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ABSTRACT

The Pacific Northwest Laboratory evaluated the feasibility of using
ground-water contaminant mitigation techniques to control radionuclide
migration following a severe commercial nuclear power reactor accident, The
two types of severe commercial reactor accidents investigated are:

1) containment basemat penetration of core melt debris which slowly cools and
leaches radionuclides to the subsurface environment, and 2) containment basemat
penetration of sump water without full penetration of the core mass. Six
generic hydrogeologic site classifications were developed from an evaluation of
reported data pertaining to the hydrogeologic properties of all existing and
proposed commercial reactor sites., One-dimensional radionuclide transport
analyses were conducted on each of the individual reactor sites to determine
the generic characteristics of a radionuclide discharge to an accessible
environment, Ground-water contaminant mitigation techniques that may be
suitable, depending on specific site and accident conditions, for severe power
plant accidents were identified and evaluated, Feasible mitigative techniques
and associated constraints on feasibility were determined for each of the six
hydrogeologic site classifications. Three case studies were conducted at power
plant sites located along the Texas Gulf Coast and the Ohio River, Mitigative
strategies were evaluated for their impact on contaminant transport, Results
show that the techniques evaluated significantly increased ground-water travel
times and reduced contaminant migration rates,
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PREFACE

This report is divided into two volumes. Volume 1, “Mitigative Techniques
for Ground-Water Contamination Associated with Severe Nuclear Accidents:
1) Analysis of Generic Site Conditions," examines generalized aspects of a
nuclear core melt accident, The characteristics of core debris, ground-water
transport of contaminants, and mitigative techniques in idealized circumstances
are discussed in the first volume. Volume 2, "Mitigative Techniques for
Ground-Water Contamination Associated with Severe Nuclear Accidents: 2) Case
Study Analysis of Hydrologic Characteristics and Interdictive Schemes,"”
considers the site-specific aspects of selected hydrogeologic environments and
individual mitigative techniques. A case study format is used to demonstrate
the type of conditions and considerations that would need to be addressed
following a severe accident. The two volumes achieve different objectives but
are designed to be complementary in nature. In composite, they provide a
comprehensive guide to mitigative actions in ground-water bodies following a
core melt accident,

xxix



ACKNOWLEDGMENTS

The authors thank Thomas J. Nicholsen, NRC Project Manager, for his
guidance as to the overall goals of this research., We also wish to acknowledge
the contributions made to this study by our colleagues. Their familiarity with
individual codes and processes made some economy of effort possible, In
particular, we express our thanks to R. J. Serne and W. L. Kuhn for technical
suppport in retardation calculations and leach release mechanisms. For their
assistance in code development and debugging, we owe our gratitude to
L. W. vail and T, J. McKeon. We acknowledge the helpful suggestions of our
reviewers C. R, Cole and M, D. Freshley. The authors also wish to thank
E. M. Arnold for his management of the initial stages of this study. It should
be noted that portions of Volume 1 of this report were completed under the
management of J. M. Shafer prior to his departure from the Pacific Northwest
Laboratory. R. W. Nelson deserves a special acknowledgment for serving as
project advisor. The authors also acknowledge the help of the word processing
team in preparing this document,

xxxi



EXECUTIVE SUMMARY

INTRODUCTION

Purpose

Pacific Northwest Laboratory conducted a study of mitigative techniques
for ground-water contamination associated with severe commercial nuclear power
plant accidents for the U.S. Nuclear Regulatory Commission. The purpose of
this study was to evaluate the feasibility and desirability of using specific
ground-water contaminant mitigation techniques (e.g., constructed barriers to
subsurface flow and transport, hydraulic barriers created by ground-water
withdrawal and/or injection) to control radionuclide migration in ground-water
flow systems following a nuclear core melt accident. The terms “severe
accident” and “core melt accident" are synonymous in this study and are defined
as an accident where molten nuclear fuel, reactor components, and/or sump water
exits the containment structure,

dbjectives

The objectives of this study are:

e identification of hydrogeologic factors that affect the release and
ground-water migration of radionuclides following a severe or core
melt nuclear accident,

e evaluation of the feasibility and desirability of interdicting
radionuclide contaminants to mitigate environmental consequences
based on a generic hydrogeologic classification of power plant sites
in the United States,

e development and demonstration of the methodology for the charac-
terization and evaluation of contaminant transport and the necessity
of contaminant interdiction in contrasting geologic environments, and

e development and demonstration of the methodology for evaluation of
the feasibility, design, implementation, and performance assessment
of mitigative schemes on a site-specific basis.

The first two objectives are met by conducting a generic analysis of
ground-water conditions following a severe accident. This information is
contained in Volume 1 and represents an inductive process wherein a large
volume of diverse information is reduced to generalized or generic descriptions
of a core melt accident. The common properties concerning core melt formation,
contaminant migration and arrival at an accessible znvironment are combined to
form a generic hydrogeologic classification system. Ninety-seven existing and
proposed nuclear power plant sites in the United States are classified by this
scheme. A large body of geologic and nydrologic information is included for
the convenience of the nontechnical reader and to serve as a reference guide to
further information.
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The third and fourth objectives are achieved by conducting three site-
specific case studies wiich are contained in Volume 2. Each of the case
studies examines a different aspect of selection, design, and implementation of
a contaminant mitigation, The case studies constitute deductive analyses that
provide insight into the site-specific conditions that would need to be con-
sidered following severe accident. The three case studies examine mitigative
techniques in greater detail than is possible in the generic analysis contained
in Volume 1. The case studies also serve as a validation of the conclusions of
the generic analysis. The determination of an appropriate method to interdict
ground-water contaminant and the design of engineering structures can only be
made at the case study level of analysis. The core elements of the three case
studies are given in Table S.l.

TABLE S.1. Case Study Topics of Emphasis

Case Study No. Name Topics of Concentration

1 South Texas Plant Unconsolidated hydrologic
unit, hydrogeologic
characterization, evaluation
of mitigative methods.

2 South Texas Plant Porformance assessment,
cost effectiveness,
mitigative scheme selection

3 Marble Hill, Indiana Consolidated and fractured
hydrologic unit, anisotropic
flow field, plant structures

Scope

The scope of the study was limited to consideration of the necessity and
feasibility of mitigative techniques to reduce the environmental consequences
along the liquid nathway. Contaminated ground water could reach accessible
environments thr. _jh: 1) controlled discharge points (e.g., abstraction
wells), 2) uncontrolled discharge points such as springs, and 3) ground water
to surface water flow interface at discharge locations. This study assumed
that obvious and available measures to protect the public, such as prohibiting
the use of contaminated wells, will be taken. It also assumes that
contaminants discharging through natural collection points such as springs will
be collected, as necessary, and isolated from the environment. This study
concentrates on actions taken to reduce transport rate of radionuclides
migrating in ground water and moving toward surface water bodies. Issues
concerning atmospheric releases, site restoration and long-term, low-level
radioactive discharges to surface water bodies are not a part of this study.
Considerations for monitoring systems such as optimal placement, statistical
confidence, and detailed mitigative designs are explicitly outside the
statement of work as formulated by the U.S. Nuclear Regulatory Commission,
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ANALYSIS OF GENERIC SITE CONDITIONS

Introduction

The severity of ground-water contamination and subsequent discharge of
radionuclides to the surface environment is, in part, a function of the hydro-
geology of the site. The geology of the site affects the radionuclide release
rate, transport time to the accessible environment, and the ability to mitigate
the environmental impact of the accident. Thus, the analysis of liquid pathway
contamination resulting from a severe accident is foremost a study of
contaminated ground water and its eventual discharge into surface water,

The two types of accidents investigated are: 1) containment basemat
penetration by molten core debris which slowly cools and leaches radionuclides
to the subsurface environment, and 2) containment basemat penetration by
contaminated sump water. The release and transport of radionuclides following
a core melt accident is a complex process which is dependent on many accident
and site-specific parameters and events, These processes are defined in as
much detail and as accurately as possible. Where there is uncertainty in the
examination, concervative yet realistic parameter estimates are made.

The contaminant liberation by the release from containment (i.e., leach
race) and the discharge to the accessible environment is described as an
activity flux rate reported in pico curies/year. The environmental contact
point is assumed to be the nearest surface water body. The major topics and
findings of this study are presented by topic in the following sections,

Leach Release from Core Debris

The chemical composition of the aggregate in the concrete basemat and the
underlying geologic materials has a large influence on the rate of solid
material leach release. Calcine debris derived from concrete and carbonate
rock would be:

e relatively porous with a high surface area,
® contain a high density of radionuclides per unit volume,
e melt to a depth of about 3 meters below the basemat,

e release radionuclides to the ground-water flow system through a
diffusior process, and

B atf’in a peak release rate for strontium-90 of about 1 x 10 x
10*" pCi/yr.

Silicic debris produced by the melting of sand or igneous rock would:

e be more glass-like with a porosity and permeability determined by the
density of the fracture network,
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e have a relatively lower surface area and porosity,

e involve a larger melt zone extending to 10 meters below the basemat,
e release radionuclides through a dissolution process, and

e obtain a peak release rate for strontium-90 of about 2 x 1015 pCi/yr.

As a result of these fundamentally different characteristics and leach
mechanisms, calcine debris would release radionuclides at a rate two orders of
magnitude greater than silicic debris. The difference in leach rates would
increase if less conservative assumptions of material properties are assumed.
The composition of a severe melt debris would be an admixture of both silicic
and calcine components resulting in a leach rate between the two limiting cases
presented.

Both calcine and silicic debris would leach release radionuclides to a
ground-water flow system for long periods of time. The quantity of radic-
nuclides released by leaching would eventually reach insignificant levels
because of radioactive decay and a decreasing leach release rate. Based on the
calculated leach rates and a ground-water velocity of 1 m/yr, the concentration
of strontium-90 adjacent to the melt debris would reach 10 CFR 20 limits of
300 pCi/1 about 800 years and 1100 years after the accident for a silicic and a
calcine melt, respectively.

Sump Water Balease Rate

Sump water drainage rates through the containment basemat and core melt
debris would be highly site and accident specific, Feasible rates based on the
hydraulic properties of each site indicate that sump water drainage rates can
potentially release radionuclides at a greater rate than core melt leach
rates. However, the actual drainage rate could be considerably more to much
less than predicted, The time over which an actual sump water release would
occur is a period of days to months, Very slow drainage rates could allow
removal of liquid contaminant from the containment structure before it entered
the ground-water flow system., Conversely, a release of sump water driven by a
pressurized containment dome (pressurized water reactors only) could produce a
rapid hydraulic spreading of contaminant and decrease the travel time to the
surface environment, This would result in the largest possible radiological
flux to the ground-water environment and the greatest need for contaminant
interdiction.

Generic Hydrogeologic Classification of Nuclear Power Plant Sites

A hydrogeologic classification system for contaminant interdiction at
nuclear power plants must consider the geological factors of a core melt
accident from the creation of the melt debris to tne eventual contaminant
arrival at land surface. The hydrological factors used to determine a
classification scheme are:
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e the rock chemistry of the contaminant source for the determination of
leach rate,

e feasibility of contaminant mitigation in different geologic
environments (i.e., consolidated and unconsolidated materials), and

e hydraulic transport parameters to land surface.

Six types of generic sites result from epplication of the classification
scheme to preposed and existing nuclear power plant sites in the United States:

1. Fractured Consolidated Crystalline Silicates,

2. Fractured and Solutioned Consolidated Carbonates,
3. Porous Consolidated Silicates,

4, Porous Consolidated Carbonates,

5. Porous Unconsolidated Silicates, and

6. Fractured Consolidated Silicates - Shale.

Assigning of representive or “"average" hydraulic parameters to a generic
classification and generating "average" radionuclide discharges to a surface
water body is undesirable and was not attemped because:

@ there is a wide range in hydraulic values among geologically similar
sites,

e such “average" conditions may not occur at any real site,

e averaged parameters that are inversely related (e.g., hydraulic
gradients and permeabilities) may not produce an average result, and

e the variability of transport within a given hydrogeologic
classification would be lost.

Simulation of indivdual sites and analysis of the results by generic
groups is applicable and demonstrates the large differences in contaminant
release and transport among and within the generic classifications, The major
findings of the generic hydrogeologic analysis is presented below.

The discharge of radionuclides to the surface water environment is more a
function of site hydrogeology than the type of accident sequence (e.g., PWR 1-7
and BWR 1-4). The range of contaminant quantities available for transport
because of a less probable accident is small (several tenths of a percent) in
comparison to the large range of values (up to 6 orders of magnitude) for
hydrologic transport parameters. The different accident sequences would alter
the quantity of contaminant by a linear function (a percentage of the total
fuel inventory) while changes in hydrologic parameters allow for longer
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transport times which exponentially would decreases the total quantity
discharged to the environment. The major hydrogeologic factors determining the
severity of an accident (listed in order of relative importance) are:

1. chemical composition of the containment structure basemat and
underlying bedrock,

2. effective porosity,
3. sorption of contaminant, and
4, hydraulic gradient and conductivity.

Indicator Radionuclides

Three radionuclide indicators of contamination are used in this study
because of their initial quantity, longevity, and mobility., The analysis is
conducted for strontium-90, cesium-137 and ruthenium-106. Ruthenium-106 is
found to be sorbed and retarded under core melt conditions, Previous studies
(RSS-1975 and LPGS-1978) assumed that 50 peicent of the ruthenium was complexed
by nitrate and formed a water coincident comtaminant. This assumption was
based on the migration of ruthenium-106 in high nitrate level processing wastes
at the Hanford site near Richland, Washington. Nitrate concentrations found in
natural ground water are not sufficient to complex and thus mobilize ruthenium-
106. Retardation of ruthenium allows decay processes to reduce the amount of
contaminant to low levels prior to reaching surface water., Only 7 percent of
the nuclear power plant sites in the United States would have a discharge of
rutheniun-106 before it experienced 40 half-lives of decay.

Cesium=137 would be released in the sump water from pressurized water
reactors. Empirical testing indicates that cesium-137 is more strongly sorbed
than strontium-90, but the retardation mechanism is phenomonologically complex
and not fully described by present retardation models. Retardation of cesium-
137 has been noted as being time and concentration dependent. Cesium-137 would
arrive at the discharge location at 37 percent of the sites before 40 half-
lives of decay.

Strontium-90 is the preferred contaminant to determine the relative
sensitivity to a core melt accident. S.rontium would be released in sump water
and as leachate from the core debris. It is more mobile than cesium-137 and
would arrive at the discharge location at relatively early times and at
activity rates comparable to the cesium-137 in a sump water release,
Strontium-90 could be expected to arrive at a surface water body at 55 percent
of the sites prior to 40 half-lives of decay.

Contaminant Discharge to Accessible Environments

The generic discharges of contaminant are examined at two basic levels,
The first level determines whether the contaminant will arrive within a short
time at a high flux, or at a much longer time at an insignificant level. A
conservative definition of significance is based on a 40 half-life travel time
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to surface water, Over this time period, radionuclides are decayed to very low
levels or fall into the category of a non-imminent situation requiring mitiga-
tion. The analysis of significant discharges to the environment demonstrates
that:

® 43 percent of all sites do not produce a significant discharge tc a
surface water body that would require immediate contaminant
interdiction to prevent severe environmental consequences,

e interdiction would be desirable at 85 percent of the fractured
geologic sites, and

® interdiction of contaminant would be desirable at 42 percent of the
nonfractured sites.

Within the first level of analysis the generic sites are ranked as to
their relative environmental sensitivity to a core melt accident by comparison
of the percentages of sites that would resuit in a significant radionuclide
discharge and those that would produce a minor discharge. The ranked generic
sites are presented with the percentage of significant discharges in Table S§.2.

TABLE S.2. Generic Sensitivity to a Severe Nuclear Accident

Percent of
Sites with
Significant
Rank Generic Classification Surface Water*
I Fractured Consolidated ~ 94
Crystalline Silicates
2 Fractured and Solutioned 83
Consolidated Carbonates
3 Fractured Shale 60
4 Porous Unconsolidated 49
Silicates
5 Porous Consolidated 38
Silicates
6 Porous Consolidated 20
Carbonates

FKTT three indicator radionuclides considered,

The second level of analysis of generic sites is more detailes and
examines the generic trends in arrival times and discharge fluxes of the
significant discharges. Observations of the premitigative radionuclide
discharges indicates that:
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e the earliest time of contaminant arrival of individual sites are in
the fractured media classifications at about 6 months for carbonates
and 8 months for silicates,

® contaminant arrival at a surface water body at 90 percent of the
sites would ve greater than 5 years, allowing detailed monitoring,
simulation, and planning to proceed mitigative actions,

e the generic average of arrival times at a surface water body ranged
from 5 years in fractured and solutioned carbonates to over 200 years
for porous consolidated silicates,

e the greatest radionuclide flux entering a surface water body is
produced by a sump water releasel9f cesium-137 in a fractured and
solutioned carbonate at 2.5 X 10*" pCi/yr,

e peak flux rates of cesium-137 and strontium-90 in sump water
discharges are similar to an order of magnitude at contaminant
arrival times of less than 30 years,

e silicic media has a peak contaminant discharge 100 times less than
carbonate media because of the difference in leach rates, and

e although the core debris contains 10 times more strontium-90 than the
sump water, the more rapid release of sump water produces a higher
radionuclide flux to the environment,

When there are no trends within a hydrogeologic classification of first
arrival times or quantity of radiological outflow, the site-specific hydraulic
parameters and/or reactor siting (i.e., distance to surface water) are more
important than generic classification. This situation occurs for porous
consolidated carbonates and fractured shale. These sites are best evaluated
for environmental sensitivity by observing the percentage of sites that produce
a significant discharge (i.e., prior to 40 half lives of decay).

Mitigative Techniques for Contaminant Interdiction

There are two general classes of ground-water contaminant interdiction
techniques that may be used to mitigate the environmental effects of a severe
nuclear accident: 1) static or passive techniques, and 2) dynamic or active
strategies. The individual techniques or schemes that comprise each class are
designed to interact directly with ground-water flow, and consequently the
contaminant being transported, to achieve an acceptable level of contaminant
mitigation,

Static Barriers

Static or passive mitigation techniques are typically engineered/con-
structed barriers to contaminated ground-water flow. The primary objectives of
a constructed barrier is to redirect the ground-water flow away from poten-
tially accessible surface environments or to retard the flow, and allow
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radioactive decay to reduce the environmental hazard, Achievement of these
objectives usually results in ground water being forced to follow more
circuitous routes with longer travel times or at slower migration rates,
Constructed barriers are considered static ground-water contaminant mitigation
techniques because once in place they are not readily adaptable to changing
conditions of ground-water contamination, Engineered/constructed barriers do
not normally require a significant amount of maintenance or energy. Three
basic types of constructed barriers were analyzed for their feasibility and
suitability as mitigation measures for ground-water contamination resulting
from a severe power plant accident: grout curtain cut-off walls, slurry trench
cut-of walls, and steel sheet piling.

Dynamic Barriers

Dynamic or active ground-water contaminant mitigation techniques are
primarily conceptual strategies for actively influencing the state of ground-
water contamination., Active influence is accomplished by either changing the
ground-water flow regime by pumping and/or injection, directly treating the
contaminated ground water or combinations of both approaches. Active ground-
water contaminant mitigation schemes are generally better able to respond to
changes in the state of ground-water contamination than static barriers,
However, dynamic schemes typically have relatively high maintenance costs.
Also extensive monitoring feedback is usually recommended to ensure adequate
performance, The dynamic ground-water contaminant mitigation schemes analyzed
for their feasibility and applicability are:

1. Ground-water withdrawal for potentiometric surface adjustment,
la. prevent discharge at receiving surface water body
1b. prevent saturated contact with core melt debris
lc, prevent contamination through leaky aquifers

2. Ground-water withdrawal and/or injection to control the contaminant
plume,

2a. withdrawal and injection
2b. withdrawal without injection
2c. withdrawal with surface treatment and recharge
2d. 1injection only
3. Subsurface drains,
4, Selective filtration via permeable treatment beds,
5. Ground water freezing,

6. Air injection to form a permeability barrier,
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Feasibility Criteria

There are several important considerations for determining the suftability
of mitigative techniques for ground-water contamination: 1) design,
2) construction, 3) performance, and 4) implementation. Design considerations
include the variations in specific types of technigues (e.g., particulate
versus non-particulate grout), appropriate host geologic media, size, location,
and orientation of the various mitigation measures and design limitations,
Passive ground-water barriers (i.e., slurry trenches, grout curtains, and steel
sheet piling cutoffs) have better defined engineering design considerations
than typically do dynamic ground-water contaminant mitigation strategies, which
are less rigorously defined from an engineering standpoint,

Lonstruction considerations are a major concern in determining the
feasibility of specific mitigation strategies. Construction considerations
include appropriate methods of installation, limitations of construction
methods, equipment required for construction, etc, Several of the mitigation
strategies (1.e., slurry trenches, subsurface grouts, and permeable treatment
beds) require extensive excavation. Trenching is realistically feasible only
in unconsolidated media and soft, easily ripped semi-consolidated media.

Performance considerations include permeability reductions, durability,
continuity, and contaminant compatibility, All of the performance considera-
tions vary with time. For example, steel sheet piling can be expected to
corrode in approximately 40 years, thus significantly reducing its effective
performance, Durability is closely related to permeability reduction and
maintenance requirements. How long a barrier will perform as designed is a
function of quality control during construction and ground-water chemistry,
Cement-based constructed barriers will lose their integrity more rapidly if
exposed to freeze and thaw cycles or high levels of sulfate. Most, if not all,
dynamic mititgation strategies are temporary and energy extensive, and their
dosl?ninith respect to the overall mitigation plan should reflect this
condition,

Implementation considerations to construction are centered around the
practical engineering feasibility of the technique., These considerations
include:

e 1installation and construction time,
e cost,
e equipment mobilization and availability,
e toxicity, (some chemical grouts are toxic), and
® exposure hazards to workers,
Worker safety during the installatfon and maintenance of a mitigation

scheme is of primary concern, [n most cases the closer to the contaminant
source the mitigation scheme is to the core debris, the more effective it will
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be. A site-specific investigation of the radionuclide hazards from core
debris, contaminated ground water, and surface contamination must be conducted
prior to construction activities. Another safety issue involves the safe
handling, treatment, and disposal of contaminated ground water, Several of the
mitigative schemes require aboveground handling of contaminated ground water
thus requiring special care to ensure the safety of workers and the integrity
of the surface environment,

Summary of Generic Analysis

The implementation considerations for ground-water contamination mitiga-
tion schemes are extremely important in the overall assessment of the
applicability of each measure, However, these issues are also highly sensitive
to specific and individual site characteristics ranging from the physical plant
configuration, to local meteorological condition at the time of the accident,
Therefore it is difficult, if not impossible, to detai] the absolute effect
these issues in a generic manner, For this reason the general limitations are
presented in the generic analysis, and the performance of a mitigative scheme
is examined through case studies,

In a generic framework, the constraints on feasibility are related to site
geology, hydrology, and accident characteristics. The criteria for determining
feasibility for each hydrogeologic classification are:

1. consolidation of the geologic media,
2. host geolugic material grain size or fissure width,
3. low hydraulic conductivity,
4, high ground-water velocity,
5. surface handling of contaminated ground water,
6. depth to a basal confining layer
7. depth to contaminant plume,
The generic examination of mitigative techniques is summarized to its most

basic level in Table S.3. The table presents the feasibility of each major
mitigative technique for t e generic hydrogeologic classifications,
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TABLE S.3., Feasibility of Mitigative Techniques for Each
Generic Hydrogeologic Classification

Generic Classification*

A B C D

Mitigative Technique Feasibility**
1. Grouting with Particulate

and Chemicals Y Y Y v
2. Slurry Trenches N N Y N
3. Steel Sheet Pilings N N Y N
4, Ground-Water Withdrawal

for Potentiometric Surface

Ad justment M Y Y N
5. Ground-Water Withdrawal

and/or Injection for

Contaminant Plume Control Y Y ¥ M
6. Interceptor Trenches N N Y Y
7. Permeable Treatment Beds N N Y N
8. Ground-Water Freezing M Y Y ¥
9. Air Injection M M M M

* Generic Mydrogeologic “lassification: A = Fractured Consolidated
Silicates and Fractured and Solutioned Carbonates, B = Porous
Consolidated Carbonates and Porous Consolidated Silicates, C =
Porous Unconsolidated Silicates, D = Fractured Shale,

**Feasibility of Mitigative Techniques: Y = yes, N = no,
M = marginal,
CASE STUDY ANALYSIS

Introduction

The components of the case studies are designed to start with information
gained from the generic analysis and follow an iterative process of collecting
additional information and developing more sophisticated conceptual and
nunerical models, In the event of a severe accident this process would be
continued until either the analysis indicated that no contaminant interdiction
was necessary or that the mitigative scheme in place would be an effective
safeguard of environmental concerns., All analyses discussed are strictly
hypothetical,
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Case Study No. 1 South Texas Plant

Selection of appropriate mitigative actions following a severe accident
requires a detailed evaluation of pre- and post-mitigative radionuclide
transport through the ground-water system to potentially accessible environ-
ments, The South Texas Plant (STP) Case Study No. 1 was conducted as a
demonstration of a methodology for evaluating mitigative techniques on the
basis of site-specific characteristics, Emphasis is focused on the
characterization and evaluation of ground-water flow and contaminant transport
phenomena important at the South Texas Plant, The STP was selected on the
basis of having adequate available data and being located on unconsolidated
silicate (e.g., sand, silt, and clay). Relative to the other generic hydro-
geologic classifications, the porous unconsolidated silicate sites have high
hydraulic conductivity, high effective porosity, and low hydraulic gradient,

The STP is situated in south-central Matagorda County, Texas, on the Texas
Gulf Plain approximately 4.9 km due west of the Colorado River, The STP is
influenced by the coastal hydrometorologic regime and tidal effects of the Gulf
of Mexico. The geomophology of the site is typical of a slightly eroded plain,
characterized by low relief, abandoned river valleys, marshes, and offshore
barrier bars. The near-surface geology of the STP site consists of the
Pleistocene Beaumont Formation which extends at least 700 ft below the ground
surface. The formation is characterized as layers of clay, sandy clay, and
thick sand units, The layers of sand are up to 100 ft thick and produce
significant amounts of water, Clay layers of up to 150 ft thick hydraulically
isolate the various sand layers., Based on the geologic evidence and
piezometric data, three major sand layers underlie the site; these layers are
seperated into two hydrostratigraphic units, a deep aquifer and a shallow
aquifer, The shallow aquifer is artesian and extends to about 150 ft below the
surface and consists of upper and lower units. The two units are separated by
a 20-ft clay layer and have slightly different potentiometric levels.

The STP is composed of two pressurized water reactors, each capable of
producing 3800 MW thermal and 1250 MW electric power. The two units are
roughly 590 ft apart and use certain shared facilities including the cooling
reservoir, spiliway and blowdown facilities, and essential cooling pond., The
reactor core-rated thermal power is 3800 MWt., High-pressure light water serves
as the coolant, neutron moderator, reflector and solvent for the neutron
absorber, The reactor containment building is 148 ft in diameter and has a
18-ft-thick basemat.

The accident scenario assumed for the a single reactor of the STP is a
loss of coolant accident leading to penetration of the core melt into the earth
below the containment structure to about 35 ft below the basemat, At this
depth the core debris would reside in the lower unit of the shallow aqu1‘§r.
Using strontium-90 as the indicator radionuclide, an estimated 4,53 x 10'° pCi
would be released based on a prescribed release rate determined under the same
assumptions as used in the generic examination of silicic core melts,
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The recommended methodology for the evaluation of selected techniques for
mitigation of possiule ground-water contamination caused by severe accidents
consists of four main steps:

1. survey of regional ground-water hydrogeologic characteristics and
regional glow analysis to determine local boundary conditions,

2. pre-mitigative local ground-water flow and transport analysis,

3. performance evaluation of feasible mitigative techniques based on
ground-water and contamiant transport simulation, and

4. sensitivity analyses of contamiant transport to hydrogeologic
parameters,

The approach taken for the Case Study No. 1 is consistent with this
methodology. Specifically, a regional hydrogeologic analysis is conducted
using the TRANS ground-water flow and transport code. The analysis was
accomplished using only previously published data. When data are sparse or
unavailable, hypothesized data are generated based on the best information
available.

The results of Case Study No. 1 include:

e a detailed hydrogeologic characterization of the aquifer system
underlying the STP site,

e a complete discussion of data requirements and sources for the
characterization,

e development of a two-dimensional ground-water flow and contaminant
transport model for the site,

e a baseline pre-mitigative analysis of radionuclide transport, and

e a limited evaluation of the effect of selcted engineered barriers and
hydraulic barriers on radionuclide transport.

On the basis of the case study results it's concluded that ground-water
contaminant mitigation would not be necessary at the STP site to prevent
discharge of radionuclides into the Colorado River. This is primarily due to
the naturally low hydraulic gradient and associated long travel times.
Nevertheless, for demonstration purposes, mitigative stategies are evaluated
for their impact on contaminant transport. Results show that the techniques
evaluated (i.e., a Tow permeability cutoff wall placed upgradient from the
plant, a low permeability cutoff wall placed downgradient from the plant, a
near-field hydraulic barrier, and a far-field hydraulic barrier) significantly
increase ground-water travel times. Increased travel times resulting from more
circuitous travel paths allow for both greater natural decay of radionuclides
and increased sorption of radionuclides by the geologic host material.
Hydraulic barriers appear to be more effective, in this case, than cutoffs in
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increasing ground-water travel times to the accessible environments. Hydraulic
barriers are, however, more energy entensive and require regular maintenance
and refurbishing,

Case Study No. 2

The South Texas Plant (STP) Case Study No., 2 is a continuation of analyses
and results of Case Study No. 1. Building on these results, Case Study No., 2
illustrates a more comprehensive (though not exhaustive) performance evaluation
and trade-off analysis of mitigative strategy conceptual designs. Also pro-
vided is a discussion of the STP site configuration and the accompanying
constraints the layout of plant facilities could have on the design, construc-
tion, and implementation of mitigative measures. The STP case studies in
composite are an illustrative example of a site-specific, reconnaissance level
analysis and evaluation of strategies to mitigate the environmental con-
sequences resulting from migration of radionuclides in a porous, unconsolidated
geologic formation following a severe nuclear accident.

CASE STUDY OBJECTIVES

The objectives of STP Case Study No. 2 are to utilize the conceptual and
numerical models developed for STP Case Study No. 1 to accomplish the
following:

e evaluate performance of an extensive array of mitigation alternatives
including upgradient and downgradient engineered barriers (linear,
L-shaped and U-shaped) and hydraulic barriers,

® assess the sensitivity of mitigation measure performance to design
characteristics such as length, distance from the source, and effec-
tive barrier permeability,

® investigate the effects of hydrogeologic characteristics (e.g.,
hydraulic conductivity, retardation, dispersivity, etc,) on
mitigation,

e consider the importance of the STP facilities spatial configuration
on mitigation measure design, and

® discuss cost as a factor in the evaluation and selection of mitiga-
tive strategies.

Taking advantage of the site characterization conducted for the first case
study, Case Study No. 2 begins with a pre-mitigative flow and transport anal-
ysis and continues with a comprehensive performance evaluation of numerous
mitigation alternatives and the sensitivity of their performance to specific
hydrogeologic parameters. The TRANS two-dimensional ground-water flow and
transport code was employed throughout the two studies and only previously
published data are used, Required data that are unavailable are estimated
based on the best information available and/or engineering judgment,
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STP FACILITIES DESCRIPTION AND CONF IGURATION

For several reasons, the general configuration of the STP facilities would
be an important factor in the design and implementation of possible mitigative
actions subsequent to a severe accident, The power station is composed of two
identical pressurized water reactors (PWR). Several of the plant structures
important to safe operation and shutdown of the plant are shared by both units
including the cooling reservoir, makeup pumping station, spillway and blowdown
facilities, essential cooling pond, emergency transformer, and switchyard, If
continued operation of one unit is important, a key element of any mitigation
design would be maintenance of esscntial functions such as reactor cooling and
power transmission, For example, engineered barriers would have to be located
outside the cooling reservoir and essential cooling pond to maintain their
integrity as reliable sources of cooling water.

Plant structures also serve as physical obstacles that would influence
location of engineered barriers (e.g., it might be difficult to construct a
grout curtain or slurry wall within the switchyard). Another consideration
would be the Iikelihood that water impounded by the cooling reservoir and
essential cooling pond will be contaminated by atmospheric fallout, To prevent
release of contaminated reservoir water, it would be necessary to avoid
damaging the impoundment embankments during mitigation construction,

MODEL DEVELOPMENT

The ground-water flow and transport analyses for the STP site are
accomplished using a two-stage modeling approach. The first stage utilizes a
course grid regional hydrologic flow model. The purpose of the regional model
is to establish boundary conditions for the local model under both pre- and
post-mitigation conditions. The local model is then used to simulate the
ground-water system in the immediate area of the plant in greater detail,
While the regional model used in this case study is the same as that developed
for STP Case Study No. 1 without modification, a modified, higher resclution
local model is employed,

The boundary and initial conditions for the new local model are determined
directly from the regional model. The procedure followed is to first run the
regional model, and then determine the potentials for the local model boundary
from the regional model simulation results, Other local mode! parameters were
also interpolated directly from the regional model including the lower shallow-
zone aquifer top and bottom, hydraulic conductivities and the recharge/dis-
charge rates from/to the upper shallow-zone aquifer,

Because of the tota)l lack of observed radionuclide transport data at the
STP site, estimates of transport modeling parameters (i.e., soil bulk density,
effective porosity, retardation factor and dispersivity coefficients) are based
entirely on previously published information., The values used for the local
model utilized in Case Study No. 2 are essentially the same as those used in
the first case study.
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PRE-MITIGATIVE LOCAL TRANSPORT RESULTS

The purpose of the severe accident pre-mitigative transport analysis is
twofold:

1. quantitatively assess the need for mitigation, and

2. when mitigation is found to be necessary, provide a baseline for
evaluating relative mitigation performance,

On the basis of Case Study No., 1 results, it was determined that after
1000 years subsequent to the assumed severe accident, transport of significant
quantities of radionuclides was limited to a distance of approximately 2400
ft. The results also indicate that by 1000 years dilution and natural decay
would reduce the maximum concentration within the contaminant plume to about 20
X 10" pCi/ml, a level well below the maximum permissible concentration of 0.3
pCi/ml set for strontium-90 by 10 CFR Part 20,

However, the STP still provides a vehicle for analyzing mitigation
performance. Conclusions regarding the need for mitigation in Case Study No, 1
were based on the prevention of significant radionuclide releases to the
Colorado River, The new local model, which encompasses a smaller area with
greater spatial resolution, facilitates incorporation of an alternative objec-
tive for possible mitigation measures, i.e., containment of radionuclide con-
tamination within, or close to the immediate plant area. The approach used to
assess mitigation performance 1s to determine the resulting contaminant flux as
a function of time at a section 800 ft downgradient from the reactor site
(referred to as the breakthrough section). The effectiveness of a given
mitigation measure in reducing contaminant flux serves as an index to its
performance in contamination containment., For the pro-mitigated case using the
modified local model the simulated travel time for strontium-90 to the
breakthrsugh section is greater than 200 years.s The maximum flux rate is about
6.2 x 107 pCi/yr and decays to less than 3 x 107 pCi/yr by the year 1000, The
main implication from the pre-mitigated results is that on the order of
200 years are available for implementation of mitigation, Also, if site
restoration were desirable prior to that time, the contamination would be
limited to a distance of less than 800 ft from the plant,

EVALUATION OF MITIGATIVE TECHNIQUES

Grout cutoffs and hydraulic barriers are identified as the most feasible
techniques for the STP, A total of 28 different designs are considered in this
case study including upgradient and downgradient cutoffs, one combination
design and a limited number of downgradient hydraulic barriers. Keeping the
mitigation objective in mind (i.e, minimizing contaminant migration from the
site vicinity), the purpose of the evaluations presented are to:

1. analyze the general effectiveness of selected mitigation alternatives
in limiting contaminant migration from the immediate reactor site,
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2. 1investigate the relative importance of specific design parameters
including barrier length, distance from the site, orientation to the
site (i.e., centered or offset), shape (linear, L-shaped, U-shaped),
permeability of grout cutoffs and upstream vs, downstream location,
and

3. consider the sensitivity of mitigation performance to hydrogeologic
and transport parameters such as hydraulic conductivity, dispersivity
and retardation factor,

The selection of conceptual designs to be considered, while somewhat
arbitrary, was based on several factors, Because of the potential for high
levels of surface and subsurface contamination in the immediate vicinity of the
reactor due to atmospheric fallout, it was assumed that barriers would have to
be placed approximately 1000 ft away from the reactor site., A sufficient
number of alternatives were considered to provide insight into the performance
characteristics of a wide range of design variations. Both downgradient and
upgradient cutoffs were considered while only downgradient hydraulic barriers
were assessed, Also, one combination design was included which utilizes both
an upgradient and a downgradient barrier. Costs, discussed in a later section,
played no role in the initial design selections,

DOWNGRADIENT PLANT CONFIGURATION DESIGN CONSIDERATIONS

The primary plant feature in the downgradient direction from the plant
which might affect design and placement of mitigation measures is the cooling
reservoir, There may be certain circumstances wherein, following a severe
accident at one unit, the cooling capacity for the second unit would have to be
maintained, Or, if the reservoir water is heavily contaminated by atmospheric
fallout, for a period of time following a severe accident it might not be
feasible to drain it., If either of these possibilities were the case, con-
struction of a grout curtain in the shallow aquifer through and beneath the
reservoir might be infeasible. Worker safety considerations might preclude
drilling activities in and around contaminated reservoir water, and the
presence of the reservoir water might greatly increase the difficulty of the
drilling and injection operations associated with grout cutoff construction,

The results from the simulations for these alternatives show that, down-
gradient cutoffs, 1f constructed outside the cooling reservoir, provide no
benefit and actually increase transport of radionuclides from the STP site,
Therefore, if grout cutoffs are to be constructed in the downgradient direc-
tion, it will be necessary to locate them with a more centered orientation
relative to the reactor site, If mitigation were delayed sufficiently to allow
the potentiaily contaminated water in the reservoir to be disposed of or to
evaporate such that dangerously high surface contamination is removed, grout
cutoffs could be effectively implemented downgradient of the reactor site.
Assuming this to be the case, the remainder of the downgradient grout cutoffs
evaluated are conceptualized without the constraint of remaining outside the
reservoir area,



The next set of alternatives considered consists of four linear cutoffs,
centered relative to the reactor site, located 1000 ft downgradient, As noted
above, it was assumed that the closest possible location for cutoff construc-
tion following a severe accident was about 1000 ft from the reactor. This
assumption is largely arbitrary; however, it was made recognizing that in
reality a 1imit will exist. Contrary to the previous designs, this set is
intended to maximize, per unit length of linear barrier, the impact on the
transport of radionuclides from the reactor site. Therefore, they are located
at the assumed minimum distance from and centered relative to the reactor.
Four designs are evaluated at this location, including lengths of 500, 1000,
2000, and 3000 ft.

The simulations show that the 500-ft design actually increases the flux
rate with arrival of strontium-90 occurring at the breakthrough point after
less than 200 years while the 1000-ft design only marginally reduces the flux
rate, The results for the two longer cutoffs demonstrate that for increasing
lengths beyond 1000 ft, there is substantial increase in first arrival time,
Consequently, because of natural decay, the flux rates are reduced, The total
flr! of strontium-90 for the 1000-year svnulatiff period is Beduced from 1.3 x
10,¢ pCi for the pre-mitigated case to 8.4 x 10*", 1.7 «x 10! , and 1.2 x
108 pCi for the 1000-, 2000-, and 3000-ft designs, respectively,

A number of other downgradient cutoff designs were evaluated, varying
design length, distance from the plant, orientation, and shape., The most
significant of these parameters in improving performance is cutoff shape.
Designs utilizing barriers to flow in both directions (1.e., L-Shape and U-
Shape) were the most effective per unit length of cutoff, In fact, these
designs practically eliminated strontium-90 flux for the 1000-year simulation
period ¢nd delayed any flux at the breakthrough section (800-ft downgradient)
until after 800 years.

The final set of downgradient designs evaluated are three injection
schemes. The schemes consist simply of an injection well (or wells) located
directly 1000 ft downgradient of the reactor site. The total injection rates
for the three schemes are 20, 30 and 40 gpm, respectively. The impact of
injection on the potential field is creation of a mound which increases in
magnitude and areal extent with increasing injection rate. The mound for the
20-gpm injection scheme is barely discernible while that for the 40-gpm scheme
is quite prominent, For the 40-gpm case, though some spreading has occurred,
the majority of the plume is contained upgradient of the hydraulic barrier, In

neral, the contaminant flux rates producec by the injection schemes show

ncreasing effectiveness in containing the strontium-90 with increasing injec-
tion rate. All three schemes reduce flux relative to pre-mitigation. Doubling
the injection rate from 20 to 40 gpm delays the first arrival from about 350
years to about 450 years, decreases the maximum flux r,bes by over two ogpders
of magnitude, and reduces the total flux from 3.8 x 10*" pCi to 2.8 x 10 pCi.

UPGRADIENT PLANT CONF IGURATION DESIGN CONSIDERATIONS

The upgradient plant features that may directly influence mitigation
design at the STP, with the exception of the buildings in the immediate plant
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area, are the essential cooling pond and the switchyard, The concerns associ-
ated with the cooling reservoir are equally applicable to the pond (i.e., the
water may become highly contaminated due to atmospheric deposition and/or 1t
may be necessary to keep the pond functional in the near term following a
severe accident), Similarly, the the operability of the switchyard facilities
may be required under post-accident conditions, or the facilities and their
foundations may simply be obstacles to convenient or expedient cutoff consiruc-
tion. Therefore, because of these concerns, the primary location for
upgradient cutoffs was selected just upgradient of the essential cooling pond
(approximately 800 ft upgradient of the reactor), maintaining integrity of the
pond and minimizing interference with the switchyard., A secondary location
approximately 1800 ft upgradient of the reactor was also evaluated. At these
locations there are no constraints on cutoff placement,

While downgradient cutoffs serve to increase the travel path length and
reduce the potential gradient, upgradient cutoffs accomplish only the latter.
However, they do offer an advantage in that because they are upgradient, the
possible hazards associated with contaminated ground water are greatly
reduced. For the same reason it might also be possible to initiate upgradient
cutoff construction sooner than downgradient alternatives following an
accident,

The set of upgradient cutoffs evaluated in detail are centered and located
800 ft from the reactor. Lengths for the five designs are 500, 1000, 2000,
3000, and 4000 ft, respectively. This location has hydraulic conductivities of
about 1100 gpd/sq ft, values consideragly higher than where the down-gradient
cutoffs were located (e.g., 600 gpd/ft at y-coordinate 50,450 ft),
Consequently, the impact of the cutoffs on hydraulic gradients, for a given
length, is attenuated relative to the downgradient barriers. In terms of
performance, as with the downgradient cutoffs, flux from the reactor site was
actually increased for cutoff lengths less than 1000 ft. Likewise, for longer
cutoffs, increased length produces decreased flux. From the limited analysis
conducted, it appears that for a given length, downgradient cutoffs are more
effective than upgradient cutoffs in reducing contaminant flux from the site,
However, with regard to future efforts to remove all contaminated soil, it's
noteworthy that because the upgradient barriers do not obstruct the flow (1.e.,
they simply reduce gradient and velocity), less lateral spreading of
contaminant occurs.

The only combination design evaluated consists of a 1500-ft cutoff located
1000 ft downgradient of the reactor and a 1500-ft cutoff placed BOO ft up-
gradient., The two barriers, though the same length, produce different head
drops, demonstrating the influence of hydraulic conductivity on design
performance,

The combined effect gf the two cutoffs is to produce a gradient at the
reactor site of 1.5 x 107" ft/ft, The first arrival of conta.inant is delayed
to between 400 and 500 years and the peak flux rate is reduced over two orders
of magnitude relative to the pre-mitigated case,
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SENSITIVITY ANALYSIS: CUTOFF DESIGN PARAMETERS

One of the keys to identifying a "best" design, given specific design
objectives, is to develop insight into how performance changes with variations
in major design characteristics. Mathematical models are ideally suited for
accomplishing this in that once a model is developed for a site, any number of
designs can be simulated without appreciable additional cost. Though there is
no attempt to select an optimum design in this study, for demonstration pur-
poses a limited sensitivity analysis of cutoff design parameters is con-
ducted, The approach used is to compare mitigation performance of different
alternatives as a function of selected design parameter values. The parameters
evaluated include length, distance from the reactor, cutoff permeability, shape
and orientation, Performance is measured on the basis of the strontium-90 flux
at the breakthrough section 800 ft downgradient of the reactor. In an actual
mitigation design situation, many more simulations than are presented here
would be conducted, perhaps in conjunction with optimization techniques, to
select the most appropriate design.

CUTOFF LENGTH

The general effect of increasing cutoff length is to decrease velocities
1n both the upgradient and downgradient directions. It follows that velocities
approaching zero could be achieved with a sufficiently long cutoff., However,
infinitely long cutoffs are not necessary or practical. The simulation results
show that significant reductions in flux can be achieved with cutoffs of
severa! thousand feet. The question then is how long of a cutoff should be
constructed? This question must be answered based on specific performance
criteria, As an hypothetical example, it might be determined that site
restoration is planned 300 years following a severe accident at the STP;
consequently, specific mitigation performance objectives might be to extena the
first first arrival time at the breakthrough section to greater than 300
years, For the pre-mitigation case (cutoff length equal to zero) the first
arrival of strontium-980 occurs at approximately 250 years. For both down-
gradient and upgradient designs, for lengths less than 1000 ft, the arrival
time is actually shortened. For downgradient cutoffs with lengths greater than
1000 ft, there is an approximate increase in first arrival time of 150 years
for a 1000-ft increase in length, The upgradient designs, which are less
effective for the STP, produce an average increase of less than 50 years for
each 1000-ft increment over 1000 ft. For a first arrival of 300 years, the
minimum acceptable linear cutoff is approximately 1500 ft for a downgradient
design and 2500 ft for an upgradient alternative,

CUTOFF DISTANCE FROM THE REACTOR

Selection of the exact location for construction of mitigative measures
will be determined by a number of factors such as the nature and location of
plant facilities, the level and extent of both surface and subsurface contami-
nation, prevailing wind conditions and the type of design. Therefore, in
selecting a final design it's important to understand how distance from the
contaminant source will affect the performance of designs in question. For
both the downgradient and upgradient designs, an increase in distance from the
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source significantly impacts performance, both in terms of flux rate and first
arrival time. For the downgradient designs, an increase in distance from 1000
to 2000 ft reduces the first arrival time by about 200 years while increasing
the initial flux rate by approximately three orders of magnitude. The same
increase in distance for the upgradient designs produces a 100-year increase in
arrival time and an order of magnitude increase in flux rate. Though limited
in scope and extert, this brief analysis points out the importance of distance
from the site to mitigation perfoimance and the potential trade-offs that could
be made between distance and cutoff length,

GROUT PERMEABILITY

An important aspect of grout cutoff performance as a barrier to ground-
water contaminant migration is the grout permeability, in terms of both the "as
constructed” condition and the change in permeability with time, For simplic-
ity, all of the grout cutoff flow and transport simulations discussed assume
cutoff permeabilities equal to 0.0 gpd/sq ft. Under actual conditions it's not
realistic to expect total permeability reduction. Laboratory tests with
silicate-based grouts achieved permeability values averaging approximately 4.8
x 107’ cm/sec or about 0.01 gpd/sq ft. Chemically groutea sands exhibit
permeability reductions relative to the host media of three to six orders of
magnitude, For the STP site this would indicate possible values on the order
of about 0.001 to 0.1 gpd/sq ft.

To gain insight into how variable or deteriorating cutoff permeability may
affect performance, four simulations are conducted varying the cutoff permea-
bility. The analysis is based on the 3000-ft design located 1000 ft down-
gradient of the reactor with permeability values of 0.001, 0.01, 0.1, and
0.1 gpd/sq ft. The 0.01 and 0.1 permeability cases show only minor increases
in flux, The increase to 1.0, however, results in_a dramatic change’
increasing the maximum flux rate from about 1 x 10° to almost 6 x 10 pCi/yr.
The time of first arrival is also reduced about 200 years. Nonetheless, the
simulation results show that even with appreciable deterioration of the grout's
permeaLility reduction properties (i.e., over a couple orders of magnitude)
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