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ABSTRACT

Potential radionuclide releases from a hypothetical tuff repo-
sftory have been calculated and compared to the limits set by
the EPA Draft Standard 40CFR191. The importance of several
parameters and model assumptions to the estimated discharges
has been evaluated. The areas that were examined included the
radionuclide solubilities and sorption, the description of the
local nhydrogeology and the simulation of contaminant transport
in the presence of fracture flow and matrix diffusion. The
uncertainties in geochemical and hydrogeological parameters
were represented by assigning realistic ranges and probability
distributions to these variables. The Latin Hypercube sampling
technique was used to produce combinations (vectors) of values
of the input variables. Groundwater flow was described by
Darcy's Law and radionuclide travel time was adjusted using
calculated retardation factors. Radionuclide discharges were
calculated using the Distributed Velocity Method (DVM?. The
discharges were integrated over five successive 10,000 year
periods. The degree of compliance of the repository in each
scenario wi; illustrated by the use of Complementary Cumulative
Distribution Functions (CCDF).

Qur calculations suggest the following conclusions for the
hypothetical tuff repository: (1) sorption of radionuclides by
zeolitized tuff is an effective barrier to the migration of
actinides even in the absence of solubility constraints; (2)
violations of she EPA Draft standard can still occur due to
discharge of 99TC and 14C. Retardation due to matrix dif-
fussion, however, may eliminate discharge of these nuclides for
realistic ground water flow rates; (3) in the absence of sorp-
tion by thick sequences of zeolitized tuff, discharges of U and
Np under oxidizing conditions might exceed the EPA standard.
Under reducing conditions, however, the low solubilities of
these elements may effectively control radionuclide release.



1. INTRODUCTION

In the near future, the EPA is expected to issue 40CFR191, a3
draft standard for the geologic disposal of radioactive
wastes. During a 18U day period, government agencies such as
NRC are expected to comment on the standard. Sandia is funded
by the NRC to provide information and insights useful in pre-
paring these comments. The objective of this effort is to
perform calculations similar to those performed by EPA in
developing the draft standard. We have calculated integrated
discharges of radionuclides in plausible scenarios. A number
of media have been proposed as candidate hosts for nuclear
waste repositories: bedded salt, domed salt, basalt, tuff and
granite. This report documents analysis of a repository in the
saturated zone of a volcanic tuff environment.

The conceptual model of the repository site is consistent with
our current understanding of the characteristics of volcanic
tuff environments currently being studied by the Department of
Energy. It must be stressed that we have not attempted to
accurately model any specific real site. At the present time
the available data are not sufficient for this purpose. Large
uncertainties exist in the characterization of the solubilities
and sorption of radionuclides, in the description of the
regional and local hydrogeology and in the mathematical treat-
ment of contaminant transport due to fracture flow and matrix
diffusion. We feel, however, that in this analysis, we have
calculated reasonable upper limits of radionuclide discharge
for a generic tuff repository under realistic conditions. In
our calculations we have also attempted to evaluate the rela-
tive importance of the aforementioned areas of uncertainty to
the estimated radionuclide release.

Appendices A through C describe in detail the assumptions and
mathematical approximations that we used in our analysis. In
Appendix A we discuss the data obtained from studies of Yucca
Mountain at the Nevada Test Site which were used in setting
realistic limits to hydrogeological parameters used in our
calculations. The assumptions used to calculate hydraulic
gradients for the hypothetical repository site are also dis-
cussed. In Appendix B8, the geochemical environment at Yucca
Mountain is described. The data which were used to estimate
realistic values of radionuclide sorption ratios (Rg's or
Kg's) and solubilities are also discussed. In some of our
calculations we nave used a retardatggn factor zhich includes
the effects of matrix diffusion for ?%Tc, and '4C and

¢91. Appendix C contains a derivation of the approximations
we have used to adapt our one-dimensional porous media trans-
port model to the analysis of transport in Jointed porous rock.



2. GEOLOGY AND HYDROLOGY OF THE REPOSITORY SITE

2.1 Regional Geology and Hydrology

A map of the topographic setting and a regional cross-section
of the repository are shown in Figures 1 and 2 respectively.
The depository (point R) is located in Mountain A on the flanks
of a large volcanic caldera. The depository horizon lies at 1
depth of approximately 3000 feet within a Tertiary volcanic
tuff aquitard in the saturated zone. In Mountain A, the water
table is 1500 feet below the surface and 1500 feet above the
depository. The tuff aquitard fs composed of layers of moder-
ately welded to non-welded tuff units and extends several thou-
sands of feet below the depository horizon. 0On a regional
scale, the tuff aquitard is underlain by a Paleozoic clastic
aquita~d and 3 Paleozoic carbonate aquifer. The basal no-flow
boundary of the regional groundwater system lies at the base of
tne carbonate aquifer.

Aoove the tuff aquitard lies a densely welded and highly frac-
tured Tertiary tuff aquifer. This unit reaches a maximum
tnickness of about 1000 feet at Mountain A. In the washes
adjacent to the mountain, the water table lies within the tuff
aquifer. The piezometric surface approaches the land surface
gradually along the A-D section in Figures 1 and 2; at point O
water flows freely in wells at the surface.

The lateral boundaries of the regional groundwater system are
approximately coincident with the edges of Figure 1. The areas
north of Mesa A and Mesa B comprise the northern border of the
system. The eastern and southeastern limits of the basin are
marked by a series of mountains and ridges. A mountain range
fn the southwest marks another boundary of the system. The
northwest border at the regional system is not well defined,
however, the area to the west of Mesa A is known to belong to
another hydrogeologic system.

Recharge to the ground water system through precipitation
occurs only above the 5000 foot contour marked in Figure 1.
Due to the high evaporation potential in this region, only
about 15 percent of 15 inches of rainfall infiltrates to the
water table in areas above this elevation. The ground water
system is sluggish because of the small amount of recharge.
The hydraulic gradients are low to moderate (109 to 10-3)
except in regions where the rocks in the saturated zone are
relatively impermeable. The regional ground water flow is
south-southeast through the repository and south-southwest in
the southern portions of Figure 1.
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2.2 Local Geology and Hydrology

A detailed cross-section at th» repository is shown in Fig-
ure 3, In Table 1, the straticraphy for the site is described
in more detail. An explanation of the petrological terms can
be found in the section on Geochemistry.

In the vicinity of the volcanic caldera, the tuff layers are
underlain only by granitic batholiths; all pre-existing rocks
have been destroyed by volcanic eruptions. The tuff units thin
with increasing distance from the volcanic centers as shown in
Figure 2.

The depository is located in the middlie of Unit A, a densely
welded member of the tuff aquitard. This unit is a devitrified
tuff, composed primarily of a'kali feldspar, tridymite and
cristobalite. Layer B, directly above the depository horizon,
is a non-welded zeolitized tuff composed primarily of clinop-
tilolite. The water table lies in layer G which is similar in
composition to Layer B. Layers G and [ have not undergone
devitrification. They have retained their original glassy
Nature and are designated as "vitric" in Table 1.

The geochemical and hydrological characteristics of these
layers are determined primarily by the mineralogy and the
degree of welding of the rocks. The local flow system and
radionuclide retardation will in turn be strongly influenced by
these characteristics. In Table 2, the ranges and types of
distribution for several hydrogeologic parameters are described
for the different types of tuff. Data from pump tests, labor-
atory measurements of matrix porosity of intact cores, and
calculations based on fracture aperture and density were used
to bound reasonable limits for hydraulic conductivity and poro-
sity. Observations of the orientation of fractures in volcanic
tuffs at the Nevada Test Site (1,2) suggest that two sets of
vertical fractures dominate the joint system. In our calculations,
therefore, we have assumed that values of hydraulic conductiv-
ity and effective porosity in the vertical direction are twice
tne values in the horizontal direction. The assumptions and
methods used to delimit the range of hydraulic properties are
discussed in more detail in Appendix A,

The repository site 1s extensively block faulted, consequently,
the water table lies in the tuff aquitard near Mountain A (an
uplifted block) and in the tuff aquifer beneath the adjacent
washes and flats (down-dropped blocks).
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Table 1

STRATIGRAPHY FOR TASK IIl TUFF

DEGREE OF
UNIT WELDING ROCK TYPES
K NA ALLUVIUM
J DENSE DEVITRIFIED
[ NON WELDED VITRIC
H DENSE DEVITRIFIED
G NON WELDED ZEOLITIZED
F MODERATE DEVITRIFIED
£ MODERATE VITRIC
D NON WELDED ZEOLITIZED
c DENSE DEVITRIFIED
8 NON WELDED ZEOLITIZED
B DENSE DEVITRIFIED
MODERATE ANALCIME

THICK

NESS (FT) COMMENT

60-425

145
150
300

475

270
180
150
250
300
400
270

WATER TAJLE AT
DISTANCE=8 MILES

WATER TABLE AT
DISTANCE=0 MILES

DEPOSITORY HORIZON



Table 2

RANGES OF HYDROGEOLOGIC PARAMETERS

o

Yertical hydraulic
gradient

Grain gensity
(gm/cm?3)

Horizontal fracture
porosity''(%)

Total Porosity (%)

1x10-2-4x10-2
(U)
2.3
4.4x10-%-0.32

3-10

Type of distribution is indicated in parenthesis:

(LN)-lognormal; (U)-uniform.

Values of these properties in the ver

in the horizontal direction.

1x10-2-4x10-2
(u)

2.2

0.0-0.06

10-38

(LU)-1og

Densely Welded Moderately Welded Non-Welded
Parameter Tuff Tuff Tuff
Horizontal hydraulic 2x10-5-30 3x10-5-5 10-5.2
conductivity (ft/day)'"’ (Lu)!' (LN) (LN)
Horizontal effective 4.4x10-%4-0.32 0.03-22 20-48
porosity (%)'’ (LN) (LY) (N)
Horizontal hydraulic 1x10=3-1x10-) 1x10-3--1x10- 1x10=3-1x10"-]
gradient (LU) (LU) (LY)

1x10-2-4x10-2
(U)

1.7

20-50

uniform;

tical direction are 2x the values



The water table in the vicinity of the repository is indicated
in Figure 3. Near Mountain A, the piezometric surface lies
within Unit H and parallels the top o€ this layer. The
horizontal hy?raulic gradient near the repository lies within
tne range 10" to 10=2, Approximately 2 miles from the
repository, the water table enters the tuff aguifer (in Layer
H) and the gradient decreases to 10-2 to 10-9%, This

“nince effect" is due to the combined effects of stratigraphy,
contrasts in hydraulic conductivity and increased recharge at
elevations above 5000 feet. In our calculations, however, we
have sampled the horizontal gradient over a range of 10-! to
1072 for conservatism.

Tne blocks faulting can create local abrupt changes in head at
vertical faults where relatively permeable water-bearing zones
are abutted against impermeable layers. For the purpose of our
calculations, however, we have ignored these local hetero-
geneities. The water lies more than 1000 feet below the sur-
face at all points along section ARBC. Local changes in the
water table will not substantially affect radionuclide trans-
port on the scale of our model; the water table, therefore, is
represented by straight lines in Figure 3.

In all of the release scenarios (except scenarios 2 and 28) we
nave assumed that radionuclides travel vertically from the
engineered facility to the water table under the influence of
tnermal buoyancy related to the heat generated by the emplaced
waste. We have also assumed that the volume of annual ground
water flow through the repository is not large enough to appre-
ciably perturb the regional flow system. Supply of ground
water to the repository will be sufficient to saturate the
repository at all times during the 50,000 year period of inter-
est. This assumption adds another element of conservatism to
our calculations and will be discussed further in Appendix A.



3. WASTE AND REPOSITORY DESCRIPTION

3.1 Waste

Tne inventory (Table 2) assumed in this work is equal to half
the projected accumulation of 10-year-old spent “uel in the
United States by the year 2010. This would contain a total of
103,250 BWR and 60,500 PWR assemblies; a total of 46,800 metric
tons of heavy metal (MTHM). A1l radionuclides specified in the
Release Limit Table of the EPA Standard are included in this
inventory list.

Based on the inventory and toxicity of each radionuclide the
following chains of radionuclides were considered:

(1) 240pu- 235U s 232Th s 228Ra

(2) 245Cm'* ZJIPU-* 241Am - 237Np'* 233U - 229Th

(3) 246Cm- 24l -~ Z38 - 234U - ZJOTﬁ-° 226

Pu u | Ra
§ = |
238pu Zlopb
(4) 243“"" 239pu"° 235U -~ 23]pa"‘ 227AC

The fisgion and actjvation product radionuclides 997¢,
1291, 1265n, 90spe, 14c, 135Cs, and 137Cs were also
considered in this work.

A1l canisters containing the wastes are assumed to have 31 1ife
of 1,000 yea s after emplacement. At year 1,000, all canisters
fail simultaneously and radionuclide release begins. Radio-
nuclide release is assumed to be determined by a constant rate
of breakdown of the waste form. The waste matrix is assumed to
dissolve at an annual rate of 10-3 to 10/ of the original
mass. Radionuclides are assumed to be uniformly distributed
throughout the matrix so tha their release rate is directly
proportional to the matrix dissolution rate.

3.2 Subsurface Facility
The reference subsurface facility is a mined facility at a

depth of 3,000 feet below the surface. A description of the
facility is summarized in the following table.

-10-



Areal dimensions -- 2,000 acres (8.71x107ft2)
(Reference 3, Table C1)

Height = 23 ft.
Rep. Volume = 8.71x107 x 23 = 2.0x109f¢3

Extraction Ratio = 20% (Reference 3, p. 88)
Porosity of Backfill = 20%

Porosity volume of depository = 8.0x107f¢3

1w



Table 3

INVENTORY OF REFERENCE REPOSITORY
(SPENT FUEL FROM 46,800 MTHM)

Radionuclide Half Life
Pu240 6.76E3
U236 2.39E7
Th232 1.41E10
Ra228 6.7
Cm?245 8.27E3
Pu24i 14.6
Am241] 433.
Np237 2.14E6
U233 1.62E5
Th229 7300.
Cm2456 4710.
Pu24? 3.79ES
uz233 4.51E9
Pu238 89.
U234 2.47E5
Th230 8.E4
Ra226 1600.
Pb210 21.
Am243 7650.
Pu239 2.44E4
U235 7.1E8
Pa23l 3.25E4
Ac227 21.6
Tc99 2.14E5
1129 1.6E7
Sn126 1.0E5
Sr90 28.9
c14 5730.
Cs135 2.0E6
Cs137 30.

-12-

Curies

2.1E7
1.0E4
1.7€-5
4.7E-6
8.4E3
3.2E9
7.5€7
1.5E4
1.8
1.3E-3
1.6E3
7.5€4
1.5E4
9.4E7
J.5E3
0.19
J.5E-4
3.3E-5
5.6E5
1.4E7
7.5E2
0.25
5.28-2
6.1E5
1.8€3
2.2E4
2.4E9
3.5E4
1.3E4
3.5E9



4. SITE GEQCHEMISTRY AND RADIONUCLIDE RETARDATION

4.1 Geochemical Environment of the Aypothetical Tuff Site

The migration rate of radiotuclide in the tuff repository site
will depend on the interactions between the dissolved species
and the rock matrix and between the different aqueous cspecies
in the liquid phase. Important geochemical parameters which
must be characterized include the major and minor element com-
position, pH, Eh, and temperature of the ground water and the
mineralogy of tuff layers through which the radionuclides
migrate. '

The lithology of each tuff unit in our hypothetical tuff site
is described in Table 1. They are classified as zeolitized,
vitric or devitrified. A more detailed discussion of the min-
eralogy may be found in Appendix 8. The ground water in the
repository site is assumed to be a sodium-potassium-bicarbonate
water similar to that described by Winograd and Thordarson (4)
at the Nevada Test Site. The Eh is assumed tn be nildly oxi-
dizing and the pH are between 7.2 and 8.3. The chemical con-
position of water from the vicinity of Yucca Mountain and the
justification for the above assumptions are described in detail
in Appendix B. The temperature assumed in the transport leags
in the far field of the repository site is between 30 and

40°C. This range is based on the geothermal qradient at Yucca
Mountain.

4.2 Sorption Ratios

The sorption ratio (Rq) is an experimentally determined ratio
of the amount of radionuclide bound to a solid phase to the
amount of nuclide in a volume of liquid in contact with the
solid.

. gn radionuclides per gm rock
Rd (m1/gm) gm radionuclide per ml water

Yalues for ranges of Rg for the different types of tuff found
in the reference repository are given in Table 4. These ranges
are based primarily on a review of the results of sorption
ratio studies by scientists at Los Alamos Laboratories (5-10),

The degree of conservatism for these ranges is discussed in
Appendix B. Elements for which no sorption data are published
are enclosed in brackets in Table 4. They have been assigned
to R4 values of chemical homologs for which data are avail-
adble (11). To our knowledge, there are no acceptable data for

«}3e



Table 4

RANGES OF R4 (m1/gm) VALUES SAMPLED B8Y LHS

leolitized

Vitric Devitrified Tuff with
Element Tuff Tuff Clinoptilolite
sr, [Ra, Pb, Sn] 117-300 - 50-450 290-213,000
Cs 429-8600 120-2000 615-33,000
Pu 70-450 80-1400 250-2000
Am, [Cm, Pa, Th, Ac] 85-360 130-4600 600-9500
Np 5-7 5-7 4.5-31
U 0-11 1-14 5-15
1, 14c 0 0 0
Te 0-2 0.3-1.2 0.15-2.0

o)ide



Np sorption on vitric tuff; the sorption ratio range far devi-
trified tuff was assigned to this media.

4.3 Solubility Limits of Radionuclides

The solubility limits that were assigned to each element in
this study are listed in Table 5. The values in this table are
probably upper bounds for the solubilities of these elements in
a volcanic tuff environment. The determination of solubiiities
of radionuclides in ground water associated with a repository
in tuff requires experimental studies and calculations describ-
ing the possible interactions between nuclides and l1igands over
a range of temperatures, water compositions and redox condi-
tions. The theoretical calculations are not within the scope
of this contrac® and to our knowledge have not been carried
out. Few experimental data describing radionuclide solubility
in tuff are available at this time. Due to the time con-
straints of this contract, we have compiled this 1ist of solu-
bility values from a limited amount of experimental data and
solubilities calculated from a limited review of thermochemical
data (12-16). A discussion of the conservatism of these data
may be found in Appendix B.

4.4 Radionuclide Retardation

The classical expression for retardation in porous media was
used for layers of zeolitized tuff in all scenarios.

R = ] +R . ")o (1-0)

d 7 (4.1)

Where ® 1is the effective porosity of the rock
b is the grain density of the rock
Rq is the radiocnuclide sorption ratio (m1/gm)

The calculation of retardation in moderately and densely welded
tuff layers was different in each scenario. Detailed descrip-
tions of the scenarios are found in the next section. In sce-
narios 3 and 4, expression 4.1 was used for moderately welded
tuff layers. It was assumed that all radionuclides were
unretarded in densely welded layers in scenarios 1, 3, 4, 5,
and 6. In scenarios 1, 5, and 6 it was assumed that all radio-
nuclides were unretarded in moderately welded tuff layers also.

=T -



Table 5§

ELEMENT SOLUBILITIES USED 1IN
MIXING CELL CALCULATIONS

Solubility

Element gm/gm Reference
Pu 2.4x10-4 *

U 2.4x10"3 15

Th 2.3x10+7 13

Ra 2.3x10-8 16

Cm 2.5x10-11 *

Am 2.4x10-12 15

Np 2.4x10-8 15

Pb 2.1x10-6 *

Pa 2.3x10-2 13

Ac no limit -

e no limit *

I no limit »

5n 1x10-3 13

Sr 2x10-6 13,16
Cs no limit »

C 3x10-5 *

» See discussion in Appendix B

-16-



In scenarios 1B, 2, 28, and 58 matrix diffusion for Tc, l4c,
and 1 was included explicitly in the calculations of radio-
nuclide retardation:

R =1 4 dm- (--‘--E*) . (] + R P S (—]‘:E‘:—")) (4.2)
€ g Qe

Where m = matrix porosity
€ = fracture porosity :
= grain density of rock matrix

radionuclide sorption ratio (ml/gm)

Y
R,

Tne derivation of this expression and constraints on its use
are discussed in Appendix C.

17



5. GROUNDWATER TRANSPORT MODEL

In the calculations of radionuclide transport it is assumed
that groundwater flow is described by Darcy's Law:

q = Q/A = KI (5.1)

where Q is the volumetric flow rate through an area A, norma)
to the flow direction, [ is the hydraulic gradient, X is the
hydraulic conductivity, and q is the Darcy velocity. When the
flow passes through a series of layers with different hydraulic
properties, an "effective" hydraulic conductivity may be calcu-
lated by

L

K = (5.2)
s 5
i _Y;

p
i

with
Li = tnickness of layer i
Ki = hydraulic conductivity of layer i

Tne total groundwater travel time is given by

L
Time = Y, —0»I (5.3)
i=1 v

i

where Vi is the interstitial groundwater velocity in layer i
and is equal to q/¢ j, with o4 being the effective poros-
ity of layer i. We have assumed that oj and Ki are
correlated with r¢ = 0.70. The geometry of the flow path is
described for each scenario in Section 6.

When a radionuclide (RN) is transported by ground water, the
radionuclide travel time (Tpy) is increased by its retarda-
tion factor. This is given by

Ay
Tau * Z (5.8)

-18-



where RiRN is the retardation factor of radionuclide RN in
layer i.

The Distributed Velocity Method (DVM) (17) has been developed
by Sandia to simulate long chains of radionuclides transported
Dy ground water. In tnis study we calculated the average velo-
city of radionuclides using Equation (5.4). The DVM code was
then used to calculate the discharges of radionuclides.

3%



6. DESCRIPTIONS OF SCENARIOS AND CALCULATIONS

6.1 Introduction

The conceptual model of our hypothetical repository site is
consistent with our current understanding of the characteris-
tics of volcanic tuff environments being studied by the
Uepartment of Energy. We have not attempted to accurately
model any particular real site; at the present time the avail-
able data are not sufficient for this purpose. Large uncer-
tainties exist in the characterization of the solubilities and
sorption of radionuclides, in the description of the regional
and local hydrogeology and in the mathematical treatment of
contaminant transport in the presence of fracture flow and
matrix diffusion. In our calculations, we have attempted to
evalu-te the relative importance of these areas of uncertainty
to the estimated radionuclide discharge. We have calculated
radionuclide release for several scenarios using different com-
binations of the following assumptions:

A. Release rate of radionuclides from the engineered facility
1. limited by leach rate
2 solubility limited

8 Representation of retardation of radionuclides in
moderately welded units
1. no retardation
2. porous media approximations with zeolite Ry4's
3. porous media approximations with Rq's for vitri or
devitrified tuff

kit Matrix diffusion
1. no credit given for retardation
2. calculation of retardation of 99Tc, 1291, angléc
in welded units

D. Distance tc accessible environment
1. one mile
2. eight miles

€. Flow path
1. vertical path and gradient controlled by thernal pulse
2. horizontal migration only

F. Location of water table

1. in zeolitized tuff
2. in densely welded tuff (300 ft above present day level)

20



The characteristics of each scenario are summarized in

Table 6. Tne release rate of radionuclides from the snglneernj
facility was set equal to the leach rate (10-3 to 10-

the original inventory) in all scenarios except scenario 23.
The mixing cell option of NWFT/DVM was used in the scenario 23
and will be described in more detail in Section 6.5.

The uncertainties in geochemical and hydrogeological parameters
were represented by assigning realistic ranges and probabdility
distributions to these variables. The Latin Hypercube Sampling
Technique (18) was used to produce 105 combinations (vectors)
of values of the input variables. Integrated radionuclide dis-
charges for five successive 10,000 year periods were calculated
as described in Section 5. A release ratio was calculated for
each vector by dividing the magnitude of the discharge of each
radionuclide by the corresponding EPA release limit (19) and
then summing over all radionuclides. The results are presented
as probability distributions of the release ratios for each
scenario (Complementary Cumulative Distribution Functions)

(6). The curve indicates the ability of the repository site to
lTimit the release of radionuclides. They also illustrate how
our ability to assess the compliance of a repository with the
EPA Draft Standard is affected by the uncertainty in the input
data.

We have not made quantitative estimates of the probability of
occurrence of any of the scenarios. We have assumed only that
each of the scenarios is an "anticipated event"” (corresponding
to a "reasonably foresceable release” in the EPA Draft Standard
(19)). We feel that the scenarios have a reasonable probabil-
ity of occurrence within the 10,000 year regulatory period.

Tne water table is at least 1,000 feet below the land surface
at all points within the hypothetical repository site of our
analyses. All of the scenarios require that a well be drilled
at least to the depth of the water table and that the radio-
nuclides are withdrawn continuously for 10,000 years or lon-
ger. We have based our subjective estimate of the probability
of drilling at the hypothetical tuff site on estimates of the
water, hydrocarbon and heavy metal ore potential of the Nevada
Test Site. Our estimate of the probability of a pluvial period
and subsequent rise in the water table at the repository site
{(Scenario 5) is based on information concerning past climatic
changes at NTS.
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cenarios Z and 28 differ from each other in their tre atment of the source term. Scenario | was
humited source term with no solubility limits. In scenario 2B we used the mixing cell option of
which allows solubility limits to constrain the rate of radionuclide release from the repository.




6.2 Scenarios 1, 3, 4, and 1B: Alternate representations of
retardation in weided tuff layers

Scenario 1 - The "Base Case"

Scenario 1 can be considered the base case scenario in our
analyses of the hypothetical tuff site (Figure 4). The major
geological barriers to radionuclide migration are the layers of
Zeolitized tuff above the repository. The magnitude of the
vertical hydraulic gradient is determined by a buoyancy effect
of water heated by the repository as described in Appendix A.
Ground water and radionuclides from the repository will trave)
along the vertical gradient to the top of the water table then
migrate horizontally down the horizontal hydraulic gradient.
The horizontal gradient is calculated as the sum of the
regional gradient plus a component related to the upwelling
heated water from the repository.

At a distance of one mile from the repository, a well pumps
water from this upper saturated unit. The major barrier to
horizontal transport of the radionuclide is retardation in the
zeplitized layer G. Layers of zeolitized tuff are treated as
porous media in the fluid transport and retardation calcula-
tions. Layers of moderately or densely welded tuff are treated
as porous media in the transport calculations but it is assumed
that no retardation occurs in these layers. Since no credit is
given to retardation in the welded units, the calculated dis-
charge is an upper bound for release associated with the fluid
transport path described above.

welded tuff layers

Scenarios 3 and 4 differ from scenario 1 only in the treatment
of retardation in the moderately welded tuff layers (Figures 5
and 6). In both scenarios these layers are treated as porous
media. Moderately welded tuffs are characterized by physical
and chemical properties that are intermediate between densely
welded devitrified tuf€: and nonwelded zeolitized tuffs. In
scenario 3. %4 values of zeolitized tuff (Table 4) are used

to calculate retardation factors. These calculations provide a
lower bound to discharge from the site for scenarios 1, 3, and
4. Ryq values for vitric tuffs and devitrified tuffs are used
to calculate retardation in layers E and F respectively in sce-
nario 4. Values of all other variables are the same as in cor-
responding vectors of scenario 1.

«23e



Scenario 18 (Figure 7) differs from scenario | only by the
inclusion of matrix diffusion in calculations of radionuclide
retardation in mnderately and densely welded tuff layers. The
calculation of a retardation factor which includes the effects
of matrix diffusion has been described in Equation 4.2 and in
Appendix C. At present, it can only be shown that this expres-
sion is valid for radionuclides with Rg = 0 (K. Ericksen,
personal communication). For scenario 18, therefore, rstarda-
Sion due to matrix diffusion was considered only for 1291,

ITc and C (see Table 4),

Results

- - -

Radionuclide discharge rates for each vector were calculated.
Discharge rates were integrated for 10,000 year periods from 0
to 50,000 years. The results of the calculations are presented
as complementary cumulative distribution functions for each
10,000 year period in Figures 8A-8E. (20) The number of vec-
tors that violate the EPA Standard, the maximum violation and
the sum of the release ratio over all vectors are presented in
Table 7. For these scenarios, all vio1?§ions of the EPA Stan-
dard are due to discharges of 29T¢ and c The effect of
retardaticn in the moderately welded units on the integrated
discharge can be assessed by comparing the values for scenarios
3 and 4 to corresponding values for scenario 1. It can be seen
that discharge is decreased for the first 40,000 years and
increased in the period from 40,000 to 50,000 years relative to
scenario 1. Comparison of the results for scenario 1B with
those for scenario 1 shows that although discharge of the
radionuclides is decreased significantly by matrix diffusion,
violations of the EPA release limit still occur.

The characteristics of the three vectors whose radionuclide
discharges violate the EPA Standard are shown in Table 8. When
these values of hydraulic gradient and darcy velocity are com-
pared to the ranges of hydrogeologic parameters sampled by the
LHS for input, it can be seen that the high radionuclide dis-
charges are due primarily to large groundwater fluxes. These
annual groundwater discharges range from 2 percent to 7 percent
of the present day recharge of the Pahute Mesa groundwater
system at the Nevada Test Site (21, 22). 1In Appendix A it is
shown that this fraction is unrealistically high for Yucca
Mountain. Therefore, we can conclude that violation of the
EPA Standard for a groundwater flow path similar to Scenario 18
is very unlikely.

ke



SCENARIO 1

1 mile well; moderate = fractured; thermal buoyancy; no pluvial

LES LAYERS WELDING - RETARDATION LENGTH (ft)
1 A dense - no retardation 200 v
2 B nonwelded - porous - zeolites 300 v
3 C dense - no retardation 250 v
4 D non-welded - porous - zeolites 150 v
5 3 moderate - no retardation 180 v
6 F moderate - no retardation 270 v
7 G nonwelded - porous - zeolites 5280 h
FLOW PATH

t WELL TO SURFACE

G M NON WELDED

F MODERATE
3 MODERATE
o $ NON WELDED
c DENSE
8 ﬁ NON WELDED
A ﬁ DENSE
LAYER WELDING
KEY

llloerosnonv
[D LAYERS WITH NO RETARDATION

m LAYERS WITH RETARDATION

Figure 4
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SCENARIO 3

1 m{le well; moderate = porous zeolite; thermal buoyancy; no pluvial

LEG LAYERS WELDING - RETARDATION LENGTH (ft)
1 A dense - no retardation 200 v
2 B nonwelded - porous - zeolites 300 v
3 o dense - no retardation 250 v
4 0 non-weld>d - porous - zeolites 150 v
5 £ moderate - porcus - zeolite 180 v
6 F moderate - porous - zeolite 270 v
7 G nonwelded - porous - zeolites 5280 h
FLOW PATH
t WELL TO SURFACE

G _M NONWELDED

F ‘ MODERATE

E MODERATE

D NONWELDED

Cc DEN3E

| —i NCHWELDLD

- * UENSE

LAYER WELDING

Figure S
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SCENARIO 4

1 mile well;, moderate = porous, vitric or devitrified tuff, thermal buoyancy

LEG LAYERS WELDING - RETARDATION LENGTH (ft)
l A dense - no retardation 200 v
2 B nonwelded - porous - zeolites 300 v
3 C dense - no retardation 250 v
4 D non-welded - porous - zeolites 150 v
5 E moderate - porous - vitric 180 v
) F moderate - porous - devitrified 270 v
7 G nonwelded - porous - zeolites 5280 h
FLOW PATH

j WELL TO SURFACE

G NON WELDED
F MODERATE-DV
£ g MODERATE = VITRIC
0 NON WELDED
c DENSE
8 5 NON WELDED
A * DENSE
LAYER WL.LDING
Figqure 6
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SCENARIO 1B

1 mile well; matrix diffusion; thermal buoyancy no pluvial

LEG LAYERS WELDING - RETARDATION LENGTH (ft)
1 A dense - matrix diffusion 200 v
2 B8 nonwelded - porous - zeolites 300 v
3 C dense - matrix diffusion 250 v
4 D non-welded - porous - zeolites ‘ 150 v
5 £ moderate - matrix diffusion 180 v
6 F moderate - matrix diffusion 270 v
7 G nonwelded - porous - zeolites 5280 h
FLOW PATH

t WELL TO SURFACE

G M NON WELDED
F % MODERATE

E 2 MODERATE
) 3 NONWELDED
c DENSE
. NON WELDED
A x DENSE
LAYER WELDING
KEY

. DEPOSITORY

LAYERS Wi™H MATRIX DIFFUSION

(3] LAYERS WiTH RETARDATION (POROUS MEDIA)

Figure 7
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SCENARIO 1, 3, 4, 18 CCDF-18T 10000 YEARS SCENARIO 1, 3, 4, 18 CCDF-2MD 10000 YEARS
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Figure 8. Complementary Cumulative Distribution Functions for Scenarios 1}, 1B, 3, and 4:

Alternate Representations of Retardation in Welded Tuff Units.

1 base case; 1B base case with matrix diffusion; 3 = zeolites;
4 vitric or devitrified
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SCENARIO 1, 3, 4, 18 CCDF-3RD 10000 YEARS
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Table 7

NUMBER OF VIOLATING VECTORS, MAXIMUM OF RELEASE RATIOS AND SUM OF RELEASE RATIOS
OVER ALL .ECTORS FOR EACH 10,000 YEAR PERIOD

Scenario 0-10,000yr 10,000-20,000yr 20,000-30,000yr 30,000-40,000yr 40,000-50,000yr ‘
1 | 4 7 8 4
2.4*%* 5.9 3,1 2.9 2.0
2.5%es 12.1 16.5 17.0 10.7
3 1 1 1 4 8
1.9 6.2 1.4 3.1 2.3
' Sel 10.2 4.8 12.0 14.4
v 4 ] ! ! 6 8
1.9 6.1 1.4 1.5 3.4
- 10.1 4.6 10.6 - 15.6
18 1 1 2 1 2
1.7 3.9 2.2 1.5 1.5
1.8 5.7 5.0 3 5.2

5 number of violating vectors
**  maximum release ratio
***  sum of release ratios



Table 8

PROPERTIES OF VECTORS WHICH VIOLATE EPA STANDARD
IN SCENARIO 13

VECTOR 3 24 51
PARAMETER
Maximum R* for Tc 10827 7570 14364
Average vertical 0.32 0.13 0.4
darcy velocity (ft/yr)
Vertical hydraulic 0.04 0.03 0.03
gradient
Average horizontal 0.17 0.88 0.36
darcy velocity (ft/yr)
Horizontal nydraulic 0.02 0.08 0.02
gradient
Total groundwater 10197 3781 6069
travel time (yr)
Discharge** (ft3/yr) 2.7x107 1.1x107 3.6x107
Maximun release | R 3.9 1.6
ratio®s+

*R = retardation factor

**annual recharge of regional ground water system is approximately 5x108 ft3/yr
***maximum during 50,000 year period




6.3 Scenario 5: - Effects of changes in the water table

In scenario 5, the water table has risen 300 feet during 2 plu-
vial period and occurs in the densely welded tuff of layer H.
Radicnuclides migrate from the depository to this layer under
the influence of the vertical hydraulic gradient (Figure 9).
The zeolitized tuff of layer G is not a barrier to horizontal
radionuclide migration in this scenario. In this calculation
we have assumed that no retardation occurs in layer H. Ground
water and dissolved radionuclides are pumped from the aquifer
from a well located one mile from the depository. In all other
respects, this scenario is equivdlent to scenario 1.

Scenario 5B (Figure 10) differs from scenario 5 by the inclu-
sion of matrix diffusion in calculations of radionuclide retar-
dation in the moderately and densely welded layers A, C, E, F,
and H. As in scenarioc 1B, retardation by matrix diffusion was
considered only for 1291, 997¢c, and 14cC.

Results

Tne results of the calculations for scenario 5 are presented in
Figures 11A-11E and in Table 9. It can be seen that the lack
of retardation in the norizontal transport leg has resulted in
discharges that are much larger than those calculated for
scenario 1. Violation of the EPA Relea§e 11m1t resu!;s from
dlscharges 2 , ¢33y, 235y, 238 228g,, Np,

Tc, and G In the flrst 10 000 y?gr per1od discharge is
entirely due to releases of Tc and

After 30,000 years, releases of other radionuclides comprise
the major part of the discharge.

Results from scenario 58 are summarized in Figures 11A-11E and
53 Table ?4 Matrix diffusion decreases the discharges of
Tc and C to levels below the EPA release 1imit during

538, 12380193 Wy 233y, Af%%?,,“z%?;ﬂ Y834y’ 5?8{‘"53%5 we
and €27a¢ exceed the EPA Standard.

The properties of the vectors which violate the EPA Standard in
scenario 5B are described in Table 10. The large radionuclide
releases associated with vectors 3, 24, and 51 are due to their
large groundwater discharge and short travel times. In vectors
72 and 85, the high horizontal darcy velocity is indicative of
the short travel time associated with the horizontal legs

-34
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SCENARIO 5

1 mile well; moderate = fractured; therma) buoyancy; pluvial

LAYERS

A

O

G

H

WELDING - RETARDATION
dense - no retardation
nonwelded - porous - zeolites

dense - no retardation

non-welded - porous - zeolftes

moderate - no retardation
moderate - no retardation
nonwelded - porous - zeolites

dense - no retardation

FLOW PATH

LENGTH (ft)
200 v

300 v

WELL TO SURFACE

DENSE

$

NONWELDED

MODERATE

MODERATE

NONWELDED

DENSE

NONWELDED

> @ O U m m O X

DENSE

LAYER

Figure 9
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SCEMARIO 5B

1 mile well; matrix diffusion; thermal buoyancy; pluvial

LEG LAYERS WELOING - RETARDATION LENGTH (ft)
1 B dense - matrix diffusion 200 v
2 B nonwelded - porous - zeolites 300 v
3 C dense - matrix diffusion 250 v
4 0 non-welded - porous - zeolites 150 v
5 E moderate - matrix diffusion 180 v
6 F moderate - matrix diffusion 270 v
7 G nonwelded - porous - zeolites 475 v
8 H dense - matrix diffusion 5280 h
FLOW PATH

WELL TO SURFACE
DENSE

NONWELDED

MODERATE
MODERATE
NONWELDED
DENSE
NONWELDED
DENSE

>» @ O om o x

LAYER WELDING

Figure 10
'30‘
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Table 9

NUMBER OF VIOLATING VECTORS, MAXIMUM OF RELEASE RATIOS AND SUM OF RELEASE KATIOS
OVER ALL VECTORS FOR EACH 10,000 YEAR PERIOD

Scenario U-10,000yr 10,000-20,000yr 20,000-30,000yr 30,000-40,000yr 40,000-50,000yr

5 = 6 1 14 16
7.9%% 6.2 20.9 43.7 54.0
13.42%¢ 29.6 54.2 102.1 178.8
58 0 1 3 a 4
0.90 2.1 19.3 42.1 53.4
1.1 5.9 28.8 75.9 153.0
6 0 1 1 R 3
0.1 1.5 1.6 4.4 el
0.1 2.5 3.7 12.5 7.6
2 11 14 19 20 19
207 85 87 57 55
667 392 461 424 - 434
2B 8 10 1o 17 19
22 24 21 20 21
62 114 116 123 130

* nuaber of violating vectors
**  maximum release ratio
wk*  sum of release ratios



SCENARIO 1, 8,568 CCDF-18T 10000 YEARS SCENARIDO 1, 6,568 CCDF-2ND 10000 YEARS
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PROPERTIES OF VECTORS WHICH VIOLATE EPA STANDARD

Table 10

IN SCENARIO 5B

VECTOR 3 24 5 72 85
PARAMETER

Maximum R for U 32 27 23 47 35
Maximun R for Np 4] 37 39 52 68
Maximum R for Tc 10827 20063 26659 13866 14888
Average vertical 0.3 0.16 0.43 0.04 0.07
darcy velocity (ft/yr)

Yertical gradient 0.04 0.03 0.03 0.03 0.04
Average horizontal 0.03 0.002 2x10-4 1.8 169
darcy velocity (ft/yr)

Horizontal gradient 0.02 0.08 0.02 0.02 0.03
Total groundwater 1024 2585 2203 7877 4939
travel time (yr)

Discharge (ft3/yr) 2.7x107 1.4x107 3.8x107 3.5x106 6.1x107
Maximua release ratios

uz34 16 26 19 0 0
Np237 8.7 7x10-5 12 0 0
Tc99 0 0 0 2.6 3.5
TOTAL 44.4 48.7 53.4 2.6 3.5



(0.03-0.6yr). Although the retardation factors for Tc in ieq 8
are high for these vectors (5076 and 2569 respectively), the
high darcy velocity indicates that this leg is not a barrier to
migration of this radionuc!ide.

6.4 Scenario 6 - Accessible environment at eight miles

At the hypothetical repisitory site, the water table passes
from the nonwelded zeolitized aquitard (layer G) into the over-
lying densely welded aquifer (layer H) at a distance of approx-
imately two miles from the depository. In scenario 6, we have
postulated that a well eight miles from the depository with-
draws ground water and radionuclides from this aquifer. This
scenario differs from scenario 1 by the additional one mile
transport in the nonw:lded unit and by six miles of transport
in the densely weldeuy tuff layer. No retardation occurs in the
densely welded layer.

Results

The results of the calculation are presented in Figures 13A-13¢
and in Table 9. It can be seen that the additional seven miles
of travel through layers G and H reduce the discharge during
the first 10,000 years to levels below the SPA relea?i limit.
Discharges of the unretarded radionuclides 99T¢ and C in
vectors 12, 76, 77, and 105, however, exceed the EPA Timit
after 10,000 years. Due to time constraints, the effect of
matrix diffusion on discharge was not calculated for the flow
path of scenario 6. It was shown previously in scenario 18
that matrix djffusion in 900 feet of welded tuff decreased the
discharge of 99Tc and 19C for the above vectors below the

EPA Standard. It can be assumed, therefore, that matrix
diffusion would eliminate all violations of the EPA Standard
for a flow path similar to scenario 6.

B2~



SCENARIO 6

8 mile well; moderate = fractured; tharmal buoyancy; no pluvial

LEG LAYERS WELDING - RETARDATION LENGTH (ft)
1 B dense - no retardation 200 v
2 B nonwelded - porous - zeolites 300 v
3 (o dense - no retardation 250 v
4 D non-welded - porous - zeolites 150 v
5 € moderate - no retardation 180 v
6 F moderate - no retardation 270 v
7 G nonwelded - porous - zeolites 11000 h
8 H dense - no retardation 310C0 h
FLOW PATH
MLES
e 2 ' ol
0 2 - ° 8

P WELL TO SURFACE

G - NONWELDED

F = MODERATE
LAYER H-DENSE

E - MODERATE

v

D - NONWELDED

C - DENSE

B - NONWELDED &

A - DENSE ‘

LAYER-WELDING

Figure 12
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6.5 Scenarios 2 and 28 - Importance of solubility limits to
discharge

Ae consider scenario 2 (Figure 14) our "worst case" scenario.
The source term is entirely leach-limited; the solubility
vimits of radionuclide are not specified. Ground water
migrates laterally from the depository. Oue to the binck
faulting ana dip of the tuff units in the repository site, the
lateral fluid flow path cuts across several stratigraphic
layers. At a distance of one mile from the depository, water
and radionuclides are pumped b; a well that extends to a depth
of 3,000 feet. Technitium, 1291 and '14C are retarded by
matrix diffusion in the densely welded layers A and C. Layer 3
is hignly sorbent zeolitic tuff which retards the movement of
the otner 1sotopes. This scenario has a shorter path length
and thinner sequence of zeolitized tuff than the other sce-
narios.

scenario 28 differs from scenario 2 only in the calculation of
the source term. We have used the mixing-cell option at
NAFT/OVM for this scenario (17,23). For each time step, the
mass of a radionuclide that is assumed leached from the waste
form 1s compared to the maximum amount that is consistent with
4 user-specified solubility limit. The solubility limits are
ltsted in Table 5 and are discussed in detail in section 4.3
and in Appendix 8. The smaller of these two amounts of radio-
nuclide 1s transported in that time step.

Results

Results of calculations for scenarios 2 and 2B are summarized
in Figures 15A-15E and in Table 9. Discharges in scenario 2
are tne highest calculated in this study and lead to large vio-
lations of the EPA Standard. Dur»na the first 10,000 years,
releases of ¢34y, 237np, 238y and 236y account for 94

percent of the sum of the EPA release ratios. Ouring the fiftn
10,000 year interval they continue to dominate discharge and
account for 85 percent of the violation of the EPA Standard.
Tne importance of solubility limits in controlling discharge in
scenario ¢8 can pe seen in the figures and table. The sum of
the release ratios for all uranium species is reduced by an
orger of magnitude and Np discharge is decreased by a factor of
30 for the first 10,000 year interval. Discharge of these
radionuciides, however, still are in excess of the EPA stan-
dard. The solubilities that were assumed for uranium and
neptunium were based on experimental studies under oxic condi-
tions. They are upper bounds for the solubilities; under
réaucing conditions t-e solubilities of U and Np are 8 and 3
order of magnitudes lower respectively. We feel that tha

e



SCENARIOS 2 and 28

1 mile borehole; matrix diffusion; no thermal buoyancy or pluvial

LEG LAYERS WELUING - RETARDATION LENGTH (ft)
| A dense - matrix diffusion 2600 h
2 8 nonwelded - zeolitized 300 v
3 C dense - matrii diffusion 2600 h
FLOW PATH

C

B WELL TO SURFACE

A
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LAYER WELDING

Figure 14
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transport of radionuclides along the flow path described in
scenarios 2 and 28 1s less likely tnan transport as described
in the other scenarios. The calculated violations of the EPA
Standard, therefore, should not be interpreted as an indication
that releases from a repository in tuff are likely.

7. CUNCLUSIONS AND RECOMMENDATIONS

Estimates of potential radionuclide releases fram HLW storage
facilities in geologic formations are an integral part of the
technical pasis for the regulation of nuclear waste dispossi.
At present, the available data is insufficient to accuragely
model any real repository sites. Large uncertainties exist in
the characterization of the solubilities and sorption of radio-
nuclides, in the description of the regional and local hydro-
geology and in the mathematical treatment of containment trans-
port 1n the presence of fracture flow and matrix diffusion, We
feel, nowever, lnat it is possible to place realistic upper
limits on radionuclide discharge for a generic hypothetical
tuff repository. We have also attempted to assess the import-
ance of the variation of several variables and model assump-
tions to the calculations of radionuclide reiease from a repos-
Itory in the saturated zone of a volcanic tuff site.

Uur calculations suggest the following conclusions for tne
Nypothetical tuff repository described in this paper:

1) sorption of radionuclides by several thousand feet of
zeolitized tuff may be a sufficient barrier to migration
of actinides even in the absence of solubility constraints.

2) All violations of the EPA Draft Standar? in the "base
case" are due to discharge of 99Tc and '47. Retarda-
tion due to matrix diffusion, hewever, could eliminate
discharge of the nuclides for realistic groundwater flow
rates.

3) If the radionuclides do not flow through thick sequences
of zeolitized tuff, discharges of U and Np under oxidizing
conditions may be mucn larger than the EPA limits. Under
reducing conditions, however, the low solubilities of
these elements may reduce discharges of these elements to
levels below the EPA limit.

e feel that the following topics merit further investigation
by the NRC:

I) Uetailed calculations of limiting solubilities of uranium,
neptunim and radium under geochemical conditions expected
at tne tuff site,
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2)

3)

4)

Calculations of the potential retardation of actinides duye
to matrix diffusion in welded tulf.

Calculations of the sensitivity of radionuclide discharges
on assumptions apout radionuclide speciatign.

A study of the frequency of o0il and water drilling and
mineral exploration in area like Yucca Mountain. All of
the scenarios examined in this involve human intrusion. A
study of the probability of such activities in areas like
Yucca Mountain would yield valuable insights about the
safety of such a repository site.

o3



APPENDIX A

HYDROGEOLUGICAL MODEL OF THE MYPOTHETICAL TUFF REPOSITORY
SITE ANO ITS RELATIUNSHIP TO DATA FROM .. NEVADA TEST SITE

A major objective in the program »f simplificd repository
analyses performed at Sandie is the definition of a hypothe-
tical site which a2x1ibits hydrogeologica. characteristics wnich
might oe found at real potantial repository sites. We have
defined our reference tuff site to be consistent with available
hydrogeologic data from the Nevada Test Site. Where certain
data are not available from the rzal site, we have postulated
properties that are physically reasonable for the reference
site. We have not attempted to accurately represent the Nevada
Test Site in our analyses; instead we have mode.led 3 hypothe-
tical site whicn is internally self-consistent.

A.l Pnysical propertias sf welded tuff

Tne tuff units at the reference tuff repository are described
45 denseiy welded, moderately walded or non-welded. Densely
welded tuff units are nighly tractured; the blocks between
fractures have low interstitial matrix porosity. Non-weldedg
tuff units nave few fractures but nhave a high matrix porosity.
Tnis duil porosity of the rock muct e considered when model -
ling fluid flow. We have used data from ths UE25a-] drill core
log to obtain reasonable values Af frscture Jensity, aperture
width and orientation in the tuff units (1,2). The maximum,
minimum and median of the range of values o rhese parameters
for different tuff lithologies are chown in Taple A-1,

A2 have represented the fracture system as two csets of pergen-
dicular vertical fractures. yvalues of horizontal fracture
porosity (€p) here calculated by

€n = Nagb / sin (90° - 0)

wnere Na is th2 observed fracture density in the core, ©1is

an escimate of tne average inclinatton of the fractures fronm
tne horizontal plane, and b is the {ractures aperture width
ooserved under a petrographic microscope. Horizontal hydraulic
conductivity for a parallel array of planar fractures s given
(24) vy:

3
Ky * _i?_\ B." )
*‘/ 2 Sin 90 - 0
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where:
p = density of water = 1.0 gm/cm3
g = 9.81x10% cm? sec-!
B = viscosity of water = 1,0 centipoise

In our joint system, fluia flowing in the horizontal direction
will effectively encounter only one set of fractures. Fluid
flowing in the vertical direction will encounter both sets of
fractures. For this reason, values of hydraulic conductivity
and fracture porosity in the vertical direction are twice the
horizontal values. J

The hydraulic conductivity is very sensitive to changes in
fracture aperture. In welded zones, the majority of fractures
were 5-20 microns wide; the maximum observed width was 150
micrens. Fractures in non-welded zones were generally filled
witn secondary minerals. For these units, aperture widths of
U-5 microns are probably realistic and were used to estimate
the hydraulic properties in Table A-1., Results of calculatinns
using a 150 microns aperture width a e also shown in the

table. Ranges of values of total porosity are presented and
are taken from data in References 4 and 25.

In Figure A-1, the ranges of values of matrix hydraulic conduc-
tivity of unfractured cores of tuff measured in the laboratory
are compared to the values calculated from fracture proper-
ties. The values are based on data compiled in References 4,
22, and 25. Values of the bulk hydraulic conductivity as
measured by actual pump tests at the Nevada Test Site are also
snown. Data obtained in these tests reflect contributions from
fluid flow in both the fractures and in the rock matrix between
Joints. It can be seen that flow in fractures may dominate the
bulk hydraulic conductivity of densely welded tuffs whereas
fluid flow in the porous rock matrix dominates the properties
of non-welded units. Both fracture flow and porous flow are
important for moderately welded tuffs. The insights gained
from Figure A-1 were used to estimate reasonable ranges for
effective porosity and hydraulic conductivity for the Latin
Hypercube Sample. The data ranges and the shape of their dis-
tributions are tabulated in Table 2 of the main text. The
shapes of the frequency distributions were estimated by
comparing the median values to the upper and lower limits of
the data ranges of the different types of hydraulic
conductivity and porosity.

A.2 Vertical Hydraulic Gradient

There are insufficient data in the open literature at present
to estimate vertical hydraulic gradients at the Nevada Test

sk



Table A-]

PROPERTIES OF FRACTURED TUFF

Dansely Welded Moderately Non-welded
Tuff welded Tuff Tuff

Fracture Aperture -
b (microns)

min 5 5 0

median 12 12 5

max 150 150 5 (150)
Apparent Fracture
density -N, (ft=1)

mnin 0.2 0 0

median e 0.4 Oei

nax 4.8 0.8 0.3
Inclination of Fractures . g 5
from Horizontal 42 45 80
Horizontal Fracture
Porosity = «

min 4.4x10-9 0 G

median 6.4x10=3 2.2x10-3 9.5x10-4

max 0.32 0.06 2.8x10°3 (0
Horizontal Fracture
Hydraulic Conductivity
(KH)

min 2.6x10-5 0 0

median 2.1x10-3 7.5x10-4 5.5x10-5

max 16.7 2.9 1.7x10-% (a4
Total Porosity (%) 3-10 10-38 20-50

Sk
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Site with an acceptable degree of certainty. In our reference
site, we have assumed that the vertical gradient in the vicin-
ity of the repository will be dominated by a thermal bouyancy
gradient related to heat generated by the decay of the radio-
active waste. The calculation of the thermal bouyancy gradient
is described below.

Consider a cylindrical volume of fluid with length L and
average temperature T immersed in a medium of average tempera-
ture Ty (T T4,), (Figqure D-1). The difference in tempera-
ture produces an upward force on the volume of fluid. The
velocity of the fluid in the cylindrical volume can be
described (26) by:

vV~ adTK (A-1)
with
v = Darcy velocity of fluid
“ = average coefficient of thermal
expansion of fluid
& T = T-To
K = hydrauiic conductivity of medium

P

. AR

Figure (A-2)

Since Darcy velocity is equal to the product of hydraulic gra-
dient (I) and conductivity, the upward gradient is given by

I = adT (A-2)

.-



The temperature field around a repository in tuff for spent-
fuel at 75 kW/Acre thermal loading has been calculated & 3
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Figure (A-3) Far Field Temperature Profile Along the Vertical
Centerline for GTL of 75 kW/Acre

Figure A-3 shows the temperature profile along the vertical
centerline of the repository as a function of depth and time
after closure. The "disturbed zone" is assumed to extend from
the repository to 470 meters below surface where the water
table lies. The average temperature of this disturbed zone is

calculated by:
'f'=-‘_frdL
L
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L is the distance from the repository to the water table and is
equal to 330 meters. To is the average background temperature
of the same zone as calculated from the natural geothermal
field. The ambient temperature at the repository horizon is
50°C. Under these assumptions, the hydraulic gradients calcul-
ated are shown in Table A-2:

Table A-2
Time After
Closure T (°C) To (°C) - all/°C) Gradient
500 y. 73° 50° 6.01x10-4 1.4x10-2
5,000 y. 85° 50° 6.68x10-4 2.3x10-2
50,000 y. 65.4° 50° 5.54x70-4 8.5x10-3

More recent field work indicates that the ambient rock tem-
perature at the repository horizon will be 35°C (27). Table
A-3 shows the calculated upward gradient when this temperature
is assumed.

Table A-3
Time T (°C) To (°C) a(1/°C) Gradient
500 y. 73°C 30°C 6.01x10-4 2.6x10-2
5,000 y. 85°C 30°C 6.68x10-4 3.7x10-2
50,000 y. 65.4°C 30°C 5.54x10-4 1.9x10-2

Thermal histories at 307 and 711 meters below the surface for a
repository with a 100 kW/Acre thermal loading have been calcu-
lated and are presented in Figure A-4 (27). From these curves,
it is apparent that the peak temperature occurs before 10,000
years after closure of the facility. The hydraulic gradient at
500 years for an average ambient temperature of 50° was selec-
ted as a lower bound for our calculations. The gradient at
5,000 years with the average ambient temperature of 30° was
used as the upper bound for the vertical hydra31ic qradisnt. A
range of vertical hydraulic gradients of 1x10-¢ to 4x10-

was sampled by the Latin Hypercube Sample technique for the
transport calculations.

kB
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Tne volume of annual recharge at the repository site places a
constraint on tne maximum flow through the repository under the
influence of this thermal gradient. The maximum vertical dis-
cnarge calculated from the vectors sampled by the LHS technigue
was 3.6x107 ft3/yr (vector #51). Tnis is approximately 7
percent of the volume of ground water moving through the
Pahute Mesa ground water system. The area of the repository
comprises less tnan 0.1 percent of the area of this flow sys-
tem. Although all of the recharge in this system is limited to-
areas above 5000 feet elevation, this volume of groundwater
flow tnrougn the repository is probably unrealistically nigh.
As discussed in Section 6 (Table 7), hearly all of the vectors
whose raaionuclides releases violated the EPA Standard in scen-
arios 1, 3, 4, 5, 6, 18, and 5B were characterized by similarly
unrealistic flows. Most of the other vectors considered in
these calculations had ground water discharges at least an
order of magnitude smaller than vector #51.

A.3 Horizontal Hydraulic Gradient

W2 have considered two contributions to the horizontal
nydraulic gradient in our calculations. One component is the
regional yradient of the undisturbed site. Static water levels
from four wells near Yucca Mountain were used to estimate
rances of the regjional horizontal gradient. Three of the wells
have similar static water levels (~ 2400 ft) while the fourth
and only well which is actually on Yucca Mountain has an ano-
malously nigh head (~ 3400 ft) (22, 28). The range of regional
nydraulic gradients was set to span the highest and lowest
valued that could be calculated from these data. The LH4S rou-
tine, therefore, sampled a range of 10-! to 10-3.

The second component to the horizontal gradient is a local
gradient related to the local rise in the water table above the
repository due to the thermal bouyancy effect described pre-
viously. We can place an upper bound on this rise in water
table (AZ) by assuming tnat the heated water in the cylinder
described in Figure A-2 is constrained to expand only in the
upward (£ ) direction. By applying Archimedes Principle, we
can show that tne height of the heated cylinder can be related
to the heignt of a cylinder of water of equal w~eight at the
background temperature To. Since the height of the cylinder of
water at temperature To equals the distance from the repository
to the water table we can calculate AZ as follows:



w =1rlgp(Lsal ) = =r2gpL Archimedes Principle (A-3)
A= L(p/P - 1) (A-4)
where
PP = average density of water at To and T respectively
L = height of cylinder of water at temperature To
r = radius of cylinder of water
Al = rise of water table
. = weight of water in both cylinders

[f V equals the volume of the cylinder of water at temperature To,
then

w=pV =P (V+ AY) (A-5)
AY = aVAT (A-6)
P = w/V(1 + ¢ AT) =p /(1 + A ) (A-7)

wheredT andA Y refer to differences in .emperature and volume
between the two cylinders and o is the averaqge coefficient of
thermal expansion of the fluid. Substituting (A-7 into A-4) we
ootain:

A= LaAT (A-8)

We have shown that «A T is equal to Iv, the vertical hydraulfic gra-
dient (equation A-2). We can therefore calculate A for each input
vector in our calculations by using the value of Iv sampled by the

LHS technique. The horizontal hydraulic gradient (Iy) used in

our transport calculations 1s set equal to the sum of the regional

gradient and the local gradient:

Iy = Iys + IyL/X (A-9)
where:
Iys = value of regional horizontal hydraulic gradient
sampled by the LHS
Iy = value of vertical gradient sampled by LHS
L = sum of vertical leg lengths in transport path
X - sum of horizontal leg lengths in transport path
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APPENDIX B
GEQCHEMISTRY AND RADIONUCLIDE RETARDATION
8.1 - Geochemical environment of the hypothetical tuff site

Tne mineralogy of each rock unit at the hypothetical tyff site
1s described in Table 1. The mineralogy and cnemical composti-
tion of a tuff unit depend in part upon its cooling history and
degree of post-depositional alteration. Vitric tuffs are por-
ous tuffs which are composed of pumice or fragments of glass
snards which have undergone a moderate to slight degree of
welding. Their chemical composition is simple; the sum 5107

* Ala03 + Kp0 + Nap0 is greater than 95 weight percent.

Minor elements include Ca, Mg, Cl, F and transition metals.
Alteration of the glass to clay is ubiquitous in minor amounts
ana locally may oe nearly complete. Devitrified tuffs are
cnemically very similar to vitric tuffs but are Quite dif-
ferent in tneir mineralogy and physical properties. They are
composed primarily of fine-grained aggregates of sanadine and
cristooalite. They may contain phenocrysts of amphiboles,
clinopyroxene and feldspar as well as lithic clasts. Low tem-
perature alteration of devitrified tuffs is not significant;
access of ground water to the rocks is limited by the low
interstitial porosity. Zeolitized tuffs are the products of
low temperature alteration of non-welded volcanic ash. They
are composed primarily of the zeo!ites clinoptilolite, morden-
ite, and analcime.

An average chemical composition of the ground water (6) is
shown in Table B-1. The water is classified as a sodium-
potassium-bicarbonate water by Winograd et. al. (4). Locally
the composition of ground water ic dependent upon lithology.
walers associated with vitric tuffs are highest in silica,
50dium, calcium and magnesium whereas ground water in zeolitiec
tuffs 1s depleted in the bivalent cations (29). The pH of
these waters ranges from near-neutral to slightly alkaline
(7.2-8.5). The Eh of the groundwaters in the repository hori-
zon is unknown. Dissolved oxygen contents from several shallow
@2lls from the Nevada Test Site are fairly high (~ 5 ppm)
(30). The concentrations of several redox indicators and the
alteration features of the mafic minerals in several units
Indicate that oxidizing conditions prevailed at one time below
tne water table (9). Negative redox potentials and low levels
of aissolved oxygen, however, have been measured in sections of
a drall hole in the Crater Flat Tuff (31). These observations
are consistent with measured values of sulfide in the ground-
water and tne occurrence of pyrite (FeSp) in the rock mat-

rix. The measurements are subject to a large amount of



TABLE B8-]
ANALYSES CF WATERS FROM THE NEVADA TEST SITE (mg/1)

Well Species J-13" USKH-H12 USH-VHI °
Na* 47.00 74.90 97.10
K* 4.70 5.10 4.30
Ca*? 13.00 7.20 10.30
Mg*2 2.00 0.40 1.90
Bat*t2 0.20 0.01 0.04
sp*e 0.06 0.02 0.08

- -2
HCOZ + COj 130.00
c1- 7.70
-2
50, 21.00
uo;2 5.60
F- 1.70
5102 61.00 11.00 53.40
pH 7.1-8.3 - -
T0S > 294.00

I LA-7480-MS - reference 6
LA-3847-PR - reference 8

uncertainty and must be confirmed by further investigations.

In lignt of this uncertainty, we assumed that the ground waters
at the hypothetical repository are oxidizing. The importance
of redox to both the solubilities and Rd values for the radio-
nuclides that were considered in our calculations will be dis-
cussed below.

B.2 Radionuclide Solubilities

As discussed in Section 4.3, we have attempted to estimate
upper bounds for the radionuclide solubilities at the tuff
repository. These limits were set after a limited review of
available experimental data and theoretical calculations. Most
of the redox-sensitive elements are least soluble under reduc-
ing conditions. In light of the uncertainty concerning the
redox conditions at Yucca Mountain and in order to ensure that
our calculated releases are conservative, we have used the
estimated radionuclide solubflities for oxic conditions in our
calculations.,
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The estimated solubility limit for each element is dis-

cussed below. In our calculations, a pH = 8 and a ground water
composition similar to J-13 water (Table B-1) were assumed,

Pu:

<

Np:

Experimental studies reviewed by Wood and Rai (15)
suggest that Pu solubility is relatively insensitive
to re?ax conditions. They suggested a value of
4x10~- M frgm their datz. A more conservative
value of 10°9 M (2.4x10-%gm/gm) was used in order.
to account for the ;ossib?e dominance of a Pu-car-
bonate complex (31). ;

Uranium solubility could be very high if considerable
C032 is present. However, the ground water composi-
tion at NTS (6,8) does not support this possibility.
We have used the experimental data presented in (15°
to set the U solubility limit at 2.4x10-5 gm/gm.
Under reducing conditions the solubility would be
approximately 8 orders of magnitude lower.

The dominant species at Th is probably Th(OH)4* at
pH's above 5 (13,32,33). We used the reaction:

Th(OH)4® < ThO(s) + 2H0

to estimate the solubility limit at 2.3x10-"gm/gm at
pH=8. The solubility is not sensitive to redox.

Radium is another element whose solubility is rela-
tively insensitive to redox. Its solubility is con-
trolled primarily by RaSO4(s) or RaCO3(s). The

value from (16) is a very conservative upper bound for
Ra solubility at the tuff site,

Few data are available to estimate Cm solubility in
natural waters. In a 0.IM NaC) solution at pH=3,the
Cm solubility was 10-1IM, The soludbility decrfsses
at lower ?H (14). A conservative value of 10- M
(2.5x10-11gm/gm) was used in the calculations.

Am solubility has been studied by Wood and Rai (15).

They suggest that a value of 7x10-12 M is reasonable

over a wide range of redox conditions. Complexing by
C1=, S04° , or NO3= will not be significant.

Neptunium is least soluble under reducing conditions

(10-10M) (15). At an Eh = +0.26 and pH=7 the solu-
bility of NpOp (c) is approximately 2.4x10-8gm/gnm.
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PbCO3 or PbS0g4 will Timit the solubility of lead

in ar oxic tuff environment to less than 10-6 M. [f
any sulfide is present, PbS will precipitate and fur-
ther decrease the solubility.

Little data are available for proactinium solubility
in natural waters. We use the reactions:

Padt + 4ou-:paxon)4'
Paly + 2Hp0Z Pa%* + 40H-

to set the solubility limit at 2.3x10-2 M.

We nad no data to estimate the solubility of actinium;
we therefore assumed that it had no solubility limit
for in calculations.

Tc is least soluble under reducing conditions and
precipitates as TcOp. Under oxidizing conditions it
is prooably present as TcUg™ and is very soluble.

We nave assumed that it is not limiting solubility in
our calculations (13, 168).

These elements probably nave no limiting solubilities
under repository conditions (13, 16).

We have assumed that these redox-insensitive reactions
determine the solubility of tin (13, 16):

Snd* 4 4H,0 = Sn(0H)g°® + 4H*: log K = =57
Sn(OH)4(s§ = Snd* 4+ 40H-: log K = -0.87

Tne soludility of Sr is probably set by strontianite
SrCO3 (13, 16). At pH=8, the reported 130 ppm of
HCO3™ + (03¢~ (Table B-1) is dominantly bicar-
bonate and [C03<~] is about 10-5M. Log Ksp of
SrC03 is «9,6 which means the solubility of Sr is
about 2x10-6gm/gm.

We set the solubility limit of '4C at a level con-
sistent with the concentration of HCO3 in J-13
water (~26 ppm carbon).




8.3 Radionuclide Sorption Ratios

Tne ranges of radionuclide distribution coefficients (Rd)
used in our calculations are listed in Table 4. The values
w2re cnosen after a review of the puolished experimental sty-
dies that were conducted at Los Alamos National Laboratories
tnrougn June, 1981. (5-10).

Rd values from batch experiments obtained under the fol-
lowing conditions were included in the ranges shown in Table 4.

temperature = 22°C

solid: solution ratio = 1:20

atmosphere = oxidizing

particle size = 106-500 microns

water = J-13 water pre-equilibrated with the
rock sample.

rocks = samples from UE25a-1, G-1 and J=13
drill holes.

Parametric studies by L.A.N.L. scientists (5-10) suggest
that tne measured Rd values are dependent upon all of the
parameters listed above. The conservatism of the data col-
lected under these experimental conditions with respect to
natural conditions expected at the tuff repository site is
descrioed in Table K-2.

For several elements, Rd values obtained under these
experimental conditions can vary up to 3 orders of magnitude
Detween samples of the samebulk mineralogy. Tne measured Rd
value are strongly dependent upon the abundance of minor min-
erals such as montmorillonite, the duration of the experiment
and upon the method used to measure the concentration of the
50rbed radionuclide. Values obtained from desorption experi-
ments are almost always significantly higher than those ob-
tdined from sorption experiments. The data ranges in Table 4
bracket the highest average Rd values obtained from desorption
experiments and the lowest average sorption Rd value. Each
average value that was considered is the mean Rd value for a
single rock sample for several experiments which lasted from 3
to 12 weeks.
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TABLE B-2

CONSERVATISM! OF LABORATORY
DETERMINATIONS OF Rd (L.A.N.L.)
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ELEMENT
PARAMETER Pu | Am | U Sr.| Cs | Ba| Ce | Eu | Te
Radionuclide Concentration| *0 | ND | ND - l - -| N} O ND
T
Solid/Solution Ratio ND | ND! ND| -0 | -0 - - - | ND
|
[onic Strength ND | ND | ND i S T Y ND
E ; !
Temperature ND | O 0+ vy " * IND
' |
o
Particle Size “0 | +0 | +0 | +0* +0*| +0* 0 0 ND
| |
|
TYPE EXPERIMENT:
Batch vs. Column ND | ND | -* - - - | =* | ND |ND
Eh (Atmosphere) + 10 +10 0 0 0 0 +
KEY: + Conservative
- HNot conservative
0 Little effect
* Inconclusive or interaction effects
ND Not determined
] Assuming the following experimental conditions:
T = 220°C Atmospheric conditions J-13 water
Solid : Solution =1:20 106-500 m particle size
Batch experiment element-specific concentration
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Approximations for Adapting One-Dimensional Porous Medi
Radionuclide Transport Models to the Analysis of Transport
in Jointed Porous Rock

This memorandum describes the basic ideas and results given

in the informal notes provided you on 2 April 1982 and subse-
quently discussed by us on 20 and 21 April. Thr following
remarks are confined to transport through a s "2, uniform
Jointed ceologic medium. However, additional .yses since

our meeting of 20 April indicate that similar .a2sults probably

can be proved for a series of dissimilar jointed media.

Consider a region of jointed porous rock through which fluid
flow occurs primarily in the joints and convective radionuclide
transport in the porous matrix of the rock is ueql1a1 1¢. Let
the joints be linear, have rectangular cross-sections of
approximately constant and uniform dimensions, have continucus
physxcal and chemical properties, and be such that fluid flow
is essentially one-dimensional with uniform average velocity
V. Let the porous matrix be fully saturated, and let radioc-
nuclide retardation (relative to convective fluid flow in the
joints) result from molecular diffusion in the pore water and
simultaneous sorption by the solid phases. Furthermore, let
the regions of porous rock bounded by the joints have approxi=-
mately uniform shape and volume V In the paragraphs below,
criteria are developed for deterﬂ?nxng when transport in such
jointed media can be approximated as transport through an
equivalent porous medium whose porosity is defined b) joint
aperture, frequency, and orientation. Then, the appropriate
expression is defined for the retardation factor R to be used
in such eguivalent one-dimensional porous media models having
the form

aC V 0C _ sicrnrved I
ST *EY: " dispersion and decay terms (1)

where C is the radionuclide concentration (assumed cross-
sectionally uniform) in the flowing fluid in the joints; t is
time, and 2z is the coordinate in the direction of fluid rotion.
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For a uniform recion of jointed porous rock, as described
above, assume: (1) fluiad flow is laminar and velocity pro-
files can be replaced by the average velocity:; (2) 3ecint
apertures are sufficiently small so that fluié-phase radio-
nuclide diffusion perpendicular to the joint walls can be
approximated as a gquasi-steady-state process and represented

by a linear-driving-force expression; (3) local sorption
equilibrium exists at the interface between flowing fluid and
bulk rock and between Pore water and solid phases of the porous
matrix; (4) sorption of radionuclides results from a reversible
process such as adsorption or ion exchange: (5) solution-phase
radionuclide concentrations are due only to dissolved species
and are sufficiently dilute to be within the linear region of
the sorption isotherm and sufficiently dilute for Fick's law
with constant diffusion coefficient to be a reasonable approxi-
mation; (6) effects due to competing chemical reactions and
surface diffusion are negligible, and (7) parameter values are
constant. Furthermore, initially assume that mass transfer by
dispersion in the direction of flow is small relative to that
by convection. Then for a radicnuclide which is present in the
initial inventory but which is not subsequently produced as a
daughter product, transport is described by the following
equations;

(material balance for the fluid in the joint)

oy
(]
Q’
(9]
Qr

£

(1)

l
|

]
!
o
!
TR
Q

.
m

Q
(a4

Q)
i
w
2]

(flux expression at interface between flowing fluid and bulk
rock)

-

o -

. S .
ot Rf

(C - qs/i) - )q (2)

(material balance for the porous rock)

.

q.
£ 2 3
where
1
q = -~ I 9 dvp (4)
P &%
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and where D, is the effective radionuclicde diffusion coef
in the porous rock: K is the bulk sorption distribution ¢
cient between porous matrix and external solution; m is the voi
volume (based on joint aperture, frequency, and orientation) pe
unit volume of porous matrix: R, is an effective interfacial
resistance to mass transfer; gj is the local concentration in
the porous rock: g. is the value of g, at the interface between
matrix and flowing Sluid: ) is the radionuclide decay constant,
and the Laplacian V“ is defined in a coordinate system conve-=
nient for describing diffusion in the porous matrix.

cieont
&5
PP

’,‘ () LN
% »
[T

1

)

1 {n

Using the following initial and boundary conditions, Rosen
(1952, 1954) solved Egs. 1-4 for flow around spheres and
Y= 0:

qi(r.x,O) =0 for 0<r¢<b , x20 (5)

u(0,8) = C(0,8)/C_ =

{6)
» 1

where r is the radial coordinate and b is the radius of the
spheres. Erickson (198l1) gives a similar solution for a fluid
flowing through a single fracture between two parallel, semi-
infinite plates in which radionuclide diffusion was primarily
perpendicuvlar to the fracture and limited to a finite penetra-
tion depth. By substituting the appropriate expression for n,
that is ¢/(1 = ¢), the solution for flow through a system of
joints forming several continucus plate-like recions of porous
matrix (see Fig. 1) is obtained from the single-fracture resuilt.

The exact solutions for the spherical and plate-like geometries

are in the form of infinite integrals requiring numerical evalua-
tion. However, for sufficiently large values of z/v, the infinite
integrals approach relatively simple asymptotic expressions. In
particular, if R is very small so that the radionuclide concen-
tration in the ffuid in the joint is essentially cross-secticnally
uniform, then for flow around spherical regions of porous ratrix

1 3c08/2 - ¥x -
c/c_ = 1+ erf(—-— ) (7)
o 2 2 (yx/5) 172

and for flow around plate-like regions

cre, = 3 |1+ erf(—zc—‘a——'%’,ss) (8)
. 2(yx/3)*/*¢

«72e
2 -

-
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provided that the effective bed length yx is greater than 5Q
For spherical regions, cf = 2Dg(t - z/v)/bz, Yyx = 3IDgKz,/vinb“,

and b is the radius of the sgherical rgc_xions2 For plate-like
regions, 086 = Dg(t - 2/v)/2b%, yx = DeKz/vmb®, and b is now
the half-thickness of the plate-like regions. A criterion
for determining when radionuclide concentrations in the fluad
in the fractures can be considered cross-sectionally unifornm
is developed after the following discussion regarding Egs. 7
and 8.

In general, it was felt that a system of plate-like recions of
porous rock might be more representative of actual systems.
Therefore, the following discussion is based on Eg. 8, although
similar considerations naturally apply to Eg. 7.

The right side of Eg. 8 is symmetrical about the value of
C/Cq = 0.5. If for a given value of t, tgy 4, is definec as
the elapsed time required for C/C, to reagh a value of 0.01,
and ty 5, tg,99, and 835 g are defined analogously, then from
Eg. 8 and appropriate values of the error function

f0.99 ~ "0.01 _ 6.6 (%)
%.5 (3yx) 172
and for yx > S50
¢ -t
0.99e RS

This implies that as yx becomes large, the spread in the break-
through curve becomes small relative to the distance its midproint
has traveled, because the time interval by which the value of

C/C,. = 0.01 precedes the value of C/Cq = 0.5 and the interval by
which the value of C/C, = 0.99 trails become small relative to
8g.5 or (tg,s - z/v). For example, when yx > 50, the intervals
are about twenty-five percent or less of 90 5. Furthermore,

from Eq. 8 ’

ty. g = (1 ¢+ K/m)z/v (10)

and

Vg g = V/I(1 # K/m) . (11)
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Therefore, as yx becomes large the soluticn to Egs. 1-4 when
» = 0 approaches

cCl(z,t) = Clo,t = (1 + iz/m)Z/V] (12)

which is of the same form as the solution to Eg. 1 when the
decay and dispersion terms are negligible, that is

C(z,t) = Clo,t = Rz/V) . (13)

For » > 0 in Egs. 1-4 and Co reglaced by C, e in Eq. 6,
the solution to Egs. 1-4 is e "TUglz,t), wgere Upglz,t) is the
solution for A = 0. Similar remarks also apply to the solu-
tion of Eq. 1 in the form

oC , v oC _ _ A
-3—€+§§E- §C (14)
=it

where C{(0,t > 0) = C_ e . Hence, for a radionuclice initially
present in the inven?nry but not procduced as a daughter by decay,
£gs. 1-4 () 2 0) can be approximated by Eq. 1 if yx is suffi-
ciently large; if R is taken as (1 + K/m), and if dispersion
cffects are small relative to convective transport. Due to the
inherent uncertain%ies associated with analyses of radionuclid
transport in geologic media, a twenty-five percent spread in the
concentration profile about ty 5 is probably not serious, and
values of yx > 50 are probably sufficiently large for Egs. 1-4

to be approximated by Eg. 1.

For the simplest case of diffusion into a porous matrix in which
the total porosity ¢ is available to the diffusion of radionuclides
which is.sufficiently well described by Eg. 3 using

De = D/a (1 + OED/¢), the criterion yx > 50 and the retardation
factor R =1 + K/m can be defined in terms of more fundamental
parameters as follows

YX = Defz/vmb2 > 50

or

N
o
N
Q
LN
A

€
;—5) (15)

and

(16)
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where D is the diffusion coefficient for the radionuclide in
agueous solution (assumed constant); Kp is the distribution
coefficient for sorption equilibrium between pore water and
solid phases of the matrix (units of ml/gm); a is a tortuosity
factor for the matrix, and p is the bulk dry density of the
matrix (o = (1 - ¢)pg where pg is the average grain density

of the matrix material).

The prececdi~g development was based on the assumption that
radionucl concentrations in the flowinec fluid were cross-
sectional. uniform. A criterion for the validity of that

assumption is that the average fluid residence time in the
joints is much greater than the characteristic time recuired
for a concentration gradient to decay to near zero. The
average fluid residence time in the fractures is z/v. No
let H denote joint aoerture, ané assume that the bhara;te
decay time for a concentration gradient can bhe approximat
by the ecuilibration tlme for a plane sheet of thickness H/2
having one face maintained at a constant_concentration. he
the characteristic decay time would be H /4D (Crank, 1975),
and the desired criterion is

z2/v >> H2/4D . (17)

r'
[N
)

L ., ~

- M L
v
s |
{

In summary, for a radionuclide which is initially present in
the inventory and not subsequently produced by decay, transpcrt
through a single, uniform, jointed porous medium can be de-
cribed approximately by Eg. 1 provided that

[
~1

%
z/v >> H /4D

and
2. 3
b a ( £ )
/v > ~ (1
z/v 50 s , g 5)
he value for the rectardation factor R in Eg. 1 is given by

x
1l
Pt
4
—
bt
™mil
'™
S —
. e
L33
—
’—l
+
|

xD)J . (16)

As given previously, b is the half-thickness for the plate
like regions between joints; D is the radionuclide dlfqu*Gﬁ
coefficient (assumed constant) in agueous solution; H is the
jeint aperture; Kp is the distribution coefficient fo sorption

quilibrium between pore water and solid phases of the porous

"
U e |

(?

75



\

|

\

-\

o &

M. D. Siegel - 4413 -

matrix; K = ¢(1 + pKp/¢): m = ¢/(1 = ¢); v is the average
fluid velocity in the joints; 2z is the spatial coordinate in
the direction of bulk fluid motion; a is a tortuosity factor
for the porous matrix; ¢ is the porosity associated with the
joints; p = (1 - ¢)cg and is the bulk dry der31t} ef the
porous matrix material; pg is the average grain density of
the matrix material, and ¢ is the porosity of the porous
matrix.

However, it shouldé be emphasized that the applicability of
Egs. 15-17 depends on how closely a real system is approxi-
mated by the ideal system and assumptions from which the
equations were developed. 1In particular, the treatment given
for diffusion of radionuclides into the porous matrix may not
be adecuate in certain situations, particularly if very
"tight" porosity is involved.
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TO: Stewart Silling
FROM: Malcolm Siegel

RE: Calculataon of Effective Retardation Factor (R) for

1. For retardation factor in NWFT/Dv* runs use: (R):

R =1 np.(lig).( 1+p-_u_é<_»),xa>

where:

distribution coefficient in ml/gm

matrix porosity of unfractured blocks

grain density of rock

fracture porosity = 2Nb for our system where
N = fracture density; b = fracture aperture

LR R
LU LI .

2. This expression is good when the following criterion (1)

holds:
2/v > 50-(1/N2D)(cel /@) (€ /1-€) = ¥x
where:
D = ionic diffusion constant
@ = tortuosity
2 = path iength in frac.ured media
v = Darcy velocity + fracture porosity

The criterion was evaluated for densely and moderately welded
tuff units, for individual beds as well as for the entire
welded tuff thickness. The maximum, median and minimum
values of the ranges used for the LHS input variables were
used to evaluate the expression (¥x).



S ™

Z/v

¥x

wheéere:

200 ft
6.4x10°3
0.03

6.5 ft=1
60 ft/day
4x10-2

375 ft/day
0.533 day

0.719 day

-
"

D = 10-5 cmz/sec

a= 1.0

vertical

ATTACHMENT 1

0.27 .ft=1
4x10°5 ft/day
1x10-2

0.045 ft/day
4.4x103 day

0.045 day

hydraulic gradient

3.39x10°! ft2/yr

Yx median

1.6 ft=1

4.2 ft/day
2x10-2

0.646 ft/day
155 day

0.031 day

K = hydraulic conductivity in LHS range for
densely welded units

v = iK/€

it can be seen from these calculations that the criterion
z/v > yx holds for the conditions encountered at the tuff

site.
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