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Abstract
This report presents results of a first attempt to estimate the long-term, cumulative release of
radionuclides from a proposed nuclear waste repository at Yucca Mountain in Nevada. The approach
taken is to quantify the releases that would be expected from the repository under undisturbed
conditions, and to use these releases to obtain upper bounds on the cumulative release of radioactivity
to the accessible environment (here defined as a boundary in the underlying aquifer 10 km downstream
from the boundary of the repository). Using currently available data, it is shown that ground-water flux
through the repository horizon is the most important parameter determining release to the accessible
environment; however, the results of the analysis show that even for the highest credible flux, 17mm/yr,
releases of radioactivity to the accessible environment in 10,000 years after closure are significantly less
than the limits imposed in the draft standards (40 CFR 191) for environmental radiation protection.
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PREFACE

The analyses and evaluations reported in this document were performed
during the period from October 1982 to September 1983.
information and plans that were available then.

They are based on

Additional technical

information has now been gathered, and the project plans have been developed
further. Because this study attempts to place upper bounds on certain
consequences, many of its conclusions will remain valid as new data are
obtained. The report may not, however, accurately represent current
knowledge and plans, and it should not be considered a statement of the
current status of the Nevada Nuclear Waste Storage Investigations project.
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EXECUTIVE SUMMARY
To assess the long-term performance of a nuclear waste repository, experts
must evaluate several scenarios for contaminant release. Because the list of
potential scenarios can be extensive, a more practical approach is to identify
and evaluate bounding release conditions. The analysis in this report represents a preliminary attempt to quantify a "natural" release scenario within the
limits of available data, to be used as a baseline case for performance assessment. In this analysis, the baseline case refers to a waste repository at
Yucca Mountain, Nevada.

Where experimental data are lacking, assumptions

concerning parametric values have been generally conservative.

We do not

include the mitigating effects of a waste canister, of overpack, and of backfill on the concentrations of contaminants released.
Ground-water flux through the unsaturated materials of Yucca Mountain is
the single most important parameter in this preliminary analysis. Because data
do not exist to quantify the flux through field measurement, an initial approach
using Darcy velocities of 2 mm/yr and 17 mml/yr was selected to bound
potential results. An intermediate value of 5 in/yr was then chosen to characterize the flux for preliminary evaluations.
Data and evaluations that have become available since this work was completed
suggest strongly that the actual flux is much less than 5 mm/yr--lower, in fact,
than 1 mm/yr.

The results of this study therefore overestimate radionuclide
releases even more strongly than the study originally intended.
Table 1 lists the assumptions used in each case as well as the travel time
to the accessible environment that results from the assumed Darcy velocity. Cases
1 and 2 are discussed in the main body of this report; Case 3 is discussed in
Appendix E.
Table 2 compares the results of each case (using the upper end of the
velocity range for Cases 1 and 2) to the Environmental Protection Agency (EPA)
limits specified in Proposed Rule 40 CFR 191. As shown in both Tables 1 and 2,
only nonretarded radionuclides (radionuclides with Kd = 0) arrive at the
accessible environment (defined as 10 km from the repository perimeter) within
10,000 years. Presently cumulative release limits are specified only for a
10,000-year period. Other standards that are used in this report to evaluate
predicted results Include: 1) maximum permissible concentrations (MPC) for
uncontrolled soluble species (International Commission on Radiation Protection
1959, 1962), and 2) radiological dose to the individual.

lii

TABLE 1. Assumptions Used in Consequence Analyses
Parameter

Case 1

Case 2

Case 3

Welded Tuff
(upper zone)
46,930 MTHM(a)

Nonwelded tuff
(lower zone)

Welded Tuff
(upper zone)

46,930 MTHM

70,000 MTHM

100% spent fuel

100% spent fuel

50% spent fuel;
50% high-level
waste

Time at which
Leaching Begins
Duration of Leaching

1,000 yr
1.1 x 107 yr

1,000 yr
1.1 x 106 yr

300 yr
1 x 105 yr

Fractional Dissolution Rate
Darcy Flux Range

9.1 x 10- 8 /yr

9.1 x 10- 7 /yr

1x 10-5 /yr

0.2 - 2 mm/yr

0.17 - 17 mm/yr

5 mm/yr

2.71 x 104 yr
2.28 x 105 yr

3.25 x 103 yr

9.34 x 103 yr

2.89 x 104 yr

8.44 x 104 yr

Repository Area
Flow Area

1,500 acres
100% of repository
area

1,320 acres
10% of repository
area

Simulation Time

10,000 yr;
250,000 yr

1,500 acres
100% of repository
area
10,000 yr

Repository Location
Inventory Volume
Inventory Composition

Estimated Travel Time
to Accessible
Environment
Kd = 0
Kd = 1

Assumptions common to all 3 cases:
Porous flow
Congruent leachinq
Sorption coefficients: non zeolitized tuff
Saturated zone pore-water velocity: 14.3 m/yr
Geochemical Assumptions (Cases 1 and 2 only):
Oxidizing conditions
Water chemistry: Well J12 analysis
Solubility constraint:

4 x 10-4 kg/m3

(a) Metric tons of heavy metal.

iv

10,000 yr

TABLE 2. Cumulative Releases to the Accessible Environment
for 10,000 Years After Disposal
Kd (a)
(cc/g)

Release Limit(b)
(CCase

Americium-241

50
50

0
0

0

Americium-243

100
100

0

0
0

0
0

4
0

1
0

Radionuclide

0

Estimated Release (Ci)(b)
1 Case 2 Case 3

Carbon-14
Cesium-135

100

100
1,000

Cesium-137

100

1,000

0

0

0

Neptunium-237

3

100

0

Plutonium-238

100

100

0
0

0

0
0

Plutonium-239

100

100

0

0

0

Plutonium-240

100

100

0

0

0

Plutonium-242

100

100

0

0

0

Radium-226

200

100

0

0

0

Strontium-90
Technetium-99

100
0

1,000
10,000

0
0

0
70

0
8

Tin-126

500

1,000

0

0

0

(a) Serne and Relyea 1982.
(b) Per 1,000 MTHM in repository.
The results of this analysis suggest that the cumulative curies passing
the 10-km boundary in 10,000 years from a waste release-using even the highest
If a
flux (17 mm/yr) are significantly less than the requirements of 40 CFR 191.
hypothetical well is placed at the accessible environment (Case 1 only), the
ingested radioactivity is estimated to produce a radiological dose to the
individual that is significantly less than background levels. The possibility
for any premature cancers brought about by this level of water contamination is
estimated to be less than one health effect every 1,400 years.
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INTRODUCTION
The purpose of this study is to estimate upper bounds to the long-term
consequences (in terms of cumulative release to the accessible environment and in
terms of radiological dose to man) of a release of radionuclides from a waste
repository considered for location at Yucca Mountain in Nevada. The radionuclides
are assumed to be leached by water that infiltrates from the surface and travels
vertically through the unsaturated zone to the water table.

Upon reaching the

water table, the leached radionuclides are assumed to travel horizontally
through the saturated transmissive zone to the accessible environment. The
accessible environment is defined to be 10 km from the perimeter of the
repository.

We investigated two time periods for this study:

1) 10,000 years

after leaching begins, and 2) 250,000 years after leaching begins (low flux
only).
For the purpose of this analysis, we divided the unsaturated zone into an
upper zone of welded fractured tuff and a lower zone of nonwelded zeolitized
tuff. The properties of these two types of rock differ greatly; consequently,
radionuclide travel time in one zone differs greatly from the other. Transport through the saturated system below the repository established a third
hydrologic zone.
The computer model used in this study to simulate radionuclide movement
from the repository to the accessible environment is the one-dimensional
Multicomponent Mass Transport (MMT1D) model. MMTID accounts for convection,
dispersion, retention, and radionuclide decay.
This report is divided into seven sections.

The first section describes

the MMT1D computer model. The next three sections discuss the input data used
in the model according to the following categories: characterization of the
repository release, characterization of the flow tubes, and radionuclide
retardation data. The fifth section presents the transport predictions from
the MMT1D model, in terms of radionuclide concentration with time at the
accessible environment.

The next section discusses the radiological dose to

man that would be expected from such radionuclide concentrations.
the limitations of the analysis in the final section.

1-2

We discuss

DESCRIPTION OF THE MODEL
We used the one-dimensional Multicomponent Mass Transport (MMT1D) model
(Washburn et al. 1980) to simulate the movement of radionuclides that might be
leached from buried nuclear waste in a repository at the Nevada Test Site at
Yucca Mountain. The one-dimensional model is designed to represent a real
system's three-dimensional flow by associating a width and a height with the
lines of travel (i.e., the streamlines obtained from the hydrologic modeling of
the water flow). A collection of streamlines beginning at the repository and
ending at a release region is called a flow tube. Flow tubes are dimensioned
to be mass conservative in that they require that all material released by the
repository remain with a certain tube until the material exits.

The MMT1D

model accounts for convection, dispersion, retardation, and radionuclide
decay--physical processes that govern the migration and fate of radionuclides
released from the waste repository.
*

Convection is the movement of dissolved radionuclides with the average
velocity of the ground water.

*

Dispersion is the longitudinal spreading of radionuclides with respect to
the average flow velocity.

*

Retardation results from interactions between the transported radionuclides and the rock matrix (e.g., sorption is one type of interaction).
Retardation causes dissolved radionuclides to travel more slowly than the
average velocity of the ground water.

*

Radionuclide decay reduces radionuclide concentration.

The MMT1D model uses a.random walk form of the method of characteristics
to numerically solve the advection-dispersion equation for solute transport in
porous media (Freeze and Cherry 1979). In this method, the convection and
dispersion are simulated separately through the movement of a large number of
parcels.

Each of these parcels represents a small fraction of the total mass

to be leached into the ground-water system.

The amount of mass to be released

is determined from the characterization of the release rate at the repository.

3

The extent of dispersion for a particular system is quantified by the
dispersion length, or dispersivity. The model uses a random walk process to
simulate the dispersion of radioisotopes. During transit, parcels are given
random displacements as a function of the dispersion length.
The radioisotopes contained in both the repository and the flow tubes
undergo radioactive decay. Released parcels of fission or activation products
have their mass reduced according to a simple first-order exponential decay as
they transit the flow tube. The MMT1D model maintains mass balance by creating daughter parcels with total activity equal to that derived from chain
decay. Only parent and daughter radionuclides with relatively long half-lives
are considered for transport simulations. Daughter radionuclides with relatively short half-lives that are in secular equilibrium have the location and
spatial distribution of their parents.
The MMT1D code requires the following data:
o

for the characterization of the repository release
-

time of repository release after closure

-

description of the release source term (or leach rate)

-

initial inventory and fraction exposed

-

radioactive decay constants (half-lives) for all radionuclides in the
inventory

*

maps of the parent-daughter relationships for chains;

for the characterization of the flow tube
-

description of the path to the biosphere release point

-

flow-tube length

-

flow-tube dimensions (width, height)

-

flow-tube porosity

4

*

-

pore-water velocity(a)

-

actual or effective dispersivity in the longitudinal direction;

on radionuclide retardation
-

beta ratio of the bulk mass density to the porosity for unconsolidated granular deposits, or a surface area to void-space (volume)
ratio for fractured media

-

distribution coefficient (Kd valued for matrix flow, K
value for
~~~~~~~a
fracture flow).

The data (used in our study) for the above parameters are discussed in the
next three sections.

(a) Two different ground-water velocities are referred to in this report--the
Darcy velocity and the pore-water velocity. They are related as follows:
v-=

v
he

where

v

average linear ground-water velocity (termed the "pore-water
velocity")
v = specific discharge, or Darcy velocity
ee = effective moisture content (the product of effective porosity
and saturation)
=

The Darcy velocity represents the macroscopic flux of water through a
porous medium. Its value is calculated according to Darcy's law as:
v = -K A
where

K = hydraulic conductivity
dh = hydraulic gradient

aT

The amount of pore space available for water flow is not directly considered in the determination of the Darcy velocity.
The pore-water velocity accounts for the area of the medium that is
available for ground-water flow. The pore-water velocity represents the
ratio of travel distance to travel time, where the travel distance is the
linear distance between two points. It is not equal to the average
velocity of water particles traveling through the pore spaces because the
actual flow paths will generally be quite tortuous and much longer than
-the average linear flow path represented by v.

5-6

CHARACTERIZATION OF THE REPOSITORY RELEASE
*

Arid environments demonstrating low recharge from precipitation and high

,

e!

sorptive capacity in subsurface rock have been identified as potential candidates for a nuclear waste repository (Bredehoeft et al. 1978, Klingsberg and
Duguid 1980, Winograd 1981, and Roseboom 1983). Thick unsaturated zones above
deep regional ground-water systems exhibit the additional potential for long
flowpaths (tens of kilometers) to a natural biosphere discharge point. The
repository postulated to produce a waste release term is located within stratifications of Yucca Mountain in a geographic region characterized by these
initially attractive features.
One objective of waste isolation in a geologic repository is to minimize
the contact of ground water with the waste. Assuming that ground water is
available for contaminant transport, water movement is determined by the
hydrologic properties of the host rock. The tuffaceous media of Yucca Mountain are generally stratified into zones of welded fractured rock and zones of
nonwelded porous rock. These stratifications are characterized by low saturated hydraulic conductivities ranging in order of magnitude from 10-10 cm/sec
to 10 3cm/sec (Heller et al.

1983 )(a)

The bulk hydraulic conductivity for

the fractured media is typically orders of magnitude higher than that of the
same unfractured rock--but remains within the quoted range. The possibility
i
l

*1

:1
A

exists for higher ground-water velocities in the fractured rock than in the
rock matrix.
Measurement of infiltration into Yucca Mountain has not been performed.
The range of values may be so small that direct measurement is not practical.
Calculation of recharge into Yucca Mountain is typically estimated as a few

-

percent of local precipitation. An upper bound on this estimate may be
8 mm/yr obtained by Sass and Lachenbruch (1982) from a consideration of geothermal gradients near the water table at another location other than Yucca

i-

Mountain; however, still other analyses suggest recharge values less than
(a) Heller, P. R. et al. 1983. Laboratory Measurements of Hydraulic Proper}ties and Computed Unsaturated Flow Characteristics of Selected Tuffaceous
Material from the Nevada Test Site, SAND83-7474, Draft Letter Report,
PNL, Richland, Washington.

7

2 mm/yr (Winograd 1981). Ground-water infiltration as a result of precipitation is generally damped and distributed in the soil and rock materials within
a few meters of land surface. Therefore, a constant flux of ground water
percolating through the unsaturated materials is assumed to be present at the
repository horizon after passing through several hundred meters of overburden.

-*

-I

|4

In this analysis we consider two different locations in the unsaturated
zone for the repository horizon: 1) the "upper zone," composed of welded
fractured tuff, and 2) the "lower zone," composed of nonwelded zeolitized
tuff. Analysis using the former location is referred to in this report as
Case 1, the latter as Case 2. These case distinctions arise from porous flow
considerations. It may be argued that porous flow is more descriptive of
ground-water movement in nonwelded tuff than in welded fractured tuff. Thus,
as a conservative estimate, Case 2 allows for no credit to be taken for
transport in the fractured media.
Radionuclides are leached by water moving through the repository. To
make this analysis more conservative, we did not take into consideration the
waste canisters or the backfill material. We assumed that the waste comes in
contact with water 1000 years after the repository is closed (see Appendix E
for analysis of 300 years after repository closure). Because spent fuel is
predominantly uranium dioxide (U02), as a first approximation we assumed that
radionuclides are released as the U02 matrix dissolves. Thus, each radionuclide will release in proportion to its concentration in the spent fuel.
(This is known as 'congruent leaching'.)
The assumed rate of dissolution of the U02 was based on the maximum

..j

possible concentration of dissolved uranium, which in turn is estimated from

the solubility equilibria in ground water of a specified composition, pH, and
redox potential (based on data for Well J13 at the Nevada Test Site). The
maximum possible concentration of dissolved uranium was calculated with the
MINTEQ geochemical model(b). Detailed Information regarding the geochemical
modeling is included in Appendix A.

(a)Information obtained since the completion of the analyses in this report
shows that the infiltration rate is likely to be less than 1 mm/yr.
(b) Felmy, A. R., D. C. Girvin and E. A. Jenne.

(In press).

Computer Program for Calculating Geochemical Equilibria.
west Laboratory, Richland, Washington.
8

MINTEQ--A

Pacific North-

*

The release rate may depend on the exposed surface area of the waste, the
flow of water through the repository, and the solubility of the waste constituents.

The amount of total exposed inventory will determine the duration

of leaching.
t

~WATER FLOW RATE
Water infiltrates the ground surface and flows vertically downward
through the repository horizon. For this consequence analysis, pore-water
velocities(a) ranging from 0.5 mm/yr to 50 mm/yr are considered in each of
two repository horizons (Cases 1 and 2).

The first horizon is welded frac-

tured tuff similar to that of the Topopah Spring.

For a porosity of 5% and

a matrix saturation of 65%, the Darcy velocities range from 0.02 mm/yr to
2 mm/yr. These velocity values correspond to hydraulic conductivities of
0.6 x 10-1Ocm/sec to 0.6 x 10i8 cm/sec--a range that is consistent with that
shown by Heller et al. (1983 ).(b) The second repository horizon is assumed to
be nonwelded tuff similar to that of the Calico Hills.

For a porosity of 35%

and a saturation of 95%, the Darcy velocities range from 0.17 mm/yr to
17 mm/yr, and the corresponding hydraulic conductivities range from
0.5 x 10-

cm/sec to 0.5 x 10-

cm/sec.

The maximum flow past the exposed waste can be determined from the
equation
Q(m 3/yr) =
=
where Q is the flow
contact the waste.

(pore-water velocity)(moisture content)(flow area)
(0.05 m/yr)(porosity)(% saturation)(A)
and A is the cross-sectional area of the flow that will
The repository area is currently 1500 acres (6.07 x 106 m 2 )

but may be extended to 2000 acres in the future.

To make the analysis more

conservative, we have assumed that the water infiltrating over the entire
repository area comes in contact with the waste. In this way we obtain the
maximum possible dissolution rate (solubility x flow rate). The maximum water
(a) Pore-water velocity = (Darcy velocity)/[(porosity)(saturation)]. (See
Description of the Model section).
(b) Heller, P. R. et al. 1983. Laboratory Measurements of Hydraulic Proper'ties and Computed Unsaturated Flow Characteristics of Selected Tuffaceous
;Material from the Nevada Test Site, SAND83-7474, Draft Letter Report,
PNL, Richland, Washington.
9

flow rate to be used in the calculations becomes 9.86 x 103 m3/yr for the
welded tuff horizon (Case 1) and 1.03 x 105 m3/yr for the nonwelded tuff
horizon (Case 2).

Two different repository configurations are being considered for the waste repository: vertical emplacement of the canisters
and horizontal emplacement of the canisters. For the purposes of this analysis, the dissolution of U02 is considered to be the same for both emplacement
schemes.
DISSOLUTION OF UO0
As stated above, the assumed dissolution rate of the U02 its based on an
estimate of the maximum possible concentrations of dissolved uranium (equilibrium solubilities) in ground water of a specified composition, pH, and
redox potential. The equilibrium solubilities of uranium minerals in water
vary with pH, redox potential (EH), temperature, and the concentration of
complexing ligands. We fixed the composition and pH of the ground wateraccording to the available water analysis from Well J13. Sensitivity analyses
using the MINTEQ geochemical model were conducted to investigate how changes
in redox potential and temperature (T < 1000 C) affect predicted equilibrium
solubilities. Appendix A presents the results of the sensitivity analyses.
Effect of Repository on Ground-Water Temperature
Because the equilibrium solubilities are affected by water temperature,
we needed to estimate the temperature of the ground water flowing through the
repository with time. Ground-water temperature was determined as:
T = ATwp + ATh + ATr+

T0

T = the desired temperature,

where
AT

= the temperature difference from the waste package center-

line to the tuff hole,
ATh = the temperature rise at the surface of the waste-canister
hole caused by the waste package,
ATr = the temperature rise at the same point, but caused by all
T0=

other waste packages in the repository,
the Initial temperature at the repository depth due to the
geothermal gradient.

We assume that T0 = 350 C.

10

The temperature differences are calculated according to steady-state conductive heat transfer inside the waste-package holes (ATwp), and unsteadystate conductive heat transfer outside the holes (ATh and ATr) where waste
packages are treated as line and volume sources of heat. Inside the holes,
the thermal conductivity is taken to be 1 W/m0 C, a value intermediate between
water (0.6 W/moC) and tuff (1.3 to 1.6 W/m0 C).
The repository will contain spent fuel from both pressurized water reactors (PWRs) and boiling water reactors (BWRs).

The thermal power at repository

closure for spent fuel is assumed to be 0.55 kW/waste package, and the resulting repository heat load is 75 kW/acre (Link et al. 1982).
The effect of two assumed values for thermal conductivity (k) of tuff was
investigated through two separate sets of temperature calculations: one with
a k for tuff of 1.6 W/m0 C and one with k equal to 1.3 W/mOC. (This range was
selected from data contained in NNWSI Project summary for
shows the calculated results.

1982 ).(b)

Figure 1

For k = 1.6 W/m0C, the calculated temperature

can be presented as:
T, 0C = 35 + 190.56 (t, years)Y°

1821 ,

where t is the time elapsed after repository closure.

t > 100
For k = 1.3 W/m'C, the

corresponding equation would be:
T, 0C = 35 + 212.38 (t, years)-0 '182 6 , t > 100
For convenience, all waste packages are assumed to be deposited simultaneously. The estimated temperature is less than 100 0 C (890C to 950C) at
1000 years (when leaching is assumed to begin).

(a) The repository heat load of 75 kW/acre was based on a repository area of
660 acres. The repository heat load for the same spent fuel inventory of
46,930 MTHM will be significantly lower, approximately 33 kW/acre for an
area of 1500 acres. Therefore, the temperature analysis for 75 kW/acre
represents an upper bound on ground-water temperature over time.
(b) NNWSI Project. 1982. "Summary of the Potential Repository Site at Yucca
Mountain." Prepared for the National Academy of Science by Sandia
National Laboratories.
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Estimated Dissolution Rate
If we assume the following:

oxidizing conditions (EH > 200 mV) and a

pH of 7.5, then the MINTEQ geochemical model indicates that the solubility of
tyuyamunite [Ca(U0 2 )2 (Va4 )2 ] would constrain the maximum concentrations
of dissolved uranium to the range of 1.48 x 10-6 mole/l to 1.69 x 10-6 mole/l
(for temperatures between 250 C and 1001C). Thus, we selected a value of
0.40 mg/l (0.40 x 10-3 kg/m 3 ) as a solubility value. Similar solubilities are
noted in Daniels et al. (1982). The maximum dissolution rate for each
repository horizon was therefore assumed to be:
Dissolution rate = (Solubility) (Flow rate in welded tuff)
= (0.40 x 10-3) kg/m 3 (9.86x 103) m 3 /yr
=

3.944 kg/yr for welded tuff (Case 1)

Dissolution rate = (Solubility)(Flow rate in nonwelded tuff)
= (0.40 x 10-3) kg/m 3 (1.03 x 105) m 3 /yr
= 41.2 kg/yr for nonwelded tuff (Case 2).
RADIONUCLIDE INVENTORIES
Twenty-eight radionuclides constitute more than 99% of the total
ingestion and inhalation hazard for one million years for spent fuel rods.
Table 3 lists decay constants and initial inventories for these, plus
five uranium isotopes that make up the bulk of the spent fuel rods. This
inventory represents 46,930 metric tons of heavy metal (MTHM) (Link et al.
1982). Since we are assuming that the wastes will not be exposed and thereby
will not be available for leaching until 1000 years after the repository is
closed, some of the radionuclides listed in Table 3 need not be analyzed
because of their short half-lives.
Transuranic radionuclides are involved in four decay chains: the
actinide series, the uranium series, the neptunium series, and the thorium
series. Table 4 lists the radionuclides that were simulated in the consequence analysis and their decayed inventories at 1000 years after repository
closure.
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TABLE 3. Initial Radionuclide Inventories(a)
(after Link et al. 1982)

Isotope
246Cm

2 4 5 Cm
24 2Cm

243 m
Am
242Am

241P
Pu
237 Np

236U
2353

234U
2230
9Th

226Ra

135 Cs

IP

12 9

s

99 STc

93Zr
90 Sr
514Ni

Specific
Activity
(Ci/g)

Half-Life
(yr)
5.5
9.3
1.76
4.47
7.95
1.52
4.58
3.79
1.32
6.58
2.44
8.6
6.44
2.14
4.51
2.39
7.1
2.47
1.62
8.0
7.34
1.60
4.05
2.23
3.00
3.0
1.59
1.0
2.15
9.5
2.9
8.0
5.73

13
10

jg;

io2102
102
105
103
104
10-3
10~
1068

io

107
101
105
104
103
io6
103101
105
106
105

107
104
103

103

2.64
1.57
8.32
3.32
1.85
9.72
3.24
3.90
1.12
2.26
6.13
1.75
2.33
7.05
3.33
6.34
2.14
6.18
9.47
1.94
2.13
9.88
3.92
7.63
8.70
8.82
1.74
2.84
1.70
4.04
1.37
7.57
4.45

(a) 10 years out of the reactor.
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110 1
103
10
100

10
101-3
10-2
105
10-4
1010 3
10
10 -3

101
1 -1

101
102

1 14

io2
1010-4
10 -2
10

io2
100
10O

Inventory

6.11 x 10
5.72
6.40
1.07
3.21
4.44
1.72
1.31
2.66
9.51
2.45

x
x
x
x
x
x
x
x
x
x

10
105
1i2
10
10
107
10
107
10
106

5.'75 x 100
2.75 x 107

1.86
4.45
1.87
4.00
6.83
2.87
2.37
1.78
1.34
9.69
2.20
4.02
1.23
7.41
7.81
3.39
3.24
1.84
1.37
1.50

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

10
10
108
106
10
10
10
102
10
10-8
10
107
106
105
10
107
7
10
104
10

TABLE 4. Radionuclide Inventories at 1000 Years

Isotope
14 C
99 Tc

1291

Specific
Activity
(Ci/g)

Inventory

4.45 x 100
1.7 x 10-2
1.74 x 10o4

------------------Chain 1:
244
8.32 x 10 1
240 m
1
2.26 x
236 Pu
x
6.34
10-7
232U
Th
1.11 x

(g)

Inventory
(Ci)

1.33 x 104
3.38 x 107
7.4 x 10

5.92 x 104
5.746 x 105
1.29 x 103

Thorium Series---------------0.0 7
8.64 x 108
1.97 x 10

0.0

7

1.95 x 104
1.25 x 10

--------------- Chain 2: Neptunium Series----------------245
8.26 x 104
5.26 x 104
1.57 x 102
241 m
9.16 x 106
1.03 x 1074
1.12 x
241Pu
9.02 x 107
2.92 x 104
3.24 x 10-4
237Am
5.28 x 104
3.72 x 102
7.05 x 10-3
233U
1.22 x 100
2.39 x 10
9.47 x
22g Th
2.34 x 101
4.98 x 100
2.13 x 10
--------------Chain 3:
246

242C
238

u
238U

234~
230U

226Th
Ra

1.64
9.72
3.9
1.75
3.33
6.18
1.94
9.88

x
x
x
x
x
x
x
x

Uranium Series-------------------

-10

5.27
4.64
1.31
2.89
4.45
1.25
3.26
1.17

100

1ol
101
1010-2
10

x
x
x
x
x
x
x
x

13~
103
104
io2

1.39
4.52
5.11
5.06
1.48
7.73
6.32
1.16

x
x
x
x 103
x
x 2
x 10
x

---------------- Chain 4: Actinium Series----------------1
243
_ _
4.20 x 101
2 4 3 Cm
5.40 x 107
2.92 x 106
1.85 x 102
239 Pu
2.39 x 108
1.47 x 102
6.13 x 106
235 u
8.71 x 10
4.07 x 10
2.14 x 10-2
2 31 u
Pa
4.51 x 10
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Duration of Leaching
As stated at the beginning of this section, we are assuming congruent
leaching at the rate of dissolution of U02. Therefore, we estimate the total
time of leaching in each repository horizon as follows:
Total Leach Time

Total amount of uranium at 1000 yr
Dissolution rate for uranium
44 3

x 107 k9 = 1.14 x 107 yr (Case 1)

4.512 x 10Lkg = 1.1 x 106 yr (Case 2)

Concentrations of Radionuclides at the Repository
Because we are assuming that all radionuclides have a total leach time of
1.14 x 107 years for a repository in the welded tuff horizon (Case 1) and
1.1 x 106 years for a repository in the nonwelded tuff horizon (Case 2), the
concentration (in VCi/ml) of each radionuclide in the leachate at the repository may be calculated as follows:
Concentration at = inventory (g) x Specific Activity (Ci/g)1
the Repository
Uranium Inventory (4.512 x 107 kg)

[

]

x Uranium Solubility (0.40 x 10-3 kg/m3)
Radionuclide concentrations released at the repository do not depend on the
flow rate because leaching is solubility-limited.
Table 5 lists the leachate concentration of each radionuclide released
from the repository as well as its maximum permissible concentration (MPC)
Four radionuclides-- 240 Pu, 241Am, 243Am, 239 Pu--have release concentrations at the repository that are greater than MPC values. The repository
value.

release concentration of 1291 is of the same order of magnitude as its MPC
value.

Release concentrations of all other radionuclides are one or more

orders of magnitude less than corresponding MPC values.
Because of the long duration of leaching, steady-state concentrations
reached at the accessible environment will be approximately equal to the
repository concentration for radionuclides with long half-lives. (Some transuranic radionuclides may have slightly higher steady-state concentrations as a
result of daughter generation.)
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TABLE 5. Radionuclide Leachate Concentrations at the Repository

Isotope
14c
9 9 Tc

129I

MpC(a)
(vCi /ml)

Repository Concentration
(1 Ci/ml)
5.25 x 10 7
5.09 x 10-6
1.14 x 10-8

8.0 x 10 4
3.0 x 10-4
6.0 x 10-8

-----------------Chain.1:

Thorium Series--------------

244Cm

7.0 x 10-6
0
5.0 x 10-6
1.73 x 10- 4
3.0 x 10-5
1.11 x 10-7
2.0 x 10-6
0
----------------Chain 2: Neptunium Series--------------

241Aw
237Np
233 Uj

2.0 x
2.0 x
4.0 x
3.0 x
3.0 x

10-6

7.32
9.09
2.59
3.30
1.08
4.42

10-4
10-6
1-6

10- 5

3.0 x 10-6

x
x
x
x
x
x

10-8
10-8
10-4
10-7
10-9
lo-ll

----------------Chain 3: Uranium Series----------------246 Cm
4.0 x 106
7.66 x 10-9
242Am
1.0 x 10-4
x 10-8
4.00
242 pu
5.0 x 10-6
4.53 x 10-7
238 pu
5.0 x 10-6
4.48 x 10-7
238 U
4.0 x 10-5
1.31 x 10-7
234 U
3.0 x 10-5
6.85 x 10-7
2.0 x 10-6
23017h
5.61 x 10-9
1.02 x 10-9
3.0 x 10-8
226Ra
4: Actinium Series-----------------…-------------Chain
243CM
5.0 x 10-6
0
10-6
4.79 x 10- 6
4.0 x
239pu
1.30 x
5.0 x 10-6
10-5
7.72 x 10- 9
3.0 x
23 1Pa
0
9.0 x 10-7
(a) Maximum permissible concentration (MPC) for uncontrolled soluble species, International Commission
on Radiation Protection (1959, 1962).
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CHARACTERIZATION OF THE FLOW TUBES
One strategy for disposal of nuclear wastes in the unsaturated zone is to
place the wastes in highly fractured rock to allow for good drainage of the
repository (Roseboom 1983).

If the fractured host rock is capped by a porous

welded tuff layer, as is the arrangement at Yucca Mountain, the potential
exists to dampen surges of recharge possibly obtained from an extreme
precipitation event at the surface. Should the recharge pulse be introduced
into the fractured host rock, the water contact with the waste would probably
be a transient condition with less potential for leaching than a constant
steady-state flow. As described previously, Case 2 is introduced as one means
of eliminating the uncertainties of fracture flow from the analysis. Also, an
average steady-state flux is considered to be a conservative approach to
describing unsaturated flow through the repository.

In addition, the quantity

of water available for leaching and contaminant transport is very limited as
indicated by the low apparent recharge.
Figure 2 shows the assumed travel path for radionuclides leached from
repository at the Nevada Test Site. For Case 1, three flow tubes were used
for the model simulations of radionuclide transport: welded fractured tuff,

UNSATURATED

YUCCA MOUNTAIN

WATR AE

WELLJ12

FIGURE 2. Travel Path Assumed for Radionuclides Traveling from the
Repository to the Accessible Environment (horizontal-tovertical scale distorted to expose bed dip)
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TABLE 6. Selected Parameter Values for the Flow Tubes
Welded Fractured
Tuff

Nonwelded
Zeolitized Tuff

Saturated
Zone

Length (m)

5.15 x 101

1.23 x 102

1.11 x 104

Moisture content

3.25 x 10-2

3.32 x 10-1

1.00 x 10 1

Pore-Water velocity (m/yr)
Case 1(a)
Case 2 (b)

5.00 x10-2

4.89x 10-3

1.43 x 101

---

Dispersivity (m)

5.15 x 100

5.00 x 10-2
1.23 x 101

1.43 x 101
1.28 x 100

(a) Darcy velocity = 2 mm/yr.
(b) Darcy velocity = 17 mm/yr.
nonwelded zeolitized tuff, and the saturated zone. For Case 2, only the latter
two flow tubes were considered for radionuclide transport. Table 6 shows the
flow-tube characteristics. Details regarding the listed values that we selected
are presented in the subsections below.
UNSATURATED HORIZONS
We estimated the lengths of two sets of flow tubes (corresponding to
Cases 1 and 2) in the unsaturated horizons from cross-section F-F' shown in
Appendix C; the results are shown in Figures 3 and 4. (The seven circles in
the transmissive zone represent the seven streamlines that were used in the
hydrologic modeling of the saturated horizon.
discussion.)

See the saturated horizon

We assumed that the dispersivity values were equal to approxi-

mately 10% of the flow-tube length (Gelhar and Axness 1981). The moisture
content in the welded fractured tuff is based on a porosity of 5% and a saturation of 65%. For the nonwelded zeolitized tuff, the assumed values are 35%
porosity and 95% saturation. The flow-velocity values given in Table 4 correspond to a Darcy velocity of 2 mm/yr for Case 1 and 17 mm/yr for Case 2 (the
upper ends of the flow velocity ranges being considered).(a)
(a) The Darcy velocities of the upper (welded fractured tuff) and the lower
(nonwelded tuff) unsaturated flow zones must be equal to satisfy conservation of mass. However, in Case 2 the upper zone Is not considered since
no radionuclide transport occurs there.
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SATURATED HORIZON
The flow-tube values that we selected for the saturated horizon were based
on hydrologic modeling of flow that travels from beneath the repository in the
saturated zone, between Wells H1 and H3, to the accessible environment (10 km
from the perimeter of the repository). We modeled the flow with the Variable
Thickness Transient (VTT) code (Reisenauer 1980).

The flow between Wells H1

and H3 was found to converge and to arrive at the accessible environment at a
flow rate of approximately 175 gpm. Appendix B provides more details regarding
the VTT modeling.
We used six flow tubes (flow regions bounded by streamlines) in the VTT
modeling. Table 7 presents the parameter values for the streamlines (length,
travel time) and the resulting parameter values for the flow tube (average
length, average travel time, average flow velocity, dispersivity). The VTT
results presented in Table 7 are based on an assumed porosity of 0.10. To be
conservative we selected the flow tube with the shortest average travel time
for the MMT1D model input: flow tube 3 .(a) Thus, the parameters corresponding to flow tube 3 are those listed in Table 4. To be conservative we assumed
that the flow volume through the saturated zone flow tube is the same as that
through the unsaturated zone.

Thus, the cross-sectional area of the flow tube
is derived from a pore-water velocity of 14.3 m/yr and a flow rate of one-sixth
of 9.86 x 10

3 m3 /yr for Case 1 or one-sixth of 1.03 x 10 5 m3*/yr for Case 2.

With this assumption we ignore the possibility of dilution by the greater
v'olume of water in the saturated zone until the radiological dose to man
calculations are performed.
Dispersion and Dispersivity
The transport of solutes at the average water velocity is termed advection. Deviations from this average velocity occur because: 1) molecules
travel at different velocities at different points within individual flow
(a) Flow tube 3 has an average travel time of 776 years, according to Table 7.
More recent analysis by the U.S. Geological Survey using geohydrologic
data not available at the time of this analysis has produced ground-water
travel times to the accessible environment in the saturated zone in excess
of 1,000 years. Thus, the VTT estimates appear to be conservative.
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TABLE 7. Arrival-Time Data at the Accessible Environment
Streamline
Number

1
2
3
4
5
6
7

FlowLength
(m)

Travel
Time (yr)

Tube
Number

Length
(m)

Travel
Time (yr)

Velocity
(m/yr)

Dispersity
(m)

10,174.7
10,400.4

837.0

12.3

3.48

10,641

794.3

13.4

12.2

11,371.4
11,894.9

783.8
796.9

11,126

866.0

775.5
790.4
831.5
909.7

14.3

12,597.8
13,328.7

1
2
3
4
5
6

10,288

10,880.7

852.4
821.5
767.1

1.28
0.82
21.2
29.8

953.3

11,633
12,246
12,963

14.7
14.7
14.3

channels; 2) pore sizes vary along any given flow path; and 3) pore channels
may have very tortuous paths (Freeze and Cherry 1979). The spreading of
solutes, in the direction of flow, that results from these velocity deviations
is termed 'longitudinal dispersion'.
The coefficient of longitudinal dispersion is expressed as follows (Freeze
and Cherry 1979):
Dt = a tv + D*

(1)

where at = characteristic property of the porous medium known as the
dispersivity [L]
v = average linear ground-water velocity, or pore-water velocity
D* = coefficient of molecular diffusion for the solute in the porous
medium [L2/T].
The first term, mechanical dispersion, accounts for the mechanical mixing that
occurs as a result of the water movement, while the second term, diffusion,
accounts for mixing due to the thermal-kinetic energy of the solute particles.
Diffusion is generally a significant contributor to dispersion only at very
low velocities.
Dispersivity values required in computer simulations of solute transport
in granular media have tended to be much larger than dispersivity values
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measured from column tests in the laboratory (Pickens and Grisak 1981; Freeze
and Cherry 1979). Dispersivities derived from analyses of field tracer tests
have also been found to be larger than laboratory-derived values and generally
slightly lower than values used in computer simulations (Pickens and Grisak
1981).

These findings appear to indicate that the dispersivity is not a

constant for a particular granular geologic medium but instead depends on the
distance over which solute transport is studied. Where transport over large
distances has been studied, the dispersion has been termed 'macrodispersion'.
Stochastic methods have been used to relate macrodispersion to the variation
in hydraulic conductivity in a ground-water flow system.

Macrodispersion,

however, can also be related to variation in flow velocity as perceived at
different spatial scales. As a result of 'transverse dispersion' (a microscopic-scale phenomenon), molecules transfer from one streamline to another.
Therefore, at large spatial scales, variations in flow velocity result primarily from differences in average flow velocity between streamlines.
For those flow tubes that are composed of streamlines for which we have
estimates of flow length and travel time from hydrologic modeling, we have
used a stochastic approach in determining the dispersivity to be used in the
MMT1D model.

We have assumed that the difference in travel time among stream-

lines composing the flow tube will be the dominant cause for some water molecules and solute molecules to travel more rapidly or more slowly than the
average linear velocity of water in the flow tube.

In other words, because

we are using a one-dimensional flow-tube representation of a real threedimensional flow, dispersion is mainly a consequence of the macroscopic
variation in the convective transport of radionuclides.

Therefore, we use the

travel-time variance (for streamlines within a given flow tube) as the primary
measure of macrodispersion. The approach is described mathematically below.
Let p denote the path streamline in a macroscopic flow tube characterized
by p streamlines. Streamline length is L, and travel time is t. We obtain an
estimate of an effective dispersion parameter, D*, by equating the random walk
variance in parcel locations (2D*t) with the dispersion derived from the
variation in convective velocity (based on the average flow-tube velocity and
the travel-time variance). Let
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T=

p1
LP

tp

and

1 P
L =F E
p=1

L

P

denote average values.

at2 =

Travel-time variance is:
(T-tp) 2

M-

Average flow-tube velocity is:
v = L/t
The estimate of variance in location is:
(v at)2 = 2D

t

Because D = dv, the estimated effective dispersion length, d, is:
d = v at2/2t
The value of the dispersivity parameter found in the mechanical dispersion
term of Equation (1) would then be added to this effective dispersion length.
However, the microscopic dispersion represented by Equation (1) will generally
be insignificant when compared with the effective dispersion resulting from
differences in convective transport between streamlines composing a macroscopic
flow tube of the sizes used in this study.
The above method of estimating the dispersivity was not used in the
unsaturated zone flow tubes because all streamlines were assumed to have the
same length and travel time (for lack of better information). We did assume,
however, that the longitudinal dispersivities for the unsaturated zone flow
tubes depended on the distance being considered (see previous section).
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RADIONUCLIDE RETARDATION DATA
Parcels of radionuclides not interacting with the porous medium are
transported away with a velocity equal to the average velocity of the ground
water along the streamlines defined by the hydrologic model. Radionuclides
that are adsorbed move with a retarded velocity equal to the average velocity
divided by a retardation factor, K, given by:
K = 1 + OKd
where Kd Is the effective distribution coefficient (L3 /M) for each radionuclide, and s is the ratio of bulk density to the porosity when the medium is
porous. We assume that the water velocity is low enough so that the groundwater system is in constant chemical equilibrium.

The Kd distribution

coefficient is defined by:
mass of solute on the solid phase per unit
K = mass of solid phase
d concentration of solute in solution
In the case of flow in fractured media, the retardation factor K is
defined by:
K = 1 + A Ka
where Ka is the effective distribution coefficient (L) for the particular
radionuclide, and A is the surface area to void-space ratio (1/L) for the
fracture opening. Again, the water velocity is assumed to be low enough so
that the ground-water system is in constant equilibrium.

The Ka distribu-

tion coefficient is defined by:
mass of solute on the solid phase
K = per unit area of solid phase
a concentration of solute in solution
The following discussion presents the 8 and Kd values that we used in our
analysis.
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Selected 8 Values
The 8 values used for the three flow tubes are:

Flow Tube

Bulk Density
(g/cm 3)

Moisture Content

B (g/cm )
71.7

Welded Fractured Tuff

2.33

0.0325

Nonwelded Zeolitized Tuff

1.48

0.3325

Saturated Zone

1.90

0.10

4.44
19.0

The bulk density data for the unsaturated horizons were based on data from a
core sample at Well USW-GU3 (Heller et al. 1983 ).(a) The bulk density value
used for the saturated zone was an average of values for welded and nonwelded
tuff.

Selected K. Values and Travel-Time Estimates
We used Kd values from estimates made by Serne and Relyea (1982) for
radionuclides in porous flow under oxidizing conditions. Table 6 lists the
radionuclides considered in this transport analysis, assumed Kd values and
resulting retardation factors, estimates of travel times through the flow
tubes for Case 1 (using the upper end of the velocity range), and estimates of
migration distances after 10,000 years and 250,000 years. The estimates of
the travel times listed in Table 8 for Case 1 do not account for dispersion
and are therefore somewhat longer than the travel time of the leading edge of
the contaminant plume.
We assumed that the Kd value is the same in all three flow tubes for a
given radionuclide (i.e., the analysis is conservative because the benefits
derived from zeolites were not included). Recent experimental data suggest
that Kd values may increase by as much as two orders of magnitude in the
nonwelded zeolitized tuff. If this is the case, then the travel time through
the second zone would be significantly greater than that shown in Table 8.

(a) Heller, P. R. et al. 1983. Laboratory Measurements of Hydraulic
Properties and Computed Unsaturated Flow Characteristics of Selected
Tuffaceous Material from the Nevada Test Site, SAND83-7474, Draft Letter
Report, PNL, Richland, Washington.
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TABLE 8. Distribution Coefficients (K s), Retardation Factors, and Estimates of Travel
Time and Migration Distance for a Repository Located in Welded Tuff (Case 1)

Radionucl Ide
C,Tc,I
U
Np
An,Cm,
Pu,Pa
Ra
Th
PO

to

Kd

(cc/g )
10
3
50
100
200
500

Retardation Factor
Saturated
Welded Tuff
Nonwelded
Zone(d)
Zone(b)
Tuft Zone(c)
10°
101
102
103
103

1.0 x10°
5.x 10°
1.43 x 101
2.23 x 102
4.45 x 1o2

1.0x 10°
1
2.0x l
5.81 x 101
9.53 x 1o2
1.91 x 103

1.43 x 10
3.59 x 104

8.89 x 102
2.22 x 103

3.81 x 103
9.52 x 103

1.0x
7.27 x
2.16 x
3.59 x
7.17 x

Welded
Tuft Zone
1.03
7.49
2.23
3.71

x
x
x
x

Travel-Time Estimates (vr)a)
Nonwelded
Saturated
Tuff Zone
Zone

103
104
105
106

2.53
1.37

7.39 x 106
1.48 x107
3.71 x 107

1.12
2.25
5.61

3.62
5.64

104
105
105
107
107
107

7.78 x 102
1.56 x 104
4.52
7.42
1.48
2.97
7.42

x
x
x
x
x

104
105
106
106
106

2.71
2.28
6.30
1.01
2.01
4.03
1.01

(a) Travel-time estimates are based on the following flow-tube lengths and flow velocities:
Lengthir)

(b)
(c)
(d)
(a)

Flow Velocity

Estimated Miqration Distance (i). after:
10.000 years
250.000 years

Total

(m/yr)

5.00 x 103
51.5
Welded Tuff Zone
4.89 K 10°
123.5
Nonwelded Tuft Zone
12 6
1.43 x 10
l1,
Saturated Zone
Retardation factor - 1 + 71.7 (g/cc) x Kd (cc/g).
Retardation factor - I + 4.44 (g/cc) x Kd (cc/9)
Retardation factor * 1 + 19.0 (g/cc) x Kd (cc/9),
Numbers In parentheses Indicate fraction of unsaturated zone (welded tuff and nonwelded tuff) length.

x
x
x
x
x
x
x

10
105
105
107
107
107
108

9.54
6.9
2.3
1.4
7.0
3.5
1.4

x 101
x 10°
K 100
x 10'l
x 10-2
x 10 2
x 10 2

(5.5
(4.0
(1.3
(8.0
(4.0
(2.0
(8.0

x lO )(a)
x 10- )
x 10 2)
K 10o4)
x 10k )
x 10 b)
x 10 5)

Exits
Exits
6.07
3.5
1.74
8.7
3.5

x 101
x 100
x 100
x
x

(1.0 x 100)
(1.0
(3.5
(2.0
(9.9
(5.0
(2.0

x 10°)

x10 )
x 102)
x1033)
x103 )
3
x10 )

Table 8 indicates that, with a Darcy velocity of 2 mm/yr (upper end of
the velocity range of Case 1), none of the radionuclides will reach the
accessible environment in 10,000 years. In 250,000 years, nonretarded radionuclides (Kd = 0) and radionuclides with a Kd of 1 (and their daughters) would
reach the accessible environment, based on retarded velocities. Table 9
indicates that, with a Darcy velocity of 0.2 mm/yr (middle of Case 1 velocity
range) and the corresponding retarded velocities, none of the radlonuclides
would reach the accessible environment in even 250,000 years. With dispersion, the leading edge of the plumes for nonretarded radionuclides could reach
the accessible environment in 250,000 years. However, concentrations would
probably be very low because steady-state concentrations will not have been
reached and because radioactive decay will have reduced the concentrations
(except for 129I, which has a comparatively long half-life).
If the repository is located in the nonwelded horizon (Case 2, as shown
in Figure 4) as a bounding case (maximum Darcy velocity through the unsaturated tuff materials of 17 mm/yr), the analysis shows that nonretarded radionuclides will reach the accessible environment in about 3,200 years (Table 10).
However a Kd = 1 is sufficient to obtain a significant delay such that these
retarded radionuclides would reach the accessible environment in about
28,000 years. Thus, only Case 2 produces results that can be compared with
the Environmental Protection Agency (EPA) Proposed Rule 40 CFR 191 (U.S.
Environmental Protection Agency 1982).

Repository releases as proposed in

this analysis for a Topopah Spring horizon (Case 1) do not produce results
that can be compared to EPA cumulative release limits to the accessible
environment in 10,000 years. Therefore, in presenting the Case 1 results, we
have instead compared concentrations that are predicted by MMT1D at the
accessible environment with maximum permissible concentration (MPC) values.
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TABLE 9. Estimates of Travel Time and Migration Distance Based on a Darcy Velocity
of 0.2 mm/yr for a Repository Located in Welded Tuff (Case 1)
Travel-Time Estimates (year)(a)

'W

Radionuclide

Tuff Zone

C,Tc, I

1.03 x 104

2.53 x 105

U

7.49 x 105

1.37 x 106

1.56 x 104

Np

2.23 x 106

3.62 x 106

4.52 x 104

Am,CO

3.71 x 107

5.64 x 107

7.42 x 105

Pu,Pa

7.39 x 107

1.12 x 108

1.48 x 106

Ra

1.48 x 108

2.25 x 108

2.97 x 106

Th

3.71 x 108

5.61 x 108

7.42 x 106

Welded

Nonwelded

Tuff Zone

Estimated Migration Distance (m) after:
-years
250.000 years

Saturated

Zone
7.78 x 102

Total
2.64
2.13
5.90
9.42
1.87
3.76
9.39

x
x
x
x
x
x
x

TGO.O
105
106
106
10
108
108
108

5.0 x 101

(2.9 x

6.9 x 10-1 (4.0 x
2.3 x 10 1 (1.3 x
1.4 x 10-2 (8.0 x
7.0 x 10-3 (4.0 x

10-3)
10-2)
10-5)

3.5 x 10-3 (2.0 x
1.4 x 10-3 (8.0 x

(a) Travel-time estimates are based on the fcOllowing flow-tube lengths and flow velocities:
Length(m)
Flow Velocity (m/yrŽ
5.00 x 10.4
Welded Tuff Zone
51.5
4.89 x 101
Nonwelded Tuff Zone
123.5
1.43 x 10'
Saturated Zone
11,126
(b) Numbers in parentheses indicate fraction of unsaturated zone (welded tuff and nonwelded tuff) length.

1.69 x 102

(9.6 x 10-1)

1.72 x 101
5.8 x 100

(1.0 x 101 )
(3.3 x 10-2)

3.5 x 10 ' (2.0 x 103)
1.7 x 10 ' (9.9 x 104 )
8.7 x 10o2 (5.0 x 104 )
3.5 x 10

2

(2.0 x 10

4

)

TABLE 10.

Distribution Coefficients (K s) and Estimates of Travel Time
for a Repository Located in Aonwelded Tuff (Case 2)
Kj

Radionuclide
C, Tc, I

0

U
Np
Am, Cm

1
3

Pu, Pa

50
100

Ra
Th

200
500

Travel-Time Estimates (yr)(a)
Nonwelded
Saturated
Zone
Tuff Zone
Total
2.47 x
10
1.33 x
4

7.78 x 102
1.56 x

3.25 x 10
2.89 x 104

3.53 x

4.52 x
104
7.41 x

8.05 x 104
1.29 x 106
2.58 x 106

10

5.51 x
1.10 x 10o6
2.20 x 106
5.49 x 106

104

1.48 x 106
2.96 x 106
7.41 x 106

5.16 x 106
1.29 x 107

(a) Travel-time estimates are based on the following flow-tube
lengths and flow velocities:
Pore-Water
Velocity (m/yr)
Length (m)
Nonwelded Tuff Zone
Saturated Zone

123.5
11126.0

32

0.05
14.3

TRANSPORT PREDICTIONS
JMiT1D model calculates the concentrations of radionuclides by summing
parcel weights over time or space intervals as the parcels exit the flow tube,
The

or for each of the space intervals along the flow tube. The MMT1D model
divides the parcel flux obtained from that summation by the total Darcy flow
through the tube, or the total volume of water in the spatial interval, to
estimate the concentrations. Because the summation of parcel weights is based
on a random walk transport process, the curves of concentration versus time or
space display statistical fluctuations. We obtain the expected concentration
versus time or space curve by averaging the primary curve or histogram with
a moving average filter to remove most of these statistical fluctuations.
As a result, the concentration graphs can still include small statistical
variations.
In presenting the transport analysis results, we focus on radionuclide
concentrations at the accessible environment--10 km from the repository
perimeter.

We do not discuss concentrations of radionuclides within the flow

tubes. In Case 1, for radionuclides to reach the accessible environment, they
must flow downward through the 175 m of the unsaturated zone (including an
upper zone of welded fractured tuff and a lower zone of nonwelded zeolitized
tuff), and then travel 11,126 m horizontally through the saturated zone. In
Case 2 (bounding case), the unsaturated leg of the transport process is
reduced to 123.5 m.
CASE 1
For Case 1 the MMT1D simulation indicates that no radionuclides originating from a welded tuff repository will reach the accessible environment in
10,000 years. As expected from the travel-time estimates given in Table 8,
the nonretarded radionuclides (129I, 99 Tc, 14C) reach the accessible environment approximately 26,000 years after leaching begins at the repository
(Figure 5). Peak values are reached between 28,000 years and 32,000 years.
These peak values decrease with time according to radioactive decay rates. At
250,900 years after leaching begins, however, the 129I concentration at the
accessible environment is approximately the same as its peak value because of
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FIGURE 5. Arrival of Selected Radionuclides at the Accessible
Environment for Case 1 (No Dilution)

3 x lo0

its long half-life (1.59 x 107 years).

The concentration of

99 Tc

at

250,000 years is approximately half of its peak value, whereas 14 C has decayed to an insignificant value.

These results are summarized in Table 11.

When we compare peak concentrations with MPC values we note that 129I has
a concentration of the same order of magnitude as its MPC value, whereas the
other two above-mentioned nonretarded isotopes have peak concentrations that
are two to four orders of magnitude below their respective MPC values.
The first retarded radionuclides reach the accessible environment after
approximately 200,000 years (Figure 5). The uranium isotopes (Kd = 1) and
their daughters are the only retarded radionuclides to reach the accessible
environment in 250,000 years (see Table 12). Concentrations of these radionuclides are all less than their MPC values. At 250,000 years all the uranium
isotopes except 233 U have reached their steady-state concentrations, which
will then decrease according to radioactive decay rates.

After 250,000 years,

the next isotope to arrive at the accessible environment would be Np, which
has a travel time of 630,310 years, based on its retarded velocity (see
Table 8).
CASE 2
The cumulative arrival of nonretarded radionuclides at the accessible
environment for Case 2 is shown in Figure 6. Note that the largest contributor in the 10,000-year period is 99 Tc. The proposed release limit for this
radionuclide per 1000 MTHM is 10,000 curies.

For a repository of 46,930 MTHM,
the total release limit would be 469,300 curies in 10,000 years. The total
release calculated for this bounding case as shown in Figure 6 places 99 Tc at
less than 3500 curies.

The calculated release is less than 1% of the proposed

EPA standard (U.S. Environmental Protection Agency 1982).
Note that the volume of water assumed for transporting the radionuclides
affects the rate of arrival at the assumed discharge point, but not the
concentration, for both Cases 1 and 2. The concentration throughout the flow
tube is fixed by the solubility constraint at the source and is therefore
independent of the volume of water that is assumed. In Cases 1 and 2 the flow
area is assumed to equal the repository area. Thus, the estimated rate of
arrival should be conservative.
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TABLE 11.

Isotope
wA

-

Arrival of Nonretarded Isotopes at the Accessible Environment (Case 1)

Half-Life
(yr)

MpC(a)
(VCi /ml )

Peak
Concentration
(GCi/ml)

Time of
Peak
(yr)

Concentration
at 250,000 Years
(CICi/ml)

2.80 x 104

3.0 x 10-4

1.45 x 10-8
4.55 x 10-6

3.20 x 104

2.3 x 10-6

6.0 x 10i8

1.13 x 10-8

2.90 x 104

1.13 x 10-8

14C

5.73 x 103

8.0 x 10 4

99 Tc

2.15 x 105
1.59 x 107

129i

-.

________________________________________________________

Time of Arrival
at Accessible
Environment
(yr)
2.61 x 104

(a) Maximum permissible concentration (MPC) for uncontrolled soluble species, see
International Commission on Radiation Protection (1959, 1962).

2.62 x 104
2.54 x 104

TABLE 12.

Isotope

Arrival of Retarded Isotopes at the Accessible Environment
(Case 1)
Time of Arrival
Concentration
at Accessible
MpC(a)
at 250,000 Years
Environment
Half-Life
(UCi/ml)
(yr)
(VCi
/ml)
(yr)

Thorium Series
236U
232Th

2.39 x 107
1.4 x 1010

3.0 x 10-5
2.0 x i0o6

1.55 x
<1.0 x

2.18 x
2.40 x

Neptunium Series
233U

1.62 x 105

3.0 x 10 5

4.2 x

229 Th

7.34 x 103

3.0 x 10-6

<1.0 x

o-8
-12

1.97 x
2.02 x

Uranium Series
238U
234U

4.51 x 109
2.47 x 105

4.0 x 10- 5
3.0 x 10-5

230Th

8.0 x

2.0 x

226Ra

1.60 x

3.0 x

Actinium Series 103
235 U
7.1 x
231Pa

3.3 x

1.3 x 10-7
3.9 x 10-7

i0o6
i0o8

<1.0 x
<1.0 x

2.08 x
2.06 x

1.2 x 10-8

3.0 x

<2.0 x

9.0 x

2.16 x
1.97 x

lo12

2.16 x
2.20 x

(a) Maximum permissible concentration (MPC) for uncontrolled
soluble species, see International Commission on Radiation
Protection (1959, 1962).
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SUMMARY
The travel-time estimates and MMT1D simulation results indicate that the
*

site has very favorable conditions for mitigating the consequences of a radio.

-

nuclide release. If future experimental data indicate leach rates other than
those assumed in this analysis, only the peak concentrations would be affected,
not the travel-time estimates.

The travel-time estimates for an assumed re-

charge of 2 mm/yr (or less) indicate that nothing would reach the accessible

j

environment in 10,000 years. Because the EPA has not proposed standards for times
greater than 10,000 years, concentrations of isotopes expected at 250,000 years
could be compared with MPC values; as Tables 11 and 12 show, these concentrations
are below the MPC values.

In addition, leach rates would need to be evaluated

against proposed NRC regulations for release from the canister of 1 part in 105
per year (U.S. Nuclear Regulatory Commission 1981). The solubility constraints
used in this analysis yield leach rates that are lower than the proposed limit
of 1 part in 105 per year. Because the recharge is probably less than 2 mm/yr,
the conditions at the site appear to be even more favorable than these bounding
results suggest.
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RADIOLOGICAL DOSE TO MAN
A fundamental measure of the overall ability of a geologic repository to
isolate radionuclides from the environment is the dose of radiation to humans
that could result from the eventual release of those radionuclides. Radionuclides released from the repository will migrate slowly with the ground
water.

The local human populations will not be affected unless the people

have some contact with the contaminated water. This contact could result from
eventual migration of the water into the accessible surface environment, where
it will be further diluted by surface waters, or from a short circuit, wherein
the contaminated water is brought directly to the surface through a well.

To

examine the potential radiological consequences associated with the leaching
of radionuclides from the repository, we look in this report at a scenario
based on contact through well water (from a well located 10 km from the
repository perimeter). Radionuclide concentrations used in this section are
those predicted by MMT1D for Case 1.
LONG-TERM RADIATION DOSE POTENTIAL
For this study we assume that a water well intercepts the plume of
contaminated water from the repository. Figure 7 shows where the well is
drilled in relation to the repository.

Contaminated water enters the trans-

missive zone of the regional saturated system at a flow rate, QR' of approximately 5 gpm. We obtain this flow rate by assuming a 50 mm/yr pore-water
velocity, flowing through a 5% porous medium that is 65% saturated over a
repository area of 1500 acres. Regional ground water has been estimated to be
flowing in the receiving transmissive zone, QT9 at a rate of approximately
175 gpm (see Appendix B). If we assume that a dispersion process spreads the
contaminant in the vertical dimension at a rate of 10% of the horizontal
distance traveled, the contaminated water is then estimated to be dispersed
equally throughout the 81-m thickness at the well location. Because of the
two flow rates, we estimate that the contaminated water intercepted by the
well is approximately 3% of the total pumpage, Qw; this is a reduction in
concentration of about two orders of magnitude at the well bore.
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FIGURE 7. Diagram of the Well Scenario

Humans can ingest the radionuclides by drinking the contaminated water

!

and by eating food that is grown with the well water for irrigation.

The flow

of the aquifer at the Nevada Test Site is low enough so that only a few
individuals could possibly irrigate enough to grow a complete diet of contaminated material.

In this discussion, we present doses for a maximally exposed

individual eating all homegrown vegetables, and also for a limited projected
population of.10,000 people who only use the well water for drinking.
to the maximum individual are presented in rem.

Doses

Doses for the composite

population are given in man-rem, which is a unit corresponding to a given
average dose rate multiplied by the number of people receiving it; thus, a
man-rem unit is an indicator of total societal impact.
Because the long-term concentration of radionuclides at any point varies
considerably over long periods of time, the radiation dose rates also depend
on time.

However, within an individual lifetime the concentration and the

rate of exposure will be essentially constant; thus, we calculate the dose to
an individual on the basis of a lifetime radiation dose.

This is presented in

two ways, first as a 70-year dose commitment from one year of exposure, and
second as a 70-year accumulated dose from continuous exposure. The dose
commitment is a measure of the annual dose rate, and the accumulated dose
indicates the lifetime exposure that an individual might receive.

The accumu-

lated population dose corresponds most closely with any calculations of health
effects that may be desired.
We consider two peaks of radionuclide concentration at the point of the
well. The first peak occurs at about 27,000 years in the future, when the
most mobile, unsorbed radionuclides (14C, 99 Tc, and 129I) are at their peak.
Table 13 lists the well-water concentrations of these radionuclides at this
time. The second peak occurs when the slightly sorbed uranium radionuclides,
with some of their daughter products, are at their maximum in 250,000 years.
Table 14 lists these concentrations.
We used the computer program PABLM (Napier, Kennedy and Soldat 1980) to
calculate the doses to both the individuals and population groups for exposure

j

pathways through the home garden and the drinking water. The PABLM code
incorporates models of crop irrigation, drinking water cleanup, soil accumulation, radioactive decay, and human physiological processes to calculate the
43

TABLE 13.

Radionuclide Concentrations in Well Water
at 27,000 Years After Repository Closure
Concentration
(pCi/l)

Radionuclide
14c

0.435

99 Tc

137
0.339

129I

TABLE 14.

Radionuclide Concentrations in Well Water
at 250,000 Years After Repository Closure
Concentration

(pCi/l)

Radionuclide
99 Tc

69

129I
233u

0.339
1.26

229TH

0.00005

235u
231Pa

0.36
0.000006

236U

4.65

238U

3.9

234u

11.7

230Th

210po

0.0003
0.0003
0.0003

210Pb

0.0003

226Ra

radiation dose for a given scenario. Table 15 presents doses for the organs:
bone, thyroid, and lower large intestine, as well as total body, for the
maximum individual. Table 16 lists doses for the assumed population of
10,000 who are drinking the water.
For the individual who consumes food that is grown and irrigated in the
home garden, the lifetime doses to total body and bone are dominated by the
4C release at 27,000 years, by the 129I for the thyroid, and by 99 Tc for the
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TABLE 15.

Organ
Total Body
Bone
Thyroid
GI-LLI(a)

Maximum Individual Doses Resulting From the Home Garden
Irrigation Scenario at Two Future Times (rem)
At 27,000 Years
Dose
Accumulated
Dose
Commitmentt

At 250,000 Years
Accumulated
Dose
Commitment
Dose

2.0 x 10 3
8.0 x 10-3

2.0 x 10 1
6.0 x 10-1

2.0 x 10 3

2.0 x 10-1

4.0 x 10-2

3.0 x 100

1.0 x 10-2

2.0 x 100

1.0 x 10-2

2.0 x 100

8.0 x 10-3

4.0 x 100

6.0 x 10-3

2.0 x 100

(a) Gastrointestinal - lower large intestine.
TABLE 16.

Organ
Total Body
Bone
Thyroid
GI-LLI
GI tract.

Population Doses Resulting From the Drinking
Water Scenario at Two Future Times (man-rem)

At 27,000 Years
Dose
Accumulated
Dose
Commitment

At 250,000 Years
Dose
Accumulated
Commitment
Dose

3.0 x 10-2

2.0 x 100

4.0 x 100

2.0 x 102

6.0 x 10-2

4.0 x 100

6.0 x 101

4.0 x 103

7.0 x 10°
3.0 x 10°

6.0 x 102
2.0 x 102

9.0 x 100

6.0 x 102

6.0 x 100

4.0 x 102

The highest organ dose, 4 rem in a lifetime to the lower large

intestine, is equivalent to about 60 millirem (mrem)/yr. At the time of the
later peak (250,000 years), the contributions from 234 U slightly increase the
total body and bone doses, replacing the 14C contribution, but the other
organs are still controlled by the 129I and 99 Tc, which are now reduced as a
result of radioactive decay of the source. The bone dose of 3 rem/lifetime
results from an annual dose of only 50 mrem/yr, which is about equal to
one-half of the natural background level.
We assume that the general population is exposed only to drinking water.
These doses for the peak at 27,000 years are controlled by the

99Tc

contribu-

tion (except for the thyroid which is controlled by the 1291). The highest
dose of 600 man-rem to the thyroid is equivalent to an average individual dose
of only 0.9 mrem/yr, which is less than 1% of the natural background level.
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For the radionuclide concentration peak at 250,000 years, the controlling organ
is again the thyroid from 1291, but the other organs now show a strong contribution from 234U, and to a lesser degree 236U. The controlling organ and
radionuclide become bone and 234U, with a lifetime dose of about 4000 man-rem.
This is equivalent to about 60 mrem/yr to the average individual. These dose
rates and accumulated doses, if related to possible health effects, would
indicate that the possibility for any premature fatal cancers brought about by
this level of water contamination is less than 0.05 health effect per 70-year
generation. Thus, the order of one health effect every 1400 years might be the
maximum expected from this particular circumstance.
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LIMITATIONS OF THE ANALYSIS
The results of this transport analysis indicate that the geohydrologic
systems separating the nuclear waste from the discharge site in the natural
biosphere (Well J12) will mitigate the consequences of the postulated leaching
event. The reader should be cautioned, however, that the results presented in
this analysis are valid only for one particular set of parameters and one
postulated release scenario. A complete sensitivity analysis must be performed
to evaluate the range of effects that could be observed under different release
conditions and for different ranges in parameters.

We discuss the uncertain-

ties associated with the assumptions and parameter values used in this analysis
below:
*

Congruent leaching. The source term is based on the assumption of congruent leaching. The steady-state concentrations eventually reached in
the leach stream for long-lived radionuclides depend on the release rate.
Departures from congruent leaching could significantly increase the
maximum radionuclide concentrations at the accessible environment. The
assumption of congruent leaching is therefore nonconservative.

*

Flow rate. Some question remains regarding the dominant flow mechanism at
Yucca Mountain. If fracture flow is the dominant mechanism for transport,
as some scientists suspect, then the convective flow rate may be higher
than what we have assumed in this analysis. (a)

*

Flow cross-sectional area. Using the maximum possible flow crosssectional area increases the conservatism of the results. If a smaller
flow cross-sectional area were used, the leach rate would be reduced and
the duration of leaching increased.

This would increase the time required

for the leach stream to reach the steady-state concentration for a given
radionuclide. The resulting concentrations for a given point in time
would be the same or less than the radionuclide concentrations given in
this report for the maximum flow rate.
* Water chemistry.

The equilibrium solubilities predicted by MINTEQ were

based on ground water of a specified composition, pH, and redox potential.
As is pointed out in Appendix A, a ground water with a different set of
(a) Evidence obtained since these analyses were completed suggests that
the flow is likely to be predominantly in the rock matrix, rather
than through fractures.
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complexing ligands could change the solubility constraint and increase the
predicted maximum concentrations of dissolved uranium. Confidence in the
transport analysis results would be greatly increased through additional
water composition data.
*

Moisture content and flow velocity. Because the retardation factor
depends on B (the ratio of bulk density to porosity or moisture content),
greater saturation will decrease a and, thereby, will also decrease the
retardation factor; this, in turn, would reduce the travel time of
retarded isotopes.

*

Bulk density. Lower values of bulk density would increase the conservatism of the results for the retarded isotopes by decreasing a and, thus,
decreasing the retardation factor (which reduces the travel time).

*

values.

Lower Kd values increase the conservatism of the results for
the retarded isotopes by decreasing retardation factors (which reduces
the travel time). Serne and Relyea (1982) found that Kd values for the
redox-sensitive elements of interest are generally higher in a reducing
environment than in an oxidizing environment.
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APPENDIX A
CALCULATION OF MAXIMUM CONCENTRATIONS OF
URANIUM FOR A SELECTED WATER COMPOSITION
FROM WELL J13 AT THE NEVADA TEST SITE
The potential for radionuclides to migrate away from a repository is
limited by the dissolution rate of the waste form, the solubility limitations
of one or more solid phases containing forms of the radionuclides, adsorption,
and the rate of water flow. The equilibrium solubility of solid phases
containing radionuclides will limit the maximum possible concentrations of
these dissolved constituents in surface and ground waters.

These

concentrations can in turn be used as a chemical constraint in an analysis of
ground-water transport of radionuclides.
A geochemical model can be used to calculate the maximum concentrations
of dissolved constituents from the aqueous speciation reactions and the solubilities of solid phases in the model's thermodynamic data base. The total
mass of a dissolved metal will depend on the thermochemical properties for that
particular ground water, that is, the concentrations of complexing ligands,
pH, redox potential, temperature, and ionic strength. Moreover, if the concentration of a particular metal has been established by solubility equilibrium
with some solid phase, the concentration of this metal may also be a strong
function of the masses of one or more other metals in the ground water.

The

accuracy of solubility calculations will thus depend not only on the correctness of the geochemical model(a) and its code, but also on the competency of
model's thermodynamic data base.
Our purpose in this study was to calculate the maximum possible concentration of dissolved uranium for a specified ground-water composition and
fixed pH value for Well J13 at the Nevada Test Site.

We calculated the masses

of dissolved uranium with the MINTEQ geochemical model by assuming that the

-

(a) A geochemical model is defined here as the integration of mathematical
expressions describing theoretical concepts and thermodynamic relationships on which the speciation, adsorption, solubility, and mass transfer
calculations are based. A geochemical code refers to the translation of
geochemical model into a sequence of computer language statements.
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concentrations were fixed by equilibrium with the least-soluble uraniumcontaining solid at those thermochemical conditions. Because the redox
potential of a ground water has a major effect on the solubility of uranium
solids, maximum uranium concentrations were computed for this ground water at
the redox potential measured in the field (EHt) and several other EH values
within the stability field of water.
This appendix describes: 1) the MINTEQ geochemical model, 2) the results
of the solubility calculations for dissolved uranium in the selected groundwater composition from Well J13, and 3) a summary of conclusions.

Sensitivity

analyses can delineate the ranges of uranium concentrations predicted from~
perturbations in the chemistry and thermochemical properties of this groundwater sample.

These maximum concentrations of dissolved uranium provide a

boundary condition for an analysis of ground-water migration of radionuclides.
M1INTEQ GEOCHEMICAL MODEL
Because of the need to model aqueous speciation, solubility controls, and
adsorption, we have focused on developing the MINTEQ geochemical model at
Pacific Northwest Laboratory (PNL).(a)

The MINTEQ model(b) combines features

of the extant geochemical models MINEQL (Westall, Zachary and Morel 1976) and
WATEQ3 (Ball, Jenne and Cantrell 1981).

The MINTEQ model drives an efficient

code for mass transfer and adsorption modeling from MINEQL, and incorporates
the superior thermodynamic data base and user-oriented features of the WATEQ
model series [Truesdell and Jones 1974 (WATEQ); Ball, Nordstrom and Jenne 1980
(WATEQ2); Ball, Jenne and Cantrell 1981 (WATEQ3)].
We used the MINTEQ geochemical model to calculate maximum uranium concentrations for a ground-water composition assumed to be in equilibrium with one
or more uranium solids. Only those aspects of the MINTEQ model that are
necessary for these calculations are described here. The references cited
above provide additional details on the development and structure of the MINTEQ
model.
(a) For a review of geochemical models, refer to Jenne (1981) and to the
collection of technical papers on this subject in Jenne (1979).
(b) Felmy, A. R., D. C. Girvin and E. A. Jenne. (In press). MINTEQ--A
Computer Program for Calculating Geochemical Equilibria. Pacific
Northwest Laboratory, Richland, Washington.
A.2

To calculate the aqueous solubilities of minerals, the speciation
submodel of the MINTEQ model first computes the activities for the uncomplexed
and complexed aqueous species from the initial composition and thermochemical
properties (i.e., EH and T) of a water and from the equilibrium constants
for the aqueous speciation reactions in the model's data base. This problem
requires the solution of a series on nonlinear mass action expressions by an
iterative process. Activities of individual aqueous species are corrected for
ionic strength through the extended Debye-HUckel and Davies equations.
After calculating the aqueous speciation, we test solubility-equilibrium
hypotheses. Ion activity products (AP) are calculated from the activities of
the parent species (i.e., those selected in the formulation of the complexation and dissolution reactions), using the stoichiometries of the dissolution
reactions for minerals and other solid phases in the MINTEQ data base. These
activity products are then compared to the equilibrium solubility products (K)
stored in the MINTEQ model for the same solid phases, to test the assumption
that certain of the dissolved constituents in an aqueous solution or natural
water are in equilibrium with particular solid phases. Saturation indices
(log AP/K) are calculated to determine if the water is at thermodynamic equilibrium (log AP/K a 0), oversaturated (log AP/K > 0), or undersaturated
(log AP/K < 0) with respect to a certain phase. These data allow us to ascertain permissible equilibrium solubility controls for that water.
The MINTEQ model also has mass transfer capabilities, which allow a user
to dissolve and precipitate certain solid phases and/or to impose equilibrium
solubility constraints on a given water composition. The latter capability
may be used to predict solution concentrations of a component not reported in
At equilibrium conditions, the maximum permissible concentration of an element (e.g., uranium) dissolved in a water will be
determined by the solid phase containing that element, that is the least soluthe original water analysis.

ble at these thermochemical conditions. The appropriate solubility control
may be selected from the MINTEQ data base by the user or automatically by the
model. If the least soluble phase is correctly selected, the water composition will calculate to be undersaturated with respect to all other solids containing the element of interest.

On the other hand, the user will have to
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re-evaluate the selection of the appropriate solubility control if the modeling results indicate that the water is oversaturated (log AP/K > 0) with
respect to other solids containing the constituent of Interest.
Thermodynamic data are stored in the MINTEQ data base and used by the
geochemical model in the form of equilibrium constants for the aqueous complexation and mineral dissolution reactions.
(log

K0

The equilibrium constants

) may be calculated using Gibbs free energies of reaction (AGO

r,298)

):

r,T)
log K0

r,t

=

- AGO
rT

2.TaU~T

where T is the temperature in degrees kelvin (250 C = 298.15 K).

A list of

symbols (and their definitions), physical constants, and conversion factors is
given at the beginning of this appendix.

Values of log K0r,Tmay also be.

determined directly from solubility measurements that have been corrected for
aqueous speciation and ionic strength.
For analytical data at T # 251C, the equilibrium constants for the speciation and dissolution reactions are recalculated by the mcdel to the appropriate temperature with polynomial expressions for log KrT as a function of
temperature or with the van't Hoff relation.

The polynomial log KrT expres-

sions in the MINTEQ data base are available for a limited number aqueous
species and solid phases (see Table A.1). The equilibrium constants for the
remaining reactions are corrected for temperature using the van't Hoff relation (Lewis and Randall 1961):

log K0
r,T

=log K0

- AHOrATr

r,Tr - 2.303 ff

(11
7F)

where Tr is some reference temperature, usually 298 K, and

AH r,Tr
If AHfO2

8

=

AH0f,Tr (products) - AHU~f ,Tr (reactants)

values are available for the reaction components, AHr, 298 values

are calculated and stored as part of the MINTEQ data base.
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For reactions

TABLE A.1.

Aqueous Complexes and Solid Phases for Which
Polynomial Temperature Expressions for log Kr(T
Exist in MINTEQ Thermodynamic Data Base
r,
Aqueous Complexes

H Sio-

KSO4

Cu2 (OH)2+

H2Sid 2

MgCO3

UOH 3 +

MgOH+

M~gHCO+

~2U0UO
2 (C03 ) 2

H BO0

CaHCO+

U02 (C0 3 ) 4

CaCO3
HSO-

.4-

U02Coo

UO
2SO4

0

HCO-

H2so

U2(S03)2

02 (S04 ) 2

Solid Phases
Calcite, CaCO 3
Fluorite, CaF 2
Rutherfordine, U02 C03
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where AHr 298 values could not be computed because AH~, 298 values are not
available, the model assumes that
log K0

r,T -log

K0

r,298

Because the van't Hoff relation assumes that AH rT is independent of temperatures (i.e., AC0 = 0), this equation provides only an approximation for the
change of 10g KrT with temperature. Therefore, applications of the MINTEQ
model are limited to temperatures of < 100 0 C.
The log Kr 298 and

AH0

values for the aqueous speciation and solu-

bility reactions in MINTEQ are primarily from the WATEQ3 geochemical model.
The WATEQ3 data base includes the additions described by Ball, Jenne and
Cantrell (1981), as well as thermodynamic data from the earlier WATEQ and
WATEQ2 models (Truesdell and Jones 1974; Ball, Nordstrom and Jenne 1980,
respectively). Subsequent additions and revisions to the thermodynamic data
base of the MINTEQ model are described in Krupka and Jenne (1982); Krupka,
Jenne and Deutsch (1983); and Schwab and Felmy (1983). The uranium reactions
in the MINTEQ model (see Table A.2) were calculated by Ball, Jenne and Cantrell
(1981) from the uranium thermodynamic data tabulated by Langmuir (1978). Revisions to the MINTEQ/WATEQ3 data base for uranium and vanadium are also noted,
respectively, in Krupka, Jenne, and Deutsch (1983) and Schwab and Krupka.(a)
PREDICTED URANIUM CONCENTRATIONS FROM WATER ANALYSIS FOR WELL J13
We calculated maximum permissible concentrations of dissolved uranium
based on solubility equilibria for a selected water composition for Well J13
at the Nevada Test Site. The water analysis for Well J13 (Table A.3) was taken
from NNWSI (1982, Table 15, p. 88). The pH and EHPt values for this water were
taken from p. 87 of NNWSI (1982). The ambient temperature for this water
sample was not reported in NNWSI (1982), but the temperature should be similar
to those (i.e., 30 to 400 C) reported by Borg et al. (1976) for other groundwater samples at the Nevada Test Site. The solubility calculations, however,
la) Schwab, A. P. and K. M. Krupka. (In preparation). Thermodynamic Data
for Vanadium and Selected Revisions for Uranium. Pacific Northwest
Laboratory, Richland, Washington.
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TABLE A.2.

Aqueous Species and Solids of Uranium in
the Thermodynamic Data Base of WATEQ3
(Ball, Jenne and Cantrell 1981)
Aqueous Species

U3+

UC13+UC13~~

UO
(CO )2
UO (o34-

U4+

+
USO242

UO2 F+

UOH3+

U(SO4 )°

UO2 F 0

U(OH)2+

UHPO2 +

UO2 F-

U(OH)+

U(HPO4 )

UOF2-

2

4) 0~2

3

3

2

U(HPO4 )3

UO2 Cl+

U(HPO
UOP 4)44

UO
U 2Soo
504

U6 (OH)15

U2+

V

UF3 -

UO2+

UO2 HPOO

UF2

U020H+

UO2 (HPO 4 )2

UF3

(UO2 )2 (OH)2

UO2

UF4

(U02 )3(H)5

UO2 (H2 PO4 )2

UF5

UO2CO3

U02 (H 2 P04 )3

UF 2

UO2 (CO 3 )2

UO2 SiO(OH)3

U(OH)o
U(OH)-

5~

~
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2 (SO4 )2

2 PO

TABLE A.2.

(cont'd)

Solids
Mineral Name

Formula
a-U(c)

Uraninite

U02 (c)

U02 (am)
u4 09 (c)
a-U 3 0 8 (c)

USI 0 4 (C)

Coffinite

UF 4 (c)
UF4 C2.5H 2 0(C)
U(HP0 4 ) 2 4H2 0(c)
Ni ngyoi te

CaU(P0 4 ) 2 -2H2 0(c)
Y-U0 3 (c)
UO3 (am)

Gummite

a-UO2 (0H)
U02 (OH)

2

2 (c)

Schoepite

.H2 0

Rutherfordine

U02 C03 (c)
(U02 ) 3 (P0 4 ) 2 (c)
H2 (U02 ) 2 (P04 ) 2 (c)

H-Autunite

Na2 (U02 ) 2 (PO 4 ) 2 (c)

Na-Autunite

(NH4 ) 2 (U02 ) 2 (PO 4 ) 2 (c)

Uramphite
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TABLE A.2.

(cont'd)

Solids
Mineral Name

Formula
Mg(U02 )2 (P04 )2 (c)

Saleeite

Ca(U02 )2 (P04 )2 (c)

Autunite

Sr(U02 )2 (P04 )2 (c)

Sr-Autunite

Ba(U02 )2 (P04 )2 (c)

Uranocircite

Fe(U02)2 (P04 )2 (c)

Bassetite

Cu(UO2 )2 (PO4 )2 (c)

Torbernite

Pb(U02 )2 (P04 )2(c)

Przhevalskite

Ca(U02 )2 (SiO 3 0H)2 (c)

Uranophane

were made at 250C, 70'C, and 100 0 C (for the stated EH

value) to estimate a

maximum concentration profile of dissolved uranium as a function of temperature, which may parallel the cooling period for a nuclear repository. Moreover, because the concentration of uranium in solubility equilibrium with
uranium solids can be strongly dependent on the redox potential of a water,
uranium concentrations were also calculated for several EH values at the
selected water composition and pH value (Table A.3). (We did not complete
similar sensitivity analyses to investigate the changes in dissolved uranium
concentrations for variations in the chemistry and pH of the water from
Well J13.)
The calculation of aqueous speciation reactions, hence equilibrium solubilities of solid phases, are only reliable if the quality of the chemical
analysis of a water is adequate.

Therefore, to test the adequacy of the water

analysis in Table A.3, the cation/anion balance was calculated for this water
at 251C using the equation:
-

Cation/Anion = Cations (equiv. L 1)
Balance (%)

-

-

Anions (equiv. L ) x

Cations (equiv. L-1) + Anions (equiv. L 1 )
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TABLE A.3.

Water Analysis for Well J13 at the Nevada Test
Site (NNWSI 1982) Used for Calculation of
Maximum Concentrations of Dissolved Uranium
Element

Concentration (mg/1)

Mg
Mn

1.73
0.011
30.0

Si
Fe

*1

0.043

Sr

0.04

Ba
V

0.002
0.032

Ti

0.030

Ca
Li
K
Se

11.5
0.070
5.47
0.026
45.2

Na
F

2.4

Cl
NO3

8.8
8.4
22.4

SO4

138
7.1 to 7.5
0.200 V

CO3
pH
EH
Pt
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As an operating constraint, a water analysis with a cation/anion imbalance of
>15% is not modeled. The cation/anion imbalance and ionic strength for the
water analysis from Well J13 were determined to be 5.2% and 0.0035, respectively. These values were calculated before uranium was added to this water
composition.

Moreover, because the MINTEQ data base does not contain titanium

and selenium, these two components were omitted from the modeling calculations
(including the check of the cation/anion balance). This should not significantly affect the calculation of the cation/anion balance and the maximum
uranium concentrations, because titanium and selenium are present in low
concentrations.
The predicted maximum concentrations of dissolved uranium for the water
at 250 C from Well J13 are given in Table A.4. Those solid phases (i.e.,
solubility controls) in the MINTEQ data base, that control these uranium
concentrations, are also listed in Table A.4.

At the field-measured EH
Pt

value of 0.200 V, the solubility of tyuyamunite [Ca(UO 2 )2 (VC4 )2J controls
the concentration of dissolved uranium at 1.48 x 10 6 m. This mineral(a)
is similarly the equilibrium solubility control for uranium in this water at
0.400 and 0.788 V. At the uranium concentrations predicted from the solubility of tyuyamunite at 0.200, 0.400, and 0.788 V, all of the other uranium
solids (Table A.2) as well as carnotite [K2 (U02 )2 ( V 4 )2 1 calculate to be
undersaturated (log AP/K < 0).
Calculations that indicate that tyuyamunite is the solubility control for
uranium in this ground water are important for several reasons. First, the
modeling results demonstrate the importance of a fully competent geochemical
model and thermodynamic data base. Initially, Ball, Jenne and Cantrell (1981)
had added only the uranium thermodynamic data to the WATEQ3 (thus MINTEQ) data
base.

However, because uranyl-vanadate solids such as tyuyamunite and carno-

tite commonly occur as secondary accessory minerals around uranium ore deposits
(a) A mineral is defined as "a naturally occurring inorganic element or compound having an orderly internal structure and characteristic chemical
composition, crystal form, and physical properties" (Bates and Jackson
1980). This definition therefore excludes amorphous and/or glass-like
. solids, and certain artificial crystalline solids (e.g., PuO )
However,
inclusion of these non-mineral phases in the data bank of a jeochemical
model, as in MINTEQ, is of paramount importance in adequately determining
the solubility controls of toxic elements in waters resulting from interaction with the wastes of an industrialized society.
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TABLE A.4.

Maximum Possible Concentrations and Solubility
Controls Predicted for Water at Well J13 at the
Nevada Test Site (NNWSI 1982) at pH = 7.5 and
T = 250 C

Redox
Potential (V)

Total Concentration
Uranium (mol/l)

0.200 (a)

1.48 x 10i6

0.788 (b)

1.04 x 10i6

Tyuyamunite
[Ca(U0 2 ) 2 (VO4 ) 2 ]
Tyuyamunite

0.400

1.48 x 10-6

Tyuyamunite

0.050

3.93 x 10-7

-0.050
-0.400

3.93 x 10-10
5.11 x 10-11

U4 9
Uraninite (U02 )
Uraninite

Solubility Control

(a) Field measured EH for selected water from Well J13.
(b) Redox potential for water constrained to H2 0/02
stability boundary at 25'C.
(Evans and Garrels 1958; Hostetler and Garrels 1962; Langmuir 1978; Mann and
Deutscher 1978), it was necessary to add the aqueous speciation and solid dissolution reactions for vanadium to the MINTEQ model to accurately model the
geochemistry of uranium in ground water.(a)

Moreover, only a computerized
model, such as the MINTEQ model and others, can adequately solve the numerous
nonlinear mass action expressions that are necessary to calculate the aqueous
speciation between several dissolved metals and the available complexing
ligands.
These solubility calculations are also important because the maximum
possible concentrations of uranium, based on the solubility of tyuyamunite,
are significantly lower than those calculated by other uranium solids.

Under

oxidizing conditions and common pH ranges found in most surface waters, the
U(VI) mineral schoepite [U0 2 (OH)2 *H2 0] and its dehydrated form, U02(OH) 2 , is
commonly assumed to be the solubility control for dissolved uranium.

For

(a) Schwab, A. P., and K. M. Krupka. (In preparation). Thermodynamic Data
for Vanadium and Selected Revisions for Uranium. Pacific Northwest
Laboratory, Richland, Washington.
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example, Kuhn (1981) predicted a maximum uranium concentration based on the
solubility of U02 (OH) 2, in an analysis, of radionuclide release from oxidized
spent fuel in a basalt ground water. (a)
Maximum uranium concentrations were similarly calculated using the solubility of schoepite(b) and the water analysis (Table A.3) at 250 C for Well J13
at the Nevada Test Site.

With schoepite fixed as the solubility control by

the MINTEQ model, the maximum permissible concentration of dissolved uranium
is 2.22 x 10-4 m at both EH values of 0.200 and 0.788 V. This concentration
is approximately two orders of magnitude greater than those predicted by the
solubility of tyuyamunite at the same EH values (Table A.4).

At the total

uranium concentration of 2.22 x 10-4 m (i.e., schoepite solubility) and
EH = 0.788 V, the minerals tyuyamunite (log AP/K = 2.18) and carnotite
(log AP/K = 1.94) calculate to be oversaturated in this water. Similarly, at
this same uranium concentration and the field-measured EH value of 0.200 V,

Pt

the solids tyuyamunite (log AP/K = 2.18), carnotite (log AP/K = 1.94), and

U308 (log AP/K = 0.99) calculate to be oversaturated.

If there was no

vanadium dissolved in the water from Well J13, this latter solubility calculation for EHt = 0.200 V indicates that U308, and not schoepite, would be the
solubility control for dissolved uranium. The uranium concentrations based on
the solubility of schoepite represent conservative estimates for the maximum
amount of dissolved uranium.

On the other hand, the solubility of schoepite

may not accurately predict maximum uranium concentrations for this ground
water.
The maximum possible concentrations of uranium predicted from mineral
solubilities decrease significantly between 0.200 and -0.400 V (Table A.4).
This decrease is due to the lower solubilities of U(IV) solids.

At these

lower redox potentials, U4 09 and uraninite are calculated as the solubility
controls for dissolved uranium at EH values of 0.050 V and > -0.050 V,
respectively.

Except for the calculated solubility equilibrium with the

(a) We do not have the reference from which Kuhn (1981) selected his groundwater composition.
(b) Schoepite is stable with respect to U02 (OH) 2 at T > 600 C (Langmuir 1978,
- Robins 1966).
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U(VI)-vanadate mineral (tyuyamunite), these phase relations for uranium under
reducing conditions can be shown by the EH-pH plot (Figure A.1) of the
stability fields for the uranium hydroxide and oxide solids in the MINTEQ data
base for the system U-H 0 at 250C. The dashed lines labeled as 1, 2, and 3 in

2

Figure A.1 represent, respectively, the equilibria:
3U02 (OH) 2 -H2 0 (schoepite) + 2H+ + 2e

4U308 + 10H+ + 10e
U4 09 + 2H+ + 2e

= U3 08 + 7H2 0,

= 3U409 + 5H 20

= 4U0 2 (uraninite) + H2 0

The phase boundaries (dashed lines in Figure A.1) were calculated with the
thermodynamic data from Langmuir (1978) and depend only on the values of pH
and EH. Note that this simplistic figure for the system U-H2 0 (i.e., without
concentrations of other complexing ligands), however, provides no data for the
.aqueous speciation or total concentrations of dissolved uranium in equilibrium
with these solids. At the field-measured pH and EH values (filled square

Pt

symbol in Figure A.2), U3 08 (and not schoepite) would be the solubility
control for uranium in an U-H2 0 system that did not contain any dissolved
vanadium. As the redox potential of a water at pH = 7.5 is further decreased,
the stability fields for U4 09 and then uraninite (U02) are realized.

The

total concentrations and distribution of aqueous complexes for dissolved
uranium in equilibrium with these solids will also change as the redox potential becomes more reducing.
The calculated distributions of the uranium complexes that make up at
least 99.9% of the total mass of dissolved uranium in solubility equilibrium
with the selected water from Well J13 are shown in Figure A.2. The distributions of uranium species for the solubility calculations at EH values of
0.788, 0.400, and 0.050 V were not shown, because they were identical to those
calculated for this ground water at EH = 0.200 V. At EH > -0.050 V, the total
mass of dissolved uranium is dominated by the U(VI) carbonate complexes (i.e.,
U02 (C03 )2 , U02 (C 3 )4 , and U02 C0O).

The U(IV) hydroxyl complex U(OH)-, how-

ever, is the dominant species at -0.400 V. At this ground-water composition
and range of EH values, U(V) (i.e., U0) does not constitute a significant
percentage of the total mass of dissolved uranium.
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FIGURE A.1.

Equilibrium Stability Relations for UranAum Oxide and Hydroxide
Solids at 250C as a Function of pH and E for the System U-H 0.
[The area between the solid lines represents the thermodynamic
equilibrium stability for water. The dashed lines are the phase
boundaries between the uranium solid phases. The square symbols
represent pH,E values (Table A.4) used to 3calculate maximum
uranium concentrations for water at WellHJ1 , where the filled
square gives the field-measured pH and E values. Note that
this simplistic figure provides no data or the aqueous speciation of uranium or for the total concentrations of dissolved
uranium in equilibrium with these solids.]
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E" = 0.200 V
SOLUBILITY CONTROL = TYUYAMUNITE
U(TOTAL) = 1.48 x 10-6 m

( 2.7%
UO

2

(CO3)3

13.1%

E = -0.050 V
SOLUBILITY CONTROL = URANINITE
U(TOTAL) = 3.93 x 10 '°m

EN = -0.400 V

SOLUBILITY CONTROL = URANINITE
U(TOTAL) = 5.11 x 1011 m

FIGURE A.2.

in
Species Distributions Calculated for Total Dissolved Uranium
0
SRlubility Equilibrium with the Water at Well J13 at 25 C and
E Values of 0.200, -0.050, and -0.400 V. [The open areas in
the pie diagrams represent the mass distribution for U(VI)
aqueous complexes. The solid and stippled areas are, respectively, for the mass distributions of U(V) and U(IV) aqueous
complexes.]
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As noted earlier, the prediction of uranium solubility controls for this
ground-water sample requires the calculation of aqueous speciation for both
uranium and vanadium. The total concentration (i.e., nonspeciated) of vanadium
(Table A.3) could not have been used to simplify the solubility calculations.

Pt = 0.200 V

For example, the mass of vanadium dissolved in this ground water at EH

is dominated by three hydroxyl complexes of the +5 valence state of vanadium
[i.e., V(V)]. The complexes H2 V4o,
HV207 , and HV02 constitute 56.5, 24.5,
and 18.9 mol%, respectively, of the total dissolved vanadium at EH = 0.200 V.

Pt

As the redox potential of the water is further decreased, the concentrations
of the more reduced forms of vanadium [e.g., V(III)] and their aqueous species
will correspondingly increase.
It is equally important that the thermodynamic data base of a geochemical
model have all the necessary aqueous speciation and solid dissolution reactions
to predict solubility controls for an adequate water analysis.

Thermodynamic

data for vanadium had been added to the WATEQ (and hence MINTEQ) data base as
part of the effort to partially validate the WATEQ4 geochemical model for uranium (Krupka, Jenne, and Deutsch 1983). The vanadium thermodynamic data were
required to model solubility controls for natural waters that may contain dissolved uranium and vanadium.
CONCLUSIONS
We calculated the maximum possible concentration of dissolved uranium in
a ground-water composition (Table A.3) for Well J13 at the Nevada Test Site
assuming solubility equilibrium for uranium and using the MINTEQ gecchemical
model.

For this water under oxidizing conditions (EH > 0.200 V) at pH = 7.5

and T = 250 C, the solubility of tyuyamunite [Ca(U0 2 )2 (V04 )2J constrained the
maximum concentrations of dissolved uranium to 1.48 x 10 6 and 1.04 x 106 m
at EH values of 0.200 and 0.788 V, respectively.

Imposing schoepite

[U02 (OH) 2 .H2 0] as a solubility constraint for this water resulted in uranium
concentrations approximately two orders of magnitude greater than those
concentrations based on solubility equilibrium with tyuyamunite.
Under more reducing conditions (EH < 0.050 V), the concentration of dissolved uranium is reduced significantly by the low solubilities of U4 09 and
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uraninite (U02). The calculated uranium concentrations under reducing conditions at pH = 7.5 and T = 250 C are 3.93 x 10 7 m at 0.050 V, 3.93 x 20 10 m
at -0.050 V, and 5.11 x 10-11 m at -0.400 V. Moreover, increasing the temperature of the ground water to 100'C at the field-measured pH and EH values

Pt

of 7.5 and 0.200 V, respectively, did not significantly increase the calculated
concentration of dissolved uranium. Under these latter conditions (i.e.,
T = 100 0 C), tyuyamunite controlled the maximum concentration of uranium at
1.61 x 10 6 m in this ground water.
The calculated solubility controls and mass distribution of aqueous
species for dissolved uranium demonstrate the importance of having adequate
and accurate ground-water analyses and a thermodynamic data base in the geochemical model. For this ground water at EH > -0.050 V, the mass of dissolved uranium is dominated by the U(VI) carbonate complexes.

Therefore, the

accuracy of the calculated aqueous speciation for uranium is largely dependent
on the measured concentration of dissolved carbonate (or inorganic carbon) and
values of pH and EH. Similarly, if a vanadium analysis had not been reported
for the ground water from Well J13, the solubility calculations would have
predicted that only the uranium hydroxide or oxide solids could play a role in
controlling the maximum concentrations of dissolved uranium.
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LIST OF SYMBOLS, CONSTANTS, AND CONVERSION FACTORS
a;

Activity of species i.

(a)

Descriptor for amorphic solid.

Amorphic is defined as amorphous-like

with a minimal x-ray diffraction pattern.
AP

Activity product for stoichiometry of species in the dissolution or
precipitation reaction for the specified solid.

(c)

Descriptor for a crystalline solid.

cal

Thermochemical calorie, unit of energy, where 1 cal = 4.1840 joules
absolute.

cop

Heat capacity per mole at constant pressure.

,&Co

Change in heat capacity for that specified reaction.

e-

Electron.

EH

Electrical potential of system relative to the standard hydrogen
electrode. Accompanying subscripts may be used to differentiate
between different sources of the EH value (e.g., EH for the platinum
H
~~~~~~~~~Pt
electrode and EM
for the Fe(II)/Fe(III) redox couple).

Fe (II)
/Fe (III)

F

Faraday constant, 23,061 cal V-1 mol 1.

Yi

Activity coefficient of species i.

,&GO T

Gibbs free energy of formation at temperature T from the elements.

AGOr,T

Change in Gibbs free energy of formation for that specified reaction
at temperature T.

AH

T
0f,

Heat or enthalpy of formation at temperature T from the elements.

AHrT

Change in heat of formation for that specified reaction at
temperature T.

K

Temperature in degrees Kelvin.

KrT

Equilibrium "activity" constant for that specified reaction at
temperature T.
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In

Natural logarithm to the base e = 2.7183

log

Common logarithm to the base 10.

m

Molality, moles of solute per 1000 g of solvent.

mol

Amount of substance which is equal to its gram formula weight.

pE

Negative log of the electron activity.

pH

Negative log of the activity of H .

R

Gas constant, 1.9872 cal K 1 Mol 1.

ST

Entropy at temperature T.

T

Temperature in degrees kelvin, unless otherwise noted as degrees
Celsius.

V

Volt.

Z

Valence.

298

Signifies 298.15 K (25.0C).

o

Superscript indicating that the substance is in its standard state
at 1 atmosphere pressure (1 atm = 1.013 bars = 1.012 x 105 pascals).

( )

Parentheses around an aqueous species indicate activities.

[ ]

Brackets around an aqueous constituent indicate concentrations.
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APPENDIX B
SATURATED FLOW ANALYSIS
The purpose of the saturated flow analysis was to estimate travel times
of ground water through the saturated horizons of interest at Yucca Mountain.
These horizons include the Bullfrog and Tram strata; however, we assumed that
a more transmissive zone immediately below the water table dominated the
saturated flow system. To calculate the ground-water travel times we needed
the following: 1) a potentiometric surface interpreted from the composite
well data, 2) a transmissivity map reflecting hydraulic properties of the
rock, and 3) an estimate of the effective porosity for each horizon of
interest.
HYDROLOGIC FLOW MODELING
We began to model the flow at the saturated horizons with the Variable
Thickness Transient (VTT) code (Reisenauer 1980) on April 16, 1982. Initially,
we used square grid network with 75 columns, 47 rows, and one-half-mile node
spacing to characterize the potentiometric interpretation of individual head
values obtained from the U.S. Geological Survey on March 31, 1982. Hydrologic
flow modeling of the saturated horizons was extended south to include natural
discharge points in the biosphere near Death Valley for potential ground-water
contamination. The potentiometric surface was characterized by a square grid
network of one-half-mile node spacing using 75 columns and 98 rows (51 more
rows than the previous model). Equipotential contours for head values south
of Lathrop Wells were digitized from U.S. Geological Survey interpretations
obtained on April 26, 1982. Because of the coarse resolution for the regional
gradient, we at PNL interpreted the additional equipotential lines as
appropriate.
Figure B.1 shows the baseline potentiometric surface and the associated
well locations. Figure B.2 shows the ground-water flow tubes surrounding
Yucca Mountain. Natural discharge could occur at Salt Spring, Texas Spring,
Travertine Springs, and Navel Spring south of Funeral Mountains. The convergence of southwesterly trending flow tubes resulting from the potentiometric
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contours tends to be located between Yucca Mountain and Fortymile Wash.
The converging flow tubes imply a high transmissivity as compared to the wider
flow tubes in the flow network. The transmissivity map was examined to determine the correlation between postulated hydrology and known geology. We
reviewed published reports, unreleased reports, maps, and articles to help us
develop physical evidence for the regions of higher transmissivity. We could
not establish a correlation between the mathematically generated transmissivities and the available field information. However, we postulated three sets
of conditions to speculate on the nature of the high transmissivity zone east
of Yucca Mountain.
The relative position of Fortymile Wash and the zone of high transmissivity
stand out clearly. The kO-ft-deep wash could indicate subsurface structures
such as flexure lines.

Well logs for J12 do not show any evidence of the

subsurface being disturbed.

Additional information is needed to establish

whether such a structure exists.
The increase in transmissivity may be caused by a stratigraphic change
that could increase the permeability of the rock.

The top of the Topopah

Spring member of the Paintbrush Tuff Formation outcrops on the eastern face of
Yucca Mountain. The increased permeability may be due in part to the uppermost portions of this formation.
The carbonate system that underlies the tuffs of the Calico Hills,
Topopah Spring, Tiva Canyon, and Yucca Mountain is very likely to have a much
higher transmissivity.

If there are vertical connections between the upper

tuffs and the lower carbonates near Fortymile Wash there would be an explanation for the low gradients giving an apparent zone of high transmissivity.
Analysis of the head data suggested that the static head value of 785.2 m
for well location G3 is not consistent with the other data. When the head
value for G3 is not considered, the maximum standard deviation (acquired
through kriging techniques) for the potentiometric surface in the vicinity of
Yucca Mountain is 19 m (Dove et al. 1982).(a) Another more conventional
(a) Dove, F. H., et al. 1982. Hydrologic and Transport Considerations for
Rorizon Selection at Yucca Mountain, Nevada. SAND83-7472 Letter Report.
Pacific Northwest Laboratory, Richland, Washington.
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analysis produced a root-mean square (rms) error of less than 14 m. The
individual errors for the more conventional analysis are shown in Table B.1
(with Well G3 eliminated).
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TABLE B.1.

Potentiometric Error Analysis

:.I

J

WellI

.i
4

25a]l
25bll

Data (m)

Model (m)

Error

729.5
729.4

729.4
729.5

GI
G2

748.7
1030.8

768.4
1019.6

-11.X2

HI

729.8

757.3

27.'5

VH1

770.9

771.6

J13

728.4

728.0

0.7
-0.2
4

-0..
0.
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TRANSMISSIVITY MAPPING
An inverse transmissivity calculation based on Darcy's Law of ground-water
flow was used to produce transmissivity surfaces for the travel-time calculations. This technique is further discussed by Arnold (1982), Russell et al.
(1982), and Russell et al. (1983).(a) By Darcy's Law, the instantaneous
flow rate (Q) for the jth element of the ith flow tube of the flow net (see
Figure B.3) is:

.=T. [E 1 - h2]
Qjj
TEjLiT
,J
T
where

.
(B.1)

Q

= flow rate (ft/day)

T

= elemental transmissivity (ft2 /day)

L = effective length (ft)
W = effective width (ft)
h = head (ft)

j

= flow tube element number

i = flow tube number in the flow net
(a) Russell, D. L., et al. 1983. "An Equation Error Method for Transmissivity Identification." (in publication) to be submitted to Water
Resources Research.
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FIGURE B.3.

Streamlines and Flow Tube Elements Showing the Relationship
of the Variables Used in the Transmissivity Calculations
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If T is the known starting transmissivity value and Ah.

=

h

-h

for the j

element of the ith flow tube, then:

[Ah.1
Qj Q'jr To [ *P;

L iioJ

(B.2)

W.
1j0

Because flow down the flow tube is constant

-I

=Qi

Q.Q

-

(B.3)

*I
Substituting Equations (B.1) and (B.2) in Equation (B.3) yields:

Mi.j
j
Tj l]

,

|

Wij

kT

Defining C.

=

T.
1 jo

1
lo

X

2 Tjijo

[W.

/L.

.

10jo

.

J,

]

ijo

(B.4)

substituting into Equation (B.4), and

Jo

solving for T1 j:

|Tij

=

Ci[

x

:h

(B.5)

where C. is constant for each element in flow tube i.
10

The assumptions underlying the construction of the flow net are:

1

*

The flow net is constructed sufficiently dense so that the sides of
the flow-net elements can be approximated by straight lines (see
dashed lines in Figure B.3).

-

The calculated transmissivity (T. .), is an average value for the
flow-net element and is representative of the transmissivity at the
center of the flow-net element (see Figure B.3).

Transmissivities for the baseline potentiometric surface were calculated
using the inverse technique. Initial flux values were matched to regional
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model estimates of the U.S. Geological Survey by assuming 1) the baseline
potentiometric surface, and 2) initial values of approximately 41 m2 /day for
transmissivity elements-at the northern boundary of the flow net.

After

calculating a mosaic of values for the remaining elements, the transmissivities were contoured and smoothed, as shown in Figure B.4.

A highly trans-

missive zone east of Yucca Mountain is obtained for the area containing the
convergent flow lines. A maximum contour of approximately 4000 m2 /day
(Figure B.4) can be obtained by considering a limiting value of 12,000 m2 /day
rather than 1200 m 2/day for any transmissivity element.
TRAVEL-TIME CALCULATIONS
For our calculations of ground-water travel times, we used the baseline
potentiometric surface (Figure B.1), the contoured transmissivity maps
(Figure B.4), and a range of values for effective porosity.

Flow from between

wells H1 and H3 is shown in Figure B.5 to converge and discharge to the
biosphere (Furnace Creek) at a flow rate of 174.8 gpm. The arrival-time
curves for transmissivity surfaces limited at 1200 m2 /day and 12,000 m2 /day
are shown on Figure B.6. Average ground-water arrival times are tabulated for
various effective porosities and maximum contoured transmissivities in
Table B.2.
Flow from between wells H1 and H3 is shown in Figure B.5 to converge and
arrive in the vicinity of well J12 (near the accessible environment) at a flow
rate of 174.8 gpm.

The arrival-time curves for transmissivity surfaces of

1200 m2/day and 12,000 m2 /day are shown in Figure B.7. Average ground-water
arrival times are tabulated for various effective porosities and maximum
contoured transmissivities in Table B.3.(a) Essential flow tube
characteristics are listed in Table B.4.
(a) Well J12 is located slightly less than 10 km from the perimeter of the
repository. Therefore arrival times shown in Table B.3 are slightly less
than travel times to the accessible environment (10 km boundary) shown in
Table 7 in the report.
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TABLE B.2.

Streamline No.
1

2
3
4
5
6
7
Note:

Average Ground-Water Arrival Time at Furnace Creek
(Thousands of Years)
Maximum Transmissivity
=1000 m /d
m-/d
24000
Porosity
Porosity
0.01
0.10
0.32
0T0
0.10
0.32

4.51
4.45
0.14
4.32
0.44
4.44
14.21
0.14
1.36
4.35
0.45
4.46
14.27
0.14
1.38
4.42
0.45
4.53
14.50
0.14
1.43
4.58
0.46
4.57
14.62
0.15
1.46
4.67
Saturated thickness used for calculations was 81 m.
0.45
0.45
0.44

4.53
4.51
4.41

14.50
14.43
14.11
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FIGURE B.7.

Arrival at Well J12 (Porosity = 10%, Saturated
Thickness = 81 m, Total Flow Rate
175 gpm)
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TABLE B.3.

Average Ground-Water Arrival Time at Well J12
(Hundreds of Years)
Maximum Transmissivity

Streamline No.

;1000 M2/d
--2 Pros it

A

AA

0.01

z4000 m2 /d
Porosity
0.10

0.32

1
2

0.81
0.76

8.06
7.62

25.79
24.38

0.58
0.54

5.81
5.45

18.59
17.44

3

0.74

7.35

23.52

0.52

5.16

16.51

4
5

0.74
0.76

7.43
7.62

23.78

0.53
0.54

5.25
5.41

16.80

6

0.81

8.09
8.85

25.89
28.32

0.59

5.91

18.91
20.99

7
Note:

24.38

17.31

0.66
6.56
0.89
Saturated thickness used for calculations was 81 m.
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Flow Tube Characteristics

Cumulative
Ground-Water
Flow Rate (gpm)

Cumulative
Flow Rate
Divided By
Total Flow

Distance to
Well J12 (km)

. .
-_

Distance to
Furnace Creek (km)

37.51

0.21

9.47

67.83

2

37.51
32.92

70.43

0.40

3

38.41

108.83

0.62

9.95
10.44

68.31
68.81

4

32.82

141.65

0.81

11.13

69.33

5

11.13

152.78

0.87

11.84

70.03

6

22.06

174.84

1.00

12.57

70.75

1
C%

I

__d_-

TABLE B.4.
Flow
Tube
Number

I .

. . -- - -,I-
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APPENDIX D
INPUT PARAMETERS FOR PABLM CODE
The input parameters used to generate the PABLM output as presented in
the preliminary consequence analysis are included in this appendix. These
values correspond to the water concentrations at 250,000 yrs as shown in
Table 11 of the report. Other input parameters for PABLM do not change with
time.
The input parameters are broken into two parts: The first corresponds to
the exposure of an individual growing an irrigated garden and drinking the
water, the second is for-a population group of 10,000 people who only drink
community water. The individual parameters are all described in the PABLM
documentation by Napier (1980). The only one that requires explanation is the
value of CFLO = 1119.1. This is a conversion factor that allows the input of
water concentrations in picocuries per liter.
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#XQT HANFORD*PABLM.ABS
MAXIMUM INDIVIDUAL DOSES FROM WELL WATER RELEASES,
$INPUT NEXT=2, IAC=O, IDEP=2, IOUT=O, IPCNT=O,
PLIFE=70., T2=70, IPOP=O,
KORG(l)-1,6,16,23,

NTS ENVIRONMENT

POP=1.,

KFDTYP(1)=1,2,4,7,9,10,11,12,13,14,15,
RIRR(1)=150.,160.,5*150.,3*140.,150.,
GRWPC 1)390.,60.,4*90.,30.,3*90.
YELD(1)=l.5,.7,4.,.21., .84,1.3,3*.84,
, 15. ,1.
HLDUPIc1 ) 1 . , . ,10 . ,10 . 1 . ,1 . , . ,15
CON(1)=30.,30..,182.,335.,88.,30.,274.,40.,40.,18.,
TRNS(1)l.,5*.1,1.,3*.1,

RM=1.0, IREC-3,
KPTHWY(l)=5,

EXTIM=4383.,

CFLO=1119.1,

RM2(1)=1.0,

HLDUPZ(1)=O.,
USAGE(1)=730.,
SEND
13
U 236
4.65
U 233
1.26
3.9
U 238
THZ29
0.00005
11.7
U 234
TH230
0.0003
0.0003
RA226
P0210
0.0003
P3210
0.0003
0.36
U 235
PA231
6.OE-5
TC99
69.
0.339
I 129
POPULATION DOSES FROM DRINKING WATER CONTAMINATION, NTS 10,000 - PEOPLE
SINPUT NEXT=3, IPOP=1, POP=10000., KFDTYP(1)=15*0, USAGE(1)=438.,SEND
-BSINPUT NEXT=4, SEND
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APPENDIX E
CASE 3 ANALYSIS
This appendix presents input data assumptions and simulation results for
Case 3 of the MMT transport simulations. In Case 3 the repository is assumed
to be located in the Topopah Spring Member of the Paintbrush Tuff Formation.
This horizon is represented by the "upper (unsaturated) zone," composed of
welded fractured tuff. Table E.1 lists the key assumptions.
TABLE E.1.

Assumptions Used in Case 3 Analysis

Parameter

Assumed Values

Inventory volume
70,000 metric tons of heavy metal (MTHM)
Inventory composition
50% spent fuel; 50% reprocessed high-level waste
Initiation of leaching 300 yrs after repository closure
Radionuclide release
1 part in 100,000 per year
Darcy flux
5 mm/yr
Repository area
1,320 acres
Flow area
10% of repository area
Other key assumptions:

Porous flow
Congruent leaching
Sorption coefficients not zeolitized
Saturated zone pare-water velocity: 14.3 m/yr

RADIONUCLIDE INVENTORIES
As noted in Table E.1, the inventory is assumed to be 50% spent fuel and
50% reprocessed high-level waste. The spent fuel inventory was taken from
"Technology for Commercial Radioactive Waste Management" (U.S. Department of
Energy 1979). The reprocessed high-level waste inventory was assumed to be
the same as the spent fuel inventory with the following radionuclides removed:
iodine, carbon, plutonium, and uranium. The inventory volume proposed for
disposal at a Nevada Test Site repository is 70,000 metric tons of heavy metal
(MTHM).
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The waste is assumed to remain intact for 300 years.

At that time, con-

gruent leaching of the waste is initiated in the MMT simulations. Table E.2
lists radionuclide inventories at 0.5 year and at 300 years after repository
closure for the radionuclides analyzed in Cases 1 and 2. The release rate is
assumed to remain constant at 1 part in 100,000 per year.

The mitigating

effects of a waste canister, of overpack, and of backfill materials on radionuclide release to the hydrologic system were not included.
The type of source term used for Case 3 differs from that used in Cases 1
and 2. Cases 1 and 2 both use a source term based on geochemical considerations to describe the rate at which radionuclides are injected into the unsaturated hydrologic system of Yucca Mountain.
TABLE E.2.

Thus, leaching is controlled by

Radionuclide Inventories in Curies at
0.5 Year and at 300 Years
Half-Life
(yr)

Inventory
at 0.5 yr
(Ci)

Inventory
at 300 yrs
(Ci)

14 C

5.73 x 103

2.59 x 104

99 Tc

2.15 x 105

8.96 x 105

129i

1.59 x 107

1.16 x 103

2.50 x 104
8.97 x 105
1.16 x 103

Isotope

---------------Chain 1:

6.58 x 103

6.27 x 107
1.59 x 107

5.46 x lo1
1.54 x 107

2.39 x 107

7.84 x

103

1.41 x 1010

9.52 x 1-

7.98 x 103
2.20 x 10-4

1.76 x 101
240 Pu

--------------Chain 2:
245 Cm

Thorium Series -----------------

Neptunium Series----------------1.25 x

4
2.43 x 109

1.22 x 104
1.05 x 105

8
1.12 x io
2.20 x10

1.58 x io8
4.27 x 104

237Np
233U

9.3 x 103
1.32 x 101
4.58 x io2
2.14 x 106
1.62 x 105

229Th

6.34 x 103

3.05 x 1-

24Pu
241Am

1.33 x

E.2

io'0

2.28 x 101
5.95 x 10-1

Table E.2 (continued)

Isotope

Half-Life
(yr)

Inventory
at 0.5 yr
(ci)

Inventory
at 300 yrs
(Ci)

---------------Chain 3: Uranium Series-----------------246 Cm

5.5 x 103

2.42 x

242Am
242 pu

1.52 x 102
3.79 x 105

7.21 x

238 pu

238U

8.60 x 101
4.51 x 109

234 U

2.47 x 105

230Th

8.0 x 104

226Ra

1.60 x 103

10 3

5.67 x 105
7.0 x

2.32 x 103
1.37 x 105
5.65 x 104

1.10 x

3.57 x 106
1.10 x 104

2.57 x

2.28 x 104

2.85 x 10-1
5.26 x i0o4

8.4 x 101
4.06 x 100

104

---------------Chain 4: Actinium Series----------------243 Cm

3.2 x 101

243 Am
239 Pu

7.95 x 103
2.44 x 104
7.1 x 108

235 U

231Pa

3.3 x 104

2.25 x 105
9.80 x 105
1.02 x 107
5.71 x 102
3.68 x lo-l

8.4 x 101
9.52 x 105
1.01 x 107
5.76 x 102
7.35 x 100

the equilibrium solubility of uranium oxide.

On the other hand, Case 3 uses a
constant leach rate that was not derived from geochemical considerations. The
selected release rate, 1 part in 105 per year, is equal to the proposed limit
for radionuclide release from the canister (10 CFR 60).
FLOW SYSTEM
This section describes the flow system assumed for Case 3 of the MMT
simulations. The path that radionuclides must travel to reach the accessible
environment (10 km from the repository perimeter) is the same as for Case 1:
51.5 m through welded fractured tuff (upper zone), 123.5 m through nonwelded
tuff (lower zone), and 11,126 m through the saturated horizon. The Darcy flux
through the unsaturated zone is assumed to be 5 mm/yr for Case 3. The
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moisture content in the upper zone and the lower zone--0.0325 and 0.3325,
respectively--result in pore-water velocities of 0.154 m/yr and 0.015 m/yr in
each zone, respectively. The pore-water velocity of the saturated zone is
14.3 m/yr.
Travel-Time Estimates
Estimates of radionuclide travel time from the repository to the accessible environment may be made by using the pore-water velocities in each horizon and accounting for the retardation of radionuclides that interact with the
porous medium.

(Retardation is discussed in the main body of the report).

Table E.3 lists the radionuclides considered in our analysis, assumed Kd
values, and estimates of travel times through the flow tubes for Case 3.
(a) Retardation factors for each radionuclide in each horizon are found in
Table 8 in the section entitled "Radionuclide Retardation Data."

TABLE E.3.

Distribution Coefficients (Kds) and Estimates
of Travel Time for Case 3
Travel-Time Estimates (yr)(a)

K
Radionuclide
C, Tc, I

0

U
Np

1
3

Am, Cm

Pu, Pa

50

Welded
Tuff Zone

Nonwelded

Tuff Zone

Zone

Total

3.34 x 102
2.43 x

8.23 x 103

7.78 x 102

9.34 x 103

4.45 x 104
1.18 x 105

1.56 x 104
4.52 x 104

8.44 x 104
2.35 x 105

1.20 x

1.84 x 106

7.41 x 105

3.78 x 106

2.40

3.66 x 106

1.48 x 106

7.55 x 106

7.32 x 106

2.96 x 106

1.51 x 107

1.83 x 107

7.41 x 106

3.77 x 107

7.22 x

106
x 106

Ra

100
200

4.80 x

Th

500

1.20 x

106

Saturated

(a) Travel-time estimates aree based on the following flow-tube lengths and
flow velocities:
Pore-Water
Length (m)
Velocity (m/yr)
Welded tuff zone
51.5
0.154
Nonwelded tuff zone
123.5
0.015
Saturated zone
11126.0
14.3
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The travel-time estimates do not account for dispersion and are therefore
somewhat longer than the travel time of the leading edge of the contaminant
plume.(a)
TRANSPORT PREDICTIONS
Table E.4 compares the cumulative arrival of each radionuclide at
10,000 yrs, as predicted by MMT1D, with proposed EPA limits. As expected from
the travel-time estimates in Table E.3, only nonretarded radionuclides are
predicted to reach the accessible environment in 10,000 yrs; Table E.3 indicated that the estimated travel time to the accessible environment for radionuclides with Kds of 1 is 84,400 yrs (ignoring dispersion). Table E.4 indicates
that the predicted releases are 1% or less of the proposed EPA standards.
(a) For example, for the nonretarded radionuclides (Kd = 0), the leading edge
arrival occurs at 8,610 yrs versus 9,342 yrs with no dispersion.
TABLE E.4.

Cumulative Releases to the Accessible Environment
for 10,000 Years After Disposal
K (a)

Radionuclide

(cdIg)

Americium-241
Americium-243
Carbon-14
Cesium-135
Cesium-137
Neptunium-237
Plutonium-239
Plutonium-240
Plutonium-242
Radium-226
Strontium-90
Technetium-99
Tin-126

50
50
0
100
100
3
100
100
100
200
100
0
500

Release Limit(b)
(Ci)
100
100
100
1,000
1,000
100
100
100
100
100
1,000
10,000
1,000

(a)Serne and Relyea 1982.
(b) Per 1,000 MTHM in repository
E.5

Estimated Release(b)
(Ci)
0
0
1
0
0
0
0
0
0
0
0
8
0

Table E.5 compares the peak concentration of 14C and
ble environment with MPC values.

Although the predicted

99Tc
99 Tc

at the accessiconcentration

exceeds its MPC value by one order of magnitude, note that there would be a
reduction in concentration at the wellbore of about two orders of magnitude,
which would bring the peak concentration below its MPC value. (See "Radiological Dose to Man" section of report). In addition, note that for Case 3
the concentration is a function of the assumed flow area because the release
rate is constant.
area.

We have assumed that the flow area is 10% of the repository

If a larger flow area (and thus, volume) is assumed, the concentrations

would be reduced.
The assumed flow area has no effect on the rate of arrival however, again
because the release rate is constant. In Cases 1 and 2, where the release is
assumed to be limited by a solubility constraint, the assumed flow area directly
affects the rate of arrival of radionuclides at the accessible environment.
It does not affect the peak concentration, however, since the concentration is
determined by the solubility constraint.
TABLE E.5.

Isotope
14C
99 Tc

Concentration of Radionuclides Arriving at the
Accessible Environment in 10,000 Years

MpC~~a)

Peak

Half-Life
(yr)

MPC(a)
(ACi/ml)

Concentration
(GCi/ml)

5.73 x 103
2.15 x 105

8.0 x 10-4
3.0 x 10-4

2.8 x 10-5
3.4 x 10 3

(a) Maximum permissible concentration (MPC) for uncontrolled soluble species, see International Commission on Radiation Protection (1959, 1962).
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