plots of Analytical and DENSITY Smoothed 
Arrival Time Density Functions for 244pu 

those regions near the upper (1.5 x 106) and lower (0.5 x 106) limits of 
the arrival-time distribution because the smoothing window overlaps the range 
of Equation (5.6). However, DENSITY does accurately estimate the density in 
the region where the smoothing window does not overlap the range (e.g., t = 

6 1.0xl0). 

For most transport analyses, the default value smoothing of DENSITY is 
adequate for two reasons: 

1. Most arrival-time density functions to be encountered have two 
"tai ls" that each gradually decrease to zero as t approaches the 
upper and lower limits of the distribution (e.g., the Fickian dis

tribution of Case 1). The default value smoothing of DENSITY is 
inaccurate only when extremely truncated arrival-time distribution 
are encountered. 
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2. Radionuclide transport analyses would involve more than a point 

release of particles. Particle releases over a long time period 
(i.e., integrating point releases) yield an arrival-time distribution 
where the tail probabilities are an insignificant part of the total 
mass. The arrival time range would be large enough to permit accu
rate DENSITY smoothing for all but an insignificant part of the 
distribution. 
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6.0 HANFORD BASALT EXAMPLE 

In this section, the SAS(82) simulation of radionuclide transport from a 

nuclear waste repository located within the Hanford basalts is discussed. 
Thus, the SAS approach to performance assessment of geologic nuclear waste 
isolation may be evaluated. The authors wish to acknowledge that the follow
ing description of the Hanford basalt geohydrology is largely a summary from 

the Basalt Waste Isolation Project paper of Baca et ale (1981). 

HANFORD BASALT GEOHYDROLOGY 

The basalt rock beneath the Hanford Reservation represents a stratiform or 
tabular geology characterized by sequences of individual basalt flows or layers 
that, in certain locations, are separated by pervious water-bearing horizons. 
The repository candidate basalt flow is known as the Umtanum and is located 
within the Grande Ronde Formation. The Umtanum flow is ~71 m thick and is 
laterally continuous across the basin. The basic geologic conceptual model 
consists of an alternating sequence of dense basalt flows and flow contacts. 

Great differences in hydraulic properties between the dense basalt flows 
and flow contacts (hydraulic conductivity of dense basalt flow is 
-10-10 m/sec; hydraulic conductivity of flow top is -10-6_10-9 m/sec) 

causes a "stair-step" ground-water travel path from the Umtanum flow to a dis
charge point in the basalt outcrops. Under natural thermal conditions 
(i.e., assuming no repository heat), the ground-water travel path is predomi
nantly horizontal with nominal upward ground-water movement through the basalt 
flows. The upward movement occurs because of an upward hydraulic gradient and 
a significant vertical anisotropy in the hydraulic conductivity for the dense 
basalt flows. Figure 8 contains a plot of a typical ground-water travel path 
through the Grande Ronde Formation, assuming no thermal effects from a nuclear 
waste repository located within the Umtanum flow. 

Within the first 10,000 years after repository closure, the thermal plume 
affects travel paths by driving ground water upward from the repository to 

higher level basalt flows before the horizontal ground-water flow predominates. 
Figure 8 also indicates a ground-water travel path influenced by this thermal 
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FIGURE 8. Thermal Buoyancy Effect s on Radionuclide Trave l Paths 
in the Hanford Basalt 

buoyancy effec t. The difference i n travel paths can result in signifi cant ly 
differen t radionuclide travel times to the biosphere. 

99 Ex ampl e 1-- Tc Transport 

For t his example , the thermally infl uenced ground-water path of Figure 8 
was us ed. Table 1 contains all re lev an t hydrologic information . The hydro
log ic dat a of Table 1 correspond to thermall y inf l uenced flow paths 100 years 
after rep ository closure , as reported in Baca et al. (1981), with the except ion 
of t he dis persion coeff icients. The dis pe rson coefficients were calcu l ated 
us ing longi t udinal dispersivity values of 5.0 and 10 .0 m for the dense bas al t 
and f low t ops , re spectively, within the Grande Ronde [from Table 7-4 of Arnett 
et al. (1980)J . The length of this travel path was specified to be - 1 mi le to 
correspond to the boundary of a hypothet ical buffer zone now being considered 
by regul atory agencies. 

For this ex ample , the performance of the host rock was assessed on t he 

bas is of a key radionuclide, 99Tc , that has a l arge initial reposi t ory 

inven t ory (6 . 1 x 105 Ci) and a long hal f-life (2 .1 x 105 yr). [The inven tory 

36 



is based on -47,000 tons of heavy metal corresponding to one-half of the 
nations spent-fuel projected to the year 2000; see Baca et al. (1981).J A 
nondisruptive event involves releasing 10-5 years of the entire initial 
repository inventory over 10,000 years. For the SAS(82) run, it was assumed 

that one percent of the radionuclides were transported along the travel path 
indicated in Table 1. A constant release rate of 10-5 years for the total 
"transportable" 99Tc inventory (6.1 x 103 = 6.1 x 105 x 10-2 Ci) was assumed 

for 1000 years commencing 100 years after repository closure. The anionic form 
of 99 Tc accounts for relatively low sorptive properties in basalt; a retarda
tion coefficient value of 1.0 was used. 

TABLE 1. Hydrologic Parameters for Hanford Basalt: Example 1 

Ground-Water 
Ground-Water Dispersion 

Length, Flow Pore Velocity, Coef2icient 
Zone Description m Direction m/yr m /y 

1 Repository backfill 6 up 0.01 0.0 
2 Umtanum dense basalt 20 up 1.5 0.0 
3 Umtanum flow top 17 up 150 0.0 

4 Dense basa 1t 50 up 0.5 0.0 
5 Flow top 400 horizontal 0.5 5.0 
6 Dense basa 1t 100 up 0.03 0.15 
7 Flow top 1000 horizontal 1.0 10.0 

Figure 9 is a plot of the 99Tc activity distribution as a function of 
time; the dispersive effects of zones 5, 6, and 7 drop the peak activity level 
from 6.1 x 10-2 Ci/year in the near-field zones (1 to 4) to 0.01 Ci/year at 
the end of the travel path. Ten thousand 99Tc particles were released into 
FLOW for this simulation; default smoothing parameters were used in DENSITY. 

Example 2 __ 99Tc Transport with GSM Effects 

The Geologic Simulation Model (GSM--Petrie 1981) has predicted up to a 

doubling in Darcian flow within the Grande Ronde Formation -600 years in the 
future. The enhanced flow is a result of combined climatic and geomorphic 
effects on recharge and regional head gradients. 
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FIGURE 9. 99Tc Activity for Hanford Basalt: Example 1 

For this example, the far-field (zones 5, 6 and 7) pore velocities and 

dispersion coefficients were doubled (see Table 2). The travel path and near
field hydrology parameters were as in Example 1. This assumes that the thermal 
buoyancy effects have not appreciably changed in 500 years. The same release 
rate (6.1 x 10-2 Ci/year) and duration (1000 years) for 99Tc will be used 
as in Example 1, with release commencing 600 years after repository closure. 

Figure 10 is a plot of the 99Tc activity distribution as a function of 

time. The peak activity observed is 0.037 Ci/year at the end of the travel 
path. The doubling of Grande Ronde Darcian velocity resulted in a 50% increase 

in peak activity; this shows the potential impact of geologic perturbations to 
nuclear waste repository performance. Ten thousand 99Tc particles were 

released into FLOW for this simulation; default smoothing parameters were used 
in DENSITY. 
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TABLE 2. Hydrologic Parameters for Hanford Basalt: 

Description 
Flow top 
Dense basalt 
Flow top 

'" I 

0 ... 
~ 
-;:-
> 
"-u 
> 
I-
5> 
~ 
u « 

Ground-Water 
Length, Pore Ve 1 oc ity, 

m Flow Direction m/yr 
400 hori zonta 1 1.0 

100 up 0.06 

1000 hori zonta 1 2.0 

36.6 

27.5 

18.3 

9.2 

0.0 LL __ .....L-__ -..l.. ___ .L.:=::=:._..I 

70.47 82.24 94.01 105.78 117.55 

ARRIVAL TIME (VR) (X102) 

Example 2 

Ground-Water 
Dispersion 

Coef2icient, 
m /yr 
10.0 

0.30 

20.0 

FIGURE 10. 99Tc Activity for Hanford Basalt: Example 2 

DISCUSSION 

Examination of radionuclide transport in basalt has revealed an inadequacy 
of the SAS modeling approach. The SAS(82)--and most one-dimensional models-

assumes a fixed travel path for radionuclides throughout the simulation time 
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period. For the release durations commonly considered in nuclear waste isola
tion problems (10,000 years in the nondisruptive release scenario) the travel 

path for the ground water could change because of thermal buoyancy effects and 
geologic activity. 

The thermal buoyancy effect drives radionuclides to upper basalt layers 
where the natural ground-water flow finally predominates. The position where 

the natural ground-water flow dominates thermal buoyancy effects is, by defi

nition, the near-field/far-field boundary. For the SAS to adequately model the 
thermal buoyancy effects, the capability to calculate the quantity of radio
nuclide (as a function of time) to be delivered to a particular far-field 

travel path must be included in development of the SAS REPOSITORY module. The 
FLOW routine of the SAS(82) is an adequate far-field transport model, assuming 
fixed travel paths. 

Geologic changes in far-field travel paths (e.g., as a result of tectonic 
activity) may be accomodated by simply running FLOW over a multitude of travel 
paths as predicted by the Geologic Simulation Model (Petrie 1981) the multi
travel path approach is commonly used to supply multidimensionality to one
dimensional analysis capabilities. 
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