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Transuranic and Tank Wastes, Hanford Site, Richland, Washington

CONTACTS:

ABSTRACT:

Additional copies or information concerning this statement can be obtained from:
Mr. Tom Bauman, Communications Divisicn, U.S. Department of Erergy, Richland -
Operations Office, Richland, WA 99352, Teilephone: {509} 376-7378,

For general information on DOE's EIS process contact: Office of the Assistant
Secretary for Environment, Safety and Health, U.S. Department of Energy, ATTN:
Carol M. Borgstrom, Forrestal Building, 1000 Independence Avenue, S.H.,
Washington, D.C., 20585, Telephone: (202) 586-4600,

The purpose of this Environmental Impact Statement (EIS) fs to provide environ-
mental input into the seTection and implementation of final disposal actions for
high-tevel, transuranic and tank wastes Tocated at the Hanford Site, Richiand,
Washington, and into the construction, operation and decommissioning of waste
treatment facilities that may be required in implementing waste disposal
alternatives. Specifically evaluated are a Hanford Waste Vitrification Plant,
Transportable Grout Facility, and a Waste Receiving and Packaging Facility. Also
an evaluation is presented to assist in determining whether any additional action
should be taken in terms of Tong-term envirenmental protection for waste that was
disposed of at Hanford prior to 1970 as low-level waste {(before the transuranic
waste category was established by the Atomic Energy Commission but which might
fall into that category if generated today).

The following aiternatives are considered in this EIS: 1) in-place stabilization
and disposal, where waste is left in place but fs isolated by protective and
natural barriers; 2) geologic disposal, where most of the waste (by activity and
to the extent practicable) is exhumed, treated, segregated, packaged and disposed
of in a deep geologic repository; waste classified as high-level would be disposed
of in a commercial repository developed pursuant to the Nuclear Waste Policy Act:
transuranic waste would be disposed of in the Waste Isolation Pilot Plant near
Carlsbad, New Mexico; 3) a reference alternative, where some classes of waste are
disposed of in geologic repositories and other classes of waste are disposed of by
in-place stabilization and disposal; 4) the preferred alternative, in which ’
doubTe~-shei] tank wastes, strontium ahd cesium capsules, and retrievably stored
TRU wastes are disposad of according to the reference alternative, and in which
decisions are deferred on disposal of single-shell tank wastes and on further
remedial action for TRU-contaminated sofl sites and pre-1970 buried suspect TRU-
contaminated solid wastes {except the 618-11 site) until additional information is
obtdined on waste characterization, retrieval methods, and performance of near-
surface disposal systems; and 5} a no dispesal action alternative {continued
storage).
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FOREWORD

This envirgonmental impact statement {EIS} provides analyses of envireonmental impacts for
the selection and impiementation of final disposal strategies for the.highj1eve1 {HLW},
transuranic (TRU} and tank wastes generaled during national defense activities and stored at
the Hdnford Site near Richland, Washington. Also an evaluation is presented to assist in
determining whether any additional action should be taken in terms of long-term environmental
protection for waste that was disposed of at Hanford prior to 1970 as low-level waste {before
the transuranic waste- category was established by the Atomic Energy Commission (AEC) but
which might fall into that category if generated today). This document also addresses
environmental impacts associated with the construction, operation and decommissioning of
waste treatment facilities that may be required to implement the waste disposal alternatives,

Several previous documents have addressed environmental aspects of the management of
defense waste at the Hanford Site. The first comprefensive one, The Final Environmental

Statement for Hanford Waste Management Operations (ERDA-1538), was issued in 1975, In that
statement, waste management practices at Hanford were shown to'prdtect'the pubTic health and
safety and the environment on an interim basis. Those practices, however, weré not and are
not intended as final solutions for long-term isolation and disp0531 of high-level, TRU and
tank wastes. ' ' o T

In 1977, the Energy Research and Development Administration {ERDA} issued the report
Alternatives for Long-Term Management of Defense High-Level Radioactive Waste {ERDA-77-44),

which included preliminary cost estimates and analyses of near-term risks associated with
alternatives considered. That document examined 27 variations on four options for the
processing and diéposal of Hanford HLW, encompassing numerous final waste forms and storage
and disposal modes., '

In 1978, the National Research Council of the National Academies of Séience énd
Engineering issued a report entitled Radioactive Wastes at the Hanford Resérvatiqn: A

Technical Review, conciuding that there has not been in the past, and is ngt at the-présent,

any significant:radiation hazard to pub]ic health and safety from waste management operations
at Hanford. Thé Council recommended that long-term isolation and disposal of Hanford high-
Tevel waste beceme the main focus of waste management research and development.,

The need to include retrievably stored TRU waste within the scope of wastes to be dis- '
posed of, and cencerns about potential environmental impacts of waétes disposed of before
1970 as low-Tevel wastes (before the Atomic Energy Commission established the TRU waste cate-
gory but which might be classed as TRU if geherated today}, led to eniarging the earlier pian
that was to issue an EIS covering high-level waste only. Accordingly, on Aprit 1, 1983, the
Department of Energy (DOE) published in the Federal Register (48§FR 14029) a Notice of Intent
(NOI) to prepare an EIS on Disposal -of Radiodctive Defense High-Level and Transuranic Wastes
at Hanford. : -

Eighteen comment letters were received in response to the Notice of Intent to prepare
this EIS. Ten of the letters only requested'copies of the draft EIS when issued; eight
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contatned comments regarding its preparation. 'The draft EIS was published during March 1986,
and its-availability was published in the federal Register on April 11 (51 FR 12547), During

the 120-day agency and public comment period on the draft EIS, which began on April 11 1986,
243 Tetters were received that provided about 2000 substant1ve comments on the draft EIS In
add1t10n, oral testimony was heard on the draft EIS in public hearings held during July 1986
in R1ch1and Washington; Portland, Oregon; Seattie, Washington; and Spokane, Washington.

Excluded from consideration in this EIS are Tow-leve! radicactive wastes in liquid and
solid disposal sites at Hanford (see ERDA 1538), These waste sites are presently being
reviewed under hazardous-waste regulations. Also excluded are wastes. generated by decon-
tamination and decommissfoning of surplus or retired facilities after the year 1983 (other -
than for those facilities directly associated with waste disposal). Those operations will be
the subject of other National Environmental Po1icy Act (NEPA)_reviews.

The Defense Waste Management Plan (DOE/DP 0015) states of the Hanford wastes: “Immo-
bilization of new and readily retrievable high-level waste wiil begin about 1990 after
sufficient experience is available from Savannah River's vitrification process. Other waste
will be stabilized in place in the 1985-2015 time frame if, after the requisite environmental
documentation, it is determined that.the short-term risks and costs of retrieval and trans-
portation outweigh the environmental benefits of disposal in a geologic mined repository.”

It s necessary to understand the major differences between civilian and defense wastes
and the programs to effect their disposal. Both types of waste include fission products and

transuranic waste elements. On the other hand, the quantities of these eléments, the physi- '

cal and chemical forms of the wastes, and the technically sound alternatives for their dis-

posal are markedly different. In all cases, for both ¢ivilian and defense, the final methods

selected will have to meet the Environmental Protectfon Agency (EPA) standards {40 CFR 191)
for the disposal of spent fuel and high-level and TRU wastes. The Nuclear-Waste Policy Act
of 1982 mandates a procedure to select the potential repository sites for detailed
characterization. : '

A comparison of the Hanford waste inventory resulting from chemical processing of about
100,000 metric tons of nuclear reactor fuel with that of a commercial repository containing
70,000 metric tons of spent fuel elements is enlightening. In this comparison, the waste
inventory from 100,000 metric tons of Hanford reactor fuel contains about 4% as much of the
readily transportable (gechydrologically) isotopes 14C, gch, and 129E as is contained in
70,000 metric tons of commercial spent fuel. It contains only 1% as much 905 and 137¢s and
about 0.1% as much of the primary transuranics 239Pu, 240Pu, and 241Am. The volume of the
Hanford wastes is markedly 1argeb than the civilian wastes cited above--410,000 mS of Hanford
wastes as compared to 29,000 m3 of commercial spent fuel.

The physical and chemical characteristics of existing and potential waste forms
considered in this EIS are highly diverse: liquid waste in doub1e-she11 tanks,

v1tr1f1ed/can1stered wastes (from processed double-shell tank wastes), s1udge and sa!ts 1n
the single-shell tanks; strontium and cesium capsules that are further protected with a

vi
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handling.container; previously disposed of pre-1970 wastes in various forms- and containers;
and-finally, low-level waste products, from the processing of doubTe-shell-tank waste, in“the

form of grout..

In accordance with the requifementé of NEPA, as amended, and implementing regulations of
the Council on Environmenital Quality (CEQ) published in’the Code of Federa] Regulations as l

40 CFR 1500, this FIS was written early in the decision-making process to ensure that
environmental values and alternatives are fuily Cohsidefed before any decisions -are made that
might lead to adverse environmental impacts or 1imit the choice of reasonable alternatives.
This process will also help ensure that the public is fully informed and is invalved in the:

decision-making process.

To.tomp}y with the NEPA's requiremeht for ear1y'preparation of environmental documenta-
tion, this EIS has been prépared early in the disposal deeision ﬁrocess. At with any major
action, it is expected-that once a disposal decision 1s'made,'subsequenf detailéd-engineering
may enhance specific waste retrieval, treatment, handling, immobilization and/or disposal
processes evaluated in the EIS. However, the processes ‘evaluated in- this document_ha#e-béen
chosen -such that, when finally. impiemented for any of the options, the processes would not be
expected to result in'environmental impacts that significantly exceed those described3here.
The DOF -believes that bounding anaiyses performed in this EIS meet the requirements of CEQ
regquiations for analysis of all reasonably forseeable signffipant adverse impacts;

Implementation of defense waste disposal under the alternatives described in this EIS
will be done in compliance with the Teiter and spirit'of applicable fedefal and state.
environmental statutes, regulations and standards, Tb ensure that impacts of specific
processes used during disposal implementation do not differ significantly from the resuits of
the analyses set forth in this document, DOE will conduct environmental reviews of the
specific processes as fTinally proposed. On the basis of these reviews, DOE will determine in
accord with agency guidelines what additional NEPA documentation is required. The DOE

anticipates that a supplemental EIS will be prepared prior to a decision on a disposal option
for single~shell tank waste.

This document is not intended to providé the environmental input necessary for- siting or
constructing a geologic repository. For‘analysis of envirdnmenta1 impacts of alternatives
invelving geologic disposal, generic designs for either an offsite or onsite repository were
used. Detailed environmental documentation'required by the Nuclear Waste Po]icy Act of 1982
will be prepared hefore a geologic repository is sited, constructed and operated. A future
EIS to address site selection is expected to include a discussion of cumulative impacts of
the repository program at all candidate sites, including Hanford.

Other NEPA documentation relevant to this EIS includes the supplement to ERDA-1538,

Double-Shell Tanks for Defense High-Level Radioactive Waste Storage at the Hanford Site
(DOE/EIS-0063), and the Final EnvironmentaT Impact Statement-—Opération of PUREX'and Yranium
Oxide Plant Facilities {DOE/EIS-0089), (The draft PUREX EIS with an- addendum constituted the -
final PUREX EIS.) :

vii
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Environmental consideratfons regarding disposal of Hanford's retrievably stored TRU

waste at the Waste Isolation Pilot Plant (WIPP) (except for retrieval, processing, packaging,

certification and transportation of waste from Hanford to WIPP, which are discussed in this
EIS) are based on the Final Environmental Impact Statement--Waste Isolation Pilot Plant
(DOE/EIS-0026). Environmental considerations associated with waste djshosa1 in geologic
repositories are based on information from the Final Environmental Impact Statement--
Management of Commercially Generated Radioactivé Waste (DOE/EIS-DU46F). Alternatives to

disposal of high-level waste in geologic repositories were described in that document.

Envirpnmental considerations associated with borosilicate glass as a waste form for
repository disposal of waste and with the construction and operation of a plant to provide
vitrified waste are based in part on information deve]oped in three previous DOE documents:
Final Environmental Impact Statement--Defense Haste Processing Facility Savannah River Plant,

Alken, South Carolina (DOE/EIS- 0082), Env1ronmenta1 Assessment--Waste Form Selection

for SRP High-level Waste {DOE/EA-0179); and Analyses of the Terminal Haste Form Selection for

the West Valley Demonstratton Project \WVDP -100 DOE)

The EIS has been structured to conform as closely as possible to the format described in
CEQ Regulation 40 CFR Parts-1502.1 through 1502,.18. - To provide more information for the
reader than can be reported within the text of Volume 1, more detailed information is
included in 22 appendices {(Volumes 2 and 3). Figure 1 in the Introducticn to the Appendices
(Volume 2, p. xxiv) shows the purpose of each appendix and how appendices. relate to each
other and to the text of Volume 1. Llines in the margins of Volumes 1, 2 and 3 indicate the
areas where revisions were made to the draft EIS. Volume 4 contains agency and public
comments received and responses to them as well as the fndication of Tocation where revisions
were made to the draft EIS. Volume 5 contains a reproduction of all of the comment Tetters

received.

The final EIS is heing transmitted to commenting agencies, made available to members of
the public, and filed with the EPA, - The EPA will publish a notice in the Federal. Register
indicating that the DOE has filed the final EIS., A DOE decision on proposed actions will not
be made earlier than 30 dayé after the EPA has published the Federal Regfster notice for the
final EIS., The DOE will record its decision in a publicly available Record of Decision.(ROD)

document published in the Federal Register,
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APPENDIX M

PRELIMINARY ANALYSIS OF THE PERFORMANCE OF THE
CONCEPTUAL PROTECTIVE BARRIER AND MARKER SYSTEM

M.1 INTRODUCTION

One'aspect of certain disposal options analyzed in this EIS is the application of an
engineered cover system over waste sites. This integrated system, consisting of a protective
barrier and markers, would be applied to prevent or reduce the likelihood of wind erosion,
water infiltration, and plant, -animal, and human intrusion. There are several candidate.
cover concepts that could provide Tong-term environmental safety. Those concepts include
soil moundihg, revegetated covers, synthetic and natural impermeable layers (for example
concrete and asphalt pavements), chemically treated soils, and multilayer earthen covers.
After assessing the ability of these candidate concepts to perform as desired over Tong
periods of time, & muttiltayer earthen cover concepf_was chosen forlana1ysis in this EIS. The
earthen cover concept was chosen Targeﬁy because there is onsite evidence that layered soil
systems have durability and, if designed properly, can minimize water infiltration (Adams and
Wing 1987} and hence reduce movement of nuclides to groundwater, the expected environmental
pathway of major interest. The multilayer system is referred to throughout this EIS as the
protective barrier and marker system; or,'for the sake of brevity, the term “protecﬁivé
barrier" is used to denote the complete system. '

The conceptual protective barrier described here s designed to minimize (reduce to
acceptable Tevel) natural perturbations, water infiltration, animal and plant intrusion, and
disruptive activities by humans. Use of multilayer earthen barriers to prevent biointrusion
as well as infiltration of moisture is not a new concept. Two examples from the Far East
provide evidence that ancient tombs have been effectively isolated from plant and animal
intrusion as well as watér infiltration for thousands of years under climate conditions with
substantially more precipﬁtation than at Hanford. The S5i1la tombs in Korea {Hoefer, Leuras
and Chung 1983) and the Hunan Province tombs in China (Lee, Oscarson and Cheung 1986) both
indicate that items buried several thousand years ‘ago have been preserved extremely well
under conditions of high rainfall. As an example, in China buried objects remained dry for
over 2100 years under annual rainfalls of 139 cm {about 10 times that at Hanford) when iso-
lated by compacted sands and clays. While these archeoltogical data cannot be construed as
proof of the performance to be expected of the protective barrier design under Hanford condi-
tions, they do suggest that multilayer barriers have successfully operated for many hundreds
of years under conditions more severe than those at Hanford. Engineered multilayered systems
therefore appear to have promise for long-term isolation of materials from infiltrating water
in unsaturated soil systems, particularly in semiarid regions such as at the Hanford Site.

In recent times, properly layered soil materials have been shown to be efficient at
1imiting vertical moisture movement (Miller 1973; Winograd 1981). Consequently, recent
research in controlling unsaturated flow at near-surface waste sites in the United States has
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been focused on .evaluating multilayer-soil systems which confine the water movement {infil-
tration, redistribution, evapotranspiration) and bioiogic activity to the overlying fine soil
zone {Herzog et al. 1982; Perkins and Cokal 1986; Hakonson 1986; Nyhan-et ai. 1986).

Winagrad (1981) has suggested that multilayer barriers may be effective for disposal of high-
level radicactive waste at arid_sites; MuItTTayér covefs of Various ﬂesigns and configura-
tions have been proposed for use at Tow-level waste sites. As an exémp]e, a multilayer cover
has been constructed at Canonsburg, Pennsylvania, and is used to control water infiltration
and gas exhalation from uranium tailings waste (Sone and Schruben 1984). Several multilayer
earthen-barrier designs have been proposed for isolating radicactive wastes at Weldon
Springs, Missouri {DOE 1987). Studies by PNL (Cline, Gano and Rogers 1980; Gee et al. 1981;
Hartley and Gee 1981) have evaluated several multilayer.systems in the field for contralling
ptant and animal intrusion and for restricting gas exhalation from waste materials.

In a recent field study using a “soil/rock intrusion barrier" similar in concept to the
protective barrier described in this appendix, Hakonson {1986) concludes that "experience
gained through f1e1d studies and mode11ng is encourag1ng “with respect to performance of this
design for sem1ar1d ‘and arid sites." A mu1t11ayer cover system for Hanford defense wastes
which utilizes fine soil over coarse rock has been selected because.for this arid site it
appears to have potential for long-term protection aga1nst water infiltration and simuitane-
ous]y to minimize 1ntrus1on of animals or plant roots. into the waste, '

Manmade markers comp]ement the geophy51ca¥ properties of the multilayer cover system to

"warn against human intrusion, which might occur if active institutional control were absent.

While there is no intention of the DOE to ever leave the site, the EPA standard (4D CFR 191)
for praotection of the environment from disposal of high-level and transuranic waste states
that active institutional control cannot be re11ed upon for more than 100 years after

d1sposa1.

As stated in the Foreword, in order to comp1y with the NEPA's requirement for early .
preparation of environmental documentation, this EIS has been prepared before final des1gns
have been developed for all processes {including the protect1ve barrier) necessary to
complete the disposal options, It is expected that once a disposal decision is made,
detailed engineering and testihg will confirm performance expectations of specific waste
retrieval, treatment, handling, 1mmobi1fzation and/or disposal processes evaluated in the
FIS, This testing and evaluation will include both anticipated performance as designed and
performance under perturbed (natural or human-caused) conditions. Furthermore, this review.
will be based on actual laboratory and field data collected under the Hanford Waste
Management Technology Program. The details of the .Protective Barrier/Marker Technology .
Development Program (Barrier”Deve1opment Program) have been outlined in the Protective
Barrier and Warning Marker System Development Plan (Adams and Wing 1987). A summary of this
development pldn is provided_1ater in Section M.7.
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This appendix presents a preliminary evaluation of the ability of the protective barrier
concept to prevent water infiltration and discusses the qualitative features of this barrier
in preventing or reducing the likelihood of plant, animal, and human intrusion.

M.1.1 Multilayer Concepts

Soil water is always moving. It can move rapidly (e.g., more than 1 cm/sec) during
natural precipitation or irrigation events, or very slowly (less than 1 mm/yr) during water
redistribution in dry soil. Water moves in response to total head differences. The pressure
heads are positive in saturated soils because of hydrostatic forces and negative in unsatu-
rated soils because of capillary forces. Steady water flow in either saturated or unsatu-
rated soils can be expressed in terms of Darcy's Law:

J = -K(8) vH
where J = the water flux
K(6) = the hydraulic conductivity (a function of water content, &, for unsaturated
soils)
VH = the total head gradient (combined hydrostatic, capillary, and gravity head).

In unsaturated soil, water movement is influenced both by capillary forces and by grav-
ity. For relatively salt-free soils, the combination of capillary and gravitational heads
determines the total hydraulic head, usually expressed in terms of length (centimeters or
meters) of an equivalent water column. Infiltration and movement into either uniform or
layered soils can be predicted by properly characterizing the hydraulic conductivity and the
total head gradient.

M.1.1.1 Multilayer System with Capillary Barrier

The multilayer cover-system is a composite of layered rock (riprap) and soil materials.
An integral part of the layering sequence is a coarse-textured layer, sometimes called a
capillary barrier. The capillary barrier consists of a layer of coarse material (e.g., sand,
gravel, or rock) placed directly below finer-textured soil and some significant distance
above the water table. The coarse layer acts as a one-way check-valve system. Figure M.1
shows schematically a typical multilayer system with a capillary barrier. In an unsaturated
system, water from below cannot be carried to the surface through the capillary barrier
(except at an extremely low rate either by capillary rise or vapor transport) because of the
very large pores in the gravel or rock. The capillary forces in the large rock pores are far
too weak to overcome the downward gravitational forces. More importantly, for water from
above to move into a coarse layer of riprap (capillary barrier) which is at atmospheric
pressure, the outflow law (Richards 1950) for soil water requires that the soil at or near
the interface with the capillary barrier must approach saturation (i.e., the soil water at
the interface approaches atmospheric pressure, which implies that the capillary head
approaches zero). This does not mean the total soil profile must be saturated. Water
storage in the soil above the capillary barrier will be determined by the unsaturated
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FIGURE M.1. Typical Multilayer Barrier Containing a Capillary Barrier
(not to scale)

conductivity of the coarse layer and by the characteristics of the overlying soil (Miller
1969). 1In other words, the overlying soil will vary in moisture content according to its
specific drainage characteristics (Figure M.2), and the net water balance will be determined
by the net balance or cycling of precipitation input and evapotranspiration (i.e., surface
evaporation and plant water uptake). Layered soil effects on water storage are described in
detail in numerous soil physics references (e.g., Miller and Bunger 1963; Miller 1969; Miller
1973; Hillel 1977).

The capillary barrier acts as a barrier to downward flow until the soil water at the
soil-barrier interface approaches saturation. However, if saturation is achieved at the
layer interface, water will drain into the capillary barrier at a rate controlled largely by
the hydraulic conductivity of the overlying soil. In other words, if the storage capacity of
the soil above the capillary barrier is exceeded, the capillary barrier will no longer be
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FIGURE M.2. Water-Content Profiles for a Coarse-Textured (A) and Fine-
Textured (B) Soil Contained in a Multilayer Soil Cover.
Dashed lines and hatched areas for curves A and B represent
moisture contents and amounts of increased water stored in
profile due to capillary barrier. Solid lines represent
expected moisture content profiles if no gravel or rock layer
were present.

effective, and moisture could reach the waste disposal system. For arid site conditions,
where rainfall is Timited and sporadic, this is assumed to be a temporary condition whose
frequency depends upon both rainfall intensity and distribution as well as soil texture and
plant cover characteristics. The use of a multilayer cover system, containing a capillary
barrier, is contingent on its being able to store and subsequently lose water, via evapotran-
spiration, so that the layer above the barrier remains unsaturated.

M.1.2 Increased Water Storage

Field observations of layered soil systems indicate that significant increases in soil
water storage can be attained when soils are underlain by coarse-textured materials (Miller
1969; Miller 1973). This is particularly true when the soil is moderately fine-textured.
Figure M.2 and Table M.1 show the effect of layering on storage in finer textured soils over-
lying coarser textured soils.

The greater water retention in the overlying soil layer is attributed to the textural
differences between the upper soil and the capillary barrier. Though this is counterintui-
tive (when considered in terms of saturated flow concepts), water does not move into coarse-
textured materials at significant rates when flow is unsaturated. In other words, the
coarser materials will not suck water out of the finer materials, but the finer materials

will drain water downward if and only if the water potential gradients are in the downward



TABLE M.1. Water Storage in Uniformly Deep Soils Compared with Soils Underlain by
Coarse Sand at 60 cm (Miller 1973)

Stored Water in 60 cm of Soil, cm H,0

Soil Material Loamy Sand Loam Silt Loam
Soil Underlain by Sand
Layer (at 60 cm depth) 16.4 17.4 20.0
Uniform, Deep Soil with
No Layer 6.7 11 16.7
Ratio Layered/Uniform 2:5 1.5 1.2

direction and the conductivity at the soil/rock interface is significantly above zero.
Miller (1969, 1973) has shown that measurable flow rates into the capillary barrier occur
only if the soil becomes nearly saturated at the interface. The coarser the capillary
barrier material, the less flow is expected until near-saturated conditions prevail at the
barrier-soil layer interface.

A coarse surface soil, because it provides little storage capacity for water, would not
be recommended as a surface layer in a capillary barrier system. In addition to texture, the
depth of cover material is an important consideration and will be evaluated along with the
water retention and hydrologic properties of the soil materials. Cover material type and
thickness is considered in Section M.5, in the discussion of model simulations.

M.1.3 Enhanced Water Removal

Results from laboratory and field studies (Miller 1969, 1973) indicate that more water
is available for removal by plants when a subsurface coarse soil layer is present than when
it is absent. The specific amount of water removed depends on plant and climatic factors as
well as the water storage characteristics of the layered soil system. This suggests that a
properly designed multilayer system utilizing a capillary barrier could effectively recycle
water and hence reduce drainage more than a cover system without a capillary barrier. Field
tests of capillary barriers underlying a soil cap at Los Alamos (Hakonson 1986) have demon-
strated enhanced water removal by plants. Hakonson (1986) suggests that designing the cover
with proper soil thickness, so that the "cap soil depth would be sufficiently large to store
all (at a specified probability level) precipitation infiltrating into the cap....", the
infiltrating water could be available fer complete loss by evaporation. The cyclic removal
of precipitation water by soil evaporation and plant water uptake is a key concern for infil-

tration control by the barrier.

M.2 CONCEPTUAL DESIGN DESCRIPTION

The multilayer earthen cover concept selected as the protective barrier system for this
EIS comprises a 5.4-m thick mound containing a 1.5-m deep layer of revegetated soil as the
upper surface underlain by 3.6 m of basalt riprap. The basalt riprap consists of 12- to
25-cm diameter rock material. A 0.3-m thick graded sand/gravel filter-layer separates the
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fine soil from the riprap and aids in minimizing the sifting of fines into riprap inter-
stices. A 5-m wide edge (or berm) of riprap is provided for slope protection. The sides of
the barrier are constructed on a l-to-1 slope, and a riprap-filled trench is provided at the
toe of the barrier to prevent or reduce the likelihood of animal intrusion. The berm con-
sists of both riprap and fine soil mixed with riprap material separated by a gravel filter-
layer.

Figure M.3 shows the barrier covering a waste tank. These or similar barriers may also
be used for other waste sites. In the case of grouted wastes, where disposal vaults are
located below grade in noncontaminated soil, the protective barrier system could be con-
structed so that the barrier surface is at ground level (i.e., not mounded); hence, the
armored perimeter would not be required.

The natural materials (fine soil, gravel, basalt) for the multilayer cover are available
on the Hanford Site. A geotextile mat, placed directly under the soil material, is being
considered as an optional aid in layer construction; however, no credit is taken for the
geotextile layer's enhancing the lifetime of the barrier. The thin, porous geotextile layer,
composed of either woven silica glass or inert plastic, is not expected to compromise the
drainage control characteristics of the protective barrier. Tests which include selected
geotextile layers are planned in the barrier development program (Adams and Wing 1987).

The marker system is described conceptually as follows: Granite monoliths that protrude
above grade would provide surface markers for the completed barrier. The marker base would
be 1.5 m below grade while the apex would extend 3.8 m above grade. A series of repetitive
messages would be engraved into each face of the monolith. The surface face near the message
would be polished. The message would be inscribed to a depth of at least 2.5 cm, based on
extrapolations from data on weathering of tombstones. The actual message content has not
been determined but would consist of simple wording such as "Caution: Buried Hazardous
Waste" as well as a radiation symbol or simple pictograph.

Three layers of subsurface markers would be distributed at various levels within the
barrier above the waste site. These layers would be approximately 0.6, 1.5, and 5 m from the
top of the selected barrier. Markers in each layer would be spaced on 6-m centers. The two
top layers would overlap to give an effective 3-m distribution so that any excavation would
probably uncover at least one of the warning markers. The markers would consist of 12.7-cm
diameter porcelain or stoneware discs. The markers would warn the intruder about the poten-
tial hazard underlying the barrier, as well as protecting the barrier from further disrup-
tion. Additional detail as to how the protective barrier and marker system would be applied
to different waste sites is reflected in Appendix B, Description of Facilities and Processes.
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M.3 DESIGN OBJECTIVES

The objectives of the protective barrier and marker system are to minimize watgr"inff1-
tration, biointrusion, erosion and human intrusion. The performance of the multilayér'co#ek
systems will be discusseg in terms of thesé abjectives. Field experiments, including plot }
and ]yﬁfmeter”teéts, climate chahgé reconﬁtruction and forecasting, and natural analog
studiés, will be.conducted as independent tests of barrier perfofmahce toprovide assurance
that the objectives .are met. ., ) _ L - : n-.f.'”‘ 1

M.3.1 Water Inf{ltration Control

Water infiltrates into surface sgils and, if not removed by evaporation and plant trans-
piration processes, may contact and potentially leach waste materials into groundwater.
Hence water infi1tration is a transport mechanism that must be addressed for present and
future conditions on the Hanford Site. Environmental safety associated with buried radio-
active wastes at HManford depends heavily upon the hydrologic and hydrogeochemical isolation

of radionuclides from the relatively deep groundwater table at Hanford (Galley 1956; NAS-NRC
1978), ‘ '

The majority of soils and sediments in the vadose zone at Hanford consist of coarse-

textured materials which tend to drain readily (LaSala and Doty 1975; Routson and Fecht

1979)}. Under conditions where excess water is applied at the surface either as a result of
irrigation, liquid waste disposal, process water disposai or above-normat precipitation,
these sediments can readily transmit water downward below the root zone, Such additions of
water may'bera source for deep drainage to the water table.

Data from field and lysimeter studies (e.g., Enfield, Hsieh and Warrick 1973; Brownell
et al, 1975) have been used to iqferlthat little or no meteoric water infiltrates or drains
below the root zome on ‘the 200 Area Plateau at Hanford {Isaacson and Brown 1978; NAS-NRC
1978). However, studies near the Hanford 300 Area indicate that measurable amounts of water
can move below the root zoné of coarse-textuned soils, particuTﬁr}y dndgr;cohditions where
plants are shallow rooted or absent (Kirkham-ahd Gee 1984;_Gee and Kirkﬁam 1984). -Drainage
is further enhanced in coarse soils whea the soil surface is kept bare (anes ahd'&ee ..*:
1984}, (2) Modifying the. soil profile by incorporating fine soil at the surface and revege-
tating could reduce drainage to the water table by retarding water perco1ation'be1ow'the roct
zone. A multilayer cover consisting of fine soil overlying coarse materials, as described in
Figure M.3, would optimize infiltration control, by keeping water near the surface so that

avaporation and plant water uptake could recycle the water and Timit water transmission below
the root zone. T

¥

{a) Recent evidence (Appendix B of Fayer, Gee and Jones 1986) suggests that coarse soil that
is vegetated with deep-rogted plants can be effective in eliminating drainage {recharge}
under present climate {past l4-year) conditions. Cleariy variation in soil type and
plant cover combined with c¢limate (e.g., precipitation} varfabiTity will determine the
quantity of recharge at any location at the Hanford Site (see M.5.2.4 for further
discussion in this subject},
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M.3.2 Upward Water Migration

The potential for long-term accumulation of salts in the protective barrier and the
negative impact on plants has been considered. The net -balance of salt transport is not
envisioned to be a problem, since salt accumulation in the root zone or at shallow depth
typically occurs only at arid sites where shallow water tables persist for long time periods.
The barrier, on the other hand, is designed to optimizé water accumulation and the rapid
recycle of precipitation without excess sait accumuiation. It is far more Tikely that in:.
time, salts, such as carbonates, may accumulate (at the bottom of or below the root. zone)
creating a carbonate rich "caliche" layer, typical of well-developed soil profiles ia arid
climates.” Study of these caliche formations at “matural analog" sites at Hanford is part of
the Barrier Development Program {Rdams and Wing 1987). S )

K.3.3 Biointrusion Control

Plant and animal activity at unprotectad near-surface. (shallow-land) waste burial sites
can affect the performance of the containment system, . Biological factors other than those
resulting from human activity could lead to radiation dase to humans in the‘Tang term
although they can alsc create a nuisance in the short-term. Plant and animal activity is a
Tong-term consideration because the estéblishment of a species in an area is relatively siow
and the tranéport'of cpntamfnants could occur s1ow}y.

M.3.3.1 Geperal Features of Biotic Intrusion

Investigations of radionuclide transport by biotic vecteors has shown that the dose to
humans resuiting from biotic transport can be significant over long time periods {McKenzie
et al. 1982). PRiota can increase the probability of contaminant escape by altering the
structure of the CGVEE systeh. Burrowing anfmals and plant roots penetrating the 5011 Eover
result in a series of tuanels and chambers. As an indication of how extensive burrowing can
be, about two miles of po;ket gcpher.tunhels were estimated over one Jow-level wéste site (at
Los Alamos National Laboratory) that was only a few acres in extent (Makonson, Martinez, and
White 1982). At Hanford, tunnel velumes for harvester ant co1onie§ averaged about 1.8 L per
colony on 1ow~1eve1_wa§te burial grounds, with tunnei depth ranging from 2 to 3 m in depth
while colonies per burial ground ranged from O to 358 (Fitzner et al. 1979}. Channels
created by animals and piants may also promote the infiltration of'surface water_into the
waste. Burrowing animals can increase arosfon of cover materials by bringing soil to the
surface (Winsor and Whicker 1930},

Bctive biological transport is a pfocess-ccnsidered to be significant in contaminant
transport from unprotected waste buried near surface. Plant roots can penetrate into waste
and translocate toxic elements through roots and stems to the ahove-ground plant parts.
Burrawing animals may actively transport waste by physically moving contaminated material, by
contamipating their bodies externally and redistributing contaminants in their day-to-day_
movements, and hy ingesting contaminants and spreading the-material in feces or, ultimately,
in their carcasses, Once the contaminated material has escéped the containment system;
secondary transport mechanisms. can move it further. Leached material that returns to the
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and Rogers 1980). The fine soil above the rock Jayer is designed to store several times the

surface can enter the food chain through biotic transport. Contaminated plant material may
be transported by wind or by ingestion by animals. It is important therefore that cover I
designs include considerations for biotic controi.

M.3.3.2 Design Features for Biotic Control B I

Layers of coarse rock {graded fi1ter) placed beneath fine soil have been used as a cover
system for biotic control under semiarid and arid site conditions {Hakonson 1986). Dry
cobbiestones (i.e., clean coarse gravel), placed at depth. have been shown to be effective in
preventing plant and animal intrusion (Cline, Gano and Rogers 1980}, Cobble or rock barrjers
are most effective when fine soil particles are prevented from filtering into the spaces
between the stones or rocks, Cline, Gano and Rogers {1980} suggest the following to ensure
the effectiveness of bigbarriers: 1} the zone beneath the barrier should he kept as dry as
possible; 2] enough soil or other earthen materiat should be above the barrier to store
annual precipitation; and 3) plants should be established, or other means provided, to remove
excess soil water. Water control is necessary because plants and some animals {such as ants)

tend to seek soil water, especially in arid areas. Thus a zone of relatively high soil mois-
ture in a cover or in the waste is Tikely to attract plants and animals. The chances of
exclusion are increased by efforts to ensure that soil moisture does not accumulate below the
biotic barrier. The cyﬁling of water in fine soil ahove the rock {riprap} layer as a result
of s0il evaporation and plant water uptake wilt minﬁmize the chance for water accumutation
below the biobarrier.

The cover system concept shown in Figure M.3 should he an effactive biotic.barrier. The
tayer of basalt riprap immediately over the waste is designed to discourage burrowing mammals
from tunneling into the waste. Typical smail mammals that burrow on the Hanford Site, such
as pocket mice and ground squirrels, have not been observed to dig through riprap materials.
Plant roots have been cbserved to grow horizontally above rock or gravel Tayers {€line, Gano

annual precipitation and, as indicated above, release it back to the atmosphere annually via
evapotranspiration processes., Since arid site conditfons dictate that the soil is primarily
unsaturated, the burrows may act as water exciusion zones-exéept for short intervals when
thunderstorms or rapid snow meit may partially wet the burrows. The effects .of plant and
animal activity on infiltration control of the barrier will be the subject of study during
the next several years. (Adams and wing‘1987).

M.3.4 Human Intrusion Contro?

When determining potential consequences of the tandidate disposa!-actipns, the
possibility of human intrusion and preventive measures must be pohsideréd. Several methods
have been identified for reducing the Tikelihood of human interference at high-Tavel waste
repositories (ONWI 1984). These include site-selection factors that consider dedicated
federal government ownership and possible Future resource value; land use that reflects
consideration of impeding future access to the site; and institutional controis that
essentially provide for retaining site-specific informatibn for extremely lorig periods.
Institutional control must consider both active measures, site operation and'surve111ance,
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and passive measures, contro] effected by related or anci]Tary activities. These same

methads are appropriate considerations also in disposal of waste by other than deep geologic
mgans . ' ' '

A1l of these methods are incorporated to varying degrees when considering the applica-
tion of the protective barrier and marker system. The federal government has no intention of
vacating the Hanford Sité; as previous1y 1mp11ed, the possibility must be addressed for regu-
Tatory compliance., Given continued federal control, human intrusion +is highly improbabie,
Passive controls inctude public racerds, maps, and markers. As described earlier, markers
include peripheral granite monoliths plus several layers of discs emplaced in the multilayer
barrier above the waste zone. The markers are combined to provide redundant levels of warn-
ing to potential intruders. The efficacy of the barrier and marker system in inhibiting
human intrusion is addressed in the foliowing discussidn.

M.4 REDUCTION IN RISK OF INADVERTENT INTRUSION THROUGH PASSIVE INSTITUTIONAL CONTROLS(2)

Intrusion ‘ihto waste sites is analyzed in a probabilistic sense in ‘Appendix S. 8riefly,
in that analysis a driiling frequency of 0.0l boreholes per year per sguare kilometer is
used, Based on the area of contaminated waste sites, the probability of encountering a waste
site from randomly selected drilling siftes is determined and the statistically expected num-
ber of boreholes penetrating waste sites over the 10,000-year period is estimated. At that
point in the calculation, no credit was taken for the existence of barriers, markers, and
other passive controi measures in reducing the Tikelihood of encountering a waste site. This
subsection presents a system of risk‘reductfon factors that provides some measure {alheit
judgmental) of .the afficacy of passive institutional control systems for reducing the likeii-
hood of intrusion into a waste site. A risk reduction factor is a2 value assigned to an ele-
ment of passive institutiopal control that would reduce the 1ikelihood of an event occurring.
The risk reduction factors and the consequences of intrusion events are used to estimate
overall Yong-term risk. for the waste disposal alternatives and the no disposal action alter-
native. Since risk reduction factors are speculative, consequences of intrusion events are .
atso presented in Segtion 3.4.2 withaut use'of_risk reduction factors.

. The risk reduction factors presented here are based on subjective judgment; at present -
there are neither empirical nor theoretical modeis upon which these risk reduction factors
can be based. Risk reduction factars typically range from 0 to 1.0 but in this system can
also exceed 1.0, Low risk reduction fac{ars indicate small likelihood of occurrence, while a
factor of 1.0 indicates that no credit s given for a particular control. Factors greater
than 1.0 indicate conditions whére intrusion might be enhanced by a particular feature that
acts as an attraction. Ranges of risk redﬁctiOn factors for drilling into a waste site are
given in Table M.2. Choices are explained in the text. h

{a) DOE has no intention of vacating the Site. However, the EPA in its standard 40 CFR 191
states that active institutional controls may not be relied upon for mere than 100 years
after disposal. Consequently, only passive institutional controls are assumed to exist
on the Site after the year 2150, : : : :
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TABLE M.2. Risk Reduction Factars for Intrusion 1nto Rear-Surface
Waste Sites by Drilling

Unprotected . Sites with Protective

Site Barrier and Marker'System_
Land Use Records 0,2 0.1 - 0.3
Boundary Marker nala) . 2.1 - 0.3
Monuments NA _ 0.05 - 0.15
Protective Barrier NA
Basalt Riprap 0.1 - 9.3
Yegetated Soil Layer 1.0
Internal Markers 1.0
Massive Presence ' 0.1 - 1.5
0.2(b) B s

-{a) NA = not applicable.
{b) Total risk reduction factor used .in calculations (m1dp01nt
values of each of the ranges of factors). )

Land use records, were they to survive 1oss of active institutional control, were

thought to convince from seven to nine out of ten pbtent?a] intruders{a) that drf]iing on a
waste site wauld be unwise and should be avoided. This evaluation addresses the inadvertent
intruder; the determined intruder who believes there is somethirg of value buried beneath
waste sites would probably not be deterred. Im a scenario where the ‘Hanford Site is aban-

that

. doned because of a natural or manmade {war) catastrophe, it may be appropriate to conclude

land use records are lost; in which case no risk reduction would be assigned for land

use records.  In most other scemarios it is assumed that land use records will be preserved
in some form; hence, credit is given for them (Table M.2).

Site

The second line of defense agajnst inadvertent intrusion is the Hanford Waste Disposal
boundary markers that are employed in all but the no disposal actioen alternative., These

markers, made of highly durable material, would contain warning messages, e.g., “Danger
Radioactive Waste Disposal Sites Anead -~ Do Mot Disturb." It was judged that these warning
markers would also or by themselves be heeded hy seven to nine out of ten individuals.

The monuments proposed for marking near-surface waste sites themselves are expected to

c1eariy comrunicate the hazards within the waste sites, It was concluded that 85 to 95 out
of 100 individuals would heed the warnings and not drill through the barrier into a waste

site.

The massive presence of the barrier itself was thought to suggest to half of the inten-

tional intruders that something dangercus rather than valuable Tay beneath and that therefore

drill

{a)

ing might be unwise. On the other hand, the massive presence'cf the protective barrier

‘Defined here as persons who make unauthorized entrance onto a waste site.
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might be seen as an attraction particularly to someone manually exploring for something of

value, hence an enhancement factor of 1.5 was also suggested.

The basalt riprap barrier itself would be expected to provide varying degrees of deter-

rence to drilling, Diamond~core drilling or similar apparatus would probably move through
the barrier and wastes with little resistance. Other types of drilling might be found too
impractical and thus preciude intrusion by those means. For example, in the Toosely conseli-
dated angular basalt riprap there may be nothing onto which the dritls could "bite." In any
case, those not drilling for “suspected valuables" beneath the barrier would in all likeli-

hood move a few meters to one side and avoid drilling through the additional 5.5 m. It was

judged that seven to nine of ten drillers would be deterred by phys1ca1 features of the bar—

rier and choose to drill elsewhere.

The vegetated soil layer., while preventing infittration of water into the barrier and
into the waste, was not judged to reduce the risk of drilling into waste sites, Similarly,
the markers placed inside the barrfer were not seen as reducing the risk of intrusion
because, if markers are dr111ed through er are missed by the drilling, ne warn1ng of the

underlying hazard wou]d be given.

For purposes of risk cafculation, the following factors taken from the ranges given in
Table M.2 were used: where land use records are presumed Yo exist, 2 x 10" for unprotected
waste sites and 4 x 104 for near-surface disposal with protective barrier. If it were
assumed that land use records did not exist, the risk reduction factors used were 1.0 (no

reduct1on] and 2 x 10° 3, respect1ve1y.

.Ranges of risk reduction factors that might be associated with excavation activities
(basement sized} are given in Table M.3. Table entries are explained in text.

TABLE M.3. Risk Reduction Factors for Excavation (basement sized) in

Near-Surface Waste Sites aj

Unprotected Sites with Protective

_ Site Barrier and Marker System

Land Use Records 0.1 0.0% - 0.15
Boundary Markers nalb) 0.05 - 0.15
Monuments NA 0.025 - 0.07%
Protective Barrier NA

Basalt Riprap - 1.0

Vegetated Soil Layer . 1.0

Internal Markers 0.05 - 0.15

Massive Presence 0.05 - 0,15

0.1¢¢) 5 x 10'5(5)

(a)

{b)
(e}

Excludes grout sites since basement excavation is about 3 m
deep and grout is 5 m deep.

NA = not applicable.

Total risk reduction factor where midpoint valiues of each
of the ranges of factors are used in calculations.
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Since excavation would be expected to involve more planming, equipment, and expenditures
than in the case of drilling, it was concluded that it would be more 1ikeély for land use
records to be consulted before beginning operations. As a consequence, the risk reduction
factors were nominaily reduced from a range of 0,1 to 0.3 to a range of 0.05 to 0,15,

By similar argument, the efficacy of the boundary markers and monuments was concluded to
be greater where more was at stake if the activity would be abandoned because of imtrusion
into a waste site. Consequently, the risk reduction factors were reduced further by a factor
of 0.5.

"The massive presence of the barrier was judged to deter 85 to 95 out of 100 individuals
from excavation activities (such as performed by backhoe or small bulldozer) since it would
be substantially easier to excavate in the nearby sandy to gkave]]y sotls rather than in the
basalt riprap. '

Neither the basalt riprap nor the vegetated so0il cover was'given credit for deterrence
to excavation. On the other hand, it would be expected that the ‘markers inside .the barrier
would be uncovered-at some point in the excavation. It was assumed that 85 to 95 individuals
in 100 would stop excavation following discevery of one or more of the warning markers,

For purpoées of risk calculation, the risk reduction factors empToyed for small excava-

‘tions were 0.1 for unprotected sites and 5 x 107 for those disposed near surface with pro-

tective barrier. Where land use records were assumed to be Tost, the factors used were 1.0
and 5 x 10'5, respectively.

Ranges of risk reductfon factors that might apply for a large excavation scenario (large
earth-moving equipment) such as that supporting development of canals or subways are given in
Tabte M.4. Table entries are explained in the text.

TABLE M.4. Risk Reduction Factors for Major Excavation Through
Near-Surface Waste Sites {canals/subways)

Unprotected Sites with Protective

Site Barrier and Marker System
Land Use Records 0.01 0.005 - 0.015 '
Soundary Markers ' nala) 0.005 - 0.015
Monuments NA 0.005 - 0.015
Protective Barrier - NA

Basalt Riprap 1
Yegetated Soil Layer 1.0
Internal Markers 0.005 - 0,015
Massive Presence 0.005 - 0.015

0.01(P) 1 x 10710(b)

.0

(a) NA = not appTlicable.
(b} Total risk reduction factor where midpoint values of each
of the ranges of factors are used in calculations.
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Again -because of the additional planning, capital, and expense involved, land use
records would probably be consulted before operators -began major excavations. It was assumed

- that from 98 to 99 individuals out of 100 would seek out -and heed land use records and would

heed boundary markers or monuments before undertaking a major excavation.

The massive presence of -the barrier would be assumed to deter 98 to 92 out of 100 from a
major excavation into a waste site. For conditions where those deterrents all fail, it was
assumed that .1 to 2 in 100 might proceed with major excavation if one or more warning markers
were unearthed in the process of excavation.

For purposes of risk calculation, the risk reductien factors used for a nﬁjor excavation
scenario were 1 x 10-2 for an-unprotected site and 1 x 10710 for a near-surface site covered
with protective barrier and marker system. Where land use records were assumed to be lost,
the reduction factors vsed were 1.0 and 1 x 10'8, respectively. ’

An additianal scenario was envisianed in which after {perhaps long after) a drilling
event someone inhabits a site that had been contaminated hy the earlier driliing event. The
risk reduction -factors associated with such an event, assuming that land use records do not

exist, were taken to he the same as for the drilling scenario (Table M,2) except that the
‘vegetated soil layer on top of the barrier is given a value of 10; that is, when compared

surrounding soil, the vegetated s0il 1§ taken to be an attractive place for habitation. Thus
the risk reduction factors {eentra1 values) for hab1tat}on over a waste site were taken to be
(in absence of Tand use records) 1.0 for unprotected sites and 1 x 10‘1 for near-surface dis-
pasal with barrier, The combined risk reduction factors would then be 1.0 for unprotected
sites and & x 107 for sites with the protective barrier and marker system.

To illustrate the use of risk reduction factors, an estimate of the number of 1ntrusions
into a single-shell waste tank 15 developed below. The total area of these tanks is about
60,000 m or about 0,06 kmz. Then applying the probability of borehole drilling of 0.0l
boreholes per square kilometer per year, the probability of intercepting a single-shell waste
tank would be (0,06 knZ)(0.01 k™% yr~1), or 6 x 1074 per year. Then if the tanks were left
unprotected, as would result in the long-term no disposal action scenario, the probability of
intrusion {assuming land use records are also absent} would be 6 x 107 4 . In the case of
near~surface disposal with the barrier and marker system the risk reduction was 2 x 10~ -3
(central value from Tab1e M.3 except no cred1t for 1and use records}, and the combaned proba-
bitity of intrusion wouId be 1 x 107 5

~ Oyer the 10,000-year period, the average number of intrusiorc into unprotected sites
would amount to about {6 x 19~4 yr‘l}(l x to% yr}, or 6 7ntruszons. Applying Poisson distri-
butjon statistics to the average number of statistically expected intrusions of 6, there
would be Tess than one chance in 10,000 of the number of such borehoTes’ ex;eedxng 17,

On the other hand, the average expectatioﬁ of intrusions into a barrier-covered single-
shell tank would be {1 x 10-% yr'l){l x 104 yr), or 1 x 10‘2, or on the average less than one
intrusion over 10,000 years.  Again applying Poisson statistics, there would be less than one
chance in 10,000 of the number of such borehoies exceeding one. (The probability that the
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number -of intrusions would be zero was 0,999.} Thus risk of adverse impacts in terms of
intrusion into a singfe-shell-tank waste site is at least 17 times smaller {safer) where the
protective barrfer and marker system has been applied over the waste site than where no bar-
rier or marker system is in place.

These factors are used for some of the intruder scenario impacts reparted in Section 3.4
of Volume 1. Also presented are impacts where all recards, markers, and monuments -are
assumed to be removed, destroyed, or ignored.

M.5 MODEL SIMULATIONS OF WATER INFILTRATION CONTROL

To assess the protective barrier performance systems in minimizing infiltration, cal-
culations were performed using climatic and soils data incorporated in a stmulation model for
evajuating water infiltration. In the model analysis, the variables considered were:

e the amount and seasonal distribution of rainfall for a given year
@ the soil texture (whether coarse or fine) and soiT thickness
e the presence of plants. .

. The unsaturated flow-code UNSATLD {Gupta et al. 1978; Bond, Freshley, and Gee 1982) was used

because it can handle these variables and can evaluate drainage through the barrier. Ongoing
field testing (Adams and Wing 1987} will provide data to calibrate and validate the model. A
brief description of the model follows.

M.5.1 Unsaturated Flow Code

The model used to simulate water movement ih the multilayer barrier was developed from
the one-dimensional unsaturated groundwater flow-code UNSATID,. The code is a finmite-
difference numerical code that has been tested against other numerical codes for édequacy in
describing typical soil-flow processes such as fnfiltration, drainage, redistribution, and
evaporation (Simmons and Cole 1985}, The computer code was originally developed to desérﬁbe
water movement under typical agricultural condifions (Gupta et al. 1978). The modeling
system can be applied to any unsaturated flow probiem in cne dimension. This model was
applied to the multilayer test cases. '

The model can be used to estimate surface infiltration, water removal by evaporation and
plant root extraction (evapotranspiration), vertical seepage (redistrfbution), and drainage
to the saturated zone, The model is designed for use under varied field conditions. Appti-
cation of water can be in the form of rain {or smow), sprinkler irrigation, or flooding.
Actual evapotranspiration as related to available so0il mpisture, can be simulated using on-
off, Tinear decrease, logarithmic decrease, or combination methods (Gupta et al. 1978). The
soil profile can be homogeneous or layered, and hydraulic properties can be defined analytic-

~ally by poiynomials or by simplified exponential relationships. The root uptake submodel”
* incorporates root suction and root distribution, or the user can define his own mathematical
- model. The Tower boundary can be described by a fixed water tabie, a2 fiux boundary, or a no-

flow boundary condftion. The model has been used to model water flow -at Tow~Tevel nuclear



waste sites, uranium miil tailings sites, and 0i1 shale waste disposal sites under arid
_ climate conditions (Gee and Simmons 1979; Simmons and Gee 1981; Bond, Freshley, and Gee
1982), '

M.5.1.1 Input Data Requirements

The'following input information is necessary to define a model simulation of a specific
site using the model: '

e depth of the soil profile and location of each soil layer; the lower boundary is
set to the maximum depth of the simulated profile

o type of lower boundary condition specified as a water table, no flow, or free
drainage situation (free drainage conditions are applicable if the water table is
- well below the simulated profile)

e the so0il hydraulic properties defined by a soil-water characteristic curve {water
retention relationship) and hydraulic conductivity/suction head relationship for
each soil type present in the profile

e the rainfall and potential evapotranspiration for each day of the simulation
period, including the pattern of diurnal variation {rainfall should be by hour,
and’ diurnal’ variation shouid be expressed as a fraction of daily amounts for each
hour) '

e the initial suction head distribution over the soil profile as estabiished by a
water movement history

o plant growth and water extraction behavior, including root-damsity distribution as
a function of the growth period and actual transpiration as some factor of the
"potential transpiration when water is not 1imiting. '

The above Tist represents a constderable amount of data. The difficulty of unsaturated
flow modé11ng is that many of these data ahe.se1dom avallabie from direct measurements and so
must be estimated by various theoretical methods. Auxiliary programs to the model have been
developed that use various theoretical methods to provide the data (such as unsaturated
hydraulic conductivity and specific water capacity) required by the model, A Tist of these
programs and a brief description'of their function is given elsewhere {Bond, Freshley, and
Gee 1982}, o o '

M.5.1.2 SpéCific Input for Test Cases

Precipitation.and Climate Variables. A total annual precipitation of 30.1 cm was used

in alt simulation runs. This value was selected after review of meteorological data obtained
at the Hanford Meteorology Station, located in the 200 Area at the Hanford Site (Stone et

al. 1983), While this amount of annual precipitation has never been ohserved at Hanferd, the
30.1 cm represents the maximum amount of annual precipitation that on the average will occur-
once every 100 years. This value was determined by use of extreme-value statistics {(Kinnison
1983) applied to 63 years of record dating by the meteorology station, from 1913 through 1980
{years 1943-1946 had incomplete records and were not used). It should be noted that the
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100-year maximum precipitation {30.1 cm) is considered to be a reasonable estimate for the
mean value of precipitation in a future climate scenario at Hanford {see, for example, the
work of Kukla 1979), but may not be the upper limit of annual precipitation under extreme
conditions. For this reason, additional climate change studies are warranted (Adams and Wing
1987). Two rainfail-distribution patterns were examined--one with most of the rain in the
fall {1947} and the other with most of the rain in the spring {1948}, The rainfall for those
years was 23.6 cm and 24.7 om for 1947 and 1948, respectively, or about 50% higher than the
average annual precipitation. The annual rainfall amount for both years was normalized to
30.1 cm. Baily rainfall was used in the model and partitioned into hourly values (Bend,
Freshley and Gee 1982). Values of daily maximum and minimum air temperatures combined with
solar radiation, wind speed and'humidity measured at the Hanford Meteorology Station were
used in computing potential eﬁapotranspiration {PET}. Daily values of PET were calculated
using the Penman equation (Doorenbos and Pruit 1977) and entered into the code, For no
plants, the profile was allowed to evaporate'the potential amount until the surface dried to
a maximum suction head (105 cm). At that point, the surface head was held constant and the
evaporation rate equaled that which the soil could supply from below {see Nimah and Hanks
1973 for a discussion of this methcdology)}. When plants were present, water was extracted
from the root zone until the suction head reached 1.5 x 10% cm {the wilting point), after
which water flow was controlied by the surface boundary condition at maximum suction head as
described previously.

© . So0il Texture. Two soils, one coarse-textured and the other fine-textired, representa-
tive of soils of the 200 East Area at Hanford were considered for-simulation of the top layer
of the barrier. The soil-moisture characteristics {water-retention curves) for the two soils
are displayed in Figure M.4. Also displayed is the characteristic for a "c¢lean-rock" gravel
material obtained from the literature (Simmons and Gee 1981), This information was used to
estimate the water retention characteristics of the gravel filter material overlying the
basalt riprap. The thickness of the soil Tayer was selected at 1.5 m, In additfon, a soil
thickness of 3.0 m was simulated to indicate the relative value of added soil. For modeling
purposes,; the thickness_of the gravel underiayer was set equal tc the difference between the
total barrier thickness (5.4 m)} and the so0iT thickness. The hydraulic properties of riprap -
have not .been measured directly and would be difficult to model because the extremely coarse
texture results in very nonlinear hydraulic properties. Using measured clean=rock gravel
characteristics (Simmons .and Gee 1981) instead of riprap provided a conservative estimate of
the capillary .barrier performance of the cover system. '

Piant Cover. Although plants will initially be present on the barriers, they may -not be
active at certain times during the life of the barrier because of ffrés or drought. fhis,
however, is likely td be a transient situation of short duration. Therefore the intent of
the simu1atiens with'plants was to provide an example of the relative importiance of a bTant
cover by simuilating a barrier with and without plants. The plant cover selected was
cheatgrass with a growing {transpiration) cycle of 152 days. Details of the transpiration
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1987) will resolve these specific uncertainties.

C.6

. Gravel
svassesese Coarse Soil
o . .
‘e, '--.\. — c— Fine SD'II
o 5 AN
£ \
£ ) .
é E | \\\
= ] \.
= : ~
.-' .\-"—l—-
931, | II]ILLI’ Al LTL{H" 1 L PigLly
10 102 103 104

Capiltary Pressure Head, cm

FIGURE W.4. Soil-Moisture Characteristics for the Materlals Used

in the Barrier Simulations

algorithm are given by Fayer, Gee and Jones {1986}, Plant transpiration is computed as a

fraction of PET using cheatgrass data from Hinds {1975}, Modifications of this algorithm are
also described in Fayer et al. {1985},

The cases tested are shown in Table M.5 and their results are given in the folilowing
section.

M,5.2 Simulation Results

In_any-mode1ing effort, the resu1té are only as good as the'éonceptual made

. the com-
puter code, and the input data,

The barrier simulation results that follow are no exception.
Questions concerning the specific soil properties used, the methods used to mode?! evaporation
and transpiratioh, and evén the way the initia] caonditions were set up, are all legitimate

and must be u?t1mate1y resolved through a muTtiyear research and demonstration project

focused on the performance of the protective barrier. The intent of the modeling effort was

to use the best simulation techniques available to gauge the effectiveness of the multilayer

cover in stopping fnfiltration of water into the waste. Although the results (see Table ‘M,6)

should be viewed as preliminary, they do reflect the performance of a multilayer cover system
under the constraints imposed by the assumed ciimate and soils used in the simulations;

hence, they.provide ‘some assurance as to the overall effectiveness of a cover system for

infiltration control under Hanford Site conditions. As previously stafed, the successful.
modet prediction of field data‘provided from the Barrier Development Program (Adams and Wing

The test cases reported here reflected a
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" TABLE M.5. Multilayer Simulation Cases

Case Precipitati?n Plant - Sofl Soil
Number  Distribution(d) Presence Texture Thickness, m
1 _ Fall No Coarse : 1.5
z Spring . Yes Fine 1.5
3 Fall Yes Fine ‘ 1,5
4 Fall No Fine 1.5
5 Fah Yes Fine 3.0
6 Spring : " No Fine 1.5
7 Fall Yes Coarse 1.5
8 Fall No Fine/No 5.4

Gravel layer

(a} Normalized to the 100-year maximum (30.1 cmy.

range of soi1,'p]ant and climate conditions simuTated by the UNSAT1D model.. The impact of
selected parameters for drainage is reflected in the test cases described in the following
sections. '

M.5.2.1 Test Cases

" The first task was to simulate the cover system with the combination of factors most and
Teast Tikely to contribute to drainage. - The most Tike]y'barrier Teakage was expected to
occur with the fall rainfall distribution, the coarse soil, and no plants {case 1). After
the first simulation year, 2.3 cm of water had drained through the barrier (Table M.56).

-During the second year, 20.3 cm of water, or two-thirds of the yearly precipitation, had

drained through. Quite clearly, the cover constructed with a coarse soil failed for this
scenario. Not shown in Table M.6 is the mass balance error associated with the numerical
simuiation. For the,coarse-éoii, the mass balance error for the first-year simulation was
1.2 om, but this was reduced to 0.1 cm for the<se¢0nd-year simuiation. Depending on the type
of simulation (coarse soil, plants), the mass baTance generally ranged from Tess than 0.1 to
1.5 ¢m and accounts far the difference in wéter balances for each year’s simulation.

The next step was to simizlate the cover ﬁnder conditions for which drainage was.Teast
1tkely to occur--spring rainfall distribution, fine soil, and plants (case 2). For each of
efght consecutive simulation years, the computed drainage through the barrier was Tess than
0.1 cm, -even though storage of water in the fine soil ‘had increased by about 17 cm of water.
As the soil profile became wetter, evaporation increased because the hydraulic conductivity

"of the wetter soil was higher. A near-equilibrium was evéntually reached where the yearly

evapotranspiration approached the yearly rainfall. In this scenario, the barrier constructed
with a fine soil effectively prevented drainage of water. The value {<0.1 cm/yr) for drain-
age indicates that the computed drainage was less than 0.1 em/yr. 3Since these wodel
stmylations were run, additional 50115 and plant cover sithations have been simulated
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TABLE M,6. Summary of Multilayer Barrier Simulations

D asekne

Total . _
Initial Final Drainage Evaporation/ Sequence
Storage, Storage, at Base, Transpiration, Number Case
Case cm cm cm cm of Year Description
1 26.8 4.5 S 2.3 8.9/0.0 1 Fall rain, no
: 4R.,3 . 20.3 9.0/0.0 plants, coarse
5071, 1.5 m
2 47,6 52.9 <0.1 17.0/7.0 1 Spring rain, plants,
56.8 <G.1 18,5/7.0 2 fine soil, 1.5 m
5g.8 <0.1 19.4/7.0 3
64,1 <0,1 22.2/7.0 7
64.2 <0,1 22.2/7.0 8
3 47.6 50.2 <0.1 16,9/9.5 1 " Fall rain, plants,
52.9 <0.1 17.0/9.5 2 fine soil, 1.5 m
55,2 <0.1 17.3/9.5 3 '
6l,.? <D.1 13,.8/9.5 7
52,0 <0.1 19,0/9.5 B
4 47.6 58.3 <0.1 19.5/0.0 1 Fall rain, no
65,1 <0.1 23.4/0.0 2 plants, fine
68,7 <0.1 26,7/0.0 3 soil, 1.5 m
70,2 <0.1 28.7/0.0 4
71.3 <0.1 30.2/0.0 14
71.4 <0.1 30.2/0.0 15
71.4 <0,1 .30,2/0.0 16
5 74,7 80.1 <0.1 17.1/7.1 1 Fall rain,
84.0 <0.1 18.5/7.0 2 plants, fine
87 .4 <0,1 19.,0/7.0 3 soil, 3.0 m
90.7 <0.1 19,2/7.0 4
1m.5 <0.1 20,3/7.0 14
112.3 0.4 21,0/7.,0 15
112.3 1.1 21,0/7.0 16
6 47,6 56.6 <0.1 21.1/0.0 1 Spring rain, no
62,2 <0,1 “24.7/70.0 2 plants, fine seil,
65.3 <0,1” 27.1/0.0 3 1.5 m
66.5 - <0,1 29,1/0.0 4
66.9 <0,1 29.8/0,0 5
7 26.9 43,7 0.1 7.3/5.2 1 Fali rain, plants,
45.0 14.7 7.4/6.0 2 _coarse soil, I.5m
8 165.5 176.,2 <0.1 18,5/0,0° 1 Fall rain, no
183.5 <0,1 - 22.8/0.0 2 piants, fine soil,
189,1 1.1 23.4/0,0 3 5.4 m, no under-
191.7 3.8 23.6/0.0 4 tying gravel layer
182.5 5.7 5

23.7/G3.0
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(Fayer et al. 1985}. The new simulations had mass balance errors of less than 0.1 cm and
indicated that fine soils and piants can control drainage to levels less than 0.1 cm/yr for

the cTlimate conditions specified here,.

H.S.Z,Z Precipitation

It was expected that, with cool-season plants {cheatgrass), the fall rain (case 3) would
he more conducive to drainage than the spring rain (case 2) because the simulated plants
transpired only in the spring. In both cases no drainage {<0.1 ¢cm) was observed during any
of the eight years of simulation. In contrast to the original expectation, however; mere
water was stored at the end of each year under spring rain conditions. Although the precipi-
tation {30.1 cm) was normalized for the fall and spring'rain years, the potential evapotran-
spiration was not norma]ized; hence the spring rain years always had 11% lower potential
evapotranspiration than the fall rain years; The computed evaporation for thé first sjmu1a-
tion year was similar for fall and spring rain conditions, but the transpiration was more for
the fall rain conditions (9.5 cm) than for spring rain conditions (7.0 cm}.  Hence annual
water loss was less for spring rain simulations. These differences account for the higher
stored water under spring rain conditions. By the eighth simulation year, however, evapora-
tion during the spring rain year was 3.2 cm greater than for the fall rain year, thus tending
to offset the greater transpiration of the fall rain year. '

In contrast, when thére were no plants, more storage occurréd_in the fall rain year
(case 4}'because evaporation was about 2.0 cm less than in the spring rain year (case 6}, In
some way, distribution of the spring rain was more conducive to its removal from the profile
by evaporation. Thus, with or without plants, it is not just the rainfall distribution but
the combination of rainfall and evapotranspiration distributions and amounts that are impor-
tant in determining drainage rates at a given site. A variety of rainfall distributions
inciuding extreme events {1000-year storms, etc), will be modeled in the Barrier Development
Program (Adams and Wing 1987),

M.5.2.3 50i1 Texture

The coarse soil used in this study has a low storage, or Water-ho]ding, capacity. For
the fall rain year, with no plants, the coarse soil (case 1) stored 17.7 tm of the rain
water, and 2.3 cm of water drained through the barrier by the end of the first simulation
year. In contrast, for the same conditions (fail rain year, no plants), the fine soil
{case 4} stored more than 23 cm of water over 16 consecutive years and still did not drain.
This finding pointé out dramatically the effect of s0il texture on the performance of the

barrier.

A simulation was conducted with a fine soil layer 3.0 m thick {case 5), instead of
1.5 m, to judge the added value of a thicker design. Although no drainage occurred during
14 consecutive years of flow simulation, a significant amount of water (1.4 cm/yr) was still
moving below the 1.5-m depth and being stored between 1.5 and 3.0 m. Water at these depths
is Tess 1ikely to be withdrawn by plants and/or evaporation than is water near the surface.
It.is therefore more susceptible to drainage, especia]]y'{f the storage capacity of the
deeper Tayer is eventually exceeded. In fﬁct, during the fifteenth simulation year, G.4 cm
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of water drained through the bottom of the barrier, even as the fine soil stored an.addi-
tional 0.8 cm of water. During the sixteenth year, 1.1 cm of water drained through.  The
thicker soil Tayer actually decreases the effectiveness-of the barrier because Jt routes
water down and away from the upper scil layer where it would otherwise be lost to evapotran-
spiration. The simulation represents a conservative estimate of drainage since deeoer rooted
plants {>0.8 m root1ng depths) would be more effective in remova] of water at depth than

those s1mu]ated here.

A f1na} svmu]atxon was conducted 1n which the barr1er was made up entTrer of the ftne

“so0il {case B) with no underiying gravel ]ayer.‘ N1th the fall rain year and no plants, drain-

age was 1.1, 3.8, and 5.7 cm in the third, fourth, and fifth years, respect1ve1y. in addi-
tion, storage in the profile increased during all five years. In contrast, recall that with

the gravel layer {case 4), no drainage occurred for'sixteen consecutive years and storage
cessentially remained constant after onIy the fourth year. The gravel Tayer is indeed neces-

sary for the barr1er to perform effective]y

Although not simuTated, the addition of a- c1ay or an aspha1t layer placed directly below
the fine so0il has been considered in addition to the rogk sublayer as a_redundant protective
layer to minimize drainage: Based on simulation cases 4 and 6 and considering present cli-
mate conditions, these redundant layers would not be needad. Only in extremely wet condi-
tions_(>30_cm/yr) woqu there appear to be any advantage to a redundant layer, hence, it was
not included in the ana1ys1s. The clay or asphalt Tayer wou]d tend to Timit dra1nage
(because of Tow conduct1v1ty) to less than a fraction of a centimeter per year, even under
extremely wet cond1t1on5._ Tests to evaluate redundant barriers are current]y being consid—
ered (Adams and Wing 1987) :

M.5.2.4 Plant Cover

Simulation work with plants indicates that vegetated barriers are more effective in pre-
venting drainage of water than nonvegetated barriers. For example, for the fall rain year
and the fine soii, the total evaporation without plants (case 4) was 19.5 cm versus the total
evapotranspiration of 26.4 cm with plants (case 3) For the coarse eoi] {case 7), barrier
performance improved somewhat , but" drainage still occurred (0 1 ¢em the first year, 14.7 cm
the second year). Thus it does not appear that a barr1er constructed with coarse soil would
WOTK under.the imposed cond1t10ns. "Note that a 1ess conservative estimate of cheatgrass _
transp1rat10n would account for 1ncreased biomass productwon and increased transp1rat10n w1th
increased rainfall. A1so, 1ncreased prec1p1tat10n cou1d induce deeper-rooted p1ants {e.q.,
perennial grasses and shrubs) to invade the soil cover, thus ephancing root water extract1on
and transpiration. Because the response function (transpiration versus biomass increase} is
not known quantitatively for our native vegetation, we' can only qualitatively state that
increased transpiration, with above-normal precipitation, would tend to reduce estimated
drainage in both the:COarSe—'and fine—textured~soi1 cases.,

A\though no deta11s are prov1ded here, s1mu1at10ns were also performed assum1ng irri-
gated corn was growing on the barr1er. In those s1mu1at1ons, the corn roots penetrated the
entire soil depth (150 cm) and had a transpiration rate that approached the potentTa1
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evapotranspiration rate for the gruwﬁng;season. More than 82 cm of water was removed from

the soil profile in one year when 52 cm of irrigation water was applied, in addition to an

anmual rain input:of 30 cm. Clearly, plant cover, rooting depth, and soil texture al} have
major effects on the simulated water balance and thus barrier performance.

' The presence or absence -of plants, as well as other factors, can determine whether
recharge is tow or high. Evidence that net recharge can be near zero for a spec?Fic.Sité at
Hanford is given by Fayer, Gee and Jones (1986). Soil water contents and water storage in a
1ysimeter(a) Tocated just south of the 200 East Area were measured by gravimetric sampling in
October 1985. Plant cover had heen observed on the lysimeters since 1974 (Gee and Heller
1985). The measured water contents and storage values were compared with those obtained
during installation of the lysimeter in December 1970 (Hsieh, Brownell and Reisenauer 1973},
A nef loss 1in watér storage was observed, indicating that for over 14 years there had been an
apparent decrease of water in the soil profile. Water flow simufations utilizing daily
values for climate obtained at the nearby Hanford Meteorology Statiom and measured soil char-
acteristics (Hsieh, Brownell and Reisenauer 13973}, were conducted with and without plant
water uptake (Fayer, Gee and Jones 1986). The simulations clearly indicate that plant water

.uptake could account for the observed storage changes. These data, when compared with bare

soil lysimeter measurements, in the 300 Area during the same time period, which show storage
increases and drainage (Jones and Gee 1984}, further emphasize the importance of plants in
controlling drainage.

M.5.3 Model Simulation Summary

Key results from the model simulation can be summarized as follows:

1. Coarse soil Tayers (with ar without plants) will not prevent dra1nage when sub-
Jected to elevated rainfall (30.1 cm/yr).

Z. ane-textured soil over?ying coarse Tayers will store and'transmit water so that .
evapotranspirat1on processes can effect1ve1y recycle the prec1p1tat1on thus pre-
ventTng drainage even under elevated ra1nfa11 conditions,

3. Soil thickness must be properly designed. The fine soil tested had sufficient
conductivity that for. bare soil under elevated rainfall conditions, drainage was
possible, when the soil thickness exceeded 1.5 m. The presence of'p]ants combined
with fine soil can significantly reduce the potential for dra#nagé. .

&, Annual rainfall -distribution and potential evapotranspiration, -as. determined by
 climatic variables, are Tmportant factors in determining annual evaporation and
transpiration but appear to be 1essﬁimportant than soil thickness and texture in -
determining .drainage.

{a} The Tysimeter on which these measurements were made is a 3-m-dia, s0i1-filled container
with a sealed bottom. The lysimeter is buried upright in the ground with the top flush
with the spfl surface. Its purpose has been to detect deep drainage at Hanford.  The
reader is referred to Hsieh, Brownetl and Reisenauer (1973} and Gee and Jones (1985) for
additional details regard1ng this Tys1meter. '
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5. A proper cover design is possible using onsite materials, layered so.as to maxi-

mize evapotranspiration and minjmize drainage.

M.6 COVER DISTURBANCE CONSIDERATIONS

With respect to water infiltration, the uppermost soil layer on the protective barrier
is of critical importance. Therefore, it is important to consider potential disturbances to
this barrier. Such disturbances might include improper placement, earthquakes, ercsion, and
subsidence. These disturbances are being analyzed as part of a multiyear research and
demonstraﬁion program at Hanford.

Earthquake activity may be important from a geotechnical viewpoint since the disruptions
of the barrier by vibration and earth shaking may cause a mixing of the fine soil with the-
basalt riprap. Although machanisms like this and even possibly liquefaction seem highly
unlikely, some additional data are probably needed. There is no direct evidence to support
long-term protection of the barrier from earthquakes. However, indirect evidence from obser-
vation of the glaciofluvial deposits at Hanford shows that clean rock and ‘gravel have per-
sisted below fine soil layers without disruption for at least 10,000 years. Studies are
under way to further evaluate these natural conditions (Adams and Wing 1987),

Wind erosion (by particle suspension and dispersion by wind) has been qua11tat1ve1y
considered as a mechanism for transport of contaminants and soil materials from existing
waste sites at Hanford, especially .those undergoing some type of construction (Sehmel 1976,
1879, 1981). Loss or gain of materfal from the proposed protective barrier by wind erosion
should be considered in long-term predictions of barrier integrity. Sehmel {1979), however,
indicates that, at present, data are jnsufficient to predict wind erosion and resuspension
rates at Hanford because the effects of particle diameter and vegetative‘cover have not been
sufficiéently gquantified. Furthermore, conditions on top of an engineered barrier are likely
to be different from those encountered at existing ground-level waste burial grounds at
Hanford. Therefope, extrapolation would not be wise,

Bander (1982) suggests methods to estimate soil erosion and depositioh from wind

"~ stresses using agriculturally based wind erosion models {e.g., Chepil and Woodruff 1963;'

Skidmore 1974),.but these have not been tested on nonagricuitural sites, and additional -
research is required to evatuate their effectiveness for long-term erosion predittidns for
the protective barrier. At best, there are only qualitative estimates of erosion and. deposi-
tion rates at Hanford. Based on long-term accumuYation records and recurrences of volcanic
ash deposits (e.g., from Mount St. Helens) and other wind~biown materials from off site over
the last sevéra1 thousand years, it appears that there would tend to be a net accumuiation of
soil material at Hanford with time, as opposed to net erosion. Localized erosion might still
take place, howaver, on efevated mounds (cover systems) if adequate rock armoring or vegeta-
tive cover were not present.

No quantitative estimates of localized surface soil erosion exist. ‘It is anticipated}
however, that both rock armoring (incorporation of -surface amendments of gravel or rock “into
the fine texture sofl} and vegetative cover can be adequately engineered into the cover
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design. Vegetation and rock armoring would both minimize wind erosion and enhance deposition
of wind-blown material onto the cover. Some consideration should be made for the potential
for and impact of sand dune formation and migration on top of the protective barrier. In
addition, water erosion should be considered. The barrier design (Figure M.3) should pre-
ciude mechanisms for rill or -sheet erosion since the surface is flat and the sides are
armored. There are pTans currently in:progress hy Hanford Site contractors to scientifically
evaluate the potential for both wind and water erosion for various cover designs {Adams and
Wing 1987).

Other mechanisms that may contribute to cover perfermance perturbations include surface’
removal by humans {human intrusion) and subsidence effects caused hy collapse of underlying
waste .containers, improper barrier emplacement; or natural c0mpaction{ Possible subsidence,
resulting from tank collapse, is a Tong-term consideration that is to he addressed in
engineering studies on dome-fi11ing methods and tank stabiTity within the next several years
at Hanford. Subsidence in general will be analyzed as part of the multiyear research and
demonstration program for barriers. Such information will then be used td guide the final
design'and construction, if necessary. Various improvements in design to address subsiden;e
are presentTy_being considerad. One of these improvements is to fill the tanks with gravel.

M.7 PROTECTIVE BARRIER AND WARNING MARKER SYSTEM DEVELOPMENT PLAN

The protective barrier and marker system described in this appendix is éonceptual only.
No-fuil-sca?e barrier system has yet been built or tested; however, there have been several
demonstration-scale barrier systems constructed at‘Hanfqrd during the'past several years.
(Phillips et at, 1985). These reflect the essence of the miTtilayer earthen cover System
described in this appendix. However, only limited testing of these barriers has been '
completed to date. “The ability of the protective barrier to minimize infiTtration and
biologic and human intrusfon must be demonstrated before a definitive design is selected. A
comprehensive plan to evaluate protective barriers for use at Hanford has been developed
under the Barrier Development Program (Adams and Wing 1987). A brief outline of this plan
follows.

The protective barrier and warning marker system is designed to isolate radicactive
wastes from the accessible environment by minimizing the following influences:

s biointrusion--the penetration of deep-rooting plants and burrowing animals into
the waste zone

e water infiltration--the percolation of water into the waste zone and subsequent
transport of radionuctides to the water table

s wind and water erosion--the deterioration of the surface of the protective barrier
due to erosive farces

e human interference--the inadvertent or intentional intrusien of humans inta the
waste sites,
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M.7.1 Scepe

The Protective Barrier and MWarning Marker System Development Plan has the following
objectives: identify unresolved guestions about the design and performance of barriers and

markers that reguire experiments, tests, or demonstrations to be performed in order to answer
those questions; support and elaborate on barrier and marker development plans specified by
the Department of Energy for the Hanford Site (DOE 1986); provide a logically related basis
for proceeding with barrier and marker development activities; provide manpower, materials,
cost and capital equipment estimates that can be used in budget preparation; and provide a
schedule for barrier and marker development activities.

The emphasis -of ‘the Barrier Oevelopment Plan - is on the development of barriers and
markers for above-grade (mounded barrier) applications to existing waste sites, Many of the
barrier development tasks described in the plan are also relevant and applicable to various
components of at-grade or below-grade barriers at new waste disposal sites.

The current focus of'design efforts is to provide a protective barrier and warning
marker syétem that will remain functional and maintenance free for up to 10,000 years despite
the occurrence of natural hazards (i.e., earthquakes, volcanic ashfall events, high winds,
maximum probable precipitation events, and subsidence) or any other phenomena that code
reasonably be expected to occur during the design 1ife of the barrier.

M.7.2 Methodology

Conceptual designs for protective barrier and warning marker systems have been developed
to isolate radiocactive wastes from the accessible env1ronment and to provide protection
against water infiltration, b1o1ntrus1on, wind and water eros1on, and human interference.
Prior to implementation, the performance of these designs will be tested and verified to
ensure adequate functiconing. Figure M. 5'i1lustrates the process, which. 1is presented in the
following paragraphs. A set of pre11m1nary quantitative performance obJect1ves and. speci-
fications is being developed for these potential pathways aga1n5t which test1ng resuits can
be compared and tHe adeqdacy of various- desfgns can'bé’ evaluated. ’

Eleven groups of tasks have a1so been identified to reso]ve techn1ca1 concerns and
complete the deve1opment of barriers and markers:

development of biointrusion control methods

development of water infiltration control methods

development of erosion contrcl methods
physical stability testing

development of human interference control methods
evaluation of barrier construction materials

field monitoring and model validation

natural analog study

W 0~ oy B W N
.

evaluation of long-term climate change effects

=
o
.

design
11. documentation.
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Each of the tasks and activities within these task groups will be performed according to
specific test plans and other detailed planning documents written to direct the work. The
results will be evaluated and compared to the applicable performance objectives and specifi-
cations. If the results of a particular task meet the performance criteria, the task is
completed and the technical concern is considered closed. If the task results do not meet
the performance criteria, any necessary barrier or marker design modifications will be made
and the affected tasks will be repeated (see Figure M.5).

The data and results obtained from completed tasks will be used to enhance barrier and
marker designs and serve as input to other tasks whose activities are dependent upon the
results. At the completion of the barrier and marker development tasks, a final design of a
barrier/marker system will be performed. After this final design has been reviewed and
approved by the appropriate regulatory agencies, the barrier and marker system will be ready

for implementation.

The major barrier development activities completed or in progress to date are presented
below.

1. Engineering studies have been completed in which more than a dozen barrier con-
cepts were evaluated, including rigid, impermeable barrier types and barriers

utilizing manmade materials.

2. Five configurations of protective barriers have been constructed and monitored
(Phillips et al. 1985) at the Protective Barrier Test Facility (PBTF) located in
the 200 West Area.

3. Natural geologic deposits, analogous to multilayer barrier designs, have been
jdentified and examined, and several selected sites have been characterized. The
objective of the barrier analog studies is to project the long-term performance of
protective barriers by analyzing analogous geologic deposits and ecological
settings.

4, The computer simulation modeling of unsaturated flow for various multilayer
barrier configurations is under way (see Fayer et al. 1985).

5. An engineering study (Myers 1986) and additional characterization activities have
been completed, which identify quarry and borrow pit locations capable of supply-
ing projected quantities (and quality) of rock and soil to construct protective
barriers over applicable waste sites. The studies have also evaluated the most
efficient means of transporting and placing the materials on the sites.

6. The design of the Field Lysimeter Test Facility (FLTF), located near the Hanford
Meteorology Station in the 200 Area, has been completed and construction has

begun.

7. Work statements have been prepared to enlist the services of outside contractors,

consultants, and universities to perform the following tasks:
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¢ determine the effects of geomorphic and other natural hazards on the
performance of multilayer barriers.

e analyze the distribution of carbonates in- layered Hanford formation sediments
.as a means of determining long-term water balance.

8. Test plans have been or are being written to direct testing activities in the
following areas: '

e Bjointrusion control development tasks

~--  Animal intrusion field tests will be performed to determine the dégree
to which animal burrow systems affect the infiltration of water through
a- protective barrier. - These tests will also determine the effectiveness
of "various barrier construction materials in deterring intrusion by
animals expected to live on the barrier.

-- Evapotranspiration/water balance studies”wi1] be'performed fo obtatn

- field data on the transpiration of perennial plants. These data will be
used to support the modeling effort for predicting water infiltration
£ throughout the barrier. '
| - s MWater infiltration control development tasks
e ~- The FLTF tests will be performed to obtain quantitative measurements of
o " water movement through various barrier configuratfons. The results from
' the tests at the FLTF will be used to validate water infiltration
_qﬂf simulation models.
Ty e Erosion control development tasks
wer . == Admix gravel field tests are designed to determine the effects that
‘ gravel muiches have on the soil’s ability to retain water, support
vegetation growth, and provide erosion resistance to the barrier
surface.
L ==  Wind tunnel tests will be conducted to assess the effectfveness'df

gravel mulches and vegetative covérs in preventing the erosion of
barriép surfaces as a function of wind velocity. Results from other
companion erosion studies will be tested in a wind tunnel so that an
optimal erosion-resistant barrier surface can be designed. Wind tunnel
data wiTl then be input into erosion models that will be developed to -
predict the performance of optimal barrier surfaces over a 10,000-year
period.

-- Bergmounds are naturally occurring geclogic deposits (~13,000 years old)
of fine soils with gravel armoring on the surface. The bergmounds
provide a good natural analog for certajin features of the protective

M.31




Ty

& &

T
't‘-?)

‘ Ty,
Ly

L e

|

_barrier concept, ‘and tests of the bergmounds may provide valuable
insights into the expected performance of protective barriers over
_ thousands of years. o

-~ Blowouts are circular Or,semiCircuﬁar depressions that are caused by the
reioval of sandy soils by wind erosion, .. A-fie]d 1nvestfgation will be
" performed to determine what cond1t1ons cause b1ow0uts to occur and how
blowouts can be prevented from occurr1ng on the barr1er surface.

. Phys1ca1 stab111ty test1ng task

-~ A number of subsidence tasks are p1anned for subsequent ftsca1 years to
_determine how. a protective barrier will perform following a subsidence
event. These tests will require that simulated. subsidence events-be
performed. As a result, a subsidence-trigger test plan is being
prepared to identify methods of Simu1atfng'a subsidence event_and
observing the effects of the subs1dence on the barrier. These
developmental efforts w11] be used 1n subsequent subs1dence tests.

9. - A plan has been written for obta1n1ng_10ng-term proaectjons of variability in

ciimate and vegetation. : C :

Additional detai] related to the'protectfve barrter and marker testxp1an can be found in
Adams and Wing (1987) In response to public comment, DOE has cemm1tted to test1ng the

barrier under simulated 1rr1gat10n cond1t10ns “and w111 also test the barr1er to fa11ure under
extreme wetting conditions. The.test‘plan will be revised to reflect th1s commitment.

M.8 BARRIER FAILURE SCENARIOS

The preliminary analysis described eartier in this appendix leads to the conclusion. that
an undisturbed barrier would protect the underlying waste from water infiltration under
present climate conditions. _For'analysfs in this EIS,. though, two barrier failure scenarios

have been hypothesized.

M.8.1 Disrﬁptive Failure Scenario

A scenar10 has been created that 51mu1ates a mass1ve d1srupt1on of ' part of the barrier.
system. The most plaus1b!e mechan1sm for such a fai!ure is that someone b1ades off the bar-
rier topsoil for use e?sewhere. _

The net effect of this disruptive fa11ure is that enough 5011 is removed over 10% of the
barrier area that it acts as.a catchment rather than a barrier. . With hign precipitation
(30 cm/yr) it s assumed that this waste area is exposed to direct 1each1ng. For ana1y51s'it
is assumed that 15 cm/yr infiltrates through this disrupted area. This is in contrast to the
5 cm/yr est1mated to 1nf1]trate through 200 Areas p1ateau 501] (w1th no barr1er) under
similar meteoroiogical cond1t1ons. ' :
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M.8.2 Functional Failure Scenario

In a second barrier fai!ure‘scenarid, an attempt has been made to test a failure of a
large barrier area. Certain phenomena might cause such a degraded performance. One could be
wind erosion in such' a way that some cover. soil is removed. Another phenamenon, blowing.
sand, could affect optimal barrier thickness. Seismic events could conceivably disturb the
interface-between the fines and the riprap such that some fines would: percolate into the

" coarse material, thus degrading the barrier performance. Subsidence of underlying wastes is

. another mechanism that could reduce & barrier's effectijveness. Lastly, the use of. construc-

" tion materials, particularly topsoils, that are out of specifications could cause barriers to
perform belgw standard.

The functional barrier faiiure is defined such that 50% of the barrier area allows
0.1 cm/yr to infiltrate the underlying wastes with precipitation conditions.of 30 cm/yr.

M.9  SUMMARY

In summary, the protective barrier and marker system consisting of fine soil material
with admixed ceramic.tile markers, overlying coarse gravel or rock holds promise as a.method
for providing enhanced isolation of wastes disposed near surface at the Hanford Site. A soit
with adequate water-holding and water-transmission characteristics is desirable for the sur-
face 5011. The under1y1ng coarse gravel or riprap provides a sharp textural break which, in

. effect, hydro1og1ca11y 1so1ates the surface soil from the underlying waste ‘materiatls. 'The

avaflable soil water is held near the surface, where it is accessible for plant uptake and
evaporation. The cover system materials are durable so that a protective barrier system is
expected not only to Timit water infiltration but also to reduce the Tikelthood of p1ant
animal, and human 1ntru510n into the wastes. The barrier presented in this appende is con-
ceptual only. A developmént program has been initiated to evaluate barrier performance under
Hanford Site conditions using -onsite materials and configurations similar to those analyzed

< in the modet-simulation test cases. Failure mechanisms such as erosion, subsidence and’

intrusion will be addressed experimentally in tests conducted at Hanford. Redundant barrier
systems containing subsurface Tayers of clay and/or aspha?t that may be called- for to provide
additional Tong-term protection are also included in the test program. C11mate change is an
uncerta1nty that can affect barrier perfornance and will also be addressed in the development

program.
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APPENDIX N

RADIOLOGICALLY RELATED HEALTH EFFECTS

The radiation dose to humans from ingestion, inhalation, or external exposure to
specified quantities of radionuclides can be calculated with reasonable confidence.
Estimates can be made of the amounts of radioactive materials that may be released from
operations associated with waste management and disposal; however, the fractions reaching
humans via various environmental pathways are not as well defined. The relationship of dose
to so-called "heaith effects" is even less well defined. Thus estimates of “health effects”
that may result from radiation exposure consequent to such activities can be derived only
from a chain of estimates of varying uncertainty. The usual practice in making these esti-
mates is that if an error is to be made, it will be made in a way intended to overprotect the
individual. As a result, if the chain of estimates is jong, there may be considerable con-
servatism in the final value. '

Because expected releases of radioactive materials are small and the radiation dose to
any individual is small, the effects considered are long-delayed somatic and genetic effects;
these will occur, if at all, in a very small fraction of the persons exposed. Except as a
consequence of the unusually severe accident involving larger doses, no possibility exists
for an acute radiation effect. The effects that must be considered are 1) cancers that may
result from whole-body exposures and, more specifically, from radicactive materials deposited
in lung, bone, and thyroid and 2} genetic effects that are reflected in future generations
because of exposure of the germ cells.

Knowledge of these delayed effects of low doses of radiation is necessarily indirect.
This is because their incidence is too low to be observed against the much higher background:
incidence of similar effects from other causes, Thus, for example, it is not possible to
attribute any specific number of human lung cancers to the plutonium present in everyone's
Tungs from weapons-test fallout because lung cancers are known to be caused by other mate~
rials. present in mhch more hazardous concentrations and because lung cancers occurred before
there was any plutonium. Even in controlled studies with experimental animals, because of
limited numbers, one reaches a Tow incidence of effect that is statistically indistinguish-
able from the level of .effect in unexposed animals, at exposure levels far higher than those
predicted to resuit from waste management and disposal activities. Hence only a re]étionship
between health effect and radiation dose can be estimated, basing this estimate on observa-
tions made at veny'much higher exposure ltevels, whepe effects have been observed in humans,
and on carefully conducted animal experiments. Passages from the United Nations Scientific
Committee on Atomic Radiation (UNSCEAR 1982) and the International Commission on Radiation
Protection {ICRP 1977).suggest some level .of confidence in the realism of the simulated
hazards. In this context, however, the Nationat Council on Radiation Protection and
Measurements (NCRP)'has said: “The NCRP wishes to caution governmental policy-making
agencies of the unreasonableness of interpreting or assuming ‘upper limit' estimates of
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carcinogenic risks at low radiation levels derived by linear extrapolation from data obtained
at high doses and dose rates, as actual risks, and of basing unduly restrictive policies on
such interpretation or assumption" (NCRP 1975).

An alternative approach involves direct comparison.of the estimated radiation doses from
waste management and disposal activities with the more accurately known radiation doses from
other sources. This avoids the most uncertain step -in estimating heaith .effects (thé dose-
effect relationship} and provides a comparison with firmly established data on human exposure
{i.e., the exposure to naturally occurring radiation and radioactive materials). Somé people
prefer to judge a risk's acceptability on knowledge that the risk is some certain fraction of
an unquantifiable, but unavoidable, natural risk, rather than to base this. judgment on an
absolute estimate of future deaths that might be too high or too low by a large factor.
Because of these judgmental problems, it is the-practice in this Statement to compare esti-
mated radiation exposure from waste management and disposal activities with naturally ‘occur-
ring radiation exposure as well as to indicate estimates of cancer deaths and genetic
effects. ' ' '

N.1 LATE SOMATIC EFFECTS

Recently mich literature has dealt with the prediction of late somatic effects of very
low=level irradiation. This iiterature is not reviewed in :detail here because 1t is recent
and readily available. Instead, the various dose-effect relationships and the models for
projecting risks forward in time that have been proposed are briefly considered and justifi-
cation is given for the range of values employed in this appendix. : -

Several publications include efforts to quantify risks of Tate samatic effects of jrra-
diation. The most extensive of these are the Biological Effects of Ion1z1ng Radiations
{BEIR) 1II Report, issued in 1980 by the National Academy of Sciences as a report of its
Advisery Committee [NASYNRC 1980), and the UNSCEAR Report, a report to the Genera1iAssemB1y
by the United Nations-Scientific Committee on the Effects of Atomic Radiation published in-
1977 (UNSCEAR 1977). ({A more recent UNSCEAR report was published in 1982 but does not focus
on late somatic effects.) The most recent attempt to quantify risks of late somatic effects
is the Health Effects Model for Miclear Power Plant Accident Consequence Analysis {NRC 1985),
provided to replace the health effects model used in the Reactor Safety Study of the Nuclear
Regulatory Commission (1975}, and referred to here as NRC 1986. In the discussion below, the
BEIR III and NRC 1985 reports are emphas.zed because they prov1de the most up-to-date infor-
mation on radiation risks, :

The various reports noted above draw thETF conclusions from human effects data derived
from med1ca1, 0ccupat10na1, ace1denta1, or wartime exp05ures to a variety of radiation

sources: external x-irradiation, atomic bomb gamma and neutron radiation, radium, radon and

radon ~decay products, etc. These observat1ons on humans were, of course, the result of expo-
sures to re]at1ve1y 1arge total doses of rad1at1on at relatively high dose rates.

Many problems are encountered in attempting to use these data for est1mat1on of lifetime
risks due to low-level radiation exposure. These problems are briefly summarized in. the. fol-
towing excerpt from BEIR III (page 142-3; transcript edition page 190):
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The quantitative estimation of the carcinogenic risk of low-dose, Tow-LET [lirear

energy transfer] radiation is subject to numerous uncertainties. The greatest of

these concerns the shape of the dose-response curve. Others pertain %o the length

of the Tatent period, the RBE [reiative biciogical effectiveness] for fast neu-

trons and alpha radiation relative to gamma and x radiation, the period during

which the radiation risk is expressed, the model used in projecting risk beyond

the period of observation, the effect of dose rate or dose fractionation, and the

influence of -differences in the natural ‘incidence of specific forms of cancer. In

addition, uncertainties are introduced by the characteristics of the human experi-

ence drawn on for the basic risk factors, e.g., the effect of age at irradiation,

the influence of any disease for which the radiation was given therapeutically,

and the influence .of length of follow-up (NAS/NRC 1980).

As noted above, one of the largest sources of uncertainty involves the choice of the -
mathematical function used to express the dose-response relationship. An earlier BEIR report
(BEIR 1972) used a Tlinear function for this purpose, justifying its use in part by the desir-
ability of conservatism for radiation protection purposes. The BEIR III report {NAS/NRC
1980), however, deviates from this approach by providing an envelope of estimates based on
linear, Tinear-guadratic, and_quadratic functions. BEIR III indicates that the linear-
quadratic,'which.results in Tower risks than.the Tinear model at low doses and dose rates, is
to be regarded as the most realistic. The use of the linear-quadratic function as the most
realistic estimate may be justified based on experimental evidence summarized in a report of
the NCRP. (1980}, which suggests that effects at doses rates of less than 5 rad per year would
be reduced by a Tactor between 2 and 10, Questions remain regarding the appropriateness of
this reduction, because data on breast and thyroid canpcer suggest a response that is Tinear.
The BEIR III Tinear-quadratic function, which is based on analyses of data on the Japanese
atomic-bomb survivors, reduces risks by a factor of 2.3 for leukemia and bone cancer, and of

2.5 for other types of cancer.

A second major source of uncertainty in estimating Tifetime risks results because no
populations on which estimates of health effects are based have yet been followed to the end
of their Tifespans. For leukemia and bone cancer, it appears that rates have ‘returned to
spontaneous levels 25 to 30 years after exposure. For other cancers, however, a model in
which risks are assumed to persist over an exposed individual's Tifetime seems more appro-
priate, The BEIR III estimates {NAS/NRC 1980} are based on the assumption that risks of
leukemia and bone cancer persfst 2 to 27 years following exposure, while risks of other
effects persist-for a 1ifetime after a minimal latent period of 10 years.

Two -approaches were used in BEIR IIT (NAS/NRC 1980} to extend risk estimates beyond the
period represented by follow-up data. With the absolute risk'projection model, it is assumed
that the number of excess cases per unit of popu1atioh per unit of time expresséd as a
function of radfation dose remains constant over a specified pericd. With the relative risk
projection modé1, it is assumed that the ratio of the excess cancer risk to the spontaneous
age-specific risk remains constant over the specified period. After early childhood, spon-
taneous cancer incidence and mertality rates generally increase with age, and because of this

" the relative risk model yields larger numbers for the years beyond the follow-up period.

N.3



_The catculations. provided by BEIR TII require several éssumptions that are not discussed
here. 1In particular, sex and age at exposure are treated fn a more rigorous fashion than by
the earlier BEIR report {1972) or other groups that have attempted risk estimation.

The lifetime risk estimates for mortality from all forms of cancer based on the linear-
quadratic model given in BEIR IIT (NAS/NRC 1980) are summarized in Table N.1 for two exposure
situations. BEIR III also provides estimates for continuous exposure to one rad per year
from ages 20 to 65, 35 to 65, and 50 to 65 {intended to represent occupational exposures),
but these are not reproduced here. BEIR III chose not to provide estimates for exposures
lower than one rad per year since it was believed this involved too much uncertainty. Alse
the BEIR III report was primarily concerned with estimating overall cancer risks. HNo Tife-
time risks for specific cancer types {except Jeukemia and bone cancer) are provided, although
evidence regarding many individual cancer types is extensively reviewed.

TABLE N.1. BEIR 111 Risk Projection Models

Absolute-Risk Relative-Risk
Projection Model Projection Model
Single exposure to 10 rads:
Number of excess cases 766 2,255
per million persons
% increase over normal 0.47 1.4
risk '
Continuous exposure to
1 rad/yr, lifetime:
‘Number of excess cases 4,751 11,970
per mi11ion persons
% fncrease over normal 2.8 : 7.2

risk

The recent NRC 1985 report does provide estimates for specific cancer types and also
takes into account epidemiological data and analyses that have.become available since the
publication of BEIR III. NRC 1985 provides central estimates as well as upper and lower
bounds{a) for the number bf deaths and cases, and for the years of life Tost and years of
1ife lived after the occurrence of cancer. Except for breast and thyroid cancer, the central
estimates are based on a 1inearrquadratic_funcfion that reduces risks at Yow doses and dose

{a)  The meaning of the terms "upper and lower bounds" is not the same as that found in other
parts of this report. In NRC 1985, the central estimates and bounds are defined as
follows: “The central estimates are intended to reflect the most realistic assessment
of radiation risks , . . while the upper and lower bounds are intended to refilect alter-
native assumptions that are also reasonably consistent with available evidence." (NRC
1985, p. II-94.) Uniike bounds in other parts of this report, they cannot be inter-
preted as confidence limits.
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rates by a factor of 3.3, slightly more than the BEIR III linear-quadratic model. The Tower-
hound estimates are hased on a reduction factor of 10, while the upper-bound estimates are:
based on a lirear model. ' '

Since publication of BEIR IIT {NAS/NRC 1980), additional support for the assumption that
risks persist for a Tifetime, and for the use of the relative risk model, has become availa-
ble. The most recent data on the Japanese atomic bomh survivors (Kato and Schull 1982),
extending the follow-up from 30 to 34 years, indicates no tapering off of risks. In a
paraliel analysis of data both from Japanese suryivors and British ankylosing spondylitis
patients, Darby (1984) investigated the fit of the relative and absolyte models. These
recent data and the more rigorous statistical treatment of Darhy provide added support for
the use of the relative risk modei. However, there is still considerahble uncertainty for
risks beyond the period for which follow-up data are available. Thus the relative risk model
may overestimate 1ifetime cancer risks.

ror the reasons noted above, the NRC 1985 report used the relative lifetime risk model

for central estimates and upper bounds for breast cancer, lung canﬁer, gastrointestinal can-
cers, and for the residual group of all other cancers. The absolute Tifetime risk model was
used for central and upper bounds for teukemia, bone cancer, skin cancer and thyroid cancer,
and was used for the lower bound for all cancer types. Like the BEIR III model {NAS/NRC

1980), risks for leukemia and bone cancer were assumed to persist from 2 to 27 years follow-
ing exposure, while risks for other cancer types were assumed to have minimal latent periods
of 1D years, except for thyroid cancer for which a 5-year minimal Tatent period was assumed.

In NRC 1985, the updated analyses of the Japanese data were takén into account in
obtaining the numerical risk coefficients needed to calculate Tifetime risks. For lung can-
cer, a larger re?ati#e coefficient was used for the upper bound tharn for the central esti-
mate, a procedure intended to reflect the uncertainty in extrapolating to the U.S. population
an estimate based on Japanese data. The NRC 1985 report did not treat age at exposure and '
sex in as detailed a manner as did BEIR III. Age at exposure was considered only in esti-
mates for thyroid effects and the upper-bound estimate for breast cancer; separate estimates
were provided for cancers resuiting from exposure received in utero. '

The central estimates and upper and lower bounds for cancer mortality resuiting from
one rem of expasure, based on the NRC 1985 model, are summarized in Tahle N.2. These esti-
mates are applicdble to populations with age structure and mortality rates similar to those
of the United States. For comparison, BEIR 111 (NAS/NRC 1980) estimates for such exposure,
obtained by dividing the risks for a single 10-rem exposure by 10, are also presented in this
table. It should be noted that both the BEIR III and NRC 1985 estimates are based on dose tao
the relevant organ, or in the case of all cancers, on an appropriate average organ dose.

In addition to estimates of cancer mortality, the NRC 1985 report alse provides esti-
mates pf cancer incidence, including non-fatal cancers. For all cancers other than Teukemia

- and bone, the total of cancer cases is about 2.5 times the number of fatal cancers. This

incidence-mortality ratio varies considerably by cancer site, from a factor of 1.1 for lung
cancer to a factor of 10 for thyraid cancer.
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TABLE N.2. Comparison of Various Estimates of Cancer Deatiis per Million per Rem

BEIR 1II Report (NAS/NRC 1980)(2) S
Absolute-Risk Model Relative-Risk Model Health

Linear- o Linear- _ Effects Model (NRC 1985)
Linear Quadratic( ) Linear Quadratic( ) Upper - CentraTb Laower b UNSCEAR .
Type of Cancer Mode1 Mode 1 Made 1 Mode 1 Bound Estimate(®) Bound(P)  Report  ICRP-26
Leukemia . aslc) 22(c) o 18 14 5 15 to 25 20
Nonleukemic 120 54 454 203 519 174 ] 24 _ (f) - A{f)
Lung i 138 _ 20 5 25 to 50 20
Bone 1.0(c) 0.5(c) - 2 1 0.2 2 to 5 5
Thyroid (f) (f) : 7 7 0.7 5 to 15 5
Cancers resulting fng 5.8 : . _ 6 2.4 2.4 2 to 2.5
in utero exposure ' : : _
Total 173 77 soule) 226(e) 573 190 31 100 100
{a) The BEIR III estimates are the éverage of sex-specific estimates.
{h) Calculated on the assumption that no individual dose will exceed 10 rem. :
(c) BEIR III gives a combined estimate for leukemia and bone cancer. This has been allocated to the two cancer types in
proportion to the annual risk coefficients for the two types.
{d) These lifetime risks apply to the entire population and are about 1% of the risk restricted to the in utero population.
fe} Including teukemia and bone cancer deaths based on absolute risk model.
(f) Blanks indicate no data.
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Recently, inadequacies in the dose estimates used in the studies of Japanese atomic bomb
survivors have been identified by Loewe and Mendelsohn (1981) and Kerr (1981}. Studies have
been conducted to determine new dose estimates, but revised risk estimates are not yet
available. Since risk estimates obtained from the Japanese studies play a -major role in
determinfng risk estimates presented in BEIR III (NAS/NRC 1580}, NRC 1985, and other reports,
this could mean that these estimates will eventually need to be modified .as a result of the
dose revision. Jablon (1984) has noted, on the baéis of preliminary analysis, that the
Tikely effect of the dose revision will be to increase risk estimates based on the earlier .
dosimetry by less than.a factor of two. One of the arguments in support of the quadratic
model (one of the models considered in BEIR III) has been based on differences in the dose-
response curves between Hiroshima and Nagasaki. This argument has been weakened by the
expected dosimetry revisions. It is possible that revised dosimetry will also modify infer-
ences regarding the choice betweer linear and tinear-quadratic functions. -

Lifetime risk estimates are also provided in the 1977 UNSCEAR report and in the 1977
Recommendations of the International Commission of Radiclogical Protection {ICRP 1977), and
are also summarized in Table N;Z. These Tatter Eeports, however, have not given the detailed
attention to developing models that clearly indicate the assumptions underlying the estimates
provided.

The Radioepidemiological Tables have been recently published (NIH 1985)., These tables
provide estimates of the probability that certain cancers could result from prior exposure to
radiation. Although the tables do not provide the lifetime risk estimates needed in this
report, they do provide models for estimating the risks of several cancer types resUiting
from a range of exposure situations. - The model used in the Radioepidemiological Tables is
very similar to that used for the NRC 1985 central estimates. In particuiar, the estimates
for cancers other than breast and thyroid were based on a linear-quadratic function that
reduces risks at Tow doses and dose rates by a factor of 2.5, compared with the factor of 3.3
used in NRC 1985, Furthermore, both reports based risk estimates for cancers other than
Teukemia and bone cancer on the relative risk model. The risk coefficients used in the two
reports are reasonably compérabTe, although the Radioepidemiological Tables have allowed
risks to depend upon age at exposure {this was not done for the NRC 1985 central estimates).

N.2 GERETIC EFFECTS

It fs known that genetic effects result from alterations Within'genes; called mutations,
or from rearrangements of genes within chromosomes. There is o radiation-dose threshold for
the production of mutations, but repair of damage to genetic material can occur during expo-
sure at low dose rates. This information is reviewed and discussed at length in the 1982,
and eariier, UNSCEAR reports and in the BEIR I {BEIR 1972) and BEIR III (NAS/NRC 1980)
reports. ' ' '

In the absence of quantftative data relating genetic effects in humans to radiatidn
exposure, estimates of the genetic risk to humans have been based Targely on data from animai
studies. Two approaches commoniy have been employed. In the so-called "direct method,”
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estimates of specific types of genetic damage, as measured in-experimental animals, are

app11ed with suitable 1nterspec1e5 correction. factors, directly to man. Where animal data
suitable for use in the "direct method" .are unavailable, an “indirect method * or "doubling
dose method,” has been emplayed. This method- re]Tes.on animal data to establish the amount

‘of radiation required to double the spontaneous incidence of a genetic effect in the test
-species; it then assumes that this same doubling dose is applicable to-humans, and from esti-

mates of the spontaneous occurrence of genetic diseases in humans, calculates the risk of
genetic effect per unit dose of radiation. These methods involve the uncertainties of extra-
polation from animals to humans, plus very.considerable uncertainties as to the normally -
occurring -incidence of genetic diseases in humans. .

Genetic disorders have been commonly grouped into four categories,'as considered below:

1. Autesoma1 dominant and X-linked disorders are those caused by the presence of:a.

single defective gene. More than a thousand such disorders are recognized. Exam-
ples include polydactyly {extra fingers and toes), achondroplasia {(short-1imbed
dwarfism), Huntington's chorea (progressive involuntary movements and mental
deterioration), two types of muscular dystrophy, several kinds of anemia, and

" retinoblastoma (an eye cancer). Well known X-Tinked disorders include hemophilia

- {failure of blood clotting), color biindness, and a severe form of muscular :
dystrophy. Abont 1% of all tiveborn humans are appreciably handicapped by a
disorder of this type. It 1is generally agreed that these disorders will double in
frequency if the mutation rate is -doubled. . '

2. ‘Recessive disorders are those that require mutated genes on both members of a pair

of homologous chromosomes. The potential for induction of such disorders by low-
‘Tevel low-LET irradiation has generally been considered neg1TgibTe. '

3, Chromosoma1 d1sorders are those character1zed by changes in the number of chromo—

somes or in the structural sequence within chromosomes. Such disorders are apt
ﬁto result in early, spontaneous abortion, which is .not cons1dered here as a
-quant1f1ab1e effect. It is genera11y agreed that the 1ncrease in these disorders
among liveborn humans as a result: of low-Tevel 1ow-LET 1rrad1at1on will be rela-
tively small compared to other types of disorders.

4, Irregu]agly inherited {multifactorial) disorders have a more complex and -
_ def!ned pattern of inheritance, These disorders include a wide variety of con-
gen1ta1 ma]format1ons and constitutional and degenerative d1°cases. About 9% of

liveborn humans will be seriously handzcapped by such disorders. Because of the1r
poorly understood mechanisms of 1nher1tance, which may in many cases be unaffected '
by mutat1ons, estimates of radiation risk factors are more uncertain than for

other types of disorders,

.Table N.3 summarizes recent genetic risk est1mates of the BEIR and UNSCEAR committees,
These estimates are for effects over all subsequent generat1ons. They were derTved by the
"indirect method " but are, in severaI 1nstances, supported by “d1rect" der1vat10ns.
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TABLE N.3. Estimates of Genetic Effects of Radiation Ovef A1l Beperations
{effects per mfllion Tiveborn in an average population exposed
to 1 rem per generation)

1972 1980 : 1977 1932
Effect BEIR 1 BEIR III UNSCEAR UNSCEAR
Dominant and 50 to 500 40 to 200 100 - 100
X-linked
Chromosomat 40 4 -
MuTtifactorial 10 to 1000 20 to 900 45 45
Total 60 to 1500 60 to 1100 185 149

It is important to note that the BEIR and UNSCEAR genetic risk estimates are expressed
in terms of effects per million liveborn offspring of an average uniformly irradjated popu]a-
tion. For compar1son with somatic risk estimates, it is necessary to express the genetic
risk in terms of the irradiated population rather than in terms of the resutting offspring.
The number of offspring produced in the United States per generation is about one-half the
number in the total population. Thus the 1982 UNSCEAR risk estimate of 150 effects per
million offspring of an average population irradiated at a level of 1 rem, is.equivéient to
about 75 effects per milifon rem delivered to the irradiated population. Simi]arTy.the BEIR
IIT range of total genetic effects reduces to 30 to 550 effects per million rem de11vered to
the irradiated population.

To the BEIR and UNSCEAR estimates considered above may be added a very recent analysis,
prepared for the Nuclear Regulatory Commission, which proposes a "central estimate" for gene~
tic risk for all generatTOns of 185 effects per million rem deTivered to the irradiated popu-
lation (NRC 1985). This estimate, derived by methods similar to those employed by BEIR and
UNSCEAR but with the benefit of some newer informatiqn, is no£ appreciably differenf from the
earlier estimates.

H.3 CONCLUSIONS

For this EIS a range encompassing commonly used cancer risk factors has been employed,
as indicated in Table N.4. The possibility of zero risk at very low exposure levels is not
excluded by the available data. Values in the lower to middle range of risk estimates of
Table N.4 may be more appropriate for comparison ﬁith the estimated risks of other energy
technologies; values in the upper range may be more appropr1ate for radiation protect1on
considerations.

A range of 50 to 500 specific genetic effects to all generatidns per million man-rem was
employed in this EIS. This essentially encompasses the range recommended n the BEIR III
report (NAS/NRC 1980), and encompasses the central estimates of the 1977 and 1982 UNSCEAR
reports, and of the 1985 Improved Radiological Health Effects Mode! of the NRC. As in the
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TABLE M.4. Health Effects Risk Factors Employed in this EIS -

Predicteg Incidence per

Type of Risk 10% man=rem
Fatal cancers from: . ' '
Total body exposure 50 to 500
Lung exposure 10 to 100
Bone exposure 1to 5
Thyroid exposure _ 1 tc 156
Specific genetic effects to 50 to 500

all generations from total
body exposure

Total {Total body exposure} 100 to 100D
oy S . . » :
case of the somatic risk estimates, values in the lower range of this estimate may be more
: £y appropriate for comparative risk evaluations, while values in the upper range may be more
. appropriate for radiation protection considerations. : ' '
fuﬂ A1l estimates of health effects, as quoted elsewhere in this EIS, employ the risk fac-
' tors summarized in Table N.4. No special risks are considered to be associated with any
? B specific radionuclide except as reflected in the caiculation of their dose equivalent (in
;{ng rems) in the various tissues of concern. : o
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APPENDIX O

STATUS OF HYDROLOGIC AND GEOCHEMICAL MODELS USED TO SIMULATE
CONTAMINANT MIGRATION FROM HANFORD DEFENSE WASTES

This appendix presents information concerning the current suite of models used inm this
FIS to simulate the subsurface migration of contaminants from waste forms that might be dis-
posed of under the Hanford 200 Area Plateau. The models used in this EIS are belfeved suffi-
cient to support meahingfu? decisions in the context of the National Environmental Policy Act
of 1969 (NEPA}. Where uncertainties exist, évery attempt has been made to select input val-
ues for model parameters so that bottom-line calculations produce conservative estimates of °
impacts. A conservative value of a parameter tends to produce an overestimation of conse-
quences rather than an underestimation. Where reliable data provide realistic values of
parameters, the realistic values are used, Where appropriate, the degree of conservatism in
the ana]ytica] results is addressed, Also, indication is made where data or analysis tools
are technically Timited and where assumptions have been made. Every effort has been made to
select conservative parameter values and to make aséumptions that are conservative but

- reasonable.

This abpendix discusses the status of hydrologic and geochemical models and codes used
to predict potential radjonuclide and chemical movement away from the various facilities
{i.e., ponds, tanks, cribs, and grout vaults) that are covered in this EIS. It is included
as background informatien to use in Tnterpreting radionuciide transport projections made or
referenced in Appendix 0 and in Volume 1 of this EIS., The modeling is explained by describ-
ing the physical, geochemical and stratigraphic setting of the environmental system and
discussing conceptual, mathematical and numerical models applied to the Hanford Site. The
bulk of this appendix focuses on the aquifer system components (i.e., unsaturated zone and
the underiying uhconfined saturated zone). In addition to the discussion on the status of
models used for this EIS, some advanced aspects of modeting radionuclide and chemical trans-
port are presented, Available tools and data did not support the use of more advanced .
modeling approaches. However, the more simplistic approach chosen for this EIS has a heavy
refiance on conservative data values and modeling assumptions,

The following information is presented in several subsections: 1) a general description
of the stratigraphy underlying the 200 Areas at Hanford, 2) a conceptual model and associated
mathematical and computational description of hydrologic and solute. transport c¢odes used for
the unsaturated zone, and 3) a similar description for the underlying saturated aquifer. The
controlling physical and chemical phenomena depend strongly on whether or not a protective
barrier is placed over a given waste site.

The dominant transport mechénism in the_unsatubated zone will be stow diffusion of con-

taminants through the small amount of relatively immobile soil water where a functional,

undisturbed protective barrier is in place over any given waste site. Such diffusion may
move radicnuciides and chemicals to the edge of the barrier where downward infiltrating water
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advects the material downward to the unconfined aquifer. A conservative 10-m barrier over-
hang has been employed in all calcuiations to reduce potential for advective movement. A
design option exists to optimize this overhang to ensure that diffusion paths are suffi-
ciently long and performance standards are met. In addition to herizontal diffusion,
vertical movement via diffusion alone- bengath the barrier was also estimated.

Anaiyses also were done for cases of “disturbed" or "less~than-perfect" barrier per-
formance. In these cases, it was assumed that water leaks through the protective barrier,
leaches the wastes, and advects vertically to the unconfined groundwater aquifer. The abpen—
dix is designed to inform the reader of what data, assumptions and models were used for ana-
lyzing the thick, unsaturated zone under1y1ng the 200 Areas and the unconfined aqu1fer
between the 200 Areas and the Columbia River.

When contaminated water reaches the unconffned aquifer, it is dituted and hydrodynam-
ically dispersed by the flowing groundwater, - Reactive solute carried by the water is '
chemica]iy retarded as it migrates in a genera11y horizontal direction from the 200 Areas
toward the Co]umbia River. A1th0ugh the travel time in the aquifer is relatively short
compared to the residence time in the unsaturated zone, the concentrations of rad1onuc11des
and chemicals are s1gn1f1cant1y reduced by various natura) physical and chemical mechanisms.
Over forty years' experience in mon1uor1ng this unconfined aquifer with hundreds of wells has

resulted in a re1at1ve1y good understandlng of the behavior of groundwater and nonsorbed

contaminants in this zone. Monitoring data have been used to deve]op conceptual models of
the aquifer's physical and chemical characteristics and to calibrate the variable thickness
transient (VIT) code used to s1mu1ate groundwater mevement in the unconfined aquifer. The
impact of Hanford operat1ons {e g.; art1f1c1a1 recharge of coollng water, 11qu1d discharge to
eribs, etc.) and offsite activities (e.g., irrigation of farmland) on the future behavior of
the water table of the unconfined aquifer are analyzed. The impacts of radionuclides and
chemicals reieased from low-level waste disposaT sites are not modeled. However, the poten-
tial cumu]atlve effects of past and current waste dtsposa] operat1ons are addressed in Sec-
tion 5.1.4 of this EIS. ' ' '

0.1 STRATIGRAPHY BENEATH THE HANFORD ZOD'AREAS

A detailed descript1on of the stratigraphtc units underlying the Hanford Site can be
found in the Environment Assessment of the BWIP (DOE 1984a). The f0110w1ng summary of the
stratigraphy is taken from that material. The Columbia River Basalt Group (see Figure D 1)
underlying the Pasco Basin and vicinity consists of three format1ons, Grande Ronde, Wanapum,
and Saddle Mountain Basalts (Swanson et al. 1979},

. U, ..Sedimentary rocks of Miocene age 1nterbedded with the basalts in the
basin are des1gnated the Ellensburg Formation (Brown 1959; Newcomb et al. 1972) "

"...0verlying the basalts and interhedded sediments in topographic and
structural Jows of - the central Columbia Plateau are semiconsolidated sediments of
the Mio=Pliocene Ringold Formation {Merriam and Buwalda 1917). The thickest
sequence of Ringold Formation sediments occurs in the Pasco Basin where coarse-
to-fine-grained clastic sediments were deposited by ancestral rivers. These
sediments outcrop. al1 along the White B]uffs east of the Site. Erosion since
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their deposition has reduced their thickness to a range from zero to 450 feet
beneath -the 200 Areas Plateau. In the central Pasco Basin the Ringold Formation
is informally subdivided into four fluvial facies; basal, iower, m1ddle and '
upper Ringold units (Tallman et al. 1981; Bjornstad 1984) '

“The Quaternary Period in the central Columbia P1ateau is dominated hy i
Plefstocene catastrophic floods that scoured the Channeled Scablands and depo-
sited .glaciofluvial sediments in topographic Tows. In the Pasco Basin, the
glaciofluvial sediments are designated the Hanford Formation."

?Loess, dune sand, aliuvium, as well as landslide debris, colluvium and
talus veneer the flanks of the basaltic ridges bounding the Pasco Basin. These
deposits range from Pleistocene-to-present 1n age - (Myers et al. 1979; :
Price et al. 1979)."

“The major stratigraphic units present ... [beneath the Hanford Sitel ...
are the Grande.Ronde, Wanapum, and Saddle Mountains Basalts of the Columbia River
Basalt Group; and the Ellensburg, Ringold, and Hanford Formations, which.are
major fluvial units. A thin vepeer of surficial sediments is present over much
of the area,..."

More detailed descriptions of stratigraphic units will .be Timited to the semiconsq1idated and

o unconsolidated deposits associated with the unconfined aquifer underlying the Hanford Site,

Ly The Ringoid Fermation

s ' “The Ringold Formation overlies the Columbia River Basalt Group within most

‘ - of the Pasco Basin, except where 1) basalt outcrops, 2) the glaciofluyial Hanford

Sz formation onlaps ridges above the margin of the Ringold Formation, or '3) the
Ringold Formation has been eroded and Hanford Formation sediments have been

- deposited directly on basalt. Based on fossils and palegmagnetic data in the
Pasco Basin, the Ringold Formation is interpreted to range from 8.5 million years

R {post-Ice Harbor Member} to 3.7 million years in age (Ta1iman et al. 1981,

) pp. 2-26}, Ringold Formation sediments were depos1ted in a fluvial env1ronment

Py, with some lacustrine and fang1omerate facies."

"...The basal Ringoid unit represents a2 complete fining-upward, fluvial
cycle consisting of three subunits., These are from oldest to youngest: 1) a
coarse facies, 2) a fine facies, and 3) a paleosol. The coarse facies is com-
e posed of an angu!ar medium=-to-coarse sand and well rounded, polished, cobble
grave]....

“"Overlying the basal R1ngo1d unit coarse facies is a conformab]e sequence of
s ‘ cross-laminated and micaceous, Tight-colored mud {e.g., mixture of siit and clay)
and sand that marks the transition to a lower-energy fluvial environment., This
facies grades upward into and is capped by a well-developed: Taterally extensive
paleosol. The paleosol is composed of two relic soil horizons: a laminac to
massive, white caliche representative of a "C" horizon overlain by a massive,
olive-calored, alluvial "B" soil horizon."

“Laminated silt and clay comprise the lower Ringold unit overlying the basal
unites.. It...is distinguished by: 1} the presence of primary sedimentary
structures, 2) a distinct gray versus olive color, and 3} a significantly higher
natural gamma response in the geophysical logs."

"The middle Ringold unit 1s texturally and mineralogically similar to sandy
gravel of the basalt Ringold facies (Tallman et al. 1981, pp. 2-13 through 2-19}
- except for a higher proportion of quartzite-to-volcanic porphyry 1itho1ogies for
the middle Ringold unit. Locally, the middie Ringold unit-sequence is 1nterca—
Tated with thin zones of current-laminated sand and mud,"

"The upper Ringold unit...consists of aiternatively bedded and laminated
sand and mud representative of a low-energy fiuvial environment. -The maximum
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elevation of the upper Ringold unit was probably much higher at one time as

- indicated by the present elevation of the upper Ringold unit preserved in the
White Bluffs to the east.... Large variations in the thickness of the upper
Ringold unit...are primarily due to erosion by more recent local streams....’

The Plio-Pleistocene Unit

"Overlying the Ringold Formation.,.is the PTio-Pleistocene unit that con-
sists of two subunits: a fanglomerate and a paleosol. The fanglomerate facies
is generally composed of angular, poorly sorted, gravel derived from the mass
wastage off the r1dges strrounding the Cold Creek synciine (Bjornstad 1984}.  The
basaitic gravel is often intercalated with zones of loess and caliche, which rep-
resent intermittant periods of alluvial fan stabiliZation.... The Plig=
Pleistocene. unit appears to. correlate with. fanglomerate sequences present. near
the base of the basaltic ridges that bound the Pasco Ba51n on the north, west and
south."

The Hanferd Formation

"Catastrophic flood deposits of the Hanford Formation were deposited when
ice dams in western Montana and northern Idaho were breached, allowing large
volumes of water-to spill across eastern and central Washington {Bretz 1923,
.pp. 51 through 55). ‘Evidence exists for multiple floods; however, the exatt
timing and frequency of these floods is undetermined (Baker 1973, pp. 123 and
124). Most of the sediments are Tate Pleistocene, with the tast major fiood

. sequence dated at approximately 13,000 years before present (Mullineaux et al.
1977, p. 1105}, These deposits (referred to as the Hanford Formation in the-
Pasco Basin) are composed of two facies; a flood facies (Pasco Gravel) and -
slackwater:facies {Touchet Beds}."

“Pasco Gravels are composed of coarse sand and gravel. They -are restricted
mainly to the late Pleistocene flood bars that developed along high-energy flood
channelways.... Touchet Beds are a rhythmically bedded and fine-grained, slack-
water flood facies deposited away from the flood bars and: genera]ly toeval w1th
the Pasco Gravels...."

0.2 PHYSICS AND CHEMISTRY OF THE AQUIFER SYSTEH

The aquifer system at Hanford of central importance to this EIS is. composad of a -single
unconfined saturated zone covered by a single unsaturated zone.. The term "saturated" refers .
to the water-filled voids in the porous medium. In a saturated-zone, such void space is typ-
ically filled with water. In a partially saturated or unsaturated zone, the v01d space con-
tains both water and air. The upper port1on of the saturated zone is referred to as the
phreatic zone or the unconfined aquifer, and_the part1a1Ty saturated zone is referred to as
the zone of aeration or the vadose zone. They are separated by the water table,'that loca-
tion in the aquifer system where the pressure is atmospheric. Both the'unsaturated zone and
the upper unconf1ned saturated zone support a significant level of structura] comp]ex?ty,
aspecially over 1arge tateral dzmen51ons.

The sediments of central importance to this EIS are 1) semiconsolidated sediments of the
Mio-Pliocene Ringoid Formation, 2) glaciofluyial sediments known as the Hanford Formation
deposited by the Pleistocene catastrophic floods, and 3) Joess, dune sand, and alluvium that
veneer the flanks of the basaltic ridges. These sediments coemprise the:vadose zone and
unconfined aquifer that underlie the Hanford $ite. The uncomfined aquifer is most strongly
influenced by local phenomena such-as drainage from Dry Creek and Cold Creek Valleys, stage
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. of the Columbia River, infiltration of precipitation, and infiltration of waste and/or rela-

tively clean process water from the current operation of the facilities at Hanford. For this
EIS, it was assumed that the regional groundwater‘syétem of the Pasco Basin and, hence, the
deeper basalt formations have a negligible effect on the near-surface unconfined aquifer,
Therefore, modeTing activities emphasized the upper semiconsolidated and unconsolidated
deposits and the soil moisture and groundwater they contain. This assumption of isolation
hetween the unconfined aquifer and under1yihg upper unit of the confined system may not be
totally valid (Dove et al. 1982). There is some'evidence-of erosional: windows where the
uppermost basalt confining layer may be missing.' However, there must aiso exist a driving
force due to head differences above and below the confining layer. The aquifer intercom-
munication effect, if any, seems heg1igib1e from the standpoint of contaminant transport
{Graham 1983}, Iodine-129 has been found in monitoring wells in both confined and unconfined
aquifers on and off the Hanford Site. The significance of this finding relative to aquifér
intercommunication has not been shown {WHC 1987}, ; :

Flufd flow and solute transport differ significantly. in the vadose zone compared to the
unconfined aquifer. Because ‘the void space in the vadose zorie is occupied by water and air,
fluid flow.can occur in either phase. -The ability of any porous medium to conduct water
relates directly to its hydraulic conductivity, and this parameter can be sévehal orders of
magnitude smaller in a vadose zone than in a saturated zone. Water has a greater affinity
than air for the smaller voids. Therefore, the less water there is ip the systém, the more
difficult it is for water to pass through the porous material. Hydraulic conductivity in the
vadose zone is a highly nonlinear function of the suction pré55ure and the water content
(i.e., percent saturation) of the soil-meisture in the porous medium. Transport of a-solu-
bilized contaminant through a porous medium correlates with pore-water velocity. This
velocity “is directly related to the volumetric discharge and inversely related to the water
content of the porous medium. In other words, it can take an incredibly -long time for a -
smail -amount of water to pass through relatively dry sediments compared to the Tength of time
required to .transect wetter, but still unsaturated, sediments. Transport may be further
affected by geochemical fnteractions between-the contaminants and the porous material.

The spatial and tempdra} variability in geohydrologic propertieS'and microciimate play
an important role in determihihg the hydrologic response of the system. Spatial variability
in the,thicknesé of both the vadose zone and the unconfinéd aquifer depends on the spatial =
vabiabi]ity of the geologic deposits, the elevation of the land surface, the elevation of the
10w—pefmeabi1ity pbfous or fractured media that form the hydrologic bottom of the unconfinad
aquifer, andithe elevation of the water table. The elevation of the water table is,_in turn,
affected by spatfa1 and fempora1 variability in natural events (e.g.; preéipitation)7and man-
caused'factors'(e.g., infiltration from ponds, ditches, irrigation). Spatial variability
occurs also in key water flow parameters, including hydraulic conddctivity, porosity, and
storativity. To 1end perspective on the spatial variability of subsurface hydrolegic flow
parameters, one only need lock at today's land surface and the variations in material types
{e.g., clay, silt, sand, gravel) being deposited or eroded by wind, rivers and Takes.
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Solute: contaminant transport in the subsurface is controlled by advection (hydrodynamic
dispersion), molecular diffusion, and geochemical interactions. Advection and hydrodynamic
dispersion -refer to movement of solute at a rate dependent .on the various -water pathways and
velocities. Molecular diffusion refers to the gradual mixing of molecules of two or more
substances as a result of random motion and/or a chemical concentration gradient. Diffusive
flux spreads solute via the concentration gradient (i.e., Fick's Law}. Diffusion is a domi-
nant' transport mechanism when advection is insignificant and is usually a negligibie trans-
port mechanism when watef is being advected in response to various forces.  Variability in
the advection process gives rise-to_é third transport process called hydrodynamic disper-
sion. Hydrodynamic dispersion is-.a result of variability in travel paths, ey velocities,
taken by advected solute. 3

Groundwater systems subjected to the release of contaminants undergo a geochemical -evo=
lution, ‘In other words, the contaminants interact geochemically with the water in the sedi-
ments and the sediments themselves. Two key reactions are disselution/precipitation ‘and
adsorption/desorption. We assume the system is ordiginally in-a state of geochemical equi-
librium between the solid particles and the ambient waters. The aqueous and solid phases are
then altered by the -introduction of contaminants, and there is a tendency to approdch a new
equilibrium. This is a kinetic (i.e., dynamic) process requiring a finite time for comple-
tion. However, it may occur-rapidly relative to long time periods {i.e., thousands of years)
of interest in this EIS, Therefore, we have -assumed an instantaneous.equilibriuﬁ reaction
for EIS level assessments. Geochemical processes may also be irrevefsib]e or at Teast direc-
tionally dependent (e.g., adsorption and desorption may be'represented by dffferent mode

-parameters) and yet a reversible assumption and single-valued model parameters may often be

employed. Given the tremendous increase in complexity. introduced by adding chemical kinetics
and considerations. of irreversibility, the assumptiens of instantaneous equi]ibrium*and
reversibility seem justified for this EIS assessment. Equilibrium reactions can be medeled
with equilibrium thermodynamic reTations, Whether viewed as kinetic or equiiibrium reac- .
tions, there are spatial and temporal distributions of chemical speciation (variations in.
chemical form}, adsorption/desorption reactions and precipitation/dissolution reactions
occurring in the aquifer system. These reactions Tead-to the radionuclide retardation
mechanisms of 1) chemical precipitation/dissolution of Bu]k sotid phases, 2) chemical sub-
stitution of one element for another in a solid phase, 3) exchange .of a stabTe.isotbpe of an
element with a radibactive isotope in solution, 4) cation and anion exchange, and 5) adsorp—
tion (Mulier, Lamgmuir and Duda 1983}, Typically, all these mechanisms are fo!ded into a
single empirica1 distribution coefficient that 1mp11c1t]y assumes the reactions go to equili-

brium and are revensibTe, and the chemical environment along a solute flow path does not vary

in either space or time. The Timitations associated with this assumption are well known to
the authors, but the paucity of Hanford geochemical data precludes a more rigorous anainTS
at this time. Furthermore, every attempt has been made to use .conservative estlmates,
assumptions and Judgmentg when data are 31m1ted

Microbiological reactions are.not considered in the retardation or .acceleration of.radi-
onucTide transport. In addition to possible effects of microbiological degradation on waste
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form leach rates, there is some ‘indication that radionuclide migration rates.could also be
influenced by a microbial presence (West et al. 1982; West and McKtnley 1984; West et al.
1985). 'Mobile microbes may transport, either internally or externally, sorbed ionic- or
particle-bound radionuclides while micro-organisms may cover the surfaces of rocks, thus
decreasing their retardation of aroundwater-transported species. In addition, the presencé
of microorganisms can affect groundwater chemistry by altering pH and Eh, thus catalyzing
specific REDOX reactions -and chemically altering mineral surfaces, and by introducing_1ab11e
organic byproducts. Such changes in groundwater chemistry woqu_alter'radionuclide soTubil-
ity, speciation and sorption in a complex manner. However, too Tittle quantitative data have
been derived to incorporate microbiological effects in transport equations. Once again, 7
every attempt was made to be conservative in the amount of safety credit assumed for radio-
nuciide retardation {geochemical interactions) in the geomedia.

0.3 THE CONCEPTUAL MODEL

The formuTaFion of the conceptual model(s) is by -far the most important and difficult
step in any risk or safety assessment, The conceptual model or models of a geohydroldgic
system (i.e., unsaturated zone and uppér unconfirned saturated zone) are the s1mp11f1ed
description of geological strata and the physical and chemi cal phenoména important to water
movement and solute transport_within thelsystem. Existing Hanford 1nformation on well Togs,
water levels in wells, and water quality (chemistry) data are interpreted by hydrogeologists
and geochemists to yield one or more conceptual models in concert with a1l_observat10ns. The
conceptual model{s) is the analyst's evaluation of how the complex natural system works. To
remain current and defensible, the conceptual model must be continually reviewed and updatéd
as new field and laboratory data are collected and greater insight is gained regarding the
complex subsurface environment and- its response to human activities. Another important fac-
tor in conceptualization is keéping track of chéngeé"in irrigation and water disposai prac-
tices at or near Hanford since such activities can significantly affect the conceptual
mode1(s). The review process ensures that continuing data collection programs are responsive
to the unresolved physical and chemital ‘issues in the conceptual model, and that inconsisten-
cies do not develop between the conceptual model (formuTated and used for continuing per-
formance assessment predictions) and more recent field observations and interpretations.- In
other words, the models used for predicting the future must be shown to adequately reflect
the past and the present data. ' '

Due to a limitation of data, the conceptual model(s} of the unsaturated (vadose) zone

"demonstrates a rather high degree of'uncertainty; however, every attempt has been made to be

conservative. The conceptual model of the Hanford unconfined aquifer system is quite reli-
able in that it is based on the extensive surveillance data collected over the last forty .
years at Hanfbrd; These data were also used to calibrate the computer codes. Certainly,
because only a finite number of points are samp]éd to define:the.continuum of the entire
site, thelconceptua1 model is to some extent subjéctive; The following discussion first
describes models of water movement in the vadose (unsaturated) zone in the underlying uncon-
fined aquifer and then . describes models of geochemical interaction and transport in both
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zones. . The current conceptual model (below) represents DOE's understanding of the present
gechydrologic system beneath the Hanford Site. In many instances hypothetical release sce-
narios described elsewhere in this EIS include changes in the climate and water management
practices, and the emplacement of protective barriers. Predictive modeling and experf judg-
ment have been used in the fncorporation of such changes into the conceptual model({s} of
future conditions beneath the Hanford Site. .

0.3.1 Water Movement in the Vadose Zone

0.3.1.1 Funct10n1ng Protectlve Barrler In Place

With a protective barrier in place over the waste s1tes and operat1ng as designed, it is
assumed that no water jnfiltrates the wastes and the underlying vadose (unsaturated) zone.
This is the anticipated condition which results in insignificant water movement in the vadose
zone. In the absence of advecting water, the movemént of contaminants is restrfcted to the
very slow process of diffusion through:the sfatic water column in response to a concentration
gradient, Such diffusion is only. 1mportant because of the very long EIS assessment times
(e.g., thousands of years). :

Soil moisture already present in the porous medium beneath a protective barrier will
seek a new equilibrium after placement of the barrier. With the barrier in place and after
the soil moisture has reached a new equilibrium, vertical rédistribution of soil moisture
near the waste form will be greatly reduced and become negligible as a contaminant transport
mechanism in comparison to diffﬁsion of contaminants through the re]ative1y immobiTe soii
water. Greater jso]étion of the waste is achieved when the waste form (e.g., tank waste,
grout, etc.) is stored further from the edge and closer to the center of the barrier, thus
being free'from the small degree of 1atera1'm0Vement of water from zones beyond the ‘edge of
the barrier to zones slightly beneath the barrier, Water fﬁave] times associated with path-
lines TabeTéd (b),=(c),'(d), etc., in Figure 0.2 increase compared to that of the essentially
vertical one labeled (a), and the travel times become greater as the pathline origins become
more distant from thaf of {a}. We assume, based on pre]iminary performance assessment model-
ing and f1e1d experience at other sites, that wastes at Hanford can be effect1ve1y isolated
with a proper]y enngeered and und1sturbed protect1ve barrier. Performance assessment of the
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protective barrier will require an accurate model of water balance within the barrier and
source release and migration through the vadose Zone to the water table. Model analysis
should consider the empIacement of wastes .and construction of the protective barrier.
Simulations presented in this EIS are based on’the assumption that the soil profile is
currently in an equilibrium state of drainage and that the travel time of moisture to the
water table can be estimated, Once the protective barrier is placed over the waste, existing
s0il moisture will drain from the soil pr0f11e more s]owly as the new cover moisture equili-
brium is approached. Travel times from the waste depos1t w111 increase. Pore water veloci-
ties may initially be very similar to those of the.current'equiiibrium sfate. However, as
the barrier takes effect, the velocity will drop and travel times will increase. As equili-

" brium is approached in the soil moisture profile beneath the prdtective barrier, the waste

form will be increasingly isolated from the deep unconfined groundwater system.

0.3.1.2 MNo Barrier or Less-Than-Optimal Barrier Performance

If ‘any water does geteto the various waste siteé,.due either to the absence of a protec-
tive barrier or less-than-optimal barrier performance (Appendix M), then this new water would
be introduced into the relatively thick and dry unsaturated {(vadose) zone underlying the
Hanford Site. Flow of water in the vadose zone occurs in response to the gradient of the
total potential and is.strohgly influenced by éoiﬁ_texture (i.e., sand, silt, clay). Under
conditions of significant infiltratfon in a given geologic medium due to unﬁform'rainfa]1/
prec1p1tat10n and evapotranspiration, water movement 1n the vadose zone, if any, can be
visualized as occurrfng in a vertical column and being 11m1ted to the vertical direction.
Under these conditions, with syfflc1ent prec1p1tat1on, ‘the major driving force is the grav1ty
poteﬁtia].'.ln the vadose zone, under eonditions of pond or tank leakage (i. €. point source
infiltration), moisture movement could occur in a horizontal direction. Furthermore, “hori-
zonta1.1ayering of tight_(iow permeabiTity) materials can lead to some lateral spreading
which would result in a delay.in arrival times calculated for a mare porous average soil.
However, such layers are rarely continuous over sjgnificant horizontal distances, and the '
water will normally resume a vertical flow direction. One reason to retain the assumption of
vertical water movement in this EIS is the paucity of soil water characteristic data for
Hanford soils within the three-dimensional sofl system. Furthermore, this is the conserva—
tive approach, A knowledge of the spatial and vertical variations in hydrologic information
would be necessary to.define the existence and. extent of one or more sediment layers that
could spread the water horizontally and somewhat reduce the transport times and concentra-
tions of radionuclides and chemicals to the unconfined saturated aquifer.

Soil moisture in the porous medium beneath a protective barrier may be subjected to
direct infiltration if the barrier is disrupted (see Appendix M). To demonstrate. the poten-
tial impact of such a disruption, a barrier rempval event was arbitrarily assumed to coincide
with a future (wetter) climate change which is assumed to occur 500 years after the_lqss of
Site institutional control; i. e., in the year 2650. Barrier removal iﬁp]ieS'the removal of
the upper-layer sands, silts and cobb1es, 1eav1ng exposed . basaTt riprap w1th some silt and
sand in the interstices. A soil removal scenario. is assumed such that 50% of incipient pre-
cipitation would infittrate the basalt riprap and that this infiltrating water would directly
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contact 10% of the waste stored beneath the barrier. Thus surficial barrier removal is not
estimated; rather, barrfer removal is assumed to be sufficient to expose 10% of the waste
inventory to direct Teaching, It is important to recognize these waste leaching factors as
assumptiens, not calculated predictions. However, the water movement pred1ct1ons in the
vadose (unsaturated) zone were based on the aforementioned modeling.

0.3.2 Water Movement in the Saturated Unconfined Aquifer

In the current conceptua! model of the unconfined aquifer underlying Hanford, the aqui-
fer 1s assumed to be a porous medium vertically homogeneous and horizontally. heterogeneous.
At any given point in space, just the opposite {i.e., vertically heterogeneous and hor1zon-
tally homogeneous) is the proper assumptton, However, at Hanford thervar1ous 1ayers, when
tracked over any lateral extent, are undulating and/or discontinuous; a certain 1ithotogical
layer may be 100 ft deep in one borehole and 150 ft deep in another. Therefore, a conceptual
model of the system is assumed horizontally. The water table is the upper extent of the:
unconfined aquifer, and, in the existing calibrated model of the Hanford Site (Reisenauer
1979%,b,c) local infiltration through the vadose zone has been assumed negligible with
respect to fluctuating levels of ‘the water table. Onsite waste water diseharge practices and

offsite irrigation have, however, been taken into consideration with respect to changtng

water table elevations in the future. The Tower limit of the unconfined aquifer is the upper
basalt surface or, in some areae, the clay zones of the lower unit of the Ringold formation.
These formations are believed to form a Tow—perméabi]ity bouhdary and eupp1y a negligible
quantity of water to the aquifer. Therefdre, it is aseumed that the bottom of the unconfined
aquifer is impermeable. Although this assumption may not be totally valid, the consequences
of making it, from the contaminant transport standpoint, are deemed 1ns1gn1f1cant.

Atthough the RingoTd formation exhibits distinct 1ayering, aquifer parameters are

assumed to be vertically homogeneous. Spatial or horizontal variability within the Ringold -
formation has also been observed and there are basalt outcrops that complete]y intérrupt the.
format1ona1 continuity. These outcrops, notably Gable Butte and Gable Mountain, are composed
of less permeable material than the surrounding Ringeld formation; therefore they. are assumed
to be Tmpermeable islands within the aquifer. Variability in the conductance of the uncon-
fined aquifer is related to both the hydraulic conductivity of the medium and the thickness

of the aquifer, both of which vary significantly over the Hanford area. This 0vera11 hori -
zontal variability in conductivity is mode1ed with a spat1a11y varying (i.e., heterogeneous)'
transmissivity distribution. '

Water is introduced to the aquifer as.run—off from the higher- elevations;. as infiltra-
tion from ponds, trenches, and cribs currently operated by the Department of Energy; as
recharge from the Yakima Rfver; and possibly as natural recharge through Hanford area sedi-
ments.  Groundwater from the unconfined aquifer discharges to the Columbia River. Basalt
formations of the Yakima Ridge, Umtanum Ridge, and Rattlesnake Hills form Tow-permeability
boundaries to the south and -scuthwest that are assumed to be essentiaily impermeable (see
Figure Q.1 in Appendix Q). Run-off and any infiltration from these formations, Cold Creek
and Dry Creek VYalleys, and the basalt outcrops are assumed to enter the aquifer at the
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assoclated section of the model boundary. To the north and east, the unconfined aquifer is-
bounded by the Columbia River, and to the southeast the aquifer is bounded by the Yakima
River. On these boundaries the elevation of the water table is specified by the elevation of
the river. The current]y calibrated model of the unconf1ned aquifer includes the release of
water from ponds, trenches, and cribs associated wjth the operation of the Hanford 3ite. -
Most simulations conducted under this study begin in the year 2150, 100 years after Site clo-
sure. Therefore releases of water associated with present. Site operation have been
discontinued.

As discussed in Yolume 1 of this EIS, scenarig¢ analyses use water infiltration and
recharge rates of 0.5 and 5 tm/yr to represent current and wetter conditions. This water is’
applied uniformly over the Site. These values are applied as average values over all timé
and -do not represent minimum or maximum infiitrations for any giveh year over a lb,OUD-year
analysis period. Furthermore, for sites with a protective barrier, no such finite levels of
infiltration are expected as long as the barrier is undisturbed. A

Field studies conducted at'Hanford under‘;he National Low-Level Waste Management Program
have shown that when the major part of the annual precipitation occurs during months with low
average potential evapotranspiration and where soils are vegetated but coarse-textured and

- well-drained, significant drainage can occur'from the root zone {Kirkham and Gee 1984},

While not a general statement for the entire Hanford Site, this finding suggests that in
those areas of the Site having coarse-textured soils and sparsé or no vegetation, one'could
expect infiltration to supply water to the unconfined aquifer in measurable quantities during
wet yearé. A praviously conducted study, using lysimeters near the 200 East Area, concluded
that unsaturated sediments reta1n 11tt1e or no additional water under existing arid climate

- conditions (Isaacson and Brawn 1978; Last, Easley and Brown 19?6) From an analysis of water

storage for one of these lysimeters for over a l4-year period (Fayer, Gee and Jones 1986),
the evidence suggests that deep-rooted plants have been successful in cycling meteoric water
which has infiltrated into coarse~textured soil. These differing results underscore the
important contributions of soil and vegetat1on to the variability in the distribution of
infiltration over the entire Hanford Site, A range of values of 0.5 to 5 cm/yr was used to
represent current and wetter conditions which may vany with time.

The range of annuai recharge at a g1ven location depends upan soil texture, piant cover,
and topography as well as pre;1p1tat1on intensity and frequency. Recharge at Hanford may
vary from zero to values in excess of the annual precipitation {(Fayer, Gee, and Jones 1986§
Walter et al. 1986). For this reason, it is unacceptable to arbitrarily select a fraction of
the annual precipitat%on or evaporation’(aé proposed by Narasimhan, White, and Tokunaga“
1986), as an estimate of the annual recharge. The recharge at an unprotected site {i.e.,
where there is no protective barrier) may vary considerably from year to year; hence, a range
of recharge vaiues is possible. Given the present understanding of recharge at the Hanford
Site, a lower limit of 0.5 cm/yr was selected to represent a possible non-zero value for
unprotectéd sites (see Appendix M.5.2.4 for a discussion of evidence suggesting an even lower
Timit or retharge than 0.5 cm/yr; see also page xxix). Wetter conditions'(due to wetter
c1imate,.bare or coarse so0ils, topographic effects or combinations of these factors) at
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unprotected sites are refiected in the 5 .cm/yr recharge value. At 5 cmfyr, and at typical
water contents (5 to 10% by volume} and travel lengths (50 to 65 m), water-soluble _ .
contaminants will move tHrough the unsaturated zone in less than 100 years, so that Tong-term
isolation of soTuble contaminants is not possible. Therefore, the rate of 5 cm/yr is used in
this EIS to reflect -any condition where the site s unusually wet due to a wetter climate or '
unusual surface characteristics, i.e., coarse gravel surface, void of vegetation.

0.3.3 Contaminant Transport in the Total System (Vadose Zone and the Unconfined Aquifer)

The previous discussions focused on the essentially vertical movement, or 1ack thereof
of water in thé'unsaturated {vadose} zone and essentially horizontal flow of water in the
unconfined saturated aquifer that ultimately dTSChaneS to the Columbia River. The following
discussioh,cuncerns contaminant transport away from the waste sites, down thhough the unsatu-
rated zone and then horizontally through- the unconfined aquifer to the river. It is signifi-
cant. that many natural physical and chemical mechanisms act along these flow paths to
radicaliy delay the travel time and decrease the cdncentration of many radionuclides and
chemicals. In simple terms, contaminants can be removed from the water via precipitation as
solids or adsorption {plating out) on the natural sediments through_which the water flows.
Precipitation may occur because a solubility limit for a specific radionuclide or chemical is
exceeded, of a mechanism similar to crystallization may occur.

The conceptual model of the Hanford Site emp]oyed'in this EIS considers radionuclide
transport as occurring in streamtubes originating at the contaminant source and traversing
first the vadose zone in predoanantTy a vertical direction and then the unconfined aguifer

-in pred0m1nant1y a horizontal direction (see Figure 0.3). These streamtubes are assumed to

Land Surface

RS
Waste

Vertical Pathlines
of Infiltrating Water
Vadose Zone ' Water Table

- Horizontal Pathiines

of Groundwater Fiow
Traced on the Water Table

Unconfined Aquifer

Columbia River

FIGURE 0.3. Depiction of the Streamtube Approach to Transport in the Vadose Zone
:and the Unconfined Aquifer
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be vertical in the vadose zone. Any lateral movement due to layering would only add to the
tortuosity and travel time dand decrease the concentration. Streamtubes in the unconfined
aquifer are defined by the aforementioned groundwater model pathlines. The width of any
streamtube in the unconfined aquifer is simply defined by the projection of the cross-
sectional area of the associated source (waste site) width to the water table. Thus stream-
tubes arising .from different sources will have different widths. Mo dilution is being
assumed for hydrodynamic dispersion, laterally, within any given streamtube, but the original
plume is spread, and thus concentrations reduced somewhat, by dividing the contaminant plume
among the various streamtubes in the transport modei. Stratigraphic and spatial detail in
the vadose zone sediments are not sufficient to suggest the existence of a continuous and '
significant horizontal short cut in the transport pathway, especially since the 200 Areas are
so far from the Co1umbia River. So0il moisture characteristic curves, relative conductivity
curves, and saturated hydrau11c conductivity values have not been obtained for the spatial
variation of vadose zone sediments at depth

Radionucliide transport is influenced by the processes of advection, hydrodynamic dis-
persion, d11ut1on, chemical retardation, and decay. The same is true for chemicals except
that they do not decay. Advection, if any, is defined by the pore-water velocity (speed and
direction}, which varies in each streamtube, When a distinct advect1on transport pathway is
modeled within the vadose zone (i.e., for the less-than-optimal barrier performance
scenarios), dispersion phenomena are characterized by a diffusion-type dispersion coefficient
that is a function of the travel time (i.e., the time required for moisture to traverse the
vadose zone}. Within the unconfined aguifer, 10ngitudina1 dispersion is 1ntroduced'thrbugh
the variation in travel times among the varjous streamtubes that conduct radionuclidéé and’
chemicals away from the source. There is no defined dispersion coefficient within a giveh
streamtube, but the water travel time varies from streamtube to streamtube and thus hydro-
dynamic dispersion, or plume spreading, is introduced via averaging over all the different
streamtube velocities. The dispersion model considers Tongitudinal dispersion but negiects
transverse dispersion. By neglecting transverse dispersion within a giveh streamtube, solute
mass that would actually migrate to adjacent streamtubes is retained 1h the originating
streamtube. . Thus the concentration and its spatial gradient will be higher in predictions
than in reality. This means that conservative peak concentration and travel times will be
predicted in the analyses. Radioactive decay is modeled with the standard half-life model.
The use of the linear sorption isotherm model and its limitations in representing retardation
are described in the geochemistry subsections. '

0.3.4 Géochemica] Interactions--Retardatipn

Retardation encompasses all processes that hinder solute migration in solution, includ-
ing ideal jon exchange, isotopic exchange, mineral precibitation, co-precipitation in amor-
phous coatings, chemisorption or specific adsorption onto surface sites of solid adsorbents,
redox or hydralysis-mediated precipitation/sorption, and physical filtration of small parti-
cles. Of most interest are adsorption processes, defined as the.surface processes by which
radionuclides or chemicals. in solution become-incorporated onto the.solid phase surfaces.

The term "adsorption" is more general and includes more processes than ideal ion exchange but
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excludes précipitation of identifiable mineral or amorphous solids and physical filtration of
particles. It is important to separate and distinguish precipitation, physical filtration,
and adsorption processes. This separation is not always easy because of Timited data on sof-
ubiTity limits and speciation (compiexation) of some radionuclides and chemicals. It is
important also to note that radionuclides and/or chemicals may exist as one er'more species
(chemical forms or complexes) and that speciation can change in the subsurface environment
because of natural changes in Eh, pH and pore-water chemistry. ' ‘

Measurement of the ratjo of adsorbate between the solid phase of interest (T.e., rock,
sediment, or soil) and the solution phase_(i.e., s0il water er groundwater) is commonly used
to quantify adsbrption teﬁdencies. Severa1:somewhat standardized 1aboratory_techn1ques
(Serne and Relyea 1983) are commonTy used to determine the ratio. The ratio or distribution
coefficient is often called Kd,;D, or Rd; Confusion arises because the term fdistribution
coefficient" has been used by scientists from diverse disciplines much more selectively, and
these same symbols have been used to represent 6ther parameters. '

Most laboretory experiments performed to measure distribution coefficients for radio--
nucT1des and chemicals are not designed to systemat1ca1]y 1nve3utgate the effect of 1mportant
parameters and do not attempt to identify the processes causing the observed adsorption. -
Because the studies are empirical in nature, the symbol Rq 1s used for these types of values.
Rq values are easily measured in the laboratory, especially by batch experimentation. Being
an empirical measurement, the Rd value does not necessarily represent an equilibrium value or
require’ some. of the other assumptions finherent in the more rigorous use of the term Kd' Ry
is thought of simpiy as the observed d1str1button ratio of nucTide or chemical between the
solid and solution phases. K4 is reserved for equilibrium reactions that show reversibility
and reactions that do not yield a distribution ratfo that is dependent on tracer concentra-
tion in solution. ' .

The conceptual model of geoclemical interactions used in the transport. equation to
assess radionuclide or chemical retardation.at Hanford is Timited to the Tinear distribution
coefficient or K4 approach. The simplicity of this approach is recognized as a potential
technical limitation in such modelfng_efforts. Because kK, data do not exist for the spectrum
of soils underlying Hanford, single conservative values of K4 have been adopted to represent
individual radionuclides in all media. Thus the influence of spatial variability in media is
not addressed in the model of adsorpt1on applied here, Conservative values of Kq have been -
selected whenever a range exists. In other words, within the constraints imposed by the K4
approach end the available data, every attempt has been made to be conservative. However,
for a veriety of reasons, this total K, approach in handliing geochemieal interactions of the
contaminant “source and subsequent interactions betweén mobilized contaminants and the subsur-
face geochemical environment cannot be stated as necessarily conservative. More desirable
approaches are required to conduct equilibrium geochemical modeling and coupled solute trans-.
port and geochemical modeling. Sueh approaches are the subject of ongoing research. Tt will
be several years, however, before modeiing the chemically complex defense waste system '
(radibnuciides and chemicals) on the scale of the Hanford Site can be addressed by this more
rigorous coupled solute transport and geochemistry methodology.
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0.4 MATHEMATICAL AND NUMERICAL MODELS

Computer-based numerical wodels are the resuit of applying a numerical technique to a
mafhematicq] model and developing a computational analogue (code) to the mathematical model.
Nuherica1 techniques reduce the partial differential equations to an algebraic system of
equatiohs that can be solved by iterative or matrix computer methods. WNumerical techniques
commonly applied to mathematical models of geohydrologic systems include finite-difference
methods, finite-element methods, boundary-integral methods, and random-walk methods.

The numerical models that have been applied in this EIS to determine radionuciide migra-
tion from the 200 Areas plateau and the 300 Area disposal sites range from simple to moder-
ately complex. At the complex extreme, the cdmputef-based Vériab1e Thickness Transient (VTT)
code {Reisenauer 197%a,b,c) is used to compute hydraulic head,'pathlines, and travel times in
the unconfinéd'aquifer. Even more complex, three-dimensional models, or more appropriately
stochastic modeling techniques could be app1fed if such accuracy and resolution were required
and the data available. At the simple extremé, a ‘unit hydraulic gradient assumption gives
rise to a relatively straightforward hand calculation for the vertical movement of moisture
in the vadose zone. Use of these two methods in the same ana1ysi§ is appropriate since each
mode] uses the available data from its respective domain (i.e., urconfined aquifer, vadose

zane).

The wmodel of a specific site, for example the unconfined aquifer underlying Hanford
{referred to as the "Hanford model"), is the computer-based analogue to the true physical
system. Input files containing the data for the conceptual mode? are used to execute the
computer-based numerical models for the Hanford Site. An iterative procedure is follawed to
calibrate the site-specific numerical model. This iterative :calibration procedire estab-
lishes consistency between the computer-based Hanford model and the observations that have
been made at the Hanford Site in the past four decades, and results in improved numerical
models. An inverse method to automate the calibration process ‘is proposed.as a future
activity under the project providing modeling support for -liquid waste management of the
200 Areas. : i

0.4.1 Moisture Movement and Diffusive Contaminant Release in the Vadose Zone

A variety of computer-based numerical models are available for predicting the movement
of moisture in the vadose zone. However, the general tack of site-specific Hanford data on
s01]1 characteristic curves for the major soil horizons of the vadose zone preciudes applica?
tion of these deterministic models and codes. The modeling approach employed is to assume
that unit hydraulic gradient conditions apply and define the hydraulic conductivity and
moisture content indicative of the steady—state'soiution to the Richards' equation (Richards
1931). The unit hydraulic gradient model of moisture movement assumes that, in a given soil
layer, water will drain at a rate equal to the unsaturated conductivity of the soil., This
model enabies one to approximate travel time and utilize all available data on vadose-zone
sediments.
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0.4.1.1 Unit Hydraulic Gradient Model

Darcy or discharge velocity in a one-dimensional and vertically aligned unsaturated soil
column is defined by:

q = k(o) (1 + 28] | (0.1)
where q = Darcy velocity
K{e) = hydraulic conductivity as a function of moisture content

e = moisture content

¢ = suction head

'z = vertical cartesian coordinate
and the soil moisture characteristic curve and hydraulic conductivity curve are defined by
the two following relationships:

Soil moisture characteristic curve:

B 8

_ 5+b . ‘
] ¢ = dy (5 (0.2)
i
P where ¢g = suction head at air entry
8 = moisture content at saturation
- b = curve fit parameter
e Hydraulic conductivity curve:
P K=K (EEJ" | {0.3)
5 ' )
where Ks =- hydraulic conductivity at saturation
' n= 2+ 3/b, _ '

Of interest is the case in which infiltration rate is less than the saturated hydraulic
o conductivity and, consequently, unsaturated flow occurs throughout the profile. In this
)

casé, the hydraulic gradient of the steady-state solution becomes one; i.e.,

N GH
1+ 802 : (0.4}

and the hydraulic conductivity has a value corresponding to the given infiltration rate
{Hanks and Ashcroft 1980, pp. 62-69, -78-82}. Thus Equation {0.1) becomes

g = K(e) - (0.5)

Substituting the soil characteristic and conductivity curves (Equations 0.2 and 0.3) into
Equation (0.5) yields:

(0.6)
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Solving for moisture content one obtains:

0= o, (%_)1/(2b+3) _ o ' (0.7)
_ s ‘ _

The pore water velocity, v, within the soll.column is defined as Darey velocity divided by
moisture content; i.e., ' '

=qg/e . _ -{0.8)

and finally the travel time is given by the distance traveled divided by the pore-water
velocity,
T

v =tle/q - - (0.9)

where L is column length, Equation {0.7) can be suostituted_into'Equat1on‘(0.97'to obtain a
direct relationship between travel time and infiltration rate: ' ’

g

Travel t1mes based on the equat1on above are used in-both the source and transport models.
App!1cat1on of soils data to this theory is descr1bed in Append1x Q.

The un1t hydrau11c gradient model of moisture movement is used on!y to approxamate tra-
vel time from beneath the source to the water table. This is a.conservative model in that it
neglects the potential for lateral spreading of the availahle water.

0.4.1.2 Description of the Simplified Aporoach to Release Beneath a Protective Barrier

For those wastes placed beneath protect1ve barriers, one must exam1ne the two- ‘
dimensional flow system that will exist adjacent to and beneath “the barr1er. P]acement of a
protectsve barr1er over waste is an attempt to. isolate it from 1ntrus1on and from 1nf11trat-
ing water that will carry. source releases of radionuclides and chem1ca1s to the water tab]e.
This ‘is done to’ 1mprove upon the. good natural isolation afforded waste by an unsaturated soil

env1ronment and a semi-arid climate,

The simplified approach shown .in Figure O. 4 essentially breaks the vadose zone: into two
distinet regions: 1) a diffusion-controlled zone directly beneath the barrier and extending -
to the water table.and 2) an advection-controlied zone adjacent to-the barrier.  Use .of such
a model impiies that the barrier is completely effective immediately after placement. It is
assumed that as the soil moisture profile drains to its new equilibrium {i.e., in response to-
barrier p1acement), the soil moisture initially in contact with waste remains near the waste :
while in effect it drains to a new, Tower equilibrium moisture content.

The simplified approach or model also assumes times of initial release from the waste
forms. Two examples of interest are single-shell tanks and grout vaults. With the
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FIGURE 0.4. Diffusion- and Advection-Controlled Regions of the Simplified
’ Model for Release of Waste with Barrier Emplaced

singlé-she]l tanks, release is predicated on hygroscopic forces causing water vapor to dif-
fuse into a tank, dissolve the salt cake waste form, and leak from the tank. This scenario
is based also on the assumption that a significant portion of the steel and concrete tank
shell has corroded away and no 1ongér isolates waste from s0il. This conservative approach
is used because of the Tong performance assessment time {e.g., thouéands of years) needed in
this EIS. While leaks have occurred during the last few decades {Routson et al. 1979) at
Hanford, they have resuited from very small surface area disruptions (e.g., weld failure).
Leach .of the remaining solid waste in these tanks by the vapor diffusion mechanism through
these relatively small surface areas is assumed to be virtually insignificant, Because time
is necessary before surface area corrosion and vapor diffusion can provide significanf
releases, it is iltogical to begin such a release immediately. One can also assume that
aTthough leaks, implying structural failure, may occur for virtually all single-shell tanks
in the next two centuries, in the arid climate and dry soils of the Hanford Site the tanks
will rétain some measure of containment integrity for salt cake {i.e., a solid waste form)
for several centuries. The release model for sfngle-sheliltanks is based on the assumbtion
that moisture can freely enter and 1eave'every tank in the year 2150, 100 yeafs after Site
closure. The date was arbitrarily selected; however, a measure of conservatism is included
by not 1imiting the flux of moisture to that of the hygroscopic-related transport process.
Essentially, the assumption is that all contamination that can be transported by the vadose
zone soil is available for transport from the single-shell tank sources beginning in the year
2150. In the case of the grout waste form, the hygroscopic forces will again cause moisture -
to be drawn to the grout initially. However, the duration of such a phenomenon has not been
studied. Consequently, releases from grout are assumed to bégin immediately upon placement
of the grout waste in vaults. -

0.19




st

ST

ey

0.4.1.3 D1ffus1on—Contrni]ed Re]ease Mode]

Transport in the d1ffus1on controlled zone beneath the protectwve barr1er is modeled as
pccurring through one—drmen51ona1 streamtubes that conduct the radicnuclides to either the
advection-controlled zone or directly to the water table (see Figure 0.5}, Contamination
delivered to the advection-controlled zone is subsequently moved to the water table after the
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FIGURE 0.5. Streamtubes Conducting Contamination to the Water Table

travel time associated with the distance to the water table haé elapsed. A fraction of the
waste inventory is associated with each pathway to the water table.

Contaminant transport through each streamtube is governed by the diffusive mass or.
activity flux equation:

3= -9 DAT | _ .11
activity or mass fiux (Ci/t or M/t)

moisture content (-}
modified molecular diffusion coefficient (L?/t)

n

where

streamtube cross section (L2)
activity or mass concentration (C"i-/L3 or M/LB)

d
9
D
. A
c
X

Tongitudinal streamtube coordinate {L)

u

and satisfies influent and effiuent Dirichlet boundary conditions of 06 and 0, respectively.
The influent condition of C = C, is based on an assumption that contamination concentrdation
at the source/soil interface is at an equilibrium soltution concentration value. The eff]uent
condition of C = 0 is based on an assumption that moisture movement in the advective-
controlied zone dilutes and removes the contamination upon its arrival at the diffusion/
advection zone interface. The treatment of the diffusive release is further simplified by
assuming a linear concentration profile within the streamtube. First release from the
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diffusion pathway is estimated by applying a sequence of quasi-steady-state Iinear concentra-
tion profiles. Flux defined'by Equation {0,11) is equated to the time. rate of change in
storage within the concentration profile; i.e.,

3 X . o .
3= Ao (Re L1 € ax) (0.12)

where R is the retardation factor. Substituting Equatfon (0.11}.irto (0.12), substituting a
1inear concentration profile for concentration everywhere, and performing the indicated inte-
gration one obtains:

x2 = 4 De/R . (0.13)

for all times, t, thét precede first arpivai. The time of first release, 7., is obtained by
substituting L, the length of the streamtube, for x:

T = RLZ/4D . {0.14)

Once first reizase has occurred, a period of steady-state re]eése,'with flux defined by the
Vinear profile, continues until the source is depleted. The source will be depleted after a
period of time, t,, defined as:

My = ARSC L/2
to=TH B ' (0.15)

where: M, = p,Ah = total mass of contamination in pathway source, Pg = initial source
density and h = thickness of scurce deposit.

Once the source is depleted, release of the contaminant stored in the soil profile
(i.e., streamtube) is given by the difosiye flux associated with the linear cencentration
profile. One equates flux leaving the streamtube with the change in storage:

en oL = -3 (e BB - (0.16)

where {* is the concentration at the source, Tess than Co' Initially the concentration is
Co; finally it goes to zero. The solution for C* is:

-B(t-t
tr =g Pt (0.17)
where 8 = 2D/RLZ = 1/2T,
The flux leaving the streamtube, Jp, is given by:
OADC -p(t-t ) - ‘ _
JL = e (0.18)
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One can visualize the release to the water table as occurring in three stages: 1} zero
release, 2) constant re?eése, and 3) exponentially decreasing release. These steps are
portrayed on a time line in Figure 0.6, Results are shown for a second case in Figure 0.7
representing a source that is depleted befere first arrival at the end of the streamtube,

Source-Release Period Source Release Complete but

w Release to the Aquifer Continuing
i > } —p Time
i T = First Release to
; i ]
1 ; |
| Stage 1 | Stage 2 : Stage 3 -
i : |
E =0 | =OADC/L | J = ‘?_Aﬂf_o o-Alt-t)
I
I ! r. where = _20 = _1
RL2 2T
i
B, FIGURE 0.6. Time Line -of Release Through a Diffusion-Controlled Streamtube
& When Sourqe Re]ease Period Exceeds First Release Time
o Source-Release Period
i o - \ Time
- ! : ; -
' t, T = First Release
g 1 . .
N | | |
P, l Stage 1 | Stage 2 : Stage 3
| i |
s I I I
: ' |
BRI . . 1 P I .
...... oo ) = 0 ————} = @ADCy o-pit-T)
5 1 ' 1 L
e, ' ' where C% = C Xo/L

T = 1o+ (E_H_)”Z 1/2 loge( L R) 1] at,
4Dt, 4Dt,

X, = (4Dt /RY/2

FIGURE 0.7. T1me Line of Release Through a Diffusion-Controlled Streamtube
When F1rst Re1ease Time Exceeds Source Release Period

Note that the complete def1n1t1on of the diffusion coefficient for mo1ecu1ar d1ffus1on
in the vadose zone s as follows:

R T : _
Dp-—e(t;) §y.0, | (0.19)
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where diffusive flux is given hy:

J=a A - . {0.20)

p o ax
and . .8 = volumetric moisture content
(EEJ = tortuosity factor
a = viscosity factor
y = anion exclusion coefficient
B, = molecular diffusion coefficient
= effective diffusion coefficient.

BresTer, McNeal and Carter (1982, pp. 85-86) provide the following estimate of the effective
diffusion coefficient in a sandy Toam medium: ' ' '

Dp = D0 e exp [(ba) : {0721)
where a = 0.005 and b = 10. The range over which this empirical equation-is valid has not
been tested for Hanford soils but preTiminary calculations indicate that it probably. does not
hotd for water contents less than 5%. An expression for the combined correction factor is

obtained by equating the equations for D Dne obtains:

o
L .2 D, 005 10 o
() ay = =02 = (1%) (0.22)
e .
therefore, D = O'OD5B¢* (106 D, for ¢ > 0.05 (0.22a)

For consistency, when applying the effective diffusion coefficient in the preceding equa-
tions, the 8D product is replaced by Dp.
0.4.1.4 Noisture Movement Beneath a Protective Barrier

Preliminany analyses based on steady-state flow beneath the barrier indicate that isola-
tion of waste is increased when 1t is placed further away from the barrier edge or closer to
the barrier center. Thus, one could expect to be able to tailor the barrier design to ensure
adequate isolation of each waste site and type.

Attempts with state- of—the art models failed to define conc}us1ve1y the movement of
mo1sture beneath a protective barrier. New modeling techniques are being developed w1th1h
the sc1ent1f1c community that hold promise of resolving thése very difficult physical and
mathematical problems 1nv01v1nu flow of water in soils of Tow moisture content in 1arge-scale
systems containing coarse-grained sofls. Efforts to achieve steady-state and tnens1ent solu-
tions to the moisture movement pfob1em are Continuing under the Barrier Development Program

{Adams . and Wing 1987), Two stgnificant efforts may be necessany to fully understand nn1sture
movement in the vicinity .of wastes: the deve]opment and/or app11cat1on of an eff1c1ent

fully three-dimensional moistuﬁe movement code, and the acquisition of soil characteristic
data in sufficient spatial resolution fo reveal the three-dimensional character of the soils
surrounding and underlying the waste.
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0.4.2 Mater Movement in the Unconfimed Aquifer

The mathematical model applied to the unconfined aquifer is a vertically integrated form
of the groundwater flow equation. This model assumes the vertical column of water-saturated
sediments can be modeled by a vertically homogeneous, isotropic value of the hydraulic con=-
ductivity. This means that variability in the properties of these layered sediments can be
adequately represented by a vertically averaged value. Horizontal variability in hydraulic
conductivity is accounted for by a heterogeneous model that admits a suite of deterministic,
spatially varying, hydraulic conductivity coefficients. The mathematical formulation expects
external and internal boundaries to be well defined. This is achieved by specifying the
hydraulic head aiong river boundaries, the water flux at aquifer boundaries, and a zero water-
filux at impermeable boundaries. Operations that currentiy dispose of water in ponds,
trenches, and c¢ribs on-the Hanford Site will be discontinued when the Jong-term modeling
period of interest in this study begins. The thickness of the saturated aauifer formation is
allowed to vary spatially and is defined by the topography of the aquifer bottom; i.e., low-
permeability basalt flows and thick clay sequences, in conjunction with the water table ele-
vation of the unconfined aguifer which forms the upper boundary of the unconfined aquifer
system. Heterogeneity of physicai'properties of the aguifer (i.e., hydraulic conductivity)
is incorporated in the model by a piece-wise constant repreésentation of the properties.

Thus, conductivity is assumed to be constant over a fihite area associated with a node. At
the next node the conductivity may, if appropriate, take on a new value.

The VTT model of water movement in a confined or unconfined aguifer is based on the ver-
tically averaged groundwatef flow equation. Originally designed and implemented to model the
Hanford Site (Kipp et ai. 1976}, this code has been updated twice (Reisenauer 197%a,b,c;
Bond, Newbill, and Gutknecht 1981) and applied to a variety'of aquifer systems. Standards of
code documentation, e.g., MUREG-0856 (S5iliing 1983), adopted since publication of the series
of documents by Reisenauer (197%a,b,c) are not specifically addressed in more recent documen-
tation. However, the code itself is well dbcumented and its application to the unconfined
aquifer underlying the Hanford Site is a matter of record.

~ Cearlock (1971) described the application of the VIT code as a tool for management of
the Hanford groundwater system, Kipp et al. {1976) used data on the aguifer bottom, water
table surface and aquifer properties to calibrate the groundwater flow modei. Cearlock
et ai. (1975) later apﬁ?ied the thansmissivity iterative calcuiation (TIC) routine to recali-
brate the groundwater f]dw mode? of the Hanford unconfined aquifer based on the VIT code,
Recalibration of the VTT model is undertaken when a sufficient amount of new water level or
transmissivity data have been collected from Hanford wells, Figure 0.8 shows the hydraulic
conductivity distribution on the Hanford Site as currently used in the two-dimensional,
finite-difference groundwater model. An effort to improve detailed understanding of and
modeling capability for the unconfined aquifer is currently under way as part of a project
providing modeling support for Tiquid waste manégement of the 200 Areas.

The V1T model of the unconfined aquifer underlying Hanford has been calibrated to a
water tahle perturbed by water dispesal practices followed in the operation of the Hanford
Site. One key assumption is that after site closure the aquifer reverts to pre-1940

0.24




P
Tt

LY
i

3

st

o

Columbia River

LILO L ik G 2t et e S S 2

.
- 3 Loam=a,

T

o

hY A Y
’ ~ e
\\-—

2
. -y
P e )

----- :/-"-\OO %
QZ@ . B
Gable Mountain 3 -
l,j - -~
I H

C Rattlesnake Hills

O ' N

L

-

L

[ 0 1 2 3 4 5 Miles

- e | ! L i

k f T T T 1

N 0 2 4 6 8 Kilomsters

ST BT S R B B S B O T S B A 0 O SO U S T T TN N N 0 N W TN BN Y T T N A S N N WU L TN 0N SN SN N T N N TR A A B B N Y S AP N R S A U T B B A A A S

FIGURE 0.8, Pétterns of Hydrau]ic Conductivity on the Hanford Site

conditions; i.e.., negligible withdrawal by pumping and no infiltration from majof water

disposal activities at the Tand surface. However, the simulations conducted for this EIS

rely upon the transmiésivity values arrived at in the calibration to current water table

elevations. Changes in the saturated thickness of the unconfined aquifer {i.e., the water

table elevation)} due to applying the infiltration rates of 0.5 and 5 cm/yr were found to be

relatively small. Certainly, the groundwater mounds underlying current disposal ponds

vanish, but aside from these isolated areas changes in water levels are smali. Thus, use of
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the transmissivityhand hydrauli¢ conductivity values calibrated to current water elevations’
should not introduce significant error in the post-site-closure VIT model of the uncorifined
aquifer.

VTT is capable of simulating constant=head and specified-flux boundary conditions in a
multi-aquifer system. Its mu1ti—aquifer capability is achieved by modeling a set of verti-
cally integrated groundwater flow equations (i.e., one for each aquifer)'and coupling'the
aquifers through interaquifer transfer or leakance terms... Transient simulations of the
hydraulic. head can be made using constant dr‘time vary1ng boundary conditions. Typically,

'steady state simulations driven by constant boundary conditions are used to determine the,

response of the aquifer to long-term scenarios. While the VIT code is capable of multi-
aquifer and transient mode11ng, its application to the unconfined aquifer beneath Hanford
utilizes its single-aquifer, steady-state formulation. ‘The VTT model is based on the
Boussinesq equation with appropriate initial and boundary conditions (Reisenaueh 197%a), The
independent spat1a1 variables are 1in the horizontal plane and’ the nonlinear free surface
boundary condition is incorporated inte the governing differential equation. In1t1a11y
assuming a zero reference elevation and no source terms, the governing equation is:

Bh-

i -—(Kh

I8

o (Kh 0 | {0.23)
To expand this equation to.apply to an aquifef with varying bottom elevation, hb{Xiy)s and to
include sink/source terms {e.g., for infiltration}, the following changes are made:

e assume the bottom slope 1s neg1igib1e'

. rep]ace hin Equatlon (0. 23) by h- hb because the lower 1ntegrat1on Timit is

nonzero
& add the sink/source term, Q.

The resulting-equation is the Boussinesq eqdation for unsteady'f1ow:

ah ‘['lz(h-hb) %’)—} * W [f( (h-h,). %} +.0 : '(0.24)_

"3t

oo
kel

where!‘ n = vertitai average of effective porosity
h = elevation of the free surface above a reference datum
hy = elevation of the aqu1fer bottom from the reference datum
Q = sink/source strength
' E = vertically averaged isotropic value of hydrau11c cond ctivity
X,¥Y = horizontal spatial coord1nates.

Basic assumpt1ons of the Bouss1nesq flow model for descr1b1ng saturated unconf1ned flow
in- VIT are (Re1senauer 1979a b,c):

e Flow is by an 1ncompress1b1e fluid that saturates a rigid porous soil matr1x.

. *Compress1b111ty effects of the fluid and soil matrix can be neglected.:
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® Hydraulic conductivity and effective porosity are represented by vertically aver-
aged values that are isotropic but heterogeneous.

® Free surface and bottom topography slopes are siight (<5°).
» Vertical velocities are small and can be neglected.

© Dependent variables are continuous.

e Flow in the capillary fringe can be neglected.

e Seepage surfaces are not modeied.

The Boussinesq formuiation presented above is impliemented in the VTT code and aﬁp]ied fo hré—
dict the elevation of the free surface {i.e., hydraulic head) in the unconfined aquifer.

In addition to supplying a simulation of hydraulic head, the VTT model develops a -
groundwater velocity distribution from the hydraulic head distribution and uses -it to trace
pathlines and determine travel times. In addition to being a first approximation to trans-
port, the pathline algorithm establishes the variety of streamtube lengths and travel times
experienced by the fluid. These data, discussed in the next subsection, are used in a trans-

s port model, which employs the stochastic viewpoint that dispersion is manifest in the vari-
o ability of travel times experienced by the transported solute or radionuciide.

. Finite difference approximations are used in the VIT model for the terms contained in
the groundwater flow equation. These difference expressions, when applied to all terms,

- result in a set of algebraic equations. The solution method applied to these algebraic equa-
e tions within the VTT code can vary depending on the complexity of the groundwater system and
e on whether a steady-state or transient simulation is undertaken. Transient simulations util-

ize the successive line overrelaxation technique. Steady-state simulations that include an
T unconfined aquifer are achieved with a Mewton iteration technique, and those that inc1ude

only confined aquifers are achieved with the Cholesky decomposition method. The steady-state

version of the model was used for the Tong-term simulations required for the HDW-EIS.
Some important three-dimensional issues of solute transport cannot be analyzed with the

VIT code. These issues include the three-dimensional migration of chemical wastes that may

i move from the top to the bottom of the aquifer because of density gradients, and the effect
spatial resolution of the bottom'topography and sources can have on flow and transport of
these density-influenced flows. Modeling elements that comprise the steps lédding to a
stochastic analysis of the unconfined aquifer (i.e., inverse analysis, kriged surfaces, etc.)
are planned as part of the Interim Hanford Waste Management Technology Plan (DOE 1986). l

0.4.3 Transport in the Vadose Zone and the Unconfined Aquifer

Transport analysis entails the prediction of contaminant migration within the vadose
zone and the aguifer. When the hydrogeologic and geochemical structure of the aquifer is
uncertain, such transport predictions are only approximations of possible environmental dis-
persal, The simplified analysis approach used in this EIS, as the result of a Tack in cer-
tainty in the values to be used in the model, falls into a category where uncertainties in
the predicted values cannot be quantified to any meaningful degree. Furthermore, current
models of transport in the vadose zone and unconfined aquifer have not been validated for the
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Hanford aquifer system and. thus are subject to some criticism. However, the authors have
attempted to err on the side of conservatism with respect to cumulative environmental
impacts.

Data do not exist to validate long-term transport predictive modeis at the Hanford
Site. Monitoring of the unconfined groundwater aquifer at Hanford is 1imited to approxi-
mately 40 years. Transport times in the vadose zone will significdnt]y exceed this !ength of
time; therefore, monitering transport only in the unconfined aguifer is not sufficient from a
predictive model validation point of view. Planned releases to the vadose zone (e.g.; to
cribs and trenches) and accidental tank leaks, are transient in character and have not been ‘
studied within the vadose zone with the intent to validate vadose zone transport models. 1
While these experiences reveal the geochemical attenuation properties of the vadose zone '
(described in Appendix ¥), sampling and reporting of these planned and accidental release
events do not provide anradequate-data base for validation of vadose zone transport models.
This is especially true since éamp]ing has been generally limited to just the sediments and
not the aqueous phases {interstitial water). '

As it reercts on transport pred1ct10ns the catibration of the VTT model of the uncon=
fined groundwater aquifer contr1butes to validation of the transport simulation. The trans-
port model uses the travel -time pred1ctwons from the groundwater model to estimate advective
and dispersive components of transport. Thus, accurate calibration of the groundwatér mode
tc establish the hydraulic conductivity distribution is essential to our confidence ih trans-
port predictions, Calibration of the VIT model to the Site is a continuing activity as
described in the subsection on groundwater modeling. WNote, however, that calibration and
hence validation of the transport model is 1imited to our confidence in the travel-time '
distributions supplied by the uncorifined aquifer model. Longitudinal dispersion ‘models
applied to the vadose zone and unconfined aquifer, and the travel- time mode] of transport
through the vadose zone, have not been calibrated, :

0.4.3.1 Technical Issues in Transport Hode1ing

The groondwater flow patterns aod ve10cities_act1ng_within an aquifer'u1tihate1y ﬂeter—
mine the dispersal and environmental arrival times of dissolved rddionuo]ioes released from
waste burial sites. In principle, the advection-diffusion equation, which depends on the :' o
groundwater Qe1ocity at each location within the aquifer,'can be solved for the concentration
of transported radionuciides. Accurate solution of the equation requires complete knowledge
of the release rates from the waste sites, the hydrodynamic dispersivity variation over the
entire region, and an understaoding of the interaction of chemical adsorption and precipita-
tion processes sufficient to model both. TheSe detailed data usually are not available, and
simplifying assumptions are made in model applications. . Generally, the classical transport
prediction’ approach, which is founded on a deterministic viewpoint, provides only qualitative
transport simuiation, unless appropriate effective dispersion parameters have already been
established from observations of a pre-existing contaminant distribution. Moreover, the ran-
dom .aspects of aquifer properties bring into question the validity of the classical transport.
eouation:when appiied to large regions or when used to make predictions over hundreds of
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years or more. Although Fickian-type transport can be used in-some circumstances; its use at
Hanford does not seem appropriate; it is therefore not used in this EIS.

A major current technical issue related to transport modeling is the adequate descrip-
tion of field-scale dispersion. Dispersion is basically the spreading of a solute in-a por-
ous mediuh caused by variatiohs in water movement. Hydrodynamic dispersion as ohserved ‘in
1aborat0%y-scale column éxperiments is only a minor component of field-scale dispersion.
Laboratory column tests contain homogeneous material for the most part, whereas actual field
conditions embody a'myriad of different water flow paths with very large differences in
tfansport_behavior. Therefore, dispersion cannot be expressed in teems of only the mean
groundﬁater velocity, as obtained from a groundwater fiow simulation. Dispersion is also
caused by local and regional varfations in flow velocity (direction and magnitude) caused by
the natural heterogeneity in the aquifer. A simulated velocity field that adequately repre-
sents water flow in an aquifer is generally inadequate to represent field-scale dispersion.
In fact, the dispersive spreading process is associated with the unknown and uncharacterized
geological variations in hydraulic conductivity. The unknown variation occurs at a spatial
scale smaller than that typically used to represent groundwater flow on an aquifer scale.

There is not a clear consensus among groundwater transport experts as to how present
mathematical theory should be modified to account for field-scale dispersion. Researchers do
agree, however, that if it were necessary to properly représent dispersion, a considerable
statistical characterization of uncertain heterogeneity would be required regardless of the
particular mathematical implementation. For instance, the work by Gelhar and Axness (1983)
and Jdry {1982) provides divergent viewpcints on the description of field-sca1é dispersion.
The approach suggested by Jury is easier to apply here because it ca]]s_fcr'1ess conceptual
information. DOE is well aware of the current technological evolution in hydrq1ogy and
transport, is participating in this research, and has attempted to balance these factors in
conducting predictive modeling applications for this EIS. Naturally, past data collection
efforts have not been designed to accommodate unknown future technical changes. '

0.4.3.2 Transport Model Applied to the Unconfined Aquifer

A conceptually simplified transport approach was devised and empioyed in this EIS to
make waximum use of the available aquifer information and reduce subjective assignment of
parameter values. The method, which is based on a stochastic formulation of transport.
(Simmons 1981, 1982), 1is incorporated in a new code called TRANSS (Simmons, Kincaid and
Reisenauer 1986}, The code is based on a conceptualization applied and reported previously
(Harwell et al. 1982, Chap. 8), but the present code is computationally more general and
efficient. A variety of associated technical issues related to application of a simplified
approach are also discussed in the Harwell et al. (1982, Chap. 12} report. '

Because contaminant transport primarily occurs as movement along pathlines established
by groundwater flow patterns, the transport is approximated and described as a composite of
one-dimensional and independent groundwater pathlines. Under steady-state flow conditions
appropriate to this EIS analysis, the pathiines reduce to streamlines that are fixed in '
space. Streamlines determine flow tubes (streamtubes) that conduct contaminant migration
away from the source., A simple description of the contaminant fluxes leaving a source and
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arriving at a specified environmental entry region is the simulation objective of this code.’
The assumption made of a 5-m vertical mixing zone in the unconfined aquifer defines the
quantity of water transmitting the contaminant.

Travel times along the various pathlines determine the rate of solute mass transfer
through a particular hydrologic system. The transport simulation consists of a summation of
contaminant mass migration a]ong a sampled subset of all possible streamlines Teading from
the waste sources to an environmental entry (e.g., a groundwater well or river‘buundary).'
Travel times' are provided by an advection-only model of transport; longitudinal dispersion is
ignored in determining the travel time and transverse mixing is also neglected because water
does not cross pathlines. The advection-only model of transport is a deterministic approxi-
mation to groundwater transport, and it is frequently used as a first approximation when data
are insufficient for the calibration of an advection-diffusien moded.

0.4.3,3 Mathematical Model of Transport

The transport model contained in the TRANSS code is based on stochastic-convective the-
ory of transport and relates dispersion directly to the variation observed in travel time
from a source. Convective (j.e., advective) transport is governed by the following equation:

B+2 (Vo) = np (0.25)
where . p = ReC = total concentration per:hu1k porous medium volume
R = retardation factor = 1 + g K,/e. '
0 = saturated moisture content in R
6§ = moisture content
C = concentration in solution
' B = bulk soil density
Kq = distribution coefficient
"V = retarded pore-water velocity
A = decay constant
x = spatial coordinate
t = time.

Convective flux is defined as:
J=qC=Vp : (0.26)

wheré g = Darcy velocity and V =g/6R = v/R (v = pore-water velocity = d/a).

Equation {(0.25) can be rewritten as:

5 5.y =. ' 0.27
ot U+ Y ax u=20 ‘ )
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where U{x,t) = ehtJ(x,t} and the flow field is steédy state.. The retarded pore-water and
other associated velocities are only spatially dependent and not time dependent; i.e.,
= ¥(x). Travel time for any solute is defined by: .

T(x) = Iz V?i) = R jz vdi) -. ‘(0,28)

The ‘initial condition is zero everywhere; i.e., J{x,0) = 0. The upstream boundary condition
is given by: ' ' ' ' '

Ulost) = ekt 3 (t), f-i 0o S (0.29)

. where the timé-dependent behavior of the source is defined by Jo(t).

Solution of Equation (0.27) satisfying the initial and houndary conditions is:

Ulx,t)e™M = J(x,t) = e elt-TxI Ay reT(x)]

'(o.so)_'

e~ TUA g [£-T(x)]
If one parameterizes the source release in terms of a fraction-remaining. function, then

3, ) = --gg n{t) : R

where r(t) = fraction-remaining function’

n{t)
N

total inventory remaining at time t = Ne~AL

H'

total original inventory at t = 0.

If_f(t) = -dr/dt, Equation (0.30) can be rewritten as:
J(x,t) = Ne”M fLE-T(x)] o (0.32)
The expectation {i.e., mean} flux is given by:

Moty =M™ P f(tey) Plysx) dy ©0.33)

where t is the travel time and P(y x) is the probab111ty density funct1on {pdf} of the
retarded travel time for random T(x)

So1utions to the advection-diffusion transport equation; i.e., Alx,t), determine some
particular pdf for the stochastic-convective method:

(tx)—d

d A1) B (0.3

Such a pdf is related to Fickian transport where

Clx,t) = Cy [ADX,t) - Alx,t-t™)] (0.35)
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is a solution of the advection-diffusion equation

2

ac vX.pal | (0.36)

Bx

R —

The mean pore-water velocity, ¥, and the diffusion-type dispersion coefficient, D, are
assumed to be constants. The pdf can be defined for either concentration or mass flux
upstream boundary conditions which define C, for all time: o <t < t*,

0.4.3.4 Limitations of the Transport Model

The component one-dimensional systems or flow tubes are termed independent because con-
taminant transfer that would occur between or among them in actuality 15 neglected. HydroF
dynamic dispersion, which always occurs naturally in an aquifer, causes the transfer of
contaminants between the ideal streamtubes of water flow. That transfer process is called
transverse dispersion and ultimately produces spreading and dijution of contaminant concen-
tratfon. Incorporation of a transverse dispersion description into a transport analysis con-
siderably compifcates calculations. Moreover, the use of an inappropriate transverse
dispersicn coefficient in conjunction with a complex aquifer hydrology can lead to erroneous
dispersal projections. On the other hand, neglect of transverse dispersion usually results
in higher concentration estimates, which tend toward a conservative evaluation of potential
environmental impact. Earliest arrival times may not aiways be accurate when transverse
dispersion is neglected; transverse transfer between streamtubes may in some cases shorten -
the actual contaminant migration travel time by transferring contamination to a streamtube
conducting water at a faster rate or over a shorter path. However, arrival times fer the
originating streamtube will be eonservative because of the retention of contaminant resulting
in higher concentration gradients and greater dispersien about the solute front. Note, how-
ever, that uncertainty in the saturated aquifer-transport'pathWay may be overshadowed by the
time required to release contaminant from a barriered zone by diffusion.

Transverse dispersion effects were not included in the present transport analysis
because of lack of aquifer information. However, this does not mean that. the influence. is
permanently excluded from the model. The medel could represent field-scale dispersion,

"provided proper aquifer information was available; a sampled subset of particle pathlines as
_influenced by local transverse dispersion could be used in place of fixed streamlines. For.

instance, an ensemble of streamlines associated with various possible arrangements of aquifer
hydrology could also be employed to represent field-scale dispersion. Such an ensemble could
be generated w1th repeated simulations of groundwater fiow patterns associated w1th hydraulic
conductivity spat1aT variation. This 1atter approach wou]d represent d1spers1on as a collec~
tion of uncertain contam1nant d}str1but10ns. Such an approach is being proposed as a future
activity under the Hanford Waste Management Plan {DOE 1984b). Wwhile present aquifer charac-
terization (i.e., Hata)‘does'permit such a complicated conceptual model, the necessary compu-
tational eoftware”is net present]y_aﬁai]ab1e for application to the Hanford_Site{
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' 0.4.3.5 Features of the TRANSS Transport Code

The transport code (TRANSS) {(Stmmons, Kincaid and Reisenauer 1986) devised for this
study includes the following features:

® a probability-weighted summation of fluxes {or concentratiqns), propagated with
constant velocity determined by the travel time and length of the hydrolegic
streamlines, which represents Tongitudinal dispersion in the saturated zone

® representation of the one-dimensional transport aiong each streamiine, for each
velocity value in the velocity distribution, by an ‘analytical solution of the
convective-dispersive equation ‘

e simultaneous exponential radicactive decay of contaminant in both waste source and
groundwater system (decay based on radioactive half-1ife) '

e retardation of contaminant migration based on a fixed equilibrium sorption
description (Kd) for each nuclide {i.e., constant flow velocity retardation

factor)

® a general empirical description'of contaminant release or a selection from three
optional release models: 1) a constant fractional release rate; 2) a solubility
concentration 1imited release; 3) an adsorption equilibrium limited release.
The various radionuclide source release models and scenarios are described in detail in
Appendix P. " '

0.4.3.6 PApplication to the Hanford Site

Radionuclide transport simulations were accomplished by summing the fluxes over a con-
tinuous distribution of flow_tubes; The original sample distribution of streamlines was
expressed as an equally weighted probability for each travel time (i.e.; equal fractions of
released contaminant were distributed to each pathway). Travel times were‘ca1cu1ated‘as the

"total time required to traverse streamlines passing through both the unsaturated zone and

groundwater aquifer. Variation in travel times thus represented aquifer-scale dispersion for
an assumed hydrologic description simulated with the VIT model. An analytical solution of
the advective-diffusion equation described migration-along each streamline. A constant dis-
perSion coefficient based on dispersion throﬁgh the unsaturated zone was applied to the |
entire system. The diépersion coefficient for the unsaturated zone was assumed to be a
constant 0.82 m?/day based on a 64-m depth. The method used to estimate travel time in the
unsaturatéd zone is presented in the preceding subsection describing the unit hydbaulic
gradient model. ' )

Retardafion'factors and haTf-1ife for each radiénutlide modeled are reported in Appen-
dix P. A constant retardation factor was assumed for transport pathﬁayé in the_vadose zone
and aquifer. That is, the retardation factor, R, rather than the distribution coefficient,
Kd, is assumed independent of moisture content. When data are iimited_to single vaiues,-the
Ky may also be taken to be single-valued and independent of moisture content; however, the
moisture content should be fixed at a conservative value in these cases. In this EIS, an
attempt was made to be certain that adsorption data were derived from experiments performed
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at concentratfons be1ow any Xnown so]ubi]ity ‘constraints, "and the authors'’ profe551ona1 Judg-
ment is that the Ky va1ues represent the best available data and are not biased high, In
addition, every effort has been made in the EIS ‘to emp]oy solubiiity data applicable to
Hanford. For examp]e, the nitrate solubility used in the source models (see Append1x P} is
representat1ve of Hanford wastes (Barney 1976). Simitarly, the solubilities reported by
Delegard and Gallagher {1983) probab]y overest1mate 501ub111ty because the solutions neglect . ;
Tong-term effects of organic degradat1on in the presence of radtoact1v1ty and rate=-dependent
prec1p1tat1on. Wh11e interest lies with equitibrium {scil) solution concentrations of these.
wastes, the availabte data often relate to waste solutions stored in tanks. Thus, dilute
tank waste character1st1cs are used to conservatively represent equilibrium solution
concentratlons.

0.4.4 Geochemita} InteractionSe-Retérdation-

The geochemical model that is currently incorporated into transport codes used to assess
radionuclide movement beneath the Hanford Site 1is limited to the linear distribution coeffi-
cient, Ky, model. The K, model yields the familiar retardation factor expression:

i
Ph
gy o ) R =1 +QKd
o ' i or . {0.37}
- o R=1+0llo0) ' |
8 d .
5 : ;
oy where. Pp = bﬁ1k density of geologic.media (solid + vqids)
‘ p. = particle density of geoTagic media {solid only)
P 0y = -saturated moisture content also known as the effective
_— . porosity of medja_(fraétional‘void volume that transmits
water in respect to total volume)
= Kg = d1str1but1on coeff1c1ent, also defined as a distribution rat1o, Ry
R = retardatton factor = velocity of the groundwater divided by the
ve1oc1ty of the center of mass of the. retarded const1tuent.
W a ;

Because of a des1re to provide a conservative estimate of solute mobility in the vadose.
zone,-an effective porosity value has been selected in:calculating the retardation factor
appI1cable to unsaturated sediments. Note that if one were to empiqy the Tow moisture con- -
tents of Hanford sediments’ in Equation (0.37), one would obtain large retardation factors
reiat1ve to the saturated value. By us1n§'a single Value of distribution coefficient (i.e.,
independent of moisture content} and by assuming a saturated effective porosity in the
definition of retardation factor {Equation 0.37), one obtains a minimal and therefore con-
servative value of retardat1on factor to apply to transport in the vadose zone, This
modification to the linear sorpt1on isotherm can a]so be couched in terms of the reduced
number of sorption sites available in an unsaturated porous medium.

The distribution cqefficient is a functionjof the solution and the solid among other.
things.  Thus, one expects thé-Kd to vary as the contaminant moves through the subsurface.andl
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contacts media having different and d15t1nct m1nera1 and surface characteristics. However,
data are rarely ava11ab1e on the host of media conta1n1ng and under1y1ng a waste disposal
site. Where data exist for radionuciides and soils at Hanford, the Tower and therefore most
conservative value has been selected and applied to the transport pathway. One excéption to
this involves the use of a Tow Kd based on highly concentrated waste near the source and a
higher K4 based on lower waste concentration away from the source. This was done for the
cases involving release from waste contained in salt cake and sludge stored in single-shell
tanks protected by a barrier. The result should be a more realistic and conservative'éna1y—
sis. A1l other cases including grout, TRU, and Tiguid waste forms employ a single-valued
Tinear sorption isotherm modei for retardation and represent a higher conservative approach.

The term K, implies a linear relationship exists between the amount of radionuclide
adsorbed per gram of adsorbent and the amount of radionuclide that remains in solution, f.e.,

A . " .
K. = K_EElHl__ (0.38)
solution

where Asoliq =  amount bound to solid {typically counts/g, moles/g, etc.)
Acolution = @amount left in solution (typicaliy counts/mL, moles/mL,

etc.).
The distribution coefficient thus has units of mL/g or more generally volume per unit mass.

For correct usage of X,y in Equation (0.37), the nuclide must be at equilibrium at all
times and places over the region being analyzed. That is, if kinetic hindrances are present,
the predictions based on Equation (0.37) can be in error. The retardation processes must be
completely reversible so that nuclide reléase -from the solid is not inhibited. The distribu-
tion coefficient cannot be dependent upon the radionuclide concentrationlpreseht (or total
mass present between solution and solid phases}. This is equivalent to the linear isotherm
constraint. quation (0.37) also relies upon the assumptfon that the transporting fluid con-
tacts all of the available solid surfaces. Finally, there is no provision in Equation (0.37)
that explicitly accounts for variations in Kq caused by changes in groundﬁéter composition.
It is.assumed that changes in K4 caused by spatial variability in minera]ogy'wou1d be
accounted for by.using various strata with individual K4 values for each strata present in
the transport model.

The following discussion compares present knowledge of how well Hanford geochemical con-~
ditions meet these assumptions and the implications from continued use of Equat1on {0.37) to
predict nu¢lide retardation.

The assumption that equilibrium conditions are met is probably correct for the retarda-
tion mechanisms cdntro1ling trace concentrations of radionuclides in the Hanford sediments.
Surface reactions such as ion exchange and chemisorption reach equilibridm within a few hours
to a few days. Longer-term reactions, éuch as weathering of the‘Hanfonﬁ sediments te produce
new minerals or amorphous coatings, could change the adsorption surfaces évai1db1e, thus
affecting nuclide adsorption. Slow changes to the major.minera1ogy could a1tér adsorption
sites, if large amounts of solution with anomalous characteristics {compared to eiisting
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groundwater}, such as tank supernatant solution, percolate through the sediments.. If the
waste solution volume s small relative to the overa11 groundwater volume, this potentiéi
Tong~term nonequilibrium.condition would be localized and wou1d not s1gn1f1cant1y affect
regional predictive modeling exercises,

Evidence on nuclide. retardation shows that most fission products, and most: lanthanide .
and actinide radionuclides, do not desorb in-a totally reversible fashion. Barney (1984) . = -
shows significant differences in desorption distribution ratios for interbed materials from
Columbia River basalts. Wolfsberg et al. (1979, 1981), Vine et at. (1980), and Erdal et al.
{1979) report .on tuffaceous and:argillitic sediments. In all cases there is significant”
1rre§ersib111ty in- the desorption of most radionuclides. It would be reasonable to expect
that in the Hanford sediments all radionuclides, excepting perhaps strontium, cesium, and-
radium, would exhibit a degree of irreversib]e:adsorption. The use of thation (0.37)
introduces conservatism in that it overestimates the amount of radionuc]ide that migrates as
well as ‘the rate of migration.

When laboratory data are available that differentiate adsorption from desorption, for
example Kdads 10 mL/g, Kdd . = 30 ml/g, one can use an algorithm that ee1ects the former
value when the leachate plume. is contacting fresh sediment - (adsorption is occurring) and
selects the latter value when clean groundwater is percolating through heavily centaminated
sediments (desorption is occurring). This two-valued Kd approach is a potential improvement
and would account for the irreversibility often observed in 1aboratory‘studies {i.e., would
make the analysis more realistic).

The assumption that radionuciide adsorption follows a linear isotherm is also often not
met. However, for many systems, the measured Kd decreases .as the mass of radionuclide {more-
correctly, the total mass of ‘the element) in the experimentatl system increases, provided no
solubi]ity limits are exceeded. . From a pract1ca1 standpoint, many laboratory determinations
of K4 are performed using higher than expected concentrations to facilitate ease in counttng
and higher prec1s1on. If the radionuclide exhibits a nontinear 1sotherm, the Kd observed in-
the laboratory probabEy is biased Tow compared to the distribution: coefficient one would
observe at the very low concentration expected in the field. Great care must be used to
assure that precipitation of -an insolubie phase is not oceurrjng, in which case the‘observed
Kq might be biased high.

If the effects of varying the radionuclide (total element) concentration are systemati—'
cally studied by isotherm experiments, one can ascertain the region of linearity or estimate
the amount of nonlinearity.by using the Freundiich equation:

X = kM - (0.39)

where ‘amount of solute adsorbed per unit weight of solid -

equilibrium solute solution concentration

X
C
K, N constants.

The Freundlich isotherm s eas11y transformed to-a. linear equat1on by taking the loga-
rithms of both sides of Equation (0.39)
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Tog X = Tog K + NiogC ' (0.40)

By plotting lag X on the y-axis and Tog C on the x-axis, the best-fit straight line yields N
as the slope and log K as the 1ntercepf. When N equals one, the Freundlich isotherm (Equa-
tion 0.39) reduces to a linear relationship, and since X/C is the ratio of the amount of sol-
ute adéorbed to the equilibrium solution concentration (the definition of Kd), the Freundlich
K constant’ becomes equivalent to the value of the K4. When N is less than one, the measured
K4 value decreases as the equilibrium radionuclide concentration- increases. The -greater the
absolute difference in 1-N the more monlinearity in the system, : By plotting Taboratory
nuclide adsorption data as a log-log relationship, one can also look for signs of precipita-
tion. If precipitation starts to occur, Iog X will dramatically increase, and log C will
remain fixed, When this occurs the calculated Ky value is biased high because it includes
precipitation as well as adsorption processes. '

Equation (0.37) assumes a porous medium where the solution can contact all the solid
surfaces.  This condition is met for the'g¥aciof1uvia1 sediments of the unconfined aqguifer
overlying the Hanford basalts. In the vadose zone . (partially saturated zone), Equa-
tion (0.37) must be .corrected to reflect those soil sites that may not see liquid if the
porosity.term in the denominator has been reduced to account for unsaturated pore space. A
simple assumption is to multiply the p,/8,qcat term by the fractional saturation value (t.e.,
25% saturation = 0.25'pb/9uhsat). This is equivalent to leaving the expression py/eg intact
in both unsaturated and saturated zone simulations.

When the solutjon contacting the sediments changes dramatically with time, as when a
tank solution leaks for a short time and mixes with extant groundwater, the Kq value for a
given radionuclide and sediment type will also typically change.

Parameters such as the amount and'types of ions fn the groundwater (especially. competing
ions and‘domp1ex—forming 11gandé), pH, Eh, temperature, and Taboratory experimental3proced—
ures (e.g., solid/Tiquid separation techniques and contact times) can effect the distribution
coeffic{eht; Systematic empirical laboratory studies have qften been performed to inﬁesti-
gate the effects of many of these variables on the adsorptioﬁ of radionuclides on soiTS,
sediments, or rocks. The most common approach is to systematically vary one or more parame- o
ter and measure the resultant distribution coefficient; then using avai]ab!é statfstical
analyses schemes, a predictor Ee]ationship is developed. Factorial design strategies'are
often invoked to define a system for varying the independent variables and to determine their
effect upon the dependent variable(s) {typically the distribution coefficient}. Commonly
used statistical methods to derive quantitative predictor equations fnclude standard Tinear
of nonlinear regression, stepwise regression and adaptive learning netﬁorks.

The empiricé] predictor equations commonly take the form of a nonlinear multinomial
expression such as:

Kq(Sr) = a(CaZ*) + b(Na*) + c(X*) + d(Ca?*)(Na™) + e(Ca2+)(|<+) (0.41)
+ F(NaTY(KT) +:g(Ca®F ) (N ) (K®) + . . - ' o
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where a, b, . . . h are regression coefficients and (Ca2+), (Na+) and (K*) are solution con- i
centrations (M) of competing macro cations or complexing 1igands. In this example, the inde-

pendent variables were (Ca2+), (Na+) and (K*) and the dependent variable was the distribution

coefficient for strontium. Squared terms such as (ca*)2 or'(K"’)2 do not significantly

increase the predictor equations goodness-of-fit for the data and thus fhese quadratic terms

are often omitted. For other empirical models, other powered terms may be useful.

These techniques have been used successfully to develop empirical relationships that
describe the distribution coefficient in terms of other variables. Selected examples rele-
vant to Hanford include Routson et al. (1981), Delegard and Barney (1983), Routson and. Serne
(1972) and Serne et al. (1973). ' :

Although the empirical relationships generated from these types of statistical analyses
are more powerful than knowledge of individual distribution coefficiepts, they should not be
used to predict K4 values for conditions beyond the range studied. Further, the statistical
relationships delineate only the apparent. effects that the chosen independent variables have
on the distribution coefficients but do not identify conclusively the cause or process con-
trolling the adsorption process.  That is, statistical analysis may suggest a very strong
relationship between one variable, for instance.pH, and the distribution coefficient when the
actual adsorption process is controlled by hydrous iron oxide scavenging. As iron oxide sta-
bility is a function of pH, there could be a statistical relationship calculated that sug-
gests the adsorption is directly caused by pH. Empirical and purely statistical approaches
are useful in assessing radionuclide adsorption tendencies, but.they do not lead to a genéral
understanding of the physicochemical processes controlling the interactions among rocks, {
groundwaters, and radionuclides. Sévera1 investigators have'voiced éoncern over the use of |
empirical distribution coefficients and by inference, the statistical procedures (Moody 1981;
Reardon 1981; Coles and Ramspott 1982}, Therefore, more rigbrous mechanistic studies that
rely upon thermodynamic constructs have been and currently are being used to increase our
knowledge of trace constituent adsorption processes. Systematic studies to determine the
effects of competing ions and pH (another way to refer to competing H* ions) can be related
to thermodynamic models., o

Given the complexity of the waste Tiquors and radionuclide retardation processes, the
use of theoretically based adsorptﬁon models such as ideal ion exchange or surface complexa-
tion (often called triple-layer binding models), (Davis, James and Leckie 1978) was not
deemed appropriate for this analysis. '

One improvement would be to explicitly separate solubility constraints from adsorption
in transport modeling and to consider radionuclide spectation.- Currently, thermodynamic. -
codes such as MINTEQ (Felmy et al. 1984}, PHREEQUE (Parkhurst et al, 1980}, or EQ3/6 {(Wolery
1979) are used to predict probable solubility constraints and speciation distributions for
the radionuclides. To use such codes one must jnput details on the chemical makeup of the
waste or groundwater such as pH, Eh, and total analytical concentration of major and minor
catfons and. anions. For elements that are present in the data base of the equilibrium geo-
chemistry code, predictions ‘are possible for the controlling solid phases that can fix the
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element concentrations for the specified conditions and a speciation distribution of the dis-
solved portion {for example % of total Pu present as Put*, PuoH3*, Pu(OH)22+l Pu0,*, Pu022+,
PubyC04{ag), etc.).

At present such solubility constraints for plutonium and americium have been incorpor-
ated into Hanford radionuclide migration predictions as a constraint on the mass or concen-
tration 1eavin§ the wasfe form. That is, solubility of plutonium and americium s cqns{dered
in the source term. No explicit solubiiity calculations are used in the chemical reaction
aspects of the far—f1e1d transport analysis. The approach. employed in this EIS is. adequate
as long as the geochemical conditions in the far field do not change in a fashion that would
allow a wmore ﬁnso]uble compound to precipitate.

There are missing thermodynamic data that directly affect the utility of geochemical
codes. For example, the single-shell tank wastes are very high in dissolved solids and may
contain significant concentrations of complexing agents, The former condition may .exhibit
significant activity (thermodynamic) corrections that, at present, no geochemical code can
properly model. The complexing agents can drastically change the solubility and species
distributions and, thus,'Kd values. Thus it is difficult to guantify the effects of chelat-
ing agents on the transpoft rates of radidnucfides in sediments. '

To overcoms problems with theoretical consideratians, one can-use empirical data'such-as
those reported by -Delegard and GaT1agHer (1983) and Delegard and Barney {1983) for Hanford
hign-Tevel waste components. The former report addresses solubility of radionuclides in the
presence of .the range of ionic strength and organic complexants found in Hanford wastes and
gives predictor relationships for radionuclide solubilities. The latter addresses adsorption
of radionUc1ides in the presence of the range of ionic strength and organic complexants found
in Haﬁford wastes and'gives predictor relationskips for radionuclide adsorption.

At presemt the available data base of radionuclide adsorption onto Hanford soils
includes labaratory-derived Ky values for Co, Sr, Np, Pu, Am, Cs, Ru .and Sb for high-level
tank leak solutions [Knoll 1966, 1969; Delegard and Barney 1983; Tetter report R. J. Sérne__
1975(a)7 and Sr, Zr, Tc, Ru, 1, Cs, Ce, Eu, Co, Np, Pu, Am and Cm for selected sediments and
solutions similar to diluted Hanford wastes and groundwaters [Ames and Rai 1978; Rhodeé 1957;
Benson 1960; Serne and Rai 1976; Routson et al. 1976; Sheppard et al. 1976; Hajek 1966;
Routson and Sérﬁe 1972; Serne et al. 1973; Routson et al. 1978, 1980, 1981; Gee ot al. 1981;
R. J. Serne letter report 1979a(P}1, For many other elements, Ky values can be estimated by
analogy to other similar elements (see, for example, letter reports R. J. Serne 1979a,
1979b).

Solubility constraints for the elements {and thus Eadiohuc]ides) As, Cr, Ni, Se, Sr, Ag,
cd, I, Cs, Ba, Pb, U, Am; Pu-and Np as well as nonradioactive'species are available for

{a} As documented in a 1975 personal communication from R. J. Serne, Pacific Northwest
. Laboratory, to Dr. W. H., Price, Rockwell Hanford Operations.-

(b) As . documented in a personal communication dated 29 Japuary 1979 from R. J. Serne,
Pacific MNorthwest Laboratory (PNL), to R. Eckerlin, Department. of Army, Corps of
Engirieers, Seattle District: as documented in a personal communication dated 2 May 1979
from R. J, Serne, Pacific Northwest Laboratory, to J. Washburn, PNL,
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diTute waste and groundwaters via geochemical codes and laboratory data (Felmy et al. 1984;
Ra¥ and Serne 1977, 1978; Rai, Serne and Moore 1980; Rai, Strickert and McVay 1982;
Rai et al. 1981).

The solubility data for dilute solutions are adequate for typical groundwaters but may'
not be representative for dilute solutions arising from Hanford defense wastes. This is
because dilute solutions at Hanford .may contain organic complexants and inorganic Tigands not
found -in natural groundwater systems. Thermodynamic data for these complexants and.ligands
are not tabulated and may not be known. Faor high<level, high-salt waste solutions only
empirical soTubility data for Co, Sr, Np, Pu and-Am exist (Delegard and Gallagher 1983) and
the solubility values for Pu, as an example, may be higher than one would find if the pre-
cipitate formed in the_Tabbratory were allowed to crystallize for several years {Rai and Ryan
1983). Therefore, when definitive solubility constraint data are not available, credit is
not taken for such a retardation mechanism in the EIS.
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APPENDIX P

RELEASE MODELS AND RADIONUCLIBE INVENTORIES FOR SUBSURFACE SOURCES

This appendix includes information about the models used in this EIS to simulate the
release from waste forms that might be disposed of under the Hanford 200 Areas plateau. The
modeis used in this EIS are believed sufficifent to support meaningful decisions in the
context of the National Environmental Policy Act of 1969 (40 CFR 1500-1517). Where uncer-
tainties exist, input values were chosen for model parameters so that calculations produce
conservative estimates of impacts. A conservative value of a parameter tends to overestimate
coﬁsequences rather than underestimate. Where reliable data provide realistic values of
parameters applicable to the .Hanford Site, the realistic values are used.

The rate of retease from a source is important in. determining the mass ftux and concen=
tration of radionuciides and chemicals in the subsurface environment. Release models depend
on the character of the storage facility, the form of the waste, and the physical processes
and chemical reactions that affect the waste. The Tevel of conservatism in the release mod-
els is based on knowledge of the processes and reactions that dominate releases under assumed
conditions.

In all cases a 10,000-year period of interest is simulated. Analyses are conducted for
two average annual groundwater recharge scenarios: the current climate of 0.5 cm/yr and a
wetter ciimate of 5 cm/yr. A zero recharge scenario is not calculated or discussed in any
detail because it is an extremely unlikely event. Such a scenario implies that there is no
moisture movement. Transport by diffusion alone will not result in release to the water
table 64 m below the wastes in the time period of interest. '

The range of average annual groundwater recharge from 0.5 to 5 cm/yr is viewed as the.
range of probable or mean values for the climate (see 0.3.2 and Vol. 2 page xxix). Under
future climate conditions, the mean precipitation and hence infiitration rate are projédfed
to lie within the presently observed extremes {Kukla 1979}, The S~cm/yr annual infiltration
rate is therefore viewed as a reasonable annual average value of a continuous wetter climate.

P.1 RELEASE MODELS

Release models applied in these analyses are presented as fraction-remaining equations.
These curves represent the fraction of radionuclide activity remaining in the source., Ini-
tially the fraction remaining is equal to one, and when the source is depleted its value is
zero. The following source parameters are def1ned for each rad1onuc11de'

N = the total initial inventory, Ci
n{t} = N exp=(at) = the current total activity, regardless of 1ocat1on within the system,
Ci i
t = time, year
) = 0.693/half-Tife, year™!

P.1
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T = release period, year
r(t) = fraction-remaining curve, where r{0)=1 and- r(T)=0
m{t) = activity remaining in source at any time, Ci
Jolt) = activity flux into the flow system, Ci/yr.

Activity remaining in the source as a function of time is defined as:
m(t) = r(t)n{t) : {P.1)

The rate of source depletion is written as:

om_ .
&= m -, (p.2)

The negative sign on the flux term (-J,) indicates the activity flux is leaving the source.
Substitution of Equation (P.1) into Equation (P.2) gives:

n2+%r = - JD _ ‘ {P.3}

The total activity, n, is depleted by decay, f.e.,

m:— - =-.
o AN exp-{at) Ao (P.4)

Substituting Equation (P.4) into Equation (P.3) gives:
n 2=y ~ (P.5)

Assuming one of the following:
» the activity flux as a function of remaining source activity (i.e., retardation or
desorption limit)
o the activity flux due to a constant solution concentration (i.e., solubility
Timit)
o the mass flux due to a constant solution concentration of a nondecaying chemical

or the fraction-remaining curve . (e.g., linear release}
the companion relationships that define the release rate can be .developed from the above
equations. ' ‘ '

The release.models presénted are conceptually simple. More detailed and less conserva-
tive models will be possible when events, processes, and reactions that govern radionuclide
releases from the facilities (i.e., tanks, cribs, burial sites, and grout disposal vaults}
are better understood. The release models do not consider the effects of microbiological
degradation of the waste form on leach rates. There have not been enough quantitative data

derived to incorporate microbiological effects, although recent information indicates that
this may be a factor {West et al. 1985). 'Technically defensible evidence of the dominant

P.2
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process or processes controiling radionuclide release is essential for their use as control-
ting factors in long-term analyses. These conceptual models of source leaching are predi-
cated on the objective of conservatism and technical defensibility.

P.1.1 Adsorptioﬁ-Controlled Release Model

The medel for adsorption-controlled release assumes infiltrating water comes into con-
tact with the waste and then continues to carry solute vertically to the water table.
Release is governed by the retardation factor and source strength of indiﬁidua1 radionuclides
in the solid bhase. The fiux of activity entering the soil colum is given by:

Jg = AgC (P.6)

where C is the concentration of radionuclide in solution, A is the tand surface area of the
waste deposit, and q is the infiltration rate. The solution concentration can be rewritten
as a function of total (i.e., solution and soiid} concentration, 8, as follows,

5 =¢6C + gs . (P.7)

where 9 is volumetric moisture content, B is bulk soil density, and S is the solid concentra-
tion that is related to solution concentration by the distribution coefficient, Kq, of the
linear sorption {isotherm, i.e.,

S = CKy (P.8)

Substituting Equation {P.8) into Equation (P.7):

aK
5= 6C (1+—0) = eCRe {r.9)

where the bracketad guantity is the retardation factor, Re. To ensure that retardation is
bounded, the moisture content, 4, in the retardation factor is held at a constant value of
0.33. This i5 denoted Bps €200,

Rf = 1+ gﬁﬂ) {P.10)
r
This is also physically realistic because Rg does not appreoach infinity as @ approaches zero.
Even at relatively low moisture content, Ry remains finite because sorption sites exposed to
sotute remaih virtually constant. By employing a relatively high 8, one creates a finite and
relatively 1ow, hence conservative, value of retardation factor. Note that the dry extreme
of the applicability of these equations is commonly taken as 15 bars of suction. Finally,
concentration can be rewritten as:

=&
C = §§F (P.11)

" P.3
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Substituting Equation {P.11) inte Equation (P.6) yields:
3= pq 2 . (P.12)

The total concentration, &, can be rewritten din terms of the source strength, m, and the
source volume given here-as the product of area, A, and depth of waste deposit, h, ‘f.e.,

%o = M mRGR = her

If this expression for activity flux is substituted into Equation (P.2):

Qﬂ-___m L am : . K . - (P.14)‘.

at heRf

Using the initial condition that m is equa1 to the total initial inventory of a radionuclide,
N, one obtains the following solution to Equat1on {(P.14),

= N eaxp - (A +

Rfeh) t. | (P.;S)

The fraction-remaining equation is then defined by Equation (P.1l) as:

r= %—= exp ~(qt/Rfeh) : {P.16)

P.1.2 Solubility-Controlled Release Model

The model for solubility-controlled release is based on infiltrating water contacting
the waste form and carrying radionuclides away from the source at their maximum solution con-
centration. The flux of activity entering the soil column s given as:

J

0 o

where C, fis the solution concentration. Substituting this expression into Equation (P.5} and

rewriting it slightly, one obtains:

Noexp {-at) &L t = -AqC, : . . (P.18)

)

Solving Equation (P.18} and using the 1ntt1ai value of one for fract1on remaxnlng, i.e.,
r{0} = 1, gives the fo110w1ng fraction-remaining equat1on

~2 (1 - exp At) - . e qPa19)

P.4

- am_ ' R (SR

= AqC . o (pan)



bl
=3

o

By solving for the time associated with r{t} = 0, the release period for this model is
defined as:

NA + AQC,

T = . W (P.20}

log

i

This model of a decaying source can also be applied to simulate cases where the flux, J,, 1s
specified by replacing AqC, with J, in Equations (P.19} and (P.20).

P.1.3 Linear Release or Dissolution-Controlled Release Model

A Tinear release function can be applied as a piecewise coniinuous approximatien to any

release function. In addition to this general uti]ity, the linear release function is a
model for a dissolution-controlled release of a nondecaying chemical. Such a dissolution
release is assumed to be caused by infiltrating water directly contacting a waste form and
becoming saturated with the dissolving chemicals or radionuclides. The dominant chemical
component of the-solid governing the dissolution process could be nitrate salt. If radio-

nuclides are uniformly mixed in the soluble solid, one can assume that a congruent release of

radionuclides cccurs as the salt is dissolved and transported-away from the source. A simple
linear fraction-remaining expression is defined to represent the release of nitrate salt,

i.0.,
r{t) = (T - £)/T - {pa2)

where T is the known release period based on the mass of salt to be dissolved, the rate of
water infiltration, and the surface area of the waste intercepting infiltration. While the

~mass flux of salt is constant, the activity flux of a radionuclide is dep1etéd'by detay.

Thus the activity flux entering the soil column is given by:

3y - dﬁ) exp {-At) A : (p.22)

This model of radionuclide release differs from the solubility model {Equation P.19) because

control of the release is assumed to lie in the solution concentration of a nondecaying chem-

ical species.

P.1.4 Diffusion-Controlled Release Beneath a Protective Barrier

The analysis of release from beneath the protectivé barrier {Appendices M and 0) is
predicated on the authors' professional judgment that the barrier will eliminate advection as
a viable or dominant mechanism for the transport of radionuclides and chemicals in the soils
beneath the barrier. A sketch of the coriceptual model for release from beneath a barrier is
shown in Figure P.1l. Principal assuhptions are as follows:

o Pathways of release have two segments dominated by two distinctly different trans-
port processes--diffusion beneath the barrier and advection adjacent to the
barrier.

P.5
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FIGURE P.l. Concepteal Model for Release from Bencath a Barrier

The w;stexforms*in either vaults or tanks can be idealized as rectangular solids
(i.e., containing several vaults or tanks) with a square upper surface and a uni-
form thickness.

Minimum distance to a pathway dominated by advective forces (i.e., distance to the
edge of the barrier} s 10 m.

Yertical distance from the bottom of the waste form to the water table is a uni-

form 64 m,

Moisture content in the soil column is everywhere constant.. For the 0,5- and
S-emfyr infiltration rates the moisture contents are 6.4 and 7.8%, respectiﬁely.
These values are based on saturated hydrau]ic_conductivjty ahd‘the relative per-
meability versus saturation curve of a soil representing the seil profile beneath
‘the 200 East Area plateau. The reTationship between infiitration and moisture
content is described in the unit hydraulic gradient model subsection of Appen-

 dix 0.

Transport in the diffusion-controlied zone can be modeled to provide relative
solutions for comparison of the various alternatives by employing 1) one-
dimensional pathway discretizations and .2} a linear concentration profile. over the
iength of the diffusion-controtled pathway.

Distribution coefficients for retarded radionuclides and chemicals are different
in the two pathways. Solute concentrations in the advective zone will be more .

dilute than in the diffusion zone; therefore,.where data are available: for singla~-

shell tank wastes, distinct distribution coefficient values are assigned to the
two pathways.

P.6




e Transient effects of moisture drainage from groundwater mounds created by the dis-
posal of water during plant operation are neglected, This assumption .is. based on
1} our knowledge that existing and future waste dispoﬁal operations are ltocated
away from water disposal.operations and 2) an assumption that water disposal does
not affect moisture content in soils underlying waste disposal sites. .

e Prior releases of contamination {e.g., tank Teaks, crib disposals) are not
included in these simulations because most are not categorized as high-~leve! or-
transuranic {TRU) wastes énd those that are high-level or TRU wastes are of negii- '
gible quantity compared with the in#entopy studied.

The objective in defining the release from a barrier-covered source is to provide a
source term for the transport model. This transport modei could simulate transport in the
vadose and saturated zones or .only in the saturated zone. In the latter case, applied here
to barrier-covered waste, the wéste and vadose zone are included in the source modet. Thus
the source model provides a release to the water table of the unconfined aquifer, There are
three distinct catculations made to achieve an arrival time and activity flux distribution at
the water table. These calculation steps provide an estimate of 1} a period of negligible
release, 2) a diffusion-controlled pathway flux, and 3) the advection pathway travel time.

‘The mathematical models for these calculations are given in subsections on the diffusion-

contrelled release model and the unit hydrauiic gradient model found in Appendix'O.

Release to the water table from the diffusion-controlled source is cumulative. Each’
pathway from the waste form has associated with it a fraction of the waste volume and its
surface area. For the cases of interest.to the Hanford defense waste scenario being consid-
ered, each pathway has a diffusion segment between 10 and 64 m long and an advection segment
between 64 and 0 m long. The release is given by the release from the diffusion pathway;
however, the time of arrival at the water table is the cumulative time of transport through\
the diffusive and advective pathways, First arrival for each pathway to the water table fis
the time of diffusive pathway breakthrough plus the advective travel time., Final arrivé1
time is the sum of breakthrough time, reTease'duration, and advective travel time. The flux
of solute is integrated for all pathways arriving at the water table to provide a cumulative
flux released to the unconfined aquifer. In Summary, the source release model takes radio-
nuciides released from the source, transports them through the vadose zone by both diffusive
and advective transport pathways, and accumutates the release to provide a fraction-remaining
curve for application to the unconfined aguifer.

Release from wastes stored beneath the protective barrier is governed by the solution
concentration of nitrate at the waste form and the ability of the diffusien-controlied path-
way to conduct mass to advection-controlled pathways {e.g., beyond the barrier edge or in the
saturated aquifer). A congruent release of radionusiides and other chemicals is aésumed.

Two cases are developed in Appendix O for release via the diffusion-controlled pathway
to the water table. Recall that the release is accumulated from all diffusion and advection
pathways to provide an overall release model directly interfacing with the streamtube trans-
port model of the unconfined aquifer. In the first case, release from the source continues

P.7
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after first release to the advection-dominated zone.
exceeds the amount of contaminant that can be stored in the soil profile as a result of

In the second case, the source is exhausted before contamination

In each case, transport in the diffusion-controlled zope is

steady-state transport.
fills the steady-state profile.
modeled with a linear concentration profile.

Once contamination reaches an advection-

Thus, contaminant mass in the source

controlled pathway it is assumed the contamination is swept away and a zero concentration
exists indefinitely at the exit from the diffusion-controlled pathway.

Defining M0 as the mass available for release and M* as the storage avaitable in the

vadose zone soil profile, the first case fis based on the assumption that source mass or
activity is sufficient to fi1l the soil profile before it is depleted, i.e.,

and

For this
release,

where D

o]

=py Ah = total mass of contamination initially in the pathway source

My > M*

initial source density

bottom surface area or cross section of the pathway source

thickness of the source deposit

p*Ah = ARBCOLIZ = total mass of contamination possible in soil profile

assuming a linear concentration profile

" . . Re8Cy L
critical source density = - v
retardation factor :
volumetric moisture content
solution concentration at source/soil interface
Tength of diffusion-controlled pathway.

(P.23)

case the release has three stages characterized by 1) no release, 2) steady-state
and 3} exponentially decreasing release. These were developed in Appendix O as:

0 , t < To
JL = lBADCQ/L
BADCO
[ exp [-p (t~t0)] , t 2 t0

. T0 £t < to

-(P.24)

= molecular diffusion coefficient corrected for application to unsaturated media

2D

R.L

T

Rsz Lh .

a5 * soc (P - e*) = time of ‘source depletion
2 ° '

ReL

S time ‘'of first release to an advection-controlled pathway.

4D
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The fraction-remaining curve for this release at the end of the diffusion-controlled pathway,
which is the source equation for the advection-controfled pathway, is given by:

1 : s b <T
r(t) = {1 = (r - T)/T » T €t <ty (P.25)
. -1 fﬁ(t'to) * :
1 - {8 [l-e I+t - T T sttt

where T* = 37F & to - Tor

A simplified approach utilizing the nondecaying chemical release model has been applied
to the radionuclide release problem. The first release and source depletion time relation-
ships are taken from the chemical model. Because of this, releases are predicted to occur
earlier and last longer than they actually will occur. The chemical model is appiied by spe-
cifying the source/soil interface concentration of the radionuciide. Flux of the radio-
nuclide to an advection-controlled pathway is approximated by decaying the release predicted
by the chemical release model. Essentially, the chemical release model is used to create a
fraction-remaining curve. The fraction-remaining curve is then used to release a radio-
nuclide of the same source/soil interface concentration by simply correcting the release
curve for decay.

Release in the second case occurs when the source mass is less than the mass that can be
stored in the soil during transport, i.e., '

M, < M* : (P.26)

o]

and first release to an advection-controiled pathway occurs after time Ty where T, satisfies:

L L . ;
e 109e (iw) -1l=g (To- to) (P.27}
o o .
and
Xg = VADL,/Rs
@ = D/Rex % = 178t
pohz‘
ty = 55; /RfD = time of source depletion.
Explicitly, T, is given by:
T=t +at (=) -100 ) -1 C (eum)
o o o X, e X, _
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The release appears two-staged for the second case; a zero release period and an exponen-

tially decreasing release over all time, i.e.,

J _ » L < T0

Cor
—
n
tad

=) 9, exp [-8 (t-T )] st T, (r.29)

where Jo = @ADC,/L. The fraction-remaining curve for release in the second case is given by:

1 s b < To

L (_t) T Y exp[-B(t-T )] St T (P.30)

As in the case of the three-stage release for radionuclides, the two-stage release for radio-
nuclides is approximated with the chemical release model corrected for decay.

For those diffusion-controlled pathways that are. intercepted by advection-controlled
pathways in the vadose zone, a time delay is applied to the diffusive mass flux to account
for travel time to the water table. Retarded pore-water velocity in the vadose zore is given

by:

v = q/9Rg (P.31)

where v = retarded velocity
Darcy velocity {infiltration rate)
volumetric moisture content

1]

Rf = retardation factor,

Oelay time for travel through the advection pathway is given by:
t¥ = Z(L}/v ' (P.32)

where Z(L)'is the length of the advection pathway. The fraction-remaining curve for either
case is now defined by rL*, where translation of the time variable relates r* to r., 1.e.,

rL*(t) = r (t - t%) (P.33)

P.2 RELEASE MODELS FOR SPECIFIC WASTE FORMS

The release models described in the previous section are used to model the release of
radionuclides and chemicals from four speciffc waste forms: salt and sludge, liquid in
tanks, grout, and all TRU wastes. .In most cases there are two models for the various waste
forms according to presence or absence of a protective barrier above the waste site. The
model parameters used are described for each waste form and barrier option in the release
mode] descriptions that follow and in summary tables at the conclusion of this appendix; The
modets applied to specific waste forms under'barrier or no-barrier options are summarized in
Table P.1. Note that the adsorption, soTubility and linear release models apply to the

P.10
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TABLE P.1. Summary of Release Models Applied to Waste Forms

Salt Cake and Sludge

Liquid in Double-

TRU

Barrier in.Single-Shell Tanks Shell Tanks Grout in Vaults

No barrier or Solubility Model for Adsorption Mode! Linear Release Adsorp-
direct leaching radionuclides and Model for nitrate tion and
under functional or Linear Release Model and congruent Solubil-
disruptive barrier for chemicals release of ity
failure scenarios : : radionuclides Models
Barrier intact and Diffusion-Controlled Diffusion- Diffusion- Not

100% effective Model with nondecay- Controlled Model Controlled Model analyzed

ing source for chemi-
cals and radionuclide
release simulated by

decaying the flux to

advection-controlled

Zane.

with decaying
source

with nondecaying
source for
nitrate and con-
gruent reiease
of radionuclides

direct leaching scenarios when a barrier is not present, or when functional or disruptive

failures have occurred to an established barrier.

cases where the barrier is intact and virtually 100% effective.

The diffusion-controlled model appiies to

The migration and fate of leachate from the strontium and cesium capsules are not mod-

eled in this EIS because such a release will probably not occur before a significant period
of time (i.e., 700 to 1,000_years}. Drywells have been selected as the disposal fac{lity for
these capéu!es. Tha spacing of drywells in the soil environment is a.determining factar fin
the temperature within the drywell and in its surrounding soils. For example, a drywel]}
spacing of 5.2 m {17 ft) for the storage of fuel rods has been shown tb yield a peak capister
temperature of 335°C (635°F), an encasement wall temperature of 332°C {630°F}, and a cladding
temperature of 357°C (675°F) (Rockwell Hanford Operations and Kaiser -Engineers 1979}, For’
strontium and cesium capsules a somewhat different spacing may be required based on the heat
generated by the capsules. -An ongoing study into the integrity of CsCi capsules reports that
capsule storage at less than 450°C is recommended and that storage at_<150°C coultd provide
isolation from the soil environment for long periods of time (Bryan and Divine 1585}, Thus
spacing can be selected to achieve a capsule storage temperature that permits cortinued safe
storage of the strontium and cesium capsules. o

P.2.1 Salt Cake and Sludge in Single-Shell Tanks

At present the single-shell tanks at Hanford contain a minimum of waste in liquid form
due to the jet pumping program that has placed liquid wastes in double-shell tanks, Most of
the remaining inventory is contained in the salt cake and sludge deposit left in the tanks
after pumping is complete (Rockwell 1985). It is known that several tanks have leaked;
indeed, the Teaks prompted the current policy of storing 1iquid waste in double-shell tanks.
However, once liquid is removed from a leaking tank, direct 1iquid discharge from the tank '
becomes negligible as a long-term release mechanism and other mechanisms dominate the source-
release phenomenon for the solid waste. The release of chemicals and radionuclides in the

P.11




- "
LAt

salt cake and sludge will occur as a result of these other mechanisms. The operative mecha-
nisms for future releases from single-shell tanks are assumed to be dissolution and Teakage

" caused by either infiltrating water or water introduced to tanks via vapor diffusion. The

infiltration and vapor diffusion mechanisms provide water for the two cases, 7.e., absence or

presence of a protective barrier.

Note that when a protective barrier is in place and diffusion is the operative-tranéport
mechanism, release from the source can be a result of dissolution and leakage to the: soil
caused by water supplied by vapor diffusion or be a result of a simple diffusive release. from
the source to the soil. Vapor diffusion is advanced here only as a mechanism that could
yield a greater release than molecular diffusion. Either mechanism would supply contaminant
to the diffusion-controlled pathway that transports contaminant‘from beneath the protective

"barrier.

Liguid release due to a tank leak can be very rapid after only a minor disruption of the
tank surface, e.g., a weld failure only a few feet long. However, both infiltrating water
and vapor diffusion differ from 1iquid release because they depend heavily on a sigﬁificant
surface. area of the tank being available for uninhibited moisture movement intofthe tank.
This: implies a major disruption or degradation. of the outer concrete shell and inner steel
liner. of each tank. Using the most severe corrosion rate determined by'laboratony'wohk to.
apply to the tanks {6 mil/yr) and the Tiner thickness (3/8 in.), one can estimate the onset
of functional failure of the steel liner in 60 years {DeFigh-Price 1982). The operationai
life of a single-shell tank to the point at which water could freely enter and leave the tank
could be several hundred years., However, in the absence of datd demonstrating 1ongér'opera-
tional life, the single-shell tanks are assumed to offer no resistance to water movement in
the year 2150, the same time that institutional control is assumed to be lost, This implies
that concrete or -steel remaining at that time would no Tonger present any barrier to movement
of moisture. Because of the semiarid climate and soils at Hanford, this is highly unlikely
and therefore a conservative assumption. '

In the first scenario {i.e., barrier absent), inff1tratfng water js assumed to contact
the radionuciides and chemicals and carry them away at constant solution concentrations.
Chemicals are released at their own sdTutidn concentrations (see Appendix U}. Release .
depends on the ability of MOisture to freely enter and leave the tank, Again, because of the
tank structure, the expectation of unimpeded movement of moisture is uniikely for several
centuries even though Timited leaching associated with a tank surface disruption could occur
before the year 2150. The independent release of radionuclides re resents a conservative -
release. Radionuclide concentrations are based on. the maximum solution concentrations as
reported in Schulz (1980}, Use of maximum solution concentrations to model all radionuclide
and chemical constituents of the salt cake and sludge resuits in.a preferential Teach process
that exhausts individual constituents independently of other constituents.

The second scenario assumes negligible moisture movement near the tanks due to the
placement of a protective barrier at the land surface. Release is assumed to occur when soil
moisture is drawn into the tank by the vapor-diffusion mechanism, vapor condenses, salt cake
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dissolves, and a stow release of liquid delivers contaminated liquid to the soll surrounding
the tank. The barrier is deéigned to prevent any net water infiltration and to inhibit
intrusion by vegetation, wildlife, or humans (see Appendix Mj.. Thus moisture movement around
the tank is assumed negligible. While net downward moisture movement is assumed negligible,
soil moisture in the unsaturated soil would provide a pathway for the conduction of solute by
the molecular diffusion process resulting from the concentration gradient. Near the barrier
edge, annual net moisture infiltration becomes the dominant transport mechanism and slowly
conducts contamination through the unsaturated zone to the water table of the unconfined
aguifer. Certainly part of the waste is released directly to the water table after travers-

ing the vadose zone via the molecular diffusion mechanism.

P.2.1.1 Direct Leach Scenario--Infiltration

Where no protective barrier is placed éb0ve the waste, the direct leach scenario postu-
lates direct contact by infiltrating water, dissolution of the radiopuclides and chemicals
and movement of the solution downward to the wWater table. The individual radionuclides and
chemicals would be carried away at solution concentrations shown in Table P.2. Pertinent
data for the non-barrier cases of salt cake and sludge leaching are summarized in Table P,2
for the 200 East and 200 West Areas. Leach periods for the different infiltration rates are
shown in the table for each of the radionuclides and chemicals. The solubility release model
is applied to radionuclide releases, and the Tinear release model is applied to chemical
releases.

Direct leaching by infiitrating water assumes that water can freely enter and Ieave'the
tank structure and that all infiltration contacting and leaving the tank carries solute at
maximum sotution concentrations to the water table. Conservatism of this release model lies
in the fact that 1) all tanks will not degrade to the same degree at once, 2) failure of
existing contajnment structures would not immediately permit free entry and egress of water,
and 3) maximum known concentrations applied to all tanks are known to exist in relatively few
tanks and to be associated with specific processes, treatments, and waste streams. A more
realistic release model would include individual tank inventories, .a time history of indjvid-
ual tank or tank farm failure, and a time history of failure severity. However, data for
such an approach are not available.

P.2.1.2 Indirect Leach Scenario--Diffusion

When the protective barrier is in place over a waste site and virtually 100% effective,
it is assumed that infiltrating moisture is prevented from contacting the waste (see Appen-
dix M). In such a case, the waste is transported by molecular diffusiocn through the soil
moisture of the unsaturated zone directly to the water table, or to the advection-controlled
zone adjacent to the barrier, where infiltrating moisture will transport the waste down to
the water tabie. In the absence of data to the contrary, it 15 assumed that the diffusion-
controlled transport process -is the Timiting mechanism. This is conservative because if con-
trol of the release were governed by the waste form a sTower and Tower release would occur.

The sciution of the diffusion equation, driven by a Dirichilet (i.e., fixed) solute con-
centration boundary condition, is used to model the release. Derived for a finite domain,
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TABLE P.2.

Concentratlons and Leach Periods for Radionuclides and Chemicals in STng1e—She11
Tanks {no protective barrier) '

Leach Pericds, yr(d)

Chemical or (a.b.c) Site - for Specific Infiltration Rates, cm/yr
Radionuclide  Concentration‘®:"s¢/ |ocatjon 0.1 0.5 5 15
14 7.6 ,01/L 200 E 5,490 1,400 150 49

| 200 W 7,250 2,010 225 73
63 1.5 x 103 uCi/L ~led -- - --
905 1.6 x 10° pci/L 200 E -- 16 1.8 <1
200 W -- 20 2.4 a
937, 35 uCi/L - . - - -
997, 3.4 x 102 \Ci/L 200 E 1,070 213 21.3 7.1
- - 200 W 1,470 294 29.4 9.8
129, 0.2 uCi/L 200 E 2,960 593 59.3 20
. 200 W 3,680 735 73.5 25
137¢ 6.7 x 10° uCi/L 200 E 10.7 2.2 0.2 <
| _ 200 W -- - 0.2 <1
151gp, 7.2 x 103 LeisL 200 E - 71 9 a
' 200 W - - 9 a
237\ 0.5 uCi/L. 200 £ 1,700 341 34 11
200 W 2,060 412 . 14
238 L.2x 1073 yei/L 200 € 6.8 x 108 1.4 x 108 1.4 x 107 4.5 x 10}
200 W 6.9 x 106 1.4 x 10% 1.4 x 10° 4.6 x 104
239-240p,, 1.6 uCi/L 200 E 8.9 x 10% 4.2 x 102 7.4 x 105 2,660
' : 200 W 6.4 x 10% 2,5 x 10% 3.5 x 108 1,200 .
2410 1.3 x 103 uCi/L 200 E -- 75. 8 1.5
200 W - 66 7 1.4
NO3 0.3 g/ml 200 E #(f) 890 89 *
A 200 W 1,200 120 *
NOj, 0.14 g/nL 200 E * 95 9,5 *
200 W * 126 12,6 %
F- 1.9 x 1076 g/mL 200 E * 1.2 x 10g 1.2 x 102 *
200 W * 1.6 x 108 1.5 x 10 *
Crias Cr0y2") 1.1 x 1072 g/ml 200 E *- 24 2.4 *
: 200 W * 33 3.3 *
cd - 1.1 x 1078 g/mL 200 £ * 9.5 x 102 9.4. x 1o§ S
200 W * 1.3 x 10° 1.3 x 10° *
Hg 3.2 x 10~ g/nL 200 E *. 7.7 0.7 *
_ 200 W * 10 1 *
{a) A1l concentrations except that for cadmium and fluoride are from Schulz 1980,
(b) Fluoride concentration is extrapolated from Lindsay 1979.
{c) - Cadmium concentration from Rai and Zachara et al. 1984,
{(d) Leach periods are based on the inventory, the solution concentration, and the

infiltration rate of water passing the waste form.

" with sin
3.4 x 10°

gle-s

s, Fespectively.

cm and

(e).-Ins1gn1f1cant release due to sﬁort ha}f~]1fe and high distribution coefficient;
therefore, not calculated.

Total land surfgces associated
hell tanks in 200 East and 200 West Areas are 2.7 x 10

(f) These cases not calculated; only non—barr1ered releases calculated for chEm1ca1s.
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TABLE- P.3. Sing1e¥She11 Tark Leach by Diffusion
200 East 200 West

"Number of tanks 66 83
Barrier .area, ha (10% %) 12 15
Assume 4 equal subareas
1/4 mass, g 1.2 x 1010 2.1 % 100
Parimeters, m 690 780
Mole&utar diffusion coefficient, 1 1
cm”~/day
Moisture content, % volume
0.5 cm/yr : 6.4 6.4
5cm/yr . 7.8 7.8

the. solution and its gradient are eva]uated at finite distances to approx1mate time period
and activity flux of the release. The assumpt1ons and models are comp1ete1y described in
Appendix 0 {Section 0.4.1.3) and are summarized in Sept1on P.1.4. Data for the release of
radionuclides and chemicals from the salt cake and sludge are summarized in Table P.3. Maxi-

" mum solution concentrations for the radionuclides and chemicals are reported in Table P.2.

As part of the.5-cm/yr infiltration rate case, a disruptive failure scenario is hypothe-

7 _sized to occur such that 10% of the waste inventory is exposed to direct leaching by infil-
"trating water. . It is assumed that the infiltration rate will increase because the exposed

coarse rock or riprap underiying the soit moisture barrier will inhibit evaporation. Infil-
tration 15 assumed to be 50% of the assumed average wetter annual precipitation rate of

30 cm/yr (Kukla 1979); thus infiltration would be 15 cm/yr. The release periods for the dis-
ruptive failure scenario are shown in Table P.2. Also, as part of the 5-cm/yr infiltration
rate case, a functional féi]ufe scenario is hypothesized to occur such that 50% of the whste
inventory is exposed to direct leaching by infiltrating water. This scenario assumes that
water would infiltrate the underlying waste at a rate of 0.1 cm/yr under precipitation condi-
tions of 30 cm/yr (see Appendix M) Release periods for the functional fai?ure‘stenaﬁio are
shown in Table P.2.

P.2.2 Liquid-Release Scenario for Doubie-Shell Tanks

The 100% Tiquid-release scenario for double-shell tanks applies only to the no disposal

_éct1on. Under the 11qu1d-re1ease scenario, ali Tiquids stored in doubie-she11 tanks are

assumed to Teak out in the year 2150 for an unspecified reason. ATl other aiternatives .
assume the liquid is removed to within 0.05% volume.

_ Refease of liquid from the tanks would result in displacement of soil moisture with tank
Tiquor. It is assumed that, after a brief transient period during which displacement would
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occur, the soil moisture profile would reach equilibrium. It is further assumed that an
average moisture content of 7.8% for the S-cm/yr case exiéts in the soils surrounding the
tanks and would be indicative of moisture content before and after such a release. Simi-
larly, 6.4% moisture content corresponds to the 0.5-cm/yr infiltration case. These moisture
contents are based on the relative conductivity curve for a sandy soil indicative of vadose
zone deposits at Hanford. It is probable that the tank structure and geologic stratigraphy
would act to spread a plume horizontally as it moved to the water table. The'cross section
of contaminated soil could be viewed as a vertically standing cone; however, the leaching of
such a contaminated cross section is not readily modeled. The analyses here assume a cylin-
drical column of soil, which simplifies the infiltration calculation, i.e., infiitration area
is equal to cylindrical cross section.

If a double-shelt tank were full {(i.e., 3,800 m3), its release would displace all soil
moisture (at 7.8%) in the soil column above the water table in a cylindrical section with a
radius of 15.6 m. This represents a radius 36% greater than that of a typjcal tank, It is
possible that lateral migration due to silt and clay lenses would be significantly greater.
Parameters for the liquid-release model (e.g.,-the thickness of contaminated deposits and the:
area of 1nf11tration-Tnterception) are given in Table P.4. While the tank liquor and all
nonsorbed radionuclides are distributed throughout the s0i1 column, those radionuctides known
to sorb are assumed to be held in the upper portion of the 5011 column. Thickness of the
contaminated deposit depends on each rad1onuc11de 3 Kd. B

- TABLE P.4. Parameters for the Liquid-Release Model for Doub]g—She]I_Tanks

5 cm/yr, 8 = 7.8% 0.5 cm/yr, 6 = 6.4%
200 East 200 West 200 East 200 West
Number of tanks i 25 : 3 25 3
e 100%.Release {3,800 m3/tank) : :
" Height of deposit, m e el 64 64l
Radius of each cylindrical section, m 15.6 15.6 - 17.2 - 17.2
Existifig area of interception, m? 8,410 2,290 10,200 2,800
{11 tanks in East’ Area) _ : :
Future area of interception, m 10,700 0 13,000 R
{14 tanks in East Area) .
Total 19,110 2,290 23,200 2,800
o 0.05% release (1.9 m/tank) . | | | !
Height of deposit, m 1 1 - 1 ! :
Bottom area, me | 24,4 24,4 29,7 29.7 |

(a) Due to the existence of U Pond, the depth to the water table beneath the 200 West Area
' has been ~42 m; however, u Pond has been deconmissioned, and the water tab1e will drop

to ~64 m.
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In the case of . the 100% inventory release to a system not covered by a barrier, the body
of contaminated soil water is assumed to migrate to the water table at-'a rate defined by the
unit hydraulic gradient, the infiltration rate of the climate-{e.g., drier or wetter), and
the sorption characteristics of the contamination. While the tank Teak rapidly displaces
existing soil water,.the release of the contaminated water to the water table is-believed to
be controlled by its slower displacement by meteoric water. Thus the time neceséary to flush
contamination from the soil will depend upon the travel time defined by the infiitration.
rate, the unit hydraulic gradient model, and the sorption properties of the radionuclide
inventory. Release of radionuclides from the contaminated soil column is modeled with -the
adsorption-controlied rejease model. '

In the case of the 0,05% inventory release to a barrier-covered system, the body of con=-.
taminated soil water is assumed to provide a source to diffusion-controlled pathways (e.g.,
streamtubes conducting contamination by the molecular diffusion mechanism). Release to the
water table is modeled as the cumulative release from the suite of- diffusion-controlled path-
ways leading from the source to the advection-controlled pathways and the water table. The
model applied for-radionuclide releases from the 0.05% liquid inventory corrects for decay by
applying the exponential decay to the fraction-remaining equation of a nondecaying chemical.

'P.2.3 Release from Grout in Vaults

A11 grout disposal vaults are to be covered with protective barriers. The release model
in Section P.1.4 4S based on the viewpoint that the waste and i%ts surrounding vadose zone are
a source' region supplying a release to the water table of the unconfined aquifer. In this
tonceptua1ization'there can be one of two controiling factors for the overall release: .
release from the waste or transport mechanisms, © If release from the waste controls the over-
all release, then the transport mechanism carrying contamination away from the waste is able
to trahsport contamination as fast as the waste form can deliver it to the waste/soil inter-

_face, If the transport mechanism controis re]ease, it is unable to transport contamination .

away from the waste as rapidly as the waste form can de11ver it.  The modei emp10yed herein
is based on the assumption that the transport pathway governs the release. Thus future mod-
eling efforts, which take into account the wastePform release characteristics, could result
in slower and lower releases to the water table. Preliminary laboratory experiments show
that the rate of diffusion through grout is 519n1f1cant1y Tower than that through the vadose

©ozone, 1nd1cat1ng that the diffusion rate used for grout may be conservatave.

P.2.3.1 Release Controlled by Leach Rate of the Grouted Haste

Releases from grout depend on the geometry and chemical composition of the grout and the
characteristics of the soil and soil water it contacts. While several models exist: for the
release of contamination from grout samples from laboratery formulations {(Moore, Godbee, and
Kibbey 1977; Godbee et al. 1980), no data exist that quantify releases to an-unsaturated soil
environment from grout conta1n1ng Hanford wastes. Studies have shown that 1ab0ratbry results
can be scaled to field sites by ratioing the volume-to- surface area ratios of the laboratory
sample and the field-scale waste form {Moore, Godbee, and Kibbey 1977). Certainly feed
streams from different Hanford facilities contain different concentrations of orgamics, salt
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and ‘solids. The grout formulas for the different waste streams will differ. Relative
amounts of ‘grout-forming solids, waste feed stream, and makeup water will differ.fbr each
major waste stream. Finally, the soil, soil water, and aqueous geochemistry of.the soil
environment can influence the performance of grouted wastes. The vadose-zone soils, being
more conductive than grout, may channel soil water around the grouted wastes, and the oxidiz-
ing environment of the Hanford soil (relative to reducing environments elsewhere) ﬁay result
in geochemica] reactions (e.g., precipitation, adsorption) that act to retard migrafion of
radionuclides and chemicals once they have entered the soil system. Because of the variety
of models, chemical compositions, and soil environments, leach testing of Hanford grout is in
progress. These tests seek to optimize the grout formula used with each waste feed stream
proposed for grout disposal at Hanford.

While these studies are conducted, a uniform leach rate for nitrate jon has been assumed
to apply to ail gfouted'wastes at Hanford. From preliminary and limited data, a leach rate
of 0.007%/yr is assumed for Hanford wastes placed in a vault with a rectangular.upper surface
and a trapezoidal cross section. The upper surface edge is 35 m; the lower surche'edge s
29 m; thickness is 3 m; and the side slopes are 1:1. Because the rate is assumed to be con-
stant for all radionuclides and chemicaTs, it is essentially a congruent release mode],
Laboratory and field-Tysimeter studies will be conducted to ensure that performance indicated
by results shown in this EIS is achievable for grout placed in vaults in. Hanford soils.

Because molecular diffusion in the soil water of the porous medium is assumed tq control
release beneath a protective barrier that excludes recharge water, the grout ieach hate model
is only employed to analyze the disruptive and functional failure scenarios where infi]traj .
ting water directly contacts the grouted waste. For these special cases, moisture flowing
around and past the waste form is assumed to carry all contaminants released from the grout
to the water table, . '

P.2.3.2 Release Controlled by the Transport Pathway

If the transport phenomena cannot conduct contamination away from the waste form as rap-
idly .as it is delivered to the wasﬁe form/soil interface, the release mechanism is transport-
dominated. Essentially, the concentration of contamination adjacent to the waste in the soil
water builds up to the point of shutting down the diffusion-controlied grout release mecha=
nism. . The constant leach rate of 0.007%/yr yields a complete release in approximately
14,000 years {(i.e., 1/0.007%/yr = 14,000 years) if the release mechanism dominates. The
diffusion-controlled pathway commonly exhibits release periods in excess of the value dic-
tated by the grout reiease mechanism. —Thus, the diffusion transport mechanism does dominate
the release process. Nitrate near the grout interface is assumed to exist at a‘so1ution'con—
centration of 0.3 g/mL (Barney 1976; Schuiz 1980). The volume, surface area, and edge of the
grout waste for the different disposal alternatives are shown in Table P.5, Release of
nitrate ion to the water table from the barrier-covered grout waste form is modeled by the
diffusiaon-controlled model for a nondecaying source. Radionuclides are released congruent
with “the nitrafe ion. The assumption and models are described in Appendix. 0 (Sec- '
tion 0.4.1.3) and summarized in.Section P.l.4,
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TABLE P.5. Volumes, Surface Areas, and Edges of the Grout Waste

_ In-Place Stab1]1zat1on and
Geologic Disposa1(a) Disposal or Reference Alternative

Inventory . ' _ Existing Future Existing. Future
Volume ;. m° : 736,000 99,000 173,000 99,000
Barrlﬁr Eurface Area, ha 73 ' 9 ' ‘ 19' ' ‘ ‘.10
(10% | ‘
Grout Surface Area, ha 24,5 3.3 . 5.8 3.3
Grout Thickness, m 3 : 3 | . 3 . 3
Edge of Continuous Square - 495 o182 . 240 - 187

Grout Slab, m
Mass of Nitrate (N03), kg 1.1 x 108 1,9 x 106 1,5 x 107 1.9 x 10°

(a) The preferred alternative is bounded by the geologic and reference alternatives.

P.2.4 TRU-Contaminated Unsaturated Zone Soils in the 200 Areas

Release of radionuclides from contaminated soils is assumed to be controlled by a solu-
tion concentration in the cases of plutonium {(Rai, Serne, and Moore 1980), americium (Rai‘
et al. 1981}, and neptunium (Shulz 1980), and by adsorption (i.e., desorption) in the cases
of carbon, stront1um, and cesium. The solﬂbi]ity model depends on the solution concentration
of the radionuclide, the land surface area of contaminated soils, and the net 1nf11trat1on
rate. The latter is described in Appendix 0, and the former data are- presented in the final
section of this appendix, which summarizes release model data.

The adsorption model depends on the distribution coefficient and the thickness of the
contaminated soil- deposits. This thickness will differ for each radionuciide, depending on
jts sorption characteristics; however, data are incomplete for individual-radionuclides dis-
posed to the various burial sites. The TRU-contaminated sofl sites provide the shallowest
contaminated deposits. -All other, 1;e.; pre-1970 buried, and retrievab]y'stored'and nenlyf
generated TRU'wastes are stored in deposits having a thﬁtknegs greater than 1 m.

The adsorption, or more appropriately the desorption, model of release is based on an
assumed uniform, homogeneous deposit of contaminated soil, However, actual soil deposits are
known to be more concentrated near the surféce and less concenfrated at depth. For -example,
the maximum Tocalized TRU contamination shows concentrations up to 40,000 nCi/g in small
Tocalized volumes within only the first 1/3 m of the distribution structure. TRU concenfra-
tions drop to less than 1,000 nCi/g at a depth of 2 m and less than 100 nCi/fg at a depth of
15 m {Rockwell 1985) Because the maximum value app11es to a localized small volume, and
because a single thickness of deposit was selected for all TRU wastes released by the
adsorption-controlled model, an assumed thickness of 1/3 m was applfed to all TRU wastes.

P.19




—
ﬂ"t{.

The sensitivity of the adsorntion release model to the product of retardation factor and
deposit thickness is of 1nterest because these parameters appear in the adsorption model
equations. As th1ckness 1ncreases, while retardat1on factor is held constant for a fixed
initial inventory, a sTower release occurs. This is duelto the one-to-one relationship
between 501id~ and liqUid'phaSe concéntration in the réetardation model. As the thickness
increases, the solid- phase concentration’ decreases, causing a decrease in the 1aqu1d phase
concentration and a slower release. As retardation facter increases and thickness is he]d
constant for a fixed initial inventory, a slower release occurs. Note that a decreas1ng
retardation implies an 1ncreasfng thickness if depositions have occurred by an adsorptidn~;
controlled process. Radionuctides that are more mobile will have a smaller value of retarda-
tion and a greater thickness of contaminated soil. Less-mobile radionuclides will have
larger values of retardation and shallower deposits of contaminated soil. The product of
retardaticen and thickness appears -in the.adsorption release model, While no data exist on a
definitive reiationship between retardation and thickness of contaminated'deposits; the
trade-off evident in the model. implies that a controlled sensitivity to thickness may exist
when the relationship between thickness and retardation is taken ‘into account.

The release models for TRU wastes described above apply to the cases that do not involve
barriers. Control of fnfiltrating water by a protective barrier will result in reduced
rad1onuc11de release rates for the adsorption model because of the exclusion of infiltrating
water and the dominance of molecular diffusion as the transport mechan1sm. Because projected
releases of. radionuclides for the cases without barriers have not resulted in health effects
(see Appendices 0 and R), it is assumed that the slower and less concentrated releases of the
barrier cases would also ‘pose no health effects, Therefore models of release from beneath a
protective barrier have not heen deve]oped and app11ed to the TRU wastes stored on the '
200 Areas plateau.

P.2.5 TRU-Contaminated Unsaturated—Zone SoiTs in the 300 Area

Three TRU s1tes in the 300 Area are mode]ed as two distinct subareas in this ana]ys1s.
The 618~1 and 618 2 s1tes are combined because of their proximity; both are in or near the
300 Area. The 618-11 site is ]ocated adjacent to the Washington Public Power Supply System
in the 300 Wye area. These two subareas are modeled for 0.5-cm/yr and 5-cm/yr 1nf11trat10n
rates. Due to the prox1m1ty of the bur1a1 sites to the Co1umb1a River, a constant 8-m depth
to water tab]e is assumed to be 1ndependent of location and recharge rate. These ana]yses
are for the no d1sposa1 action case. In all dzsposa] a]ternatives these wastes are to be
moved to the 200 Areas plateau [see footnote (b} on Table P. 6] :

Release of rad1onucl1des from the 618 sites is modeled as a retardat1on or as a solut1on;
concentration, i.e., so]ub111ty controTled, release, As such it is assumed that water can
freely contact the TRU wastes. The thickness of the storage deposit at each site is 4.6 m,
and the distribution coefficients for radionuclides are the same as those used for TRU wastes
in the 200 Areas. Table P.6 summarizes_the pertinent release model data for the two
subareas. I ' o '
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TABLE P.6. Leach Parameters for Direct Infiltration and Contact of TRU Wastes Stored in
the 618 Subareas

Waste Distribution

) Inventory, Volume, Area, Ceefficient, Thickness, p,
Radionuclide ci e cinld) m w_  Kem/g __m g/cin®
Subarea 618-1 & 2(P) 1,180 790 , 4.6 1.8 -
90gr - 1.3 x 102 0.64
137¢ 1.5 x 102  26lc)
239-240p,(d) 1.1 x 102 2.6 x 10-7(e) (71)()
241 pp 4.1 x 100 1.5 x 10-8(9) (76)
Subarea 618-11 - 7,900 3,100 4.6 1.8
90sp. 8.8 x 107 0.64
137¢4 9.6 x 102 26(c)
239-240p,, 7.5 x 102 2.6 x 1077 (71)
28 2.1 x102 1.5 x 1078 (76)

(a}) These solution concentrations differ from those used for high-ionic-strength, high com-

plexant concentration wastes in single-shell tanks. The TRU wastes are assumed to be
. .more appropriately modeled after crib discharges.

{b) A recently completed study (DOE 1986b), which examined records of inactive waste dis-
posal locations on the Hanford Site, showed that two 618 sites (618-1 and 618-2) each
contained 1.0 g. of plutonium, rather than the previously listed 1,000 g. (Rockwell .
1985}, As a result of this lower guantity, both sites are now des1gnated as low-level

© - waste {Rockwell 1982).

{c) Routson et al. {1981).

(d) Rai. et al. {1981); Table P.13. -

(e) Rai, Serne, and Moore (1980}, 1.8 x 1078 moles/L of 23%u.

(f) Numbers in parentheses are distribution coefficients used in the transport ana1ys1s of
the radionuclides in both vaqose and satura&od Zones. .

(g} Rai et al. (1981), 1.8 x 10~*! moles/L of

P.3 INVENTORIES AND LOCATIONS OF RADIONUCLIDES.

Rad1onucl1de 1nventor1es for the var1ous waste forms and storage fac1]1t1es are given 1n
Tables P.6 through P. 13 (a) A number of var1ab1es enter into the selection and app11cat10n
of rélease models. Most 1mportant are the waste form and whether a barr1er(b) will cover the
waste, This information and a cross reference to inventory are summarized in Tables P.14
through P.17. The invertories tabulated were developed from Rockwell (1985}, Tahles P,13
through P.17 also indicate whether the waste is stored in 200 East or 200 West.

(a) Here and elisewhere in this appendix, 1nventory values are presented to two and sometimes
three figures. This has been done to aid in accounting for radionuclides, and it should
not be construed as a true measure of accuracy. Since many values are known only to one
figure and conclusions would not be altered whether based on one figure or two, 1t11s

'iuggeaged that inventories be read as though rounded to one figure, e.g., 9.6 x 10- as
X
(b} Reference to a barrier denotes the protective barrier and marker system.

P.21




TABLE P.7. . Radionuclide Inventories for Existing_Single—She]l:Tanks,(a’b)'Ci

200 East 200 West
Radionuclide Salt Cake Sludge Salt Cake STudge
e 1.6 x 10° | 2.7 x 103
T95e 2.6 x 102 5.4 x 102
- 90g : ' 1.9 x 107 3,2 x 107
91 9.8 x 103 1.7 x 10
129; 1.6 x 101 2.5 x 101
137¢g 8.1 x 108 1.1 x 107
151, 3.0 x 105 3,8 x 10°
237y 2.3 x 10 3.5 x 10!
238y | 2.2 x 102 2.8 x 102
239-240p,, ' 1.8 x 104 1.0 x 104
2815, 1.8 x 104 2.0 x 104

{a) To be conservative, the total curies shown for individual
radionuclides exceed the reported inventory for single-shell
tanks; however, they are equal to or less than the total
existing waste inventory, some of which is stored in double-
shell tanks, .

(b} Taken from Table 2-7 of Rockwell 1985,

Inventories of some of the radionuclides provided in Tables P,7, P.8 and P.9 are doubly
accounted for both in the inventories and 1n the dose calculations reported in Appendix R,
This conservat1v1sm is necessitated because some of the radionuclides may be in.either
single-shell or double-shell tanks. An ongoing jet pumping program is reducing the Tiquid
volume in s1ngie -shell tanks by p]ac1ng this Tiquid in double-shell tanks. It has resu1ted .
in uncerta1nty in the radionuclides retained in salt cake, sludge and liquid in single-shell
tanks as opposed to those retained in the pumped liquid. Thus, the radionuclide inventories
for these radionuclides are included in both single-shell and doub]e shell tanks and remain
doubiy accounted for as these wastes are processed for. the var1ous alternatives.

In_contrast-to-the doubly accounted for inventories in Tables P.7, P.S-and P,9, best
single estimate inventories as the radionuclides presently exist and as.they would exist fol-
lowing processing for the various alternatives are given in Tables P.18 through P.22, These
tables are structured as best single estimates to inform the reader as to the change. of
inventory and location of radionuclides with alternatives. ' '
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TABLE P.8. -Radionuclide Inventories fof'Grout from Existing Tank HaStes,(a) Ci

Disposal A]ternative{b)

' In-Place Reference(d)
. . Geo]ogii : 'Stabilizati?g (Combination
Radionuclide ~ Disposal F) and Disposal ) _Disposal)
14c(e) 5 x 109 4 x 103 4 x 10°
795¢ 9 x 102 1x 102 1 x 102 |
905 3 x 10° 2 x 107, 2 x 10°
997 (e) 3 x 10° 3 x 10 3 x 10%
129y 5x 100 4 x 10! 4 x 10!
137¢g 2 x 10° 2 x 107 2 x 107
1815y 5 x 10° 3 x 10° 3 x 10*
237y 3 x 107! 6 x 10! 6
238y 2 3 3 x 107}
239-240p, 1 x 102 1x 102 1x 10!
24 2 x 102 3 x 104 3 x 103
TOTAL VOLUME, m3 736,000 173,000 : 173,000
{a} Taken from Table 2-13b of Rockwell 1985,
{b}) The preferred alternative is bounded by the geologic and ref-
erence aiternatives. '
{c} Made from both single- and double-shell tank wastes.
(d) Made from. doubie-shell tank wasteslﬁn1y.
(e) Since it is uncertain whether the *7C and 99Tc in single-shell

tanks are salt cake or sludge, the inventories are included as
if they existed in both; i.e., these nuclides are doubly
~accounted for.

P.4 SUMMARY OF SOURCE RELEASE-RATE DATA

The -four release models {adsorption, solubility, dissolution, and diffusion) require a
variety of dafa.' Dqta for radionuclide release from salt cake and sludge-are summarized in
Table P.23. Radionuclide data for liquid release, Qrouf, and TRU wastes are surmarized in
Tables P.24, P.25, and P.26, respectively.

The tfansport code used in the simulations accepts a distribution coefficient, Kd, for
each radionuclide. Chosen values of Kd, shown in Table P,27,;are a conservative representa-
tion of values'germane to the Hanford Site given in the literature (Delegard and Barney ‘
1983).- The distribution coefficient values reported by Delegard and Barney are based on
1aborat6ry studies that used synthetic solutions. Their findings are believed to be conser--
vative because the -organic complexants used in the experiments were not exposed to radio-
activity over any significant period of time. Such exposure is believed to result in the
breakdawn of organic compounds -and, therefore, an increase in retardation. Thus, the distri-
bution coefficients are probably biased Tow and result in greater mobility. Specifically. K,

P.23




‘”q'\::

e

M
§

o

TABLE P.9. Radionuclide Inrengorjes for Existing Double-Shell
- ) Tank Wastes, Ci'3:°:

Radionuclide . . 200 East 200 West
14 3,3 x 108 6.7 x 102

- 795e = 8.3 x 100 1.7x10!
90, : 1.5 x 107 3.0 x 10°
B 2.5 x 104 5.0 x 103
1291 - 3.3 x 10! 6.8
137¢4 1.5 x 107 © 3.0 x 100
151, 2.4 x 10° 2.9 x 104
237p 5,0 x 101 1.0 x 101
238y - 2.5 5.1 x 1071
239-240p, . 8.3 x 10! 1.7 x 10!
24am 2.5 x 10% 5.1 x 103

TOTAL VOLUME, m> 37,600 7,600

{a}) The split between 200 East and 200 West has .
. been based-on waste volume in the respective

areas. The actual split between 200 East and
200 West double-shell inventories may be dif-~:
ferent. Management of newly generated wastes
may alter the configuration. Values shown are
representative of one possible spiit.

{b) The total curies shown for each radionuclide
represent the conservative estimate of 1nven-

: tory in double-shell tanks,

(¢) Taken from Table 2-8. of ‘Rockwell 1985

values for stronttum, neptunium, plutonium, and americium are conservat1ve 1nterpretat1ons of
values found in Dg]egard and Barney. Values for carbon, 1od1ne, and technetium are taken to
be zero. Samariu@ behavibr is analogous to americium under ox1d121ng cond1t10ns. F1na1ly,
the K4 of cesium is‘takep as a.constant 26 m./g for all waste forms. Such a value is on the
low end of the -cesium values reported by Delegard and Barney for various sediment/waste solu-
tion combinations. - '

Values of distribution coefficients,(Kd) applied to TRU wastes (i.e., soil sites, pre-
1970 solid waste, retrievably stored, and newTy generated) also are based on experiments per-
formed by Delegard and Barney. Distribution coefficient values based on expériments with
dilute, uhcbmp]exed tank wastes were selected for application to the TRU wastes, as these
wastes, in general, do. not contain chemical complexants that are likely to mobilize radio-
nuc]1des. Pre- 1970, retrievably stored and newly generated solid wastes are. predom1nant1y
contam1nated material and equipment with no complexant inventory, while soil sites may have
received some chemicals as part of past liquid discharges. However, the liquids d1scharged
at these sites should be no more concentrated or complexed than the solutions sfudied by'
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TABLE P.10 Radionuctide Inven fugy of Future Double- .
: Shell Tank Wastes, Ci

Radionuc]ide . Inventory
4 o 2.8 x 102

- 19, 2.3 x 102
Ngp ' 4.2 x 10/ )
99Tc ' ' 4.8 x 103
129; ' 1.2 x 10t
137¢¢ : 5.1 x 107
151, 4,0 x 105
239-240p,, 6.3 x 10°
lp;m 3.3 x 10°

TOTAL VOLUME, m3 46,600

(a} Taken from Table 2-42 of Rockwell 1985,

)
o
- TABLE P.11. Radionuclide Inventories of Grout from Future Tank Haste,(a) ci
" : ‘ : In-Place " Reference and Preferred
o GeoTogic - Stabilization (Combination
Radionuclide Disposal - and Disposal Disposal) -
™. e - 2.8 x 102 2.8 x 102 2.8 x 10°
. Pse 2.3 x 107 2.3 x 102 2.3 x 10°
90g 2.4 x10° 0 azxwl 1.4 x 10°
ot - 9% 1.6 x 102 4.8 x 108 4.8 x 103
1291 1.2 x 10 1.2 x 10! T L2 xol
375 1.5 x 108 5.0 x 10 4.1 x 108
e . . : .
o o 151gy 2.3 x 103 4.0 x 100 . L3xwt
239-240p, 2.9 x10%2 6.3x 10° C 6.3 x 102
gy 3.0 x 103 3.3 x 10° 1.4 x 10

{a) Data for the geologic, in-place, and reference alternatives are
taken from Tables 2-45, 2-44, and 2-46, respectively, of
Rockwell 1985,

ﬁe1egard'and Barney. The absence of complexants is an assumption; studies have not been ‘con-
ducted to determine presence or absence of compTexants. The presence of theéé chemical con- -
stituents could resuit in more rapid migration as ev1denced from the dilute complexed va1ues
of Kd. )
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TASLE P,12, Rad1onuc11de Inventor1es for Sr/Cs Capsu1es in the.
‘ Dnywe]I Storage Facility, Ci ‘(decayed to 1990)

In-Place
: Stabilization No Disposal
Radionuclide- and Disposa] ~ ° Action
- gy 3.1 x 107 3.1 x 107
137¢s 1.0 x 108 5.3 x 107

While conservative compared to available distribution coeff1c1ent values, the distribu-
tion coefficient model Ttself is not the most complete attenuatton mode1 Tests run to

determine Ky values do not in general. consider:

e all competing ions

e the influerice of various species of an e1ement and of the 1mp11c1t average Kq

obta1ned

s the var1ety of'Sails contacted by so]dtion.:

Trace quantities of various chemicals have been shown to be particularly important in deter-

mining appropriate’ Kd va]ues for radtonuc11des.

Values of.Kd detérmined from batch experiments on wastes stored in ‘tanks-have been
applied 1in this EIS to analyses of wastes stored in tanks, grout, and burial grounds. Stud-
ies to determine more ébpropriate source-term models and adsorption mode]stare'planned as
part of the Transportable Grout Facility Project and the Hanford Waste Management Plan (DOE
1986h). Attenuation models more sophisticated than the d1str1but10n coeff1c1ent model used

in this EIS are under development,

Although these newer mode]s w111 resuit in different

transport pred1ct10ns, 1t is likely that the conservatism in the distribution coefficients
used in this EIS analysis ‘ensures that any change will be for better, hence lower, releases.
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TABLE P.13.

Radionuclide Inventories for TRU,(a) Ci

Newly

5011 Sites Pre-1970 Buried _ Retrievabie Generated

Radionuclide - 200 East 200 West 200 East 200 West 618 Sites 200 -East 200 West 200 West
14¢ _.(b) - - 1.0 - -- 2.0 2.0

90g,. 1.9x 102 3.2x10°  20x102  20x10  1x10° 5 2 x 10% 4.4 x 10°
3¢ 9.6x 100 1.7x10®  2.0x102  20x10%  1x10° 5 2 x 10% 4.6 x 10*
239-240p, 77x102 n3x10t  asx10?2 2.4 x 10t 9 x 17(6) 8 2x 10t 2,7 x 10t
24 py 2.0x 102 3.7x108  72xiel 70x10® 3x10? 3 1x 108 5.4 x 108
237 e - - - - -- 8 x 1072 -

238U‘ — . o . 4y 10—2 - . -

(a) Data for the soil sites, pre-1970 buried, 200 East and 200 West, pre-1970 buried 618 sites, retrievable, and newly

{b)
{c)

. 1000 g (Rockwell 1985},

generated wastes are taken from Tables 4-51, 4-60, 2-27, 2-26, and 2-27 of Rockwell 1985,
taken from Tables 2-15 and 2-20 for the soil sites and pre-1970 buried TRU,
Dashes indicate no inventory for the specific radionuclide and waste form,
A recently completed study (DOE 1986a}, which examined records of inactive waste disposal 1ocaU!ons on the Hanford

Site, showed that two 618 sites (618-1 and 618-2) each contained 1.0 g of plutonfum, rather than the previously listed

(Rockwell 1987).

The east/west split is

As a result of this lower quantity, both sites are now designated as low-level waste sites




TABLE P.14, Inventory and Location Details for Wastes to be D1sposed of Near

Surface -in the Geologic Disposal Alternatlve (w1th barrier)

. . ' . 200 Area
Faci11ty(a); © . MWaste Form Inventory(b) Location
$ST -~ ° - Combined-Salt and 5%, P.7- _East and West

: - Sludge _ o
DST and SST  Grout - Column 1, P,8 ~ East

" (existing) '
DST - Waste Slurry 0.05%, P.9 East and West
(existing) '
DST " Waste Slurry 0.05%, P.10 East and West
(future) S
nsT - Grout " Column 1, P.11  East
{future) C
{a} S5T = single-shell tanks
DST = double=-sheli tanks
Existing = waste dinventory currently stored
Future = waste ‘inventory to be produced.

7 {b) Inventory cross-referenced to preceding Tab]es P.7 through P.11.
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TABLE P.15, . Inventory and Location Details for the In-Place Stabilization-
" ‘and Disposal Alternative {with barrier)}

200 Area

Faci1ity(a) wéste Form Inventory(b) Location
SST Combined Salt and P.7 "East and West
. Sludge ' '

DST Liquid 0,05%, P.9 East and West

[existing)}

NST Grout . Column 2, P.B East

(existing)

DST Liquid 0,05%, P.10 East

{future) .

DST Grout Column 2, P,11 East

{future}
LS
' DWSF Capsules Column 1, P.12 East
oF | TRU Contaminated Columns 1 & 2, P.13  East and West
. Soils . .
gk

TRU Pre-1970 Buried  Columns 3, 4 & b, East and West
- P.13 ' (and 618 sites)(c)
e TRU Retrievably Columns 6 & 7, P,13 East and West

Stored o

- .

TRU Newly Generated . Column 8, P.13 Hest
. (a) SST = single-shell tank,

DST = double-shell tank.
Existing = waste inventory currently stored.
T Future = waste inventory to be produced.
DUSF = drywell storage facility.
TRU = transuranic waste.

{b) Inventory cross-referenced to preceding Tables P.7 through P,13,
&> {c) A recently completed study (DOE 1986a}, which examined records of
inactive waste disposal locations on the Hanford Site, showed that two
618 sites {618-1 and 618-2) each contained 1.0 g of plutonium, rather
than the previously listed 1000 g {Rockwell 1985). As a result of this
lower quantity, both sites are now designated as lTow-level waste sites
(Rockwell 1987).
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TABLE P.16. Inventory and Location Details for the Reference Alternative {with barrier)

b 200 Area
Faci]ity(a) Waste Form Inventory( ) Location
SST " Combined Salt and P.7 East and West
Sludge
DsT Liquid 0.05%, P.S East and West
(existing)
DST Grout Column 3, P.8 East
{existing) .
DST Liquid 0,05%, P.10 East
(future)
DST Grout Column 3, P.11  East .
(future) : i
TRU Contaminated Columns 1 & 2, P,13 East and West
Soils R

TRU Pre-1970 Buried . - Columns 3 & 4, P.13 - East and West
(a} SST = single-shell tank

DST = double-shell tank

- Existing # waste inventory currently stored
Future = waste inventory to be produced
TRU = transuranic waste,

'(b) Inventory cross-referenced to preceding Tables P.7

through P.13,
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TABLE P.17. Inventory and Location Details for No Disposal Action {no barrier)

. . : 200 Area
Facility(a) Waste Form Inventory(P) Location
ST Combined Salt and P.7 . Fast and West
Sludge _
DST Liquid P.9 East and West .
(existing) A : '
pST Liquid : P.10 East and West
{future)
DWSF Capsules Colum 2, P,12 - East
TRY Contaminated Cotumns 1 & 2, P.13  East and West
Soils :
TRU - Pre=1970 Buried Columns 3, 4, & 5, East and West
P.13 : _ (and 618 s1tes)(c)
TRU Retrievably Columns 6 & 7, P.13 East
Stored
TRU New1y Generated Cotumn 8, P,13 West
{a} SST = s:ngie—sheI] tank
DST = double-shell tank
Existing = waste inventory currently - ‘stored
Future—= waste inventory to be produced
DMSF = drywell storage facility:
: TRU = transuranic waste, -
{b) Inventory cross-referenced to precedTng Tables P.7 through P.13.
{c) A recently compléted study {DOE 1986a), which examined records of

“inactive waste disposal locations on the Hanford Site, showed that two

618 sites (618-1 and 618-2) each contained 1.0 g of plutonium, rather

‘than the previously Tisted 1000 g (Rockwell 1985). As a result of this

lower quantity, both sites are now. deSTgnated as low-Tevel waste sites
(Rockwe11 1987). ‘
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TABLE P.18. Inventory (Ci) and Location of Selected Radionuclides(?)

Existing Tank Waste(b) ' Future Sr/Cs Retrievably Newly Total

Singte-Shell  Ocuble-Shell Oguble-Shell Capsules in  TRU-Contaminated Pre-1970 Stored Generated Inventory

Tank Waste Tank Waste Total _Tank Waste WESF Soil Sites Buried TRU TRU Waste TRU Waste {rounded)
L 3,000 2,000 5,000 280 --() - 1 2 2" 5,300
LEE 800 100 900 230 - - - - -- 1,100
905 42,000,000 8,200,000 50,000,000 . 42,000,000 31,000,000 3,400 20,000 22,000 44,000 120,000,000
Bk 16,000 14,000 30,000 4,800 - - - - - 35,000
129; 24 22 a6 12 - -- ' - - . : 58
W 11,000,000 11,000,000 22,000,000, - 51,000,000 53,000,000 1,800 21,000 23,000 46,000 130,000,000
t5lgy 650, 000 170,000 - 820,000 400,000 -~ T — - - 1,200,000
238 470 2 " an 47 - _ R 49 4 5 580
239,240p,, 27,000 110 27,000 6,200 . 14,000 25,000¢d) 24,000 27,000 120,000
28lan 28,000 - 16,000 44,000 330,000 - ‘ 3,900 7,200 1,400 5,400 390,000

(a) Radionuclides (with half-lives greater than 20 years) were selected for presentation based on an expectation of significant contribution to population
dose or the fact that they might otherwise be of interest. " Quantities are decayed to end of 1995,

(b} Based on a 50:50 distribution of soluble radionuclides n solution between single-shell and double-shell tanks;- constitutes a best estimate of inven-
tory split between tank cYasses. {See Tables P.7 through P.ll for a more conservative treatment used in dose calculations.)

(c) Dashes indicate no value reported in Rockwell 1985,

{d) A recently completed study (DOE 1986a}, which examined records of inactive waste disposal locations on the Hanford Site, showed that two
618 sites (618-1 and 618-2) each contained 1.0 g of.plutonium, rather than the previously listed 1000 g (Rockwell 1985), As a result of
this lower quantity, both sites.are now des1gnated as ‘Tow- ]eve1 waste sites (RockweTl 1987). : .
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TABLE P,19. Inventory {Ci) and Location of Selected Radionuciides(?) for the Geologic Disposal Alternative(P)

To Near=Surface Burial with Barrier and Marker System

. . Existing
. -Existing Future Single & Double Future
Sing1e-%h?11 Double- ?9311 Doublia- ?h?11 Shall-Tank Double-5hell  Total

Tanks'® Tanks Tanks Total In Tanks Grout Tank Grout In Grout Total IPSD
4 150 1 a 150 4,800 280 5,100 5,300
T5p - 40 < a .- 40 860 230 1,100 1,100
30 2,100,000 4,100 21,000 2,100,000 250,000 - 240,000 490,000 2,600,000
L P 800 2 2 810 300 160 460 1,300
129¢ 1 a <1 T 45 : 12 57 - B8
1¥7¢g 530,000 5,300 25,000 560, 000 210,000 1,500,000 1,700,000 2,300,000
81, 33,000 87 200 33,000 - 4,100 - 2,300 6,400 " 39,000
238y 24 <1 <1 24 2 39 41 65
239,240p, 1,400 a 3 1,400 140 ‘ 290 . 430 " 1,800
My 1,400 8 . 160 ~1,600 ) 3,000 3,200 4,800

To Geologic Repository

Existing Future . _ Pre~1970 TRU . Retrievably Newly ... : . Totai

Single &-Do?yle Double-Shelt Sr/Cs TRU-Contaminated Buried Solids  Stored TRU Generated Total Inventory

Tank Glass Tank Glass Capsules Soi) Site Waste Waste Waste TRU Waste. Repository {rounded;
14g 0 0 --{e) - 1 2 2 5 5,300
Mg 0 4 - o — - - © 8 1,100 |
g 47,000,000 42,000,000 31,000,000 3,400 21,000 22,000 - 44,000 120,000,000 120,000,000
97¢ 28,000 . 4,700, - - - - - 34,000 35,000
129; 0 S - - - - S e e _ 58
137¢s - 21,000,000 49,000,000° 53,000,000 1,800 © 21,000 23,000 46,000 120,000,000 130,000,000
151gy, 760,000 394,000 - - - -- S 1,200,000 1,200,000
238 _ 440 8 .- 2 49 4 5 510 580
239-240p, 27,000 5,900 — 14,000 : 25,000(9) 24,000 27,000 © 10,000 120,000
21py 44,000 320,000 .- 3,900 © 7,200 1,400 5,400 390,000 390,000

(a)} Radionuclides (with half-Tives greater than 20 years) were selected for presentation based on an expectation of significant comtribution to
population dese or the fact that they might otherwise be of interest. Quantities decayed to end of 1995.

(b} The geniogic alternative represents a bounding case for the preferred alternative.

{¢) 5% of inventory.

(d) 0.05% of inventory.

{e} Dashes indicate no value reported in Rockwell 1985,

(f} Based on a 50:50 distribution of soluble radionuciides in solution between singTe-shell and double-shell tanks; constitutes a best estimate
of fnventory split between tank classes. (See Tables P.7 through P.1l for a more conservative treatment used in dose calculations.}

{g) A recently completed study {DOF 19B6a), which examined records of inactive waste disposal locations on the Hanford Site, showed that two
618 sites {618-1 and 618-2) each contained 1.0 g of plutonium, rather than the previously 1isted 1000 g (Rockwell 1985) As a result of
this lower quantity, both sites are now designated as low-level waste sites {(Rockwell 1987}.
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TABLE P.20. Inventory (Ci) and Location of Selected Radionuclides(a)_fuf the In-Place Stabilization and Disposal Alternative

Existing Tank Waste(b} Future i Future Encaﬁsu]ated - TRU- Retrievably  Mewly Total
Single-Shell  Double-Shell Double-Shell Double-Shell Double-Shell Haste in Contaminated ~ Pre-1970 Stored Generated Inventory
Tanks Tanks Tank Grout  Tanks Residuals Tank Grout DHDF Soil Sites Buried TRU TRU Waste TRU Waste (rounded)
14; 3,000 T 2,000 a 280 -{ed - ' 1 2 2 5,300
PBee . 800 < B T+ S | 230 - - - -- - 1,100
90y 42,000,000 4,100 8,200,000 21,000 42,000,000 31,000,000 1,400 20,000 22,000 44,000 120,000,000
997¢ 16,000 7 14,000 . 2 4,800 - - - -- - 35,000
129, 24 a4 22 Ca 17 I e . - 58
¥ - 11,000,000 5,300 11,000,000 25,000 3,900,000 - 100,000,000 1,800 21,000 23,000 46,000 130,000,000
15Ygn 650,000 87 . 170,000 200 400,000 g - -- -- - 1,200,000
238y 470 2 2 <t 47 e 2 49 g 5 58
239,240, 27,000 < 110. 3. 6,200 - 14,000 25,0000d) 24,000 27,000 120,000
288 28,000 : 8 16,000 160 330,000 - 3,900 7,200 1,400 5,400 390,000

(a) Radionuclides (with half-Tives greater than 20 years) were selected for presentation based on an expectat1on of significant contribution to population dese
or the Fact that they might otherwise be of interest. Quant1tles are decayed to.end of 1995,

(b) Based an a 50:50 distribution of soluble radionuclides in solution between single-shell and double-shell tanks; constitutes a best estimate of inventory
split between tank classes. (See Tables P,7 through P,1l for a more conservative treatment used in dose calculations.)

(c) WDashes indicate no value reported in Rockwell 1985,

{d) A recently compteted study (DOE 1986a), which examinaed records of inactive waste disposal locations on the Hanford Site, showed that two 618 sites (618-1 and
618-2) each contained 1.0 g of plutonium, rather than the previcusly Tisted 1000 g-(Rockwe!l 1985). As-a result of this Jower quantity, both sites are now
designated as low-tevel waste sites (Rockwell 1987).
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TABLE P.21, Inventory {Ci) and Location of Selected Radionuclides(a) for the Reference Disposal A]ternative(b)
To Near-Surface Disposal with Barrier and Marker System i
Existing Tank Waste(c) Future Existing Future TRU Total
Single-Shelt Double-Shell DNouble-Shell Total Double~Shell Double-Shell Total Contaminated Pre-1970 Disposed of
Tank Waste Tank Waste Tanks Remaining In Tapks _Tank Grout Tapk Grout In Grout 5011 Site Burial Near Surface
3,000 1 a 3,000 2,000 280 2,300 --{d) 1 5,300
800 <A <1 800 100 230 330 -- -- 1,100 |
42,000,000 4,100 21,000 ‘42,000,000 420,000 1,400,000 2,200,000 3,400 19,000 44,000,000
16,000 7 2z 16,000 14,000 4,800 19,000 - -— '35,000
24 < <l 24 22 12 3 -- - © 58
11,000,000 5,300 25,000 -131,000,000 11,000,000 4,100,000 . 15,000,000 1,800 19,000 26,000,00D
650,000 85 200 650,000 170,000 12,000 29,000 - - 630,000
470 ? <1 470 <l 39 39 2 49 560
27,000 < 3 27,000 1l 650 860 14,000 24,000(e) 66,000
28,000 8 165 28,000 1,600 16,000 17,000 ©3,900 6,900 56,000
To Geologic Repository
Existing Future Total
Retrievably Newly Oouble-Shell Double=Shell Total Sr/Cs Total in Inventory
Stored TRU  Geperated TRU  Tank Glass Tank Glass In Glass Capsules  Repository {rounded)
2 2 0 0 0 - 0 5,300
- - 0 4 4 - 4 1,100
22,000 45,000 7,400,000 41,000,000 48,000,000 31,000,000 79,000,000 120,000,000
- - 0 0 0 - 0 35,000
- - 0 0 0 - 0 58
23,000 47,000 0 46,000,000 46,000,000 - 53,000,000 99,000,000 130,000,000
- “- 150,000 380,000 380,000 - 530,000 1,200,000
4 5 2 8 10 - 19 580
24,000 28,000 .80 5,600 6,000 - 58,000 120,000
1,400 5,600 14,000 320,000 330,000 - 340,000 390,000

2410

of inventory split between tank classes.

Quantities decayed to end of 1995.

(a) Radionuclides (with half-lives greater than 20 years) were selected for presentation based on an expectation of significant contribution to
population dose or the fact that they might otherwise be of interest.
The reference alternative represents a bounding case for the preferred alternative.

(See Tables P.17 through P.11 for a more conservative treatment used ip dose calculations.)

Dashes indicate no value reported in Rockwell 1985,
A recently completed study {DOE 1986a), which examined records of inacti

)
} Based on a 50:50-distribution of soluble radionuclides in solution between single-shell and double-sheil tanks; constitutes a best estimate
)
)

ve waste disposal locations on the Hanford Site, showed that two
618 sites (618-1 and 618-2) each contained 1.0 g of plutonium, rather than the previously Tisted 1000 g {Rockwell 1385}, As a result of
this lower quantity, both sites are now designated as low-level waste sites {Rockwell 1987},
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TABLE P, 22, Inventory (C1) and Location of Se]ected Rad1onuc11des(a) for the No D1sposa1 Action A]ternat1ve
(continued storage)

~ Extsting Tank Waste(b) Future Encapsulated TRU- - - . Retrievably Newly Total
Single-Shell  Double-Shell Double=5hell Waste in Contaminated Pre-1970 Stored Generated Inventory
Tank Waste Tank Waste Tota]l Tank Waste DWSF Soil Sites Buried TRU TRU Waste TRY Haste {rounded)
3,000 2,000 5,000 280 e} - - : 2 2 5,300
800 100 300 . 230 - R - - - 1,100 |
42,000,000 . 8,200,000 - 50,000,000 42,000,000 31,006,000 3,400 20,000 22,000 44,000 120,000,000
16,000 14,000 . 30,000 . 4,800 - T — e R 35,000
24 22 46 12 - - - - - 58
11,000,000 11,000,000 = 22,000,000 51,000,000 53,000,000 - . . 1,800 21,000 - 23,000 46,000 130,000,000
650,000 170,000 - 820,000 400,000 - -- -- - -- 1,200,000
, 470 2 470 a7 - 2 49 4 5 580
40py, - 27,000 ¢ 27,000 6,200 -- 1,000 . 25,000(d)  2a,000 . 27,000 . 120,000
28,000 16,000 44,000 330,000 - 1,900 7,200 1,400 5,400 - 390,000

Radionuclides (with half-lives greater than. 20 years) were selected for presentation based on an expectation of significant contribution to
population dose or the fact that they might otherwise be of interest. Quantities decayed to end of 1495.

Based on a 50:50 distributfon of solublée radionuclides in solution hetween single-sheTl and double-shell ‘tanks; constitutes a best est}mate of
inventory split between tank classes. (See Tables P.7 through P.11 for a more conservative treatment used in dose calculations.} :

Dashes indicate no value reported in Rockwell 1985.
A recently completed study (DOE 1986a), which examined records of inactive waste disposal locations on the Hanford Slte, showed that two 618 sites

(618-1 and 618-2) each -contained 1.0 g of plutonium, rather than the previously listed 1000 g (Rockwell -1985). 'As a result of this lower quantity,
both sites are now designated as low-level waste sites (Rockwell 1987), .




TABLE P.23. Summary of Release Model Data: Salt Cake and Sludge in Single-Shell Tanks

Disposal Infiitration 5 )
Alternative(2) Area Radionuclide Rate, cm/yr Area, m- Inventory(c)-
Direct Leaching _
NDA 200F AT 0.5, 5 2.7 x 104 P.7
200M A1 0.5, 5 3.4 x 10% P.7
iPSD, RD 200E AN - 0,1, 15 50%, 10% of 50%, 10% of P.7
2.7 x 104
2000 ATl 0.1, 15 50%, 10% of  50%, 10% of P.7
_ 3.4 x 10%
6D 200E ATl 0.1, 15 50%, 101 of - 2.5%, 0.5% of P.7
. _ 2.7 x 104
2000 . Al 0.1, 15 50%, 10% of  2.5%, 0,5% of P.7
3.4 x 104
o .
Indirect or Diffusion-
g2 Contro]led.Leaching(b)
ity IPSD, RD 200E All 0.5 -— P.7
— 200E AT 5 -- P.7, 50% of P.7
) 2004 A1l 0.5 - P.7
= 2000 AT 5 -- P.7, 50% of P.7
oy &D 200E ANl 0.5 - 5%, P.7
. 200E ATl b -- 5%, 2.5% of P.7
7 200 Al 0.5 - 5%, P.7
— 2000 AT 5 —- 5%, 25% of P.7.
(a) NDA = no disposal action
IPSD = in-place stabilization and disposal alternative
GD = geologic disposal alternative
oo RD = reference disposal alternative.

{b) The bulk of the IPSD and GD inventories leach by diffusion from beneath a protective
barrier. Data relevant to the diffusian-controlled pathway are given in Table P.3,
(¢} TInventory cross-referenced to Table P.7.
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TABLE P.24.

Summary of Release Model Data:

. Ligquid

. Infiltration Thickness, . Arga,
Disposal Alternative(a) Area Radionuclide Rate, cm/yr m m Inventory(b)
Existing DST for A1l ... 200E A1l 0.5 ' 1 . 29.7. - 0,05%, P.9
Disposal Alternatives 5, 15,(¢) g,1(c) 1 28,4 ..
2004 All 0.5 1 29,7
_ ' 5, 15, 0.1 1 24 .4
Future DST for AN ZOOE AT 0.5 1 29.7 0,05%, P,10
Disposal Alternatives ’ 5,.15, 0.1 1 24,4
No Disposal Action _200E AN 0.5 64 10,200 P.9
(existing) ' 5 64 8,410
200W Al 0.5 64 2,800
5 64 2,290
No Disposal Action 200E - AT 0.5 64 13,000 P,10
: : : 5 64 10,700

(future)

gy
O oo
et it Sy

DST = double-shell ‘tanks.
Inventory cross-referenced to Tables P 9 and P.10,
10% of the applicable inventory and area are Teached in the disruptive fa1]ure scenario,

and 50% of the applicable inventory and area are Teached in the functional fa11ure

SCEI’!&P'I Q.
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- TABLE P.25. JSummany of Release Model Data: Erquf

Release Model

: : Diffusion
Disposal (8} ' Infiltration Leach Rate Pathway b)
Alternative -Area Radionuclide Rate, cm/yr Controlled Controlled Inventory( !
&  200E A1 0.5, 5 X Colum 1, P.8
15 X 10% Column 1, P.8
0.1 X 50% Column 1, P.2
GD 200E A1l 0.5, 5 X - Cotumn 1, P.11
15 X 104 Column 1, P,11
D.1 X 50% Column 1, P.11
IPSD 200E ATT 0.5, 5 ' X Column 2, P.8
15 X 10% Column 2, P.8
0.1 X 50% Column 2, P,8
IPSD 200E - ATl ) 0.5, 5 X Column 2, P.11
) 15 X 10% Column 2, P.11
£ 0.1 X 50% Cotumm 2, P.11
7y RD 200E All 0.5, 5 X Coiumn 3, P.8
s : _ 15 X 10% Column 3, P.8
g : 0.1 X 50% Cotumn 3, P.8
. RD 200E A1l 0.5, 5 X Column 3, P.11
15 S ¢ 10% Column 3, P.11
. 0.1 X 50% Column 3, P.11

i (a) GD =-geologic disposal alternative .

IPSD = in-place stabilization and disposal alternative
e RD = reference disposal alterrative.-

(b} TInventory cross-referenced to Tables P.8 and P.11.

v
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TABLE P.26. Summary of Release Model Data of TRU Waste for No Disposal Action

h, L) K L] ’
Waste Form Area Radionuclide C,, Ci/L  Area, m owm g?cm3 mE/g Inventory(a}
Soil Sites zo0E. s - 1/3 1.8  0.66 Colum 1,
137¢4 _ 1/3 1.8 26 P.13
23%, 2.6 x 1077 1.7 x 103
2A1pp, 1.5 x 1078 1.7 x 103
2004 90sp . ' 1/3 1.8  0.64 Colum 2,
- B 1/3 1.8 26 P.13
239, 2.6 x 1077 2.5 x 104 '
241 pp 1.5 x 108 2,5 x 104
Pre-1970 200F 90s, 1/3 1.8 0,64 Column 3,
Burial - 137 _ 1/3 1.8 26 P.13
oy . 23%,, 2.6 x 1077 6.9 x 10°
2818 1.5 x 10-8 ‘6.9 x 103
A . '
200 0sp ©1/3 1.8  0.64 Colum 4,
o 137¢ /3 1.8 26 P.13
. 233, 2.6 x 1077 6.3 x 10%
2hipm 1.5 x 1078 6.3 x 104
Retrievably 200f 905 1/3 1.8  0.64 Colum 6,
" Stored 137¢4 _ 1/3 1.8 26  P,I3
, 239, 2.6 x 1077 2.1 x 103 C '
(e - 2, 1.5 x 1078 2.1 x 103
2000 l4c. S /3 1.8 0 Column 7,
i NOg . 1/3 1.8 0,64 P,13
_ . 137¢s 1/3 1.8 26
o T By 1/3 1.8 16
. 3%, 2.6 x 10°7 2,3 x 104
L L 1,5 x 1078 2,3 x 104
Newly 2000 . I0sp - 1/3 1.8  0.64 Column 8,
Generated - g . 173 1.8 26 P.13
239, 2.6 x 1077 2.5 x 10%
2hlpp, 1.5 x 1078 2.5 x 104

(a) Inventory cross-referenced to Table P.13,
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- TABLE P,27, Distribution Coefficients (mL/g) and Decay Half-Lives (yr) Used in the Leach and Transport Models

Grout (dilute,

Grout {dilute,

TRU (dilute,

F°d

(b)

. {a) From Walker, Miller, and Feiner 1983,
From Delegard and Barney 1983,

Radionuclide Half-Life, yr{a) noncomplexed) complexed) noncomplexed) (concentrated) Zone {dilute)
14 5.73 x 10° 0 0 0
7950 3.3 3.3 -
905, (b) 0.64 0.39 0.64
997¢ 0 0 -
129 0 o N
137¢5 26 26 26
olgy 76 5.6 -
237145 (b) 16 8.7 16
239, (b) 2.411 x 10 7 21 7
241pp(b) ' 76 5.6

76

Salt Cake and Sludge (complexed)
“ Diffusion Zone
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APPENDIX O

APPLICATION OF GEOHYDROLOGIC MODELS TO POSTULATED RELEASE
SCENARIOS FOR THE HANFORD SITE

0.1 INTRODUCTION

A series of groundwater pathway analyses for each of the alternatives was made using a
combination of hydrologic and transport models, The source terms and their releases for the
various alternatives are contained in Appendix P, where the 1nventqr1es and each individual
case involving a groundwater pathway are described.

The two-dimensional groundwater computer model {VTT)} (Reisenauer 1979) and the one-
dimensional transport model (TRANSS), used in these analyses, are described in-Appendix 0.
Their application to the'Hanford waste disposal sites is described here. The scenarios
investigated cover a 10,000-year period beginning in the year 2150, Two climatic conditions
were assumed: 1) the current climate, in ‘which the upper bound of average annual- groundwater
recharge beneath the 200 Areas plateau with no. protectlve barrier, is represented by
0.5 em/yr {the ‘lower bound is zero; see d:scuss1on:1n Append!x M}; and 2) a wetter climate
with an average annual recharge of 5 cm/yr assuming no protective barrier. Two types of
environmental coritact with the contaminant plume were studied: 1} a hypothetical domestic
well located 5 km from the 200 Areas fence and 2} groundwdter entéring the Columbia River.
The radionuclide concentrations (in curies per Viter) and discharge flux (curies per year)
were calculated for these locations and are reported in this appendix. These data were used
to calculate 10ng—term doses to individuals on site and to downstream Columbia River popula-
tions {see Appendix R and Chapter 5 of Volume l). Hazardous chemicals are discussed in
Rppendix U. Integrated flux for each alternative was calculated, and the resuits are_found
in Appendix R.

The variety of dispo§a1 options requirés that several-different modeling techniques be
used to study the transport of radionuciides through the groundwater pathway. Each of the
following app11es in various combinations, depend1ng upon whether or not there is a protec-
tive barrier: 1) a diffusion model in the unsaturated soil beneath the barrier, 2} an advec-
tion'mode! in the unsaturated soil for the no-barrier.case and barrier failure scenarios, and
3) an advectidn model in the unconfined aquifer. These are discussed in detail in Abpen-

dix 0. ' ‘

Q.2 - SCENARIDS AND ASSUMPTIONS

Scenarios of climate conditions considered as part of this'study include assumed cases
of 0.5- and 5-cm/yr infiltration app11ed un1form1y over the Site. For studying postdisposal

impacts, it was assumed that the Hanford Site would be abandoned after the year 2150 (see

]




Volume 1). In the future, as facilities are shut down, the dispesal of large volumes of
cooiing and waste waters at Hanford will stop. These artificial recharges have, over the'
1ife of the Hanford Project, raised the water table more than 9 m near the 200 East Area and
26 m in the 200 West Area {Graham et al. 1981).

The postulated scenarios for the migration of radionuclides contain the following
assumptions:

® The current water disposal ponds have been decommissioned by the year 2100, and. a
new water table is established.

e Scenario 1. A 0.5-cm/yF maximum infiltration rate is assumed and modeled as typ-
1ca1 of the current ciimate.,

& Scepario 2. A climatic change occurs for the Columbia Plateau which increases
the annual precipitation to 30.1 cm/yr and the annual average infiltration and
groundwater recharge on the 200 Aréas plateau and the Hanford Site in genera1 to
5 cm/yr. This is modeled as indicative of a wetter climate.

Disruptive Barrier Failure: In this climate scenario, protective barriers

= over waste are assumed partially to fail. Soil is removed by a hypothetical
€ unspecified mechanism, expasing a percentage of the rock riprap to the weather,

which leads to 10% of the underlying waste inventory béihg contacted by 15 cm/yr
- infiltration. This amounts to 50% of the incident'precipitation being trapped. by
—_— _ the riprap catchment {see Appendix P)}. The enhanced infiltration results from.
-~ sﬁring and fall precipitation penetrating the bare rock barrier where it is inac-
s -cessibie to plant roots and direct solar radiation for evapotranspiration.and o
o evaporation. The assumption was made that as much as 50% of the future climate

precipitation would #nfiltrate beneath'the bare rock portion of the barrier.
and is assumed to occur

u

This is referred to as a "d1srupt1ve barr1er failure,
500 years after barrier placement.

Functional Barrier Failure: A second barrier failure mode is analyzed in
which it is assumed that, for whatever reason, 50% of the barriers over the waste

e
“forms partially fail (leak) in such a way that 50% of the waste inventories are

exposed to 0.1 cm/yr infiltration beneath the barrier.

Q.3 VADOSE-ZONE MODELING

Few site-specific data on soils were available from which to estimate travel time for
water passing through the unsaturated zone on the 200 Areas plateau for various infiltration
rates. To avoid gross error, the following approach was used. " A 5-gallon sample was taken
from each of six major soil horizons visible in the 15-m-deep Hanford 241-AP tank farm exca~
vation. 'Laboratory analyses provided particle-size distriﬁutions, saturated hydrauiic con-
duttivity, and water-retention characteristics. Replicate measurements were made on each

Q.2
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sample. These data were matched according to particle size and geologic soil type with a
generalizéd stratigraphic co]umh of the soils extending to the water table beneath the nearby
216-A-8 and 216-A-37 200 East Area cribs (Fecht et al. 1979). Actual data on soils deeper
than 15 m wére not available. Travel-time calculations were made on this postulated column
with sevefa1 soil varfations. :

_Travei times for water.to move through a soil profile can be estimated for a g{veﬁ flux,
q, when assuming a unit hydraulic gfadient and steady-state infiltration. For layered 50i1§
the travel time 1s a summation of travel times through each layer. The equation used for °
determining total time, T, is discussed in Appendices M and @ and can be written as:

—
]
e B G

(0.t:/) | (Q.1)

where q = the assumed steady-state flux

i = the index of the soil layer

j = the number of layers
0. = the water content of soil layer i for flux q
t; = thickness of each soil layer.

The rate at which water can travel through an unsaturated (vadose) zone .is extremely
sensitive to the moisture content of the sediment. A one or two percent increase in moisture
content can affect water travel times by an-order of magnitude. Under future climates the
nominal depth to the water table from the bottom of waste storage tarks and oroposed grout
disposal vauTts is estimated at between 60 and 68 m. An average of 64 m was assumed for
these analyses. Travel time for water to move this distance through the layered, unsaturated
soil ‘system varies from 99 to 149 years for the 5-cm/yr . recharge case, depending on the
choice of the soil layer combinations and thicknesses. Travel times also were calculated for
the 0.5-cm/yr recharge indicative of ‘current c¢limatic conditions. Water travel times for
these conditions ranged from 800 to 1,200 years and averaged 970 years. Becéuse of the Tack
of detailed soil data, the travel times in the vadose zone are assumed to be 100 years for
the 5-cm/yr flux and 925 years for 0.5-cm/yr flux through the vadose zone under drier condi-
tions., For the barrier failures, travel times of the water from the wdste_forms to the water
table were estimated to be 76 years for the 15-cm/yr infiltration and 4,200 years for the
0.1-cm/yr infiltration. The listing on page Q.4 summarizes the travel time data for the
unsaturated zone from the waste form to the water table.

The analysis is based on the infiltration characteristics and travel times of water for
the soil stratigraphy of the region east of 200 East Area. The 200 West Area 'is known-to
have different soils and . exhibits greater stratigraphic heterogeneity than does the 200 East
Area.  Since soils data for 200 West Area are not available for a significant portion of the

- sail profile, we assumed that the above data on travel times applied to hoth areas: for these

analyses. The presence of significant thicknesses of wind-deposited silts and sands and the

Q.3



o . Thickness of - Water. Travel
Assumed Yadose Zone Time Through

Infiltration, em/yr Used, m Vadose ‘Zone, yr-
0.0 6875 - Infinite
o.2{a) ‘64 4,200
0.5 64 925
5.0 - 54 100
15.0(a}. &b - 76

{a) MWater table height stiil established by 5-cm/yr
recharge (64 m).

presence of caliche layers (Tallman et al. 1979) suggests longer travel times in a strictly
one-dimensional unsaturated zone underlying the 200 West Area. However, due to a lack of
data, we elected to assume no credit for the potentially longer travel times under the

200 West Area. '

3.4 AQUIFER MODELING

The central portion of the Hanford Site is bounded on the north and east by the Columbia
River and on .the western part of the southern boundary by the Yakima River. The Rattlesnake
Hills Tie along the remainder of the southern boundary. At the western boundary lie the ter-
minus of the Yakima and Umtanum Ridges and their inner valley. These ridges, hills, and val-
leys constitute a sizable recharge area that supplies groundwater flow to the aqqifer system
beneath the Site. On occasion, under extreme snow-melt conditions, some limited overland
flow occurs and quickly infiltrates. Chapter 4 of Volume 1 of this EIS discusses the Hanford
Site geology and hydrology. The conceptual model of the unconfined aquifer used for the con-
taminant pathways analysis is a modification of the present Hanford 6onceptua1 model dis-
cussed in Appendix 0.

Thefquantity of recharge changes the water volume and flow rate through the vadose
(unsaturated} zome and then laterally in the unconfined Hanford aquifer system leading to the
river, In areas where an increase in precipitation would cause intermittent-surface water
run-off and enhanced localized recharge (e.g., basalt outcroppings), the cumulative water
flow was assumed to enter the groundwater system at the edges of the Hanford aquifer. The:
quantity of water corresponding to the 0.5-cm/yr and the 5-cm/yr infiltration scenarios was
accumulated from the north slope of Rattlesnake Hills and Ory Creek Valley (an area of about
260 kmz). These water volumes were distributed to the southwest boundary of the respective
hydrological conceptual models. On the west side of the aquifer the increase accumulated
from about 140 km? of watershed from Yakima Ridge and Cold Creek Valley and was applied as
supplementary flow to that continually crossing the present flow boundary. The flanks of
Gable Mountain and Gable Butte and the terminus of Umtanum Ridge also accumulated water that
was applied to the aquifer at these boundaries. '

Undar the uniform 0.5-cm/yr infiltration, reiatively dry climate scenario, the water
table drops to near a pre-Hanford {1945) level condition. The largest influence on the water

Q.4




N

S

table will occur from underground flows originating in the offsite irrigated area in the Cold
Creek Valley. Flow in the unconfined aquifer moves from the Cold Creek area across the
Hanford Site in an easterly direction toward the Columbia River. Because of the lowered
water table, the thickness of the unconfined aquifer decreases and the basalt outcrops
extending above the water table become larger. One of these outcrops, just north of 200 East
Area, extends beneath TRU solid waste burial grounds and some tank farms. To account for
disposal directly above this feature, it was assumed any infiltrating water or leachate would
drain off the basalt and enter the aquifer at its nearest contact edge. Groundwater stream-
lines and travel times were generated from these locations in this scenario, as presented in
Figure Q.1.

Modeling the 5-cm/yr infiltration case produces a higher water table. Comparing the
water table of the 5-cm/yr annual average recharge scenario with a recent water table map of
the unconfined aquifer shows that the water table contours are generally higher with the wet-
ter climate. Under the 200 East Area the increase is about 3 m over a 1983 water table;
under 200 West Area the increase ranges from zero under 216-U-10 Pond to 6 m in the northwest
corner. The rise of the water table due to the future climate scenario was not enough to
intercept the topographic surface and form permanent streams or lakes in the low areas around
Gable Mountain or in Cold Creek Valley. For a point of comparison the contours and stream-
lines indicating direction of flow paths for a 1983 simulated water table are shown in Fig-
ure Q.2.

The significant feature of the water table resulting from a 5-cm/yr annual average
recharge is that a groundwater flow divide develops under the broad plain southeast of the
200 Areas plateau. This divide causes a major shift in the streamlines from the 200 Areas
disposal sites (contours shown in Figure Q.3). Under the postulated future climate change
scenario (5-cm/yr recharge), those streamlines originating at the disposal sites indicate
that the direction of flow is through the gap between Gable Mountain and Gable Butte before
entering the river. For the 0.5-cm/yr case, water beneath both the 200 East and 200 West
Areas follows streamlines, shown in Figure Q.1, to the southeast, entering the Columbia River
along the eastern edge of the Site, similar to the present groundwater flow pattern (see Fig-
ure Q.2).

Solute or contaminant transport modeling was of two fundamentally different types:
1) diffusion only, no advection from the waste to the water table for a site with a properly
functioning protective barrier, and 2) advection from the waste to the water table for cases
with either no barrier or an improperly functioning barrier. The following discussion on
solute transport modeling is focused on the advection case(s).

To calculate contaminant transport vertically through the unsaturated (vadose) zone and
then laterally in the aquifer to the river, a streamtube approach was used. The lateral
spread of contaminants in the aquifer was determined by calculating streamlines from the
edges of the waste site. This assumes little lateral spreading as the leachate travels
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FIGURE Q.1. Groundwater Contours (in meters above MSL) and Streamlines from the
200 Areas Waste Sites to the River, Assuming Steady-State Conditions,
0.5-cm/yr Recharge, and No Pond Disposals (artificial recharge)

downward from the waste sites to the water table. A number of streamlines were calculated in
the aquifer inside each streamtube from the source to the accessible environment (e.g., 5-km

well and/or river).

The aquifer model calculates the groundwater velocities along the streamlines. Along
any flow path, the velocity variation is related to the hydraulic gradient, the hydraulic

conductivity and the effective porosity encountered. Thus, each streamline or each sector of
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a given streamline is likely to have a different velocity. The transport model uses a suite

of travel times and streamlines in a given flow path to arrive at an average groundwater
for a variety of

velocity. Typical groundwater velocities are shown in the table below

starting locations:

Showing Flow from
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Typical Average Groundwater Velocities, m/yr

Wetter Climate (5 cm/yr) Current Climate (0.5 em/yr)

200 West (tank farm average) 760 ' 104

to the 5-km well :
200 West {tank farm average) 235 31

to the Columbia River
200 East (tank farm average) 1200 ' 145

to the 5-km well
200 East (tank farm average) 790 ' 66

to the Columbia River

This is but @ subset of velocities calculated for the 200 Area disposal sites. In an

aquifer system as large and compiex as the one undér the Hanford Site, velocities are highly
variable.

The diétance and travel time in the unsaturated zone are included. in the transport mod-
eling from a given site. Additionai]y, for the radionuc1iaes that are retarded by adsorp-
tion, the time.of travel is multiplied by the retardation factor for each nuctide shown in
the resu1ts tables. This results in the retarded velocity value of the radionuclide. Radio-
active decay is accounted for in both the source term and in the flow system during the time
of transport.

_In analyzing the potential for contamination of the environment through release of
radionuclides, it is useful to compare predicted results to the release limits spetified in
Section 40°CFR 191,13 of the EPA standards, which relates to radioactive materials released
into the accessible environment.. Although this EPA standard is designed for deep geologic
disposal sites, it is still instructive to app]y it to. the Hanford Defense Waste EIS analy-
sis. The EPA standard 40 CFR 191 addresses cumulative releases over a 10,000-year period
across a hypothetical boundary 5 km from the waste. This 5-km boundary éauses some .confusion
when we considér the size of the 200 Areas plateau, the number of waste sites buried there,
and whether or not the site marker boundary should be used in this determination. .

" Therefore, for the purposes of analysis, a well in the unconfined aquifer, from 3 to.
5 km from the cumulative waste sites area, is assumed to be the accessible environment. This
eliminates the perception of drilling through a neighboring waste form to a site well 5 km
from a given waste site. Since the radionuclides of interest have long half-tives, this
assumption is considered reasonable. Travel times for flow in the unsaturated zone and the
flow to 5 km in the aquifer for the various retease models show that the delay time in the
unsaturated zone above the water table dominates the system. Time of travel to the 5-km well

in the aquifer itself is relatively unimportant as indicated by the following comparison of
travel times. o
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Scenario Travel Time in Vadose, yr Travel Time in Aquifer, yr

_ 0.5-cm/yr Infiltration ' ~925 ~2 to 25
© b-crmi/yr Infiltration : ~100 - . ~1to 5
Barrier Functioning ~5 x 10% to 3 x 10% ~1 to 15
~..Disruptive.Barrier Failure 76 . - Mlto s
Functional Barrier Failure  ~4,200 ~1 to 5

Q.S; SOLUTE TRANSPORT ANALYSES

The method of groundwater pathway analysis for migrating contaminants from each waste
form follows a pattern. Radionuclides are released from each waste form to the surrounding
soil water. The release mechanisms that move contaminants from a waste form to a groundwater
pathway. are described in Appendix P for each waste form and the various disposail alterna-
tives. The two fundamentally different transpbrt mechanisms in the. unsaturated zone are dif-
fusion of contaminants through an essentia}1y immobile soil moisture column (barrier case) .
and advection of contaminants through the unsaturated zone (no barrier or disturbed case},

o

~ In either situation, transport in-the aquifer is via adveCu1on due to the influence of off-

£ site water recharge and dtscharge conditions.

g * For the case with a properly functioning protective barrier, contaminants released to
the soil water immediately adjacent to a tank or grout vaults beneath a protective barrier

are transported through the soil water only by a diffusfve mechanism {(i.e., response to a

e chemical concentration gradient} either until it reaches infiltrating water flowing downward
past the edge of the barrier or until it reaches the groundwater aquifer. With no protective
barr1er, downward - advect1ng unsaturated flow is assumed to be the dominant transport mecha-

=t

TN nism to the groundwater.

e Regardless of the dominant transport mechanism, fhere will be geochemical interactions
N between the contaminants and the sediments along the_path(é). For this EIS analysis, no

- safety credit was assumed for chemical precipitation. Howéver, for radionuclides that dis-.
play adsorptidn on Hanford sediments, a retarded velocity was computed based an the use of a
Tinear distribution coefficient (Kd) model, The advantages and disadvantages of this
approach are discussed in Appendix 0. The distribution coefficients were applied as single
values determined by the geochemistry of the waste form. Chemical speciation was not
considered, nor were variations in geochemical conditions aTohg the transbort'pathways.- The
K4 values are delineated in Appendix P and their variations are discussed. As a given con-
taminant enters the aquifer from the. vadose zone, it also is dispersed (spread) lengitudi-
nally in the groundwater as it is transported down gradient within a streamtube. Such
dispersion is due to the considerable variations in travel paths and thus trave1 t1mes w1th1n
any g1ven streamtube and var1es from one streamtube to another. '

Two points of groundwater release to the accessible environment were ané1yzed: 1) the
groundwater flow into the Columbia River and 2) a domestic well assumed to penetrate the
aquifer approximately 5 km from the 200 Area fence line. The well is assumed to pump water



containing radionuclides diluted only in the top 5 m of the aquifer. There may be more dilu-
tion in reality, but no credit was assumed for this potentially greater mixing depth.

Concentrations {curies per 1iter) entering the wells are estimated by diluting nuclide
flux with a quantity of flow captured in the flow tube defined hy the streamlines, The flow-
tube size was based on the distance between two streamlines étarted at opposite-edges of the .
waste form and an assumed 5-m-deep contaminant piume. Such concentration estimates are
expected to be greater than those taking into account transverse dispersion with the isubse-
quent additional dilution.” Thus the analysis is in this regard conservative.  Total radio-
nuclide flux {curies per year) .is calculated at the river boundary.

Q.6 RESULTS OF FLOW AND SOLUTE TRANSPORT MODELING

Inventories of the radionuclides assumed for the various disposal alternatives are
listed in Tables P.6 through P.15 in Appendix P, The parameters for the various release mod=-
els that input to the transport simulations are also described in Appendix P. Table 0.1

shows which waste forms apply under the various disposal alternatives. The transport is cal-
culated separately for each case. The analysis results in a curve of concentration versus '
time for the domestic well or radionuclide flux versus time entering the river. These data
are used {n calculation of the. dose in Appendix R and are finally summarized in Chapter 5 of
Volume 1. ' '

TABLE Q.1. - Waste Forms for the Various Disposal Alternatives

Waste Form
Single-5hell Existing Future
- Tanks Doubie-Shell DoubTe-Shelt
Disposal Sait .and Tanks Tanks Sr/Cs
Alternative Sludge  Grout Liguid Grout Liquid Grout Capsules Soil  Pre-1370 Retrievable New
Geologic xte) X X X X X (a) (a) {a} fa) . {a)
Repository : : : :
In-Place X {n) X X X X X X X X X
Stabiliza-
tion and
Disposatl
Reference X (b) X X X X (a) X X {a) (a)
{combination : ' '
disposal)
No Disposal % {b) X (b} X “(b) X X X X X
Action ' : '
{continued
storage)

(a) Waste sent to repository.
(b) Waste form does not apply to this situation.
(¢} X means waste form applies to this alternative,
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‘those for the 5 cm/yr recharge scenario (wetter climate). -The barrier failure results are in

Because of the number of analyses made, the results-are summarized here only by reporf-
1nglthe péak'concéntration and the time of arrival of this peak concentration at the domestic
well. Similarly, the peak flux and its arrival time at the river are shown in summary form.
Two generic curves are also shown in Figure Q.4 to clarify the following tables and to lend
perspective on the=typ1ca1.shape~of the curves of concentration and/or flux as a function :of
time., The typical curve has a first arrival of very low concentration, then increases to a’
peak, and then fipally decreases as the contaminant plume pasées. In some cases the peaks
are sharp, and in others (with long release times) the peaks are smaller. and the curve shows
a long, gradual decline. The entire curve, and not just the peak, is used for calculating
dose (Appendix R}, '
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FIGURE Q.4. Generic Curves for Pgak Concentration and Peak Flux at Accessib]e Envi ronment

0.6.1  Results of the "Current Climate" Simulations

The results of the 0.5-cm/yr recharge scenario (current climate) are presented before

separate tables following the wetter climate results for each alternative,

ReSuTts of the Geologic Disposal Alternative for the 0.5-cm/yr Recharge

The geologic disposal alternative assumes that most of the defense wastes are disposéd
of'off site in a deep'geo1ogic repository. 0n1y.the residuals of the final processing and
packaging remain on site and are placed in near-surface. disposal sites. ({See Volume 1, Chap-
ter 3 for details.) A description of the waste forms included in the geologic disposal ‘
alternative is provided as follows:
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Waste Form

Descr1pt1on

Single-5Shell Tanks Residual

Single-Shell and Double-
Shell Tanks Grout

Existing Double-Shell Tanks

Residual
Future Double-Shell Tanks
Residual

Future Double-Shell Tanks
Grout

The bulk of the wastes is shipped off site, but 5% of the salt
and sludge remains in the tanks in 200 East and 200 West Areas
and the tanks are covered with a barrier.

The liquid containing.salts from processing and: packaging waste
from the tanks is d1sposed of as Tow-level grout in the 200 East
Area.

The Tiquid residual remaining in the tanks is assumed to contain
0.05% of their original inventory.

The 1iquid residual remaining in the tanks of future-generated
tank wastes is assumed to conta1n 0,05% of the or1gtna1
inventory.

The 1iquid resulting from proc9551ng and packaging future-
generated HLW for offsite disposal is disposed of as low- 1eve1

-grout in the 200 East Area.

Table Q.2 summarizes the results.by waste form for the geologic dispesal alternative.

Results of the In-Place Stabilization and Disposal Alternative for 0.5-cm/yr Recharge

Under the in-place stabilization and disposal alternative, the HLW and TRU would be sta-

bitized in place and isolated from ecosystems by use of protective barriers, Any sites cov-

ered with a properly functigning protective barrier are not exposed to recharge, and thus

diffusion is the dominant transpert mechanism. Processing of wastes would be minimized.

This alternative results in eight additional cases, as listed below.

Waste Form

Description

Single-Shell Tanks

Existing Double-Shell Tanks

Grout

Future Doubie-Shell Tanks
Grout

Existing Double-Shell
Tanks Residual

Future Double-Shell Tanks
Residual

Strohtium/Cesium Capsules
TRU-Contaminated Soil

Pre-1970 Buried TRU Solid
Kaste

RS/NG TRU
(Retrievably Stored and
Newly Generated)

Salt and sludge in the tanks in both 200 East and 200 West Areas

- are left in place, stabilized, and covered with barriers.

Ex15t1ng 11qu1ds are immobilized and d1sposed of as grout
in vaults in 200 East Area.

Future HLW 1iquids are immobilized and disposed of aS'gfout in.
vaults in 200 East Area.

The liquid residual remaining in the tanks is assumed to contain
0.05% of the1r original inventory.

The tiquid residual remaining in the tanks of future- generated
tank wastes is assumed to contain 0,05% of the inventory.

Strontium and cesium capsules are placed in drywells near the
surface and covered with barriers.

TRU-contaminated soil sites are left in place and covered w1th
barriers.

. Pre-1970 TRU buried solid waste sites are left in place and
_covered with barriers.

Retrievably stored TRU wastes are left in place and covered with
barriers. Newly generated TRU wastes are disposed of in burial
grounds and covered with barriers.
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TABLE Q.2.

Transport Assessment of the Geologic Repository Alternative (Proce?ggng

RESidua1s_0n1y) for the 0.5-cm/yr Annual Average Recharge Scenario

Radio-

Inventory, Retardation Release(c)

5-km Well

Cotumbia River Boundary

Peak Aﬁfival,
yr After -

Peak Nuclide
Concentration,

Peak Arrival,
yr. After

Peak Nuclide
. Flux -Rate,

npc]ide(b} Ci Factor Time, vr Disposal Ci/L Nisposal Cifyr
_Single-Shel} Tanks Residual: 200 East '
l4¢ 8,0 x 10 1.0 2.7 x 100 5,000 ‘4.1 x 10712 5,500 1.7 x 1074
991e 4,9 x 102 1.0 2.5 x 106 5,000 2.0 x 10711 5,500 2.0 x 1073
129y . 8,0 x 107! 1.0 2.5 x 106 5,000 3.3 x 10714 5,500 3,3 x 107°
238y 1.1 x 10t 1.0 8,7 x 107 5,000 <1 x 10714 5,500 <1 x 1070
M5e 1.3 % 10! 19.0 2.7 x 106 7,000 3.3 x 10713 65,000 3,7 x 1077
. Single-Shell Tanks Residual: 200 West |
14, 1.5 x 102 1.0 1.5 x 106 5,100 7.6 x 10712 5,300 2.6 x 1074
e 8.5 x 102 1,0 - 2.6 x 108 5,100 5.1 x 10711 5,300 3.1 x 1073
129y 1.3 1.0 2.6 x 10° 5,100 1,3 x 10713 “5,300 4,7 x 1076
238y 1.4 x 30! 1.0 9.0 x 109 5,100 <t x 1071 5,300 <1 x 107
M95e- 2.7 x 10! 19.0 1.5 x 100 8,200 - 1.6 x 10712 68,000 6.0 x 1077
Existing Dauble- and $ingle-Shell Tanks Grout: 200 East
l4¢ 5.0 x 103 1.0 3x108 . 4,920 9.1 x 1071t 5,200 3.6 x 1073
997c 3.0 x 102 1.0 3 x 108 4,920 9,8 x 10712 5,200 4,0 x 1074
129; 5.0 x 10! 1.0 . 3x 108 4,920 1.7 x 10712 5,200 6.7 x 1073
38y 20 1.0 3 x 108 4,920 6,7 x 10714 5,200 2.7 x 1076
795 9,0 x 102 19.0 3 x 108 5,400 2.0 x 10711 75,000 6.6 x 1076
Existing Double-Shell Tanks Residual: 200 East
e g 1.0 2.6 x 10° 4,95  8.5x 10713 5,000 <l x 107
¥re 1.3 x 10 1,0 2.6 x10° 4,950 3.6 x 10712 5,000 1,9 x 1073
M5 4.2 x10°2 19,0 2.6 x 10° 5,900 1.1 x 1074 67,000 1.0 x 1079
" Existing Oouble-Shell Tanks Residual: 200 West
14¢ 3.4 x 1071 1.0 2.3 x 108 5,000 2.2 x 10713 5,400 <1 x 106
997 2,5 1.0 2.3 x 108 5,000 9.8 x 10712 5,400 5.3 x 1078
1297 3.4 x 10-3 1.0 2.3 x 106 5,000, 1.4 x 10°14 5,400 <1 x 1076
795 BS5x 1078 19,00 2.3 x 10 8,200 1.2 x 10714 59,000 < x 1078
Future Double-Shell Tanks Residual: 200 East
997c 2.4 1.0 2.2 x 1087 4,950 ‘4,5 x 10714 5,200 5.9 % 1075
Future Double-Shell Tanks Grout: 200 East
14, 2.8 x 102 1.0 3 x100 4,920 1.2 x 10711 5,200 4.6 x 1074
9%¢ 1.6 x 102 1,0 3 x 106 4,920 1.2 x 1011 5,200 4.9 x 1074
1291 .- 1.2°x 10! 1.0 - 3 x 106 4,920 9.1 x 10713 5,200 3.7 x 1070
79%e - 2.3 x 107 19.0 3 x 108 5,500 1.2 x 1071 68,000 4.8 x 1076

{a) The geologic alternative represents a bounding case for the preferred alternative.

{b} Sr, Cs, Sm, Np, U, Pu, and Am iEcluded in the analysis; where not listed, either arrived beiow the
- Cifyr, or were delayed beyond

concentration Timit of 1 x 10

20,000. years.-

Ci/L or at a rate of less than 1 x 107

{c) The time required to release themtotal inventory into an advective pathway.
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The overall impact of the groundwater pathway for the in-place stabi]ization and dis-.
posal. alternative must also contain the 1mpacts from residual slurry remaining in both the
existing double-shell and future double-shell tank wastes; these were calculated for the geo-
logic disposal .atternative and can be found in Tabie Q.2. There were no releases to the
water table from the strontium/cesium capsules since no probable release mechanisms in the
600 years of concern were found. With a barrier placed over the TRU-contaminated soil sites,
the pre-1970 TRU burial grounds and the retrievably stored/nawly generated {RS/NGY TRU sites,
only small to no impacts were determined by analogy to the resuits in Table Q.5 where no bar-
rier was used. Results from the first three items are found in Tab1e Q.3.

Results of Reference Alternative (combiration disposal) for the 0.5-cm/yr Recharge

The reference alternative inciudes in-place stabilization of single-shell tanks and
retrieval and immobilization of HLW/TRU from double-shell and future double-shell tank

‘wastes, which will be sent to a repository. The remainder will be processed into grout.

Under the reference alternative'onWy two new waste forms were defined that needed -
groundwater pathway analysis. These result from immobilizing-the reprocessed existing and
future double-shell tank wastes and disposing of them as grout in vaults in the 200 East
Area. For details of these disposal options see VYolume 1, Section 3.3.

Waste Form : Description
Existing Double-Shell Tanks MNon-HLW residual tank 1iquid disposed of as grout in vaults and
Grout cover with barriers.
Future Double-Shell Tanks Non-HLW residual future tank 1iquid disposed of as grout in
Grout vaults and cover with barriers.
Existing Double-Shell The 1iquid residual remaining in.the tanks is assumed to contain
Tanks Residual. 0.05% of their.original inventory.
Future Double-Shell Tanks The liquid residual remaining in the tanks of future-generated
Residual tank wastes is assumed to contain 0.05% &f the inventory.
Single-Shell Tanks Salt and siudge in the tanks in both 200 East and 200 West Areas

are Teft in place, stabilized, and covered with barriers.

TRU-Contaminated Soil - TRU- contaminated soil sites are left in place and covered with
: barriers, except for 618-11, which would be removed for geologtc
repository disposal under the preferred alternative.

Pre-1970 Buried TRU Pre-1970 buried TRU solid waste sites are left in place and cov-
ered with barriers.
The results of these cases are detailed in Table Q.4.

The impacts of the groundwater pathway analysis for the reference alternative should
include the results of the loss of the 0.05% residual Tiquid from the existing doub1e-she11
tanks and future double-shell tank cases from Table Q.2 and the salt ‘and sludge from stab1-
lized single- she]? tanks from Table q.3.
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TABLE Q.3. Transport Assessment of the In-Place Stabilization and Disposal Alternative
for the 0.5-cm/yr Annual Average Recharge Scenario .

5-km Well Columbia River Boundary -
o . _ Peak Arrival,  Peak WNuclide Peak Arrival, Peak Nuclide
Radios Inventory, Retardation Release yr After " Cencentration, yr After Flux Rate,
nuc]ide(a) G Factor Time, yr Disposal Ci/L Disposal Cifyr”

Single-Shell Tanks: 200 East

14¢ 1.6 x 10° 1.0 3.3 x 10 4,980 1.7 x 10712 5,500 . 4.7 x 1074
991c 9.8 x 103 1.0 2.5°x 105 4,980 2.1 x 10710 5,500 2.3 x 1072
129, 1.6 x 10! 1.0 2.6 x 106 4,980 1.8 x 19713 5,500 1.9 x 107
238y 2.2 x 102 1.0 1.7 x 109 4,980 < x 10714 5,500 <1 x 1070
se 2.6 x 107 19.0 3.3 x18 7,000 3.2 x 10712 66,000 8.8 x 107
_ Sing]e-She11 Taﬁks: 200 West

14¢ 3.0 x 103 1.0 4.2 x 105 5,100 1.7 x 10°11 5,300 6.2 x 107%
o= 991¢ 1.7 x 104 1.0 2.6 x 105 5,100 7.8 x 10-10 5,300 3,0 x 1072
1291 © 2,5 x 10! 1.0 2,5 x 10° 5,100 ~ * 6,1 x 10°13 5,300 2.3'x 1070
B 238 2.8 x 102 1.0 1.8 x 10° 5,100 < x 10-14 5,300 <1 x 1076
. Mse 5.4 x 10 19.0 4.2 x 108 8,800 . . 1.2 x 10711 67,000 1.2 x 107°

Existing Double-Shetl Tanks Grout: 200 East
B 14¢ 4,0 x 103 1.0 3 x 108 4,920 1.4 x 10710 5,200 5.5 x 1073
e 37¢ 3,0 x 104 1.0 '3 x 100 4,920 - - 1.9x109 - 5,200 . 7.6 x 1072
o 1291 4,0 x 10! 1.0 3 x 100 4,920 2.5 x 10712 5,200 1.0 x 1074
o 238y - 3,0 1.0 3 x.108 4,980 - 1,9 x 10713 5,200 7.7 x 1076
o, 195q 1,0 x 102 19.0 3 x 106 5,400 4,3 x 10-12 71,000 1,1 x 1076

o ' l Future Double-Shell Tanks Grout: 200 East
l4¢ 2.8 x 102 1.0 3 x 106 4,920 7.2 x 10712 5,100 4,6 x 10°%
= 991 4.8 x 103 1.0 3 x 108 4,920 2.2 x 10710 5,100 1.5 x 1073
o 129p 1,2 x 10! 1.0 3x100 4,920 5.6 x 10713 5,100 13,7 x 107°
M95e 2.3 x 102 19,0 3x10% 5,400 7.4 x 10712 68,000 4,8 x 1070

o .

{a) Sr, Cs, Sm, Np, Pu, and Am inclﬂded in the analysis; where not listed, githef arrived below the
concentration 1imit of 1 x 107" Ci/L or at a rate of less than 1 x 107 Ci/yr, or were delayed
beyond 20,000 years.

Results of Mo Disposal Action (continued storage) for the 0,5-cm/yr Recharge

No disposal action {continued storage} requires that tanked wastes be maintained in
tanks and retanked about every 50 years. The strontium/cesium capsules would be stored in
caissons, and the TRU soil sites would be left ‘as disposed. Under this option the'foilowing

cases are defined and analyzed.
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' TABLE 0Q.4. Transport Assessment of the Refefe?ce Alternative for the 0.5-cm/yr -
Annual Average Recharge: Scenario S : .

5-km Well Columbia River Boundary
i ) Peak Arrival, Peak Nuclide Peak ‘Arrival, Peak Nuclide
Radios Inventory, Retardation Release yr -After Concentration,  yr After Fiux Rate,
. nuc11de(b) Ci Factor Time, yr . Disposal Ci/L - Disposal Ci/yr

Exfsting Double-Shell Tanks Grout: 200 East

14¢ 4.0 x 103 1.0 2.5 x 100 4,920 1.4 x 10710 5,200 5,5 x 1073
¥re  3.0x 10° 1.9 2.5 x 108 4,920 1.9 x 1072 5,200 7.5 x 1072
1291 4.0 x 10! 1.0 2.5 x 108 4,920 2.5 x 10712 5,200 2.0 x 107%
238, 3.0 x 1071 1.0 2.5 x 10° 4,920 1,9 x 10714 5, 200 <1 x 1076
7950 1.0 x 10° 19.0 2.5 x 108 6,100 4.1 x 10712 71,000 Cnix 106 |
Future Oouble-Shell Tanks Gﬁout: 200 East
14, 2.8 x 10° 1.0 3.0 x 10° 4,920 1.1 x 1071 5,100 4.6 x 1074
997. 4.8 x 10° 1.0 3.0x.105 4,920 3.6 x 10710 . 5,100 1.5 x 1072
129 1.2 x 10} 1.0 3.0 x 108 4,920 9.1 x 10713 5,100 . 3.7 x 1075
7% 2.3 x 10 19.0 3.0 x 108 5,400 1.2 x 1071 68,000 2.8 ¢ 1076 |

{a) The reference alternative represents a bounding case for the preferred alternative.

{b) Sr, Cs, Sm, Np, Pu, and Am TnclﬂQEd in the analysis; where not listed, Either arrived below the
concentration limit of -1 x 107" Ci/L or at a rate of less than 1 x 107 Ci/yr, or were delayed
heyond 20,000 years. :

Waste Form - . . " Description
Single-Shell Tanks _ Salt and sludge remain. in tanks with no barrier. The tanks are
' assumed to deteriorate and to release their contents after
160 years.

Existing Double-Shell Tanks  Doubie-shell slurry (DSS) remains in tanks with no barrier.
: The tanks are assumed to deteriorate and to release their con-
tents after 160 years.

Future Double-Shell Tanks Future wastes remains in tanks with no barrier. The tanks are

assumed to deteriorate and to release their contents after
160 years.
StrontiQmICesium Capsules Strontium/cesiuh capsules are placed in caissons or drywells
with no barrier.
TRU-Contaminated Soil TRU-contaminated soil sites are left as disposed.
Pre-1970 Buried TRY Pre-1970 buried TRU solid waste sites are left as disposed.
RS/NG TRU ‘ - Retrievably stored TRU sites are Teft as stored, but for these

analyses are assumed available for leaching. MNewly generated
TRU wastes are placed in the ground, but for these analyses. are
“assumed available for leaching.
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TABLE Q.5.

Transport Assessment for No Disposal Action (continued storage) for the

0.5-cnfyr Annual Average Recharge Scenario
S=km Well

Columbia River Bolndary

Peak Arrival,

Peak Nuclide

Peak Arrival,

Peak Nuclide

Rad1oi ) Inventory, Retardation Ralease yr-After Concentration, yr After Flux Rate,
nuglidel® Ci Factor Time, yr Disposal Ci/L Disposal Ci/yr
. Single-5hell Tanks: 200 Edst
1% 1.6 x 103 1.0 1,400 1,190 9.7 x 1078 1,690 9.3 x 19-¢
97, 5,8 x 103 1.0 210 1,190 4,5 x 1077 1,690 2.6 x 10!
129; 1.6 x 101 1.0 590 1,190 2.7 x 10710 1,550 2.7 x 1072
239p,, 1.8 x 10 4.4 4.2 x 10% 5,000 2.0 5 107% 7,200 1.9 x 107}
238y 2.2 x 102 1.0 1.4 x 108 1,190 1.6 x 10°12 1,690 1.6 x 1074
"Mse - 2.6 %102 - 19.0 5,000 18,300 4.8 x 10710 23,000 6.0 % 1072
Single-Shell Tanks: 200 West
L4¢ " 3.0 x 103 1.0 2,000 1,290 3.4 x 1078 1,500 1.2
997¢ 1.7, % 104 1.0 290 1,290 ‘1.6 x 1978 1,500 5.8 x 10
129y 2.5 x 10! 1.0 740 1,250 9.6 x 10-10 1,500 3,4 x 1072
Z%y 1.0k 10t 4.4 2.5 x 10 5,500 7.2 x 1079 5,800 2.5 x 107!
238 2.8 x.102 1.0 1.4 x 109 1,290 5.8 x 10718 1,500, 2.0 x 1074
%5q 5.4 x 102 19,0 6,000 19,800 2.8 x 1072 24,000 6.5 x 10°%
Existing Double-Shell Tanks: 200 East
14¢ 3.3 x 10° 1.0 3,710 270 6.8 x 1077 500 5.0
997, 2.5 x 107 1.0 3,710 270 5.3 x 1076 500 3.0 ¢ 10!
129y 3.3 x io! 1.0 3,710 270 7.1 x 1079 500 4.0 x 1072
239, 8.3 x 10! 4.4 3,920 3,540 1.5 x 1078 4,600 8.2 x 107
238y 2,5 1.0 3,710 270 5.3 x 10-10 500 3.0 % 1073
905 1.5 x 107 1.1 1,560 850 8.0 x 10712 1,110 < x 1076
Mse 8.3 x 101 19.0 4,600 2,200 8.7 x 1079 6,600 3.6 x 107¢
Existing Double-Shell Tanks: 200 West
L4g 6.7 x 102 1.0 3,710 320 6.6 x 1077 550 6.8 x 1071
91, 5.0 x 10° 1.0 3,710 320 5.0 x 10~6 550 5.4
1291 6.8 1.0 3,710 320 6.9 x 1073 550 7.4 x 1073
239, 1.7 x 101 4.9 3,920 3,850 2.0 x 1078 4,730 1.4 x 10°2
905, 3.0 x 108 1.1 1,560 910 2.5 x 10712 1,080 L5 x 1078
238 5,1 x 1071 1.0 3,710 520 5,2 x 1010 550 5.5 x 074
Mg 1.7 x 10} 19.0 4,600 3,200 3.6 x 1072 7,600 2.8 x 1073
Future Qouble-5hell Tanks: 200 East
L4 2.8 x 102 1.0 3,710 " 260 2.6 x 10°9 500 3.2 x 1071
991, 4.8 x 103 1.0 3,710 260 4.7 x 1078 500 5.8
129; 1.2 x 10! 1.0 3,710 260 1.2 x 10719 500 1.5 x 1072
23%, 6.3 x 10° 3.4 3,920 . 3,500 . 5.3 x 1078 4,500 6.2 .
s 2.3 x 102 19.0 4,600 2,200 1.0 x 1070 6,600 9.3 x 1073
Pra-1670 Burial Sites: 200 MWest
l4¢ 1.0 1.0 5 1,30 1.3 x 1079 1,430 2,6 x 1072
Retrievably Stored TRU: 200 West
14¢ 2.0 1.0 10 1,300 . 3,0 x 1079 . 1,330 1.2 % 1072
‘Newly Generated TRU: 200 West
L4 2.0 1.0 3. 1,200 1.7 x 1079 1,500 1.7 x 1072

{a) Sr, Cs, Sm, Np, Pu, and Am inc
conceptration limit of 1 x 107
beyond- 20,000 years.

1ﬁded in the analysis; where not Tisted, gither arrived below the

Ci/L or at a rate of less than 1 x 107

Ci/yr, or were delayed
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Analysis of TRU-contaminated soil sitéS,_pre—lQ?D buried TRY solid waste sites, and -
newly generated TRU wastes -showed no concentrations of radionuciides at the 5-km well exceed-
ing 10714 Ci/L and no flux greater than 1076 Ci/yr entering the river. For the strontium/
cesium capsu,es, the can1sters in their handling contaTners were expected to. Tast beyond the
decay period necessary to render the strontium and cesium harmless. The rad1onuc11de
releases to the environment from the groundwater pathway for +'ne rema1n1ng cases ‘are summa-
rized in Table {.5. '

Q.6.2 Results of the Wetter Climate Scenarig (5 om/yr recharge)

The wetter climate scemario has been analyzed for each case defined above. A recharge
rate of 5 cm/yr is assumed to represent wetter climate. Two-dimensional modeiing of the
groundwater aquifer for this recharge rate showed a higher water table with generally shorter

travel times to the well and the river. The analyses made for this scenario parallel those
in Section Q.6.1.

A protective barrier is placed over a number of the waste sites, as indicated in Appen-
dix P. This protective barrier essenttally eliminates water. recharge. However, to Tend
perspective, an analysis of two barrier fai]ureé is provided, ' These analyses include a dis-
ruptive barrier failure and a functional-barrier failure. As indicated in Appendix P, water
infiltration beneath the exposed (soil layer removed) riprao is assumed to increase to
15 em/yr or essentially 50% of the incident 30.1 cm/yr of precipitation.

Results of the Geologic Disposal Atternative for 5—cﬁ/yr Recharge

The results summarized here are for the same cases as discussed for the .continued drier

climate except that the cases for recharge of 5 c¢cm/yr include barrier-failure cases described
under .Scenario 2, Section 0.2, and in Appendix. P.

Waste Form : B : Descriptiaon

Singie-Shell Tanks Residual The bulk of the wastes is shipped off site, but 5% of the salt
-and sludge remains in the tanks in 200 Fast and 200 West Areas
and the tanks. are covered with barriers.

5ingle-Shell and Double- The Tiquid containing salts from processing and packaging waste

Shell Tanks Grout from the tanks is disposed of as Tow-Tevel grout in the 200 East
) Area.

Existing Double-Shell . The liguid residual remaining in the tanks is assumed to

Tanks Residual contain 0.05% of their original inventory.

Future Double-Shell Tanks The Tiquid residual remaining in the tanks of future-

Residual generated tank wastes is assumed to contain 0,05% of the:

inventory.

Future Double-Shell Tanks The 1iquid resulting from processing and packaging future-

Grout generated HLW for offsite disposal is d1sposed of as low-level

grout in the 200 East Area.
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Table Q.6 shows these results with the barriers intact. Table Q.7 includes the results for
the disruptive barrier failure, and Table Q.8 includes the results for the functional barrier

failure.

Results of the In-Place Stabi1ization'and_Disposa] Alternative for 5-cm/yr kechérge

The results of the in-place stabilization and d{sposa] alternative for the 5-cm/yr
recharge can be compared to the similar cases for the 0,5-cm/yr recharge. This alternative
calls for stabilizing in place the single-shell tanks and grouting the double-shell tanks.
The waste forms are described betow for this alternative.

Waste Form _ Description

Single-Shell Tanks Salt and sludge in the tanks in both 200 East and 200 West Areas
. are left in place, stabilized, and covered with barriers.

Existing Double-Sheil Tank Exxst1ng liquids are immebilized and d1sposed of as grout in

Grout vaults in 200 East Area.

Future Double-3hell Tank "Future 1iquids are immobilized and disposed of as grout in

Grout vaults in 200 East Area.

Existing Double-Shell The 1iquid residual remaining in the tanks is assumed to contain

Tanks Residual 0.05% of the original inventary.

Future Double-Shell Tanks The 1iquid residual remaining in the tanks of future-generated

Residual tank wastes is assumed to contain 0 05% of the original
inventory.

Strontium/Cesium Capsules : Strontium and cesium capsules are placed in drywe11s near the
' surface and covered with. barriers.

TRU-Contaminated Soil TRU-cantaminated seil sites are left in-place and covered with
. barriers.
Pre-1970 TRU Pré-1970 buried TRU solid waste sites are left in place and cov-
ered with barriers.
RS/NG TRU Retrievably stored TRU wastes are left in place and covered with
(Retrievably Stored and barriers. MNewly generated TRU wastes are disposed of in burial
Newly Generated) grounds and covered with barriers. .

Again, no impact was found from the TRU-contaminated soil, pre-1970 TRU, and RS/NG TRU sites
since under this alternative there are barriers placed over these facilities. The no-impact
conctusion for these four cases is made by amalogy to résuIts of similar cases in the no dis-
posal action alternative, which uses no barrier. Table Q.9 shows the results for the
in-place stabilization and disposal alternative with the barriers intact. Table Q.10
includes the results for the disruptive barrier failure, and Table (.11 includes the results
for the functional barrier failure. '

-Reference A]terﬁative {combination disposal) for the 5-cm/yr Recharge

Under the reference alternative for the 5-cm/yr recharge, only two new waste forms were
defined, as described below, which require additional groundwater pathway analysis. These
cases result from disposing of the existing and future double-shell tank wastes as grout.
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TABLE Q.6. Transport Assessment of(gge Geologic Repesitory Alternative for the 5-—cm/yr

Annual Average Recharge

5-km Well Columbia River Boundary
Peak Arrival, Peak Nuciide Peak Arrivai, Peak Nuclide
Rad'io-b Inventory, Retardation Release yr After Concentration, yr After Flux Rate,
nuclidel ) Ci Factor Time, yr Disposal Ci/L Disposal Ci/yr

Single-Shell Tanks Residual: 200 East

14c 8.0 x 101 1.0 2,5.x 106 4,900 2.1 x 10783 4,920 1.8 x
1 4.9 x 102 1.0 2,5 x 108 4,900 2.3 x 10712 4,920 2.0 x
129¢ 8.0 x 10-1 1.0 2.5 x 108 4,900 < x 10°14 4,920 3.3 x
238 1.1 x 10! 1.0 7.2 x 107 4,900 a x 10714 4,920 < x
195e 1.3 x 10! 19.0 2.5 x 100 5,000 4.0 x 10714 5,200 3.8 x
Single-Shell Tanks Residual: 200 West
14 1.5 x 102 1.0 2.6 x 106 4,970 3.5 x 10712 5,000 2.9 x
9971 8,5 x 102 1.0 2.6 x 108 4,970 3,7 x 10711 5,000 3.1 x
129; 1.3 1.0 2.6 x 108 4,970 5.5 x 10714 5,000 4.8 x
238y 1.4 x 10l 1.0 5.2 x 107 4,970 <l x 10714 5,000 <l x
795e 2.7 x 10% 19.0 2.6 x 10° 6,200 7.7 x 10713 6,500 6.4 x
Single-Shell and Existing Oouble~Shell Tanks Grout: 200 East
¥e - 5,0x 108 1.0 3 x 106 4,900 2.5 x 10711 4,930 3.7 x
Bre 3.0 x 102 1.0 3 x 108 4,900 2.7 x 10712 4,930 4.0 x
129; 5.0 x 10! 1.0 - 3 x 108 4,900 4.5 x 10713 4,930 6.7 x
238y 2.0 1.0 3 x 108 4,900 1.8 x 10714 4,930 <1 x
93¢ 9,0 x 102 19.0 3 x 10° 5,100 5.7 x 10712 5,400 8.4 x
Oouble-Shell Tanks Residual: 200 East_
997 1.3 x 10! 1.0 2.2 x 10° 4,900 2.5 x 10714 4,920 2.1 x
Double=-Shell Tanks Residual: 200 West
140 3.4 x 1071 1.0 2.3 x 100 4,950 7.3 x 10714 4,980 <l x
987¢ 2,5 1.0 2.3 x 106 4,950 2.3 x 10°12 4,980 5.9 x
Future Double-Shell Tanks Residual: 200 East
Pre 2 1.0 2.3 x 108 4,900 6.3 x 10713 4,920 5.9 x
_ Future Double-Shell Tanks Grout: 200 East
14¢ 2.8 % 102 1.0 3.0 x 106 4,900 3.1 x 10712 4,920 4.8 x
97e - 1.6 x 102 1.0. 3.0 x 166 4,500 3.2 x 10°12 4,920 4.9 x
1297 1.2 x 10! 1.0 3.0 x 10 4,900 2.4 x 10713 4,920 3.7 x
79350 2.3 x 102 19,0 3.0 x 106 5,100 3.3 x 10712 5,400 . 4,9 x

—— e

{a} The geologic alternative represents a bounding case for the preferred alternative.

(b} Sr, Cs, Sm, Np, Pu, and Am incl&ded in the analysis; where not Tisted, gither arrived below the
concentration Timit of 1 x 10™*% Ci/L or at a rate of less than 1 x 107" Ci/yr, or were delayed
beyond 20,000 years.

10-4

1073

10-6
1076
1072 |

10-4
1073
10-®
106
1075 |

10-3
1074

103
10-6

- 10-4

10-5

10-8
10°5

10-6

1074
1074
1072
04 |

Q.21




g o
gt

g

"

aphteriom

TABLE Q.7. Transport Assessment of the Geslogic Repository Alternative Fgg_the 5-cm/yr

Annual Average Recharge. Scenario--Disruptive Barrier ‘Failure

5-km Well Columbia River Boundary
~ Peak Arrfva1, Peak Nuc}ide  Peak Arrival, Peak Nuclide
Radios Inventory, Retardation Release yr After .Concentration, yr After_ Flux Rate,
nucl ide b} ci Factor Time, yr Disposal S Ci/L . Disposal -~ Cifyr
_ Single-Shell Tanks Residual: 200 EESt—-Disrgptive Barrier Failure
4 8,0 1.0 2.5 580 1.9 x 1079 . 590 1.5
905y, 9,5 x 10% 3.1 a 740 2.8 x 10°13 790 ‘1.2 x 1074
997¢ © 4.9 x 10! 1.0 a 530 2.8 x 1078 530 3.0 x 1ol
129 8.0 x 1072 1.0 a 580 3.8 x 10711 590 3.0 x 1072
BTy 1.2 x 1071 48.0 a . 4,200 1.4 x 10712 4,900 - 1,5 x 1073
238 1.1 .00 - 2,300 580 5.6 x 10713 . 590 4.9 x 107%
239py, 9.0 x 10! 1150 410 9,800 6 x10010 1,100 1.8 x 107!
28gn 9,0 x 10l 31.5 <1 2,900 -+ 1.4 1071 3,400 7.1 x 1073
Mse 1.3 19.0 a4 2,000 3,4 x 10711 2,300 - 3.6 x 1072
Single-Shell Tamks: Residual: 200 West--Nisruptive Barrier Failure
14¢ 1.5 x 10! 1.0 3.6 620 2,0 x 1078 650 1.4
90g 1.6 x 10° 3.1 «a - 860 6.2 x 10714 540 1.5 x 1078
997¢ 8.5 x 10t 1.0 o« o s20 . 1.3 x 107 650 2.0 x 10!
1297 1.3x107l 1.0 a 620 1.9 x 10°10 650 . 2.5 x.1072
237y, 1.8 x 1071 48.0 a4 6,000 3.5 x 10712 7,500 8.2 x 107
238y 1.4 1.0 290 620 5.7 x 10711 650 6.1 x 1074
23%, 1,0 x 10 115.0 .7 14,000 1.5 x 10710 15,000 3.6 x 107
2815y 1.0 x 102 31.5 <1 4,500 3,3 x 10712 5,100 2.0 x 10°%
795q 2.7 19,0 i 2,000 1.8 x 10710 3,200 2,5 x 1072
" Double-Shell and Single-Shell Tanks Grout: 200 East-~Disruptive Barrier F&11urg
14 5.0 x 102 1.0 1.4 x 104 880 2.4 x 1079 900 3.2 x 1072
997¢ 3.0 x 10} 1.0 1.4 x 104 . 880 1.6 x 10710 900 2.1 x 1073
1291 5.0 1.0 . 1.4 x 10% 880 2.6 x 10711 . 900 3.6 x 1074
237ng 3,0 x 1072 48.0 1.4 x 10% 4,700 1.6 x 10713 5,450 2.1 x 1076
23%, 1,0 x 10! 115.0 1.4 x 104 10,500 3.8 x 10-11 41,000 2.2 x 1078
795q 9,0 x 10} 19,0 1.4 x 10% 2,200 4,0 x 10710 2,500 5.4 x 1073
Future Double-Shell Tanks Grout: . 200 Fast--Disruptive Barrier Failure
l4¢ 2,8 x 10! 1.0 1.4 x 10? 80 1.3 x 10°l1 900 1.8 x 1073
¢ 1.6 x 10! 1.0 1.4 x 10% 880 8.3 x 10712 900 1.1 x 1073
129y 1.2 1.0 1.4 x 104 880 7.5 x 19713 900 - - 8.6 x 107
239y 2.9 x 10t 115,0 1.4 x 10 10,500 5.6 x 10°11" 12,000 1.4 x 1072
Mse ' x 104 2,200 9.2 x 10°12 2,500 1.4 x 1073

2.3 x 10! 19,0 1.4
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TABLE Q.7. (contd)

5-km Well Columbia River Boundary
Peak Arrival, Peak Nuclide Peak Arrival, Peak Nuclide
Radios Invantory, Retardation Release yr After Cencentration, yr After Flux Rate,
nuc]ide( ) Ci = Factor Time, yr Oisposal Ci/L Disposal Cilyr

‘Double-Shell Tanks Residuals: 200 West--Disruptive Barrier Failure

e 34x102 1.0 1.0 620 2.2x 070 640 6.9 x 1073
991¢ 2.5 x 1071 1.0 <1 620 1.8 x 108 640 3.0 x 1072
129; 3.4 x 1074 1.0 <a 620 2.3 x 10~11 640 1,2 x 1074
238y 2,6 x 1074 1.0 49 620 2.1 x 10712 640 5.3 x 1078
Pse 4.2 x 1072 19.0 a- 3,000 2.7 x 10712 3,30 1,0 x 107
Double-Shell Tanks Residuals: 200 East--Disruptive Barrier Failure
14c 1.6 x 1071 1.0 a 575 2.1 x 10°% 590 9.8 x 1072
997¢ 1.3 1.0 < 575 1,7 x 1078 590 8.0 x 1071
T, 1291 1.7 x 1073 1.0 a 575 2.3 x 10711 “590 1.0 x 1073
238y 1.3 x 1074 1.0 - 24 575 3.1 x 10712 590 1.5 x 103
A% 241 -12 -4
Am 1.3 31.0 <1 3,000 . 5.0 x 10 3,400 1.0 x 10
e PPse 8.5 x 1074 19.0 < 2,000 2.6 x 10°12 2,300 1.1 x 107
- Future Doubje-Shell Tanks Residual: 200 East--Disruptive Barrier Failure
14¢ 1.4 x 1072 1.0 5 580 3.5 x 10712 600 3.0 x 1073
o 997, 2.4 x 1001 1,0 5 580 6.5 x 10711 600 5.5 x 1072
e 123; 6.0 x 1074 1.0 5 58D 1.6 x 10713 600 1.4 x 107
239 3.2 x 107! 115.0 600 9,500 5.8 x 10-13 11,000 4,7 x 1074
i 795¢ 1.2 x 1071 19,0 100 2,000 1.4 x 10713 2,300 1.2 x 1074
B (2) The geologic alternative represents a bounding case for the preferred alternative,
] (b} Sr, Cs, Sm, Np, Pu, and Am inciuded in the analysis; where not listed, gither arrived helow the
e concentration 1imit of 1 x 10" Ci/L or at a rate of less than 1 x 107° Ci/yr, or were delayed
i beyond 20,000 years.
i:’;’i)
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TABLE Q.8. Transport Assessment of the Geologic Repository Alternative
Annual Average Recharge Scenario--Functional Barrier Failure

fgs the 5-cm/yr

5-km Well Columbia River Boundary
‘ : : Peak Arrival, Peak Nuclide Peak Arrivai, Peak Nuclide
Radiozb) Inventory, Retardation Release yr After Concentration,  yr After Flux Rate,
nauclide Ci ©_ Factor Time; yr Disposal - Ci/L Disposal Cifyr
Singte-Shell Tanks Residuat: 200 West--Functional Barrier Failure
14¢ 7.5 x 10! 1.0 7.0 x 102 - 4,380 9.1 x 10-10 4,350 7.9 x 102
997¢ 4,3 x 10° 1.0 9.3 x 10! 4,340 2.1 x 1078 4,360 5.0
129, 7.0 x 1071 1.0 2.6 x 102 4,340 3.0 x 10711 4,360 3.4 x 1073
238y 7.0 x 1071 1.0 3.1 x 10° 4,340 2.4 x 10713 4,360 . 2.0 x 107°
Single-Shell Tanks Residual: 200 East~--Functional Barrier Failure
L4 4.0 x 10 1.0 3.8 x 102 4,220 6.8 x 10710 4,280 6.2 x 1072
997 2.5 x 102 1.0 5.4 x 10! 4,220 1.9 x 1072 4,280 3.3
1297 4.0 x 107 1.0 1.5 x 107 4,220 1.7 x 10712 4,280 2.7 x 1073
238 5,5 1.0 3.4 x 10° 4,220 4,6 x 10713 4,280 1.6 x 107°
Existing Sing1é- and Double-Shell Tanks Grout: 200 East--Functionai Barrier Fai]ure
14¢ 2.5 x 103 1.0 ‘1.4 x 104 4,400 3.9 x 1077 4,450 9,7 x 1072
Bre 1.5 x 102 1.0 1.4 x 10* 4,400 3,9 x 1078 4,450 1.1 x 1072
1231 2.5 x 10! 1.0 1.4 x 104 4,400 6.6 x 1079 4,450 1.8 x 1073
238y 1.0 1.0 1.4 x 100 4,400 2.6 x 10710 4,450 7.1 % 107°
Future Double-Shell Tanks Grout; 200 East--Fqnctiona!-Barrier Failure
¢ 1.4 x 102 1.0 1.4 x 10% 4,400 3.8 x 10710 4,450 5.6 x 1073
91 8,0 x 10! 1.0 1.4 x 104 4,400 3,7 x 10710 4,450 5.6 x 1073
129y 6.0 1.0 1.4 x 104 4,400 2,8 x 10-13 4,450 4,3 x 107
Double-Shetl Tanks Residual: 200 West--Functional Barrier Failure _
4 17x10t - 10 72 4,300 © 5.2 x 1071 4,330 1.4 x 1074
93¢ 1.3 1.0 180 4,300 1.8 x 10°° 4,33 7.0 x 107%
129; 1.7 x 1073 1.0 290 4,300 2.0 x 10712 4,330 5.9 x 1076
238y 2.6 x 1001 1,0 49 4,300 1.4 x 10714 4,330 3.5 x 1078
Double-Shell Tanks Residual: 200 East--Functional Barrier Failure
14¢ 8.5 x 1071 1.0 6.5 4,300 2.4 x 10712 4,320 8.5 x 10~3
997¢ 6.5 1.0 1.1 4,300 3.1 x 1011 4,320 1.1 x 107!
129; 8.5 x 1073 1.0 2.5 4,300 4.1 x 10714 4,320 1.4 x 107
238 4,5 x 1074 1.0 64 4,300 < x 10714 4,320 1.6 x 1073
Future Oouble-Shell Tanks Residual: 200 East--Functional Barrier Failure
e 7.0 x 1072 1.0 286 4,400 1.6 x 10713 4,420 3.4 x 107*
991¢ 1.2 1.0 286 4,400 4,7 x 10712 4,420 9,9 x 1073
129; 3,0 x 1073 1.0 286 4,400 1.2 x 10714 4,420 2,5 x 1072

e —————rpm e s

{a) The geologic alternative represents a bounding case for the preferred alternative.

(b} Se, Sr, Cs, Sm, Np, Pu, and Am
concentration limit of 1 x 107

beyond 20,000 years.

1an

cluded in the 'analysis; where not 1istgd, either arrived below

Ci/L or at a rate of less than 1 x 107 Ci/yr, or were delayed

the
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5-km Well

TABLE Q.9. Transport Assessment of thie In-PTace Stabilization and Disposal
Alternative for the 5-cm/yr Annual Average Recharge

Columbia River Boundary

Peak Arrival,

Peak Nuclide

Peak Arrival,

Peak Nuclide

Radio- ) Inventory, Retardation - Release yr After Concentration, yr After Filux Rate,
nu;iide‘a Ci Factor Time, vr Disposal Ci/L. . Disposal ~ Cifyr
Sing1e-Shé1§'Tanksi 200 East
4. 1.6 x 103 1.0 2.9 x 108 4,900 5.7 x 10713 1,920 . 5.9 x 1074
9%7¢ 9.8 x 103 1.0 2.3 x 108 4,900 2.5 x 1074 4,526 2.6 x 1072
1291 1.6 x 10Y - 1.0 2.4 x 108 4,900 2,0 x 10714 4,920 2,1 x 1078
238, 2.2 x 10? 1.0 1.4 x 10° 4,900 < x 10714 4,920 < x 1076
95¢ 2.6 x 102 19.0 3.0 x 10° 5,100 5.5 % 10713 5,300 4,3 x 1074
Single=-5Shell Tanks: 200 West
l4¢ 3.0 x 103 1.0 3.5 x 109 4,970 5,1 x 10712 4,980 7.5 x 1074
997, 1.7 x 104 1.0 2.4 x 108 2,970 7.5 x 10710 4,980 - 3.4 x 1072
128; 2.5 x 101 1.0 2.5 x 100 4,970 2.3 x 10713 4,980 - 2.7 x 1077
238 2.8 x 102 1.0 1.4 x 10° - 4,970 < x 10-14 4,980 < x 1076
795¢ 5.4 x 10° 19,0 3.0 x 106 6,200 1.3 x 1071 6,500 5.6 x 10°¢
Existing Double-Shell Tanks Grout: 200 East i
4. 4,0 x 103 1.0 2.8 x 108 4,900 3.7 x 10711 4,920 5.6 x 1073
991¢ 3.0 x 0% 1.0 2.8 x 108 4,300 5.0 x 10710 4,920 7.6 x 107¢
129; 4,0 x 10! 1.0 2.8 x 108 4,900 6.7 x 10713 4,920 1.0 x 1074
238y 3.0 1.0 2.8 x 105 4,900 5.1 x 1071 4,920 7.7 x 107
T95¢ 1,0 x 102 19,0 2.8 x 105 5,100 1.2 x 10712 5,400 1.8 x 107
Future Oouble-Shell Tanks Grout: 200 East
l4¢ 2.8 x 102 1.0 2.7 x 108 4,900 3.1 x 10712 4,920 4.8 x 107
997¢ 4,8 x 103 1.0 2.7 x 108 4,900 9.5 x 10711 4,920 1.5 x 1072
1291 1.2 x 10! 1.0 2.7 x 100 4,900 2.4 x 10713 4,920 3.7 x.10°%
7950 2,3 x 102 19.0 2.7 x 108 5,100 3.3 x 10712 5,400 4,9 x w074

concentration 1imit of 1 x 10

20,000 years,

(a} Sr, Cs, Sm, Np, Pu, and Am incladed in the 2nalysis; where not listed,
1T Ci/L or at a rate of less than 1 x 107

gither arrived below the

Ci/yr, or were delayed beyand
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the 5-cm/yr Annual Average Recharge Scenario--Disruptive Barrier Failure

5-km Well

TABLE Q.10. Transport:Assessment of the In-Place Stabilization and Disposal Alternative for

Columbia River Boundary

Peak Arrival,

Peak Nuclide

Peak Arrival,

Peak Nuclide

Radio5 Inventory, Retardation Release yr After Concentration, yr After Flux Rate,
nucTide(a) Ci Factor Time, yr Disposal Ci/L Disposal Ci/yr
) . Single-Shell Tanks: 200 East--Oisruptive Barrier Failure

14¢ 1.6 x 102 1.0 49 570 3.5 x 1079 600 3.1

30s 1.9 x 108 2.6 < 740 5,5 x 10712 800 1.9 x 1073
997, 9.8 x 102 1.0 7 570 1.6 x 1077 500 1.4 x 102
129; 1.6 1.0 20 570 9.3 x 10711 600 8.1 x 1072
237yp 2.3 48.0 1 4,000 2,7 x 10-11 5,000 3.0 x 1072
239, 1.8 x 103 4.4 2.7 x 103 9,800 5.9 x 10-10 12,000 4,9 x 1071
28y 1.8 x 103 31.5 1.5 3,000 3.2 x 10-10 3,500 8,7 x 1072
238y 2.2 x 10! 1.0 4.5 x 10* 570 5.6 x 10713 600 4.9 x 107
795 - 2.6 x 10! 19.0 50 2,000 6.0 x 10710 2,300 5.2 x 1071

Single-Shell Tanks: 200 West--Oisruptive Barrier Failure

14c 3,0 x 107 1.0 73 630 4,5 x 1078 630 3.8

90g 3,2 x 108, 3.1 < 860 9.3 x 1013 1,000 5.7 x 1076
97¢ 1.7 x 103 1.0 . 10 630 1.0 x 1078 680 1.0 x 102
129, 2.5 ' 1.0 24 630 1.1 x 10°9 630 9,3 x 1072
23yp 3.5 43,0 14 6,700 1.1 x 10710 7,500 1.7 x 1072
239, 1.0 x 103 115.0 1.2 x 103 16,000 3.2 x 1079 19,000 1,5 x 1071
241 pn 2.0 x 103 31,5 14 3,720 8.0 x 10711 >20,000 -

238y 2.8 x 10} 1.0 4.6 x 10% . 630 7.2 x 10712 680 6.1 x 1074
795¢ 5.4 x 10} 19,0 80 3,000 2.5 x 1072 3,300 5.5 x 1071

Existing Oouble-Shell Tanks Grout: ~ 200 East--Oisruptive Barrier Failure
14¢ 4,0 x 102 1.0 1.4 x 10% 880 1.8 x 1072 900 2.5 x 1072
991¢ 3,0 x 103 1.0 1.4 x 10 880 1.6 x 1078 900 2.1 x 107!
129y 4.0 1.0 1.4 x 10% 880 2.1 x 10711 900 2,9 x 1074
237y 6.0 48.4 1.4 x 10° 4,770 3.1 x 1071 5,400 4.3 x 1074
3%y 1,0 x 10} 115.0 1.4 x 10% 10,500 3.9 x 10711 12,000 . 5,0 x 1074
238y 3.0 x 1071 1.0 1.4 x 104 880 1.6 x 10712 900 2.1 x 107
[EL 1.0 x 10! 19.0 1.4 x 10% 2,200 4,5 x 1071 2,500 6.0 x 1074
Future Double-Shell Tanks Grout: 200 East--Oisruptive 8S8arrier Failure

14 2.8 x 10! 1.0 1.4 x 10% 880 1.3 x 10710 900 1.8 x 1073
91 4.8 x 102 1.0 1.4 x 10% 880 2.5 x 1072 900 3.4 x 1072
129; 1.2 1.0 1.4 x 104 880 6.3 x 10712 900 8.6 x 107°
239, 6.3 x 102 115.0 1.4 x 10° 10,500 2.4 x 1079 12,000 3.2 x 1072
281pm 3.3 x 104 31.5 1.4 x 10 3,200 1.1 x 1079 3,600 4.8 x 1073
19g¢ 2.3 x 10! 19.0 1.4 x 10t 2,200 1.0 x 10~10 2,500 1.4 x 1073

(a) Sr, Cs, Sm, Np, Pu, and Am inc
concentration limit of 1 x 107

beyond 20,000 years.

1ﬂded in the analysis; where not listed,

Ci/L or at a rate of less than 1 x 10

gither arrived below the
=% Cifyr, or were delayed
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TABLE 0.11.. Transport Assessment of the In-Place Stabilization and Disposal Alternative for
the 5-cm/yr Annual Average Recharge Scenario--Functional Barrier Failure

5-km Well Columbia River Boundary
_ : Peak Arrival, Peak Nuclide Peak Arrival, Peak Nuc{ide
Radios Inventory, Retardation Release yr After Concentration, yr After Flux Rate,
nuclide(a} Ci Factor Time, yr _ Disposal Ci/L Disposal Cifyr

Single~-Shell Tanks: = 200 Nesf;-Functiona1 Barrier Failure

8¢ L5x 103 1.0 7.3 x 108 4,340 9.2 x 10-10 4,360 7.1 x 1072
¥rc 8.5 x 108 1.0 1.5 x 102 4,340 6.7 x 107 4,30 5,0
129 1.3 x 10! 1.0 3.7 x 103 4,340 4,0 x 10711 4,360 3.0 x 1073
238y 1.6 x 102 1.0 6.9 x 106 4,340 2.4 x 10713 4,360 1.8 x 107°
Single=Sheil Tanks: 200 East--Functional Barrier Failure
¢ 8.0 x 10 1.0 5.5 x 10° - 4,400 7.4 x 1074 4,450 6.6 x 1072
9¥re 4,9 x 103 1.0 1.1 x 103 - 4,400 5,2 x 1077 4,450 4.5
o 129, 8.0 1.0 3.0 x 103 4,400 3,1 x 10712 8,450 ° 2,7 x 10°°
" 23/ 11 x10? 1.0 6.8 x 10° 4,400 1.9 x 10714 4,450 1.6 x 1075
& N
. Existing Oouble-Shell Tanks Grout: 200 East--Functional Barrier Failure
e 14 3 4 ' ' 0
' 2,0 x 10 1.0 1.4 x 10 4,400 5,5 x 1071 4,450 8.4 x 102
i 997¢ 1.5 x 104 1.0 1.4 x 104 4,400 - 6.9 x 1077 4,450 1.1
1291 2.0 x 10! 1.0 1.4 x 104 2,400 9.3 x 10712 4,450 1.4 x 1073
o 238y 1.5 : 1.0 1.4 x 10* 4,400 7.0 x 10713 4,450 1.1 x 107°
E Future Doubie-Shell Tanks Grbut: 200 East--Functional Barrier Failure
Tom, 14¢ 1.4 x 102 1.0 1.4 x 104 4,400 3.8 x 10-11 4,450 5.8 x 1073
Bre 2.4 x 10° .00 1.4 x 10t 4,400 1.1 x 1077 4,450 1.7 x 107
“““ 1291 6.0 1,0 1.4 x 104 4,400 2.8 x 10711 4,450 4,3 x 1074
{a} Se, Sr, Cs, Sm, Np, Pu, and Amlincluded in the analysis; where not 1istgd, etther arrived below the
concentration 1imit of 1 x 107*" Ci/L or at a rate of less than 1 x 107° Ci/yr, or were delayed
beyond 20,000 years. : . o
g ' :
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For details of these disposal options see Volume 1, Section 3.3. Table Q.12 shows the

results for these two cases with the barriers intact.

Waste Form

Description

Existing Double-Shell Tanks

Grout

Future Doub]e-Shel]ITanks

Grout

Existing Double-Shell
Tanks Residual

Future Double-Shell Tanks

Residuai

Single-Shell Tanks

TRU-Contaminated - Soil

Pre-1570 TRU

Low-activity residual tank Tiquid d1sposed of as grout in vaults
and cover with barr1er5.

Low-activity res1dua1 future tank Tiquid d1sposed of as grout in
vaults and cover with barriers,

The liquid residual remaining in the tanks is assumed to contain
0.05% of the original inventory.

The Tiquid residual remaining in the tanks of future-generated
tank wastes is assumed to contain 0.05% of the original
inventory.

Satt and sludge in the tanks in both 200 East and 200 West Areas
are left in place, stabilized, and covered with barriers.

TRU-contaminated soil sites are left in place and covered with
barriers.

Pre-1970 TRU buried solid waste sites are left in place and cov-
ered with barriers,

TABLE Q.12.

Transport Assessment of the Referencé Alternative gﬁombination
disposal) for the 5-cm/yr Annual Average Recharge

5-km Well Columbia River Boundary
. Peak Arrival, Peak Nuclide Peak Arrival, Peak Nucltide
Radio- Inventory, Retardation Release yr After Concentration, yr After Flux Rate,
nuc11de( ) Ci Factor Time, yr Disposal Ci/L Disposal Ci/yr
Existing Double-5hell Tanks Grout: 200 East
¢ 4.0 x 103 1.0 3.0 x 108 4,900 3.7 x 10711 4,930 5.6 x 1073
991¢ 3.0 x 10 1.0 3.0 x 105 4,900 5.0 x 10719 4,930 7.6 x 1072
1291 4.0 x 10! 1.0 3.0 x 10° 4,900 6.7 x 10713 4,930 1.0 x 1074
7950 1.0 x 102 19.0 3.0 x 108 5,100 1.2 x 10712 5,400 1.8 x 10°4
Future Double-5hell Tanks Grout: 200 East
14 2.8 x 10° 1.0 3x 108 . 4,900 3,1 x 10712 4,920 4.8 x 1074
997, 4.8 x 10° 1.0 3 x 105 4,900 9.5 x 1071 4,920 1.5 x 1072
129¢ 1.2 x 10t 1.0 3 x 10° 4,900 2.4 x 10713 4,920 3.7 x 107
7950 2.3 x 10° 19.0 3 x 108 5,100 3.3 x 10712 5,400 4,9 x 10°4

{a} The reference alternative represents a bounding case for the preferred alternative.

(b} Sr, Cs, Sm, Np, Pu, and Am 1nc1u§ed in the analysis; where not Tisted, %ither arrived below the

concentration 1imit of 1 x 107

beyond 20,000 years.

Ci/L or at a rate of less than 1 x 107 _Ci/yr, or were delayed

0.28
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The impacts of the groundwater pathway analysis for the reference alterpative should
include the results of existing and. future double-shell tank residuals from Table 0.6, and
salt and sludge stabilized in single-shell tanks from Table (.5, discussed under the in-place
stabilization and disposal alternative. Table Q.13 inciudes the results of the disruptive
barrief failure for this alternative; Table Q.14 contains the results of the functional bar-
rier failure. '

TABLE Q.13. Transpoft Assessment of the Reference {combination disposal) Alternative f?r
the 5-cm/yr Annual Average Recharge Scenario--Disruptive Barrier Fai]ure(a

5-km Well Columbia River Boundary

: Peak Arrival, . Peak Nuclide Peak Arrival, Peak Nuclide
Radios Inventory, Retardation Release yr After Concentration, yr After Flux Rate,
nuc?ide(b) Ci Factor Time, yr Disposal Ci/L Disposal Ci/yr

Existing Double-Shell Tanks Grout: 200 East--Disruptive Barrier Failure

Loy 14¢ 4,0 x 10% 1.0 1.4 x 104 880 1.7 x 10-10 900 2.5 x 1072
. 997c 3.0 x 10° 1.0 1.4 x 10% 880 1.4 x 1079 900 2.1 x 107}
B 1297 . 4,0 1.0 1.4 x 10 880 1.9 x 10712 900 2.9 x 1074
i 237Np 6.0 x 1071 8.0 1.4 x 10t 4,770 2.8 x 10713 5,400 5.0 x 107°

239, 1.0 115.0 1.4 x 104 10, 700 3.4 x 107133 12,000 5.0 x 102
e 238, 3.0 x 1072 1.0 1.4 x 10% 880 1.4 x 10-1% 900 2.5 x 107°
N M95e 1.0 x 10t 19.0  1.4-x 10 2,200 4.0 x 10712 2,500 6.0 x 1074

Future Double-Shell Tanks Grout: 200 East--Disruptive Barrier Fajlure

e

14¢ 2.8 x 1ot 1.0 1.4 x 104 g0 . 1.2 x 10711 900 1.8 x 1073
oy 9%rc 4.8 x 102 1.0 1.4 x 104 880 2,2 x 10710 900 3.4 x 1072
o 129; 1.2 1.0 1.4 x 10% 880 5.6 x 10713 900 8.6 x 1075
| 23%, 6.3 x 1ol 115,0 1.4 x 10% 10,500 1.1 x 10-11 12,000 1.4 x 1074
vz 79se 2.3 x 10! 19.0 1.4 x 0% . 2,200 9,2 x 10712 2,500 1.4 x 1073

(a) The reference alternative represents a bounding case for the preferred alternative,

(b} Sr, Cs, Sm, Np, Pu, and Am Tncigded in the analysis; where not listed, gither arrived below the
concentration limit of 1 x 107" Ci/L or at a rate of less than 1 x 107 Ci/yr, or were delayed
beyond 20,000 years,

No'Disposa1 Action {continued storage} for 5-cm/yr Recharge

The no disposal action alternative requires that the tanked wastes be maintained in
tanks and retanked periodically. Assuming loss of institutional control, the tanks eventu--
ally leak. The strontiumfcesium capsules would be stored in caissens, and the TRU soil sites
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TABLE Q.14. Transport Assessment of the Reference {(combination disposal) Alternative f?r'
the 5-cm/yr -Annual. Average Recharge Scenaria--Functionalt Barrier FailUre(a

"~ B=km Well 7 Columbia River Baundary

o Peak"Arriva1, Peak Nuclide - Pezk Arrival, Peak Muclide
Radiptb) - Inventory, Retardation Release yr After Caoncentration, yr After Flux Rate,
nuclide Ci Factor Time, vr Disposal Ci/L Disposal Ci/fyr
Existing Nouble-Shell Tanks Grout: 200 East--Functional Barrier Faiiufe
e 2.0 x 103 1.0 1.4 x 104 4,400 - 3.8 x 10-11 4,450 8.4 x 1072
971 15y 10* 0 1.0 1.4 x 104 4,400 1.1 x-1079 Coa850 - . 1.1
129y 2.0 x 10! 1.0 1.4 x 104 4,800 - 2.8 x 10712 4,450 1.4 x 1075
238y 1.5 x 1071 1.0 1.4 x 104 4,400 7.0 x 10714 4,450 1.1 x 107°
Future Double-Shell Tanks Grout: 200 East--Functionpal Barrier Failure
14 1.4 x 102 1.0 1.4 x 104 4,400 5.5 x 10710 4,450 5.8 x 1073
991¢ 2.4 x 103 1.0 1.4 x 10% 4,400 6.9 x 1079 4,450 - 1.7 x 1071
1297 -~ 6,0 ' 1.0 1.4 x 10% . 4,400 9,3 x 10712 4,450 4,3 x 1074

(a) The reference alternative represents a bounding case for the preferred alternative.

(b) Se, Sr, Cs, Sm, Np, Fu, and Am lncluded in the amalysis; where not 1istgd, efther arrived below the
- éoncentration Timit of 1 x 10-1 €i/L or at a rate of less than 1 x 1077 Ci/yr, or were delayed beyond
20,000 years.

would be left as disposed. No barriers would be constructed over the waste sites, permitting
direct infiltration of water to the wastes. This option (see Table Q.15) includes the

fol]pwjngi
Waste Form Description
Single-Shell Tanks Salt and sludge remain in tanks with no barrier. The tanks ‘are
. assumed to deteriorate and to release their contents after
160 years.
Double-Shell Tanks Liguid remains in tanks with no barrier. The tanks.are assdmed

to deteriorate and to release their cantents after 160 years,

Future Double-~Shell Tanks Future liquids remain in tanks with no barrier. The tanks are
: assumed to deteriorate and to release .their contents after

160 years.
‘Strontium/Cesium Capsules Strontium/cesium capsules are placed in caissons or drywells
with no barﬁieh. _
TRU-Contaminated Soil TRU-contaminated soil sites are left as disposed.
Pfe-1970.TRU c Pre~1970 buried TRU solid waste sites are left as disposed.
RS/NG TRY Retrievably stored TRU sites are left as stored,'but for these

analyses are assumed available for Teaching and newly generated
TRU wastes are left as stored, but for these analyses are
assumed available for leaching.
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TABLE Q.15. Transport Assessment for No Disposal Action {continued storage)
for the 5-cm/yr Annua] Average Recharge Scenario

b-km Hell Columbia River Boundary
Peak Arrival, Peak Nuclide Peak Arrival, Peak Nuclide
Radios y Inventory, Retardation Refease yr After Concentration, yr After Flux Rate,
nut:h'cle(a Ci Factor Time, yr Oisposal Ci/L Disposal : Cityr

Single-Shell Tanks: 200 West

14¢ 3,0 x 103 1.0 220 330 1.5 x 1077 340 1.3 x 10!
905 . 3.2 x 107 1.1 3 330 1.1 x 107° 350 9.7 x 102
997¢ 1.7 x 104 1.0 29 330 6.6 x 1070 340 5.6 x 102
129; 2.5 x 10! 1.0 74 330 4,0 x 1079 340 3.4 x 107!
237y 3.5 x 10! 22.3 a1 3,600 1.8 x 1072 4,000 2.7 x 1071

239, 1.0 x 10* 4.4 3,5 x 10° 880 3.3 x 1078 960 2.8
21pn 2.0 x 104 31.5 7 4,700 4.2 x 10-10 5,200 2,8 x 1072
238y 2.8 x 102 1.0 1.4 x 10° 330 2.4 x 10711 340 2.0 x 1073

o 79se 5.4 x 102 19.0 200 3,000 7.5 x 107 3,400 2.8

) Single-Shell Tanks: 200 East
T 14¢ 1.6 x 103 1,0 150 270 1.2 x 1078 280 1.0 x 10!
g 90s;. 1.9 x 107 1.1 2 270 5.6 x 107 295 4.0 x 103
) 97¢ 9.8 x 103 1.0 21 270 5.2 x 1077 280 4.5 x 107
R 129¢ 1.6 x 10! 1.0 59 270 3.1 x 10710 280 2,7 x 1071
237y 2.3 x 10! 22.3 34 2,400 2.8 x 10710 2,800 2.6 x 1071
239, 1.8 x 104 4.4 7.4 x 103 650 2.7 x 10710 700 2.2 o

e 2Akpy 1.8 x 104 1.5 8 3,300 1.1 x 1079 3,800 4,0 x 1071
238y 2,2 x 108 1.0 1.4 x 10° 270 1.9 x 1012 280 1.6 x 1073

o 79ge 2.6 x 102 19.0 150 2,100 4.5 x 1072 2,400 3.5

- — Existing Double-Sheli Tanks: 200 East
4 3,34 103 1.0 450 170 3,5 x 1078 190 3.1 x 10!
905 1.5 x 107 1.1 190 240 1.2 x 1076 250 7.7 x 102
991 2.5 x 104 1.0 450 170 2.7 x 1077 190 2.4 x 102
1291 3.3 x 10! 1.0 450 170 3.6 x 10710 190 3.2 x 107}
b 237y 5.0 x 10! 22.3 960 2,300 2.2 x 10-10 2,600 1.8 x 1071
239py 8.3 x 101 4.4 480 524 7.9 x 10710 600 7.1 x 107!
2815 2.5 x 104 1.5 1,360 3,100 5.1 x 10710 3,600 1.8 x 107!
238y 2.5 1.0 450 170 2.7 x 10711 190 2.4 x 1072
795¢ 8.3 x 101 19.0 8,500 390 4.6 x 1071} " 650 2.6 x 1072
Existing Double-Shell Tanks: 200 West
14 6.7 x 102 1.0 450 220 2.4 x 1076 240 5.8
90gr 3,0 x 108 1.1 190 470 2.1 x 107> 310 3.6 x 10!

997¢ 5.0 x 103 1.0 450 220 1.7 x 1078 - 240 4.4 x 10
1291 6.8 1.0 450 220 2.3 x 1078 240 6.1 x 1072
237p 1.0 x 10t 22,3 360 3,400 1.0 x 1078 3,740 2.4 x 1072
239, 1.7 x 10 4.4 480 750 4.6 x 1078 830 1.1 x 1071
281 5.1 x 103 31.5 1,360 4,700 1.8 x 1079 4,980 2,2 x 1073
238, 5.1 x 1071 1.0 450 220 1.7 x 1079 240 4.5 x 1073
95e 1.7 x 10! 19.0 8,500 940 - 1.3 x 1078 1,600 3.5 x 1072
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TABLE Q.15. {contd) _ .
5-km Well Columbia River Boundary

o Peak Arrival, Peak Nuclide Peak Arrival, Peak Nuclide
Radio= Inventory, Retardation Release . . yr After Concentration, yr After Flux Rate,
nuc11de{a) Ci Factor Time, yr Disposal Ci/L Disposal - Cifyr

Future Double-Shell Tanks: 200 East

14¢ 2,8 x 102 1.0 450 170 3.0 x 1079 190 2.6

90gp. 4.2 x 107 1.1 190 240 3,4 x 1076 250 2.2 x 103

99r¢ 4,8 x 103 1.0. 450 170 . 4.8 x 10-8 190 4.6 x 10!

129; 1.2 x 10 1.0 40 170 1.3 x 10710 190 1.2 x 107!

23%p, 6.3 x 103 4,8 480 520 6.2 x 1078 600 5.4 x 101

2841pp 3.3 x 10° 31,5 1,360 . 3,140 6.5 x 10-7 3,500 3.7

195e 2.3 x 102 19.0 8,500 2,900 1.3 x 10-10 650 1.1 x 10°L
Pre-~1970 Burijal Sites: ZOD_West

14¢ 1,0 1.0 4 260 9.0 x 10-10 300 2.6 x 1072

_ Newly Generated TRU: 200 West

¥ 2,0 1.0 4 260 9.2 x 10710 300 5.8 x 1071

905, 4,4 x 104 4,5 16 660 6.5 x 10712 680 1.1 x 107
Retrievabiy Stored TRU: 200 West

e 2.0 1.0 4 260 9,2 x 10710 300 5,8 x 10-1

9050 2.0 x 10 4,5 16 520 7.5 x 1073 1,000 .. <l x 1076

{a} sSr, Cs, Sm, Np, Pu, and Am 1nc13ded in the analysis; where not listed,-gither arprived bewa.the

concentration limit of 1 x 107
beyond 20,000 years.

Ci/L or at a rate of less than 1 x 10°°® Ci/yr, or were delayed

Q.7 300 AREA TRU BURIAL GROUNDS

Three TRU burial sites exist away from the 200 Areas plateau. These are the
618-11 site, formerly known as the 300 Wye burial ground, and the 618-1 and 2 s{tes near the
300 Area (see footnote b in Table Q.16). The 618-1 and 2 sites are adjacent and are treated
here as a single source. ' ' '

The hydrologic and transport modeling of these sites paralleled that of the 200 Areas
sites. The distance between the bottom of the burial trenches and the climate-changed water
table at both locations is 9 m. Without a protective barr1er, the travel time for water in
the vadose zone was estimated at 14 years for the 5-cm/yr recharge. (wetter climate) and
114 years for the 0.5-cm/yr (current climate) recharge since the soils are much drier.

_ Water streamlines and cumulative travel times from the 618-11 site to the Columbia River
were calculated to be 16 to 17 years for the 5-cm/yr infiltration and 117 to 160 years for
0.5-cm/yr infiltration using the same aquifer modé]ing approach as-used in the 200 Areas
cases. For the 618-11 site a domestic well was placed 2 km down gradient and the concentra-
tion of rad1onuc11des was calculated., Because the 618-1 and 618-2 sites are near the
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TABLE Q.16. Transport Assessment of the 618 Burial Ground Sites for 5-cm/yr Recharge

5-km Well Columbia River Boundary

Peak Arrival, Peak Nuclide Peak Arrival, Peak Nu-

Radio- Inventory, Retardation Release yr After Concentra- yr After clide Flux
nuclide Ci Factor Time, yr Disposal tion, Ci/L Disposal Rate, Ci/yr

No Barrier over 618-1 and 2 Sites

90 130 4.5 150 (a) 240 1.3 x 102

239, 110 390.0 10 (a) (b) 7,000 6.7 x 107}

2415 a1 415,0 51 (a) 7,200 2.6 x 1076
No Barrier over 618-11 Site

905 880 4.5 16 310 2.1 x 1079 400 1.2 x 1073

239p,, 750 390.0 19 13,000 6.2 x 1078 <20,000 -

(a) Due to proximity to the Columbia River, release is only calculated to the river.

(b) A recently completed study (DOE 1986a), which examined records of inactive waste disposal
locations on the Hanford Site, showed that two 618 sites (618-1 and 618-2) each contained 1.0 g
of plutonium, rather than the previously listed 1000 g (Rockwell 1985). As a result of this
lower quantity, both sites are now designated as low-level waste sites (Rockwell 1987).

Columbia River, the travel times in the groundwater aquifer were taken from a detailed study
of the 300 Area aquifer (Lindberg and Bond 1979) which showed 0.8 to 0.14 years for the
0.5-cm/yr and 5-cm/yr infiltration cases. The short distance to the river precluded a 2- or
5-km well scenario. Although the inventory contained 137Cs, 90Sr, 239Pu, and 241Am, the
results indicate that only gUSr and 239Pu were detected at the domestic well and only 905r 4n
the river for the 618-11 site, For the 618-1 and 2 sites, 90Sr, 241pq ang 239/280p, 47,
entered the river. Results are shown in Table Q.16.

Q.8 WATER TABLE CHANGES RESULTING FROM POTENTIAL IRRIGATION SCENARIOS

After site closure or Toss of institutional control, the possibility of irrigation on
Hanford land becomes real. The most likely areas to be farmed because of their suitability
for agriculture are those irrigated in the past in the area of White Bluffs and the old
Hanford town site. Another possible area for irrigation is the extension of horticulture
farming through Cold Creek Valley and the north slopes of the Rattlesnake Hills. Because of
the limited volume of groundwater available from the unconfined groundwater aquifer, the
irrigation water will need to be pumped from deep inter-basalt aquifers or from the Columbia
River.

For the irrigation scenarios we assumed the water application pattern discussed above.
Thus, none of the water would be actually applied directly to the waste sites of the 200 and
300 Areas. However, there would still be some influence on the water table beneath the waste
sites. This concern was addressed by using the variable thickness transient (VTT)
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groundwater model (Reisenauer 1Y979) to simulate the steady-state conditions beneath the
Hanford Site for two scenarios.
Figure Q.5.

The several possible areas of irrigation are identified in
For comparison, a 1983 water table was simulated using real 1983 water-disposal
records as input. This was done because the model results differ slightly from maps drawn

from measured water table elevations. The resulting contours are shown in Figure Q.2.

Four parcels of arable lands were included in the scenarios. The first two areas of
offsite land would contribute to recharge along the edge of the aquifer model. These
amounted to 9,000 ha on the north slope of the Rattlesnake Hills and 26,700 ha to the west in
Cold Creek Valley, shown on Figure Q.5 with arrows indicating the general direction of

) Y
.

1%

Tt — 2 ——

Infiltration During Irrigation
Infiltration During Irrigation
After Site Closure Only

r/isil Ad \_,‘
L5577 ded Irrigated Area
L

FIGURE Q.5. Location of Irrigated Hanford Site Regions for Simulations
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drainage. Another parcel included land (west of Highway 240) adjacent to those areas but
located over the aquifer. These are indicated by a small dot pattern in the figure. An
additional 760-ha parcel of land lies between the 200 West Area and the highway. Finally,
land formerly farmed between the old Hanford Canal and the river was assumed to be irrigated
as indicated on Figure Q.5 by diagonal slashes.

Irrigation methods have improved with time to increase the efficiency of the water
applied so that plant transpiration utilizes the water and thus infiltration below the root
zone is decreased. Therefore, losses to the groundwater table were simulated at two rates;
10% and 20% of the applied irrigation water was assumed to be lost to groundwater recharge.
These two values were chosen to bracket low and high water application rates. The first
involved irrigation over all the indicated irrigation lands except the added irrigated area
next to the 200 West Area. Using an application rate of 1.5 m/yr of water and a loss to
recharge of 10% of the water applied, we obtained a 15.2-cm/yr recharge. Irrigation loss to
groundwater on land outside the model boundary was integrated and applied to the appropriate
boundary as constant recharge. The simulated steady-state water table elevations for this
scenario are shown in Figure Q.6.

The second scenario included all the irrigated areas shown on Figure Q.4 except the land
north of Gable Mountain along the old Hanford Canal. The irrigation loss to groundwater was
assumed to be 20% of the water applied, resulting in 30.5-cm/yr recharge. The resulting
water table elevations were checked with land surfaces where streams might form to ensure
that proper boundary conditions were used. Although some wetlands occurred along Cold Creek
Valley, no permanent surface streams were formed due to a rising groundwater table. The sim-
ulated steady-state water table elevations for this scenario are shown in Figure Q.7.

The simulated water tables were compared to existing tank farm bottoms (the deepest-
buried wastes in the 200 Areas). The simulated water table elevations were subtracted from
the elevations of the tank farm bottoms (obtained from Brown 1960). Table Q.17 lists the
unsaturated (vadose) zone thicknesses remaining beneath specific tank farms in the 200 Areas
for both water tables. The depths to the 1983 water table also are included for comparison.

Q.9 CONCLUSIONS FROM IRRIGATION MODELING

The principal conclusion of this irrigation study is that the elevation of the 200 Areas
plateau precludes the inundation of waste disposal sites by groundwater from offsite irriga-
tion even if more irrigation water were applied than is assumed in this study. This is
because surface streams would form around the edges of the higher plateau and thus present a
short-circuit avenue for water table drainage. These streams would be at the plateau bounda-
ries and far removed from the proposed waste disposal sites. Thus, regardless of the source
of water contributing to a higher water table, wastes stored beneath the plateau would remain
in an unsaturated soil profile. The thickness of this vadose zone would change, however.
This would affect water and contaminant travel times in this zone.
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TABLE Q.17. Unsaturated (vadose) Zone Thickness Between the 200 Area Tank Farms
and the Simulated Water Tables

Tank Bottom 1983 15-cm/yr 30-cm/yr
Tank Farm(@)  Elevation, m Water Table, m Water Table, m Water Table, m
T 194 61 48 27
TY 191 58 48 27
TX 190 56 42 20
U 191 56 42 20
S 189 54 38 15
SX 185 51 38 16
BY,B 187 63 59 55
C 186 62 66 55
A 193 70 73 63

(a) Tank farms T, TY, TX, U, S, and SX are in the 200 West Area; and BY, B,
C, and the A series of tank farms are in 200 East.
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