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Summary

The placement of high-level radioactive wastes in mined repositories deep underground is
considered a disposal method that would effectively isolate these wastes from the environment for
long periods of time. In the United States, the U.S. Department of Energy (DOE) is responsible,
and, within certain limitations, has the authority to implement the provisions of the Nuclear Waste
Policy Act of 1982, as amended in 1987, that provides the regulatory framework for development
of a mined geologic repository. However, before a repository can be used for the disposal of
nuclear waste it must meet standards established by the U.S. Nuclear Regulatory Commission
(NRC 1985), the Environmental Protection Agency (EPA 1985), and must be licensed by the
NRC. The Performance Assessment Scientific Support (PASS) program at Pacific Northwest
Laboratory (PNL) provides modeling capabilities to the DOE to assist in assessing the performance
of any potential repositories.

This report describes modeling performed at PNL between May and November 1991
addressing the performance of the entire repository system related to regulatory criteria established
by the EPA in 40 CFR Part 191. The geologic stratigraphy and material properties used in this
study were chosen in cooperation with performance assessment modelers at Sandia National
Laboratories (SNL). Sandia modeled a similar problem using different computer codes and a
different modeling philosophy. Pacific Northwest Laboratory performed & few model runs with
very complex models, and SNL performed many runs with much simpler (abstracted) models.

The modeling presented here is substantially different from previous modeling attempts.
Models have been added for gas-phase movement of 14C, human intrusion, volcanic intrusion,
glass waste forms, and tectonic induced variations. When compared to carlier calculations, &8 much
broader set of conditions has been addressed. The new models consider thermally driven gas-
phase movement of radionuclides, and movement of radionuclides in the saturated zone. In
addition to model development, new information on radionuclide sorption has been obtained, and
new geochemical calculations have been performed to estimate the waste form solubility.

The modeling approach described in this report incorporated the latest known data and
conceptual model assumptions. However, definitive data from the site are not yet available for
many parameters. Consequently, many values were chosen for this exercise based on expert
judgment or modeling convenience. Unfortunately, this work did not receive the widespread
review within DOE required to ensure that the latest available data were used. For these reasons,
the results presented here are not sufficiently advanced to be useful in formulating prudent
judgments about site suitability or the expected risk of the potential repository. As a result, the
work reported here does not provide a sufficient basis to establish a "bascline” performance
assessment.

In addition to the cumulative release modeling, doses were estimated for several of the release
scenarios. Working Draft 4 of 40 CFR Part 191 (February 3, 1992) includes the possibility that
both individual and population dose limits may be established as repository performance criteria.
The dose results presented here indicate that the potential repository may be able to meet both
individual and population dose criteria. Substantial work is still required to define the exposure
scenarios and environmental radionuclide concentrations needed to complete a definitive analysis of
the doses that will be caused by postclosure repository operation.
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The scenarios modeled are not exhaustive of all possible scenarios that will have to be
considered for licensing. However, they were selected because they are believed to contribute the
largest releases of any scenarios to be considered. In summary, the analyses accomplished for this
report support the continued site characterization of Yucca Mountain as a potential site for a high-
level nuclear waste repository and indicate that the limits established by the EPA relative to
cumulative release of radionuclides are not exceeded. S
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1.0 Ix_ltroduction

Certain background information, a brief history of performance assessment effors for the
potential Yucca Mountain high-level nuclear waste repository, and the objectives of this total-
system performance assessment and its linkages to other similar tasks are discussed in this section.
_ Differences between this total-system performance assessment and previous calculations are also

discussed, and several important caveats regarding this study are presented.

11 Backgroimd

.~ Operation of commercial nuclear reactors to provide electric energy yiclds the byproduct of

spent nuclear fuel. Additional high-level nuclear waste has also been produced by reprocessing
spent fuel and through defense-related activities, The placement of radioactive wastes in mined
repositories deep underground is considered a disposal method that would effectively isolate these
wastes from the accessible environment for long periods of time.

. The U.S. Department of Energy (DOE) is responsible, and, within certain limitations, has the
authority to implement the provisions of the Nuclear Waste Policy Act (NWPA) of 1982, as
amended in 1987, that provides the regulatory framework for development of 2 mined geologic
repository. However, before a repository can be used for the disposal of nuclear waste it must

" meet standards established by the U.S. Nuclear Regulatory Commission (NRC 1985) and the

U.S. Environmental Protection Agency (EPA 1985)a), and must be licensed by the NRC.

* The DOE, through the Office of Civilian Radioactive Waste Management (OCRWM), is
responsible for implementing requirements of the NWPA. This incledes DOE review, concur-
rence, and sign-off on activities identified as Secretarial actions (e.g., the Site Characterization Plan
[SCP], Environmental Impact Statement, and Safety Analysis Report). Because the NRC and
EPA regulations base the final determination of a site's suitability on a calculational projection of its
performance well into the future, the DOE must ensure that recommendations and decisions are
based on technically defensible, independently verified predictions of the performance of 2
potential repository. The Performance Assessment Scientific Support (PASS) program at Pacific
Northwest Laboratory®) (PNL) provides modeling capabilities to assist the DOE in assessing the
. performance of potential repositories.

1.2 History

This is not the first attempt to model the performance of & potential repository at Yucca
Mountain, a volcanic-tuff site in Nye County of southern Nevada that is a potential host for & high-
level nuclear waste geologic r%ository. The carliest extensive modeling was reported in the
Environmental Assessment (DOE 1986). The Office of Civilian Radioactive Waste Management
also sponsored a study, performed by PNL and ending in 1987, to perform a preliminary

(2) Some sections of the EPA standard (40 CFR 191) were vacated by a Federal Appeals Court decision. A revised
standard has not yet been formally implemented, although Working Drafi 4 of 40 CFR 191, dated February 3,
1992, has been issued for review and comment. -

(b) Pacific Northwest Laboratory is operated by Battelle Memorial Institute for the U.S. Department of Energy.
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assessment of Yucca Mountain as a repository site (Doctor et al. 1992). The performance measure
for that study was risk expressed as population dose. Subsequently, an SCP (DOE 1988) was
written to guide data collection and modeling activities in determining the suitability of the geologic
setting for siting a repository at Yucca Mountain. o :

assessment has not been established because the DOE has just initiated site characterization
activities that are scheduled to last several years. In addition to DOE-sponsored modeling, the
Electric Power Research Institute (EPRI) has completed a total-system performance estimate
(McGuire et al. 1990). :

Models for evaluating the performance of Yucca Mountain are under development for the

DOE at PNL and Sandia National Laboratories (SNL). In addition, the NRC has contracted

Southwest Research Institute (San Antonio, Texas) to develop modeling capabilities that will allow
them to evaluate the performance estimates developed by the DOE and its contractors. :

" Most of the total-system performance models for Yucca Mountain address the cumulative
release of radionuclides to the "accessible environment.” A limit on the cumulative release of
radionuclides to the accessible environment for the first 10,000 years of repository performance is
one of the quantitative requirements sct by the EPA (EPA 1985). In addition, the EPA regulation
addresses, for some sources of groundwater, the risk of a repository expressed as a maximum
dose from drinking water. Only a limited amount of modeling for the purpose of estimating doses
from the potential repository at Yucca Mountain has been sponsored by OCRWM: -

On February 3, 1992, the EPA issued Working Draft 4 of the revisions to 40 CFR Part 191
(EPA, 1985). In this draft the EPA is considering a population dose criteria as an alternative to the
cumulative release criteria. In addition, the individual protection criteria is extended to 10,000
ycarslaf}cr repository closure. These criteria require dose modeling for both individuals and
populations. .. ; :

1.3 Objectives ,

This report describes modeling performed at PNL between May and November 1991 that
addressed the performance of the entire potential repository system. Specific objectives of the
modeling task were to: : ,

« identify further conceptual and calculational model development needs
« refine and mare fully prioritize identified data needs and help guide site characterization

. define relative sensitivities of total-system performance to the conceptual model, data
assumptions, and computational methods ‘

+ - make a preliminary evaluation of the potential repository total-system pu'foxmance. 7

All of these general objectives were mct‘in the course of the total-Systcm pcrformahce assessment
embodied in this report. :
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1.4 Link With Other OCRWM Tasks

The geologic stratigraphy and material properties used in this sudy were chosen in
cooperation with performance assessment modelers at SNL. They modeled a similar problem
using different computer codes and a different modeling philosophy. The main difference between
the modeling philosophies was that PNL performed a few model runs with very complex models,
and SNL performed many runs with much simpler (abstracted) models. The PNL and SNL results
were simultaneously presented to the DOE in November 1991, for a discussion of the results and
comparison of the modeling techniques. SNL total-system performance assessment results are
reported in Barnard et al. (1992).

1.5 Differences From Previous Calculations

The modeling presented here is substantially different from previous attempts. Models have
been added for gas-phase movement of 14C, human intrusion, volcanic intrusion, glass-waste
forms, and tectonic-induced variations. When compared to the PACE-90 calculations, 2 much
broader set of conditions has been addressed. The new models consider thermally driven, gas-
phase movement of radionuclides, and movement of radionuclides in the saturated zone. In
addition to model development, new information on radionuclide sorption has been obtained, and
new geochemical calculations have been performed to estimate the waste form solubility.

1.6 Caveats

Four objectives for this modeling task were given in Section 1.3. The first three objectives
were accomplished. The final objective, to make & preliminary evaluation of the potential
. repository performance, was not fully achieved. The approach chosen, and described in this
report, incorporated the most recent data and conceptual model assumptions available to the
modelers. However, definitive data from the site are not yet available for many parameters, so
many values were chosen for this exercise based on expert judgment or modceling convenience. In
addition, this work did not receive the widespread review within DOE required to ensure that the
latest available data and information were used.

To achieve a baseline performance assessment, several additional things must be done. First,
a complete set of nuclides of regulatory interest must be analyzed. This study analyzed 10 nuclides
out of a set of several dozen of interest. Second, additional site-specific data are needed to calibrate
existing models and other data are required to check the validity of the modeling assumptions.
Finally, the computer codes used must be subjected to formal Quality Assurance (QA)
requirements. The current models were used while still in the development and documentation
stages. Formal testing has not been completed.

For these reasons, the modeling results presented here are not sufficiently advanced to be
useful in formulating prudent judgments about site suitability or the expected risk of the repository.
Specifically, the work reporied here does not provide a sufficient basis to establish a "bascline”
performance assessment. :
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2.0 Overview of Modeling Approach

The location of Yucca Mountain, the site of a potential high-level nuclear waste repository in
~ southern Nevada, and the scenarios for radionuclide release modeled in this total-system

ormance assessment are discussed in this Section. The representative radionuclides chosen for
modeling in this study are presented along with the rationale for examining each. Finally, the
specific models used to predict each scenario considered in this study are presented.

2.1 Site Location

The Yucca Mountain site is located in southern Nevada about 160 ki northwest of Las Vegas
and is situated on land controlled by three federal agencies: the U.S. Air Force, the DOE, and the
Bureau of Land Management (Figure 2.1). ' _

2.2 Radionuclide Release Scenarios

Four primary scenarios for release of radionuclides from the potential repository to the
accessible environment were modeled for this total-system performance assessment iteration: base
(expected conditions), human intrusion, volcanic disruption, and tectonic disruption. The
accessible environment for this assessment is taken to be the ground surface in the vertical direction
and a distance of 5 km from the repository in the horizontal direction, as defined in 40 CFR Part
191.12. Because the ground-surface is a physical boundary while the 5-km boundary isa
regulatory concemn, these boundaries do not necessarily coincide.

: The base scenario addresses waste container degradation and failure under expected
conditions in the potential repository, followed by waste migration through the unsaturated
(vadose) zone in liquid phase to the regional ground-water table and in gas phase to the ground
surface. Releases to the water table migrate to the 5-km accessible-environment boundary and are
assumed 1o be extracted by a water well for human-population dose calculations, while releases to
the ground surface contribute to dose calculations through atmospheric pathways.

The human-intrusion scenario is divided into four cases, all of which are based on
assumptions regarding future exploratory drilling by persons unaware of the repository’s
existence. These cases dre: 1) exhumed container waste, 2) an exhumed column of contaminated
rock, 3) deep injection of waste into the wff aquifer, and 4) deep injection of waste into the
Paleozoic (carbonate) aquifer. The first two cases envision & driller intercepting rock with
migrating radionuclides from failed containers, or contaminated rock and a waste container by
means of a "direct hit," and exhuming these to the surface. The last two cases envision a driller
intercepting a waste container such that the container integrity is compromised, drilling on into an
aquifer below the potential repository, and ultimately causing the displacement of the container's
waste to the aquifer.

The volcanic-disruption scenario addresses the consequences of & disruption of the potential
repository and the uncontrolled release of radionuclides to the accessible environment because of
the subsurface and surface activity of a basaltic magmatic center. The subsurface activity would
comprise dikes, sills, and/or other intruded magma modes, and the surface activity is assumed to
be a Strombolian eruption of alkalic basalt and the construction of one or more cinder cones.

2.1
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Yucca Mountain Site

Figure 2.1. Location of Yucca Mountain Site in Southern Nevada (DOE, 1988)
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The tectonic-disruption scenario addresses the possibility of coseismic water table change
because of 2 tectonic disruption. The chief impact of this disruption is assumed to be the
permanent elevation of the regional water table and subsequent change in the hydrology and mass
transport of radionuclides in the unsaturated zone in the vicinity of the potential repository.

Figure 2.2 depicts the interaction of the four scenarios addressed in this total system
performance assessment iteration. All of the release paths by which radionuclides may be released
1o the accessible environment that are addressed by this total-system performance assessment are
shown in Figure 2.2, beginning with inventory tracking of waste accounting for radioactive decay
of the inventory and container degradation, failure, and release. Container inventory as well as
release rates are necessary because four disruptive events accounted for in this assessment (three
human-intrusion cases and the volcanic disruption) involve displacement of the contents of an
entire container or containers. Ultimately, all processes modeled in this total-system performance
assessment lead either to a surface release or the armrival of water-barne contaminants at the S-km
boundary. Hence, all processes contribute to the cumulative release calculation for radionuclides
or the human-dose calculation under 2 number of dose scenarios.

2.3 Choice of Radionuclides

One of the objectives for this analysis was to demonstrate the capability to conduct a total-

system performance assessment. It was felt that the analysis capability could be demonstrated
‘without analyzing all radionuclides of regulatory concern. Additional chemical and physical data
are needed to properly assess the impact of many of the nuclides excluded from this analysis. Ten
radionuclides were chosen for this analysis: -14C, 79S¢, 99Tc, 1268n, 129], 135C, 234y, Z7Np,
239Py, and 243Am. Because of retardation in transport, only four nuclides from the uranium and
neptunium decay chains were chosen. The other nuclides chosen are expected to be transported

faster. Specific reasons for selecting these radionuclides are &s follows:

. l4ct:h - the only nuclide considered to have the potential for significant releases via gas-phase
pathways | - '

 79Se - moderate-inventory nuclide, moderately delayed in transport by sorption processes
« 9Tc- high-invéritory nuclide, moderately delayed in transport by sorption processes
o 1268n - moderate-inventory nuclide with a long half-life

« 129] - not delayed in transport by sofption processes, has a high concentration to dose-
conversion factor .

« . 135Cs - moderate-inventory nuclide, moderately delayed in transport by sorption processes
« 234 - yranium isotope with the highest 1000-year inventory

« 27Np - high-inventory nuclide with very long half-life and a high concentration to dose-
eonyersion factor - _

2.3

i1 T " ] '] 1 + 1 ti H 1



Human Intrusion
»4 Container Waste

Exhumed to Surface
Base
e B} Gas-Phase
Migration
i:m'd Ph | +
et Liquid-Phase und
Migration g::iace
Releass
Contaminated R
— : 'POSE |
Radonuclide | Yoloanism CALCULATION
Term |\ Entrained in Dike
CUMULﬁ'éE'WE
4 1iquid-Phase Release RELE
Liquid-Phase Release
to Water Table : - 5km
Boundary
. o Release
asc.A}cl;tﬁ‘an Intrusion
=4 Deep-Injection ifer
Sccnang aturated Migration
Human lnuﬂsion
#=1Carbonate Aquifer
Sawrated Migration

Figure 2.2. Total-System Performance Assessment Scenarios for Radiormciide Release to the
Accessible Environment and Relationship to Performance Measures

24

el

Al



L8]

s 239Py - high-inventory nuclide that has received significant press exposure, chosen over
~the higher inventory 240Pu because it is in the decay chain for 243Am

« 243Am - high-inventory nuclide that is also highly retarded, providing an example of
radionuclide decay-chain modeling.

2.4 Models

The summary performance measure utilized in this study was the complementary cumulative
distribution function (CCDF) for cumnlative release of radionuclides to the accessible environment
(Table 1 of 40 CFR Part 191; EPA 1985). The CCDF includes information from base-case results
and disruptive scenarios. The CCDF is based on releases to the accessible environment. A
number of parameters were varied stochastically to generate the required (example) distribution
function. S : : ‘

In addition, doses were estimated for many radionuclide-release scenarios. The doses were
estimated using models and scenarios that were designed to estimate cumnlative release of radionu-
clides rather than dose. A careful study of the risk of the potential repository in terms of individual
or population doses would probably use different release and transport scenarios. The major
reason for this is that maximum dose results are determined by maximum radionuclide
concentrations rather than cumulative flux over a 10,000-year time period.

2.4.1 Radionuclide Source Term

Engineered-barrier source term release rates were computed for a total of 10 nuclides. The
nuclides were chosen to represent a cross section of physical properties and repository inventories
that emphasized large impacts in the dose models. Source terms were computed for speat fuel and
a representative glass-waste form. The spent-fuel inventories were taken from ORIGEN runs at
SNL that incorporated recent fuel-burnup assumptions. Source terms were computed for base-
scenario analyses (incorporating & range of infiltration rates and rock saturation conditions) and
human-intrusion scenario cases involving deep injection of waste into the saturated zone.

2.4.2 Unsaturated Zone Hydrology and Spécie Mass Transport

Based on the problem consensus, the unsaturated zone model was modeled as a two- |
dimensional (East-West) cross section of Yucca Mountain that included the Ghost Dance fault, a
fault that transects the potential underground repository (DOE 1988). The vertical extent of this

* cross section was from the regional water table to just above the repository horizon, except for the

m;_}ﬁphasc model, for which the vertical extent was from the regional water table to the ground
surface. : : : -

A liquid-phase analysis considered the combined effects of matrix and fracture flow in an
equivalent-continuum model (i.c., fractures were not modeled explicitly). SUMO, & steady-state,
isothermal, liquid-phase ground-water flow model (Eslinger et al. 1990) was used to predict base-
scenario flow and dilute-species mass transport of the 10-radionuclide inventory examined for this
total-system performance assessment for a range of recharge rates.

The gas-phase (multiphase) analysis was performed using the Multiphase Subsurface
Transport Simulator (MSTS) code to model dilute-specie mass transport of the single radionuclide
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14C in both the gas and the liquid phases, including the effects of thermal loading of the repository.
The air, water, and thermal-energy conservation equations for this model were solved in a fully
coupled manner. Exchange of carbon between water vapor and liquid water was also addressed in
the model. I , -

2.4.3 Saturated Zone Hydrology and Specie Mass Transport

Saturated zone flow and transport was modeled for the human-intrusion scenario cases
involving injection of waste, and those base-scenario analyses that predicted contaminant
movement into the saturated zone. A two-dimensional domain and a steady-state hydrology
solution were used. Simulations were performed for transport in both tuff and carbonate aquifers.

244 Hﬁman Intrusion

Human-intrusion analyses considered four release cases. These cases were: 1) exhumed
container waste, 2) an exhumed column of contaminated rock, 3) injection of waste into the tff
aquifer, and 4) injection of waste into the Paleozoic (carbonate) aquifer. The range of outcomes
depended on the time of occurrence and drill hole location. : ,

2.4.5 Tectonism

The tectonism analysis consisted of a litcrature review of postulated tectonic activity at Yucca
Mountain and identification of several initiating events that may influence transport of
radionuclides. Transport models were evaluated for an event associated with water-table rise.
This effort was not as extensive as other aspects of the modeling becanse of the late start for this
sub-activity and budget constraints.

2.4.6 Basaltic Vol‘canism

The volcanic analysis modeled radionuclide releases due to mobilization of waste by a basaltic
dike. The models for basaltic dike formation are based on simplified analytic models. Transient
changes to the hydrological flow ficld were not modeled. The range of outcomes will depend on
such factors as temperature of the magma, size of the dike, and fraction of waste mobilized.

2.4.7 Dose

Doses were computed for all PNL release scenarios except basaltic eruptions. The dose
model is based on the Intemnational Commission on Radiological Protection's concept of committed
effective dose equivalent ICRP 1977; 1979; 1984; 1991). Doses were computed for a "reference”
individual. In addition, PNL computed doses for some scenarios using radionuclide release
prbc;ﬁlcsdprovidocg l;y SNL. The dose calculations for SNL used the same exposure pathways as
PNL's dose model.
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3.0 Source-Term Analysis

The source-term for this total-system performance assessment analysis was calculated using
the Analytical Repository Source-Term (AREST) code (Licbetrau et al. 1987; Engel et al. 1989).
The AREST code can be used for estimating release rates from the engineered barrier system
(EBS) of an underground geologic repository for either spent-fuel or glass-waste forms. The
release rates from the EBS are then transferred to a hydrologic flow and transport model such as
SUMO (Eslinger et al. 1990) or MSTS to predict ground-water mass transport (see Section 4),
which is, in turn, used to calculate dose to humans (Section 10). The release rates were calculated
for a set of 10 nuclides (14C, 79S¢, 99Te, 126Sn, 129], 135Cs, 234U, 237Np, 239Pu, and 243Am).
The 10 nuclides were chosen to represent a range of physical and chemical properties, inventories,
and dose-conversion factors as described in Section 2.3. This section briefly describes the AREST
code and the analyses performed for this total-system performance assessment analysis.

3.1 Description of Release Models

At the potential repository site at Yucca Mountain, high-level nuclear waste is to be stored in a
canister that would be overpacked with a container designed to assure compliance with regulatory
containment requirements. The container will then be emplaced in an excavated opening, leaving a
small air gap between the emplacement container and the host rock. After the containment barriers
are breached (containment failure), there are three general modes of radionuclide release from the
EBS: "dry," "wet-drip,” and "wet/moist-continuous.” The AREST code contains specific models
for these three modes.

3.1.1 Unsaturated Zone

Under anticipated conditions, no liquid should contact the waste form even afier container
failure because of the air gap. These conditions are referred to as a "dry mode.” Thus, gaseous
transport is the only available pathway for release, assuming a "dry” mode. For this analysis, the
AREST code models gaseous transport as & pulse release at the time of container failure.

As a result of local variations in rock permeability, water may drip onto the waste container
after temperatures have dropped below a rewetting temperature. Such conditions are referred to as
a "wet-drip” mode. After containment failure, it is assumed that there is a hole near the top of the
waste container, allowing the interior of the container to become wet and the waste to dissolve.
Release from the waste form can then be estimated based on assumptions about the remaining
containment capability. Two assumptions can be made with the AREST code. The first
assumption is that the container is still intact and that release from the waste container will not
occur until the container is filled with water. This assumption is known as & "bathtub” type mode.
The second mode, or assumption, is that the container no longer forms & barrier to transport and,
thus, release can occur at the time of rewetting. This type of release mode is known as a "flow-
through" type. The AREST code incorporates existing models for both solubility-limited and
reaction-rate limited release for the "wet-drip” modes (Sadeghi et al. 1990).

For the anaiysis in this report, the ﬂow-througﬁ release models were used for the unsaturated
conditions. These models were selected to obtain release-rate estimates beginning at the time of
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failure, instead of waiting for the container to be filled. The time-dependent, solubility-limited
release rate due to convection in a wet-drip erivironment is calculated as follows:

Mi(:)=C?ﬂ‘lQ. sy | 3.1)

NJ1)

where C', is the elemental solubility of nuclide i, Nj and N, are the species and elemental
concentrations in the undissolved solid, respectively, Q is the volumetric flow rate of the water into
and out of the container, and t3 is the time when all the element has dissolved. The release rate

after the clement has all been dissolved is calculated using the following equation:

- Ni(ta) Q '
M) =C =53 Q A 1-t) | t3st :
0=C 3 e"p[( V(i) )( 3)] % ' (3.2)
where A is the decay constant and V(tp) is the volume of water if the container were full. |

. The mass-transfer equations for calculating release rates under wet-drip, flow-through
golr;ditions using a reaction-rate, limited-boundary condition at the waste-form surface are as
ollows:

M(R,.t) =f,M expl—(a+2)t (em—e)], t< ;l_- | . (3.3)

where R, is the radius to the waste container/host rock boundary, f, is the fractional alteration rate

of the waste form, M, is the initial inventory of the specific nuclide i, t; is the time of first water
contact after containment failure, and o is defined as: '

Q | |
=2 (3.4)
=Y |

and

M(R,.) =f,M] cxp{-(a +A)t (exp(u(t, + %)) - exp(ml))], ' t 2 % (3.5)

3.1.2 Saturated Zone

The last mode for radionuclide release is for the "wet-continuous” condition. This may occur
when the waste container contacts the host rock either by physical displacement or by
sedimentation of the air gap, allowing a diffusive pathway to exist. The AREST code contains
models for the diffusive transport of radionuclides and assumes either a solubility-limited or
reaction-rate, limited-boundary condition at the waste-form surface. The models that have been
incorporated into the AREST code were developed by T. H. Pigford, P. L. Chambré, and their
colleagues at the University of California at Berkeley. , _

The diffusive mass transport release rates for either a spent-fuel or glass-waste form assuming
a solubility-limited boundary condition at the waste-form surface is (Chambré et al. 1985):
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| M(r,)) =4 g, 6, D;RyTC W(r), Rp<r<R 120 ’ (3.6)
“where €; = backfill porosity |

backfill tortuosity factor

2
"

Df = diffusion cocfficient for nuclide i in water
Ro= waste-fdrm radiﬁs

surface concentration for nuclide i

Q
S
n

R; = radius to the waste container/host rock boundary

and v;(r,t) is a complicated funcdbn of previouSly defined parameters &), 61, D, Ro. C,. Ry, v.
and the additional parameters

b = the Backﬁll thickness (Ry-R2)
K, = retardation éoefﬁciems for nuclide ir in the backfill |
K= retardation coefficients for nuclide i in the host rock
“The mass-transfer rate for highly soluble nuclides may be limited by the rate of reaction of the

waste form. For a planar geometry, the time-dependent, mass-transfer rate of nuclide i for 2 single
time step n, is (Kang 1990) as follows:

M, (R,.)=2K, 0 ¢ -3]—' S, o, (1) 3.7

where m; is the mass of nuclide i that is dissolved at the beginning of this time siep (n), Vv is the
interior volume of the waste container, S, is the surface area of the cylindrical waste container, and
w;(t) is a_complica_t_cd function of ¢, €2, 61, 62, Kj, K2, &, Dy, b, Vy, and S,.

The total release into the host rock for radionuclide i over time is derived by summing over n
the scries of terms for each series of ML“(R ot successive time steps:

M,(R,.1) =2R4i,,(li,.t) (3.8)

This summation is continued until th¢ waste foi‘m is completely dissolved, or the inventory of
nuclide i is exhausted in the waste form as a result of radioactive decay, whichever comes first.
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3.1.3 Glass Dissolution Model

The AREST code also contains a2 mechanistic model describing a dynamic mass balance
between the production and consumption of silicic acid, coupled with a near-ficld mass transport
model to predict the dissolution kinetics of a high-level waste glass in a deep geologic repository
(McGrail et al. 1990). The kinetic model is used to transform radionuclide concentration-versus-
reaction-progress values, 10 concentration-versus-time values that are used to calculate the rate of
radionuclide release by mass transfer to the surrounding rock. The reaction-progress values are
predicted using a geochemical reaction-path computer code, such as EQ3/6 (Wolery- 1983). The
model provides for both solubility-limited and kinetically-limited release, with the rate-controlling

mechanism being dependent on the predicted glass/ground-water chemistry.

The following equation describes the mass balance used for calculating the time-dependent
reaction progress (§):

¢V%%=Ag(t)%—M(§.Ro,t) | | (3.9

where ¢ is the volume fraction of the aqueous phase in the annular volume (V), A4(t) is the time-
dependent glass surface area, M is the mass-transfer rate at the waste-glass surface, § is the
reaction progress, and dX/dt is the rate at which the glass is dissolving, given by:

dX Q) (3.10)
o =K -
dt ! K7 - : : '

where X is the amount of dissolved glass, K. is the forward rate of glass dissolution, Q is the
activity of silicic acid, and K is the equilibrium constant carresponding to the reaction:

Si0, (s) +2H,0< H4Si04(aq) (3.11)
and
aX 5 ' 3.12)
dt = Kl .

where K; is the residual rate of glass dissolution under near-saturation conditons.

3.2 Source-Term Analysis Description

Four different scenarios were analyzed for the total-system performance assessment analysis,
as described in Section 2. These scenarios were: 1) base (undisturbed), 2) human-intrusion,
3) volcanic disruption, and 4) tectonic disruption. Source-term release rates were used for
estimating transport to the accessible environment (Sections 4 and 5) and for human-dose
calculations (Sections 5 and 10) for both the base scenario and the human-intrusion scenario. The
inventories calculated for the base-scenario analysis were also used (indirectly) for the volcanic-
and tectonic-disruption analyses (Sections 6 and 7).
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 The waste-container releases for the base scenario were estimated by simulating several waste
containers located in an undisturbed, unsaturated media. Each simulation was based on time- and
temperature-independent infiltration rates (five different infiltration rates were used in the analysis;
refer to Section 4 for additional information). The containment failure time for each waste

. container was assumed to be a realization from & uniform distribution between 2000 and 5000
~ years." A temperature profile was also simulated for each waste container. In the base-scenario

analysis, both spent-fuel and glass-waste forms were considered. The base-scenario source-term
releases rates were used by unsaturated zone models (Section 4) for the base-scenario (nuclide
migration in gas and liquid phases associated with ground-water movement in the unsaturated
zone). This indirectly provided the source term for the volcanic- and tectonic-disruption scenarios
also, which at random disruption times used the remaining inventory in waste containers for the
base scenario, together with the unsaturated-zone model predictions of nuclide distribution at that
time due to migration from failed containers. '

The human-intrusion soénario included four cases that were defined in Section 2.2:

1. W-adﬁﬂu&m&ymuﬁnsamewnmin&hthcdﬁﬂﬂgmd
- exhumes the total inventory of a single container T
‘2. Exhumed column of contaminated rock - a driller misses the waste containers but
exhumes rock that contains dilute waste that has migrated from failed waste containers
3. Direct waste injection into tuff aquifer - a driller intercepts a waste container with the drill

rig, compromising the container integrity without entraining the waste, which falls to the
bottom of the drill hole into the tuff aquifer after rig extraction

]
» -
K

i =Nile . Hid
waste falls into the carbonate aquifer rather than

. Lo
A

aqui '-'rsamecascas(B)above,but
the tuff aquifer

“The base-scenario source-term release rates were used for cases number 1 (exhumcd container

waste) and 2 (exhumed contaminated rock). The source-term calculations for cases numbers 3 and
4 (direct waste injection into an aquifer) are the same except that the flow and mass transport
calculations (Section 5.0) vary following the differences in physical ies of the tuff and
carbonate aquifers. Ten simulations of saturated ground-water flow and radionuclide transport
were performed each for the tuff and carbonate aquifers to model the two direct-waste-injection
human-intrusion-scenario cases (Section 5). These simulations are identified as tuff simulations 01
through 10 for the tuff aquifer and carbonate simulations 01 through 10 for the paleozoic
(carbonate) aquifer. The drilling time for the 10 tuff and 10 carbonate simulations was selected
from a loguniform distribution between 100 and 10,000 years. The hydraulic conductivity ficld
for the 10 wff and 10 carbonate simulations was & stochastically generated, spatially correlated
field (Section 5). In addition to these stochastic simulations, two bounding simulations were
performed for both the tuff and carbonate aquifers using minimum or maximum hydraulic
gradients and a deterministic, constant-value conductivity of minimum or maximum value. The

‘minimum flow simulations are tuff simulation 11 and carbonate simulation 11, and the maximum

flow simulations are tuff simulation 12 and carbonate simulation 12. In all simulations, the
container is assumed to fail becanse of vertical displacement to the aquifer. Spent fuel was the only
typac; of waste form that was modeled for the direct-waste-injection cases of the human-intrusion
analysis. ‘ T : :
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In short, two basic types of source-term calculations are required to meet the needs of this
 total-system performance assessment: base and human-intrusion. The data required for both types
of analyses are presented in Section 3.3. The base-scenario releases are used to meet the
requirements of the base scenario, two of the four human-intrusion scenario cases, and the
volcanic- and tectonic-disruption scenarios. The results of the base-scenario source-term analysis
are discussed in Section 3.4. The human-intrusion release rates are used to meet the requirements
of the two direct-injection cases of the human-intrusion scenario. Human-intrusion source-term
analysis results are discussed in Section 3.5. s :

3.3 Source-Term Data Description

The data for this effort were compiled from several different sources and are shown in

Tables 3.1 through 3.7. Table 3.1 gives the waste-container parameters, These values are from a
preliminary site-suitability study performed at the University of California at Berkeley (Lee et al.
~-1991). The specific nuchide inventories, distribution in the spent fuel, and sorption are shown in
Table 3.2. The inventories were calculated using ORIGEN (Croff 1983), with decay referenced to
the year 2040, while the distributions in the spent fuel were taken from the Speat Fuel Report
(Apted et al. 1989). Table 3.3 contains the temperature-dependent elemental solubilities used for
 the base-scenario analysis. The solubilities were estimated using the EQ3/6 geochemical code

(Wolery 1983). Table 3.4 shows the infiltration rates and resulting saturation values predicted by
unsaturated zone modeling (Section 4.0) for the base scenario. v

The solubilities calculated from EQ3/6 tended to differ from values used in other analyses.
For instance, the solubility of 237Np (at 44°C) used in this analysis is 3160 times greater than the
solubility used for 237Np in the preliminary site-suitability study mentioned carlier (Lee et al.
1991). On the other hand, the Pu solubilities were four orders of magnitude lower than those used
by Wilson (1991). The difference in solubilities lead to similar differences in the calculated release
rates. The calculated values were used instead of literature values in this analysis because the
purpose of this total-system performance assessment is to demonstrate current capabilities.

Tables 3.5 and 3.6 provide data used for the human-intrusion scenario deep-aquifer-injection
cases. A median darcy flow rate in the waste container was used for the 10 random drilling times
(tuff simulations 1 through 10 and carbonate simulations 1 through 10). The median flow rate was
estimated using Equation (3.13): ' :

Velocity =Ks 30 e RE)

where Ks is a median conductivity of the stochastically-generated hydraulic conductivity field
(Section 5.0) in m/yr (0.4418 m/yr for the tuff :%uifcr and 98.7 m/yr for the carbonate aquifer),
AH is an average hydraulic head (78.75 m for and 265.24 m for carbonate) minus the
hydraulic head on the right end of the potential repository (50 m), and AL is the length of the
potential repositary (7000m). : : : ,

Glass inventories were estimated from an SRL-202 g!ass (Table 3.7). These were used with
the ground-water composition from well J-13 for calculating reaction progress and concentrations
used in the glass-dissolution model contained in the AREST code.
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Table 3.1. Waste Container Data

___ Parameter Value
Waste Radius (cm) _ 26.0
Waste Length (cm) 441.0
Gap/Void Width (cm) 1.5
Container Thickness (cm) 3.0
Air Gap/Backfill Thickness (cm) 3.0
Diffusion Coefficient (cm?/s) 1.16 x 105
Reaction Rate (g/m?/day) 0.755
Alteration Period (yr) 1000.0
Number of Waste Containers 35,000
Total Amount of Waste (MTU) 70,000

Waste-Container Loading (MTU/container) 2.0

Table 3.2. Nuclidc-Spcciﬁc Data

Half Life  Inventory % in % in K4 (mml/g)
Nuclide . (y1) (Cifpack) Matrix Gap Tuff Carbonate
14C 573x 103 329x100 98.0(») 1.0 0.0 0.0
79Se 6.50x 104 9.52x 10! 08.0 2.0 2.5 3.0
99Tc 2.11x 105 299x 10! 98.0 2.0 0.0 0.0
126Sn 1.00x105 1.77x 100 98.0 2.0 100.0 110.0
1291 1.57x 107 728x 102 98.0 20 0.0 0.0
135Cs ~ 230x106 993x 101 08.0 2.0 50.0 10.0
234y®) 245x105 4.97x100 100.0 0.0 2.5 3.0
237'Np 2.14x 106 8.59x 10! 100.0 0.0 2.0 0.5
239Pu 241x 104  6.65x102. 100.0 0.0 100.0 80.0
43Am  7.38x103 4.86x 101 100.0 0.0 100.0 100.0

() 1% of 14C in gas phase

Element

Table 3.3. Base-Scenario Solubility Data

100.0
44.0

~100.0

44.0
100.0
44.0

- 1000
44.0

3.7

Temperare Q) Solubility (¢/m®)

4,52 x 103
8.57 x 101

7.58 x 102
948 x 101
1.00 x 107
4,54 x 106
1.51 x 103
4.62 x 103



Table 3.4.

Infiltration (mm/yr)

Bwoooo

0.5%0
0.730
0.805
0.945
0.945

- 0.945

Base-Scenario Repository Hquﬁ Saturation for Various Recharge Rates (refer to
Section' 4 for additional information on saturation predictions) '

Liquid Sanuration

Table 3.5. Human-Intrusion Scenario (Deep-Injection Cases) Aquifer Data

Vagiahd Radionuclid Tuff Aquif Cat \cui
Porosity 0.24 0.05
Density (g/cm?3) 2.23 2.76
Ka (mL/g) 1C 0.0 0.0
Se 2.5 3.0
99Tc 0.0 0.0
1265 100.0 110.0
129] 0.0 0.0
135Cs 50.0 10.0
234y 2.5 3.0
237Np 2.0 0.5
239Py 100.0 80.0
U3Am 100.0 110.0

Table 3.6. Human-Intrusion Scenario (Deep-Injection Cases) Drilling Times and Flow Rates

Simulation _Drilling nn-ég '
Number —Tuff __ n
1 357.9 2465.6
2 2289.4 - 146.8
3 647.7 589.2
4 1108.9 259.1
5 3076.3 1190.8
6 2530.6 8336.1
7 9088.8 3811.8
8 443.0 128.5
9 159.6 2615.6
10 109.5 1308.0
11 300.0 300.0
12 300.0 300.0

3.8

— FlowRate(mfyn) ___
—Tuff _ _Carbonate

0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
0.00181 3.035
890x106 5.17x103
0.274 69.7



Table 3.7. Glass Inventory(s) Data

Inventory

clide  Oxide MW  EH® W% fi® (glpack)®
14C — — — - -— R
9Se SeO, 111.0 0.7118  1.00 x 10-4 7.117 x 105 119.78
%9Tc TcO, 1310 07557 4.10x105  3.098x105 5215
126Sn - o e - - -
129] - J— - - — -
135Cs Cs;0 28181 09581 123x103 1.178 x 103 1,983.0
234y vo, 270.03 0.8666 1.96x 102 1.698 x 102 28,585.0
2'Np NpO;  269.0 0.8810 129x 104 1.137 x 104 119.28
239Pu PuO, 2710 0.8819 5.70x 105 5.027 x 105 84.60
243Am  AmpO3 530.0 0.9170 5.64 x 10-6 5.172 x 106 8.704

(2) Glass Tota! Inventory = 1.683+06 (g/container)
(b) H = (Atomic Mass) / MW

() fi=FlxW1% i

(@ Inventory = (Glass Total InventoryX?®) x fi

34 Bas'e-Scénario Source-Term Results

Results from the base-scenario source-term analysis are shown in Figures 3.1 through 3.10.
Figures 3.1 and 3.2 show 14C release rates for gas release plus waterborne release. Release rates
where spent fuel was used s the waste form are shown in Figures 3.3 through 3.6. Figures 3.7
through 3.10 show release from a glass-waste form for the base scenario. For all spent-fuel
analyses, the nuclides were divided into two sets. The first st includes the nuclides that were
modeled using a solubility-limited boundary condition at the waste-form surface (84U, 2L7Np,
239Py, and 243Am). The second set includes the nuclides that are highly soluble and were modeled
using a reaction-rate limited boundary condition (14C, 79S¢, 99Tc, 12681, 129], and 135Cs).

Gas release of 14C was estimated using a pulse-release rate, with all of the gas inventory
released in one year. The waterborne release of the 14C was estimated using a flow-through
release rate based on the alteration rate of the fuel. Two infiltration rates were used for calculating
release of 14C using both gas and waterborne release, 0.01 mm/yr and 0.05 mm/yr. Figure 3.1
shows the release of 14C using an infiltration rate of 0.01 mm/yr, while Figure 3.2 shows the
release using a 0.05 mm/yr infiltration rate. Failure times, for this analysis, were uniformly
distributed between 300 and 2000 years. However, no waterborne release of 14C begins before
1300 years because the repository is hot and has not yet reached the time of "rewetting.”

The remaining base scenario calculations, Figures 3.9 through 3.10, were calculated using
either the flow-through release models, with an infiltration rate less than 10.0 mm/yr (Figure 39
through 3.11 and 3.13 through 3.15), or the "wet-continuous” release models, with an infiltration
rate greater than 10.0 mm/yr (Figures 3.12 and 3.16). The cutoff point of 10.0 mm/yr for using a
flow-through release model versus & "wet-continuous” diffusive model was arbitrary.
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3.5 Human-Intrusion Scenario Source-Term Results

The source-term estimates for the human-intrusion scenario deep-aquifer-injection cases are
shown in Figures 3.11 through 3.16. For the reaction-rate limited nuclides (14C, 79Se, 99Tk,
126Sn, 129], and 135Cs), either the flow-through release model or the "wet-continuous” ditfusive
release model was used. Only the flow-through release model was used for the solubility-limited
nuclides (34U, 237Np, 9Py, and 243Am). The flow-through mode] was used for the alteration-
limited nuclides when flow velocities were less than or equal to 10 mm/yr (Figures 3.11, 3.12, and

3.15), while the "wet-continuous” diffusive release models were used when flow velocities where
~ greater than the arbitrarily-selected 10 mm/yr cutoff (Figures 3.13, 3.14, and 3.16).

Figures 3.11 through 3.13 show the results for the tuff aquifer. Figure 3.11 shows the
results for tuff simulation 1. For the analysis of tuff simulations 1 through 10, the flow-through
release models were used with a median ground-water velocity for the wff aquifer (0.00181 m/yr;
Table 3.6). Because the water velocities are the same for uff simulations 1 through 10, the release
profiles will be similar for all 10 cases. Hence, only the results for tuff simulation 1 are shown
(Figure 3.1). A minimum-flow velocity for the wff aquifer was used to calculate the release rates
shown in Figure 3.12 (tuff simulation 11), while 2 maximum-flow velocity was used for .
calculating the release shown in Figure 3.13 (tuff simulation 12).

The results for displacing a failed container into the carbonate (Paleozoic) aquifer are shown
in Figures 3.14 through 3.16. Similar to the wff results, only carbonate simulation 1 is shown for
the representative release profile for the 10 simulations where a median flow velocity (3.035 m/yr,
Table 3.6) was used. This case is shown in Figure 3.14. The flow-through release models were
used for the minimum-flow simulation (tuff simulation 11), and are shown in Figure 3.15. Figure
?21 )6 shows the results of using 2 maximum-flow velocity in the carbonate aquifer (tff simularion

3.15



Release Rale (Clyr)

Release Rate (Cilyr)

'Vil L l'l.l“

L) L] 'll"'l ¥ ¥ 'l]l']l ¥ L] ll‘!ll' L) l.l"ll
o TCou
— c .. .\‘ -
. csossane ”SQ 4
sesne: 1gc -
-=:- Sn
. 3, }
138 s a'n'o'.'c'-'n'-'l'-'o'-.-'-'o'-'l'-.-'h: sussssene Np -
—mcs ) m
[ ...."m:z # .‘. 1
-'.2“ -------*- ersesessswse=Py
(2 1% T2 Am ' . ..Q‘. ] L
- ) ) )
o ' -
k3 2 "ll'.' 1 1 .lu_.L 2 1 .'..l" 1 l..l'l' L] 2 '.l..!. 9 92 32323

10 5
10

100

100 10 10° 10"

Post-Empfacemem Time (y7)

10

Figure 3.11. Source-Term Release Rate: Human-Intrusion Tuff Simulation 1

10

-2
10 -

-
10 -

10

10°}-

1 0-10 L

-12

Ll L] llll'l' L] L3 ll.llll LJ L] l'l'l'l L] LR | llllll

nluowNp

® - Pu
289
weme AM

[ L llllll‘

L] 1 llllll' 1 1 l!llll. 1 2. 2 2223

10 .
10

10°

10° 10' 10 100

Post-Emplacement Time (yr)

™T"TTIITT]

Figure 3.12. Source-Term Release Rate: Human-Intrusion Tuff Simulation 11

3.16



Release Rate (Cifyr)

Retease Rate (Cifyr)

10 T T T Y VI T YT TII T T TIVITT] L L L) R LR AL
-2 I |g comns o
10 = — 79c "TC... ‘ -
o ) ]
104 U Rl Te iq‘.' -'=3f3f‘=-‘f:fu;ﬂf‘f-"%oo-o--o-nm -
126 e . Am
- - Sn = Stveg, R X oy
& P 129| N ~‘l . v A
10 |- 135 . -
— cs e,
" oaseasee U R ey TL S s xPy Ny
-8 y H
10 - -.l-nmNp ..o : b
239 .‘. ']
wof |72t M T
10 - wimny A :\ 'i.“ =
[}
10-12 a2 asssgl 2 PETTIT R W T TIT 1 1411:1“4||_l_hl_u_u|_si_|_|_|_|‘u1

0

10’ 10° 10° 10 10° 10° 10

Post-Emplacement Time (yr)
Figure 3.13. Source-Term Release Rate: Human-Intrusion Tuff Simulation 12

0

10 Iﬁj1"""' ITIT‘II"I*I IIIll" L) l‘llll‘ L] LR llllll L] LA RERLEE]

100 - |—_C ’

— 'S wiuiee -.-.-.-.-.'.-.".'.1.-.;'.‘:................NP
- N BQT s Ve —"mm ’
1 0 o . 1a§n o, ‘ U -
F P 1”{
10 |-
o— 13505
. o U

c .

10 lJJJj!ll'g - 1 Ijlllllg JJJ.I]I'QJJ lllll\

10’ 10° 10 10" 10° 10° 10’

Post-Emplacement Time (yr)

Figure 3.14. Source-Term Release Rate: Human-Intrusion Carbonate Simulation 1

3.17



Release Rate (Cliyr)

Release Rale (Clyr)

10 L] 1 l’llllll L] AI l'lllll L) L] illl‘l‘ L] 1 Illllll L3 T llll"[ 8§ 8 s sNNed

o[ [Badigguciide e ‘ y
10°L |—c O - -
- Sesvememme: ::Se %ns. 3 ... L
. S, 99 .
1 04 . b 1Jc 'u-O"‘.o. - ' A -
- == sn ) ! ‘ -
o |- 3, N etninininininisiLITIEIEIE  Dinessosnonsel P
10 |- 135 Aok kY Am -
amen CsS : Wu
- . U -y
10 = |aseen Np -
10, --'zaPu fesnnsnsg -----p.---—-.--u—fu L
1 0 s man Arﬂ - I' -
o l. L
1O.12 1 b 4 lll"'l L 1 1 .‘l'l.l 2 '] l.'..ll 2 2 2 221

10' 10° 10° 10" 10 10 10

Post-Emplacement Time (yr)
Figure 3.15. Source-Term Release Rate: Human-Intrusion Carbonate Simulation 11

0 _ , i
10 L] L] lll'lll LS L lll‘lll L] L] lll'.ll | 3 L] 'll'llr .r L] '."..l' 7'7.7[...?
- i B.as!&g&cliﬂdﬁ _q_.nw.-.'.-.'.-.'r.'r.'.-.'.-.'r.'.-.' XED :r.'.,:...f......'f:;‘

1 0-‘ SOl 1gc -
-=- Snh Pu
5 I 12" ’ 3 )
10 = s 1 o
— Cs :
L u ! .
1 0-. - sseser mNp -
2
10 = wsemer  AM -

C
.‘2 ) 4 » ll'lll‘ Illll!. L] 9 llllll‘ 1 1 !ll!!\
105 2 3 4 s
10 10 10 10 10 10 10
Post-Emplacement Time (yr)

Figure 3.16. Source-Term Release Rate: Human-Intrusion Carbonate Simulation 12

3.18



4.0 Unsaturated Zone Hydrology and Transport .

Two approaches were used to model the unsaturated zone at Yucca Mountain for the total-
system performance assessment exercise. For the liquid-phase approach, the unsaturated zone was
modeled as an isothermal, liquid-phase hydrogeologic system for the purpose of simulating
transport of 10 radionuclides from the potential repository to the regional water table. For the
vapor-phase approach, the unsaturated zone was modeled as a nonisothermal, multiphase system
while simulating of a single radionuclide (14C) from the gotcnual repository to both the
regional water table (liquid phase) and to the surface (vapor phase). . :

Although the modeling techniques and conceptual models differ for these methods, both
approaches required the same hydrogeologic parameters. A general description of the unsaturated
zone at Yucca Mountain and the hydrogeologic parameters used to describe its physical behavior
are presented in Section 4.1. The liquid-phase modeling approach, results, and analysis arc
presented in Section 4.2, and the vapor-phase modeling approach, results, and analysis are
presented in Section 4.3. :

4.1 Unsaturated Zone Description

The current conceptual design for the potential repository at Yucca Mountain locates the
potential repository horizon approximately 300 m above the regional water table and approximately
200 m below the land surface. Low recharge rates and low hydraulic conductivities in this deep
unsaturated environment are expected to function as natural barriers to radionuclide transport from
the engineered barriers of the potential repository to the accessible environment. Once in the
unsaturated zone, radionuclides may be transported to the accessible environment by several paths,
¢.g., to the saturated zone through liquid-phase transport (Sections 4.2 and 4.3) and from there to
the accessible environment (Section 5.0), or directly to the surface through vapor transport
(Section 4.3). In addition, both unmobilized waste in the potential repository and waste
transported into the unsaturated zone may be subject to disruptive scenarios such as volcanic
activity or human intrusion events. Analysis of disruptive conditions is, therefore, dependent on
unsaturated-zone model predictions of the spatial and temporal distribution of water and waste.

" Figure 4.1 depicts the generalized conceptual model of the unsaturated zone at Yucca
Mountain that was the basis for all unsaturated-zone modeling described in this report. This
system consists of a two-dimensional domain comprised of five stratigraphic layers as shown.
The potential repository location is represented in Figure 4.1 as a bold line that extends from
borehole USW H-5 at an elevation of 1030 m above mean sea level east 1972 m to 895 m above
sea level. The regional water table was assumed horizontal at an elevation of 730 m, its present
_. static position at boreholes USW G-4 and UE-25a#1. _

4.1.1 Hydrologié and‘ Transport Propérties

-~ 'The five lithological units included in both conceptual models are listed in Table 4.1. Key
hydrologic parameters are saturated hydravlic conductivity (Ks), to;lforosity (n7), residual
saturation (S;), and the van Genuchten curve-fitting parameters, a and p (van Genuchten, 1980).

" The mean values for these five parameters for each layer and far fractures are tabulated in Table

4.2. Matrix parameter values in Table 4.1 are derived from Peters et al. (1984), which was
subsequently published in the PACE-90 report. Fracture parameter values in Table 4.1 are taken

4.1
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Figure 4.1. West-East Cross Section: Physical and Hydrogeologic System.

Table 4.1. Mean Hydrologic Parameters

Layer Ks(m/s) —__ ot S; a(l/m) B
Welded 200x 101 01 0080 00057 - 1798
Vitrophyre . 301x1012 009 0052 00033 1798

Nonwelded Vitric 799x 1011 021  0.164 0.0265 2223
Nonwelded Zeolitic  3.01 x 1012 0.41 0.010 0.0220  1.236
Partially Welded 140x10-8 0.24 0.066 0.0140 2.640

Fractures 825x 105 043 0045 145 2.680

- omm Carsel and Parish (1988). All hydrogeologic parameter values for use in the total-system
performance assessment exercise were set forth in Kaplan et al. (1991)@). ,

Additional parameter values were required to model radionuclide transport in the
unsaturated zone. These parameters were the sorption coefficients (Ka) for each radionuclide with
respect to stratigraphic layers and isotope half-lives (ty2). The half-lives and the mean K4 values
are shown in Table 4.2. Transport of all ten radionuclides listed in Table 4.2 was simulated in
liquid-phase modeling, including decay of 243Am into 239Pu, while only 14C transport was
simulated in the vapor-phase modeling. Dockery (1991)®) that the K4 values in Table 4.2
are derived from sorption data from the Culebra formation at the Waste Isolation Pilot Project

@) Ksplsn, P, G. Gainer, H. Dockery, mnd R. Barnard. 1991, Distributions of Hydrogeologic Parameters for the TSA
Problem. This July 25, 1991 letter report is reproduced in Appendix A.. , '
(b) Dockery, H. 1991. Additonal Ky information from A. Meijer (9/26/91). This October 2, 1991 memo is

reproduced in Appendix B.
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Table 4.2. -Radionuclide Half-Lives and Sorption Coefficiénts

' ' Sorption Coefficient

Nuclide 4 (y1) Welded Vitrophyre Vitric Zeolitic  P. Welded
234y 245x 105 2.5 2 2 10 2.5
237Np 2.14 x 106 2 0.5 0 . 4 2
2A43Am 7.38x 103 - 100 100 100 100 : 100
239Py 241x 104 100 100 100 100 100
14C 573x103 0 -0 o 0 0
9Se 6.50x 104 2.5 , 2 2 10 2.5
99Tc 2.11x 105 0 ) 0 0 0
126Sn 1.00 x105 100 - 100 100 100 100
129] 1.57x 107 0 0 0 0 0

135Cs 2.30x 106 - 50 50 S0 2000 50

(WIPP) site. These values are for matrix rock only. Three radionuclides, 14C, 99Tc, and 129], are
assumed to have zero retardation. However, carbon will probably be exhanged with stable carbon
or precipitated onto carbonate rocks. For additional geochemistry details concerning the selection
of sorption values used in this exercise, the reader is encouraged to refer to Dockery (1991), which
is reproduced as Appendix B. , »

4.1.2 Fracture/Matrix Equivalent-Continuum Model

Given the constraints of computer technology at present, it is impractical to explicitly address
fractures with apertures on the order of 10-5 m while modeling a flow domain on the order of
103 m. Therefore, we must rely on an equivalent-continuum approach that incorporates aspects of
both matrix and fracture fiow into a single porous-media model. For both the liquid-phase and
multiphase approaches, the equivalent-continuum model was based on the assumption that fracture
and matrix pressures are in equilibrium at all points in the model's domain. Future work in this
field will probably expand to include non-equilibrium fracture/matrix interactions, but the capability
was not available for this exercise.

The pressure-equilibrium assumption allowed us to compute a bulk-equivalent saturation (Sy)
at a given tension head (y) based on the matrix saturation (S,) and fracture saturation (Sg)
computed at that pressure: v
Sebrr+ S 1 -B1d) By (4.1)

Bt (1 - ) B
where nyy and nry are the total porosities in the fractures and matrix, respectively. Similarly, the

bulk-equivalent saturated hydraulic conductivity (Ksy,) at & given pressure head is computed using
this general relationship for bulk-equivalent hydraulic conductivity (Ky):

K, =K1 - b} + KenpyKy=Kp (1 -ny) + Kooy 4.2)

where K, and Ky are the hydraulic conductivities in the matrix and fractures, respectively. The
equivalent-continuum conductivity curves can be generated for a range of pressure heads by

Sp=
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computing the saturation and conductivity for both fractures and matrix regimes using their
respective characteristic parameters and then substituting those values into Equations (4.1) and
(4.2) to obtain the bulk-equivalent values. The resulting equivalent-continuum curve is then used
to describe unsaturated hydraulic characteristics to the numerical model that solves the flow
equation. ‘ ' '

Kaplan et al. (1991) and Barnard and Dockery (1991)® specified that the Ghost Dance fault
was to be modeled both as a 14-m offset and as a zone of increased permeability (based on fracture
density and aperture differences). Fracture densities presented in Kaplan et al. (1991), based on
Spengler et al. (1984), are shown in Table 4.3 for the rock and fault zones.

The following example calculation illustrates how the equivalent-continuum characteristic
curves are generated and how fracture densitics are used to differentiate between the ies of
the Ghost Dznce fault and the surrounding rock. Fracture total porosity (e, the ratio of the total
volume of fractures to the total volume of Tock, is computed as the product of fracture density,
mean fracture aperture, and within-fracture saturated moisture content (6°sy). Using values for the
‘c‘;ggcl: unit (layer 1) rock, and the 210 pm aperture specified by Kaplan et al. (1991), we

te ‘ ' : : :

np,= (fracture density) (fracture apcrmre)’e;lf |
=(283 m?) (210 ym) (_‘_‘”_) (0.43) | (4.3)

=2.555x 10>,

This value is used in Equation (4.4) to calculate the fracture residual moisture content (BRif),
expressed as a fraction of the total rock volume. We assume that the fracture residual saturation
(Srip), computed as the ratio of residual and saturated moisture contents reposted in Carsel and
Parish (1988), is constant. . ‘ o :

B
O™ (n-n‘) (S_le) = (nl'lt) “
| O (4.4)

_ 3y (0.045
=(2.555x 10 )(—0'43)

=22.674x 102,

Finally, substituting values for the appropriate terms in Equation (4.2), we obtain

(a) Barnzrd, R., and H. Dockery. 1991. TSA Problem Outline Consensus. 'l'hisJulﬁZﬁ.l”llensrepmtis
reproduced in Appendix C. ’ :
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Table 4.3. Fracture Densities (1/m)

»

Layer Rock Fault
Welded - 28.3 283
Vitrophyre 35.6 356
Nonwelded Vitric 2.0 20
Nonwelded Zeolitic 1.6 16
Partially Welded 4.4 44

Ksp=Ksim( 1"*15) +Kghpe :
=(2.00x 10" mss) (1-2.555x 10%) +(8.25x 105 1) (2.555x 10%)  4-5)
=2.11x 107 m/s

where Kgp, is the value of saturated hydraulic conductivity used to represent the Welded unit (layer
1) in solving the governing flow equation with a numerical model.

Equations (4.3) through (4.5) illustrate how we calculated equivalent-continuum model
parameters using the rock properties of the Welded unit. The calculated rock parameter values for
all five units are summarized in Table 4.4. The parameter values for the Ghost Dance fault zone
are computed in the same manner using the higher fracture densities (Table 4.3) in the calculation
shown in Equation (4.3). The calculated fault parameter values are given in Teble 4.5.

The values in Tables 4.1 through 4.5 are sufficient to it the use of Equations (4.1) and
(4.2) to generate equivalent-continuum composite unsal -characteristic curves. Fora
prescribed pressure head, which is the same for the matrix and fracture regimes under the pressure-
equilibrium assumption, saturation and hydraulic conductivity are computed separately for matrix
and fracture regimes. The resulting values are then substituted into Equations (4.1) and (4.2) to
obtain the composite values for these variables. ing this process over & range of pressure
heads yields the unsaturated-characteristic curves. Figures 4.2 through 4.6 depict the water
retention and hydraulic conductivity curves for both rock and fanlt zones for layers 1 through 5,
- respectively. For liquid-phase modcling, tabulated values based on approximately 200 points per
curve were used to represent the unsaturated curve to the numerical model. A better approach was
 used for vapor-phase modeling, wherein the MSTS code was enhanced to solve the equivalent-
continuum relations directly. This eliminated the need for a separate computer program to generate
tabular values and greatly reduced preparation time, while offering a small increase in performance
because linear interpolation between tabulated values was not required.

4.2 Liquid Phase

The approach, results, and analysis for liquid-phase modeling conducted for the total-
system performance assessment exercise are presented in this section. The hydrogeologic and
* contarminant-transport parameters used for this exercise were presented in Section 4.1.

4.5
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Tenslon Head y (m)

Table 4.4. Computed Rock Parameter Values for Equivalent-Continuum Model

Layer NTie ORyf Ky (m/s)
Welded Nonlithophysal 2.555x 103 2.674 x 104 2.108 x 10-7
Vitrophyre 3.215x 103 3.364 x 104 2.652 x 107
Nonwelded Vitric 1.806 x 10-4 1.890 x 10-5 1.498 x 10-8
Nonwelded Zeolitic 1.445x 104 1.512x 105 1.192 x 10-8
Partially Welded 3973 x 104 4,158 x 105 4.677 x 108

Table 4.5. Computed Fault Parameter Values for Equivalent-Continuum Model

Layer DTl _Op Ky (m/s)
~ Welded Nonlithophysal 2.555x 102 2.674 x 103 2.108 x 10-6
Vitrophyre 3215 x 10-2 3364x103 = 2.652x 106
Nonwelded Vitric 1.806 x 10-3 1.890 x 104 1.491 x 107
Nonwelded Zeolitic 1.445x 103 1.512x 104 1.192x 107
Partially Welded 3973x 103 4158x104 ~  3.417x 107
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Figure 4.2. Water-Retention and Hydraulic-Conductivity Curves for Layer 1, Welded
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4.2.1 Method and Assumptions

Several simplifying assumptions were made to constrain the liquid-phase problem for the
total-system performance assessment exercise. The assumptions are stated here to refiect the level
of detail of the analysis but do not comprise an exhaustive list of assumptions made. First, we
assumed that flow in the unsaturated zone of Yucca Mountain is described by Darcy's Law. The
hydrogeologic properties of the porous media that comprise Yucca Mountain are assumed to be
homogeneous and isotropic within the stratigraphic layers identified in the conceptual model.
Recharge is assumed to be time-invariant and spatially uniform at the depth of the potential
repository. All flow was treated as isothermal, single phase (nonisothermal, multiphase fiow is the
topic of Section 4.3). Water pressure in the fractures and matrix was assumed to be in
equilibrium, permitting use of equivalent-continuum ("duzl-porosity") characteristic curves
(discussed in Section 4.2.2). Treatment of the Ghost Dance fault relied on two principal
assumptions: first, that the fault is a 1-m-wide feature representing a 14-m offset in adjoining
stratigraphic units, and second, that the hydrologic properties of the fault differ from the
surrounding rock units only by an order-of-magnitude increase in fracture density in the fault zone.

4.2.2 Conceptual and Numerical Models

The generalized conceptual model was presented in Section 4.1. The significant change to
that model for liquid-phase analysis was that the vertical extent of the liquid-phase model was
reduced to extend from the water table at 730 m to an elevation of 1050 m, which is just above the
potential repository horizon. For liquid-phase modeling under the given assumptions it was
unnecessary to model the strata above 1050 m. ,

The governing flow equation solved by the SUMO computer code is based on the equation

of continuity and Darcy's Law for flow dynamics. The equation for conservation of a slightly
compressible fluid mass in nondeforming media is expressed as

3fep) +ve{pV) -M=0 (4.6)
‘where 9, = partial derivative with respect to time
6 volumetric moisture content (m3/m3)

p = fluid density (kg/m3)

V = vector differential opcrator

V = Darcy velocity vector (m/s)

M = fluid source/sink term (kg/s).
The Darcy equation for isothermal flow is

Ve -(5) (Vp+pgva) 4.7
(o _

where k = intrinsic permeability tensor (m2)
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p = dynamic fluid viscosity (1/m ) *
p = fluid pressure (kg/m s2)
g

= acceleration due to gravity (m/s2)

z = vertical direction in cartesian coordinate system, taken as positive upwards (m).

Equation (4.7) is substituted into Equation (4.6) to obtain the governing equation for single-phase
fluid flow under isothermal conditions that is solved in the SUMO code, expressed for the two

dimensions addressed in this exercise: |
SgoH=0, (RK,9,H) + 9,(RK,9,H) +My
where Sg = fluid storage term (1/m)
t = tme(s)
H = hydraulic head with respect to reference fluid density (m)
x,y,z = directions in cartcsxan coordinate system (m)
R = ratio of fluid density

K = hydraulic conductivity in the direction denoted by x or z subscripts (m/s)

fluid source term (m3/s).

g

The fluid-storage term (Ss) is defined _by the following equations:
Sg= (o, +ngoges
ifo=ng. fo<ng,
Sg= E A
oy

where o, = compressibility of solid media (m s%/kg)

ng = effective or flow porosity (m3m3)

af = compressibility of fluid (m s2/kg)

y = soil moisture potential or tension head, equal to -P when P < 0 (m).

The hydraulic conductivity tensor (K) is computed using

4.10
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K= PE | © @1
1}
where all terms are as previously defined.

The above equations were written under the assumption that the principal directions of the
hydraulic-conductivity tensor coincide with the coordinate directions (x,y,z) such that only the
diagonal terms of the tensor are nonzero (Runchal and Sagar 1989; Sagar and Runchal 1990).

Hydraulic head (H) and pressure head (P) are related by
H=P+(z-2%) | 4.12)

where z* is an arbitrary elevation datum, and the pressure head is defined by

p=t ' 4.13)
. P8

The pressure head (P) is larger than the atmospheric pressure head (and hence positive) for
saturated flow, and is less than atmospheric pressure (and hence negative) for unsaturated flow.
The volumetric moisture content (6) is equal to the effective tglu‘;-‘rosity (np) for saturated flow. The
~-soil moisn)xrc potential (y) and intrinsic permeability (k) are functions of the volumetric moisture

~ content (6). ' ' :

The governing equations are solved with an integrated finite-difference scheme by the SUMO
code for a rectangular grid mesh. The solution of the general equation for fiuid flow and the
coupling equations leads to values of hydraulic head (H), relative saturation (6*), and fiuid velocity
(U, V, and W in the x, y, and z directions, respectively). The resolution of the rectangular grid
mesh was, in general, 5 min the vertical dimension and 10 min the horizontal. The only
?xocpticc)ln }vausi near the Ghost Dance fault, where the mesh was refined to accommodate the

-m-wide fault. - ~ - _

With respect to boundary conditions, we assigned no-flow (Neumann condition) constraints
to the eastern and western boundaries of the two-dimensional geometry. The 500 m eastern extent
of the model beyond borehole UE-25a#1 was included to prevent the no-flow condition imposed
on that boundary from introducing modeling artifacts into the flow domain near the repository or in
the regions where radionuclide migration might occur. The Jower boundary is the regional water
table, a Dirichlet condition of zero pressure head. Finally, the upper boundary is a constant liquid
flux equal to the recharge rate to be modeled. - It was the intent of this exercise to simulate flow and
transport for recharge rates of 0.01, 0.05, 0.1, 3.0, and 20.0 mm/yr, but for reasons discussed in
the results and analysis sections (Section 4.2.3 and 4.2.4), only the 0.01 mm/yr condition was
successfully simulated, and the 0.05 and 0.1 mm/yr conditions were only i

Steady-state hydrology conditions were assumed as the initial conditions for contaminant
transport simulations. For example, at a recharge rate of 0.01 mm/yr, & hydraulic head gradient of
zero was assigned to the entire model domain, which was then solved for the no-flow east and
west boundaries, for the water table lower boundary, and for 0.01 mm/yr flux at the upper
boundary until steady-state conditions were reached. The pressure ficld for steady-state conditions
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was then saved. The saturation in the repository horizon was noted for this recharge rate and
provided to source-term release models (Section 3.0). Finally, transport for 0.01 mm/yr recharge
was modeled using the saved pressure field as a constant condition and the release rates for
radionuclides generated by the source-term models (dependent on the saturation predicted from the
flow modeling). ,

4.2.3 Simulation Results

Simulation of the model was exceptionally difficult numerically. SUMO was able to solve the
governing flow equation for a recharge rate of 0.01 mm/yr until steady state was reached, as
measured by comparing total liquid flux across the upper and lower boundaries of the model.
Higher recharge rates proved maore and more difficult to solve because of the contrast in bulk-
equivalent hydraulic conductivities between the lzgpcr three layers and the lower two. The contrast
was about one order of magnitude, as shown by the saturated bulk-equivalent hydraulic
conductivity values in Table 4.4. For any simulation, started at time zero, the wetting front that
began with the recharge flux applied at the upper boundary would be simulated with increasing
time steps until it reached the fourth layer, then the simulation would cither fail aftera
maximum number of time-step divisions or it would proceed with very small, non-increasing time
steps for as long as the modeler would care to run the simulation. (We allowed one simulation to
run for 18 CPU hours on a Cray XMP.)

Because of the numerical difficulties experienced in solving the two-dimensional liquid-phase
problem with SUMO at recharge rates greater than 0.01 mm/yr, a series of simplified, one-
dimensional simulations based the stratigraphy of borehole USW G-4 were run using both the
SUMO and the MSTS codes (the MSTS code is discussed in detail in Section 4.3). The SUMO
code was unable to solve the goveming flow equation in the one-dimensional domain at any
recharge rate using the direct steady-state solver or by transient simulation for a long time period.
The MSTS code (discussed in more detail in Section 4.3) did simulate the whole set of
simulations, however, and the results illustrate the nature of the flow regime defined by the
conceptual model and hydrologic parameter values. The recharge rates simulated by MSTS for the
one-dimensional model were 0.01, 0.05, 0.1, 3.0, and 20.0 mm/yr. The liquid-pressure profiles
predicted by MSTS are shown in Figure 4.7, and the liquid-saturation profiles are shown in Figure
4.8. An important feature of these profiles is that the profiles coincide for all recharge rates greater
than 1.0 mm/yr. Also notice in Figure 4.7 that for recharge rates higher than 0.01 mm/yr, the
liquid pressure in the 730 m to 850 m elevation range also coincides with atmospheric pressure,
i.., the domain is saturated. This violates the presumption that this range is in the vadose zone
and makes the problem exceptionally difficult to solve numerically because of the forced
atmospheric pressure boundary at the lower end of the domain. The problem is even more difficult
10 solve for the two-dimensional domain that is both more complex geometrically and larger in
terms of the number of equations to be solved. - - _ g :

The SUMO simulations for lower recharge rates were enlightening, though limited. Figure
4.9 shows hydraulic head contours predicted by SUMO for steady-state conditions in the two-
dimensional model. Impartant features of this result are the vertical contour lines in layer 3 (vitric)
and the absence of contour lines in layer 5 (partially welded). Remember, in examining this and
the following figures depicting the model domain, that the vertical exaggeration is large,
approximately 10 to 1. Figure 4.10 shows the liquid-saturation contours for this solution. Note
that the repository horizon is approximatel 80% saturated throughout its extent. Figure 4.11
m the ;lclaﬁve velocity vectors for the 0.01 mm/yr solution. This plot indicates a largely one-

S10n e
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flow regime, except for the interface between layers 3 and 4 (vitric and zeolitic) where the strong
contrast in hydraulic conductivities occurs. This contrast leads to lateral flow above the interface,
and hence some lateral diversion is expected. It is important to remember that this lateral-flow

- effect, though not pronounced for the 0.01 mm/yr condition, is likely to become larger with higher
recharge rates. Unfortunately, the numerical difficulties mentioned with regard to simulation rates
higher than 0.01 mm/yr prevented us from demonstrating this. '

Approximate solutions were obtained for recharge rates 0.05 mm/yr and 0.1 mm/yr. These
were only approximations because the pressure field did not reach ultimate steady-state conditions
' as indicated by global liquid-mass balance comparisons. Figure 4.12 shows the hydranlic head
contours for the 0.05 mm/yr condition and Figure 4.13 shows the same for the 0.1 mm/yr
condition. These approximations are most in errar in the lower two layers (zeolitic and partially
welded) where conditions were most difficult to model because of the conductivity contrast.
Observe as well that the fault zones representing the Ghost Dance fault begin to experience a higher
liquid pressure than the surrounding rock at 0.05 mm/yr, an effect not seen in the 0.01 mmfyr
condition. This may have contributed to the numerical problems. - 3

In conjunction with tectonic analysis, simulation of the model domain under a 100-m water
table rise caused by coscismic water table rise (Section 7.0) was also required. To perform this
task, the liquid-phase simulations were repeated with the water table at 830 m, 100 m higher than
in the base scenario. Figure 4.14 shows the hydraulic head contours for steady-state conditions
and a recharge rate of 0.01 mm/yr. Figure 4.15 depicts liquid-saturation contours for these
conditions, and Figure 4.16 shows the velocity vectors for the same. Hydrologicall{. the
repository conditions do not change much as a result of the 100-m water-table rise. ltap
~ that the most significant impact was simply the decrease in the travel path required for contaminants

. toreach the saturated zone, now 100 m closer than in the base scenario.

Transport modeling depended on successful completion of flow modeling, so the numerical
difficulties encountered in the flow solution restricted our ability to model transport at higher
recharge rates as well. Radionuclide movement was modeled with the steady-state flow field for
the 0.01 mm/yr recharge solution and with the approximate steady-state solutions for 0.05 and
0.1 mm/yr recharge rates. Simulations of transport were performed for 10,000 after emplace-
ment of the waste. For the 0.01 mm/yr solution and the approximate 0.05 and 0.1 mm/yr recharge
rates, no radionuclide mass reached the saturated zone within 10,000 years. We would expect,
based on one-dimensional travel-time calculations and results for the lower recharge rates, that
{hl;-cakth.rougx.would occur in simulations at higher recharge rates had we been successful with

ose simulations.

4.2.4 Analysisr

Water travel time from the potential repository to the saturated zone is often taken as an
indicator of the characteristic time for radionuclide travel over the same space. We tracked water
particle mean travel time over nine paths beginning in the potential repository and terminating at the
saturated zone. This was done only for the 0.01 mm/yr recharge rate as it was the only condition
for which completely steady-state conditions were predicted. For the higher recharge conditions,

- the velocity fields in the lowest two stratigraphic units (zeolitic and partially welded) were too low,
and the computer CPU time required to achieve complete steady-state conditions for these recharge
rates was prohibitive. As a consequence, travel time calculations based on the near-steady-state
_solg]tit;ns for the 0.05 and 0.1 mm/yr recharge rates will be artifically long due to the low velocities
in the lower units.” . . :
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Figure 4.12. Hydraulic-Head Contours for SUMO Approximate-Steady-State Solution at0.05
mm/yr Recharge : : | |

0 500 1000 1500 2000 ' 2500
Vertical Exageration : 1.8 . Transect Distance (m) o v
Figure 4.13. Hydraulic-Head Contours for SUMO Approximate-Steady-State Solution at 0.1
mm/yr Recharge , o ,

Figure 4.14. Hydraulic-Head Contours for SUMO Steady-State Solution at 0.01 mm/yr
Recharge and Tectonic Disruption (100-m Water-Table Rise)
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Figure 4.16. Darcian Velocity Vectors for SUMO Steady-State Solution at 0.01 mm/yr
Recharge and Tectonic Disruption (100-m Water-Table Rise)

For the 0.01 mm/yr condition, the particle pathlines from the potential repository to the
saturated zone for all nine paths examined are shown in Figure 4.17. This plot reveals the degree
of lateral diversion present in the two-dimensional flow system at this recharge rate. The diversion
is most significant in the vitric layer, and least important in the zeolitic and partially welded units
where the paths are nearly vertical. Figure 4.18 shows the travel time for each particle as a
function of its path distance, that is, distance along the path shown in Figure 4.17 rather than axial
distance. The traces in Figure 4.18 typically have "elbows” where the particle crosses an interface
between stratigraphic layers. Travel times for this recharge rate are on the order of 5.0 x 105 yr.
As the recharge rate increases, which again we were unable to demonstrate because of numerical
difficulties, the travel times would decrease. '

The travel-time analysis applied to the base scenario 0.01 mm/yr condition was repeated for
the tectonic (water-table rise) scenario 0.01 mm/yr condition. The particle paths are shown in

Figure 4.19 and the travel times for each particle as a function of its path distance is shown in
Figure 4.20 for the tectonic scenario. The hydrology is different for this scenario because of the

4.17
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higher water table, and the travel paths are shorter as can be seen in Figure 4.19. The same
starting coordinates were used for all nine particles as for the base scenario travel time particles.
Notice that the same vertical scale was used as for Figure 4.17, but the particles now terminate at
the elevation of 830 m (the elevated water table surface) instead of 730 m. In contrast to the base
scenario, particles 1 through 4 still experience lateral diversion in the viric layer while particles 5
through 9 travel nearly vertical paths the entire distance.

4.3 Gas Phase

A principal concemn of performance assessment involves the prediction of cumulative
radionuclide releases to the accessible environment and radiation doses received by individuals
within the accessible environment. Radioactive 14C has been included among the radionuclides
that will be considered for predicting cumulative radionuclide releases. Predictions of cumulative

 radionuclide releases require predictions of radionuclide transport from the waste container to the

~ accessible environment. This section describes the simulations of 14C transport from the potential
repository horizon to the ground surface and water table. Because 14C exists in equilibrium as
gaseous carbon-dioxide and dissolved carbonates in the aqueous phase, 14C transpart at Yucca
Mountain was numerically modeled as a two-phase system.

A primary difficulty in predicting 14C transport through the vadose zone at Yucca Mountain
stems from the requirement for a numerical description of the phase equilibrium for 14C. Ross
(1988) developed a conceptual model for 14C phase partitioning at Yucca Mountain that was
directly applied in the subject study. All assumptions taken in developing Ross' geochemical
model apply to the subject study, including the assumption of zero partitioning of 14C to the solid
phase. Ross' geochemical model expresses chemical equilibrium of the carbon species between
the liquid and gas phases through temperature-dependent retardation factors. ‘These same factors
hav]ci been converted to & gas-phase-to-aqueous-phase partition coefficient for the present
application. :

- ‘Three principal differences exist between Ross’ conceptual modeling approach and our
approach. Ross' investigation restricted predictions of 14C tran within the vadose zone at
Yucca Mountain to steady-state conditions. Gas-phase velocity fields were computed for a series

 of constant temperature fields. Gas-phase physical properties and water concentrations were
computed by essuming thermodynamic equilibrium and saturated moist-air conditions. Gas-phase
flows were gencrated by gradients in gas pressure and gas density, which result from elevated ‘
repository temperatures. The investigations described in this section modeled 14C transport within
the vadose zone at Yucca Mountain as a transient process by addressing the transient thermal and
hydrogeologic response of the unsaturated environment to repository heating. Mareover, this
investigation considered the transient nature of 14C release from the containers. The second
principal difference between the simulation approaches involves the number of phases. Ross’ gas-
phase-only approach was founded on the assumption that the liquid-phase advection contributes
negligibly to 14C transport. This investigation addresses 14C transport by advection and diffusion
through both the gas and aqueous phases. The third principal difference between the approaches
pertains to the computational domain and tuff hydrogeologic properties. Ross’ simulations
encompassed the entire length of the repositary, whereas this investigation considers only that
portion east of Yucca Mountain's ridge. With respect to hydrogeologic properties, Ross used
1intrinsic permeabilities for the tuff layers that were several orders of magnitude higher than those
used here. While the liquid relative permeabilities for this simulation were dependent on liquid
saturation, both investigations used unity gas-phase permeabilities.
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The following subsections give & brief overview of the conceptual model of the unsaturated
zone at Yucca Mountain, a review of Ross' geochemical conceptual model, and a synopsis of the
MSTS numerical model. The conceptual and numerical model subsections are followed by &
presentation of the simulation results, which include field values of temperature, liquid saturation,
gas saturation, and specie concentration along with phenomenological descriptions of the thermal
and hydrogeological response of the vadose zone to the repository thermal transient. These
subsections conclude with preliminary predictions of 14C releases to the water table and ground
surface. Section 4 concludes with a discussion of physical and numerical assumptions and a
perspective on future prediction techniques.

4.3.1 Conceptual and Numerical Models,

The transport of 14C within the vadose zone at Yucca Mountain was computed with the
nonisothermal, two-phase, transport MSTS model. The conceptual model of the vadose zone at
Yucca Mountain was based on a two-dimensional, west-east transect from Yucca Ridge to 500 m
east of borehole UE-25a#1 through boreholes USW G-4 and USW H-5 (the transect depicted in
Figure 4.1). The vertical domain of the conceptual model extended from the water table to the
ground surface through the sloped repository horizon. Although the domain of the conceptual
model included the Ghost Dance fault, the fault was essentially ignored (except for an offset in tuff
layers). This section describes the complex numerical transport model, the conceptual model, and
the geochemical model with respect to the computational domain.

Computer codes that simulate transport processes in geologic media are typically classified
according to capabilities related to phases, components, saturations, transport, and dimensionality.
. Under this classification strategy, MSTS would be classified as a two-phase, two-component,
three-dimensional numerical simulator, for variably saturated geologic media, with dilute species
transport capabilities. This classification arises because MSTS models two phases (liquid and
gas), two components (water and air), and solves equations for dilute species transport through
variably saturated geologic media. MSTS uses a finite-difference-based numerical scheme to solve
a nonlinear system of conservation and constitutive equations. The conservation equations in
partial differential form for the conservation of water mass, &ir mass, thermal energy, and species
concentration (Equations [4.14] through [4.17]) appear as follows:

Mass Conservation of Water:

0 ngkﬂ ) ~
5 [“dePlsx"’ndwagsg £ V| e (VP,+plg z)

. (4.14)
Ywkkep,

He

+V

N | .
(VP‘+p‘g z) + 1‘ndpgs‘D“,wa +m,
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Mass Conservation of Air:

‘

%[ﬂay.p,slﬂﬂ.p,sg] = V[y' :‘p' (VP.+p,gg)]

Yok kg p ~ | .
+ v[ a s (VP‘-l-p‘gz) - t‘ndp's,D”wa] +m,
My
Thermal Energy Conservation:

3 [(1-0) p, 8+ 1Py 0+ 0a 5P, Vs
at at
V[[k,-i-ndplc,D,]VT] +q +hm, +hm

Specie Concentration Conservation: -

| %St + V[V, +C, V] =

v[snDaV G +1,3,94D, VC; ] + 5 - R.C

where the following subscripts indicate the phase or constituent;

1 = liquid phase
g = gasphase
w = waterphase
a = air
s = soil orrock
and variables are defined as
o0 = partal derivative

t = tme,s
ng = diffusive porosity
y = liquid phase mass fraction

4.22
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D, = specie diffusion coefficient, m2/s
s, = specie source rate, Ci/m3 s
R = specicdecayrate, 1/s

The mass conservation equations for water and air were written to include Darcy flow for
both phases and binary diffusion of water vapor and gaseous air for the gas phase. Molecular
diffusion of dissolved air in the liquid phase is ignored. The thermal energy conservation equation
includes heat transfer through advection of fluids for both phases and heat ransfer by conduction
through the solid and liquid phases. A mechanical dispersion coefficient may be invoked to model
the phenomenon of kinematic dispersion, which occurs because of the heterogeneity of the pre
velocities within the porous medium. Heat transfer by conduction and heat transfer by binary
diffusion within the gas phase have been ignored.

The species-concentration conservation equation includes species transport by advection and
molecular diffusion for both phases. A primary assumption associated with the species-
conservation equation is that species-partitioning between the solid, aqueous, gas phases
always exists under chemical equilibrium condions. As with the thermal-energy conservation
equation, a mechanical dispersion coefficient may be specified to model kinematic dispersion in the
aqueous phase. Radioactive decay of the species concentration is modeled, but no accounting of
decay products is made.

The MSTS model allows for multiple porosities: total porosity, diffuse porosity, and
effective porosity. The total porosity represents the entire fractional pore space within the geologic
medium. The diffuse porosity accounts for the fractional pore space that is connected, and the
effective porosity represents the diffusive porosity less the fractional pore space occupied by the
residual moisture. Unconnected pore s’?ace is assumed to be filled with stationary water. The
thermal capacitance and conductance of unconnected pore water is considered; however, species

transport between connected and unconnected pores is ignored.

The primary dependent variables for the water-mass, 2ir-mass, thermal energy, and species-
concentration conservation equations are, respectively, liquid pressure, gas pressure, temperature,
and species concentration. For desaturated conditions, the primary variable for the water-mass
equation is switched from the liquid pressure to the mass fraction of vapor in the gas phase. The
constitutive equations are complex expressions that relate the primary dependent variables to the
secondary variables. Secondary variables and constants make up the coefficients in the governing
conservation equations. In general, the relationships between the primary and secondary variables
are complex and nonlinear. These nonlinear dependencies of the secondary variables on the
primary dependent variables yield nonlinearities in the finite-difference-based algebraic expressions
of the goveming conservation equations. : : ’ _

The constitutive equations may be lumped into two categories: physical-property
relationships and hydrogeologic relationships. The physical-property relationships provide
dependencies for the primary dependent variables for physical properties such as density,
viscosity, internal energy, enthalpy, saturation pressures, and component mass fractions for both
phases. Water physical properties are computed from American Society of Mechanical Engineers
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steam table functions (ASME 1967) while air physical properties are computed from empirical
functions and the ideal gas law. Gas-phase properties are computed by combining air and water-
vapor physical properties through either Dalton's partial pressure ideal gas laws or from the
relationships from the kinetic theory of gas mixtures. The hydrogeologic constitutive equations
relate the primary dependent variables to hydrogeologic characteristic and transport properties such
as liquid and gas sawrations, phase-relative permeabilities, and effective thermal conductivity. The
hydrogeologic constitutive equations are generally based on empirical and semi-empirical
relationships.

The governing conservation equations are solved by discretizing their partial differential forms
with a finite-difference scheme. Spatial discretization is currently limited to multi-dimensional,
regular and irregular, Cariesian or cylindrical grid systems, where the cylindrical grid systems are
limited to cylinders aligned with the gravitational field. Temporal discretization uses the fully
~ implicit method. Interface diffusion conductances, such as hydraulic and thermal conductivities,
may be specified with arithmetic, geometric, or harmonic means—or an upwind weighting
~ scheme. Phase densities for the water- and air-mass conservation equations are upwind weighted.
Geometric mean interface diffusion conductances were used for the reported simulations. The
advection terms of the thermal energy conservation equation are formulated with an upwind
weighting scheme for the advected properties, while the species-conservation equation combines
the advection and diffusion terms with a Peclet number-dependent power-law scheme (Patankar
1980) formulated for two-phase flow. The two-phase power-law scheme for combining the
advection and diffusion components of the specics-conservation e&uaﬁon is shown in Equations
(4.18) through (4.20) for a single dimension, where &, represents the transport coefficient for the
neighboring cell at the upper node index, a,, represents the transport cocfficient for the neighboring
cell at the lower node index, and a, represents the transport cocfficient for the local cell.

¢ =Dj, ‘IO,(I 9-11%’4)]] +[0,-F,T +

. (4.18)
D“ [[0 .(I'EJT‘F.L'ﬂ + {[0,-17‘,]]
B S s o |
a. = Dp, [[0.(1-9%7—'4]1 +f{i0,F, T +
. _ - (4.19)
N D,,[[O,(l -(Bl-)E’—‘-l]] + [[0,.F,. 1
. 8w
g = a 4 ay + f‘,, + Fg, - Fi, - Fg, (4.20)

where
D, = liquid phase diffusion conductance, Ci/m3 s,
D, = gas phase diffusion éonductancc, Ci/m3 s,
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F; = liquid phase advection conductance, Ci/m3 s.‘
F;, = gasphase advection conductance, Ci/m3 s.

The dilute-concentration assumption associated with the species-conservation equation implies
that the species respond as a passive scalar with respect to the other govemning equations. That is,
the physical and transport properties of the other governing equations are assumed to be
independent of species concentrations. This assumption allows the species-conservation equation
to be led and solved independently from the other governing equations. The finite-
difference forms of the governing equations for water-mass, air-mass, and thermal energy are
solved simultaneously in an iterative scheme. The nonlinear finite-difference equations are
converted to a linear form and solved iteratively following the Newton-Raphson technique for
multiple variables. The computed gas- and liquid-phase flow fields, from a converged solution for
the coupled mass and heat transport equations, are then applied to the solution of the species-
transport equations. For single-phase, nonisothermal flow problems, only the water-mass and
thermal-energy-transport equations are solved in a coupled manner. Likewise, for single-phase,
isothermal flow problems only the water-mass transport equation is solved.

The physical and hydrogeological system relevant to the Yucca Mountain total-system

Ecrformancc assessment exercises consisted of a two-dimensional domain divided into five

ydrogeologic strata, as shown in Figure 4.1. The physical domain extended vertically from the
water table to the ground surface, and horizontally as an east-west transect that extended from
borehole USW H-5 at the crest of Yucca Mountain to roughly 500 m east of borehole UE-25a#1.
The potential repository is iflustrated by a downward-sloping line at elevations of 1030 m beneath
the crest of Yucca Mountain and 895 m at the eastem facility boundary. This hydrogeological
system differs significantly from previous gas-phase research (Ross 1988) because the different
tuff layers above the repository horizon were lumped into a single welded unit. Ross has
demonstrated, for steady-state flow fields, that gas-phase transport within the vadose at Yucca
Mountain is strongly dependent on the permeability contrasts between the Paintbrush Nonwelded
unit and the Tiva Canyon and Topopah Springs Welded units.

The computational model used to simulate the physical domain was structured on a uniform
two-dimensional Cartesian grid with 50 rows and 94 columns. The vertical and horizontal grid
dimensions were uniform over the computational domain, at 15 and 30 m, respectively. Of the
4700 nodes within the computational domain, 776 nodes were treated as noncomputational nodes,
which yields 3924 active computational nodes. The noncomputational nodes were used to generate
the irregular boundary of the Yucca Mountain ground surface with a stair- approach. The
five lithological units were modeled on the computational domain as zones o differing
hydrogeologic and thermal physical jes. The sloped characteristic of the tuff layers was
modeled with "stair-stepped” nodes on the computational domain. The Ghost Dance fault was
ignored on the computational domain except for the 14-m offset in tuff layers.

The water table was modeled as a saturated bo for the liquid ﬁhase, a zero-flux
boun for the gas phase, a constant-temperature bou (30°C) for heat transport, and a
zeto-14C concentration boundary for species transport. The ground surface was modeled with
"stair stepped” horizontal boundaries with specified uniform liquid recharge rates for the liquid
phase, with standard atmospheric gas pressures for the gas phase, with 10% relative humidity for
vapor-binary diffusion, with a constant temperature boundary (20°C) for heat transport, and with a

zero-14C concentration boundary for species transport. Vertical boundaries were modeled as zero-
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flux boundaries. Initial conditions were those computed for steady-state saturation conditions with
the applied surface recharge and reported Yucca Mountain geothermal gradient (Schelling 1987).

The potential repository horizon was modeled using the thermal and hydrogeological transport
properties of welded tuff with a decaying internal heat-generation source. Heat generation was
computed assuming a design repository loading (Schelling 1987) of 49.9 MTHM/acre composed
of 40% 27,500 MWd/MTHM BWR fuel and 60% 33,000 MWd/MTHM PWR fuel (5-year spent
fuel), thus producing an initial heat source of roughly 76 kW/acre. Radioactive decay heat
generation within the repository was modeled with a uniform source applied to the repository
nodes. The power decay time profile from time zero at emplacement to 10,000 years is shown in
Figure 4.21 in terms of areal power density.

Carbon-14 releases were also assumed to occur within the potential repository harizon.
Although 14C release rates were computed separately for gas and liquid phases, the chemical
equilibrium assumption of the geochemical model partitioned the 14C species between the liquid
and gas phase according to phase-equilibrium relations. Carbon-14 releasc rates and cumulative
releases for the simulated recharge rates of 0.0 mm/yr and 0.01 mm/yr are shown in Figure 4.22.
For the 0.0 mm/yr recharge condition, 14C releases were assumed to occur solely through the gas
phase. For the 0.01 mm/yr recharge condition, 14C releases occurred initially through the gas
phase and subsequently with a lower release rate through the liquid phase. Values shown in
Figure 4.22 represent release rates and cumulative releases for the entire repository. The
cumulative release values account for radioactive decay of the 14C species.

The majority of the hydrogeologic and thermal transport properties for the subject simulations
were specified by SNL staff, the other major participant in the Yucca Mountain total-system
performance assessment exercise (Kaplan 1991). A description of the cquivalent-continuum model
for lumping matrix and fracture properties and hydrogeologic property data were reported in
Section 4.1. Not included among the specified transport propettics were the thermal ggsxcal
properties, gas-phase relative permeabilities, carbon dioxide gas-phase diffusion coefficients,
carbonate liquid-phase diffusion coefficients, and tortuositics. Because of the preliminary nature
of the subject simulations, the thermal transport propertics were assigned constant values across
 the five tuff layers. The solid-phase specific heat and density equaled 840 J/kg K and 2300 kg/m3,
respectively. The combined solid and aqueous-phase thermal conductivity was linearly dependent
on liquid saturation and varied between the desaturated and saturated limits of 1.74 W/m K and
2.30 W/m K. Although the liquid-phase relative permeability was specified as 2 complex function
of both the fracture and matrix saturations, a constant gas-phase relative permeability of 1.0 was
chosen. A constant gas-phase relative permeability of 1.0 represents a conservative choice with
. respect to predictions on 14C transport to the accessible environment. Diffusion cocfficients for
- carbon dioxide through the gas phase and carbonate through the aqueous phase were set to
constant values of 0.152 cm?/s and 1.77 x 10-5 cm?/s, respectively.

~ Liquid- and gas-phase tortuosities modify the diffusion-path lengths for binary diffusion of

~ water vapor and air in the gas phasc and 14C diffusion in both phases. The liquid-phase tortuosity
~ was computed based on a semi-empirical model proposed by Millington and Quirk (1959), as

~ shown in Equation (4.21). Because precursory simulations to the subject simulations showed
significant sensitivity of 14C transport to the gas-phase tortuosity, two gas-phase tortuosity
functional relationships were considered. The subject simulations were duplicated, with one
simulation using & gas-phase version of the Millington and Quirk model, Equation (4.22), and the
other simulation using a gas-phase tortuosity function proposed by Penman (1940a,b),
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Equation (4.23). Penman’s model was based on experimental studies of carbon dioxide diffusion
through packed soil cores of varying moisture content. ,

T = ndlws sl.tr.l (4.21)
- 103 _ 47

T, 5 (4.22)

Tg = 0.66 (ndso : ' (4.23)

The Yucca Mountain tuff layers are characterized by small pore sizes and large matrix
potentials under low liquid-saturation conditions. Because of the local drying which would occur
around the repository after waste emplacement, the phenomenon of lowering vapor-pressure was
included in the reported simulations. Vapor-pressure lowering, as shown in Equation (4.24) is an
experimentally observed phenomenon (Nitao 1988) that effectively lowers the vapor pressure

above the pore water, i.c., raises the pore-water boiling point.

: [ -P '
P, = P exp - (4.24)
pl R] T

where P, = vapor pressure (Pa)
| P¢s: = saturation pressure (Pa)

P. = capillary pressure (Pa)

-p1 = liquid mass density (kg/m3)

R; = gas constant '

T = temperature (K) . ‘

The geochemical conceptual model for 14C within the vadose zone at Yucca Mountain was based
on observed characteristics of the geology and aqueous chemistry as reported by Amter et al.
(1988). For the purposes of modeling 14C transport, the geochemical model describes the
equilibrium state of the 14C species; 1.c., the partitioning of 14C between the solid, aqueous, and
gas phases. According to Amter, the geochemical system within the vadose zone at Yucca
Mountain is fundamentally dependent on the mineral phases that govern the aqueous-phase

chemistry. Moreover, the aqueous-phase chemistry for Amter's conceptual model is based on four
underlying assumptions: - : , ;

'« Calcium carbonate dominates the chcuﬁSUy of the vadose zone.
«  Calcium concentrations result from equilibrium with calcium carbonate.
« 14C concentrations are proportional to 12C concentrations.

« No isotopic exchange of 14C with the solid phasc occurs.
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Amter's geochemical conceptual model describes isotopic equilibrium of 14C between
dissolved carbon and gaseous CO2. Equilibrium conditions are expressed with a retardation

factor, which is proportional to the ratio of liquid to gas-phase concentrations (Equation [4.25)).

B=1+ (_n.‘;.ni). (.C'..) 4.25)
ny C‘

Retardation factors as a function of temperature were computed for three wff layers with a reaction-
path model that used available chemical data concerning the reactions of carbonate specics. The
model yields expected mineral-phase equilibria and changes in speciation with temperature. The
geochemical modeling was a two-step procedure. The initial step involved computing equilibrium
concentrations for carbonate species in the liquid and gas phase from limited chemical data at
ambient temperatures. The second step involved predicting speciation changes with temperature
based on the chemical model generated from the first step for ambient temperatures. The
retardation factor expressions reported by Amter et al. (1988) for three tuff layers are show in
Table 4.6. Because the hydrogeologic stratigraphy for the total-system performance assessment
exercises does not distinguish between layers within the Welded Unit, only the Topopah Springs
Welded retardation factors were used in the reported results.

4.3.2 Simulation Results

Carbon-14 transport was predicted for a 10,000-year period following waste emplacement for
two surface recharge rates. Waste-package failures and 14C releases for both surface recharge
rates were assumed to initiate 300 years after waste-package cmplacement. During the initial 300
years of the simulation, only the coupled conservation equations for water mass, air mass, and
thermal energy were solved. Because the initial 300 years after waste emplacement are predicted to
be characterized with peak repository temperatures and heat flux rates, this period of the simulation
requires a majority of the computational effort. Drying of the repository horizon and counter-
current heat-pipe-type flow structures limit the computational time steps during the initial 300 years
of simulation time. Waste-package failures and 14C releases to the unsaturated zone environment
are simulated as a species source uniformly spread along the repository horizon. During the 300 to
10,000-year simulation period, both the coupled conservation equations and the species transport
equations are solved. Because the thermal and liquid-saturation gradients at 300 years have
decayed from their peak values, computational time steps during the 300 to 10,000-year simulation
period were only restricted by the Courant limit. Because waste-package failure times were not
coordinated with the thermal and hydrogeologic histories computed by these simulations, these 14C
n-:nrfspon calculations should be considered an example with respect to predicting total-system
performance. .

The geochemical equilibrium model for the carbon element within the vadose zone at Yucca
Mountain predicts significantly higher 14C mass fractions for the aqueous phase compared with the
gas phase. Nevertheless, 14C transport through the unsaturated zone is strongly dependent on
bBoth advection and diffusion through the gas phase. Because 14C diffusion through the aqueous
phase is drastically slower than through the gas phase, saturated or nearly saturated conditions
within the vadose zone behave as 14C transport inhibitors. Moreover, the strong dependence of
gas-phase tortuosity, ¢.g., the Millington and Quirk model, on water content emphasizes the
importance of liquid-saturation levels on 14C transport. These characteristics of 14C transport
through the unsaturated zone within Yucca Mountain suggest that accurate predictions of 14C
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Table 4.6. Temperature-Dependent Retardation Factors

Jufflaver Retardation Factor Equation
Tiva Canyon Welded B(T) =92.7- (0.948) T
Paintbrush Non-Welded - BM=717-0731)T
Topopah Springs Welded B(T)=849-(0867)T

transpart are partially dependent on accurate predictions of the liquid-saturation field with the
vadose zone and particularly in the region surrounding the potential repository horizon. Accurate
predictions of liquid saturations surrounding the potential repository waste emplacement
require the coupled solution of the thermal and hydrogeologic response of the unsaturated zone to
" the repository's release of decay heat. ~ ,

The computational efforts required during the initial 300-year simulation period are justified
by the need for an accurate prediction of the liquid-saturation field surrounding the repository.
Simulation of 14C transport, therefore, actually starts with the emplacement of waste containers
and subsequent alteration of the ambient hydrogeologic conditions.

Initial conditions for the simulations were established for the liquid pressure, gas pressure,
and temperature fields through three partially independent code executions. The liquid
initial conditions were determined from a steady-state solution of the single-phase hydrologic
 conditions with surface-flux boundary conditions imposed along the ground surface and saturated-
boundary conditions imposed at the water table. Thermal initial conditions were established by the
solution of a steady-state, heat-conduction model with constant temperature boundary conditions
imposed along the ground surface and at the water table. The thermal conductivities were
computed s a function of the liquid-saturation ficld established from the steady-state hydrologic
simulation. The gas-pressure initial conditions were computed from a steady-state solution of the
air-mass conservation equation with the gas density dependent on the temperature and water vapor
mass fraction in the gas phase. Initial water vapor conditions were established from
thermodynamic equilibrium states based on the initial thermal, hydrological, and gas-pressure
conditions. Initial conditions were computed with this partially independent approach to conserve
computer execution time over & fully coupled steady-state solution. Comparisons between initial
conditions computed using the fully coupled and partially independent approaches for
computational domains with fewer horizontal nodes demonstrated the accuracy of the partially
independent approach. The only notable differences between the two approaches occurred in the
liquid-saturation profiles—where the maximum difference was roughly 2%.

* Uniform repository heating occurs throughout the entire 10,000-year simulation period. This
approach to modeling the repository heating ignores the disproportionate heating rates and heat
losses through drift ventilation, which would occur during the repository-loading period. The

- approach also assumes that the emplacement boreholes and access drifts have been completely

backfilled with native material. Because of the complex interaction between 14C transport,
container failure times, and the thermal and hydrogeologic response of the unsaturated zone, it
remains inconclusive whether these assumptions concerning repository heating are conservative or
unconservative with respect to 14C releases to the accessible environment. For example, reduced
heating rates result in lower gas-phase velocities, but could also yield earlier container failures
because of earlier contact with liquid water and reduced alterations to the liquid-saturation fields.
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Simulation results for the 0.0 mm/yr (zeto recharge) condition will be described, followed by
those for the 0.01 mm/yr (low recharge) condition. Thermal and liquid-saturation contour plots
within the unsaturated zone at Yucca Mountain at 100 years are shown in Figures 4.23 and 4.24.
Peak potential repository temperatures of 109°C for the zero-recharge simulation occurred at 77
years. The temperature contours show relatively steep thermal gradients surrounding the potential
repository horizon with peak temperatures of 107.2°C. The liquid-saturation contours surrounding
the repository horizon illustrate the steep gradients in moisture content adjacent to the repository.

Repository temperatures are sufficient to boil the ground water adjacent to the potential repository,
thus producing desaturated conditions. Water vapor formed near the repository condenses in the
lower temperature regions beyond the dried-out region adjacent to the repository, thus producing a
region of saturation greater than ambient. This structure characterized by a zone of above-boiling
temperatures and low saturations adjacent to a zone of condensing temperatures and high
saturations is commonly referred to as heat-pipe rya?c flow. These counter-current flow structures
surrounding the repository differ from convention heat pipes because the boundaries are :
dynamic. Under high heat-flux conditions the counter-current flow region migrates away from the
heat source, i.¢., the repository. Conversely, under low heat-flux conditions the counter-current
flow region moves toward the repository and eventually collapses when the heat flux is insufficient
to sustain the counter-current flow structure. :

The thermal and liquid-saturation contour plots at 300 years are shown in Figures 4.25 and
4.26, respectively. The peak temperature at 300 years equaled 99.7°C, which remained above the
boiling point under the local capillary pressure and gas-phase pressure conditions. The heat-pipe
flow structure continues to surround the repository, thus producing an oblong ring of nearly
saturated conditions slightly offset from the repository. Because of the repository's slope and the
higher permeability of the fractures to saturated liquid flow, the saturated zones surrounding the
repository drain along and off the lower end of the sitory. The 300-year point in the
simulation marks the onset of container failures and the release of 14C into the unsaturated-
environment.

The thermal, liquid-saturation, and 14C-concentration contour plots at 500 years are shown in
Figures 4.27 through 4.30, respectively. Peak temperatures at 500 years equaled 96.6°C, a value
below the boiling point. The hquid-saturation contours show a reduction in gradients surrounding
the repository horizon, which indicates the initial retreat and collapse of the heat-pipe flow
structure. The lower peak temperatures and collapse of the heat-pipe flow structure are a direct
result of the decay in internal heat generation produced by the repository through radioactive decay
of the waste isotopes. ' ' . o

The 500-year point marks 200 years of 14C release from the waste containers. Two plots of
14C-concentration contours are shown for 500 years. Figure 4.29 shows 14C-concentration
contours using the Millington and Quirk model for gas-phase tortuosity and Figure 4.30 shows
14C-concentration contours using the Penman model for gas-phase tortuosity. Except for the heat-
pipe flow region immediately surrounding the repository, where gas-phase velocities are elevated,
the 14C transport through the unsaturated zone is dominated by diffusion processes. Carbon-14
transpoart is diffusion-dominated primarily because of the relatively low gas-phase velocities, which
result primarily from the lt:\;rdt;irmcabi!incs cogﬂpz;ed for the unsaturated zone tuff layers from the
dual-porosity conceptual ‘Because the Millington and Quirk gas-phase tortuosity model has
a stronger dependence on moisture content than the Penman model, 14C diffusion with the
Millington and Quirk model is significantly retarded from that with the Penman model. Peak 14C
concentrations at 500 years for the Millington and Quirk model equal 1.17 x 10-6 Ci/m?3 and for the
Penman model equai 9.82 x 10-7 Ci/m3.
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Figure 4.23. Temperature Contours (°C) at 100 yr for Zero Recharge
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Figure 4.24. Liquid-Saturation Contours at 100 yr for Zero Recharge
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Figure 4.25. Temperature Contours (°C) at 300 yr for Zero Recharge
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Figure 4.26. Liquid-Saturation Contours at 300 yr for Zero Recharge

4.34

—09— Water Table— |

Y]



Vertica! Exaggeration = 2X
Peak Temperamre = 96.6°C
Contour Gradient = 10°C

GmmdSurfacc

— N

Water Tabie

o

&y

Figure 4.27. Temperature Contours (°C) at 500 yr for Zero Recharge

Figure 4.28. Liquid-Saturation Contours at 500 yr for Zcro Recharge -
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Figure 4.29. 14C-Concentration Contours (Ci/m?3) at 500 yr for Zero Recharge Using the
Millington and Quirk Tortuosity Model
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Figure 4.30. 14C-Concentration Contours (Ci/m3) at 500 yr for Zero Recharge Using the
Penman Tortuosity Model
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 The thermal, liquid-saturation, and 14C-concentration contours at the 1000- and 2000-year
" marks are shown in Figures 4.31 through 4.38. Peak repository temperatures have fallen to
£8.7°C at 1000 years and to 65.6°C at 2000 years. The reflected thermal boundary condition
imposed on the vertical surface below the Yucca Mountain ridge significantly affects temperature
contour profiles. At 1000 years the heat-pipe structure that surrounded the repository at earlier
periods practically disappeared, as shown in the liquid-saturation contours of Figure 4.32. The
influence of repository heating on the liquid-saturation contours is nearly indiscernible at 2000
years, as shown in Figure 4.36. Peak 14C concentrations at 1000 years for the Millington and
Quirk model equal 3.19 x 10-6 Ci/m3 and for the Penman model equal 2.20 x 106 Gifm3. Peak
14C concentrations at 2000 years for the Millington and Quirk model equal 7.30 x 10-6 Ci/m3 and
for the Penman model equal 3.96 x 10-6 Ci/m3. For the zero-flux condition, 14C releases from the
containers were assumed to conclude at the 2000-year point; therefore, the 2000-year
concentrations represent the peak 14C concentrations during the 10,000-year period. Although
indiscernible in the 14C-concentration contour plots, 14C concentrations along the repository
horizon are lower than those in the regions immediately adjacent to the repository. This result
arises because of the non-linear aspects of combined advection and diffusion transport.

The thermal, liquid-saturation, and 14C-concentration contours at the 4000-, 6000-, 8000- and
10,000-year marks are shown in Figures 4.39 through 4.54. The temperature and liquid-
saturation profiles over the period from 4000 to 10,000 years, trend towards the ambient -
hydrologic and geothermal gradient conditions imposed by the boundary conditions. The contrast
in 14C-concentration profiles between the Millington and Quirk and Penman gas-phase tortuosities
dramatically increases during this simulation time period. For example at 4000 years,
14C concentrations &t the ground surface have become notable for the Penman model, Figure 4.42,
but ground-surface concentrations of 4C for the Millington and Quirk model remain below
1.0 x 10-11 Ci/m3, Figure 4.41. Because of radioactive decay of 14C and the low gas-phase
tortuosities predicted by the Millington and Quirk model, ground-surface concentrations of 14C
never reach the 1.0 x 10-11 Ci/m3 level. The Penman gas-phase tortuosity model, however, results
in significant fluxes of 14C across the ground surface and water table. Cumulative releases to the
ground surface for the Penman mode] are shown in Figure 4.55. The total released in 10,000
ycagggs 2.41 Ci. The maximum flux rate is 0.01 Ci/yr, and occurs &t the end of the 10,000-year
period.

_ The simulation results for the 0.01-mm/yr-recharge condition qualitatively resemble those for
the zero-recharge condition. The primary difference between the two simulations results from the
generally higher liquid saturations from surface recharge. Higher initial liquid saturations,
computed from steady-state solutions, around the repository horizon resulted in lower peak
temperatures and increased migration of liquid water down the slope of the repository horizon.
Peak repository temperatures at 100 years were 100.3°C compared with temperatures of 107 2°C
computed for the zero-recharge condition. Peak temperatures are lower because of increased
sensible and latent thermal capacitance at higher liquid saturations and increased heat-transfer rates
from the repository. o , '

Because higher liquid saturations decrease the g)hasc tortuosity for both the Millington and
Quirk, and Penman models, gas-phase transport of 14C were diminished, therefore yielding higher
concentrations and narrower ranges of 14C along the repository. Transport of 14C g':nn the
repository to the ground surface and ground water were negligible for the 0.01 mm/yr condition,
because of the diffusion barriers produced by the saturated zones surrounding the repositary and
the generally higher liquid-saturation values. At 20°C carbon partitions between the aqueous and
gas phase with a 32.3-to-1 ratio by phase volume. Higher recharge rates could invert the dominant
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Figure 4.31. Temperature Contours (°C) at 1000 yr for Zero Recharge

Vertical Exaggeration = 2X
 Contour Gradient = 0.1
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Figure 4.32. Liquid-Saturation Contours at 1000 yr for Zero Recharge
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Figure 4.33. 14C-Concentration Contours (Ci/m3) at 1000 yr for Zero Recharge Using the
Millington and Quirk Tortuosity Model
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Figure 4.34. 14C-Concentration Contours (Ci/m3) at 1000 yr for Zero Recharge Using the
Penman Tortuosity Model ,
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Vertical Exaggeration = 2X
Peak Concentration = 7.30 x 106 :

Contour Gradient = 1.0 x 107 plus 1.0 x 104, 1.0 x 10%, 1.0x 1010, 1.0 x 10-1)

Water Table
Figure 4.37. 14C-Concentration Contours (Ci/m3) at 2000 yr for Zero Recharge Using the
Millington and Quirk Tortuosity Model

Vertical Exagperation = 2X
Peak Concentration = 3.96 x 106
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Figure 4.38. 14C-Concentration Contours (Ci/m3) at 2000 yr for Zero Recharge Using the
Penman Tortuosity Model ' '
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Vertical Exaggeration = 2X

Water Table

Figure 4.39. Temperature Contours (°C) yr for Zero Recharge

Vertical Exaggesation = 2X
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Figure 4.40. Liquid-Saturation Contours at 4000 yr for Zero Recharge
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Figure 4.41. 14C-Concentration Contours (Ci/m3) at 4000 yr for Zero Reché.:gc Using the
Millington and Quirk Tortuosity Model

Vertical Exaggeration &= 2X
Peak Concentration = 1.31 x 10-6
Contour Gradient = 1.0 x 10-7 plus 1.0 x 10-¢, 1.0 x 109, 1.0x 10-10, 1.0 x 10-13

Figure 4.42. 14C-Concentration Contours (Ci/m3) at 4000 yr for Zero Recharge Using the
Penman Tortuosity Model - '
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Vertical Exaggeration = 2X
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‘Water Table

Figure 4.43. Temperature Contours O a 6000 yr for Zero Recharge

Vertical Exaggeration = 2X
Contour Gradient = 0.1

Figure 4.44. Liquid-Saturation Contours at 6000 yr for Zero Recharge
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Vertical Exaggeration = 2X

Peak Concentration = 3.38 x 106
Contour Gradient = 1.0 x 10-7 plus 1.0 x 10-%, 1.0 x 109, 1.0 x 10-10, 1.0 x 10-11
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Figure 4.45. 14C-Concentration Contours (Ci/m3) at 6000 yr for Zero Recharge Using the
Millington and Quirk Tortuosity Model

Vertcal Exagperation = 2X
Peak Concentration = 8.08 x 107
Contour Gradient = 1.0 x 10-7 plus 1.0 x 10-%, 1.0x 109, 1.0 x 10-19, 1.0 x 10-11
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Figure 4.46. 14C-Concentration Contours (Ci/m3) at 6000 yr for Zero Recharge Using the
Penman Tortuosity Model '
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Vertical Exaggeration = 2X
Peak Temperamre = 30.0°C
Contour Gradient = 1°C
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Figure 4.47. Temperature Contours (°C) at 8000 yr for Zero Recharge

Vertical Exaggeration = 2X
Contour Gradient = 0.1

—_ -
Water Table =

Figure 4.48. Liquid-Saturation Contours at 8000 yr for Zero Recharge
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Figure 4.49. 14C-Concentration Contours (Ci/m3) at 8000 yr for Zero Recharge Using the
Millington and Quirk Tortuosity Model '
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Figure 4.50. 14C-Concentration Contours (Ci/m3) at 8000 yr fof Zero Recharge Using the
Penman Tortuosity Model ' :
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Vertical Exaggeration = 2X
Peak Temperatre = 30.0°C
Contour Gradient = 1°C

Water Table
Figure 4.51. Temperature Contours (°C) at 10,000 yr for Zero Recharge:

Figure 4.52. Liquid-Saturation Contours at 10,000 yr for Zero Recharge
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Peak Concentration = 167 x 1
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Figure 4.53. 14C-Concentration Contours (Ci/m3) at 10,000 yr for Zero Recharge Using
the Millington and Quirk Tortnosity Model
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Peak Concentration = 391 x 107
Contour Gradient = 1.0 x 10-7 plus 1.0 x 10-¢, 1.0 x 10, 1.0 x 10-10, 1.0 x 10-11
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Figure 4.54. 14C-Conccntrauon Contours (Ci/m3) at 10,000 yr for Zero Recharge Using
the Penman Tortuosity Model
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Figure 4.55. 14C Ground-Surface Releases Using the Penman Tortuosity Model

transport mechanism for 14C from gas diffusion to liquid advection, thus producing increased
transport rates to the ground water and decreased transport rates to the ground surface. Releases to
the ground water could become significant if fracture pathways contribute to the aqueous-phase
migration. ,

4.3.3 Assumptions

Predictions made with numerical models about physical phenomena generally require
assumptions concerning the physical processes being modeled. The complex numerical models
used to predict the transport of 14C within the vadose zone at Yucca Mountain require numerous
assumptions to make the problem tractable. Three types of assumptions may be identified: those
related to the physical data, those related to the conceptual models, and those related to the
numerical models. Physical-data assumptions are those assumptions associated with
hydrogeologic, thermal, or other physical data that are supplied as inputs to the numerical model.
Conceptual-model assumptions are assumptions that pertain to the application of the numerical
model to a particular problem. Numerical-model assumptions deal specifically with numerical
models, including the governing and constitutive equations, and numerical approaches. Because
most of the required physical data were supplied with the total-system performance assessment
exercise, only the more important conceptual-model and numerical-model assumptions will be
discussed in this section.

Yucca Mountain's topography, hydrogeologic stratigraphy, and proposed repository
" composes a complex three-dimensional system. The surface of Yucca Mountain has differing east
* and west slopes, with numerous washes. The mountain is composed of highly fractured wff
layers with contrasting and heterogencous properties, which are transected with various faults that
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include local faults related to the formation of calderas and longer faults of the basin-and-range
type. The repository conceptual design involves a network of drifts, emplacement panels, and
boreholes large enough to accommodate the equivalent of 70,000 MTHM. The two-dimensional
system modeled here ignores all three-dimensional aspects of the physical system, and the coarse
mesh, designed for investigating far-field transport, is incapable of capturing repository-scale
phenomena. For example, reported peak repository temperatures of 108°C are considerably lower
than those reported from container-scale thermal and hydrogeologic models. These lower
temperatures are primarily due to the application of repository decay heat powers over larger
volumes than those for individual waste containers. Another critical modeling assumption was to
neglect the Ghost Dance fault. .

The boundary conditions chosen actually represent & reflected mountain existing on both sides
of the zero-flux vertical boundaries. Because of the asymmetries in the ridge shape, the tilt of the
- tuff layers, and the slope in the repository horizon, the vertical symmetry boundary condition at
borehole USW H-5 is not completely appropriate. From the simulation results it appears that the
castern vertical boundary is enough removed from the domain of interest to be a satisfactory
boundary condition. The effects of the vertical boundary at the mountain crest on 14C transport
have not been addressed. The boundary conditions on the horizontal surfaces represent constant
ambient conditions over a 10,000-year period. It seems unlikely that the climatic and water-table
conditions will remain constant over the next 10,000 years. Sensitivity studies on climatic
parameters would be required to estimate their affects on 14C transport. :

The preliminary design for the potential repository involves nonuniform power distributions
throughout the repository. Nonuniform power densities will produce irregular saturation fields
and heat-pipe type flow fields during the thermal transient portion of the repository lifespan. For
the reported simulations the repository was assumed to have uniform power densities, thus
generating relatively smooth saturation fields during the periods of high thermal gradients.
Whether 14C transport would be retarded or accelerated by irregular saturation fields occurring
during the thermal transient period is unknown.

The conceptual model used for the repository ignores any details with respect to the waste
container design or emplacement. For example, the resistance for heat transfer between the waste
container and the surrounding tuffaceous rock or backfill through air gaps or other mechanisms has
been ignored. Applying the repository thermal loads to the relatively large node volumes
effectively eliminates the thermal resistance between waste containers and the adjacent wfi. Zero
thermal resistance between the waste containers reduces peak temperatures and increases heat-
transfer rates from the repository. The same resistance arguments may be applied to specics
transport. It is uncertain whether lower temperatures with higher species flux rates are more
9; less &onscrv.ativc with respect to predicting 14C species transport within the vadose zone at

ucca Mountain.

The reported simulations of rock properties and gas-phase of 14C arc probably not
conservative. The only transport pathways for the migration of 14C from the repository to the
ground surface or water table were through tuff layers—where the Y;opmies of the matrix and
fractures were lumped into equivalent-continuum bulk properties. homogeneities, such as the
Ghost Dance fault and highly rubblized shear zones found in G-tunnel eomﬁllcx at the Nevada Test
Site, were not considered as transpart pathways. Because of the relatively high gas permeabilities
of faults and shear zones under unsaturated conditions, these pathways could significantly
contribute to, or even dominate, 14C release rates to both the surface and ground water.
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The primary assumption associated with the equivalent-continuum model for fracture and
matrix flow through partially saturated porous media is that pressure equilibrium occurs between
the fracture and matrix over times sufficiently shorter than the time constants for the flow
phenomena of interest. Recent research by Nitao (1989) and Nitao and Buscheck (1989) have
shown that this assumption may be inconsistent with the fracture-flow phenomena within Yucca
Mountain. One other assumption associated with the equivalent-continuum model that may prove
inconsistent with experimental data is that the fractures are sufficiently random in orientation to be
considered isotropic. ‘ '

Because of the saturation-dependent tortuosities used for the reported simulations, gas-phase
diffusion of 14C was strongly dependent on the saturation fields. Simulations of repository
orm-ance at higher recharge rates icted lower gas-phase transport of 14C, because of the
inhibition of gas-phase advection and diffusion by the liquid-saturation barrier surrounding the
repository. The accuracy of saturation-dependent tortuosities relative to gas-phase diffusion of 14C
in the vadose zone at Yucca Mountain is not completely known.

The spatial and temporal extent of the thermally driven liquid-saturation field surrounding the
repository is critical to predicting container failures and radionuclide transport. Capillary hysteresis
has been ignored, but may prove to be a critical phenomenon for predicting saturation fields
immediate to the repository because of the drying and rewetting events produced by the thermal
transient. Vapor pressure lowering, a model used for the reported results, effectively lowers peak
temperatures and limits pore desaturation. Because the vapor pressure-lowering model was based
on experiments conducted at room temperature, it may significantly overpredict the amount of
absorbed water. To model this phenomenon accurately would require data about temperature-
dependent water-retention characteristics.
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5.0 Saturated Zone Hydrology and Transport

To characterize the water movement in the saturated zone below the poteatial Yucca Mountain
' Repository, two sets of 12 simulations were done for each of two aquifer lithologies. The 12
simulations represent a statistical range that encompasses the conditions of the saturated zone as
they are presently understood. : _

5.1 Base Scenario

The base scenario with regards to the saturated zone requires modeling flow in the saturated
zone and the transport of radionuclides (if any) predicted by unsaturated flow models (Section 4.0)
to reach the water table. This section reviews the regional hydrogeology with special attention to
the aquifers that underlie the potential repository site, the regulations that govern flow modeling
and, hence, this assessment, the numerical and conceptual models employed in this study to
examine the saturated zone, and the data used with those models. With this background
established, the simulations performed for this study are described and analyzed.

5.1.1 Regional Hydrogeology -

Previous investigations have shown that the unconfined aquifer encompasses two basic
lithologic units: Tertiary tuff and the underlying Paleozoic carbonate. The sequence of Paleozoic
clastics and carbonates was deposited in a thick miogeosyncline that contains a thickness of up to
12,000 meters of Paleozoic and Precambrian sediments. Tertiary ash flow wffs of rhyolitic and
quartz-latitic composition were deposited unconformably on the Paleozoic carbonates.
Approximately 1200 m of wff unconformably overlies the Paleozoic Carbonates at the Yucca
Mountain crest (Craig and Reed 1991). Miocene tuffs are exposed at the surface of Yucca
Mountain. A thin layer of alluvium and colluvinm exists on the tuffs in the drainages and this layer
thickens in the valley floors. The tuff that was modeled for this problem was divided into two
- horizontal units: the overlying unit defined by properties of the zeolotized twff (see Section 4.0),
and the underlying unit by those of the partially welded tuff. Flow within these units was modeled
as a two-dimensional flow regime to address the spatial variability of physical properties. The two-
dirréqnsional cross section was aligned such that the x-direction was parallel to the hydraulic
gradient. I P : ,

The regional water table is from 500 to 750 m below the ground surface in the arca of the
- potential repository. Water movement in the saturated zone is generally from north to south below
' Yucca Mountain. The desert climate of the Yucca Mountain area receives an average precipitation
of 150 to 220 mm per year (Quiring 1965). Of this, between 2 and 11 mm are thought to infiltrate
the unsaturated zone and recharge the aquifer (Montazer and Wilson 1984). The average gradient
- directly below the mountain is 104, from north to south, as calculated from water-level
~ measurements reporied by O'Brien (1991). However, the %adic_nt increases sharply to the north
~ and west (upgradient of the potential repositary location). Water discharges from the unconfined
aquifer to springs south of the Yucca Mountain area, in the Amargosa Desert and Oasis Valley, and
by evapotranspiration from playas in Death Valley. Water stored in tuffs also moves downward to
recharge the carbonate aquifer. In the simulations done for this analysis, water is assumed to move
from north to south. Because the volume of recharge from the surface is so small, vertical ‘
recharge is not modeled for these simulations; vertical recharge is assumed to be small compared
with the influence of the hydraulic gradient on fluid transport. _

5.1

t 4 | IR ]



5.1.2 Regulatory Controls

Simulations of saturated ground-water flow under the potential repository at Yucca Mountain
are motivated by federal regulations which specify limits for high-level radioactive waste release to
the "accessible environment,” which is defined as a 5-km distance from the disturbed zone of the
potential repository. The potential for radionuclide release to the accessible environment has been
defined (40 CFR Part 191.13) as the statistical probability of transport of a specific radionuclide
concentration (40 CFR Pant 191.16) to a distance 5 km from the potential repository in particuial
concentrations. To provide an adequate statistical description of the probability of radionuclide
transport, twelve simulations were performed each for the tuff and carbonate aquifers. Each of the
twelve simulations included two simulations that defined the limits of potential release: transport
under minimum and maximum hydraulic gradients and conductivities.

5.1.3 Conceptual and Numerical Models -

Saturated flow in both the carbonate and wff aquifers was simulated in two dimensions (x-y,
where x is west-east and y is south-north; vertical dimension z neglected) using the Darcy
equation, which assumes pressure-driven fluid-flow through a continuous porous media.
Préferential flow through fractures or faults in the porous media composing the carbonate and the
wff aquifers was not considered for these simulations. The equivalent-continuum model thiat was
used represented fracture and porous-media hydraulic conductivities as a single weighted value in
the inimum and maximum-flow field simulations, or a range of values for the stochastically
derived flow ficlds. Hydraulic conductivity fields were gencrated using the RFIELD code.

" The two-dimensional hydrologic regime this problem simulates was defined by the hydraulic
properties of the fluid, the porous media, and the hydraulic gradient that drives fluid movement.
The fluid modeled was subject to a variety of simplifying assumptions, so that the results of these
simulations are a consequence of the properties attributable to the physical aquifer through which
* the fluid moves. The saturated-fluid movement modeled was limited to that of a single liquid
phase; the fluid was assumed incompressible and isothermal. The porous media composing the
modeled aquifers was assumed in both cases to be continuous and isotropic; and the porosity and
density of the porous media were assumed constant. Porous media properties are listed in Tablc
5.1. The hydraulic gradients imposed were unique for each of the twelve simulations and for each
aquifer. Gradients for the wff aquifer were defined statistically using a uniform distribution of
hydraulic head values taken from Doctor et al. (1992), with limits of 2.018 x 10-3 and
6.196 x 10-3. Carbonate hydraulic gradients were derived from a uniform distribution of values
with limits of 6.089 x 10-2 and 6.089 x 104. Gradients and the deterministic hydraulic
conductivity values used for the twff and the carbonate simulations are listed in Tables 5.2a and
5.2b, respectively. - : S :

The problem defined here was modeled with the integrated finite-difference SUMO code,
which calculated a numerical solution. SUMO generated a steady-state flow-field and calculated
particle travel times for a hydrologic domain defined by a constant hydraulic gradient and unique
hydraulic conductivity. The ten radionuclides considered for ransport in the Human-Intrusion
Scenario were introduced by direct injection with a drilling rig at a point in the simulated domain
shown in Figure 5.1. The AREST code generated a source term for radionuclide release into the
domain over ime. Simulated radionuclide fluxes and concentrations within the aquifer were
calculated for the steady-state flow system simulated for each case. Fluxes ata plane 5 km
downgradient from the point source (from which dose calculations were made) are presented in the
following section. ‘ S SRR o
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Table 5.1. Aquifer Physical Properties for Saturated Zone Modeling

- . , Tuff
Aquifer Property Carbonate Zeolitic Partially Welded
Porosity 0.05 0.41 0.24
Density o 2.76 2.35 2.23
" Longitudinal Dispersivity

(deterministic runs) 1 1 1

(stochastic runs) 500 500 500
Transverse Dispersivity

(deterministic runs) 1 1 1

(stochastic runs) 200 200 200
Diffusivity 0.0365 0.0365 0.0365
Storativity 0.0 0.0 0.0
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Figure S5.1. Configuration of Hydrologic Domain for the Modeled Tuff Aquifer and the
Carbonate Aquifer (both dimensions are in the horizontal planc)
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Table 5.2. Hydraulic Gradients, Hydraulic.bonductivities, and Time of Drilling Intrusion
Under the Human-Intrusion Scenario for Each Simulation for the (a) Tuff Aquifer
and (b) Carbonate Aquifer (simulation numbers correspond to Table 3.4b)

A. Tuff Aquifer o
Hydraulic Conductivity (m/yr)

Simulation Number  Gradient (m/m) __ Partially Welded Zeolitic
1 5.200 x 10-3 . .
2  4710x 103 * *
3 3,143 x 103 . *
4 5174 x 103 . .
5 2.400 x 10-3 * .
6 4.871 x 103 * *
7 6.157 x 103 . *
8 3.014 x 103 . .
9 3.029 x 103 . *
10 6086x103 - * »
11 2.017 x 103 4.418 x 103 9.499 x 107
12

6.190 x 103 4418 x 101 9.499 x 10-3

B. Carbonate Aquifer

Simulation Number Gradient (m/m) Hydraulic Conductivity (m/yr)

1 - 4.216x 102 i

2 - 3.974x 102 #

3 5.077 x 102 #

4 1.790 x 102 #

5 1.443 x 102 #

6 3.451 x 102 #

7 3.329 x 103 #

8 1.456 x 102 #

9 2.667 x 102 #

10 2.028 x 102 #
11 6.089 x 104 8.500 x 100
12 1.630 x 10! 1.148 x 102

®  Stochastic; refer to Section 5.1.4 for a the statistical parameters used 1o describe the hydraulic conductivity of
the Partially Welded unit and the Zeolitic unit. Also refer to Figure 33 for an illustration of an example
stochastic hydraulic conductivity field. . '

#  Stochastic; refer to Section 5.1.4 forthennﬁsﬁcalpumemusedmdeﬁmthahydxmﬁzcondﬁcﬁvityof
Carbonate aguifer. AlsorcfumﬁgweSAfotmmusuaﬁonofmexmplamchnﬁcﬁeldhydmﬂic
conductivity field. ' : o
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5.1.4 Hydrogeologic Data

The twelve simulations each of ground-water flow in the two aquifers were divided into
stochastic and deterministic flow representations. Ten simulations for each aquifer used 2
statistically derived description of hydraulic gradient, aquifer intrusion time, and radionuclide

sorption coefficients in the specific aquifer. The stochastic representations of the hydraulic
conductivity fields were gencrated using spatially carrelated values derived from samples taken at
the Yucca Mountain Site. The hydraulic conductivity values for the tuff aquifer simulations are
from Kaplan et al. (1991), which is reproduced in Appendix A. The hydraulic conductivities for

 the carbonate aquifer simulations are from McGraw et al. (1991). A lognormal distribution of the
reported values was used for both aquifers. Hydraulic conductivity values are reproduced in
Tables 5.2a and 5.2b. Examples of the hydraulic conductivity fields that were gencrated for a
carbonate aquifer and for a tuff aquifer for the stochastic simulations are shown in Figures 5.2 and
5.3, respectively. '

The two remaining deterministic simulations represented the minimum and maximum-flow
fields for each aquifer, using the largest and smallest hydranlic gradient (values provided in Table
5.2). A constant value was used to describe the whole hydraulic-conductivity ficld from the
_ hydranlic conductivity values derived from a lognormal distribution of the values reporied in

Kaplan et al. (1991) and McGraw et al. (1991). '

5§.1.5 Simulation Descriptions

For each of the carbonate aquifer simulations, a unique steady-state pressure field was
generated from the hydraulic gradients and hydraulic conductivity values shown in Table 5.2a. An
example of the pressure field generated for carbonate simulation 1 is shown in Figure 5.4. The
pressure field displays essentially one-dimensional flow because & hydraulic gradient was defined
only in the horizontal direction; no vertical recharge from the overlying tuff aquifer to the carbonate
aquifer was simulated. The variations in the pressure contours are a result of the variability in the
hydranlic conductivity field.

_ The paths of the seven particles tracked through the simulated carbonate aquifer are shown in

Figure 5.5 for carbonate simulation 1, depicting an esseatially one-dimensional flow ficld. An
inverse relationship between travel time and the hydraulic gradient can be observed if the gradients
shown in Tables 5.2 are compared with the particle travel times shown in Table 5.3. Relative
particle travel times can be interpreted from Figure 5.6 for carbonate simulation 1, where the
distance of particle transport is plotted as a function of the time of transport.

Data for the twelve tuff-aquifer simulations were generated in a similar manner to those of the
carbonate aquifer; a unique steady-state pressure field was generated for each simulation from data
- shown in Table 5.2b. One-dimensional flow is indicated by the pressure field simnlated for tuff
simulation 03, illustrated in Figure 5.7.

Seven particle paths were tracked for each of the twelve tuff pressure fields simulated. The
minimum and maximum travel times for each simulation are shown in Table 5.3. Paths for the
particles tracked in tuff simulation 3 are shown in Figure 5.8. The plot of time versus distance for
the particle travel paths for tuff simulation 3 (Figure 5.9) shows a distinct bimodal distribution to
the travel times, a result of the hydraulic conductivity values of the two different lithologic units
that constitute the aquifer and the grid spacing of the simulated domain.
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Table 5.3. Particle Travel Time (yr)

Carbonate
Maximum

Tuff Partially Welded Tuff Zeolitic Unit

Minimum ~ Maximum ~— Minimum — Maximum
621x10¢ 446x105 5.13x108 8.84x 109
'2.57 x 104 1.18 x 106 6.60 x 108 3.16x 109
5.34 x 104 1.11x106 297 x 107 3.41 x 109
2.10x 104 3.55x 105 3.11x 108 2.71 x 109
547 x 104 1.87 x 106 6.73 x 107 1.25 x 1010
5.11 x 104 8.67 x 105 1.08 x 108 4.83 x 100
149x 104 6.73x105 8.11 x 107 5.05x 109

- 6.37x 104 152x106 451x107 4.16x 109
2.34 x 105 2.86 x 106 1.59 x 10° 4.56 x 1010
520x 103 1.27 x 106 1.40 x 107 2.85x 10°
4 . . ¥ # #
445%x 103 445x103 353x107 3.53x 107
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Figure 5.5. Travel Pamcle Pathlines for Ca:bonate Simulation 1

5.7



Particte Travel Time (yr)

10 |~

10' 1 | 1 { | 1

0 1000 2000 300 4000 5000 6000

Particle Path Distance (m)
Figﬁre 5.9. Travel Time as a Function of Path Distance for Tuff Simulation 3

5.1.6 Analysis

The pressure fields simulating steady-state conditions in both the carbonate and tuff aquifers
are strongly dependent on the hydraulic gradient imposed and on the simulated hydraulic
~ conductivity field for the aquifer. The larger hydraulic gradient results in a greater hydraulic
. potential dnving groundwater movement and shorter particle travel times within the aquifer.

: Particle travel times are also influenced by the hydrautic conductivity values used. The

. heterogeneous hydraulic conductivity fields generated by the RFIELD code followed strong lincar

trends associated with grid cell size (see Figures 5.2 and 5.3) because of & coding error in

i RFIELD. This coding error has since been corrected, but the runs reported here used stochastic

- fields that were not aggregated properly with respect to cell size. Therefore, hydraunlic

- conductivities were not random with respect to spacing in either the x or y direction; rather, they

- were random with respect to the grid nodes themselves. In areas where the grid spacing had been

refined, heterogencities in the hydranlic-conductivity values varied on a smaller scale than in areas

~ with larger grid spacing over an equivalent dimension. If the grid nodes were significantly smaller
in one dimension than the other, & linear trend to the hydraulic conductivity values was established

in the longer dimension. Consequently, hydrologic transport was governed by the grid spacing

instead of an intended random hydraulic-conductivity ficld. Figure 5.8 shows three particle wravel

paths through the simulated tuff aquifer as astga}htlincinthexdhwﬁon (particles numbered 2,

4, and 6). The odd-numbered particles (1, 3, and 5) show & more heterogencous travel path,

because the variations in the hydraulic conductivity values along those paths are more equally

spaced in the x and y direction. Particles numbered 2, 4, and 6 were routed along zones of

narrower grid spacing in the y dimension. The grid node dimension is thereby exaggerated in the x

direction, creating a linear trend to the hydranlic conductivity in the x direction. The grid spacing is
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illustrated in Figure 5.10; zones of refined node spacing are evident along the y=-1000, 0, and
1000 planes, and along the x=0 plane. The y coordinates for the number 2, 4, and 6 particles
wracked are -1000, 0, and 1000, respectively. The more representative travel times are those of the

odd-numbered particles for both aquifers.

Travel times for particles tracked in the first eleven wff aquifer simulations were significantly
greater than the 10,000-year period required by the regulations. These results indicate that
transport of radionuclides in the tuff aquifer to the accessible environment is not likely. The
maximum-flow simulation (T12) simulated a travel time of 4450 years in the zeolotized unit, the
only travel time less than the regulated 10,000 years. Consequently, the first 11 simulations were
not used to calculate the effects of human intrusion into the tuff aquifer. Results from simulation
T12 only are included in the following section on the human-intrusion scenario. :

2000 = : o +-
1000
E =
:
7] 0
)
o
<
> .
-1000
+2000 = I .
| 1 1
-2000 -1000 o o 1000 2000 - S000 4000 £000
R X-Axis Distance (m) |

Figure 5.10. Grid Node Conﬁgm'ation for Simulated Carbonate Hydrologic Domain
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5.2 Human-Intrusion Scenario

5.2.1 Method and }Assumptions

The human-intrusion scenario considered a drilling operation in which a borehole is drilled
through the potential repository to an elevation below the water table. The drilling rig would, in
this scenario, intercept a waste container such that the container's integrity is compromised,

permitting the contents of the container to be transported directly to the saturated zone. At the point

ocation of the drilling intrusion point in the tuff and carbonate saturated-zone models is shown
in Figure 5.1. The time of drilling intrusion was defined for each simulation using a lognormal
distribution of times between 100 and 10,000 years after repository closure. ’

Radionuclide release into the aquifer was calculated by the AREST analytical code (Section
3). For each of the ten radionuclides modeled, radionuclide mass was introduced at the rate :
predicted by AREST (Section 3) from the time of intrusion until 10,000 years, or until depletion of.
the source. Radioactive decay of the waste was accounted for by AREST prior to release, and by
SUMO after release into the aquifer. Transport was assumed to be in the aqueous phase only for
all radionuclides modeled. Radionuclide flux through the simulated domain was calculated until
10,000 years after potential repository closure. ‘

Transport of the radionuclides in the saturated aquifer is calculated using the 12 steady-state
flow fields generated in the Undisturbed Scenario portion of this exercise., In addition to the :
influence of the flow field on radionuclide transpart, properties of the aquifer and the radionuclides
also determine how transport distributes radionuclides in the saturated zone. The dispersivity and
diffusivity of the aquifer were assumed to be constant for all radionuclides modeled in all the
simulations done. Storativity was assumed zero for all simulations. The porosity and density
were consistent for all the carbonate simulations and for the tuff simulation. The aquifer properties
and the values used to define them are listed in Table 5.1. :

Sorption of the individual radionuclides to the ifer is another property governing saturated-
zone transport. Radionuclide sorption to the porous media that constitute the aquifer was modeled
as both a deterministic and astoc.iasﬁcpropatyforthccarbonateaqtﬁfa'andasadctaminisﬁc
property for the tuff aquifer simulated. These sorption values are listed in Table 5.4. Appendix B
reproduces Dockery (1991), which has additional comments on these values.

" The potential for unsaturated-zone transport of 14C in the gas phase to the saturated zone was
considered as part of this modeling exercise. 14C may be released from the potential repository
and travel downward to encounter the underlying water table. The release profile of 14C from the
potential repository into the unsaturated zone, its concentration in the gas phase, and its transport in
the unsaturated zone concentration of 14C in the gas phase were calculated by the MSTS code in
the Unsaturated Zone Section. Those results are used as input into the maximum-flow simulation
for the tuff aquifer (T12) to model 14C aqueous transport. '

5.2.2 Simulation Descriptions
Simulations were performed to describe tuff and carbonate aquifer responses to human

intrusion; each was defined differently. The carbonate aquifer travel times were short enough that
radionuclide transport resulting from human intrusion occurred for all but the minimum-flow

5.12



Table 5.4. Deterministic and Stochastic Sorption Values

Carbonate Tuff

U 3 1-6 2.5 ‘ 2.5
Np 0.5 0-11 2 2
Am 110 25-235 100 100

" Pu 80 60-160 100 100
C 0 0 0 ‘ 0o .
Se 3 0-6 2.5 2.5
Tc 0 0 0 0
Sn 110 60-160 - 100 100
I 0 0 0 0

Cs 10 0-135 S0 50

simulation (Carbonate Simulation 11). Simulations were repeated for the first 10 cases (Carbonate
Simulations 1 to 10) for five realizations to obtain a statistical description of the radionuclide
transport to 5 km from the point of intrusion. Of the tuff simulations done, only the maximum-
flow simulation (Tuff Simulation 12) had a travel time short enough to simulate radionuclide
transport. Because the tuff aquifer overlies the carbonate aquifer, 14C infiltration from the
unsaturated zone was also simulated for the maximum-flow tuff aquifer case. ‘

Steady-state flow in the 12 aquifer hydraunlic-conductivity fields generated for the carbonate
aquifer was simulated using SUMO for the Human-Instrusion Scenario Direct-Injection Case for
the carbonate aquifer. A single value was used to represent the sorption coefficient for each of the
10 radionuclides injected into the aquifer; these values are shown in the deterministic column of the
carbonate sarption values listed in Table 5.4. Longitudinal and transverse di ivity were both
assumed to be equal to 1 for these simulations. Radionuclide flux, in units of Ci/yr, across the
5-km boundary as a function of time was calculated for each simulation. These fluxes are shown
for Carbonate Simulations 1 through 12 in Figures 5.11 through 5.22, respectively, and for Tuff
Simulation 12 in Figure 5.23. The cumulative release of each radionuclide at 10,000 yr across the
5-km boundary from the carbonate aquifer is indicated in Table 5.5, along with the ratio of each
flux to the EPA limit for that radionuclide. EPA limits for a 70,000-MTU repository (the approxi-
mate size of the current design for the potential repository at Yucca Mountain) are shown in the

sccond column of Table 5.5. |
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Figure 5.15. Radionuclide Flux at S-km Boundary for Carbonate Simulation 5
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Cumulative Radionuclide Releases at 10

000 Years Across the 5-km Boundary for

0 0

0 0

5.20

Table S.5.
' " Carbonate-Aquifer Simulations of Human-Intrusion Scenario Direct-Injection Case
EPA Release
. Limit for
Radio- - 70,000 MTU :
puclide Repositorv (C) €i  EPARamio - Ci  EPARai Ci EPARstio Ci  EPARatio
Carbonate 1 Carbonate 2 Carbonate 3 Carbonate 4
- C 7000 3.48 497E-04 3.34 4.77E-04 1.26E+01 1.80E-03 3.66 $.23E-04
. MSe 70000 6.1SE-01 £.79E-06 7.45E-01 1.06E-05 1.98 2.83E-05 3.30E-01 4.71E-06
1265 n 70000 2.66E+01 3.80E-04 2.66E+01 3.80E-04 8.06E+01 1.15E-03 2.67E+01 3.81E-04
99Tc. 700000 © o 2.00E-07 2.43E-13 2.00E-07 244E-13 0 0
1291 7000 6.54E-02 S.34E-06 6.S3E-02 9.33E-06 198E-01 2.83E-05 6.5SE-02 9.36E-06
135Cs 70000  1.70E-03 2.39E-08 1.59E-01 227E-06 146E-01 2.09E-06 144E-02 2.06E-07
24y 70000  1.42 2.03E-05 2.93 4.19E-05 5.88 8.40E-05 9.79E-02 1.40E-06
2INp 7000 1.07E+01 1.S3E-03 1.46E+01 2.09E-03 4.06E+01 5.80E-03 127E+01 1.81E-03
9Py 7000 0 0 1.00E-08 1.79E-12 1.00E-08 197E-12 0O o
243Am 7000 0 0 2.00E-07 2.17E-11 2.00E-07 2.94E-11 © 0
Carbonate 5 Carbonate 6 ~ Carbonate 7 Carbonate §
14C 7000 5.54 791E-04 3.61 S.16E-04 2.27 3.24E-04 3.48 4.97E-04
9Se 70000 0 0 1.00E-04 2.10E-09 3.70E-03 S5.23E-08 130E-01 1.86E-06
1265n 70000  2.71E+01 3.87E-04 199E+01 2.84E-04 2.54E+01 3.63E-04 2.67E+01 3.81E-04
%Tc 700000 © L ‘0 0 0 0 0 o
129] 7000 6.69E-02 9.S6E-06 4.98E-02 7.11E-06 631E-01 9.01E-05 64SE-02 9.21E-06
135Cs 70000 0 0 0 o - 2.00E-09 2.16E-14 3.00E-08 3.90E-13
34y - 70000 0 0 - 2,00E-04 2.94E-09 S.40E-03 7.64E-08 2.35E-01 336E-06
23'Np 7000 6.23E-03 8.90E-07 1.44 2.06E-04 1.50 2.14E-04 1.22E+01 1.74E-03
2Py 7000 Y -0 o 0 o o 0
243Am 7000 0 0 -0 o o 0 o o
Carbonste 9 Carbonate 10 Cerbonate 11 Carbonate 12
1 7000 3.40 4.86E-04 3.44 491E-04 0 0 2.81 4.01E-04
Se 70000 4.26E-01 6.96E-06 8.10E-01 1.J6E-05 O o §.27E-01 1.18E-05
1265 70000 2.64E401 3.77E-04 2.60E+01 3.71E-04 0 0 2.70E+01 3.86E-04
$9Tc 700000 O© o o 0 o 0 2.00E-07 2.49E-13
129] 7000 6.30E-02 8.93E-06 643E-02 1.86E-05 © o 6.61E-02 9.44E-06
135Cs 70000  8.00E-05 1.08E-09 9.05E-01 129E-05 0 o 9.92E-01 1.42E-05
D4y 70000 7.99E-01 1.14E-05 -3.91 559E-05 © 0 1.12E+02 1.60E-03
2%Np 7000 1.01E+01 1.44E-03 1.18E+01 1.65E-03 0 o 3.54E+02 5.06E-02
9Py 7000 0 4] B o 0 0 1.00E-05 2.03E-09
23Am 7000 0 o 3.00E-06 4.66E-10
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" The first ten carbonate simulations (Carbonate Simulations 1 through 10) were then repeated
for two realizations to allow definition of 2 statistical distribution of the transport in the saturated
zone. These calculations were made using a broader grid spacing than the vious 12
simulations, although the size of the simulated area remained the same (4000 m by 7000 m). A
~ distribution of sorption values, shown in the stochastic column of the Carbonate values in Table
5.4 were used to describe the retardation effects of sorption in these simulations. Chain decay
from 243Am to 29Pu within the simulated domain was modeled. All Americium was assumed to
decay to 239Pu, with an Americium half-life of 7380 years. The dispersivity was defined as S00 in
the longitudinal direction and 200 in the transverse direction for all simulations. The cumulative
releases for each radionuclide over the two realizations are shown in Table 5.6, along with the

respective drilling times.

Only the tuff maximum-flow case (Tuff Simulation 12) was used for transport simulations
because the remaining 11 simulations were calculated to have transport times significantly larger
than the 10,000-year period defined by the regulatory controls. Calculation of radionuchde flux
for the maximumn tuff flow simulation used a single sorption value for each radionuclide in cach

tuff lithology, a longitudinal dispersivity of 500, and a transverse dispersivity of 200.

" Saturated-zone transport of 14C released from the repository in the gas phase was also

‘modeled using Tuff Simulation 12. 14C was introduced &t the water table (the upper boundary to
the simulated hydrologic domain) along a plane 1 km in length, and transported through the aquifer
in dissolved form. It was assumed that all 14C in contact with the \;ppcr boundary dissolved into
the saturated zone, and that thermal equilibrium between the gas an the porous media had been
attained before the gas was in proximity to the water table. A sorption value of zero was used for
the 14C reaction with the porous media, and a longitudinal and transverse dispersivity value of 1.
14C flux at the 5 km boundary was calculated as a function of time over 10,000 years. The result
is shown in Figure 5.24.

5£.2.3 Analysis

Radionuclide fluxes across the 5-km boundary show a strong dependence on the sorption
values chosen for the individual radionuclides, and the gradient driving the water flow in the flow
field. The plots of radionuclide flux for Carbonate Simulations 1 through 10 (Figures 5.11

through 5.20) show values for only seven radionuclides. The remaining three radioisotopes (Pu,

- Am, and Tc) have high enough sorption values that there is no significant flux of these nuclides

" across the domnain boundary. Within the maximum-flow regime shown in Figure 5.22, all
_ radionuclides modeled eventually exceed fluxes of 10-10 Cifyr at the 5-km boundary. A range of
hydraulic gradients was imposed on the simulated carbonate aquifer between 0.1630 to '
6.080 x 10-4. The smaller the hydraulic gradient, the longer it takes for the radionuclide flux

curves to reach a peak in concentration. It appears that the influence of the hydraulic gradient on
the flux concentration is not as significant as that of the sorption coefficients. A better definition of
g:)\y the radionuclides sorb to the aquifer material will improve our capability to accurately predict

eir transport.

The tuff simulation showed only three radionuclides transported through the saturated environ-
ment. The hydraulic gradient in the tuff aquifer is approximately an order of magnitude less than
those modeled for the carbonate simulations. In addition, the hydraulic conductivities of the two
wff lithologies were smaller by at least two orders of magnitude than those of the carbonate. Asa
result, the flux curves are attenuated substantially in the time period simulated, and only the
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'l‘able 5.6. Cumulative Release of Radionuclides (&) to the Samrated Zone at 10,000 Years
with Sorption Defined Stochastically - ' S

Drilling
Time o . ; .
Sim  (years) _I:E_ ‘ 9Se 126Sn MTe 129] 135Cs 4y 2'Np 29py = A3Am

| 2465 3.48 0.615 266 O 00654 00017 142 107 O 0
2 147 334 0745 26.6  170B-7 0.0653 0.159 293 146  125B-3 15287
20 147 4.88  0.844 272 1.23E-4 0.0666 927 524 158 O 0
3 589 12.6 198 80.6 171E7 0.198 0.146 5.88 40.6  138E-8 2.06E-7
4 259 3.66 033 26.7 0 0.0655 00144 00979 127 O )
40 259 205 0123 484 O 0.012 0193 403 121 0 0
s 1191 554 O 27.1 0 00669 0 O 6.23E-3 0 )
s 1191 225 0786 256 O 0.0632 0.897 425 128 0 0
6§ 8336 13.61 147E4199 0 0.0498 - 0 206E-4 1.44 0 0
s®  §336 362 0654 198 0 00499 0.654 0878 2.63 O 0
7 3811 227 3.66E3254 O 0.631 151E9 535B3 1.5 . 0 0
8 129 3.48 013 267 O 0.0645 273E8 0235 122 0 0
g0- 129 313 082 265 O 0065 -0919 523 157 0O 0
9 2616 34 0426 264 O 0.0625 7.59E-5 0799 101 0 0
9w 2616 2.63 081 26 0 0.0643 0905 391 1181 0 0
10 1308 3.44 0.493  26.6 0o . 0.0655 4.85E-3 1.21 12 0 0
100 1308 2.68 0812 262 0O 0.645 0912 461 139 O 0
11 300 0 0 0 o 0 ‘0 0 0 0 0
12 300 231 0827 27 1.74E-7 0.0661 0.992 112 354 1.42E-5 . 3.26E-6
Sorption 0 3 110 0 0 10 A ] 0.5 80 110

(a) sorption represented by the
stochastic distribution with limits = .
0-0 0-6 60-170 0-0 0-0 0-20 0-6 0-1 25-135  60-160

radionuclides ﬁm a zero-sorption value cross the 5-km boundary of the simulated domain with
fluxes in excess of 10-10 Gifyr. - :

Introduction of 14C into the sanrated zone was assumed to be a result of con:glcte dissolution
of the gaseous phase of carbon into an aqucous phase. The actual concentration that is capable of
being dissolved and the chemical reactions of precipitation and sorption are likely to influence the
simulation of 14C transport in the saturated zone. A better model of 14C dissolution and reaction in
the aqueous phase and with respect to the tuff lithologies will facilitate a more realistic model of
that radionuclides transport in the saturated zone. - .
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Figure 5.23. Radionuclide Flux at 5-km Boundary for Tuff Simulation 12
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Figure 5.24. 14C Flux Across the 5-km Boundary Using Maximum-Flow Ficld Parameters
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6.0 Volcanic Intrusion Model

The goal of this element of the total system performance assessment is to evaluate the
consequences of disruption of the potential repository and the uncontrolled release of radionuclides
1o the accessible environment because of the subsurface and surface activity of a basaltic magmatic
center. The subsurface activity would comprise dikes, sills, and/or other intruded magma bodies,
and the surface activity is assumed to be 2 Strombolian eruption of alkalic basalt and the
construction of one or more cinder cones. This scenario is based upon an interpretation of the
Quaternary volcanic record in southwestern Nevada and surroundings (Luedke and Smith 1981;
Crowe et al. 1983a; Smith and Luedke 1984). In the context of the general total system
performance assessment, PNL was asked to model the consequences of this scenario under
physical and volcanological rigor and to examine the assumptions, expert opinions, and
simplifications used in "abstracted” consequence modeling. The input data and parameters were to
be consistent with the results of the investigation described in the Yucca Mountain Site SCP (DOE
1988) or analogous systems. o

. Because of the limited FY 1991 scope, PNL did not complete these goals. However, the
team made important preliminary steps. Modeling of eruptive probability was conceptual, and this
report will only present a discussion of future quantitative activities necessary to the total system
performance assessment programmatic objectives. Consequence modeling was advanced slightly
further and an exploratory physical model was constructed. The results are preliminary and should
only be used to scope out further investigations. '

6.1 Approach

. Physical modeling of magmatic and volcanological processes is not developed (Jaupart and
Tait 1990; Luhr and Williams 1991) such that general predictions of eruptive behavior ata given
site are justified. Because of this, the general modeling of contaminant fate along a volcanic-
_ transport pathwai' can not produce the level of statistical significance of, for example, a ground-
~ water pathway. In some cases (some examples; Kilavea volcano, Hawaii, Mt. St. Helens,
Washington, and Plosky Tolbachik, Russia) where numerous data have been collected, limited
predictive modeling or "forecasting” (Tilling 1989) is tenable. Even in these cases, data validation
and verification is commonly n