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Introduction

Abstract

his paper presents a simulation model for uranium series geochronological

dating employed in adjusting the age of the earth claimed by evolutionary
scientists. The model assumes that decay half-lives have been constant throughout
earth history, but introduces detailed equations to simulate diffusion and migra-
tion of radionuclide through a porous medium. Theoretically, a radiometric-dating
model should be developed based on the solute transport theory, which involves
tedious numerical computation. However, the traditional model imposes two crude
assumptions to simplify the computational processes, even though it is known that
inevitable errors may result. They are: (1) mineral deposits are confined in a closed
system and no radionuclide migration can take place, and (2) the decay chain is in
its “ultimate” equilibrium at the time of dating. On the other hand, the proposed
simulation model calculates the age of minerals based on the solute transport theory.
As such, the errors inherited in the traditional model can be minimized or avoided.
The results of model verification indicate that there are excellent agreements between
the simulation results and the analytical solutions for two cases: radioactive decay
and diffusion. Comparison of the results indicates that the closed system assumption
results in overestimation of the age of mineral when the age exceeds the “critical
year.” A comparison of an existing study for a rhyolite from the Cobb Mountain,

California and results from the simulation model also show the same trend.

A preliminary investigation revealed that a radiometric-

The dispute about the age of earth between evolutionary
scientists and biblical creationary scientists has continued for
centuries. Evolutionists now claim an age of 4.5 billion years for
the age of the earth, whereas biblical creationists claim an age
of no more than 8,000 years. In spite of recent progress, I do not
see that a satisfactory solution has been proposed to reconcile
this dispute. Since the radiometric dating method is the most
important means of determining the age of the earth by scientists,
it is important to evaluate the accuracy of this dating method.
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dating model should be developed based on solute transport
theory, which involves tedious numerical process. The solute
transport theory depicts the relationships between the rate
of transport of embed radioactive nuclei (radionuclides) in a
porous medium and the characteristics of the medium and
radionuclides. The medium is assumed to have a finite abil-
ity to conduct the solute transport in a fluid solvent via fluid
flow, which can diffuse and migrate. This is modeled using
solute transport system equations. The traditional model im-
posed two crude assumptions to simplify the computational
processes, knowing inevitable errors may result. They are (1)
the radionuclides in the mineral deposit are confined in a
closed compartment and no radionuclide migration can take
place (closed-system assumption), and (2) the radioactive
decay series is in its ultimate equilibrium stage at the time
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of dating (ultimate-equilibrium assumption) (e.g., Nier et al.,
1941; Wetherill, 1956; Tera and Wasserburg, 1972; Compston
etal., 1985; Durrance, 1986, p. 287; Getty and DePaolo, 1995;
Neymark etal., 2000; Pike etal., 2002; Tera, 2003; Mundil etal.,
2004; Chang et al., 2006; van Calsteren and Thomas, 2006).

An ultimate-equilibrium stage is defined as a stage when
the ingrowth of the stable radionuclide in a decay chain
reaches to the same decay rate of its parent nuclide. In reality,
a #8U radionuclide decays into 2**U, ?*° Th, ?*’Ra, and finally to
2Pb (taking into account only the long half-life radionuclides).
In the beginning, the rate of ingrowth of 2**Pb will be much
smaller than the decay rate of #*U. However, the discrepancies
between these two rates become smaller and smaller with the
increase in the duration of decay, and eventually reaches zero
or ultimate equilibrium.

Because the ratio of the stable daughter nuclide to the
remaining parent nuclide is used to measure the age of miner-
als, ignoring the migration loss of both parent and daughter
nuclides and the distorted ultimate-equilibrium assumption
could potentially create significant error in dating. This poten-
tial error has been pointed out by numerous investigators (e.g.,
Szabo and Rosholt, 1969; Hille, 1979; Durrance, 1986, p. 306;
Pike etal., 2002; Tera, 2003; van Calsteren and Thomas, 2006).
Nevertheless, the dating methods using these crude assump-
tions continue to dominate the field of geochronology.

"To improve the accuracy of radiometric dating, a simulation
model that considers the migration of radionuclide and transient
radionuclide decay is needed to simulate the dynamics of the
radiometric-dating system. With the advanced computer model-
ing techniques available today, employing a dynamic simulation
model for radiometric dating is now realistically possible.

This paper presents the performance of the simulation
model employed in adjusting the age of earth claimed by
scientists. The model is designed to transport the parent and
daughter nuclides from the crystallized mineral deposit to the
ambient crystalline rock in a three dimensional (3-D) system.
The transport processes include convective and dispersive
transport and molecular diffusion, as well as transient radio-
active decay processes. A Z8U-2Ph series method is selected
because this method is one of the most important methods
used in determining the age of the earth. Model verification
on the decay and diffusion processes is also conducted for
checking the credibility of the model.

Theoretical Background of Dating Model

Generic Mass-Transport System Equation

The basic equations governing a mass-transport system were
well established by previous investigators (e.g., Duguid and
Reeves, 1976; Pinder and Gray, 1977; Huyakorn et al., 1986;

McDonald and Harbaugh, 1988; Anderson and Woessner,
1992; Hydrogeologic, Inc., 1995; Leake and Lilly, 1997; Yeh et
al., 2002; and Hung, 1986, 2000, and 2004). Although the basic
form of the system equations derived by each investigator vary
slightly, the generic form can be summarized as follows.

Flow System Equation: The generic flow system equations
for a steady flow in a heterogeneous, anisotropic, and variably
saturated porous medium can be summarized in a Cartesian
coordinate system as:
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for the continuity equation (Bear, 1979). In the above equa-
tions, v, are the components of Darcy velocity, K. are the
components of saturated hydraulic conductivity, k  is the
relative conductivity, h is the hydraulic head, and x, are the
spatial coordinates.

Equation (1) expresses the postulated assumption that
fluid will migrate away from regions of high hydraulic pres-
sure (head) h and toward regions of low hydraulic pressure
h. Equation (2) expresses the continuity condition, which
basically states that fluid is not created or destroyed but may
migrate across boundaries.

Solute Transport System Equation: The generic solute
transport system equation for the kth radionuclide in a ¢ mem-
ber decay chain can be summarized as (Bear, 1979):
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where D is the component of apparent hydrodynamic disper-
sion tensor, ¢, is the concentration of the kth daughter nuclide
in the ¢ member decay chain desorbed in the water; v, is the
Darcy velocity; @ is the effective porosity, S_is the degree of
water saturation, R is the retardation factor, A is the radionu-
clide decay constant, A is the atomic weight, and subscripts
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k, i and j represent the order of daughter nuclide in the decay
series and spatial coordinates x, y and z. Here the Einstein
summation convention is followed, that the repeated indices
iand j are summed over from 1 to 3.

Traditional Model

The processes of solving the above dynamic equations are
extremely complex, involving long and intricate mathemati-
cal analyses. To avoid these complex processes, the traditional
model simplifies them by imposing two crude assumptions:
closed-system and ultimate-equilibrium assumptions.

The first assumption eliminates the necessity of the flow
equations— Fquations (1) and (2) —and the transport terms in
the solute transport equation. As a result, the governing system
equations are simplified into the form:
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Despite the fact that an analytical solution can be obtained
from Equation (4), previous investigators simplified the
solution further by imposing the second assumption, which
assumed the rate of ingrowth of 2°Pb is in equilibrium with
the rate of 2®U decay loss. That is, it assumes that ?*%U decays
into 2°Pb directly. 2Pb is stable and thus has zero decay
constant; hence, assuming that the first term in Equation (4)
represents the ingrowth of 2°Pb for k = 2 (final member of
the decay chain), then this rate should be equal to the decay
rate of "U (k-1=1). The solution of this simplified differential
equation is shown by Durrance (1986) or Getty and DePaolo
(1995) as:

206 Pb(t) = 3'"‘Pb(0) + 23“U(l‘) -[Exp(imf) =11

(5)

In Equation (5), &, represents the decay constant for U,

trepresents the time, and *°Pb and ?*U represent the number
06

of atoms for °Pb and #*U, respectively.
When this assumption is imposed, the age of the mineral

can then be calculated from Equation (5) as:
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Thatis, the age of the mineral can be calculated from Equation
6 once the Pb/?8U ratio of the mineral is measured and its
206Ph(0)/28U(t) ratio is properly estimated. Equation (6) is the
basic equation of the traditional model.

Proposed Dynamic Simulation Model

The proposed simulation model is designed to simulate
the transport of radionuclides based on the basic equations
described above. Existing models, such as the MODFLOW
(MODular FLOW) —SURFACT (integrated with a new ef-
ficient Scheme to treat Unconfined, non-ponding Recharge,
and Fracture well flow modules for the Analysis of Contami-
nated Transport) model (Hydrogeologic, Inc., 2001) or GMS
(Groundwater Modeling System) model (U.S. Army Water-
ways Experiment Station, 2002), were designed for compre-
hensive environmental engineering applications. Therefore,
direct application of these models may suffer from difficulties
of (1) modeling the intended conceptual model accurately, (2)
prolonged duration of analysis, and (3) extracting the required
specific output values. Therefore, a new model is needed for
exclusive radiometric-dating application.

Conceptual Model

The conceptual model assumes a mineral is deposited at the
center of a homogeneous anisotropic host formation in the
earth crust and is exposed to the natural geohydrological envi-

¥ 2xis
flow LT >
0
:mineral

___\-;-cubical domain
of analysis

vz axis

Figure 1. Schematic of the conceptual model for the simu-
lation model. It shows the geohydrological environment
after the mineral is deposited in the earth crust as an open
system.
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ronment, including convective and dispersive transports from
the ambient groundwater flow. Figure 1 shows the schematic
of this conceptual model.

Flow-System Equation
The mineral and its ambient host rock selected for radiometric
dating are normally crystallized and nonporous in texture and
underlain below the ground surface. Therefore, the transport
media, including mineral and host rock, would have very low
percentage of gravity water porosity (Hillel, 1980; Hung, 1983
and 2005). It follows that the transport media is constantly
saturated with pellicular water (pellicular water is the moisture
content in the porous media that cannot be lost by gravity
drainage process but by natural drought process) even under
unsaturated flow conditions. Thus, the hydraulic conductivity
of the mineral and the host rock will always exhibit their near-
saturated hydraulic conductivity, respectively (Hillel, 1980;
Hung, 1983 and 2005).

Therefore, the basic flow-system equations to be used in
the simulation model, Equations (1) and (2), can be simplified
and expanded as:
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and

The space-dependent components of the velocity vector can
therefore be solved independently. The results of the flow-
system analysis can then be applied to the solute-transport-
system analysis.

Solute-Transport-System Equation

As discussed above, the relative hydraulic conductivity and
the degree of water saturation can be approximated as unity.
It follows that Equation (3) can be expanded as:
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In Equation (9), ¢, is the concentration of the kth decay

member radionuclide. The components of the apparent hy-
drodynamic dispersion tensor, D_, ny D, Dyx, Dyy, Dyx D,
D, ,and D are space dependent and given by Scheidegger
(1961), and Burnett and Frind (1987), for stratified porous

media as:
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where a is the dispersivity, B is the tortuosity, D, is the free-water
molecular diffusion coefficient, and the subscripts Lh, Th,
Lv, and Tv are indices for horizontal longitudinal, horizontal
transverse, vertical longitudinal, and vertical transverse direc-
tion respectively. Tortuosity refers to the ratio of the diffusion



44

Creation Research Society Quarterly

coefficient in the porous medium to the diffusion coefficient
D, in free space. Usually it is smaller than unity in the medium
since the solid particles in the medium impede the flow, or
cause a tortuous path for the diffusion.

Model Development

Basic Equations

As shown in Equation (9), the time derivative of the radionu-
clide concentration is a linear sum of the transport effect, and
the decay/ingrowth effect. To simplify the modeling processes,
these two effects are separated in the model implementation.
After the separation, the basic equations are expressed in
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respectively, representing the transport component and de-
cay/ingrowth component.

A standard central difference scheme is selected for the
numerical analysis of the transport component. The com-
puter code for this component is implemented in the main
program. More details of the formulation of the model are
given in Appendix A.

Model Verification

The computer encoding and model verification can be tested
for some limiting cases. Two independent processes are se-
lected: radioactive decay and hydrodynamic transport. The
results of verification are detailed as follows.

Radioactive Decay Process

During the course of verifying the radioactive decay process,
the portion of simulation for the hydrodynamic transportation
is bypassed, so that the source of #**U and its progenies are as-
sumed to remain in the designated compartment as a closed
system. For the purpose of model verification, it is assumed
that one mole of #%U is placed at the center of the simulation
field. We are not necessarily assuming that this is a realistic
assumption; we are just using it to test the computer code and
the model on which it is based. The simulation is conducted
for 10,000,000 years in which the masses of parent and its
progenies are integrated. The results of simulation for all five
radionuclides in the decay chain, 28U, 2*U, #*Th, *°Ra, and
206Ph, are printed out for the target year of 100, 1,000, 10,000,
100,000, 1,000,000, and 10,000,000.

In parallel to the simulation, the decay/ingrowth products
from the same one mole of #*U are also calculated utilizing
the Bateman equation detailed in Appendix B.

The results of the analysis are plotted together with the
results of simulation and presented in Figure 2. The results
obtained from the analytical solution and the simulation
model agree with each other very well, confirming that the
mathematical formulas and the computer codes developed for
the decay portion are valid.

Transport Process

Because the simulation model is designed for a very low
hydraulic conductivity condition, the entire radionuclide
transport process is predominated by the dispersion/diffusion
process. Therefore, for the purposes of model verification,
the analytical solution representing point source diffusion in
an infinite space is selected. As derived by Crank (1975), the
analytical solution for a point source at the center of an infinite
space takes the form

-

p2

“scon” P 4nr) 13)

where C is the concentration of diffusing substance, M is the
source strength, D is the diffusion coefficient, r is the distance
from the source, and t is the time elapsed.

By assuming the source strength is 100 grams and the
diffusion coefhicientis 0.01 cm?/yr, the distribution of concen-
trations around the source point is calculated from Equation
(13) for one, two, three, and four years after diffusion has
commenced. The results of these calculations are presented
in Figure 3.

To verify the simulation model, comparable source
strength of 100 grams is placed at the center of the digitized
three-dimensional space. The components of the equivalent
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Figure 2. Comparison of the results of radionuclide decay/ingrowth obtained from
analytical and dynamic simulation models. The initial #*U strength is assumed to
be 1 mole for both calculations. The close match of these two solutions validates
the simulation model.
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Figure 3. Comparison of the results of radionuclide concentrations obtained
from analytical and dynamic simulation models. The source strength and the dif-
fusion coefficient are assumed to be 100 grams and 0.01 cm?/yr, respectively. The
close match in the concentration distribution between the results of simulation and
analytical solutions validates the simulation model.

diffusion coefficients in the x, y, and
z directions are maintained at 0.01
cm?/yr, and their space increments
are maintained at 0.05 cm. The
simulation suppresses the radioac-
tive decay and convective transport
effects by bypassing the radioactive
decay and convective transport pro-
cesses. The results of concentration
simulation are also plotted for one,
two, three, and four years after the
commencement of diffusion and for
the spaces at 0.0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7 and 0.8 c¢cm from the
source, respectively, on Figure 3.
Figure 3 shows that the concentra-
tions obtained from the simulation
model and the analytical model
agree each other very well. This
also implies that the model equa-
tion and numerical algorithm used
in the model for dispersion process
are accurate and valid.

Because the convective flow por-
tion of the model is a simple addition
of numerical scheme to the disper-
sion process, the transport portion of
the simulation is also considered to
be accurate. From the results above,
one can claim that this simulation
model is accurate and valid.

Comparison of Simulation
and Traditional Models

Scenario of Analyses

For the simulation model, it is as-
sumed that one unit mass of pure
#8U is deposited at the center of
the domain of analysis. During the
process of simulation, the model
calculates the variation of the mass
of each radionuclide in the decay
chain and the *Pb/?*8U ratio with
time. As to the traditional model,
the time variation of the ?Pb/?*%U
ratios is calculated through Equation
(6) by assuming there is no initial
mass of 2°Pb, which matches with
simulation model analysis.
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Table I. Collected porosity and density of rocks and mineral
from the work of Ho et al. (1989).

Transport Porosity, Density,
media unit-less glem?
granite 0.03* 2.67%
basalt 0.03 2.67
mineral 0.01 2.65

Note: * denotes the value used for the ambient host rock.

Input Data Collection

The key to generate accurate results from a dynamic simula-
tion is to use the most accurate input parameters. Fortunately,
existing studies provide enough valid data for this generic site
study. To execute the simulation model, the following input
parameters are needed: porosity, density, hydraulic conduc-
tivity, dispersivity, free-water molecular diffusion coefficient,
distribution coefficient, and radionuclide decay-constant. The
collected decay constant for ?*U is also used for the traditional
model.

Porosity and Density: Fxtensive porosity and density data
for various igneous and sedimentary rocks have been compiled
based on the site-specific field data collected by various inves-
tigators (Ho et al., 1989). More than 60 sites for sandstone and
nearly 20 sites for granite have been compiled. Nevertheless,
for the purposes of this study, conservative values are selected
for the model input (Table 1.)

Hydraulic Conductivity and Dispersivity: The hydraulic
conductivity and dispersivity data have been studied and
collected by Ho et al. (1989). Together, 11 sites of granite, 6
sites of basalt, and 65 sites of sandstone hydraulic conductivity
data, along with 8 sites of basalt and sedimentary rock for dis-
persivity were collected. Based on these field and laboratory

data, the conservative values of the hydraulic conductivity
and dispersivity are determined for use in this simulation
study (Table I1.)

Free-Water Molecular Diffusion Coefficient: The free-
water molecular diffusion coefficients for various chemical
species in water have been collected by Bird et al. (1960) and
Thibodeaux (1979). The collected data varies with chemical
species and range from 0.2x10” to 2.0x10® cm?/sec. Con-
sidering only low concentration chemical species and low
temperature applications, the most conservative value (the
lowest diffusion coefficient), 0.2x10”° cm?/sec (63.1 cm?/yr), is
selected for chemical species considered in this study

Distribution Coefficient: Extensive distribution coeth-
cient studies have been conducted for a wide range of radioac-
tive chemical species based on actual laboratory and in-situ
measurements (USEPA, 1999a). Although the distribution
coefficients may vary widely with the chemical environment,
the site-specific data collected in conjunction with the risk
assessment of radioactive waste disposal sites (USDOE, 1992;
SNL, 1996; USEPA, 1999b) are most suitable for this study.
This is because the collected data were all measured under
natural groundwater flow environment, which matches with
the environment expected in this study.

Because of the non-site-specific nature of this study, the
most conservative coefhicients (highest values being collected
for the above three sites) are selected for the host rock and an
additional 20 % is added for the mineral deposit. The selected
distribution coefficients for the host rock and mineral deposit
are summarized and shown in Table I1I.

Radioactive Decay Constant: The radioactive decay con-
stants for the known radionuclides are thoroughly investigated
and compiled in various radiological handbooks. Normally,
the characteristics of radionuclide decay constants are com-
piled in half-life, from which the radioactive decay constant
can be calculated. The half-life of the radionuclides are col-
lected to be 4.468E+9, 2.445E+5, 7.7E+4, 1.6E+3 years for

Table II. Collected hydraulic conductivities and dispersivities from the work of Ho et al. (1989).

Transport Hydraulic conductivity, cm/sec Dispersivity, m
media Horizontal Vertical Longitudinal Lateral Vertical
granite 4.0E-9* 2.0E-9* 0.1* 0.05* 0.05%
basalt 4.0E-9 2.0E-9 0.1 0.05 0.05
mineral 4.0E-10 2.0E-9 0.1 0.05 0.05

Note: * denotes the value used for the ambient host rock.
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Table III. Collected distribution coefficients (k,). They
are characterized by the chemical species instead of radio-
nuclide and are collected from the work of government
agencies and national laboratories (USDOE, 1992; SNL,
1996; USEPA, 1999b).

Host rock Mineral
Nuclide (ml/g) deposit (ml/g)
uranium (U) 50 60
thorium (Th) 3200 3840
radium (Ra) 700 840
lead (Pb) 270 324

28U, B4, BTh, *°Ra and stable for 2Pb, respectively (US
Department of Health, F.ducation, and Welfare, 1970; Shleien
etal., 1998).

Results and Discussion

The results of **Pb/#**U ratio analyses for the traditional model
and simulation model are plotted and presented in Figure 4.
A comparison of the results indicates that both the simulation
model and the traditional model exhibit the same *°Pb/?**U
ratio at near 42,000 years. For the purpose of this study, this
year is defined as the “critical year

or age.” Figure 4 also indicates that

the traditional model underestimates

critical year signifies the time when the two effects compensate
each other.

A sub-scenario of unsaturated groundwater-flow conditions
is also analyzed and added to Figure 4 to see the effects of
unsaturated groundwater-flow conditions. The same figure
indicates that there are only minor effects from unsaturated
conditions. This is because there are very limited gravity water
voids in the host rock and mineral, which are always saturated
with pellicular water even under unsaturated condition (Hillel,

1980; Hung, 1983 and 2005).

Comparison with Existing Study

A relatively recent study has been reported by Getty and De-
Paolo (1995) for dating a rhyolite from the Cobb Mountain vol-
canic field located 100 km north of San Francisco, California.
The study used the measured 2*U/27Pb ratio and *°Pb/"Pb
ratio data for albite, sanidine, matrix (surrounding fill rock),
and ilmenite to plot the variation line on the 2°Pb/"Pb ratio
vs. Z8UAYPh ratio plan. Using the measured slope of the
206Ph/A7Ph vs. 2*SU/A7Ph variation line of 0.00016 (equivalent
to 2Pb/?"U ratio), the age of the rhyolite was calculated to
be 1.03 million years ago (Ma). Applying the same ***Pb/*$U
ratio of 0.00016 to the traditional model and simulation model
resulted in 1.05 Ma for the traditional model and 0.0735Ma
for the simulation model. These results together with that
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Figure 4. Comparison of the results of 2°Pb/ #*U ratio analyses for the dynamic
simulation model and the traditional model. This figure shows that the closed
system model will underestimate the age when the age is less than the critical year.
Conversely, it will overestimate the age when the age of mineral exceeds the criti-
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Tl 4 critical year and, conversely, will over-
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Figure 5. Comparison of the results of existing dating study for a rhyolite
from the Cobb Mountain volcanic field using Getty and DePaolo’s approach,
dynamic simulation model, and traditional model. The results obtained from
the traditional model are practically identical to the result obtained from
Getty and Depaolo’s approach. However, the dating result obtained from the
dynamic simulation model is much smaller than that reported in Getty and

DePaolo’s study. The relative error is as high as 92.9%.

obtained from Getty and DePaolo’s study are added to Figure
4 and presented in Figure 5. The results obtained from the
traditional model are practically identical to that reported in
Getty and DePaolo’s study. However, there are significant dif-
ferences between the ages obtained from simulation model
and that from Getty and Depaolo’s study. These differences
are caused by the fact that the simulation model considers the
transport of radionuclides out of the mineral deposit, whereas
Getty and Depaolo’s study did not. The relative error is cal-
culated to be on the order of 92.9%.

Conclusions

A 3-D dynamic simulation model that takes into consideration
the dynamic transport of radionuclides associated with decay/
ingrowth processes has been developed. This model is verified
for both the decay/ingrowth and for the transport components.
The results of model verification indicate that there are close
agreements between the results of simulation and analytical
solutions, implying that the model is valid and accurate.

In order to demonstrate the performance of the model, the
time variation of *Pb/?*8U ratios are analyzed for both using
the dynamic simulation model and the traditional model.
The results of analyses indicate that the traditional model will
underestimate the age of mineral when the ages are below the

Creek rhyolite by Getty and DePaolo also
experienced the same result, 0.0735 Ma
from simulation model versus 1.03 Ma
from Getty and DePaolo’s study. This
is because Getty and DePaolo’s study
also had imposed the closed-system and
ultimate-equilibrium assumptions.

The conclusions of the study thus
include that for many samples tradition-
ally given millions of years of age by
evolutionists, the age is reduced when
the more realistic diffusion and flow models are used. However,
they are not necessarily reduced by the amounts that a biblical
time frame would require.

Appendix A. The Model Used for
Numerical Analysis

Radionuclide Decay Subroutine

A quasi-analytical scheme is employed for the numerical

analysis of the decay/ingrowth component to improve the ac-
curacy of simulation. This scheme employs the well-known
analytical solution derived by Bateman (Bateman, 1910; and
Evans, 1967, p. 490) to calculate the increment of radionu-
clides concentration. Furthermore, to improve the accuracy
of numerical analysis, the calculation for each time step is
subdivided into two parts, with each part accounting for the
effects accrued in one-half of the time step. With a maximum
of five decay-chain members and with a time increment of
0.5At, the concentration of each radionuclide in the decay
chain takes the form:
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In the above equations, A is the atomic weight of the radionuclide, R is the retardation factor, ¢ is the concentration of radio-
nuclide, and the subscripts 1, 2, 3, 4, 5 designate the order of progeny in the decay chain. Retardation factor refers to the ratio
of the migration velocity of water in the geological medium to that of radionuclide being carried. It is always larger than unity
since the sorption of radionuclide by solid particles in the medium impedes the migration of radionuclide. The computer code
for this process is implemented in the “decay” subroutine program.

Boundary Condition

Since this model deals with dispersion as the primary nature of transport, the radionuclide concentration at the boundary can
be calculated by assuming the ratio of concentrations at the boundary and at the previous nodal point is a fixed fraction of the
same ratio measured at the previous node. Based on the above assumption, the concentration of radionuclide at the boundary
nodal point can be calculated from the concentration at the previous nodal point by:

c(t,E - l,x],xz)}
oAt B —2,%,5%) (A2)

in which, 1 is the dispersion tail coefficient, which is the fraction of the ratio of concentrations described above, F is the nodal

ct,E,x ,x,)= c(t,E-1Lx,x,)" ?7{

point at the boundary, E-1 and E-2 are respectively the first and second nodal points immediately next to the boundary node,
and x; and x, are the nodal points with respect to the other two axes.

Theoretically, the dispersion tail coefficient should vary with time, location of the diffusion plume tail, and characteristics of
the diffusion plume. However, if the point is selected far enough from the diffusion source and the prime nature of the transport
is limited to the dispersion, then the coefficient can be narrowed down to a very small range. An observation of more than 40
collected dispersion plume tail data indicates that these values fluctuate between 0.95 and 0.98. Therefore, a conservative fixed
value of 0.98 is selected for this simulation model.

Appendix B. Bateman Equations

The Bateman equation (Bateman, 1910; Evans, 1967, P. 490) is used for the decay/ingrowth analysis. The number of atom at t
target year takes the form:
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where N is the number of atom, X is the decay constant, t
is the target year, subscripts 1, 2, 3, 4, and 5 represent the
sequence of decay chain members, and subscript 0 denotes
the initial value.
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In “Origins of Apoptosis,” page 207 of the Winter
2008 CRSQ, the statement should be: “Cells (such
as melanin cells) that are not prone to UV damage
produce very small amounts of apoptosis-inhibiting
Bcl-2 protein.”






