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Abstract

Numerical results are presented for the Performance Assessment Calculational Exercise (PACE-
90). One- and two-dimensional water and solute transport are presented for steady infiltration
into Yucca Mountain. Evenly distributed infiltration rates of 0.01, 0.1, and 0.5 mm/yr were
considered. The calculations of solute transport show that significant amounts of radionuclides
can reach the water table over 100,000 yr at the 0.5 mm/yr rate. For time periods less than
10,000 yr or infiltrations less than 0.1 mm/yr very little solute reaches the water table. The
numerical simulations clearly demonstrate that multi-dimeunsional effects can result in signifi-
cant decreases in the travel time of solute through the modeled domain. Dual continuum effects
are shown to be negligible for the low steady state fluxes considered. However, material het-
erogeneities may cause local amplification of the flux level in multi-dimensional flows. These
higher flux levels may then require modeling of a dual continuum porous medium.



The work contained in this report pertains to WBS Element 1.2.1.4.9.

i



Contents

1 Introduction

2 One-Dimensional Hydrology
3 Two-Dimensional Hydrology
4 One- and Two-Dimensional Single-Continuum Solute Transport

5 One-Dimensional Dual Continuum Solute Transport

6 Conclusions

-1

References
Appendix A. Material Properties

Appendix B. Reference Information Base

1



Figures

1  Pressure head for hole GG-1.

|

Pressure head for hole H-1.
3 Pressure head for hole G-4.
{  Pressure head for hole UE-25a.

Matrix saturation for hole G-1.

it

6 Matrix saturation for hole H-1.

Matrix saturation for hole G-4.

-1

8 Matrix saturation for hole UE-25a.

9 Iracture saturation for hole G-1.

{0 Fracture saturation for hole H-1.

Il Fracture saturation for hole G-4.

12 Fracture saturation for hole UE-25a.

13 Matrix water velocities for hole G-1.

11 Matrix water velocities for hole H-1.

15 Matrix water velocities for hole Gi-4.

16 Matrix water velocities for hole UE-25a.

17T Fracture water velocities for hole G-1 (The very small values are presented
for futnure code comparisons, and are probably not realistic).

I8 Fracture water velocities for hole H-1 (The very small values are presented
for future code comparisons, and are probably not realistic).

19 Fracture water velocities for hole G-4 (The very small values are presented
for future code comparisons, and are probably not realistic).

20 Fracture water velocities for hole UE-25a (The very small values are pre-
sented for future code comparisons, and are probably not realistic).

21 Two-dimensional geometry of material regions. (Drillhole G-1 at the left
houndary and Ul-25a at the right boundary)

22 Two-dimensional finite element geometry, 1260 clements.

23 Matrix saturation profile for two-dimensional geometry, 0.01 mm/yr infil-
tration. Hole G-4.

21 Matrix saturation profile for two-dimensional geometry, 0.1 mm/yr intilira-
tion. Hole G-1.,

25 Matrix saturation profile for two-dimensional geometry, 0.01 mum/yr infil-
tration, Hole UE-25a.

26 Matrix saturation profile for two-dimensional geometry, 0.1 mm/yr infiltra-
tion, Hole UE-25a.

27 Total vertical water flux profile near top and bottom of two-dimensional
region. (.01 mm/yr infiltration.

30

36

37

39

10

11



28
region, 0.1 mm/yr infiltration.
29
region, 0.5 mm/yr infiltration.

30

31 Particle pathlines, 0.01 mm/yr infiltration.

32 Particle pathlines, 0.1 mm/yr infiltration.
33
34 1-129 source terms for Cases | through 6.

35

Particle pathlines, 0.5 mm/yr infiltration.

Tec-99 source terms for Cases 1 through 6.

36  Cs-135 source terms for Cases | through 6.

37 Np-237 source terms for Cases 1 through 6.

Darcy matrix velocity vectors, 0.5 mm/yr infiltration.

Total vertical water flux profile near top and bottom of two-dimensional

Total vertical water flux profile near top and bhottom of two-dimensional

38 Concentration (curie/m®) of 1-129 for 0.1 mm/yr infiltration and Case 3

release at 100,000 yr.
39  Concentration (curie/m?)

release at 100,000 yr.

40 Cumulative discharge of 1-129 to the water
and Case 3 and 4 release models. .
41 Concentration (cu7'ie/7n3) of 1-129 for 0.5

release at 50,000 yr . Coe
(curie/m?) of 1-129 for 0.5

42 Concentration
release at 100,000 yr. . . . . . . . . .
43 Concentration (curie/m?) of 1-129 for 0.5

release at 12,000 yr
44  Concentration
release at 14,000 yr.
45
release at 16,000 yr.

Concentration (curie/m?)

16 Concentration {curie/m?)
release at 18,000 yr. . . . .
47

of 1-129 for 0.1

(curie/m?) of 1-129 for 0.5
of I-129 for 0.5

of I-129 for 0.5

mm/yr infiltration and Case 4

table for 0.1 mm/yr infiltration

mm/yr
mm/yr
mm/yr
mm/yr

mm/yr

mm/yr

infiltration

infiltration

infiltration

infiltration

infiltration

infiltration

and Case 3

and Case 3

and Case 3

and Case 3

and Case 3

and Case 3

Cloncentration (curie/m?3) of 1-129 at 100,000 yr along Holes G-4 and UE-
25a for 0.5 mm/yr infiltration and Case 3 release.

48  Concentration (curie/m3) of 1-129 at 50,000 yr for 0.5 mm/yr infiltration

and Case 4 release.

19 Concentration(curie/m?) of 1-129 at 100,000 yr for 0.5 mm/yr infiltration

and Case 4 release.

50  Concentration of [-129 at 100,000 yr along holes G-4 and UE-25a for .5

mm/yr infiltration and Case 4 release. .

41

42

42

43

43

44

44

45

45

46

46

47

47

18

43

49

49

0
I

T
[QN



o Cumnilative dicharge of 1-129 to the water table for 0.5 mun/yr infiltration
aud Case 3 and 1 release models, 100,000 yr.

72 Coucentration (curie/m®) of Tc-99 for 0.1 mm/yr infiltration and Case 3
release at 100.000 yr.

54 Concentration (curie/m3) of Tc-99 for 0.1 mm/yr infiltration and Case 4
release at 100,000 yr.

A1 Coneentration (urle/m3) of Tc-99 for 0.5 mm/yr infiltration and Case 3
release at at 50,000 yr.
53 Concentration (curie/m?) of Tc-99 for 0.5 mm/yr infiltration and C'asc 3
release at 100000 yr.

A Concentration (curie/m?) of Tce-99 for 0.5 mm/yr infiltration and Case 4
relcase at H0.000 yr.

57 Concentration ((‘urie/mg) of Tc-99 for 0.5 mm/yr infiltration and C'ase 4
release at 100,000 yr.

N Concentration of Te-99 at 100,000 yr along Holes G-4 and UE-25a for 0.5
mitn/ve indiltration and ('ase 3 release.

24 Cumulative discharge of Te-99 to the water table for 0.5 mm/yr infiltration
and Case 3 and 1 release models.

b Cumulative balance integrals for Te-99 for 0.5 mm/yr infiltration and the
(Case 3 release model, . . Ce e

61 Coneentration of Np-237 along Hole G-4 (1-D geometry) for 0.5 mm/yr

mliltration and Case 3 release.

62 Concentration of Te-99 along Hole G 4 (1-D geometry) for 0.01 mm/yr

mfiltration, 100,000 yr, releases for Cases | through 6, dual continuum. :

63 Concentration of Te-99 along Hole G-4 (1-D geometry) for 0.1 mm/yr in-
fltration, releases for Cases 3 and 4, dual continunm, at 100,000 years.

v} Integrated release of Tc-99 to water table, Cases 3 and 4, 0.5 mm/yr, dual
Continn.,

tiin - Comparsion of dual and single continuum models for Te-99, Case 3, 0.5
it v solute distribution. Ce e

ti - Concentration of 1-129 along Hole G-1 (1-D geometry) for 0.01 mm/yr in-
filtration. 100000 yr, Cases 1 through 6, dual continuum. :

bi  Concentration of 1-129 along Hole G-4 (1-D geometry) for 0.1 II]IH/\I ifil-
sation, 100.000 vr, Clases 1 and 6, dual continuum.

0.5 mm/yr infil-

s Integrated release of 1-129 to water table, Cases | and 6,
Hation, dual continuum. C e e

b Concentration of (Us-135 along Hole G-4 (1-D geometry) for 0.5 mm/yr
it ration, 100,000 yr, releases for Cases 1 through 6, dual continunm. .

70 Concentration of Np-237 along Hole G-4 (1-D geometry) for 0.5 mm/yr
thiltration. 100,000 yr, releases for Cases 1 through 6, dual continuum.

vl

s |
<1

by |
ot

it
-1

=t
-1

6t

60

61



Tables

|8

foia |

6

Groundwater Travel Times from 229.4 m Above Water Table
Travel Times for One- and Two-Dimensional Geometries
Comparison of Advection and Diffusion of Solute

Parameter Values Used in Transport Models

Transport Results Using FEMTRAN in 100,000 years

One-Dimensional Solute Transport Results for the 0.1 mm/yr Infiltration

(100,000 years)

7

One-Dimensional Solute Transport Results for the 0.5 mm/yr Infiltration

(100,000 years)

vii



1 Introduction

The Yucca Mountain Site Characterization Project (YMP) requested our partici-
pation in the Performance Assessment Calculational Exercise (PACE-90). This effort
was initiated by Department of Energy (DOE) Headquarters to identify the readiness of
various computer codes and their sponsors to perform calculations in support of site per-
formance issues relating to licensing regulations. Participants in this effort include Pacific
Northwest Laboratory, Los Alamos National Laboratory, and Sandia National Labora-
tories (SNL) Organizations 1510, 6312, and 6416. The set of problems to be addressed
were not fully defined; therefore, this exercise is not benchmarking (i.e., code-to-code
comparison) but involves modeler interpretation of the proposed problems. The analyses
consider one- and two-dimensional steady flow and subsequent transport of representa-
tive radionuclides for a time period of 100,000 yr. Material properties have been supplied
for 4 drillholes (G-1, H-1, G-4, and UE-25a), each with approximately 20 different hy-
drologic layers identified. The material properties used in the calculations were compiled
by Merlin Wheeler of Los Alamos Technical Associates, Inc., and are given in Appendix
A. Material properties for a total of 22 hydrological units were given. Retention param-
eters for four radionuclides were defined. The repository and water table elevations were
given, along with suggested infiltration rates at the top of the Tpt-TM Unit (elevation of
1200.6 m at Hole G-4) of 0.01 mm/yr for the base case and 0.1, and 0.5 mm/yr for the
perturbed cases. The lateral water diversion that would be expected to occur above the
Tpc-BT/Tpt-TM interface {elevation of 1200.6 m at Hole G-4) is outside of the domain
used in this study.

This report contains four major sections. The first discusses the one-dimensional
hydrology results. The two-dimensional hydrology results, and comparisons between one
and two dimensions are presented in the second section. The third section contains one-
and two-dimensional solute transport results obtained by assuming pressure equilibrium
between the fractures and the matrix. The fourth section describes a one-dimensional
dual continuum model used to calculate solute transport. Here, transport is calculated in
both the fractures and matrix. These results are compared with the equilibrium results.



2 One-Dimensional Hydrology

The one-dimensional, steady flow analyses were well defined. The numerical code
LLUVIA (Hopkins and Eaton, 1990) was used to compute the pressure field, matrix
saturation, fracture saturation, water velocity in the matrix, and water velocity in the
fractures at the nominal infiltration rate of 0.01 mm/yr and for the perturbed cases,
0.1 and 0.5 mm/yr. An alternate solution file was also written for use in subsequent
transport calculations. The quantities of interest for transport are matrix and fracture
moisture contents and fluxes. Minimum groundwater travel times, based on the fastest
{matrix or fracture) average linear fluid velocity, were also computed.

LLUVIA was developed to efficiently solve a particular class of flow problems. The
isothermal problem involves the steady flux of an incompressible, Newtonian fluid through
a onc-dimensional domain of saturated or partially saturated layers of porous media.
The media may contain fractures whose properties vary from those of the matrix. The
compuosite matrix/fracture model representation treats the material as a single continuum
i solving for the pressure field (Peters and Klavetter, 1988). The first-order differential
cipation deseribing such a low i1s Darcy’s equation. Clonservation of mass is ensured by
the imposeld steady-state condition. and Darey’s equation is a statement of momentum
balarce. The nmplicit solution procedure DEBDF (Shampine and Watts, 1980) uses a
backward differentiation formula of orders one through five. It is particularly well suited
to the solution of nonlinear problems. The specified flux or infiltration rate i1s an imposed
condition and is constant throughout the domain. The pressure field is computed by the
solution of Richards™ equation. The converged solution also allows output of hydraulic
conductivities, saturations, water velocities in both the matrix and fractures (if present)
and minimum groundwater travel times. In these calculations, the matrix and fractures
are treated as separate continua.

The average linear water velocity is the Darcy flux, », divided by the area through
which the water moves. It is assumed that the water present at residual saturation does
not contribute to the effective flow area. This formulation is taken from Dudley, ¢t al
(1USK).

l’”L - il 1
T——— - - =N, V(i +=2) —
" ”m(‘sm - ‘\m,r) " ”m(bm - Sm,r)

"Uf , . 1
af:'*v:_l\ ‘V(I/)+:) o <
n;(Sl - Sf,,-) d nf([’f - Sf,?')

,and (1)

where
« is the average linear velocity,
v is the darcy velocity,
1 is the porosity,
N s the saturation,



S, is the residual saturation.

K is the bulk saturated conductivity,

Y 1s the pressure head,

z is the elevation, and

m, f are subscripts referring to the matrix and fractures.

The detailed stratigraphy of each of the four drillholes was employed. The domain
modeled for each hole was from the given water table location to the top of the Tpt-
TM unit. The number of nodal points at which the solution is to be reported docs not
affect the accuracy of the computed pressures because the DEBDF solver will compute a
solution at subintervals as needed. Only the subsequent calculation of groundwater travel
times is affected by nodal spacing because it is based on average linear fluid velocitios
between nodes. For the PACE problems, the number of nodes ranged from 268 (U1 25,1
to 357 (G-1). These nodes were evenly spaced within each unit and were approximately
1.5 m apart.

The requested output quantities are presented graphically. Results from all three
infiltration rates are shown in each figure for ease of comparison. Figures 1 throuel
4 show the pressure head profiles for the four drillholes. The similarities in material
properties between Holes G-1 and H-1 and between Holes G-4 and UE-25a, as well ax the
differences in elevations of the units, are apparent in these figures. Matrix saturations arc
shown in Figures 5 through 8. Minimum saturation values increase from a range of 1).35
to 0.65 for the nominal case to 0.88 to 0.91 at 0.10 mm/yr and 0.92 to 0.99 at 0.5 min/vr.
At 0.10 mm/yr, significant increases in fracture saturation occur in layers Tpt-TD1L and
Tpt-TN for all holes (These units are easily identified as the ones having a noi-vero
fracture saturation in Figures 9 through 12 at the 0.1 mm/yr infiltration rate). At 0.9
mm/yr, the fracture saturation in these units increases and extends into neighboring
units. In general, saturation of the fractures occurs when the infiltration rate approaciics
the saturated matrix conductivity of a rock unit. Water velocities in the matrix and
the fractures are shown in Figures 13 through 20 (positive values indicate a downward
velocity). Trends in water velocities within a unit are more difficult to predict. They are
a function of two nonlinear quantities, the flux and saturation, and vary over order. of
magnitude,

Minimum groundwater travel times, based on the fastest (matrix or fracture) average
linear fluid velocity, were also computed and are shown in Table 1. The travel times vanec
from approximately 19,000 to 5,000,000 yr.



Table 1. GROUNDWATER TRAVEL TIMES (yr) FROM 229.4 m ABOVE WATER
TABLE

Hole q = 0.0l mm/yr =0.1 mm/yr = 0.5 mm/yr

G-1 5.0 x 106 5.3 x 10° 1.9 x 104
H-1 4.6 x 10° 5.2 x 10° 2.9 x 104
G-4 4.2 x 108 4.0 x 10° 1.9 x 10
UE-25a 2.9 x 10° 3.0 x 10° 3.1 x 10*




3 Two-Dimensional Hydrology

Two-dimensional solutions for the cross section lving between Drillholes G-1 and
UE-25a were calculated using the single phase version (NORIA-SP) of the finite-clement
code NORIA (Hopkins ¢f «al.. 1991). This code solves the nonlinear, parabolic, partial
differential equation (Richards equation),

L Op . :
(—— V- (AKVP)=0. (3)
ot
where
(", 1s the moisture capacitance,
P is the effective pressure pg(y' + =), and
K 1s the hydraulic conductivity.

Steady-state solutions are obtained by calculating a transient solution to reach a
steady state. The numerical procedure uses the standard Galerkin finite element method
to handle spatial discretization of two-dimensional domains with either planar symmetry
or axial symmetry. Time integration is performed by a second-order predictor-corrector
scheme that uses error estimates to adjust time-step size automatically to maintain uni-
form local time truncation error throughout the calculation. Thus, the user is not required
to select time-step size except at the first time step. Nearly all material properties, such
as permeability, can either be set to constant values or can be defined as functions of the
dependent and independent variables by user-supplied subroutines.

Nine different material regions were considered. The geometry of the material out-
lines is given in Figure 21. All of the material layers defined in the problem definition
outline were used down through the Tpt-TN layer. This is a layer that results in appre-
ciable lateral flow. The nine layers below that interface have been lumped together by
averaging the material properties to result in a single layer. It was felt that the inclusion
of these layers, some of which are less than 1 m thick, would add unnecessary complexity
to the problem as these layers do not vary appreciably in their hydraulic properties. A
total of 1,260 quadrilateral elements were used (Figure 22). A static initial condition was
used (P=constant). The right and left boundaries were specified to be zero flux bound-
aries. The bottom boundary was held at a pore pressure of zero meters to represent the
water table. The top boundary was held at a specified uniform infiltration flux, 0.01, 0.1
and 0.5 mm/yr.

Approximately 3 CRAY XMP hours were required to reach the steady-state condi-
tion for the 0.01 mm/yr case, 10 hours for the 0.1 mm/yr case and approximately 30 hr
were required to obtain a quasi-steady state solution for the 0.5 mm/yr case. In this case,
the pressure solution at the final time (7 x 10'? s) continued to oscillate slightly with
time. This oscillation appeared to have no appreciable effect on the moisture saturation
distribution, but did slightly affect the resulting velocity distribution. The computer



time requirements increase for the higher infiltration cases because of the additional frac-
tnre flow. As the fractures saturate, the equations being solved become more nonlinear
bhecanse of the extreme variation in moisture capacitance and permeability. Figures 23
through 26 show the steady-state material saturation profiles from the water table to the
top of the computed region for the 0.01 and 0.1 mm/yr case. These distributions agree
well with the one-dimensional results given in Figures 7 and 8. As a result of lateral water
flow. the two-dimensional calculations show a slightly dryer profile below the Tpt-TNV
stratum at Hole G-4 and a wetter profile in the down-dip direction, Hole UE-25a (see
Figure 21 for the locations of the the geologic layers). The vertical Darcy flux at two
horizontal planes (top and bottom) is given in Figures 27 through 29 for the 0.01, 0.1, and
(1.5 mm/yvr cases. There is no appreciable lateral flow above the Tpt-TNV strata. Below
this level, the flux near the right boundary is approximately two orders of magnitude
larger on the down-dip side (as compared to the up-dip side). The water velocity vectors
and the particle pathlines for the three cases given in Figures 30 through 33 show that
vhiere is relatively little water diversion through the region above the Tpt-TNV layer. A
considerable amount of lateral diversion of the infiltrating water was calculated below
this region even for the low infiltration case (0.01 mm/yr). This is because the saturated
conductivity between lavers differs by 6 orders of magnitude.

It appears that the 6-order variation in hydraulic conductivity between the Tpt-TV,
Tpt-I'NV, and Tpt-TN layers is the dominating hydraulic feature which affects these
calculations. Earlier studies done by Prindle and Hopkins (1989) show a similar diversion
phenomenon when they considered the Tpe-BT/Tpt-TM interface (this is outside of the
domain used in this study). To obtain realistic calculations of the hydrologic patterns in
the mountain, it will be necessary to understand and predict dissimilar regions such as

these.

1 he effect of geologic dip on particle travel times is summarized in Table 2. The
travel times calculated using one-dimensional geometry at the G-4 and ULE-25a holes
are given for comparison purposes. Near the right boundary, or down-dip side, particle
(ravel times caleulated for the two-dimensional cases are shorter than the one-dimensional
calculations for the UE-25a hole, even though the paths are considerably longer. The
smaller times result from the fact that the down-dip diversion increases the amount of
fracture tlow along the right boundary and in general, particle velocities in fractures are

stenilicantly larger than particle velocities in matrix.

I all cases, the travel times calculated using one-dimensional geometries are within
4 Lactor of two of the times calculated using two-dimensional geometries. This agree-
thent s somewhat closer than one might predict from casual observation of the pathline
ccometries. This should not be considered the norm for all scenarios. In this case, the
lateral diversion. and the resulting switch to fracture flow, occurs half way down the
mesh. Therefore, the time required to traverse the upper portion of the mesh is hardly
changed. The results of Prindle and Hopkins (1989) show much larger differences be-
tween one- and two-dimensional flow simulations. In their problem, the lateral diversion

6



occured above the repository, and the entire flow field from the repository to the water
table was affected.

Table 2. TRAVEL TIMES (yr) FOR ONE- AND TWO-DIMENSIONAL
GEOMETRIES (SEE FIGURE 32 FOR PATHLINE LOCATIONS)

Pathline q = 0.0l mm/yr = 0.1 mm/yr = 0.5mm/yr
Location

Hole G-4 4.2 x 108 4.0 x 10° 1.9 x 101
(1-D results)

a (2-D) 6.4 x 10° 2.7 x 105 2.2 x 104
b (2-D) 2.3 x 10° 1.6 x 10° 2.1x 104
c (2-D) 1.7 x 10° 1.5 x 105 2.7 x 10*
d (2-D) 1.5 x 106 1.4 x 10° 1.9 x 10*
Hole UE-25a 2.9 x 10° 3.0 x 10° 3.1 x 104

(1-D results)




4 One- and Two-Dimensional Single-Continuum Solute Trans-
port

The two-dimensional finite element code FEMTRAN (Martinez, 19585) was used to
compute the transport of solutes, using the steady one- and two-dimensional flow fields
computed with LLUVIA and NORIA-SP, respectively. FEMTRAN is a single continnum
model and hence cannot use the separate matrix and fracture fluxes computed by the
liydrologic codes, both of which assume fracture and matrix pore pressure equilibrinm.
The two fluxes were summed to form the single-continnum fhix nsed in the FEMTRAN
sunulations.

Both one- and two-dimensional solutions were computed with FEMTRAN in order
to compare differences in dimensionality. The next section presents results obtained with
a one-dimensional dual continuum code that accounts for the increased fracture velocities.
The one-dimensional results obtained with FEMTRAN are also compared to the limiting
case of wfinite coupling in the dual continuum model to help verify that code.

Details of the transport equations solved by FEMTRAN and their numerical treat-
ment can be found in the user’s manual; however, for completeness the mathematical
model is displayed below:

aC  9C b (. oC
O AL A Y N+ k) C =0 |
0+ polia) Zp + gy, a.rl-< >+ i) W

1y
dr,

whete
# s the moisture content,
ps 1s the bulk rock density.
K, is the distribution coefficient,
D;; is the diffusion/dispersion tensor,
A is the radioactive decay constant,
(" 1s the hquid solute concentration, and

0= — K ()Y P.

Repeated indices denote summation. The dispersion/diffusion tensor is defined by

N
~—

D™y
0D, = <(17p + 9—) o, + (ap —arp) v, /o, )
T

where
L. .
v = (v;v;)2 is the Darcy flux magnitude,
D~ is the solute diffusion coefhicient, and

a;, and ar denote longitudinal and transverse dispersivities, respectively.



FEMTRAN uses bilinear basis functions defined on 2x2 quadrilaterals for discretizing
the spatial terms in the transport equation via Galerkin’s method of weighted residuals.
Element calculation of the coeflicient matrices are computed with 4-point Gauss-Legendre
quadrature. The resulting system of ordinary differential equations describing the time
history at all basis points is integrated with the implicit second-order trapezoid rule
(Crank-Nicolson scheme).

In order to use the hydrologic fields generated by LLUVIA and NORIA-SP for the
transport computation, they must first be translated into a format suitable for FEM-
TRAN. A translation subroutine was written for LLUVIA and NORIA-SP to enable
output in FEMTRAN-compatible format. The computational domain in both the one-
and two-dimensional simulations included the region between the repository and the wa-
ter table. All 1-D simulations were along well (G-4 and included all the layers described
in the LLUVIA simulations discussed earlier. The 2-D simulations modeled the planar
region between G-4 and UE-25a and included the region between the water table and
the lower boundary of the repository. Hence, the upper boundary in the computational
mesh for transport is the line extending from elevation 966m at G-4 to elevation 903m at
[E-25a, see Figures 21 and 22. Because the repository horizon resides in the Tpt-TML,
the computational mesh includes the part of this unit that resides below the repository
together with the remaining units shown in Figure 21.

For both the one- and two-dimensional problems, zero-flux boundaries were specified
along the vertical sides of the mesh and the concentration was specified as zero along the
water table. This latter condition models an infinite dilution of solutes transported to the
water table. A “Robin” (mixed) boundary condition, equal to the release rate provided,
was applied at the upper boundary in the 1-D simulations. The release rate was also
specified along the first 680 m (along the top) of the two-dimensional mesh extending
from (-4, with the remainder specified as zero-flux. In order to obtain comparable
concentrations between one- and two-dimensional results, the release rates were converted
to flux rates by dividing the total release rates by the repository area, 5.61 x 10 m?2.

The two-dimensional cases were run on the CRAY XMP and required about 4 CPU
minutes. The one-dimensional case was run on the VAX 8600 and required about 10-15
CPU minutes.

Before presenting the results, it is instructive to estimate the response that is ex-
pected. The following equation estimates the average (one-dimensional) advected dis-
tance that the solute will travel in a specified time period ¢ (100,000 yr for this estimate),
given au infiltration rate v:

Xo= U (6)
‘ (0+P51\’d) .

Estimates from the above equation are obtained using a representative moisture



content of 0.2 and a matrix density of 2.0 g/cc and are presented in Table 3. From this
table. we see that only the nonreactive radionuclides (K4 = 0) are advected to the water
table (an X, value greater than 230 m) within the 100,000-yr time period, and that this
is only possible for the 0.5 mm/yr infiltration flux.

These estimates assume that the solute is distributed between the matrix and the
fractures, which is consistent with the assumptions in the FEMTRAN calculations. The
estimates (and the FEMTRAN calculations) will be accurate when the flow is through
the matrix subsystem or when very good coupling exists between the matrix and fracture
flow subsystems. The solute may be advected farther when fracture flow exists and the
coupling is weak. This point is investigated in the next section.

[t is instructive to compare this model of the advected distance to one based on a
model similar to the one used in Section 2 to obtain minimum groundwater travel times.
The obvious difference i1s the assumption made in Section 2 that the solute particle is
not reactive, and will choose the fastest local path (through the fastest flow subsystem).
A less obvious difference is the use of the residual saturation parameter in Section 2.
In Section 2, the residual saturation level is implicitly assumed to represent dead end
pores. It is also assumed that the solute may not diffuse into these dead end pores. This
is consistent with the intent of obtaining a minimum groundwater travel time; however,
it may not be realistic when considering solute motion in a 100,000 year transient. In
the estimate provided here, and in the numerical calculations in this section the solute
1s assumed to be distributed through the entire moisture content of the domain. In the
numerical calculations of the next section, the solute is distributed through the entire
moisture content of each of the two flow subsystems, but the coupling between the flow
subsystems is explicitly modeled.

Table 3 estimates only the distance that the average solute ion would advect in
100,000 yr. The diffusion/dispersion of the solute will result in some solute traveling
farther and some not as far as this average distance. A diffusion/dispersion distance can
also be estimated to determine how much the solute can vary from this average. This
diffusion/dispersion distance is estimated from the following equation:

X4 =12D.t, (7)

where D, is the effective diffusion coeflicient, estimated here to be

(0,.D* /7, + apv)
(0771 + Ps I{d)

De = (8)

To determine the relative importance of the advection versus the diffusion motion,
the Peclet number is formed. When the advected distance is used as the length scale,
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the Peclet number is found to be double the square of the ratio of the advected distance
over the diffused distance:

where V, is the effective velocity

vo=leo U
t

= (10)
(H'm + Ps I(d)

Note that this Peclet number is based on the advected distance. Because this dis-
tance increases with time, all flows are advection dominated in the limit of large times.
However, as shown in Table 3, many of the flow conditions considered are dominated by
diffusion, even for the 100,000-yr transient considered.

It is instructive to examine the Peclet number in the limit of high infiltrations. Here.
the diffusion/dispersion coefficient is dominated by dispersion and the Peclet number has
a very simple form

vt X,
Pg = = —. 11
F 1274 (0171. + Pst) ay, ( )

The above equation demonstrates how higher retarded solutes will show more diffu-
sive motion than advected motion. This will be shown by example in all flows, not only
the ones that are dominated by dispersion.

Time-dependent source terms for 1-129, Tc-99, Cs-135, and Np-237, for 6 cases, are
given in Figures 34 through 37, respectively. Each case represents a different release sce-
nario. The first four cases were provided by Pacific Northwest Laboratory and represent
variations of the continuous liquid diffusion release. The last two cases were provided
by Lawrence Livermore National Laboratory, and represent a liquid drip contact. The
different cases can be reclassified into two distinct sets. The first set, which is illustrated
by Cases 1, 2, and 4 in Figure 35, show a steady release over the 100,000 yr transient.
The second case, which is illustrated by Cases 3, 5, and 6, show a quick pulse release
(relative to the 100,000-yr transient). The computed results of cases within these two
sets are very similar, so only representative results will be presented. Simulations for
[-129, Tc-99, and Np-237 were computed with FEMTRAN for several variations of pa-
rameters. Only a limited number of parameter variations were considered; however, the
variations were chosen to be representative of the entire parameter range specified for
PACE. In particular, only two different release rate cases were considered: Cases 3 and
4. These two release cases are fairly representative of all of the 6 cases specified. One-
dimensional solutions were obtained only for the 0.5 mm/yr infiltration rate at Hole G-4

11



Table 3. COMPARISON OF ADVECTION AND DIFFUSION OF SOLUTE

Infiltration Rate A, X, AW Py
(mm/vr) (m) (m)

0 500 27.0 0.06%
0.01 1 0.155 8.1 0.006
10 0.050 2.7 0.0007
100 0.005 0.85 0.0001]

0 50.0  40. 3.07
0.10 1 4.55 12 0.28
10 050 4.0 0.030
100 0.05 1.3 0.003

0 250.  75.0 220
0.50 1 22,7 23.0 2.0
0 248 75 0.22
100 0.25 2.1 0.02

using the hydrologic field computed with LLUNVTAD which includes all material lavers,
This mesh included 188 4-node clements between the water table and the repository.
Two-dimensional solutions were ohtained for the 001, 0.1, and 0.5 mom/yr infiltration
rates. As discussed earlier, the two-dimensional mesh used with FEMTRAN is a subset
of the mesh defined for the hydrologic simulations using NORIA-SP. The FEMTRAN
mesh included 720 elements and 775 node points between the water table aud the repos
itory. The parameters used i the FENCTRAN siolations ave Tisted o Table 1 for the
matny pores. Phe tortuosity {731 was assimed mndependent of the saturation level and

apowas assumed equal to ap, /2 in the two dimmensional problem.

The nnclide Te-99 1s sorbed o the Tpe TMLL Tpt-TM, and Tpt-TV (Appendis A
Since the distribntion coefficient s identical it the Tpt-TML and Tpt-TM, these two
inits were combined for purposes of specifing sorption properties: a bulk density of 2.30
of/cm? was specified for both lavers (This simplification was also used in the Np 237
calenlations).  Note, however, that the moisture content is specitied by the hydrologic
solntion and hence the distinct porosities between the units are included.

The numerical simulations for the 0.01 mm/yr infiltration rate resulted in little
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Table 4. PARAMETER VALUES USED IN TRANSPORT MODELS

Matrix » Fracture
Ts 10 1
ap 10 m 10 1

D 107 m%/s 107 mi?/s

motion of any solute (in either the one- or two-dimensional geometries). Because the
solute remained in the region near the repository, where the flow is well represented by a
one-dimensional flow, the one- and two-dimensional results were almost identical. Some
results for the 0.01 mm/yr mfiltration using the dual continnum code are presented
in the next section. They are almost identical to the FEMTRAN results because the
groundwater flow near the repository for this case is entirely through the matrix flow
subsystem. Amounts discharged to the water table for the 0.1 mm/yr and the 0.5 mm/yr
infiltration cases are summarized in Table 5. Other entries in Table 5 will be explained

helow.

Figures 38 and 39 show the distribution of [-129 (curie/m?) in the G-4/UE-25a cross
section for ¢ = 0.1 mm/yr and the Clase 3 and 4 release rates, respectively. The fignres
mdicate that the 1-129. which is not sorbed, travels more or less vertically downward
from the repository until the solute body reaches the Tpt-TNV layer which results in
significant lateral diversion of moisture and of solute. The eumulative discharge history
is shown in Figure 10 for both (ase 3 and 4 release models (the Case 4 release is more
uniform in time than the Case 3 release as shown in Figure 34). These values were
obtained by multiplying the discharge obtained from the two-dimensional solution by
the ratio of total repository arca (5.61 x 10° m?) to the repository area represented in
the two-dimensional model (631 x 1 m#). Discharge values, for hoth one-dimensional and
two dimensional geometries, were obtained in a similar manner in order to obtain values
which are representative of the total amount of the noclides that wonld be discharged
by the entire repository. Clase 3 results in a total discliarge of about 154 curie while
(‘asc 1 results in abont 28 curie. Both of these values are a relatively small fraction of
the source term, which is about 2280 curie for Case 3 and 2,231 curie for Case 1. The
amonnt of [-129 decayed can by approximated from the values in Table 5 by subtracting

the amounts i the last three columns from the amount o the sonurce term column.

[-129 is transported much further for the 0.5 mm/yr infiltration rate, as shown in
Figires 11 and 42 for Case 3 in the two-dimensional cross section. As indicated i Table
5, about 62% of the integrated release is discharged to the water table for this intfiltration

rate. Figure 42 indicates much lower concentration valies as compared to Figure 33
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Table 5.

TRANSPORT RESULTS USING FEMTRAN IN 100,000 YEARS

| -
| Nuclide Release | Dimension | Source Term | Discharge to | Dissolved | Adsorbed
‘ (ase Release Water Table Content Content
| (Ci) (Ci) (Ci) (C)
o l
- q=0.1 mm/yr ]
[
1129 3 2-D 2278 154 2020 0.0
4 2-D 2231 28 2164 0.0
1'C-99 3 2-D 9.85%x10° 0.0 2.10x10% | 5.05x10°
4 2-D 6.86x10° 0.0 1.77x10% | 4.10x10°
- q=0.5 mm/yr
[ 129 3 1-D 2278 1285 941 0.0
2-D 2278 1414 708 0.0
4 1-D 2231 322 18R2 0.0
2-D 2231 915 1213 0.0
1299 3 1-D 9.85%10° 1.04x10° 5.54x10° | 6.26x10%
3 2-D 9.85%10° 3.64x10° 3.04x10° | 6.79x10%
4 2-D 6.83x10° 8.32x10% 2.31x10°% | 2.62x10°
NP-237 3 1-D 0.125 0.0 1.24%x1073 0.119
|

tor ¢ - 0.1 mm/yr. The sequence of contour plots in Iligures 43 through 46 illustrate
thie arrival of 1-129 at the Tpt-TNV layer, and the subsequent lateral transport to Hole
12250 and finally down to the water table. The 1-129 travels vertically down from the
repository until it arrives at the Tpt-TNV after about 10,000 yr. In a relatively short
span of another 8,000 years, a significant discharge to the water table is obtained as
a resnlt of the rapid lateral transport along the Tpt-TNV to Hole UE-25a and finally
down to the water table. The combination of the high-permeability Tpt-TNV layer and
tihie zero-dlux boundary at UE-25a result in a dominant flow mechanism which allows
tore rapid transport to the water table than would be obtained in a one-dimensional
~imntlation. Profiles of concentration are compared between one- and two-dimensional

~olutions in Figure 47 after 100,000 yr. The two-dimensional profiles are plots of the
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solute concentration distributions along the two cdges of the domain (defined a< ti.c
(-1 and the UE-20a well locations). The effects of lateral diversion are also evide:
here, resulting in very different concentration profiles. In the one-dimensional problen.
the solute body moves much like a “spreading pulse,” with a peak concentration wii
has just arrived at the water table for the present parameters. In the two-dimensionai
problem, the solute body moves like a pulse only until it reaches the Tpt-TNV wli1o
significant lateral trausport develops.

The distribution of I-129 at 50,000 and 100,000 yr for the Case 4 release is shown .
Iligure 48 and 49. The Case 4 release is relatively uniform for much of the time peridd
and results in a much different distribution of 1-129 when compared to results for ¢
3 (pulse release). At 50,000 yr, the C'ase 4 release results in peak concentrations ai tic
repository, while Case 3 (Figure 41 and 42) results in maximum concentration below 1
Tpt-TNV near the right boundary; i.e., by this time much of the 1-129 has been thi:hicl
out of the Tpt-TM for Case 3, while the highest concentration is found in this lay1 n
(‘ase 4. At 100,000 yr, the I-129 is distributed throughout the entire region betwoeen 1o
repository and water table (Figure 49). The concentration distribution along (-1 i
U-25a at 100,000 yr for the one-dimensional and two-dimensional solutions is showi
I“igure 50. The effects of lateral diversion are clearly evident in the two-dimeunsionai 1o
sults, showing high concentration above the Tpt-TNV along (G-4 and much lower belo: .
Conversely, concentrations are highest below the Tpt-TNV at UE-25a. In contrast il
one-dimensional solution shows large concentrations throughout the interval. The cunin
lative discharge to the water table after 100,000 yr, is 915 curie for the two-dimensional
solution compared to 322 curie for the one-dimensional solution (Table 5 and Fignre
51). These discharges represent 40% and 15% of the integrated source term. Figure 7l
shows the differences between first arrival time and discharge rates that are a result of
pulse (Case 3) and continuous (Case 4) releases. Differences are also seen between one
and two-dimensional simulations. The discharge is always higher in the two-dimensional
simulations, for either release case, due to the significant lateral diversion feature caused
by Tpt-TNV layer. Futhermore, first arrival of I-129 at the water table occurs at 15.000
vr for the two-dimensional solution with Case 3 release, while first arrival is delaved nntil
10,000 yr in the one-dimensional geometry. Figure 42 shows that after 100,000 yr, most
of the 1-129 has been flushed out of the layers above the Tpt-TNV, owing to the lupe
mobility of 1-129 for this infiltration rate.

After 100,000 yr, the remaining 1-129 is largely below the Tpt-TNV, transported
there about equally by diffusion and advection from the layers above, and is expected
to remain in these layers for some time because transport by advection and diffusion is
much less vigorous in this region. This is also indicated by the much reduced discharge
rate in the two-dimensional, Case 3 release curve of Figure 51.

Table 5 gives the net discharge to the water table after 100,000 yr. In addition
to discharge, several balance integrals are also included in Table 5. The source release
column is the integral of the release model over 100,000 yr and represents the total



amonnt of nuclide injected into the computational region over this time. The total
dissolved content of each nuclide in the domain, Q. at time. £, is given by

//)(x.f)('(x./).-lsz . (12)
2

Table D also gives the total adsorbed content from

//)l\',j('(/SZ . (13)
Ja

An indicator of the guality of the numerical solution is obtained by performing
a global material balance. By comparing the amount of material dissolved, adsorbed,
decayed, and discharged to the water table with the integrated source term, we find less
than 6% difference in all the cases considered, a fairly good balance given the coarseness
of the mesh. The largest errors are obtained with the 0.5 mm/yr infiltration. A better
comparison could be obtained with increased mesh refinement., which of course inereases

CPU requirements.

The distribution of Te-99, whicl is sorbed in the Tpt-TML. Tpt-TM and the Tpt-
'V layers (see data in Appendix A). is shown in Fignres 52 and 53 for the 0.1 mm/vr
itiltration rate and the Case 3 and {1 release models. As indicated, the Te-99 is not
transported to the water table over [00.000 vr, and in fact 1s not transported out of
the surbing lavers below the repository, The ratio of adsorbed to dissolved material is
about 2.0 for Case 3 and 2.3 for Case 1. Heneeo no other simmlations of Te-99 for this
wdiltration were carried out. Because Te-99 remains above the Tpt-TNV aver (where
the lateral diversion veenrs), the results are essentially one-dimensional. Also. hecanse
there s neehieible fracture low in the regions that contain Te-49, the dual continnnm
cesults from the next section agree with the two-dimensional results obtained lere.

The distribution of Te-99 for the 0.5 man/vr inliltration is shown in Figures 51
theonelh 37 These figures depict the Case 3 and 1 oreleases, and show concentration,
di-teibutions at 50,000 and 100,000 vears, Note that these lignres show ouly the liguid
concentration of Te-99 (the adsorbed amount is a factor of py ' times the liquid con-
contration). At 50,000 yro a stgntficant amonnt of Te-99 as still i the Tpt EM Laver.
tccontrast to [ 129 (Fiewre 1) which has heen effectively hished out of this region by
s times Effeets of sorption are still evident at 100,000 vr for hoth releases. showing
sotme Te99 e the Tpt-TN laver, whereas Fignre 12 shows 1129 only in the Tavers be
low the Tpt- TN Profiles of Lhiquid concentration at 100.000 yvr are shown in Figure 38
for Case 3 release and both one- and two dimensional geometries. Maxinnnm concen-
trations are about 50% higher in the one-dimensional profile along G-1 than for either
af the two-dimensional profiles (along G-1 and UE-25a). Cumulative discharge histories

are compared between one- and two-dimensional solntions and hetween Case 3 and |
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releases in Figure 59, For Clase 3, the two-dimensional discharge after 100,000 yr is larger
than the one-dimensional value by about a factor of 3.5 (Table 5). Furthermore, with
respect to the amount of material remaining in the domain after 100,000 yr, the ratio of
adsorbed to dissolved Te-99 1s 0.11 in the one-dimensional solution as compared to .22
in the two-dimensional solution. This is because a larger fraction of Tc-99 resides in the
nonsorbing layers in the one-dimensional simulation.

As noted earlier, the above results show only the dissolved concentration of Tc¢-99. Tt
is instructive to consider the cumulative balance integrals for the total amount dissolved,
adsorbed, decayed, and discharged to the water table. These histories are shown in
Figure 60 for the Clase 3 release and ¢ = 0.5 mm/yr. Up to about 50,000 yr, most of
the Te-99 is in the sorbing layers, the Tpt-TM and Tpt-TV, and Figure 60 shows the
adsorbed content is as much as twice the dissolved content. In contrast, at 100,000 yr a
significant fraction of the Tc-99 is in the nonsorbed lavers and the balance integrals show
the adsorbed amount to be 0.22 times the dissolved content. The adsorbed and dissolved
content curves cross over at about 55,000 yr, indicating equal distribution between the
liquid and solid when integrated over the entire computational region. Note also that
the cumulative amount of T'e-99 lost by radioactive decay after 100,000 yr is about 23%
of the integrated release.

Np-237 is strongly sorbed in the Tpt-TML and Tpt-TM, resulting in retardation
factors of order 100. Therefore, it was determined that the two-dimensional mesh was too
coarse to properly resolve the transport. Hence, ouly one one-dimensional simulation was
performed using the LLUVIA solution for ¢ = 0.5 mm/yr (188 elements). Concentration
profiles along G-14 are shown in Figure 61 for release Case 3. Table 5 indicates that the
majority of the Np-237 is sorbed onto the solid; the ratio of adsorbed to dissolved materal
in the domain is about 96. The Np-237 calenlation presented uses the largest infiltration
and the pulse release model, which offers the greatest potential for transport, and yet
the Np-237 is trausported less than 40 m below the repository over 100,000 yr. None of
the Np-237 or the (s-137. which is even more strongly sorbed, will be transported to the

water table over 100,000 yr.

in the beginning of this section, we derived expressions that can be used to estimate
the advection and dispersion of sohite from the repository. However, these estimates
assume a one-dimensional flow systeni.  As we have seen, the two-dimensional simu-
lations demonstrate the possibility that the flow may not be well represented by the
one-dimensional assumption.  The two-dimensional simulations result in stream tubes
that are not straight or of constant width. The contraction of the stream tubes results
in two effects that can increase the motion of the solute. First, the flow area is reduced,
which leads directly to an increased fluid velocity. Secondly, the increased velocities in
the stream tube results in higher disperston rates. Transport by dispersion is a significant
contributor to solute releases in our model.
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5 One-Dimensional Dual Continuum Solute Transport

A dual continuum model was used to evaluate the effect of fracture flow on the solute
transport. This model includes two flow fields through the porous medium. In regions
with significant fracture flow, the solute can bypass much of the retention capabilities of
thematrix pore system. This may result in solute traveling faster than the average water
veloeity that was used in the FEMTRAN simulations (Section 4).

Our one-dimensional dual continuum solute transport code (Dykhuizen, 1987) was
modified to accept the hydrologic output from LLUVIA. This ensured internal consis-
teney in generating the two flow fields. The code was further modified to use the more
avenrate matrix fracture coupling model recently developed (Dykhuizen, 1990) and in
turn required incorporation of a more accurate time integrator to account for the in-
creased stiffness of the equation set.

Flow rates on the order of .01 mm/yr did not result in significant fracture flow.
Therefore, the dual continuum model would not be required. For the higher flow rates
that are considered in this report, the fractures are saturated in some of the geologic
lovers. Thus the transport of solutes through the fracture system is of importance.
However, these conditions may still not require the complexity of a dual continuum
model if 11 s shown that the two flow subsystems are tightly coupled. A dual continuum
model was therefore used to determine if the assumptions from the single continuum
model in the previous section are valid. The following are the governing equations solved
i the dual continuum model:

(! 3C ' aC , .
N N ,(_Ti _— ()‘( AR i GDW& =-WC, +¥ - X0, +p, ) O, yand
At Jz Jz z
(14)
'y aCy d ey
] I, — oD, =L = ’*l_ Y/ e R 15
7ot o T 0z [ P :’ e v 161 (15)

where
f/ is the moisture content,
g, 1s the bulk rock density,
;i is the distribution coeflicient,
s the infiltration flux (positive downward),
1) ix the diffusion /dispersion coefficient,
A is the radioactive decay constant,
17 is the cross flow rate,
(. 1s the cross.flow solute concentration,
W is the cross diffusion rate, and
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subscripts m and f refer to the matrix and {racture systems.

The submodels for W, C, and ¥ are described by Dykhuizen (1987 and 1990). Thev
account for exchange of solute between the two flow systems.

The problem description provides p,, v, A, and K. It was assumed that the distri-
bution coefficient did not vary with the saturation level; @ was obtained from the LLUVTA
solution.

A model was constructed to obtain the diffusion/dispersion coefficient. This modcl
is consistant with that used in Section 4 for multidimensional calculations. It is also pre-
sented by Freeze and Cherry (1979), but with different notation. The diffusion/dispersion
coefficient using our notation is,

D ;U
Dm = —+

k]
Tﬂl 017‘1

where
7 is the tortuosity,
ap, is the dispersivity, and
D~ 1s the molecular diffusion coefficient of the solute in water.

The fracture subsystem diffusion/dispersion coefficient is obtained in an identical manner.

The tortuosity is often considered to be a function of the saturation levei of the
geologic material, with increasing tortuosity resulting from a decrease in the moisture
content. A model from Burdine (1953) was used to describe this effect,

where
7, 1s the saturated tortuosity,
S 1s the saturation level, and
S, is the residual saturation level.

Table 4 shows the parameter values used in the above models to produce the results
presented. It should be noted that these parameter values are thought to be representa-
tive; however, experimental data are required to verify these choices.

To solve the solute transport equation, boundary conditions have to be provided.
The domain modeled was from the water table up to the repository elevation. The
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water table location was provided in the problem statement. It was assumed that the
repository would exist 30 m above the lower interface of the Tpt-TML geologic unit. A
sero concentration was iimposed at the lower houndary, This conservatively assumes that
thewater table has aninfinite capacity with good mixing. A flux boundary condition was
tnposed at the upper boundary eqnal to the release rates provided. This conservatively
climinates any diffusion of the solute nupward from the repository that ocenrs at the low
mifiltrations. The solute was distribated between the two flow svstems av the wgipe

bonndary porportional to their respective How rates at that location.

The one-dimensional solute transport caleulations were performed for the 0.01. 0.1,
andd the 0.5 mm/yr infiltration conditions. The ontput requested was the integrated
amonnt of cach of the representative radionuchides that reached the water vable in 100,000
vio For cases where no radionuclides reach the water table, radionuclide distributions in

the host rock are given,

Data were provided for the layering of geologic materials from four drillholes (G-1,
Golo H-1o and UE-25a). Also, six different release rates were specitied. Finally, the
distribution coeflicients for four different radionnelides were provided. Because of time
constraints, not all of the permutations were examined; hiowever. enough were investi-

vated to enable all trends to be established.,

Fhe solute concentration plots presented helow are in units of curies per cubic meter
of ecroundwater. They only display the concentration in the matrix pores for elarity,
L he concentrations in the fractures ave typically slightly advanced in the cases where
fracture How exists The plots do not direct]y show the amount of solnte sorbed onto
the ecologie media, The plots that show the integrated release to the water table assume
that all of the waste packages are the same clevation above the water table and the
flow passes through the geologie Tavering given in the G-1 stratigraphic column. In all
cases. the flow just above the water table is dominated by the fracture tlow. This is
Locause the fractures become saturated at the water table and the matrix thix goes to
oo Onr multidimensional calenlations potentially yvield a more accurate picture of the
~olinte transport in Yueca Mountain by representing more geometry ; however, thev do not
account for the added dispersion cansed iy somne of the solate traveling faster through

e Bracnre svsten.

Fienre 35 shows the sixo Te 99 source terms provided for this exercise. Al results
il be presented using the Tavered materials found i the G- stratigraphy, The result
e sotewhat different 10 other stratigraplioes ave used. However: the wajor factor tha
determines a difference is the assnmed distance 1o the water table that the solute has to

travel. Shorter distances vield targer releases.

Figures 62 aud 63 show the distribution of Te-99 in the host rock () after TOO.000
vie Tor the infiltration rates of 001 and 0.1 nun/yvr. The figure shows Te 99 Lelow
the repository (elevation 960 m) and above the water table (elevation T30 ). Tabula

values of the integrated releases to the water table (for 0.1 and 0.5 /v infiltrations)
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are presented in Tables 6 and 7. As can be expected, the pulse release cases result in
liigher displacements of the solite pulse. Figure 61 shows that some Tc-99 reaches the
water table for an increased infiltration of 0.5 mm/yr. Te-99 is only slightly retarded by
the geologic medium as a result of sorption reactions in layers near the repository. At the
0.5 mm/vr infiltration, the average solute particle does not reach the water table before
150,000 yr. Therefore, the solute that does reach the water table is due to dispersion of
the solute. This dispersion is due to some of the radionuclides traveling faster than the
average flow velocity. Use of a dual contimuum model explicitly accounts for some of this
by including a fracture system with its associated higher velocities. The dispersion term

within the governing equations also accounts for this effect within each flow system.

To test if the dual continnum model is required, a single continuum model was
obtained from simple modifications of the computer code used to calculate the dnal
continuum results. By deleting the fracture flux, and increasing the matrix conductivity
by accounting for the fractures, a single continuum model is created. The 0.5 mm/yr Te-
99 calculation was executed using the modified code. This results in the solute reaching

the water table at an identical rate in both the dual and single continuum models. The
distribution of the solute through the medinm is also identical as shown in Figure 65. In
the dual continuum calculations the fracture subsystem concentrations are so close to the
matrix subsystem concentrations that there is no way to distinguish them on the scale of
this plot. Both the dnal and single continuum results agree well with those calculated by
FEMTRAN in the previous section. The only difference in the models here and the one
in FEMTRAN is that the dispersivity is slightly more complex in this model. Therefore,
the agreement between the models here and FEMTRAN helps verify both codes.

The remaining results in this section are calculated using the full dual porosity model
for consistency. However, as shown above, the added complexity is not required for the
steady state fluxes used.

To test how much numerical dispersion and roundoff errors affected the results, cal-
citlations were performed with a finer mesh (double the number of nodes) and finer time
steps. These results agreed very well with the standard results presented. A numeri-
cal dispersion analysis has shown that if the node size is small when compared to the
dispersivity, mumerical diffusion will not be a problem. The standard mesh spacing is
approximately 1 m and the dispersivity is 10 m.

Figure 34 shows the varions source terms for the release of I-129. This isotope is not
retarded at all in any of the geologic layers. All of the release cases result in a peak in
the release rate near 1,000 yr. However, the majority of the solute in Cases 1, 2, and 1
are released over an extended period. These cases are therefore classified as continuous
release cases. Cases 3, 5, and 6 are the pulse release cases. Figures 66 and 67 show the
distribution of 1-129 for the 0.01 mm/yr and 0.1 mm/yr infiltrations, respectively. Table
6 shows that a small amount of 1-129 is predicted to be released to the water table for the
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0.1 mm/yr infiltration. Figure 68 shows the integrated release to the water table for the
0.5 mm/yr infiltration rates. In these figures, Case 1 is representative of the continuous
release cases, and Case 6 is representative of the pulse release cases. Again, the pulse
release results in more radionuclides reaching the water table.

[igure 36 shows the various source terms for the release of Cs-135. The source terms
for C'ases 1, 3, and 4 are identical within the zero to 100,000 yr period. These cases result
in a pulse of Cs-135 within the first 5,000 yr of the transient. Cases 5 and 6 also result
in a pulse release, but over a slightly longer time period. Case 2 displays a short pulse at
1.000 yr, and then a continuous release. Because of the large distribution coefficients (up
to 3.000 ml/g for some geologic layers) that were provided for ('s-135, the solute does
not reach the water table, even for the 0.5 mm/yr infiltration case. Figure 69 shows the
distribution of the solute below the repository (elevation 960 m) and above the water
table (elevation 730 m) for the six source terms. As can be seen, the Cs-135 does not
travel more than 10 m.

I'igure 37 shows the six source terms for the release of Np-237. The six source
terms form only three distinct functions within the zero to 100,000 yr range. Np-237
t~ alsu highly retarded by the geologic materials, but not as strongly as Cs-135. No
Np 237 reaches the water table for any of the proposed infiltrations. Figure 70 shows
the distribution of Np-237 after 100,000 yr between the water table and the repository
clevations for the 0.5 mm/yr infiltration.



Table 6. ONE-DIMENSIONAL SOLUTE TRANSPORT RESULTS FOR THE 0.1
mm/yr INFILTRATION (100,000 years)

Nuclide Release Total Released  Transported to  Decayed

Case (Ci) Water Table (Ci) (Ci)
1 3.48%10° 0.0 0.49% 105
2 4.10x10° 0.0 0.62x 10°
Tec-99 3 9.87x10° 0.0 2.67x10°
4 6.86x 10° 0.0 0.98%10°
5 R.83x 10° 0.0 2.38%10°
6 9.53%10° 0.0 2.57x10°
1 1183. 3.1x1073 2.
2 1240.
1129 3 2277.
4 2240.
5 2164.
6 2300. 5.2x1072 10.
1,3.4 0.125 0.0 0.0025
Np-237 2 16.11 0.0 0.27
5,6 0.73 0.0 0.011
1,34 371.5 0.0 10.7
(s-137 2 6662.0 0.0 8.9
5 2.37x104 0.0 0.07x 104
6 2.64%x101 0.0 0.07x10°

23



Table 7. ONE-DIMENSIONAL SOLUTE TRANSPORT RESULTS FOR THE 0.5
mm/yr INFILTRATION (100.000 vears)

Nuclide Release Total Released  ‘Transported to Decayed
Case (Ci) Water Table (Ci) (Ch)
1 3.48x%10°
2 110x 107
Tc-99 3 987 107 1.15%x10° 2.62x10°
1 6G.86% 107 0.10x 10> 0.97x10°
3 N.83x 107
6 9.53% 10°
1 1183.0 183, 2.0
2 [2:10.0
[-129 3 2277.0
! 2210.0
5 2161.0
6 2300.0 1:306. 9.0
131 0.125 0.0 0.0025
Np-237 2 16.11 0.0 0.27
5.6 0.73 0.0 0.011
1.3.4 3715 0.0 10.7
('s-137 2 66620 0.0 8.9
5 237 x 10 0.0 0.07x10*
6 2.6 107 0.0 0.07x 10"




6 Conclusions

One- and two-dimensional solutions for hydrology and solute transport for the 0.01.
0.1, and 0.5 mm/yr infiltration rates are complete. Extremely modest amounts of
computer time were required to complete the one-dimensional calculations. The two-
dimensional hydrology calculations required 3, 10, and 30 hr of CRAY XMP computer
time for the 0.01, 0.1, and 0.5 cases, respectively. A significant amount of lateral flow of
water was computed for all cases as a result of differences in the permeability between
layers, which varied by six orders of magnitude.

Calculations of solute trausport show that significant amounts of radionuclides can
reach the water table over 100,000 yr at the 0.5 mm/yr infiltration rate. For time periods
less than 10,000 yr or infiltrations less than 0.1 mun/yr very little solute reaches the water
table.

[t is shown that the inclusion of a dual continuum model has negligible effect on the
solute releases for the steady state flow rates considered, even when significant fracture
flow exists. This is due to the high coupling terms that transfer solute between the two
flow systems. However, material lieterogeneities may cause local amplification of the flux
level in multidimensional flows. These higher flux levels may then require modeling of a
dual continuum porous medium.

It is also shown that multidimensional flows can increase the solute releases. This is
due to the low bypassing large stagnant portions of the mountain, resulting in a reduced
global capacitance. (The infiltration displaces a smaller volume of water before reaching
the water table, resulting in an carlier arrival.) As the volume in a streamtube decreases
the average Darcy velocity, and hydrodynamic dispersion increases. Both mechanisms
decrease the time to initial solute arivial at the water table. The actual results that
we obtained are dependent upon our choice of the side boundary conditions, and the
existence of the unbroken layering that caused the lateral diversion.

[t 1s unlikely that one-dimensional models of solute transport will be acceptable for
calculating solute transport at Yucca Mountain. H non-steady flows are considered, a
dual continum model may also be required.

Calenlational costs for the one-dimensional hydrology calenlations were negligible.
The cost for the two-dimensional hydrology calculations proved to be much more signif-
icant. They were two orders of magnitude greater than the solute transport calculations
(which used the hydrology results as an input). This is because the solute transport

calculations solve a linear differential equation set.

Therefore, reductions in the cost of the solute transport calculations are not as
important as reductions in the hydrology computational costs (unless many transport
calculations are to be performed with the same flow field). A dual continuum solute
transport code will at least double the computer time for a single continuum equivalent.



lua: pendently, the increase in the number of geometric dimensions can increase the

cotnputer time by an order of magnitude.

I e two-dimensional problem considered here is somewhat artificial as a result of
tmposition of zero-flux boundaries requiring the laterally diverted water to be forced
down to the water table at Hole UE-25a rather than to continue along the Tpt-TNV.
[ Lo asenmed continuity of this highly permeable layer is also very important. However,
iiposition of Dirichlet conditions at side boundaries is not a better alternative. Future

work should investigate use of more realistic boundary conditions.
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Figure 41. Concentration (curie/m?®) of 1-129 for 0.5 mm/yr infiltration and Case 3
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Figure 55. Concentration (curie/m?) of Tc-99 for 0.5 mm/yr infiltration and Case 3
release at 100,000 yr.
] ] T ] I I I
1.05 TME 50.00E+3yr
B
= D
=== *
Z ‘
S A
5 SPECI_1
2 A =0.500E-3
@075 | 1 8= 1000E-3
" C=1500E-3
D= 2.000E-3
E=2500€E-3
F= 3.000E-3
0.60 | ! | ! 1 1 1
000 0.15 030 045 060 075 090 ¥ =2.650E-3
DISTANCE (-10° m)
Figure 56. Concentration (curie/m?®) of Tc-99 for 0.5 mm/yr infiltration and Cta~c 1



T T T T T s o
105 TME  100.0E+3yr
)
3 A
o090t ¥
z —_—
5' A \% SPECI_1
N I A =0.500E-3
20.7s B= 1.000E-3
R C= 1.500E-3
D= 2.000E-3
£ 130863
0.60 l | | 1 | | | o
0.00 0.15 0.30 0.45 060 0.75 0.90 X=2.194E-3

Figure 57.

DISTANCE (-10° m)

release at 100,000 yr.

Cloncentration (curie/m?) of Tc-99 for 0.5 mm/yr infiltration and Case

T
(@)
= 3.0 T T I S S S T
— 1D (G-4)
= N0 2D (G-4)
o ———2D (UE-25a)
~
P !
= 20}
L I
9 S Y TIME=100000 yr
EI‘: e )
& 4 \\ ,
= 1o g
2
O \
6 \
5 . \ A
\
. \
\\
0.0 SEE— = % e
720 760 800 840 880 920 960
ELEVATION (m)
Figure 58. C'oncentration of Te-99 at 100.000 vr along Holes G-+ and UL-25a for 0.5

mm/yr infiltration and Case 3 release.

BI¢



400000 epreee—— . — ‘
—— . N
G‘ r — 1D, Case 3 )
~ - 2D, Case 3 L
) 2D, Case 4 L
Pt ]
= 300000} / .
—
% ,
-
> ]
= 200000 .
)
=
€5] .’
2
= 100000 P
o
&
E ”
[ . e
0 e e g S
0 20000 40000 60000 80000 100000

TIME (yr)

Figure 59.
mfiltration and Clase 3 and 1 release models.

Cumulative discharge of Tc-99 to the water table for 0.5 mm/yr

800000 - —T T 1 '
— Discharge
------ Liquid Content :
- Adsorbed Content | j
600000 - - L el |
|
400000 -}

200000 -

BALANCE INTEGRALS (Ci)

1 1 i )
40000 60000 80000 100000

TIME (vr)

=T
0 20000

Figure 60. Cumulative balance integrals for Tc-99 for 0.5 mm/yr indiltration and the

(Clase 3 release model.



-11

o
= 20.0 r————————————————————
— 22000 yr
[ | ----- 68000 yr
A~
mE Lo 100000 yr
150+
g
[
=
L [
S 104
o) !
@
S
- 3
c
S i
2 504
o)
O
O o B e e o S
720 760 800 840 880 920 960

Figure 61.

Elevation (m)

Cloncentration of Np-237 along Hole G-4 (1-D geometry) for 0.5 mm/yr
infiltration and Case 3 release.

0.04 -—— T T T
— Case |
m;._‘ ------ Case 2
_fl_)) ----------- Case 3
AR I TR Case 4
\E 0.03 1| —_ Case 5
w —— Case 6
L
3
L poz4d-
o
O
S
]
I ,
= o001}
3
O
c
O
)]
0.00 -t — i
720 760 800 840 880
Flevation (meters)
Figure 62. (‘oncentration of Tc-99 along Hole G-4 (1-D geometry) for 0.01 mm/yr

infiltration, 100,000 yr, releases for (Cases 1 through 6, dual continuum.



0.0 0 v e e e e e e
o Case J {
[ O R Case 4 K
QJ "
$ 0008-{
& ' 2
;C\ "

179) /
9
. 00064
3
L
c :
S 0004 |
—-—
e}
[
-J
3
g 0002
o
0
O
0,000 et et et
720 760 800 840 880 920 960

Inlevation (meters)

Figure 63. Concentration of Tc-99 along Hole G-4 (1-D geometry) for 0.1 mm/yr
infiltration, releases for Cases 3 and 4, dual continuum, at 100.000 years.

" —
100 |
100 F

3

10 N

—_
Q.
Ll ol

(=}

QD
T

)

10° F

Release (curies)

|
[

-

UGN
o O

10° |

]O FEPUS S L R SO ST U S N Sy Sy SUN SUNE N SN SHEr SN S RS

-t T *
0 20000 10000 60000 80000 100000
Time (years)

Figure 64. Integrated release of Te-99 to water table, Cases 3 and 4, 0.5 mm/yvr,

dual continuun.



Solute Concentration (Ci/n13)

Figure 65.

* . 3 -5
tion (curies/meter”) *10

|

Concent

Figure 66.

10 o T | Ea T T ™ ™ ]
i ]
-3
10° F
|
-4
10 ¢
dual continuum
9 single continuum
)
1() ;.gjl .AWLL#AA.%.A..‘YJ_L#.A(LA "
720 760 800 840 880 9:20

Comparsion of dual and single continmun models for Te-99, Case 3, 0.

Elevation (mmeters)

mm/yr, solute distributionn.

960

20.0 = ————— , -
Case 1 N
------ Case 2 "'
----------- Case 3 !
U . h
16.0 mimimee Case 4 _,"
——~—Case 5
— — Case 6
120-}
8.0
40-t-
SN e e e S
730 770 810 850 890 930

Concentration of I-129 along Hole G Ll D) geometry) for 0.01 mm/yr

Blevation (meters)

infiltration, 100,000 vr, Cases 1 throngh 6. dual continuum.

6

0

9



*10°

3.0 —
_~
iz
>
O 20
S
a
9 Case 1
- Case 6
1
-
o
Q 1.0 1+
Q
o
o}
()
O e B S S— i
720 760 800 840 880 920

Elevation (melcers)

Figure 67.
infiltration, 100,000 yr, Cases 1 and 6, dual conti

-

nuum.

960

Concentration of 1-129 along Hole G-4 (1-D geometry) for 0.1 mm/yr

b gl
SRS

o

p— —
QO

(SN
o

|
N

—
<

|
w

[,
<

]
E-S

Discharge to the water table (Curies)
= =)

Figure 68.

:I:_ E
: .
- £
? ' A;j
e N | T —— N
0 20000 40000 60000 80000 100000

Time (ycars)

Integrated release of 1-129 to water table, Cases 1 and b, U.o mmyyr

infiltration, dual continuum.

61



-8

O
- 8.0- Y T T T v T T
—~ Case 1,34
?'r_, ------ Case 2
_f:' ~~~~~~~~~ Case 5
Lo e Case 6 )
E 60 | ase ;
vy :
L f
= s
=3 '
L a0 i
o i
2 e
= ,
© '
£ b
) .
o 20 4
] “
Q "
o e
O b
O N
o b e
720 760 800 840 880 920 960

Elevalion (mmelers)

Figure 69. Concentration of Cs-135 along Hole G-4 (1-D) geametry) for 0.5 mm/yr
infiltration, 100,000 yr, releases for Cases | tlirough 6. dual continunm.

10 = T T T T L
— - Case 1,34
lap] - 4
[ I R e Case 2 K
Q) ’
-8 (e Case 5,6 ;
g0t | ,
X -9 ;
S 10 = ) g
:5 : :’
U T
~ "
S
::‘ i
310
=
O
o
12
] () . n N % —t— " % — % P A % n . . 4 . N
720 760 800 840 880 9:20 960

Ilevation (meters)
Figure 70, Concentration of Np-237 along Hole G-4 (1-D geometry) for 0.5 mm/yr
infiltration. 100,000 yr, releases for Cases | through 6, dual continunm.

62



Appendix A. Material Properties

Material properties for 4 drillholes (G-1, H-1, G-4, and UE-25a), each with 22 Jif-
ferent hydrologic layers are given below. These tables were compiled by Merlin Wheeler
of Los Alamos Technical Associated, Incorporated. Material properties for a total of 22
hydrological nnits are given. Additionally, retention parameters for four radionnclides
are defined. The repository and water table elevations are also given.

Table A.1 presents the drillhole location data. Table A.2 and A.3 present the material
properties found from the drillhole cores for the matrix How subsystem. The fracture
properties are given in Table A.4.

Source terms for releases of radionclides from the waste canisters were also provided.
These source terms are plotted in Figures 34 through 37 in this report.

Finally, retention coefficients were given for the four representive radionuclides.
These are given in Table A.5.

Table A.1. DRILLHOLE LOCATIONS (meters)

Drillhole  Easting Northing Surface Elev. Water Table Elev.

USW G-1 170992.9 2348485 1325.5 746.3
USW G-4 1716273 233417.9 1270.1 730.6
USW H-1 1714159 234773.5 1302.8 731.4
UE-25a  172623.5 233141.6 1198.7 728.8
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Table A.2. MATERIAL PROPERTIES, DRILLHOLES G-4 AND UE-25a (Van

Genuchten Coeflicients)

Total Bulk N, Grain G-4 UE-235a
Unit Poros Density Matrix v 3 S, Density  Elev. Elev.
glem®  mfsec  m7! g/em? m m

UO(a) 1219.2  1137.7
Tpe-TN A0 14 2.0E-11 0.004 1.5 0.15 1212.2  1127.1
Tpe-BT .22 95 24E-6  0.016 10.0 0.10 2.45 1200.6  1116.4
Tpt-TM 10 30 2.0E-11  0.005 1.9 0.10 2.57 11832 1093.6
Tpt-TD .06 5 5.0E-12  0.004 2.0 0.15 11482 1073.7
Tpt-TDL .08 0 2.0E-12 0.003 1.8 0.10 1082.9  1006.4

Tpt-TML 12
Tpt-TM .10
Tpt-TV 04

2.0E-11  0.0] 1.7 0.05 2.50 930.2 871.1

2.0E-11 0.005 1.9 0.10 2.53 863.6 810.7

3.0E-12 0.002 1.7 0.0 2.38 860.1 797.3
2

BO Lo NS s e
W53 B en BN |

Tpt-TNV 20 90 24E-6  0.03 2.2 0.15 850.9 787.2
Tpt-TN .36 4 3.0E-12  0.02 2 0.0 2.35 841.2 784.2
Tpt-BT .23 9 2.0E-11 0.002 L0010 2.32 840.6 783.3
Teh-TN .36 4 1.OE-11  0.0041 20 015 22N 836.0 776.9

Tebh-BT .23
Teh-TN .36
Teb-BT 23
Teb-TN .36
Teb-BT .23
Teb-TN .36 1.OE-11  0.004
Teb-BT 23 2.0E-11  0.002
Tepp-TN .28 1.60 5.0E-12  0.001
Tepp-TN .28 1.60 1.0E-11 0.004
Tepp-TP .25 1.90 5.0E-8 0.0l

2.0E-11 0.002 7
1.OE-11  0.004 5 1
2.0E-11  0.002 .6 0.10 2.32 826.3 739.1
1.0E-11  0.004 S 0005 2.28 794.6 7l
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Table A.3.

MATERIAL PROPERTIES, DRILLHOLES G-1 AND H-1 (Van

Genuchten Coefficients)

Total Bulk K Grain G-1 H-1
Unit Poros Density Matrix o 3 S, Density Elev.  Elev.

g/em®  m/sec m7! g/em3 m m
UO(a) 1280.2 12418
Tpe-TN .50 1.14 2.0E-11 0.004 1.5 0.15 1264.5 1225.1
Tpe-BT .22 1.95 24E-6 0.016 10.0 0.10 2.45 1253.8 1217.8
Tpt-TM 10 2.30  2.0BE-11 0.005 1.9 0.10  2.57 1243.2  1207.1
Tpt-TD .06 245  5.0E-12 0.004 2.0 0.15 1191.9 1167.2
Tpt-TDL .18 2.06 2.0E-12 0.005 1.52 0.0 1084.7 1048.6
Tpt-TML .12 223 2.0E-11 0.005 1.52 0.0 2.50 959.7  923.7
Tpt-TM .08 230 2.0E-11 0.005 149 0.0 2.53 933.2 895.9
Tpt-TV 04 2.32 4.0E-11 0.005 1.46 0.0 2.38 916.4  883.7
Tpt-TNV .33 1.59  3.0E-10 0.02 4.0 0.20 900.6  852.6
Tpt-TN .36 1.57  3.0E-12 0.02 120 0.0 2.35 897.8  850.5
Tpt-BT .24 2.00 7.0E-12 0.003 1.65 0.06 891.1 8438
Teh-TN .36 1.57  2.0E-11 0.005 1.37 0.0 2.28 856.4  809.1
Tcb-BT .24 2.00 7.0E-12 0.003 1.65 0.06  2.32 855.8  808.5
Teb-TN .36 1.57 2.0E-11 0.005 137 0.0 2.28 850.9 803.6
Tech-BT .24 2.00 7.0E-12 0.003 1.65 0.06 2.32 850.2  802.9
Tch-TN .36 1.57  2.0E-11 0.005 1.37 0.0 2.28 846.9  799.6
Tch-BT .24 2.00 7.0E-12 0.003 1.65 0.06 2.32 846.6  799.3
Teh-TN 36 1.57  2.0E-11 0.005 1.37 0.0 2.28 796.3  749.0
Teb-BT 24 2.00 7.0E-12 0.003 (.65 0.06 2.32 776.2  736.8
Tepp-TN .28 1.60  4.0E-12 0.006 1.48 0.00 2.33 767.7  T729.8
Tepp-TN .28 1.60  2.0E-11 0.02 14 0.00 233 746.3  693.2
Tepp-TP 25 1.90 2.0E-5 0.00 2.7 0.05 2.59 715.9  693.2




Table A.4. FRACTURE PROPERTIES (Van Gennehiten Coefficients)

Unit Porosity  Frequency __I\, C Aperature 3 Sy
no. /it DTN ONES jiite t/m
Tpt-TM 3.E-5 5 s T IR 4.23 0.04
Tpt-TD 3.E-5 ) N DR (i 125 4.23  0.04
Tpt-TDL  L.RE-5 3 1E-S 6 [.2% 1.23 0.04
Tpt-TML  3.E-5 5 1.E5 6 2% 123 0.04
Tpt-TM 3.E-5 5 1.E-5 6 128 123 0.04
Tpt-TV 2.E-4 10 1.E-5 20 1.2%  1.23  0.04
Tpt-TNV  6.6.E-5 3 1.E-5 22 1.2% 123 0.0
Tpt-TN 9.E-5 3 8.E-5 30 1.28 123 0.01
Tpt-BT 1.8.E-5 3 3.E-5 6 1.28 4.23 0.04
Tcb-TN 1.8E-5 3 3.E-5 6 1.28 4.23 0.04
Tcb-BT 1.8E-5 3 3.E-5 6 1.28 4.23 (.04
Tepp-TN 3.E-5 3 3.E-5 6 1.28 4.23 0.04
Tepp-TP 3.E-5 3 4.E-5 20 1.28 4.23 0.04

Table A.5. SOLUTE SORPTION COEFFICIENTS

Unit Cs-135 Np-237 Tc-99 [-129
Tpt-TM 100 5.0 0.1 0.0

Tpt-TD 100 5.0 0.1 0.0
Tpt-TDL 100 5.0 0.1 0.0
Tpt-TML 100 5.0 0.1 0.0
Tpt-TM 100 a0 0.1 0.0

Tpt-TV 100 0.5 0.05 0.0
Tpt-TNV 0. 0. 0. 0.0

Tpt-TN 3000 3.0 0. 0.0

Tpt-BT 3000 3.0 0. 0.0

Tcb-TN 3000 3.0 0. 0.0

Teb-BT 3000 3.0 0. 0.0
Tepp-TN 200 5.0 0. 0.0
Tepp-TP 200 5.0 0. 0.0

6o



Appendix B. Reference Information Base

Information from the Reference Information Base
Used in this Report

This report contains no information from the Reference Information Base.
Candidate Information for the Reference Information Base
This report contains no candidate information for the Reference Information Base.

Candidate Information for the
Site & Engineering Properties Data Base

This report contains no candidate information for the Site and Engineering Proper-
ties Data Base.
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