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EXECUTIVE SUMMARY

A)10) the Savanfiph River Sife (SRS) -
uir entf of Shapter

he EAVs, located on a 200-acre site immediately north of the current LLW burial site,

will provide a new disposal and storage site for solid, low-level, non-hazardous radioactive

waste. Awepiasentiymplennsad, the EAV Disposal Facility will contain several large concrete
vaults divided into cells. The EAVs consist of three types of structures to house four desig-

nated waste types. - it ) he Intermediate
“Tevel Tritium Vaults (IL’@I::} Intermediate Level Non-Tritium Vaul'-ti (ILNTV) |-and=
W receivei’ waste radiating 2200 mR/h at 5 cm
from the exterior of the outer disposal container. The H<#¥ receives waste which is contam-
inated with more than incidental quantities of tritium. Adeninisteatively, the lower limit for
the ILTV is 10 Ci of tritium per package. These two vaults share a gmilar design, are

adjacently located, share waste handling equipment, and will be closed as one facility. The

second type of structure is desigeetednss the Low Activity Waste Vaults (LAWV). The
LAWYV is designed to receive waste radiating <200 mR/h at 5 cm from the exterior of the

outer disposal containzr and containing <10 Cl of tritium per package. The third facility is

the Long Lived Waste Storage Building W is designed to provide
covered, long term storage for waste containing long lived 1sotopes. whiolrexeeeds
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performance criteria for disposal. This waste would eventually be removed to a suitable
disposal facility. » wo additional
types of disposal are proposed: 1) trench disposal of suspect soil, and Zrnaval reactor
component disposal. {Five below grade trenches will be constructed to contain suspect soil,

which is soil from regulated areas and designated as potentially contaminated. An area of

approximately 1700 m{is planned to receive several containers of naval reactor (NR) compo-

of thejvault systems. The results of this study predicted the time required for cracking of the

vaults™"¥nd collapse of the roof structures.

To evaluate the long-term performance of the EAVs, site-specific conceptual models
were developed to consider: 1) exposure pathways and scenarios of potential importance;

2) potential releases from the facility to the environment; 3) effects of degradation of
engineered features; 4) transport in the environment; and S) doses potentially received from

releases determined from unit concentrations of the radionuclides of interest in each vault

type. [ Initial radionuclide inventories were not assumed in this performance assessment. The
performance assessment was used as a means to determine the allowable radionuclide
concentrations and inventories in each type of disposal unit. This methodology provides
reasonable assurance that the performance objectives will be met if these inventories are used
to establish limits in the waste acceptance criteria.

When compared to a reasonable estimate of the amount of waste that could be received
at the E-Area Vault Disposal Facility, the performance-based maximum radionuclide inven-
tory limits in this report will allow disposal of all waste types expected at SRS, with the
exception of the NR components. These components will be received as planned, but will
be stored. It is expected that additional wasteform information will be received to enable
revision of the performance assessment for this type of waste, to show acceptable

performance.
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1. INTRODUCTION

The Savannah River Site (SRS) was acquired by the U.S. Government in 1950. Since
that time, the U. S. Government has contracted for the design, development, construction,
and operation of various facilities at the SRS to support national defense and space
exploration. Because of these activities at the site, low-level, solid, non-hazardous radioactive
wastes will continue to be generated. In addition, environmental restoration (ER) and
decommissioning and decontamination (D & D) activities will generate increasing quantities
of low-level radioactive wastes.

The policies and guidelines of the Department of Energy (DOE) and other regulatory
agencies require that radioactive waste be managed, treated, stored, and disposed in a manner
that protects public health and safety, the environment, and groundwater resources. These
practices must be done in accordance with standards specified in federal, state, and local
regulations. The level of radioactivity in any effluent released to the environment should be
maintained "as low as reasonably achievable (ALARA)", known as the "ALARA" principle
within the DOE complex.

DOE Order 5820.2A, issued in 1988 (U.S.DOE 1988a), established policies, guidelines,
and minimum requirements for the management of radioactive waste, mixed waste (MW), and
contaminated facilities at the DOE sites. This Order addresses the storage, treatment, and
disposal of high-level waste (HLW), MW, low-level waste (LLW), transuranic waste (TRU),
and naturally occurring and accelerator-produced radioactive materials that are generated by
the DOE operations. Chapter III of the Order requires the DOE field sites to prepare and
maintain a site-specific radiological performance assessment (RPA) for any LLW disposal
facility located at DOE field sites. An RPA must provide reasonable assurance that the
facility design and method of disposal will comply with the performance objectives of the
Order (Dodge et al. 1991).

The E-Area Vaults Disposal Facility (EAVDF) (Fig. 1.1-1) is one of several new
facilities at SRS that wiil incorporate radioactive solid waste generated at the SRS for near-

surface disposal.
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The E-Area Vaults (EAVs) are only one part of an integrated radioactive waste
management system that is being put in place at the SRS. As principal contractor and
operator at SRS, the Westinghouse Savannah River Company (WSRC) will complete the
design, construct and operate several facilities to manage and dispose of radioactive waste
generated at the SRS. Assuming adequate funding is maintained at the SRS, all facilities that
are a part of this integrated waste management system are projected to be in operation by
the year 2000.

Before the SRS will comply completely with DOE Order 5820.2A, a separate RPA must
be completed for at least three operating or planned disposal facilities at the SRS: 1) the
EAVs solid waste disposal facility (SWDF), 2) the Saltstone Disposal Facility (SDF) (located
in Z-Area), and 3) the Hazardous Waste/Mixed Waste Disposal Facility (HW/MWDF). To
fulfill the RPA requirement of DOE Order 5820.2A for the EAV, the long-term radiological
impacts on the environment and on the public due to solid waste disposal in E-Area have
been assessed. Results of this assessment are documented in this report. An RPA has been
completed for the SDF. An RPA has not been completed for the HW/MWDF since the
construction and operation of this facility has been postponed. A description of the
HW/MWDF is given in Sect. 2.8 along with a description of its integration with this RPA.

1.1 PURPOSE AND SCOPE

E-Area is the location of a new LLW disposal facility located at SRS. The objective of
the EAV is to provide a new disposal and storage site for low-level, solid, non-hazardous
radioactive waste to support continuing SRS operations. DOE Order 5820.2A defines low-
level radioactive waste as waste that contains radioactivity and is not classified as high-level
waste (HLW) (waste material that results from the reprocessing of spent nuclear fuel),

transuranic waste, or spent nuclear fuel or 11e(2) by product material.
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SRS operations further classify the LLW handied by EAV as low-activity waste (LAW),
intermediate-activity waste (LAW) and tritiated waste. IAW consists of waste material that
radiates greater than 200 mR/hr from an unshielded container at 5 cm. LAW consists of
waste material that radiates less than 200 mR/hr from an unshielded container at 5 cm.
Tritiated waste is waste that contains greater than 10 Ci of tritium per container regardless
of the radiation rate. EAV will not dispose of or store liquid wastes, waste containing greater
than 100 nCi/g of TRU isotopes, hazardous waste, or mixed (hazardous and radioactive)
wastes.

Monitoring systems and procedures are in place to establish both the impact to the
environment and the risks to operating personnel and off-site populations during normal
operations and subsequent closure operations at the disposal site. Groundwater monitoring
procedures are in place to provide baseline monitoring data and to confirm that disposal and
closure operations do not adversely affect water quality. This RPA concentrates on
establishing, with reasonable assurance, that LLW disposal in E-Area will meet the
performance objectives of DOE Order 5820.2A after the disposal facility is closed. The
objectives of the Order are described in Sect. 1.2.

Radiological and other hazards prior to closure have been analyzed in the Safety
Analysis Report (SAR) for the operational period of the EAV (WSRC 1991a). In particular,
the SAR for the EAV addresses the issues and hazards related to safety and radiological
doses to on-site and off-site populations during active disposal operations and interim closure.
The location of E-Area is well within the confines of the secured boundary of the SRS, thus
precluding inadvertent access to the E-Area site by unauthorized personnel during active
disposal operations. Furthermore, the distance to the present SRS site boundary obviates the

need for extensive analysis of performance prior to closure and/or loss of institutional control.
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1.2 PERFORMANCE OBJECTIVES

The specific performance objectives for solid waste disposal in E-Area are
contained in DOE Order 5820.2A (U.S.DOE 1988a):

Protect public health and safety in accordance with standards specified in applicable
EH Orders and other DOE Orders.

Assure that external exposure to the waste and concentrations of radioactive
material which may be released to surfrce water, groundwater, soil, plants, and
animals results in an effective dose equivalent (EDE) that does not exceed

25 mrem per year to a member of the general public. Releases to the atmosphere
shall meet the requirements of 40 CFR 61 which limits the EDE to

10 mrem per year. Reasonable effort should be made to maintain releases of
radioactivity in effluent to the general environnient ALARA.

Assure that the EDE from all exposure pathways received by individuals who
inadvertently may intrude into the facility after the loss of active institutional
control (100 years) will not exceed 100 mrem per year for continuous exposure or

500 mrem for a single acute exposure.

Protect groundwater resources, consistent with Federal, State, and local

requirements.

Compliance with the performance objective to protect groundwater resources is

interpreted at SRS as meaning that concentrations of chemical and radioactive contaminants

at any points of compliance should not exceed standards for public drinking water supplies
established by the Environmental Protection Agency (EPA).
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In this analysis, the point of compliance for groundwater protection requirements is
taken to be that location more than 100 m from any disposed waste at which the predicted
concentrations of contaminants in groundwater are the highest (Dodge et al. 1991).
Requirements for protection of groundwater do not apply inside a 100-m buffer zone around
the disposal units.

The performance objectives for disposal of LLW in the EAV given above require
further interpretation with respect to three issues. The first is the time period over which the
performance objectives for protection of off-site members of the public, inadvertent intruders,
and groundwater resources should be applied. The second issue is the particular standards
(i.e., numerical limits) for radionuclides that should be applied to protection of groundwater
resources. The third issue is the inclusion of doses from radon and its decay products in the

doses calculated in the intrusion scenarios.
1.2.1 Time for Compliance with Performance Objectives

The various performance objectives for LLW disposal in DOE Order 5820.2A do not
specify a time period over which they are to be applied. Therefore, the implication is that
all performance objectives apply at any time after disposal.

The DOE is actively considering a change in policy regarding the time for compliance
with the performance objectives. In the near future, the DOE is expected to adopt a policy
that compliance with the performance objectives would be required only for 10,000 years after
disposal but would not be required thereafter. In addition, however, if the predicted doses
to off-site individuals or inadvertent intruders or the predicted levels of contaminants in
groundwater outside the 100-m buffer zone have not attained their maximum values within
the 10,000-year compliance period, the DOE is expected to require that the analysis be
continued beyond 10,000 years until such time as the peak doses or contaminant levels are
attained. Any calculations beyond the 10,000-year compliance period would be used primarily

to provide additional information and perspective on the performance of disposal facilities.
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Although strict compliance with the performance objectives beyond 10,000 years would not
be required, the results of any analyses beyond 10,000 years could be used by the DOE in
rendering judgments on the overall acceptability of disposal facilities.

In accordance with the expected change in DOE policy, the following approach to the
time period for compliance with the performance objectives has been taken in this RPA.

1) The performance objectives for protection of off-site members of the public,
inadvertent intruders, and groundwater resources are applied for 10,000 years after
disposal.

2) If calculated doses to off-site members of the public or inadvertent intruders or
calculated contaminant levels in groundwater do not attain their maximum values
during the 10,000-year compliance period, the calculations are continued in time
until the peak values are obtained.

122 Performance Objective for Groundwater Protection

DOE Order 5820.2A does not specify either dose or concentration limits for radio-
nuclides in groundwater. Therefore, there is some ambiguity in applying the performance
objective even though, as described previously, the performance objective is interpreted as
requiring that concentrations of contaminants in groundwater should not exceed values
specified in EPA standards for public drinking water supplies (40 CFR Part 141).

In the RPA for the EAYV, three different options for specifying maximum contaminant
levels (MCLs) of radionuclides in groundwater are considered. The three options, cach of
which is consistent with EPA standards for radioactivity in drinking water, are described
below.
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Option 1

In the first option, the MCLs for radionuclides in groundwater are those specified in
current EPA standards for radioactivity in drinking water, which were promulgated in 1976.
The current standards include: 1) a limit on concentration of 5 pCi/L for Ra-226 and
Ra-228 combined; 2) a limit on concentration of 15 pCi/L for gross alpha-particle activity,
including Ra-226 but excluding radon and uranium; and 3) a limit on dose equivalent to whole
body or any organ of 4 mrem per year from all beta/gamma-emitting radionuclides. The
current standards also specify that the concentration of any beta/gamma-emitting radionuclide
causing a dose equivalent of 4 mrem to whole body or any organ shall be calculated on the
basis of a drinking water intake of 2 L/day and data for converting activity intakes of
radionuclides to dose published by the U.S. Department of Commerce (1963), except the
MCLSs are given as 20,000 pCi/L for tritium (H-3) and 8 pCi/L for Sr-90.

A possible drawback of the approach specified by the EPA for calculating MCLs for
beta/gamma-emitting radionuclides is that the concentration limits in water corresponding to
a dose equivalent to whole body or any organ of 4 mrem are based on internal dosimetry data
(US. Department of Commerce 1963) which are now outdated. The dosimetric and
metabolic models for radionuclides used to obtain the data in the Department of Commerce
report essentially are those recommended in Publication 2 of the International Commission
on Radiological Protection (ICRP 1959), but these data have been superseded by data based
on the models in ICRP Publication 30 (1979). Although the more recent internal dosimetry
data developed by the ICRP have been adopted for use by the EPA (Eckerman et al. 1988)
and DOE (1988b), these data have not yet been incorporated in the EPA standards for
radioactivity in drinking water. Because these standards use outdated internal dosimetry data
for beta/gamma-emitting radionuclides, the MCLs for most radionuclides calculated as
specified by the EPA would not correspond to the specified limit on dose equivalent of
4 mrem to whole body or any organ. This consideration leads to the second option for the

performance objective adopted for use in this analysis.
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Option 2

In the second option, the EPA's current MCLs of 5 pCi/L for Ra-226 and Ra-228
combined and 15 pCi/L for gross alpha-particle activity, including Ra-226 but excluding radon
and uranium, and the limit on dose equivalent of 4 mrem per year to whole body or any
organ from all beta/gamma-emitting radionuclides are retained. However, the dose limit for
any beta/gamma-emitting radionuclide is converted to a concentration limit using the internal
dosimetry data from ICRP Publication 30 (1979) that has been adopted for use by the DOE
(1988b). Thus, for beta/gamma-emitting radionuclides, the second option uses the same
primary standard (i.e., dose limit) as the current EPA standards, but the secondary standards
(i.e., concentration limits) are based on up-to-date internal dosimetry data; and, in this option,
the MCLs for all beta/gamma-emitting radionuclides correspond, based on the best available

information, to the dose limit of 4 mrem per year to whole body or any organ.
Option 3

In the third option, the MCLs for radionuclides in groundwater are those specified in
the EPA’s proposed revisions of the drinking water standards (DWS) for radionuclides (EPA
1991). The proposed stanciards include: 1) separate limits on concentration of 20 pCi/L for
Ra-226 and Ra-228; 2) a limit on concentration of 20 pg/L for uranium, 3) a limit on
concentration of 15 pCi/L for gross alpha-particle activity, excluding Ra-226, uranium, and
Rn-222; and 4) a limit on EDE of 4 mrem per year for all beta/gamma-emitting radionuclides.
The proposed concentration limit for uranium is based on prevention of chemical toxicity in
the kidney, rather than limitation of radiation dose, and corresponds to an activity
concentration of 14 pCi/L for naturally occurring uranium with its normal isotopic
abundances. The proposed standards also include a concentration limit of 300 pCi/L for
Rn-222, but the Energy Policy Act of 1992 directs the EPA not to issue a standard for radon
in drinking water at the present time. Final revisions of the DWS for radionuclides have not

yet been promulgated.
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The proposed revisions of the DWS for radionuclides described above differ from the
current standards in two respects that are potentially important for this RPA. First, the
proposed revisions include an MCL for uranium, whereas uranium is unregulated in current
standards. Second, the proposed revisions include a limit on EDE for beta/gamma-emitting
radionuclides, whereas the dose limit in current standards applies to whole body or any organ.
For radionuclides that preferentially irradiate only one or a few body organs (e.g., I-129,
Pu-239) a limit on EDE of 4 mrem corresponds to a considerably different MCL than a limit
on dose equivalent of 4 mrem to whole body or any organ, even when the same dosimetric
and metabolic model is used. Internal dosimetry data based on ICRP Publication 30 (1979)
presumably would be used to convert the dose limit of 4 mrem EDE to radionuclide-specific
MClLs.

Summary

Three different options for specifying the performance objective for protection of
groundwater resources have been used in this analysis. These options are summarized as
follows:

1) Current EPA standards for radionuclides in drinking water, including the method
prescribed by the EPA for calculating MCLs for beta/gamma-emitting radionuclides
based on internal dosimetry data from ICRP Publication 2 (1959) and the specified
MCLs for H-3 and Sr-90;

2) Current EPA standards for radionuclides in drinking water, except all MCLs for

beta/gamma-emitting radionuclides are calculated from the prescribed dose limit
using updated internal dosimetry data based on ICRP Publication 30 (1979); and
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3) Proposed revisions of the EPA standards for radionuclides in drinking water, with
MCLs for beta/gamma-emitting radionuclides calculated using internal dosimetry
data based on ICRP Publication 30 (1979), except no standard for radon is

assumed.

Option 1 will be used in this RPA to assess compliance with the groundwater protection
performance objective; for uranium, a compliance limit of 20 pg/L from Option 3 will be used.
The SRS is one of the DOE sites designated as being on the National Priority List (NPL) by
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
(40 CFR 300). As a result, all groundwater at SRS is regulated by CERCLA. Under
CERCLA, the MTLs promulgated under the Safe Drinking Water Act (40 CFR 141) are
used as applicable or relevant and appropriate requirements (ARARs). Thus, even though
they use out-dated dose methodology, the current MCLs (Option 1) should be used for
compliance. Where the current MCLs do not specify a limit (as in the case of uranium), a
proposed MCL can be used as an ARAR. Thus the compliance limit for uranium is 20 pg/L.
In most, but not all, cases Option 1 produces the most restrictive MCLs (see Table 3.2-1).

1.23 Radon

Radon-222 is produced by the decay of uranium-234 and -238. Radon can be a
potentially significant contributor to doses in intruder scenarios. The current DOE Waste
Management Order, 5820.2A, does not provide guidance as to whether doses from radon are
to be included in asséssing compliance with the performance objectives. However, the DOE
Waste Management Order is now being revised. As a result of guidance provided by the
Performance Assessment Task Team, the draft DOE Order, 5820.2B (U.S.DOE 1994),
excludes dose from radon and its decay products in assessing compliance with the general
population and intruder protection requirements. A separate exhalation objective is set for

radon: "the limit for radon exhalation rate from the ground surface to air will be 20 pCi/m%
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(0.7 Bg/m%)". This performance objective is taken from Subpart Q of 40 CFR 61 [National
Emission Standards for Hazardous Air Pollutants (NESHAPs)], which addresses radon
emissions from DOE storage and dispcsal facilities that contain radium (except uranium mill
tailings, which are covered under a separate regulation). In this performance assessment
(PA), results from intrusion scenarios will be presented to include doses from radon and its
decay products. However, compliance will be assessed by excluding the dose from radon and
its decay products. Compliance for radon will be assessed versus the radon exhalation rate
stated above.
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2. DISPOSAL FACILITY DESCRIPTION

In this chapter of the EAV RPA, characteristics which may either govern the impact of
the EAVDF or be impacted by the EAV are described. In Sect. 2.1, regional characteristics
of the SRS and vicinity are described that focus on geography, demography, meteorology,
seismicity, hydrogeology, quality of surface waters and groundwaters, soils, ecology, and the
existing radiological environment. Sect. 2.2, organized similarly to Sect. 2.1, concentrates on
characteristics specific to E-Area.

In Sect. 2.3, the classification of solid waste sent to E-Area for disposal, the projected
composition of the solid waste, and the physical facilities that are used to dispose of solid
waste are described. The solid waste properties are described in Sect. 2.4. The disposal
vaults and the projected site layout that are used as a basis for this assessment of long-term
performance at the EAV are described in Sect. 2.5. The radionuclide contaminants that are
pertinent to assessing long-term performance are described in Sect. 2.6. In Sect. 2.9, the site

closure concept used to complete this assessment is described.

21 REGIONAL CHARACTERISTICS

The EAVDF is located within the SRS in an area designated as E-Area. Before
describing the physical facility, the geography, demography, meteorology, seismicity, hydro-
geology, surface water hydrology, water quality, soils, and ecology of the SRS relevant to

assessing the facility’s performance are described.
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21.1 Geography of the Region

The SRS occupies about 780 km? in Aiken, Barnwell, and Allendale counties on the
Upper Atlantic Coastal Plain of southwestern South Carolina (Fig. 2.1-1). The center of the
SRS is approximately 40 km southeast of Augusta, GA; 32 km south of Aiken, SC; 160 km
from the Atlantic Coast; and is bounded on the southwest by the Savannah River, for about
28 km. The Fall Line, which separates the Atlantic Coastal Plain physiographic province from
the Piedmont physiographic province, is approximately 50 km northwest of the central SRS.

In addition to the Savannah River, other prominent geographical features within
80 km of the SRS are Thurmond Lake, Par Pond and L-Lake. Thurmond Lake is the largest
nearby public recreational area. This reservoir is on the Savannah River and is about 64 km
upstream of the center of the SRS. Par Pond is a 11 km? reactor cooling water impoundment
that lies in the eastern sector of the SRS. L-Lake is a 4 km? reactor cooling water impound-
ment that lies in the southern sector of the SRS (Fig. 2.1-2).

The elevation of the SRS ranges from 24 m above sea level (ASL) at the Savannah
River to about 122 m ASL in the upper northwest portion of the site. The Pleistocene
Coastal terraces and the Aiken Plateau form two distinct physiographic subregions at the SRS
(WSRC 1992a). The Pleistocene Coastal terraces are below 82 m in elevation, with the
lowest terrace constituting the present flood plain of the Savannah River and the higher
terraces characterized by gently rolling topography. The relatively flat Aiken Plateau occurs
above 82 m.

The Aiken Plateau is dissected by numerous streams. Because of the large number of
tributaries to small streams on the SRS site, no location on the site is far from a flowing
stream, most of which drain to the Savannah River.

The dominant vegetation on the SRS is forest, with types ranging from scrub oak
communities on the driest areas to bald cypress and black gum in the swamps. Pine forests
cover more area than any other forest type. Land utilization presently is about 56% in pine
forests, 35% in hardwoods, 7% in SRS facilities and open fields, and 2% in water (WSRC
1992a).

Rev. 0



2-3 WSRC-RP-9%4-218

_______ — 4
Doty
SEE i " " @ Greenville @3'%4?0
TE“FE.S, AL L Vateree L. Florence 4,90‘\_ \[/4,
{ GEORGIA - o Ut
Qp, O “~FALL LINE
\ L lanier &‘1@
\ y COLUMBIA P
\ Allatoope L. Lake Marion [
\ Rome ™ jarietta uk- Moullaig
\ ATLANTA
\_\ ,CEzhst Pol;ntk ot
\ ollege Far Waynesbor . C 1
\ JSLLake Sinclair  © ®Allendale ’ Charlesl::;Ies o
\ . Sylvanid
Milleno” o

o LaGrange o Macon

Statesboroe ort Royal

Columbus SAVANNAH

o Atlantic ovn

Ocean
o Albany
ALAB—A!A— - ° Valdosta
SFORIDA N\ e |
\

N

JL SCALE

C 0. 100 . 200
L 1 ]
Kilometers
SRS081

Fig. 2.1-1. SRS regional location map.
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Except for three roadways and a railway that are near the edge of the SRS, public access
to the SRS is restricted to guided tours, controlled deer hunts, and authorized environmental
studies. Figure 2.1-2 shows the major areas at the SRS and their location within the site
boundary. The major production areas located at the site include: Raw Materials (M Area),
Separations (F and H Areas), Waste Management Operations (E, F, and H Areas), and
Defense Waste Processing (S and Z Areas) (WSRC 1992). Administrative and support
services, the Savannah River Technology Center and the Savannah River Ecology Laboratory

are located in A-Area.
2.1.2 Demography

The population within 80 km of the SRS consists of a permanent (resident) and
transient population, the latter of which includes industrial, recreational, and casual
components. The distribution of the permanent populations within a 80 km radius of the
SRS, based on 1980 U. S. Census data, is illustrated in Fig. 2.1-3. The data were assembled
by geographical division formed by subdividing the study area into 16 radial segments centered
on the north overlain by concentric circles with radii of 16, 32, 48, 64, and 80 km. The area
within the 16 km radii are DOE-owned properties within the SRS. There are no permanent
population groups within this area.

The major residential population centers 80 km from the approximate SRS plant center
point are Augusta, Georgia, about 40 km to the northwest; Aiken, South Carolina, about
32 km to the north; and Orangeburg, South Carolina, about 79 km to the east northeast
(Fig. 2.1-1). In 1980, the estimated population within the 80 km radius around the SRS was
approximately 553,060 (Cook et al. 1987). More than 50% of the population is in the
Augusta, Georgia - South Carolina Standard Metropolitan Statistical Area (SMSA) which
includes Richmond and Columbia Counties in Georgia, Aiken County in South Carolina, and
the Fort Gordon Military Reservation. Between 1980 and 2030, the residential population
within the 80 km radius of the SRS is projected to increase from 553,000 to 845,000, or 53%
(Cook et al. 1987).

Rev. 0



2-6 WSRC-RP-94-218

SOUTH CAROLINA

© COLUMBIA

JUOL ATLANTIC JJV.
OCEAN
GEORGIA

SRs018

Fig. 2.1-3 Population distribution within an 80-km radius of the central SRS.

Rev. 0



2-7 WSRC-RP-94-218

The growth characteristics of the cities and towns around the SRS are similar to those
of the rest of the state. There is a distinct pattern of population increase in the areas just
outside cities. Cities of Aiken and North Augusta, South Carolina are major urban centers
with populations over 25,000. No other major urban centers are expected to develop in this
area.

The transient population consists almost entirely of the SRS work force. The Fort
Gordon Military Reservation, Alvin W. Vogtle Nuclear Power Plant, and Chem-Nuclear
Systems employ approximately 4500, 3400, and 300, respectively.

2.13 Meteorology

The regional climate of the SRS is classified as humid subtropical, characterized by short,
mild winters and long, warm and humid summers. Summer usually lasts from May through
September, at which time daytime temperatures are frequently above 90°F. Winter conditions
alternate between warm, moist subtropical air from the Gulf of Mexico and cool, dry polar
air. Less than one-third of all winter days have a minimum temperature below freezing,
Annual average precipitation, computed from daily meteorological data collected at a SRS
meteorological tower from 1952 to 1992, is 124 cm yr™ (Fig. 2.1-4). Extreme conditions, such
as sustained winds, tornadoes, and maximum 24-h rainfall are not expected to impact the post-

closure integrity of the disposal facility.

2.1.4 Hydrogeology

The surface of the Upper Atlantic Plain Province on which SRS is located slopes gently
seaward. This province is underlain by a seaward dipping wedge of unconsolidated and semi-
consolidated sediments that extends and progressively thickens from the Fall Line southeast-
ward to the edge of the continental shelf. The sediments increase in thickness to more than
1.2 km near the coast of South Carolina and were deposited on the seaward sloping basement

rock surface. Basement rocks consist of Late Precambrian and Paleozoic metamorphic and
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igneous rocks and locally of Triassic siltstones and claystones. The Triassic rocks were
deposited in fault-bound basins trending NE-SW within the igneous and metamorphic rocks.

SRS is underlain by a sequence of sediments that ranges in thickness from 180 to
370 m and in age from Cretaceous to Recent (WSRC 1992a). The sediments consist
primarily of interbedded and unconsolidated gravels, sands, silts, clays, and limestones which
were deposited in near-shore marine environments. Locally, the system can be highly hetero-
geneous and exhibit significant variability in texture both horizontally and vertically. Layers
that are regionally extensive tend to thin in the direction of the Fall Line and can pinch out
in the subsurface, adding to the complexity of the groundwater system. Vertical leakage is
known to occur between layers. Deep dissection of the Aiken Plateau throughout SRS by
streams has cut into the upper units which form the groundwater flow system. Consequently,
portions of the uppermost aquifers can be isolated, horizontally, from the same units in other
areas at SRS.

Numerous investigators have described the coastal plain sediments based upon lithologic
and age criteria (WSRC 1991b). More recently, attempts have been made to define hydro-
stratigraphic units based upon features that relate to their ability to store and transmit water.
The most recent classification system proposed for SRS (Aadland 1990) is presented in
Fig. 2.1-5 along with correlating stratigraphic nomenclature of earlier investigators. The
nomenclature of Aadland 1990 will be utilized throughout this report. The reader is referred
to Appendix E for an in-depth discussion of the hydrostratigraphy of SRS.

Following is an overview of the groundwater hydrology associated with the hydrologic
units identified in Fig. 2.1-5. Appendix E documents the hydrology of the bedrock formations
and the Coastal Plain sediments. In this section, the hydrology of the upper Coastal Plain
sediments, specifically Aquifer System II (Fig. 2.1-5) is summarized. Aquifer System I under-
lies Aquifer System II and is separated by confining System I - II. This confining system is
comprised of the Ellenton Clays, which are greater than 30 m thick and act to retard ground-
water flow between the units. Also, vertical hydraulic gradients are in the upward direction
across the confining unit in the vicinity of the EAVDF. Thus, Aquifer System I is hydrauli-

cally isolated from surface disposal activities, and is not of intcrest for contaminant studies.
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2-11 WSRC-RP-94-218

Aquifer System II is divided into individual units that are further subdivided into zones.
These units and zones primarily relate to hydrogeological characteristics. The units and zones
which comprise the aquifer system are as follows (GeoTrans 1992):

Nomenclature of Aadland (1990) = Common Nomenclature

Aquifer System II
Aquifer Unit IIB, Zone 2 Water Table
Confining Unit IIB1-1IB2 Tan Clay
Aquifer Unit IIB, Zone 1 Barnwell/McBean Aquifer
Confining Unit IIA-IIB Green Clay
Aquifer Unit IIA Congaree Aquifer
Confining System I-II Ellenton Clays

2.1.4.1 Hydrogeology of Aquifer Unit IIA (Congaree Aquifer)

Aquifer Unit IIA consists of the clastic sediments of the Congaree Formation and the
glauconite-bearing sands and clays of the lowermost Santee Limestone Formation. Aquifer
Unit I1A is an aquifer that consists predominantly of fine-to-coarse quartz sand. Clay laminae
occur throughout the formation, but they are too thin and discontinuous to be effective seals
except locally. Confining Unit IIA - IIB, identified as the "green clay" layer, or Caw Caw
member of the Santee Formation, is characterized by rapid facies changes. The permeability
of this layer varies greatly from place to place but in most parts of SRS is low enough to form
a competent layer between overlying and underlying ajuifer units.

The potentiometric surface map for Aquifer IIA, illustrated in Appendix E, shows that
flow directions for this unit are convergent toward Upper Three Runs (UTR) Creek. These
flow directions reflect that UTR Creek has completely incised Confining Unit IIA-IIB and
is a discharge area for Aquifer Unit IIA. Four Mile Creek does not incise Confining Unit
IIA-IIB (Parizek and Root 1986), and thus, does not influence the groundwater flow
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directions of Aquifer Unit IIA. Elsewhere on the SRS, Aquifer Unit IIA behaves as a
confined to semi-confined aquifer (WSRC 1992a). Hydraulic gradients in this unit increase
with proximity to UTR Creek. Near UTR Creek, groundwater flow velocities are likely to
be proportionately higher, reflecting the increase in hydraulic gradient.

2.1.42 Hydrogeology of Aquifer Unit IIB, Zone 1 (Barnwell/McBean)

Aquifer Unit IIB, Zone 1 consists of clastic and carbonate sediments of the Santee
Formation and the Dry Branch Formation of the Barnwell Group that lie above the Confin-
ing Unit IIA-IIB (Green Clay). Porosity and permeability of Aquifer Unit IIB, Zone 1 strata
vary greatly, depending on the dominant lithology and amount of clay present at any parti-
cular location. Nowhere on the SRS, howcvcf. do the clays in this zone form effective aqui-
tards.

Aquifer Unit IIB, Zone 1 is incised by many of the streams on the SRS, including UTR,
McQueen and Crouch Branches. Thus, horizontal flow directions in this zone are affected

to a large degree by the incision of drainage ways into the zone.
2.1.43 Hydrogeology of Aquifer Unit IIB, Zone 2 (Water Table)

Aquifer Unit IIB, Zone 2 is comprised of the Irwinton Sand Member and the Tobacco
Road Formation of the Barnwell Group and the Upland Unit. The Irwinton Sand Member
consists of moderately-to-poorly sorted quartz sand with interlaminated clays abundant in
places. The Tobacco Road Sand consists of gravels, sands, and appreciable clay layers, but
tfxese are discontinuous and do not form an effective regional aquitard. Due to its strati-
graphic position, the Tobacco Road Formation is frequently the formation in which the water
table occurs in inter-stream areas. Thickness of this formation is extremely variable, but can
be as much as 15 m in places. The Upland Unit consists of a mixture of gravel and sand with
some finer textured sediments and occurs in thicknesses up to 21 m in some parts of SRS.
This unit forms the surficial deposits in the inter-stream upland areas and is part of the

vadose zone.
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Aquifer Unit IIB, Zone 2 overlies Confining Zone IIB,-IIB,, which consists of the
Twiggs Clay Member commonly known as the "Tan Clay". Confining Zone IIB,-IIB, varies
from 0.6 to 3 m in thickness where present. Like Aquifer Unit IIB, horizontal flow directions
in Aquifer Unit IIB, Zone 2, are strongly influenced by incision of the unit by surface water
drainage ways.

21.5 Scismicity

The susceptibility of the SRS, and particularly E-Area, to seismic motion is of interest
to establish if E-Area is suitable for waste disposal. Seismic events could result in cracking
of the vaults. Cracking could be fairly severe if liquefaction of supporting soils were to take
place. However, liquefaction of supporting soils is not considered to be a potential problem
at the SRS based on a review of previous studies at the SRS (URS/Blume 1982). Below is
a discussion of seismic zones that are known to exist in the vicinity of the SRS, and the

expected intensity associated with seismic activity in these zones at the SRS.
2.1.5.1 Location of Nearby Seismic Zones

The SRS is located in the interior of the North American plate. In the past 200 years
the nearest zones of concentrated seismic activity in the region are centered in the
Charleston-Summerville area of South Carolina and near Bowman, SC, which is 60 km north-
“‘rest of Summerville, SC (Fig.»2.1-6). Recent seismic activity in the Charleston area, probably
including the earthquake of 1886, has originated largely or entirely in the basement beneath
the Coastal Plain sediments. The seismicity in the Charleston area is believed to occur at the
intersection of the Ashley River fault and the Woodstock fault, at minimum depths of 4 km
and 8 km, respectively. Seismicity associated with the Bowman seismic zone occurs along a
border fault of a buried Triassic basin, extending to a depth of about 6 km (WSRC 1992a).
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Underlying the Coastal Plain sediments of the central and southern portions of the SRS
is a Triassic-Jurassic rift basin within the crystalline basement. This basin, called the
Dunbarton Triassic basin, is located in the Aiken Plateau, about 50 km southeast of the Fall
Line (Fig. 2.1-6). Associated with this basin on the SRS are at least two faults; the northern
border fault and a parallel fault, the Pen Branch fault, which may coincide with the border
fault. These faults do not extend upward into post-Oligocene sediments at SRS.

Faulting has also been recognized in sediments as young as Oligocene in the Atlantic
Coastal Plain sediments of South Carolina. Faulting has been postulated to occur in these
sediments based on structure-contour mapping of the Eocene-Oligocene unconformity, which
lies between 30 and 61 m below the surface, in the vicinity of Charleston, and about 100 km
from the SRS, faulting has been postulated to occur in these sediments. A shallow fault,
associated with a 16-km wide graben of Oligocene and Miocene rocks which crosses beneath
the Savannah River from Georgia into South Carolina, is postulated about 56 km southeast
of the SRS. It is not currently possible to relate these shallow faults to modern earthquakes
that occur at depths greater than about 2 km.

2152 Intensities of Historical Earthquakes

The largest known earthquake to affect the site region was the Charleston earthquake
of 1886. This Modified Mercalli Intensity (MMI) X earthquake struck Charleston SC, on
August 31, 1886. The greatest intensity felt at the SRS has been estimated at MMI VI-VII
(felt by all; everyone runs outdoors; damage negligible in buildings of good structure, but
considerable in poorly built structures) as a result of the Charleston earthquake (WSRC
1992a). Minor tremors from aftershocks of the 1886 Charleston event were also felt in the
area where the SRS is now located. Intensities of these tremors were estimated to be equal
to or less than MMI IV.

Seismic activity, producing earthquakes of estimated MMI up to V to VII, has been
present in the Bowman area (about 95 km northeast of SRS) over the last 200 years (WSRC
1992a). These earthquakes produced motion at the SRS of less than 0.1 g (Stephenson
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1993). An earthquake (MMI VIII) that struck Union County, SC (about 160 km north-
northeast of the SRS) in 1913 was felt at Aiken (6 km north-northwest of SRS) with a MMI
of II-ITI (vibration indoors like a passing truck).

Two earthquakes of MMI III or less have occurred with epicentral locations within the
boundaries of the SRS (Stephenson et al., 1985; Stephenson 1988). A MMI III earthquake
occurred in June 1985 at the SRS, as did a MMI I-II earthquake in August 1988. Neither
of the earthquakes triggered the seismic alarms at the SRS facilities, which are triggered when
ground accelerations equal or exceed .002 g. The epicenters of these earthquakes appear to
be located within about six miles of the intersection of a northwest-trending fault and the
northeast-trending border fault at the northern edge of the Dunbarton Triassic basin, and are
relatively shallow (1 to 3 km below the earth’s surface).

2153 Projected Recurrence of Earthquakes

According to Bollinger et al. (1989), the recurrence interval for a Charleston size shock
(MMI X) for the Charleston area and for the Coastal Plain is on the order of 1000 years, at
the 95% confidence level. A recurrence of the 1886 Charleston earthquake would result in
an intensity of MMI VII at the SRS (URS/Blume 1982). Recurrence of earthquakes associ-
ated with other known seismic zones in the region are not expected to be of greater intensity,
nor cause greater shaking at the SRS (WSRC 1992a).

2.1.6 Surface Water Hydrology

The Savannah River cuts a broad valley approximately 76 m deep through the Aiken
Plateau, on which most of the SRS sits. The Savannah River Swamp lies in the floodplain
along the Savannah River and averages about 2.4 km wide. Upper Three Runs Creek,
Fourmile Branch, Tinker Creek, Pen Branch, Steel Creek, and Lower Three Runs Creek
(Fig. 2.1-2) are the major tributaries of the Savannah River that occur on the SRS. Three
breaches of the natural levee occur at the confluences of the Savannah River with Beaver

Dam Creek, Fourmile Branch, and Steel Creek, allowing discharge of these streams to the
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river. During swamp flooding, water from Beaver Dam Creek and Fourmile Branch flows
through the swamp that parallels the river and combines with the Pen Branch flow. Pen
Branch joins Steel Creek about 0.8 km above its mouth.

Surface water is held in artificial impoundments and natural wetlands on the Aiken
Plateau. Par Pond, the largest impoundment on the SRS, is located in the eastern part of the
SRS, covering about 11 km? A second impoundment, L Lake, lies in the southern portion
of SRS and covers approximately 4 km?. The waters drain from Par Pond and L Lake to the
south, via Lower Three Runs Creek and Steel Creek, respectively, into the Savannah River.
Lowland and upland marshes, and natural and man-made basins on the SRS retain water
intermittently.

Near the SRS, the flow of the Savannah River has been stabilized by the construction
of upstream reservoirs. The yearly average flow is approximately 290 m®s™. From the SRS,
river water usually reaches the coast in five to six days, but may take as few as three days.
At low flow, which usually occurs in autumn months, the Savannah River is about 100 m wide

and 3 to 5 m deep, with an average flow of approximately 160 m> s™.
2.1.7 Water Quality and Usage

2.1.7.1 Groundwater

The sand beds that comprise Aquifer System I are an important source of water for wells
in localities neighboring the SRS. Most municipal and industrial water supplies in Aiken
County, SC are developed in Aquifer System 1. In Barnwell and Allendale counties, some
municipal users are sxipplied from the shallower Aquifer Zones ITA and IIB. Private domestic
supplies in all of these counties are primarily obtained from Aquifer System I.

Municipal and industrial groundwater use in the vicinity of the SRS indicated total
pumpage from Aquifer System I on the order of 1 m*s!; 0.2 m® s from Aquifer Unit IIA;
and up to 0.04 m* s from Aquifer Zone IIB,. The SRS uses up to 0.4 m* s on site, from
Aquifer System I (Cook et al. 1987).

Water quality parameters for groundwater at the SRS are likely to be quite variable.

Parameters specific to E-Area are presented in Sect. 2.2 below.
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2.1.7.2 Surface Water

Water from the Savannah River is used for drinking water at two locations below the
SRS. About 160 km downstream of SRS, The Beaufort-Jasper Water Treatment Plant at
Hardeeville, SC, withdraws about 0.3 m® s for a consumer population of approximately
51,000. The Cherokee Hill Water Plant at Port Wentworth, GA, about 160 km downstream
of the SRS, presently withdraws about 2 m* s for a consumer population of about 20,000.
The Savannah River is also used for commercial and sport fishing and for recreational
boating. Surface water quality is presently monitored by the Environmental Monitoring
Section and the Savannah River Technology Center at the SRS (Cummins et al. 1990).
Surface water is characterized with respect to radiological and non-radiological aspects, both
on site and downstream of the SRS. Some water quality characteristics of the Savannah River
upstream of the SRS, classified as a Class B water by the South Carolina Department of
Health and Environmental Control (SCDHEC), are listed in Table 2.1-1. The temperature,
dissolved oxygen, and pH values reflected in this table are within the standards required for
Class B waters (Cummins et al. 1990). Other water quality parameters listed in this table are
within the ranges observed in previous years (Cummins et al. 1990), indicating that the quality

of the Savannah River is not being degraded at the point of measurement.
2.1.8 Soils

Most of the soils at the SRS are sandy over a loamy or clayey subsoil. The distribution
of soil types is very much influenced by the creeks on the site, with colluvial deposits on hill-
tops and hillsides giving way to alluvium in valley bottoms (Dennehy et al. 1989). Road cuts
and excavations on interstream areas near the SRS commonly expose a deeply developed soil
profile. Two horizons are apparent; the A horizon may be up to 3 m thick, and typically
consist of structureless fine- to medium-grained quartz sand, and the lower B horizon, which
may be from 0.6 to 3 m in thickness, contains iron and aluminum compounds leached from

the overlying material.
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Table 2.1-1. Water quality of the Savannah River
above SRS (Cummins et al. 1990)
No.of  Arithmetic
| Parameter Units Analyses Mean Max Min
l Temperature °C 12 18 27 10
| PH pH 12 7.4 6.2
| Dissolved oxygen mg/L 12 8.0 9.6 64 |
| Alkalinity mg/L 12 21 24 17|
| Conductivity umhos/cm 12 84 104 61 1
| Turbidity NTU 12 6.9 18 23 1
| Suspended solids mg/L 12 13 22 6.0 l
\ Volatile solids mg/L 12 2.3 4.0 1.0
Total dissolved solids mg/L 12 62 76 46 b
1 Total solids mg/L 12 74 86 58 [
| Fixed residue mg/L 12 10 19 5.0 1
l Chemical oxygen demand mg/L 12 9.7 17 7.0 1
Chloride mg/L 12 7.8 11 46 |
Nitrogen (as NOyNO,) mg/L 12 032 099 015 |
Sulfate mg/L 12 7.8 11 6.0 |
i Phosphorus (as PO,) mg/L 12 0.09 0.16 0.05 \
i Nitrogen (as NH;) mg/L 12 0.13 034 <002 |
Cadmium mg/L 4 <0.01 <0.01 <0.01 |
Mercury gL 4 <020 020 <020 i
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Weathering effects are evident. In some areas, intense weathering has produced
tensional soil fractures as a result of volume reduction. These fractures are dominant features
in shallow exposures such as drainage ditches or roadside embankments. Average soil erosion
rates for the area surrounding the SRS, much of which is cropland, range from 1.5 to 2.0 kg
m2yrl, (U.S. Department of Agriculture 1985) Employing the Universal Soil Loss Equation
to predict erosion at the SRS under different vegetative conditions, Horton and Wilhite
(1978) estimate that the presence of natural successional forests would reduce erosion by a
factor of 400 to 500 over cropland erosion.

219 Ecology
2.1.9.1 Aquatic Ecology

Flora in the Savannah River basin and in creeks on the SRS site is diverse and
~seasonally variable. Several species of diatoms, green algae, yellow-green algae, and blue-
green algae are present. In seasonally flooded areas, bald cypress and tupelo gum thrive. In
less severely flooded areas, oak, maple, ash, sweet gum, ironwood, and other species, less
tolerant of flooding, are found. In the river swamp formed by the Savannah River in the
vicinity of the SRS, herbaceous growth is sparse. A number of macrophytes, such as cattail
and milfoil, are found in areas receiving sufficient sunlight.

The fish communities in the Savannah River and in creeks on the SRS are very diverse.
Redbreast sunfish, spotted sucker, channel catfish, and flat bullhead are the dominant species.
Sunfish, crappies, darters, minnows, American shad, and striped bass are also abundant.

Macroinvertebrate communities are largely comprised of true flies, mayflies, caddisflies,
stoneflies, and beetles. Leaf litter input is high, but is rapidly broken down by macroinverte-
brate shredders. The Asiatic clam is found in the Savannah River and its larger tributary

streams,
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2.19.2 Terrestrial Ecology

Prior to its acquisition by the U. S. Government in 1951, approximately one-third of the
SRS was cropland, about half was forested, and the remainder was floodplain and swamp.
Since that time, the U. S. Forest Service has reclaimed many previously disturbed areas
through natural plant succession or by planting pine trees. As was noted in Sect. 2.1.1, 91%
is now pine or hardwood forests, with the remaining 9% divided between SRS facilities and
water bodies.

A variety of vascular plants exist on the site. Scrub oak communities cover the drier
sandy areas, which includes predominantly longleaf pine, turkey oak, bluejack oak, blackjack
oak, dwarf post oak, three awn grass, and huckleberry (U.S.DOE 1987). On the more fertile,
dry uplands, white oak, post oak, southern red oak, mockernut hickory, pignut hickory, and
loblolly pine predominate, with an understory of sparkleberry, holly, greenbriar, and poison
ivy. Pine trees cover more area than any other tree genus.

The heterogeneity of the vegetation on the SRS supports a diverse wildlife population.
Several species of reptiles and amphibians are present due to the variety of aquatic and
terrestrial habitats. These include snakes, frogs, toads, salamanders, turtles, lizards, and
alligators. More than 213 species of birds have been identified on the SRS. Burrowing
animals at the SRS include: Peromyscus polionotus, known commonly as the Old Field
Mouse; Blarine brevicauda, known as the Short Tail Shrew; Scalopus aquiticus, known as the
Eastern Mole; Pogonomyrmex badius, known as the Harvester Ant; Dorymyrmex pyramicus,
known as the Pyramid Ant; and earthworms (Briese and Smith 1974; Davennort 1564; Golley
and Gentry 1964; Smith 1971; Van Pelt 1966).

2.1.10 Existing Radiological Environment
All human beings are exposed to sources of ionizing radiation which include naturally
occurring and man-made sources. The average dose contribution estimates from various

sources to individuals were obtained from recent reports of the National Council on Radia-

tion Protection and Measurements (NCRP) and the EPA. On average, a person living in the
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Central Savannah River Area (CSRA) receives an annual radiation dose of 379 mrem
(Cummins et al. 1990). The average dose contributions from the various radiation sources
to an individual in the CSRA are given in Fig. 2.1-7.

The major source of radiation exposure to an average member of the public in the
CSRA is attributed to naturally-occurring radiation. This naturally-occurring radiation is often
referred to as natural background radiation. Natural sources of radiation include cosmic
radiation from outer space, cosmogenic radionuclides formed by interaction of cosmic radia-
tion with elements in the earth’s atmosphere, terrestrial radiation from natural radioactive
materials in the ground, radiation from radionuclides occurring naturally in the body, and
inhaled or ingested radionuclides of natural origin. The amount of exposure an individual
receives depends on their location. Table 2.1-2 compares national averages for exposure to
natural background radiation to average exposures in the vicinity of the SRS.

The average annual dose to people in the U.S. from cosmic radiation is about 27 mrem,
which is lower than estimated for the vicinity of the SRS because a large fraction of the U.S.
population lives near sea level, where cosmic radiation is lower. A report published by the
EPA gives a specific outdoor cosmic radiation dose for Augusta, GA of about 41 mrem
(Oakly 1972). When shielding and the time spent indoors are considered, the annual average
cosmic radiation dose for the CSRA population is about 33 mrem, about 22% higher than the
national average. The average annual EDE from terrestrial gamma radiation is about
28 mrem in the U.S. This annual EDE varies geographically across the U.S. Values from
the SRS vicinity include 43 mrem for Augusta, GA, 23 mrem for Charleston, SC, and
68 mrem for Columbia, SC (Oakly 1972).

The major contributors to the annual EDE for internal radionuclides are the short-lived
decay products of radon (mostly **Rn), which contribute an average EDE of about 200 mrem
per year. This dose estimate is based on an average radon concentration of about 1 pCi/L
(NCRP 1987). The results of long term measurements in living areas of about 30,000 homes
in the U.S. suggest that the mean radon concentration levels are about 3.6 pCi/L for the U.S.
population and about 1 pCi/L for South Carolina (Alter and Oswald 1988). The average

EDE from other internal radionuclides is about 39 mrem per year, which is predominantly
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Fig. 2.1-7 The total average effective dose equivalent from various sources in the
Central Savannah River Area. SRS072
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Table 2.1-2. Comparison of natural radiation doses near SRS with U.S. averages®

Natural Radioactivity Annual Average EDE (mrem)
50-mile radius of SRS U.S. Average
Cosmic radiation 33 27
Terrestrial radiation 43 28
Internal radiation® 239 240

Total 315 295

* Cummins et al. 1990.

® Approximately 200 mrem of the dose from internal radiation is attributed to radon
exposure. An EPA study, which was scheduled to be published in 1991, will update the
information on the U.S. distribution of doses from radon. Preliminary information suggests
that the U.S. average dose from radon may be higher than 200 mrem.
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attributed to the naturally occurring radioactive isotope of potassium, “K. The concentration
of “K in human tissues is similar in all parts of the world (NCRP 1987).

A wide range of consumer products also contain sources of ionizing radiation. The U.S.
average annual EDE to an individual is about 10 mrem (NCRP 1987).

Radiation is an important tool of diagnostic medicine and cancer treatment. The aver-
age annual EDE to all individuals from all medical examinations is 54 mrer: (about 40 mrem
for diagnostic x-rays and 14 mrem for nuclear medicine procedures). The actual EDEs to
individuals who receive such medical exams is much higher than these values, because not
everyone receives such exams each year (NCRP 1989).

There are a few additional minor sources of radiation that contribute to the average
EDE:s to individuals in the U.S. About 1,320,000 people performed radiation work in 1980
and received an average dose of 110 mrem per year (Cummins et al. 1990). This exposed
population represents only about one half of 1% of the U.S. population. The dose to the
general public from nuclear fuel cycle facilities, such as uranium mines, mills, fuel processing
plants, nuclear power plants, and transportation routes, has been estimated at less than
1 mrem per year.

Small doses to individuals occur as a result of radioactive fallout from atmospheric
atomic bomb tests emissions of radioactive materials from other nuclear facilities, such as
DOE facilities; emissions from mineral extraction facilities; and transportation of radioactive
materials. The combination of these sources contributes less than 1 mrem per year to the
average dose to an individual (Cummins et al. 1990).

Environmental monitoring is performed at the SRS to demonstrate that releases of
radionuclides from the site do not exceed the radiation protection guidelines for the general
public. Thousands of samples are collected and analyzed each year. Materials monitored
include: air, groundwater, drinking water, milk, food stuffs, SRS streams and basins,
vegetation, rainwater, Savannah River water, soil and sediments, fish, and wildlife. These
samples are collected in defined ways from on site, at the site perimeter, and at locations up
to 160 km from SRS. The samples are analyzed for specific radionuclides. Measurements
of environmental gamma radiation are also made at numerous on-site and off-site locations
(Cummins et al. 1990).
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The non-radiological environment is also monitored at SRS. The materials sampled in
the non-radiological program include: air, groundwater, Savannah River sediment, SRS
streams and outfalls, and fish. In addition to laboratory analyses, water and air quality
measurements are routinely made in the field. Non-radiological compounds monitored
include nitrate, some heavy metals, and some chlorinated organics.

An environmental monitoring program has been maintained continuously in the SRS
region since 1951. Public reports have been published since 1959 dealing with various aspects
of the environmental program at SRS. In 1985, the on-site and off-site environmental
monitoring reports were merged into a single publication. Recent monitoring results specific
to E-Area, that provide information on the existing radiological environment at the EAV
disposal site, are provided in Sect. 2.2.5.

22 E-AREA SITE DESCRIPTION

The following is a discussion of site characteristics specific to E-Area, that were not

covered explicitly in the above discussion on regional characteristics.
22.1 E-Area Location, Description, and Land Use

The E-Area at the SRS, where the EAVDF is located, consists of approximately 200
acres, and is situated immediately north of the current LLW burial grounds (Fig. 2.1-2).
Construction on the EAVDF began in October of 1989. The site is an elbow-shaped, cleared
area of 100 acres, curving to the northwest on an interfluvial plateau in the center of SRS.
The site slopes from an elevation of 290 feet in the southernmost corner to an elevation of
250 ft in the northernmost corner. Runoff is to the north and east toward UTR Creek and
two of its ephemeral tributaries, Crouch Branch to the east of the EAVDF and an unnamed
branch to the west. UTR Creek is approximately 2500 feet north of the facility boundary.
The nearest perennial stream is approximately 1200 feet northeast of the boundary. A
topographic map showing elevations and the local streams in the vicinity of E-Area is
provided in Fig. 2.2-1.
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222 Hydrogeology of E-Area

The hydrogeolc;gy of the upper coastal plains sediments comprising Aquifer System II
are discussed in this section. As previously mentioned, this is the only aquifer system that can
be impacted by shallow waste disposal activities. The groundwater flow cystem beneath the
EAVDF is relatively constrained and acts to force the groundwater to flow toward nearby
surface water discharge zones.

Groundwater flow directions in Aquifer Units IIB, Zones 1 and 2, are northward toward
discharge areas along Crouch Branch, UTR Creek, and the unnamed branch. Groundwater
flow in these units cannot move southward because natural hydraulic gradients prevent such
an occurrence. Vertical-flow directions arc downward and some groundwater flows from
these units across Confining Unit IIA - IIB into Aquifer IIA.

Horizontal-flow directions in Aquifer Unit IIA are directly toward UTR Creek, which
is the regional discharge zone for this unit in the vicinity of the EAVDF. Aquifer Unit IIA
is a zone of vertical-flow convergence. Groundwater flow is into the unit from both overlying
and underlying aquifers. Natural groundwater gradients prevent the possibility of any
contaminants migrating any deeper than Aquifer Unit IIA.

Much of the hydrogeologic information specific to E-Area comes from well boring logs
and water level data from a series of wells placed in E-Area. A location map of these wells
is provided in Fig. 2.2-2. Two lithologic cross-sections developed from this information are
shown in Fig. 2.2-3 and 2.2-4.

Aquifer Unit IIA (Congaree) unconformably overlies Confining System I-II (Ellenton
Clays) and ranges from 16 to 33 m thick within the GSA, which includes E-Area. The Unit
dips 1.5 to 1.7 m per km to the south and southeast. The hydraulic head distribution for
Aquifer Unit IIA declines, in general, from the southeast to the northwest following the trend
of UTR Creek, the potentiometric map of this unit is presented in Fig. E.2-2. The horizontal
gradient in this unit, beneath the EAVDF, is approximately 0.005. At E-Area, the aquifer
unit is under confined conditions except along the fringe of UTR Creek. In this area,
Aquifer Unit IIA converts to water-table conditions because Confining Unit IIA-IIB (Green
Clay) is completely stripped away by UTR Creek.
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Confining Unit IIA-IIB (Green Clay) at E-Area separates Aquifer Unit IIA and Aquifer
Unit IIB. The vertical component of flow in Aquifer Unit IIB, Zone 1 (Barnwell/McBean),
is downward across the Confining Unit IIA-IIB (Green Clay) into Aquifer Unit A
(Congaree). Confining Unit IIA-IIB (Green Clay) is more competent than Confining Zone
IIB1-IIB2 (Tan Clay), but there is evidence of some leakage near E-Area.

Aquifer Unit IIB, Zone 1 (Barnwell/McBean) overlies Confining Unit IIA-IIB (Green
Clay) and underlies Confining Zone IIB1-IIB2 (Tan Clay). This zone ranges in thickness
from 12 to 28 m. It thins toward the western portion of the GSA, in the vicinity of the
H-Area seepage basins. Aquifer Unit IIB, Zone 1 (Barnwell/McBean) dips approximately 1.5
to 1.7 m per km to the southeast. UTR Creek has eroded through Confining Zone IIB1-1IB2
(Tan Clay), and Aquifer Unit IIB, Zone 1 (Barnweli/McBean). Heads decline toward the
bounding streams of UTR Creek, McQueen Branch, and Four Mile Branch as shown in
Fig. E.2-4. A groundwater divide exists within this unit and acts to separate groundwater flow
in the aquifer to the north and south. The divide follows the east-west trend of the
topographic upland between UTR Creek and Four Mile Branch and is situated to the south
of the EAVDF. The divide is not located symmetrically between these two lateral boundaries
because of the deep incisement of UTR Creek, and instead is shifted slightly to the south.

Confining Zone IIB1-1IB2 (Tan Clay) separates underlying Aquifer Unit IIB, Zone 1
(Barnwell/McBean) from overlying Aquifer Unit IIB, Zone 2 (water table) and consists of
multiple-discontinuous clay layers. The vertical component for the flow of water in the water
table is downward across Confining Zone IIB1-IIB2 (Tan Clay) into Aquifer Unit IIB,
Zone 1 (Barnwell/McBean). Confining Zone IIB1-IIB2 (Tan Clay) is a leaky aquitard with
the degree of leakage across the confining zone being variable. Leakage depends on the
fnagnitude of the head difference across the confining zone and the local permeability of the
confining zone.

Aquifer Unit IIB, Zone 2 (water table), is the uppermost aquifer and is under
unconfined conditions. Aquifer Unit IIB, Zone 2, has a downward hydraulic flow direction
toward lower units. The hydraulic head distribution and flow directions are very similar to
the Aquifer Unit IIB, Zone 1 (Barnwell/McBean), thus, flow directions are sub-parallel to
flow directions in that unit. A groundwater divide exists in the interstream upland with
hydraulic heads decreasing toward the bounding streams. Configuration of the water table

is shown in Fig. E.2-5.
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The water table occurs in Aquifer Zone IIB (water table) at E-Area. The historic high
water level under the EAV is estimated to range between 71.6 and 74.8 m above mean sea
level (MSL) (Amidon 1990). A review of well data available for E-Area suggests average
water table elevations on the order of 69 m to 71 m above MSL. In the northeast section
of the facility, where disposal of the intermediate-activity LLW is planned, the average water
table elevation is estimated to be 69 m, with a historic high water level of approximately
71.7 m above MSL. The direction of flow is effected by the creeks in all aquifer units.

Measured hydraulic conductivities of the hydrologic zones described above are listed in
Table 2.2-1.

Table 22-1 Summary of hydraulic conductivities reported for Aquifer System II

Hydrologic Units

Horizontal Vertical

Hydraulic Conductivity | Hydraulic Conductivity |
(cm yr) ! (cmyr™)’ |
Aquifer Unit IIB, Zone 2 41 x 10°* to 1.8 x 10*
Confining Zone IIB,-IIB, 0.19to 3.8 0.04 to 13
Aquifer Unit IIB, Zone 1 23 x 10° to 2.3 x 10° -
Confining Unit IIA-IIB 04t05 02014
Aquifer Unit IIA 2.0 x 10 ——-- !

1 Source: WSRC 1991b.

Hydraulic characteristics of unsaturated soil near E-Area are reported in Appendix E.
Soil water content - soil water pressure relationships for soil samples taken from two locations
in the General Separations Areas (GSA) are provided, as are relationships between hydraulic
conductivity and water content. The disparity between the relationships at the two areas are
indicative of the heterogeneous nature of soils at the SRS.
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223 Surface Water in the Vicinity of E-Area

The watershed of UTR Creek drains about 500 km? of the Upper Coastal Plain
northeast of the Savannah River. Significant tributaries to this creek are Tinker Creek, which
is a headwaters branch that comes in northeast of E-Area, aiid Tims Branch, which connects
up west of E-Area (Fig. 2.1-2). There are no lakes or flow control structures on UTR Creek
or its tributaries. The stream channel has a low gradient and is meandering. Its floodplain
ranges in width from 0.4 to 1.6 km and is heavily forested with hardwoods.

UTR Creck is gauged at three points within SRS: 1) near the northern SRS boundary;
2) just upstream of the Tinker Creek confluence; and 3) about 5 km above the confluence
with the Savannah River. The average discharge at the two northernmost gauges normalized
to drainage area is 0.013 m® s* km™, ranging from 0.006 m® s* km? to 0.06 m*® 5" km?
(Dennehy et al. 1989). Maximum flows are attributed to excess precipitation runoff.

Two smaller tributaries of UTR Creek, Crouch Branch and an unnamed branch, are
located northeast and west, respectively, of the E-Area. Both Crouch Branch and the
unnamed tributary receive runoff from E-Area. Crouch Branch has a drainage area of about
2.8 km? and the drainage area of the unnamed tributary has not been determined. One set
of data from gauging stations on Crouch Branch reflects less than a full year’s gauging results
(Dennehy et al. 1989). At that time, the southeastern United States was in a drought condi-
tion. These data thus represent a low-flow condition, in which all streamflow is from ground-
water discharge. Discharge rates as a function of gauge height could not be developed due
to the low flow. Seepage investigations on one particular day indicated that Crouch Branch
gained groundwater at an average rate of 0.010 m> s km™ of stream length. The average
number for UTR Creek at Z-Area, which is on the east side of Crouch Branch, was 0.16 m3
sTkm. Siream-flow measurements for Crouch Branch and the unnamed branch were also
conducted as part of this investigation. Flow rates were 1.78 and 0.68 cfs for Crouch and

unnamed branch, respectively. This information is presented in Appendix C.
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224 Water Quality and Usage in the E-Arca Vicinity

Currently, groundwater in Aquifer Unit IIA (Ccngaree), Aquifer Units IIB1
(Barnwell/McBean), and ITB2 (water table) is monitored in E-Area. Results of chemical
analyses of water samples from five wells upgradient from EAV are presented in Table 2.2-2
(Cummins et al. 1990, Aadland 1990). In general, water from the lower Aquifer Unit IIA
(Congaree) tends to be higher in dissolved calcium and magnesium concentrations, higher in
dissolved sulfate, and higher in dissolved silica concentrations than water from Aquifer Units
IIB1 (Barnwell/McBean) and IIB2 (water table). Dissolved nitrate concentrations in water
from Aquifer Unit IIA (Congaree) were significantly lower than in water from Aquifer Units
IIB1 (Barnwell/McBean) and IIB2 (water table). The different chemistry of the zones has
partially been attributed to the dissolution reactions that occur as water from the upper
Aquifer Unit ITB2 (water table) moves downward through the lower calcite-bearing portion
of Aquifer Unit IIB1 (Barnwell/McBean), and through the silica-bearing illite/smectite
minerals in the Confining Unit IIA-IIB (Green Clay). (Aadland 1990, Dennehy et al. 1989).
Differences in nitrate concentrations may be due to the activity of nitrate-reducing bacteria
(Dennehy et al. 1989). Elevated pH levels are attributed to well construction problems rather
than groundwater contamination (Cummins et al. 1990).

Water from the creeks local to E-Area are not currently used for human consumption.
Some water quality characteristics of UTR Creek downstream of E-Area, classified as a Class
B water by the SCDHEC, are listed in Table 2.2-3. The temperature, dissolved oxygen, and
pH values reflected in this table are within the standards required for Class B waters
(Cummins et al. 1990). Other water quality parameters listed in this table are within the
ranges observed in previous years (Cummins et al., 1990), indicating that the quality of UTR
Creek is not being degraded at the point of measurement.
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Table 22-2. Concentration of dissolved clements in
and Units IIB1 and IIB2 pear E-Area (Cummins et al 1990)

Aquifer Unit 1A
(Congaree)
(BGO 6A)

Aquifer Unit IIA
(Congaree)
(BGO 10A)

WSRC-RP-94-218

in Aquifer Unit IIA

Aquifer Zone IIB,
(Barnwell/McBean)
(BGO 10C)

Aquifer Zonelm2
(Water Table)

Min

Max

Min

Max

Min

pH 7.1 76 6.6 16 6.9 72 16 10.5 6 6.7
Cd (ug/L) | <0.002 ] <0.004 | <0.002 | <0.004] <0.002 | <0.002 | <0.002 | <0.004 | <0.002 | <0.002
NO, as N
(mg/L) <005 | <01 | <005 | <O0.1 0.68 1.01 0.19 0.48 <0.1 0.2 ‘
Total PO, |
(mg/LasP)] 005 | 0.114 | <0.05 | 0.106 0.12 0.155 <0.05 0.24 <0.05 | 0.108 |
Si0, (mg/L)| 39.2 43 38 46.1 953 104 144 2.1 8.09 10.5
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Table 2.2-3. Water quality of UTR Creck at Road A (Cummins et al. 1990)

Parameter

Temperature

pH

Dissolved oxygen
Alkalinity

Conductivity

Turbidity

Suspended solids
Volatile solids

Total dissolved solids
Total solids

Fixed residue

Chemical oxygen demand
Chloride

Nitrogen (as NO,/NO,)
Sulfate

Phosphorus (as PO,)
Nitrogen (as NHj;)
Cadmium

Mercury

Chromium

Units
°C
pH

No. of

Analyses  Mean
12 18
12
12 89
12 43
12 28
12 25
12 8.1
12 3.7
12 27
12 35
12 4.6
12 8.7
12 1.8
12 0.11
12 3.2
12 0.03
12 0.05
4 <0.01
4 <0.20
4

Rev. 0

<0.02

Max

32
7.7

11
6.0

40

4.2

15
7.0

kY

41
8.0

18
2.6
0.14
4.0
0.12
0.14

<0.01

<0.20

0.02

87
6.4
73
1.0
23
1.6
20
1.0
20
26
1.0
3.0
0.31
0.08
20
<0.02
<0.02
<0.01
<0.20

<0.02
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22.5 Existing Radiation and Chemical Eavironment at E-Area

The environmental monitoring program at the SRS includes the assessment of
radionuclides in the groundwater and in stream sediments. Additional monitoring is
performed for the air pathway and river water. The background level of interest at the
E-Area site location for this RPA is predominantly the long term concentrations related to
the groundwater pathway.

Several wells were installed to obtain background data for the EAVDF and to monitor
the EAV Disposal Facility after startup. Wells in the region of the EAV were monitored at
the water table, Barnwell/McBean and Congaree aquifer zones. Because the flow of water
in Aquifer Unit IIA (Congaree) is toward the UTR Creek, wells were monitored in that unit
in the Burial Grounds and Mixed Waste Management Facility rcgions upgradient of EAVs.

During 1991, results from several wells monitored at EAVs and upgradient to EAVDF
contained contaminants above DWS (Table 2.2-4). Tritium concentrations exceeded the
applicable standard in Aquifer Units IIB1-IIB2 (Barnwell/McBean; water table) and in
Aquifer Unit IIA (Congaree). In the upgradient wells (located at the Burial Grounds and
MWMF), 3 of the 15 wells observed exceeded the DWS for tritium concentration. In Aquifer
Unit IIA (Congaree), 1 of 2 wells monitored at EAVs exhibited elevated levels of tritium.
Total radium concentration was above the PDWS in 1 of 15 EAV wells. Tritium concentra-
tion levels have also exceeded PDWS in downgradient wells of the EAVDF (Table 2.2-5 and
Table 2.2-6). Tetrachloroethylene exceeded primary drinking water standards (PDWS) in 2
of 15 upgradient wells and trichloroethylene concentrations were exceeded in 5 of the 15
wells sampled. In the region of EAVs, tetrachloroethylene and trichloroethylene exceeded
PDWS in 1 of 15 and 2 of 15 wells sampled, respectively. The migration of tritium and
solvents toward UTR Creek is partly due to the plume associated with the Burial Grounds
facility (643-7E, 643-7E, 643-28E) (WSRC 1992a). The migration of contaminants from the
Burial Grounds to EAV contributes to the elevated levels of tritium prior to startup of the
vaults. The wells used in this assessment of the existing groundwater-water quality and

radionuclide content are shown in Fig. 2.2-5.
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Table 22-4. Maximum constitueat results exceeding applicable standards

for wells at the EAVDF (Amett et al. 1991).

Constituent

Unit Standard Maximum Result

Aquifer Unit ITA (Burial Grounds, Mixed Waste Management Facility)

Alkalinity (as CaCOy) mg/ 100 385
Americium-241 uCi/ml 6.3 x 10” 39 x 10°
Specific conductance aS/cm 100 1,840
Lead mgA 0.015 0.020
pH pH 8.5 13
Tetrachloroethylene mg/ 0.0050 0.0055
Total dissolved solids mg/ 200 435
Trichloroethylene mg/ 0.0050 0.023
Tritium xCiml 2.0 x 10°* 1.5 x 10
Aquifer Units IIB1-IIB2 (E-Area Vaults)
Alkalinity (as CaCO,) mg/l 100 109
Gross alpha uCi/ml 15x 10* 26 x 10°
Specific conductance uS/cm 100 470
pH pH 26.5 1
Tetrachloroethylene mg/ 0.0050 0.0065
Total radium #Ci/ml 5.0 x 10° 1.7 x 10°®
Trichloroethylene mg/ 0.0050 0.0090
Tritium uCi/ml 2.0 x 10° 9.8 x 10°
Aquifer Unit TIA (E-Area Vaults)

Alkalinity (as CaCO,) mg/ 100 1,300
Gross alpha uCi/ml 1.5 % 10°® 1.5x10°
Nonvolatile beta uCi/ml 5.0 x 10°® 9.2 x 10°®
Specific conductance uS/cm 100 5,030
Lead mg/ 0.015 0.052
pH pH 28.5 13
Total dissolved solids mg/ 200 1,490
Total radium uCi/mi 5.0 x 10? 8.1 x 10?
Tritium uCi/ml ~20x10° 1.8 x 10
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Table 22-5. Groundwater monitoring results for the EAVDF (Cummins et al. 1990)

Constituent Unit March 1990 May 1990 August 1990  November 1990
WELL: BG 96
pH pH 55 57 43 56
Specific conductance uS/em 48 k) 35 29
Alkalinity meq/L 6 6 6 4
DS mg/L 43 35 27 29
Cadmium mg/L <0.002 <0.002 <0.002 <0.002
Tritium sC/mL 13 x10* 1.0 x 10° 99 x 10¢ 7.0 x 107
Chloride mg/L s 23 24 28
Chromium mg/L <0.004 <0.004 0.01 <0.004
Iron mg/lL 0.034 0.033 0.028 038
Lead mg/L <0.006 0.018 <0.003 0.004
Manganese mg/L 0.013 <0.002 0.003 <0.002
Sitver mg/L <0.002 <0.002 <0.002 <0.002
Sodium mg/L 209 1.83 24 1.6
Total phosphates (as P) mg/L 0.06 0.21 0.2 0.07
Zinc mg/L 0.025 0.011 0.023 0.007
Nitrate (as N) mg/L 1.1 1.04 1.15 0.78
Sulfate mg/L <5 <1 <1 <1
Phenols mg/L <0.005 <0.005 <0.005 <0.005
Total organic carbon mg/L 2 2 «1 <i
WELL: BG 101
pH pH 5 5.1 39 5.1
Specific conductance uS/cm A4 21 20 21
Alkalinity meq/L 1 1 1 1
TDS mg/L 54 27 4 36
Tritium #Ci/mL 33 x 10 3.0 x 10 33 x 10 32x10*
Cadmium mg/L <0.002 <0.002 <0.002 <0.002
Chloride mg/L 19 19 2 22
Chromium mg/L <0.004 <0.004 <0.004 <0.004
Iron mg/L <0.004 0.03 0.031 0.017
Lead mg/L <0.006 0.011 0.004 0.004
Manganese mg/L 0.007 0.008 0.009 0.008
Silver mg/L <0.002 <0.002 <0.002 <0.002
Sodium mg/L 1.55 - 1.61 2 15
Total phosphates (as F) mg/L 0.65 0.14 0.13 0.11
Zinc mg/L 0.091 0.081 0.092 0.11
Nitrate (as N) mg/L 0.66 0.62 071 0.57
Sulfate mg/L <5 <1 <1 <1
Phenols mg/L <0.005 <0.005 <0.005 <0.005
Total organic carbon mg/L <1 2 <1 <1
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Table 2.2-5. (cont.)
Constituent Unit March 1990 May 1990 August 1990  November 1990
OTHER ANALYSES
WELL: BG 9%
Aluminum mg/L <0.02 <0.02 <0.02 0.047
Beryllium mg/L <0.005 <0.003 <0.003 <0.003
Calcium mg/L 3.89 3.39 43 2.28
Cobalt mg/L <0.004 <0.004 <0.004 <0.004
Carbonate mg/L <l <1 - -
Iodine mg/L <0.1 <0.1 <0.1 <0.1
Potassium mg/L <05 <05 <0.5 <05
Magnesium mg/L 0.499 0.35 0.43 0.322
Nitrite (as N) mg/L <0.01 <0.01 <0.01 <0.4
Antimony mg/L <0.003 <0.003 <0.003 <0.003
Silica mg/L 7.18 13 7.4 6.4
Total carbon mg/L 8 6 10 7.04
Total inorganic carbon mg/L 6 4 10 6.04
Uranium mg/L <1 <1 <1 <1
Vanadium mg/L <0.02 <0.01 <0.01 <0.01
WELL: BG 101
Aluminum mg/L <0.02 0.067 0.028 <0.02
Beryllium mg/L <0.005 <0.003 <0.003 <0.003
Calcium mg/L 1.26 1.27 1.5 0.93
Cobalt mg/L <0.004 <0.004 <0.004 <0.004
Carbonate mg/L <1 <1 - -
Iodine mg/L <0.1 <0.1 <0.1 <0.1
Potassium mg/L <0.5 <0.5 <0.5 <0.5
Magnesium mg/L 0.324 0.332 0.38 032
Nitrite (as N) mg/L <0.01 <0.01 <0.01 <0.01
Antimony mg/L <0.003 <0.003 <0.003 <0.003
Silica mg/L 5.39 7.4 7.1 6.8
Total carbon mg/L 6 6 10 6
Total inorganic carbon mg/L 6 4 10 6
Uranium mg/L <1 <1 <1 <1
Vanadium mg/L <0.02 <0.01 <0.01 <0.01
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Table 2.2-6. Monitoring well results of radionuclides in groundwater for the EAVDF

(Cummins ct al. 1990)
Aquifer Unit IIA Aquifer Unit ITB, Agquifer Unit IIB,
Zone 1IB1 Zone 11B2
2 Weil: BGO 6A Well: BGO 6C Wel: BGO 6D
] Constituent Unit Min Max Min Max Min Max
Americium-241 PCL <0.2000f <0.3000 0.7400 0.7400 ND ND
Cobalt-60 PCL <2.000 <3.000 <4.000 <4.000 ND ND
Cesium-137 PCL <2.000 <3.000 <3.000 <3.000 ND ND
Gross alpha PCL <3.000 <6.000 <3.000 <5.000 <3.000 <4.000
Nonvolatile beta PCL <2.000 <6.000 3.200 <5.000 2.600 5300
Tritium PCML | <0.7000] <1.000 | 990.0 1750.0 1700 1.18 x 10*
| Nickel-59 PCL |<90.00 |<1000 <90.00 <90.00 ND ND
Nickel-63 PCL <9000 | <10.00 <10.00 <10.00 ND ND
{ Neptunium-237 PCL <3.000 <6.000 <7.000 <7.000 ND ND
I Plutonium-239/240 PCL <0.2000] <0.2000 <0.0400 <0.0400 ND ND
Strontium-90 PCL <09000] <1.000 <1.000 <1.000 ND ND
Technetium-99 PCL <4.000 <4.000 11.00 11.00 ND ND
Total Radium PCL <1.000 1.000 <1.000 1.500 1.200 3.400
| Uranium-234 PCL 0.2800 4.200 0.3000 | <0.3000 ND ND
Uranium-238 PCL <0.0300 0.8700 <0.2000 <0.2000 ND ND
| Total Activity PCL ND ND 1.00 x 10* {25x10° 1150 9.40 x 10°
Well: HSB 85A Well: HSB 85B Well: HSB 85C
1
| Americium-241 PCL |<0.2000 0.6100 | <0.2000 |0.7500 <0.1000 <0.2000
§ Cobalt-60 PCL |<3.000 <4.000 <3.000 <6.000 <2.000 <6.000
§ Cesium-137 PCL |<2.000 <5.000 <4.000 <3.000 <2.000 <6.000
| Gross alpha PCL |<2.000 <4.000 <2.000 <5.000 <2.000 <3.000
1“ Nonvolatile beta PCL |<4.000 <5.000 <5.000 8.100 <4.000 9.800
i Tritium PCML | <1.000 <1.000 <(0.700 1.300 1.400 3.200
Nickel-59 PCL |<100.0 <100.0 <90.00 <100.0 <90.00 <100.0
i Nickel-63 PCL |<8.000 <10.00 <9.000 <10.00 <8.000 <10.00
| Neptunium-237 PCL |<4.000 <10.00 <9.000 <10.00 <3.000 <10.00
Plutonium-239/240 PCL | <0.0500 <0.2000 <0.0900 | <0.2000 <0.0600 <1.000
Strontium-90 PCL |<0.7000 <1.000 <0.7000 <1.000 3.100 <0.7000
| Technetium-99 PCL |<3.000 <5.000 <3.000 <8.000 3.400 <10.00
‘ Total Radium PCL |<1.000 1.200 <1.000 <1.000 <1.000 1.400
i Uranium-234 PCL |<0.0400 <2.000 <0.0400 } <0.9700 <0.0500 6.300
§ Uranium-238 PCL |<0.0300 <2.000 0.2300 | <0.0200 <0.0200 <2.000
Total Activity PCL ND ND ND ND ND ND
Well: BGX 4A Well: BGX 8D Well: BGX 6D
| Gross alpha PCL |<2.000 2.000 <2.000 <2.000 <2.000 <2.000
| Nonvolatile beta PCL 2000 4.000 0.3000 4.300 <2.000 <2.000
; Tritium PCML | <0.700 <0.700 1.026 11034 3.500 4.100
| Total Radium PCL }0.600 4.800 1.50 530 1.700 4.300
I Total Activity PCL ND ND 1013 1027 4.450 5.950
- L o
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Fig. 2.2-5. Location of E-Area monitoring wells used to assess the groundwater
quality and radionuclide activities.

Rev. 0



2-44 WSRC-RP-94-218

23 DESCRIPTION OF E-AREA OPERATIONS, FACILITIES, AND FEED
STREAMS

The EAVDF is part of an integrated waste disposal system being installed at the SRS.
The EAVDF is regulated by DOE Orders and other Federal regulations that are applicable

to disposal of low-level radioactive solid waste.

23.1 Description of the Waste Types at E-Area

The EAVs are to provide a new disposal and storage site for solid, low-level, non-
hazardous radioactive waste. The U.S. DOE Order 5820.2A defines low-level radioactive
waste as waste that contains radioactivity and is not classified as HLW (waste material that
results from the reprocessing of spent nuclear fuel), TRU, spent nuclear fuel or 11¢(2)
byproduct material.

SRS operations further classify LLW into three categories to assist in the reduction of
radiological risks to workers at the site. LAW, IAW, and Tritiated Waste. IAW consists of
waste material that radiates 2200 mR/h at 5 cm from the unshielded outer disposal container.
LAW is defined as waste material that radiates <200 mR/h at 5 cm from the unshielded outer
disposal container. Tritiated Waste is waste material that contains greater than trace
quantities of tritium regardless of the radiation rate. For waste acceptance purposes, trace
quantities of tritium has been defined as 10 curies of tritium per waste container. The EAV
will not dispose of or store liquid wastes, TRU waste, hazardous wastes, or mixed (both

hazardous and radioactive) wastes.

24 E-AREA VAULTS WASTE COMPOSITION

2.4.1 Physical Characteristics of Waste Types

2.4.1.1 Low Activity Waste (LAW)

LAW will be disposed of in the Low Activity Waste Vault (LAWYV). Most of the LAW
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will be received in standard 1.2 x 1.2 x 1.8 m metal containers (B25 boxes), but some waste
will also be received in standard 0.6 x 1.2 x 1.8 m containers (B12 boxes) or 210-L drums.
The LAW may also be received in non-standard engineered concrete or metal containers.
These containers shall be preapproved by Solid Waste Management prior to their receipt at
the EAV.

The LAW will include job control waste, scrap metal, and contaminated soil and rubble.
Job control waste will consist of potentially contaminated protective clothing including plastic
suits, shoe covers, lab coats, and plastic sheeting. Scrap metal will be contaminated tools,
process equipment, and laboratory equipment. Soil and rubble will be generated from demoli-
tion and cleanup activities. Historically, the majority of this waste has been generated by the
HLW tank farms. Larger volumes of waste disposed at EAV are anticipated from environ-
mental restoration activities as facilities are decommissioned and old waste sites are

remediated.
2.4.1.2 Intermediate Activity Waste (IAW)

The Intermediate Level Non-Tritium Vault (ILNTV) will be used for disposal of IAW.
IAW consists of job control waste, scrap hardware, and contaminated soil and rubble. Job
control waste is primarily highly contaminated lab coats, plastic suits, shoe covers, plastic
sheeting, etc. This material is assumed to be combustible and is contaminated primarily with
fission products. Scrap hardware waste will consist of reactor hardware, reactor fuel and
target fittings, jumpers, and used canyon and tank farm equipment contaminated with fission
products and/or induced activity.

All of the IAW will be packaged in engineered metal or concrete containers that have
been approved by Solid Waste Management. The containers will be remotely placed into the
vault in layers. IAW containers will be grouted in place to provide better waste isolation,

reduce dose to operators, and improve stacking of additional containers.
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2.4.13 Tritiated Waste

Tritiated waste will be disposed in the Intermediate Level Tritium Vault (ILTV). This
facility consists of two cells, one for each of the two subcategories of tritiated waste. Tritium
crucibles will be disposed in the first cell. This waste form is generated by the tritium facili-
ties in the process used to recover tritium from target assemblies. The crucibles will be over-
packed into a stainless-steel container that is about 0.5 m in diameter and 6.1 m in length.
The crucible cell is specially designed with vertical silos to receive waste. All other tritiated
waste will be disposed of in the bulk tritiated waste cell. This waste will consist of job control
waste and used process equipment that is contaminated with tritium. Bulk tritiated waste will

be disposed in engineered metal or concrete containers.
242 Waste Packaging

Many different containers will be received at the EAV. However, all containers are
required by the Operational Safety Requirements (OSRs) to be engineered concrete or metal
containers that have been approved by Waste Management. A procedure has been written
that defines this approval process and requires Solid Waste Management Engineering, Solid
Waste Management Operations, and Solid Waste Management Maintenance to concur that
the container can be safely handled, will not impair vault space utilization, and will
satisfactorily contain the waste contents.

Standardized B25 and B12 containers will be used for a majority of the waste. These
standardized containers have already received approval for acceptance at the EAV. Other
containers are specific to the generator or the waste form. These containers will be approved

for either one time use or unlimited use, depending on the circumstances.
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2.4.2.1 Container Descriptions
Standard Containers

The B25 and B12 are carbon steel boxes that have been used in the past for waste
disposa! in the SWDF. The boxes are similar in construction with the exception of size. The
B2S5 is a 2.5 m® container that is approximately 1.2 m high, 1.2 m wide, and 1.8 m long. It is
typically constructed of 14-gauge carbon steel (1.9 mm) but some B2Ss are constructed of
12-gauge carbon steel (2.6 mm) to allow use in the compactor. The B12 is a 1.3 m® container
that is approximately 0.6 m high, 1.2 m wide, and 1.8 m long and is typically constructed of
12-gauge carbon steel.

The B12 and B25 containers are constructed with a rubber-gasket seal between the lid
and the container conforming to ASTM-D-1056 with a gasket compression of 20 to 30%.
The interior and exterior of each container is coated with a zinc chromate primer. The
exteriors are given an additional coating of alkyd enamel and a finish coat of paint conforming
to ASTM-D-16-75.

DOT 210-L drums will also be received as a standard container. Use of these containers
is restricted to situations where use of a B25 is not practical. Drums will be banded together

and banded to a fire-resistant pallet prior to shipment to the EAV.

Non-Standard Containers

For waste that cannot be placed in a standard container, specific size and weight limits
have been specified. Maximum dimensions for containers to be emplaced in the LAWYV are
4.3 m high x 7.3 m wide x 15.2 m long. The maximum dimensions for containers to be
emplaced in the Intermediate Vaults are 7.3 m high x 10.7 m long x 6.1 m wide. The maxi-
mum uniform load on the vault floor cannot exceed 4.9 x 10° kg m for the Intermediate
Level Vaults and 2.8 x 10° kg m™? for the LAWV.
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Tritium Crucibles

Tritium crucibles will be packaged in a stainless steel overpack container. The overpack
will be an 0.46-m diameter pipe which is approximately 6.1 m long. The lid will be sealed to
the overpack with a compression O-ring. The O-ring will not prevent off-gassing of tritium
in the ILTV crucible silos. The ILTV is designed to receive 142 of these tritium crucible
overpacks.

243 Radioactive Inventory of Waste Types
24.3.1 Low Activity Waste (LAW)

The radioactive content of LAW is primarily fission products from the tank farms and
Separations. Waste contaminated with uranium will be received from M-Area. Waste will

also be received from off-site facilities, which will have a variety of radionuclides.
2432 Intermediate Activity Waste (IAW)

Depending on the origin of this waste, it can contain either fission products or induced
activity contamination. The induced activity waste will be mostly metal reactor hardware and
fittings that have been exposed to a high neutron field. This waste generates a high radiation
field but the activity is fairly immobile due to the metal matrix. Job control waste and process
piping from Separations and High Level Waste Management will be contaminated with fission

products. These fission products will be both loose and fixed surface contamination.

2.43.3 Tritiated Waste

The large majority of activity in this waste will be tritium. However, Cobalt-60 and

Zinc-65 will also be present due to the activation of impurities during tritium production.
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2.5 DESCRIPTION OF THE E-AREA VAULTS DISPOSAL SITE

As presently planned, the EAVDF will contain several large concrete vaults divided into
cells. Each of the cells will be filled with LAW, 1xW, and tritium waste, as appropriate. The
EAV provides primary containment of the waste.

The bottom of the vaults will be approximately 8 m above the average water table height
(Sect. 2.2.2) beneath the E-Area site, thus avoiding disposal of waste in a zone of water table
fluctuation. Design requirements mandate that the bottom of the vault structures be at least
3 m above the historical maximum water table height. Run-on and runoff controls are

installed to minimize site erosion during the operational period.
2.5.1 Site Layout and Capacity

The EAV site will be located on a 200-acre site (Fig. 2.5-1) immediately north of the
current LLW burial site; of the 200 acres, only 100 acres have been developed at this time.
The nearest SRS boundary to the EAVs is about 11 km to the west. The EAVDF is in a
relatively level highland region of SRS at about 90 m ASL.

For the purposes of this RPA, it was assumed that 100 acres would provide disposal
capacity for 20 years of SRS operations, which would include 10 ILNTVs, 10 ILTVs, and 21
LAWVs.

2.5.1.1 Intermediate-Level Nontritium Vaults

There are ten ILNTVs designated for use by the EAV project. Three vaults are
oriented in a general north-south direction, and the remaining seven vaults are oriented in
a general east-west direction (Fig. 2.5-1). Each vault consists of seven cells or subdivided
sections within the vault structure and provide approximately 5.7 x 10° m? of waste disposal
capacity. The base of the ILNTVs are at elevations ranging between approximately 76.4 m
and 79.1 m above MSL.

Rev. 0



A §

IE DETAIJ} "A]

A

15 11 7 1 5 9 13 17 21

L

Typical LAW Vault

S

198m

15

11 7

N

DETAIL B

DETAIL A

Fig. 2.5-1. Projected vault layout in the EAVDF.

18

)

]

i

!
—

0s-C

8I1T-v6-dA-DUSM



251 WSRC-RP-94-218

2.5.1.2 Intermediate-Level Tritium Vaults

Ten ILTVs are designated for use by the EAV project. Three vaults are oriented in a
general north-south direction and the remaining seven vaults are oriented in a general east-
west direction (Fig. 2.5-1). Each vault consists of two cells or subdivided sections within the
vault structure and provides approximately 1.6 x 10* m* of waste disposal capacity. As origi-
nally conceived one cell in each vault would be fitted with a silo system to permit the disposal
of tritium crucibles. As operations change at SRS, the need for additional or fewer silo cells
will be evaluated. The base of the ILTVs are, like the ILNTVs, at elevations ranging
between approximately 76.4 m and 79.1 m above MSL.

25.13 Low-Activity Waste Vaults

There are 21 LAWVs designated for use by the EAV project. Ten vaults are oriented
in a general northeast-southwest direction, and eleven vaults are oriented in a general east-
west direction (Fig. 2.5-1). Nineteen vaults consist of three major subdivisions (modules) with
each module containing four cells. The remaining two vaults consist of two modules with
each module containing four cells. Each three-module vault provides approximately 4.8 x 10
m® of waste disposal capacity that will accommodate more than 12,000 B-25 boxes (waste
containers). Each two-module vault provides approximately 3.2 x 10* m* of waste disposal
capacity that will accommodate more than 8,000 B-25 boxes. The base of the LAWs are at
elevations ranging between épproximately 84.0 m to 84.7 m above MSL.

2.5.2 Vault Descriptions

The EAYV consists of three types of structures to house four designated waste types and
the necessary roadways to allow waste container delivery.

One type of structure is partitioned into two segments (the ILTV and ILNTV) and
receives two categories of waste. The ILNTV receives waste radiating 2200 mR/h at 5 cm

from the exterior of the outer disposal container. The ILTV receives waste which is
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contaminated with more than trace quantities of tritium. Administratively, the lower limit for
the ILTV is 10 Ci of tritium per waste package. These two vaults share a similar design, are
adjacently located, share waste handling equipment, and will be closed as one facility.

The second type of structure is designated as the LAWYV, The LAWYV is designed to
receive waste radiating <200 mR/h at 5 cm from the exterior of the outer disposal container.
The third facility is the long-lived waste storage building (LLWSB). The LLWSB is designed
to provide covered, long term storage for waste containing long lived isotopes which exceed
performance criteria for disposal. This waste would eventually be removed to a suitable
disposal facility.

2.5.2.1 Intermediate-Level Non-tritium Vaults

There are currently ten ILNT vaults planned for the EAV. These vaults are subsurface
concrete structures approximately 58 m long, 15 m wide, and 8.8 m high (Fig. 2.5-2). The end
exterior walls are 0.8 m thick, the side exterior walls are 0.6 m thick, and interior walls are
0.5 m thick. All walls are structurally mated to a base slab, which is 0.8 m thick and extends
past the outside of the exterior walls approximately 0.6 m. The 0.8 m base slab rests on two
layers of crushed stone placed on the compacted subsurface. Each ILNTV consists of seven
cells and provides approximately 5.7 x 10° m® of waste disposal capacity.

The floor of each cell slopes to a drain which runs to a sump in the base slab for each
cell. Any water accumulating in the sump can be monitored and removed through a 0.15-m -
diameter riser pipe at the top of the wall. Any water that collects under the vault will flow
to dry wells between the ILNTVs and the ILTVs. Access to the dry well can be obtained
through a man hole at grade level.

The operating cell can be covered with reinforced concrete slabs, known as shielding
tees, to reduce the radiation level at the edge of the vault. The profile of these tees are in
the shape of the letter "T" so that they can be intcrlocked to provide 0.5 m of shielding.
Each cell is also provided with a metal rain cover that is installed over each cell when not

operating to minimize the infiltration of rain water.
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2.52.2 Intermediate-level Tritium Vaults

There are currently ten ILTVs planned for the EAV. Similar to the ILNTV, these
vaults are subsurface concrete structures approximately 17 m long, 15 m wide, and 8.8 m high
(Fig. 2.5-2). The wall and slab thicknesses are identical to ILNTV. Each ILNTV is
composed of 2 cells.

One of the two cells is equipped with 142 silos, for tritium crucible overpacks. A 1-m -
thick shielding plug will be used to reduce radiation exposure from the disposed crucibles.
A plug will be installed in each silo after a crucible has been placed itto it.

Both cells on the ILTV will be covered with metal raincovers when the vault is not
operating.

2.5.2.3 Low Activity Waste Vaults

Twenty-one LAWVs are designated for coustruction in the EAV. These subsurface
concrete structures consist of two or three modules depending on the vault location. Each
module contains four cells. There are to be nineteen three-module vaults. Each will be
approximately 200 m long, 44 m wide, and 8.2 m high (Fig. 2.5-3). There are plans for two
vaults consisting of two modules. These vaults are approximately 130 m long, 44 m wide, and
8.2 m high. All exterior walls in the LAWVs will be 0.6 m thick and structurally mated to a
0.8-m thick footer. Interior cell walls are 0.3 m thick. The floor slab is 0.3 m thick and is not
mated to the fnoter or walls.

25.2.4 Secismic Qualification
As documented on the Structural Design Criteria (S2889-306-25-0) the EAVs were
designed and constructed to be maximum resistance structures after closure. In accordance

with Site Specification 7096, a maximum resistance structure shall be designed to withstand

a 0.2 g earthquake event.
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2.6 PROPOSED TRENCHES FOR DISPOSAL OF SUSPECT SOIL

Between 2800 and 5600 m? of soil from regulated areas is designated as potentially
contaminated soil (i.e., "suspect soil”) at the SRS annually (Cook 1991). Non-vault disposal
of a portion of this soil is being considered for the EAVDF.

Five below-grade trenches containing suspect soil are considered in this RPA for the
EAVDF. The dimensions of each trench are 6 m wide by 200 m long by 6 m deep. The
conceptual layout of the trenches is shown in Fig. 2.6-1. The location of these trenches is
assumed to be near the LAW vaults, but not close enough to the LAW vaults to receive
enhanced infiltration resulting from diversion of water from the vault roofs. The suspect soil
is assumed to be placed in the trenches to a depth of 4.8 m, allowing for 1.2 m of a clean soil
cover in the trenches. This clean soil is in addition to the final soil and clay cover that will
overlay the trenches when final closure of the EAVDF occurs. No engineered barriers are
assumed to exist beneath the trenches, and the base of the trenches are assumed to be at an
elevation of approximately 84 m ASL, like the LAW vaults. The potential source of radionu-
clides to the E-Area environment and to inadvertent intruder posed by these trenches is
evaluated in this RPA of the EAVDF in Appendix I, and radionuclide limits for disposal of
suspect soil in such trenches are provided.

2.7 PROPOSED NAVAL REACTOR COMPONENT DISPOSAL

Within E-Area, disposal of up to 100 stainless steel casks containing naval reactor (NR)
components is proposed. The NR waste is composed of activated metals and can include
control rods, control rod drive mechanisms (CRDM’s), resin vessels, adapter flanges, and

similar equipment. The high shielding shipping/disposal containers reduce the safety risks
involved in the disposal of NR wastes.
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At least 41 containers are planned to be accepted for disposal at E-Area initially,
although up to 100 containers may be delivered. The proposed layout of the containers is
shown in Fig. 2.7-1. The life expectancy and shielding capacity of the shipping/disposal casks
are determined by the specifications of the containers. A detail of the proposed NR waste
package is shown in Fig. 2.7-2. Each cylindrical disposal container will have outside dimen-
sions of 3.2 m in diameter and 5.4 m high. The container outer wall is 10-cm-thick carbon
steel with a 15 cm base. The stainless steel inner layer is 14 cm thick with a 10 cm base and
a 34 cm top plate. The disposal container is expected to be sealed with a 15 cm steel closure
cap. The interior volume of the shipping/disposal cask is approximately 27 m>. The metal
volume of the waste is approximately 3.5 m®>. Approximately 3.8 x 10 m* (1 gal) of water will
be present initially in each cask.

The expected inventory of radionuclides for the first 41 NR waste shipments is listed in
Table 2.7-1. A separate analysis of the performance of these waste packages is provided in
Appendix L.

28 HAZARDOUS WASTE/MIXED WASTE DISPOSAL FACILITY

The HW/MWDF will be located in E-Area, Fig. 2.8-1, near the northeast corner of the
200 acre EAVDF. The facility will provide a Resource Conservation and Recovery Act
(RCRA) permitted disposal facility for treated hazardous and MW that cannot be disposed
in existing or planned facilities at SRS. The site of the HW/MWDF (Fig. 2.8-1) is a square
shaped, wooded area of 0.15 km? (36 acres).

A separate RPA will be prepared at a later date to determine the performance of the
HW/MWDF. The results from the HW/MWDF RPA will be evaluated to determine if it
impacts the resulis determined in this RPA for the EAVs.
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Table 2.7-1. NR waste radioactive inventory

| No. of units 1

8

8 16 8
| Description | CBDC Core  Holddown CB/TS/CH Adapter
Hardware Barrel Barrels  Hardware

-Isotopes:
C14 3.12 x 10" 3.09 x 10! 1.10 x 10' 1.61 x 10?
Co58 | 1.49 x 10! 1.40 x 10> 1.79 x 10 2.10 x 10* 3.78 x 10?

| Co60 |296 x 10> 592 x10° 5.79 x 10! 4.50 x 10* 1.45 x 10?
Cr51 1.82 x 10" 1.53 x 10' 1.63 x 10" 8.10 x 10* 2.84 x 10*
Cs137 | 1.22 x 102 3.20 x 10* 2.80 x 10* 6.30 x 10® 6.32 x 10°
FeS5 2.14 x 10> 3.69 x 10> 2.17 x 10! 2.10 x 10* 2.62 x 10
FeS9 5.08 x 102 7.80 x 107 1.09 x 102 1.50 x 10> 4.40 x 10

| H3 9.55 x 10° 1.62 x 10 -~ 586 x10" -
Hf181 | 4.51 x 10® 7.00 x 10* 6.30 x 10* 2.61 x 10> 1.41 x 10
1129 125 x10% -
In113 4.40 x 10°
In114 5.50 x 10?
Mn54 |3.10 x10 232 x 10' 1.80 x 10! 5.70 x 10> 8.46 x 1073
Nb94 | 6.41 x 10® 1.60 x 10* 1.40 x 10" 3.20 x 10" 3.22 x 10*
Nb95 | 4.11 x 102 2.40 x 10® 2.20 x 10 1.50 x 10*° 4.66 x 10*
Ni59 283 x10 632 x 10" 7.83 x 107 2.10 x 10> 4.83 x 10*
Ni63 3.82 x 10?7 632 x10° 7.83 < 10' 290 x 10* 4.80 x 102
Pu239 | 249 x 10° - 1.00 x 107
Pu241 | 886 x 10* 230 x 10° 2.10 x 10° 4.73 x 10* 4.70 x 10°
Sb125 1.20 x 10*
Scd6 3.26 x 10% -
Sn113 4.40 x 10°
Sn119m — - 5.50 x 10* -

Flanges

1.79 x 10?
3.37 x 10°
7.68 x 10°
130 x 10°
1.18 x 10
3.66 x 10°
2.41 x 10°
222 x 10!
4.18 x 10*
1.25 x 10
7.04 x 10*
8.80 x 10°
9.31 x 10°
6.25 x 10

2.40 x 10°
3.87 x 10°
5.16 x 10°
2.57 x 10°
8.84 x 103
1.92 x 10°
3.26 x 103
7.04 x 10*
8.80 x 10°
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Table 2.7-1. (continued)

No. of units

| Description Core  Holddown CB/TS/CH Adapter
Hardware  Barrel Barrels  Hardware  Flanges
Isotopes:

Sn123 — 1.50 x 10° 2.40 x 10*
St90 | 1.21 x 102 320 x 10* 2.80 x 10 2.90 x 10! 632 x 107 | 4.64 x 10? |
Ta182 | 2.86 x 10 1.10 x 10° 1.76 x 10
Tc99 | 3.32 x 10* 3.69 x 10 2.95 x 10"
Y90 1.21 x 102 3.20 x 10* 2.80 x 10* 632 x 10°| 1.74 x 102
Zr95 1.00 x 10° 9.40 x 10* - 2.33 x 10*| 1.74 x 10?2
Zn65 | 129 x 10" - 1.29 x 10"

[ Totals, Ci 916.47 ;;,17&10 160.97 3.57 x 10° 0.50 | 5.84 x 10°

Total Curies: 5.84 x 10° (total curie content for all 41 casks)
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2.9 E-AREA CLOSURE CONCEPT

One of the key objectives of any closure of a waste disposal site is to limit moisture flux
through the waste, thus minimizing contamination of the underlying groundwater. Because
the EAVs are designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the waste will be an integral part of long-term acceptability of
the disposal site. Because backfilling and final closure of the EAVs will be delayed for
several years, a detailed closure design has not been fully developed for the EAVs. Thus an
integral part of the EAV RPA required that a closure concept be described and subsequently
tested in models that simulate the performance characteristics of the proposed closure

concept.
2.9.1 Physical Description of the EAVs Closure Concept

Closure concepts developed for this assessment are illustrated in Fig. 2.9-1 and Fig. 2.9-2.
Figure 2.9-1 represents the closure concept with an intact cover (moisture barrier) (see
Sect. 3.1.3.1 for a discussion of cover degradation), while Fig. 2.9-2 represents the degraded
cover system, in which the properties of the moisture barrier have reverted to that of the
surrounding soil (see Sect. 3.1.3.1). Closure operations will begin near the end of the active
disposal period in the EAVs, i.e., after most or all of the vaults have been constructed and
filled. Backfill of Burma Road sand will be placed around the vaults and above a clay cap,
which will be emplaced on top of each vault. Above this layer of backfill, a laterally extensive
moisture barrier will be installed. This moisture barrier will consist of 0.76 m of clay and an
overlying layer of 0.3 m of gravel. A geotextile fabric will be placed on the gravel layer, and
a second backfill layer, approximately 0.76 m thick, will be placed over the moisture barrier.
Finally, 0.15 m layer of topsoil will be placed on the top layer of backfill to complete disposal
operations at E-Area. This sequence of layers along with a miniinum backfill of 0.43 m will

provide a minimum of 2.9 m of cover for each vault.
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Final closure of the EAVs will be accomplished by constructing a drainage system and
revegetating the site. The drainage system will consist of a system of rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from the disposal site. The drainage ditches
will be constructed between rows of vaults and around the perimeter of the EAVDF.

The topsoil will be revegetated with bamboo. A study conducted by the USDA Soil
Conservation Service (Salvo and Cook 1993) has shown that the two species of bamboo
(Phyllostachys bissetii and Phyllostachys rubromarginata) will quickly establish a dense ground
cover which will prevent the growth of pine trees, the most deeply rooted naturally occurring
plant type at SRS. Bamboo is a shallow-rooted climax species which evapotranspirates year-
round in the SRS climate, thus, removing a large amount of moisture from the soil and

decreasing the infiltration into the underlying disposal system.
2.9.2 Functional Description of the E-Area Closure Concept

Performance requirements for the closure concept are expressed in terms of hydraulic
properties for the various soil layers (Thompson 1991). These properties are listed in
Table 2.9-1. The topsoil and upper backfill layer serve to store and distribute infiltrating
water. These layers intercept incoming water and redirect a significant portion in the
horizontal direction to drainage ditches installed at the EAVDF. Computer simulations of
flow through the cover show that the gravel drainage layer will carry away a major portion
of the water that would normally infiltrate at the EAVDF (40 cm/year). The vertical moisture
flux through the cover will be limited to less than 2 cm/year, based on the hydraulic properties

of the closure system.

Table 2.9-1 Values for hydraulic properties of vault closure design
Hydraulic

Layer Description Conductivity {cm/s)
Clay 1.0x 107
Gravel 0.5

Backfill o x 10’ ]
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2.93 Post Closure Groundwater Monitoring

Post-closure monitoring of groundwater quality will serve to verify that the EAVDF is
performing according to expectations and to allow differentiation of future EAVDF contam-
inant plumes from previously existing contaminant plumes.

Numerous groundwater monitoring wells have already been installed in the vicinity of
the EAVDF to permit monitoring of contaminant plumes emanating from existing facilities.
These wells are currently being sampled on a routine basis to define the current extent of
contaminant plumes and to establish groundwater quality trends. Additional wells may be
installed immediately surrounding the EAVDF at a later date to supplement this network if
it is determined that it does not provide adequate monitoring of the EAVDF.

Continued monitoring in the post-closure period will allow establishment of future trends
such that deviations due to EAVDF operation will be apparent. Statistical evaluation
methodology will form the basis for making such a determination. An adequate methodology
has not yet been developed but is expected to be developed for application at the Z-Area.
The methodology will be described in the "Statistical Evaluation Plan” which is required in
order to obtain the Industrial Waste Permit from SCDHEC for operation of the Saltstone
Facility. When the methodology is developed it will serve as a guide for similar applications
at the EAVDF.
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3. ANALYSIS OF PERFORMANCE

The methods used to analyze the long-term performance of the EAVDF are described
in this chapter. Source term development is discussed first, in Sect. 3.1. This section includes
a list of radionuclides considered, potential mechanisms of contaminant release from the
facility, and of potential mechanisms responsible for loss of integrity of the engineered
barriers of the EAVs.

Following the source term discussion, potential receptors are identified in Sect. 3.2 by
recognizing the time periods of concern in this RPA, the potentially significant pathways to
human exposure, and exposure scenarios that should be evaluated for both off-site members
of the public and inadvertent intruders. In this section, the EAV radionuclides of interest in
the analysis have been determined by a screening process which eliminates radionuclides that,
under unrealistically conservative conditions, are insignificant with respect to potential human
exposures.

The conceptual models developed and the computational approach used to assess the
performance of the EAVs are also described in this chapter. The conceptual models are
derived from technical information presented in Chapter 2. These models embody a number
of simplifying assumptions to facilitate the computational analysis required to assess long-term
performance of the EAVs.

An overall conceptual model was used to prepare the RPA for E-Area and is illustrated
schematically in Fig. 3.0-1. This overall conceptual model indicates the linkage of 1) a source
term submodel (Sect. 3.1), which considers mechanisms of release of radionuclides from ILT,
ILNT, and LAW vaults, 2) a near-field submodel (Sect. 3.3.1), which addresses movement of
released constituents within the EAVs and through the unsaturated zone around the facility,
3) an environmental transport submodel, which addresses potential transport pathways
including groundwater (Sect. 3.2.2 and 3.3.2), and 4) a dose submodel (Sect. 3.3.3) which
relies on the exposure/intruder scenarios developed in Sect. 3.2.3 and 3.2.4. The compu-

tational methods used to implement the conceptual models are described in Sect. 3.4.
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3.1 SOURCE TERM

This section includes discussions of factors affecting the rate at which radionuclides are
released from the disposal facility. Source term considerations are typically a large source of
uncertainty. The uncertainty starts with trying to project future disposal practices ana is
compounded by uncertainties related to release mechanisms from the waste form. Once the
contaminant is released from the waste forms, then the effectiveness and longevity of the
concrete vault must be considered. The source term is also affected by the rate at which
water percolates through the engineered cover. Thus, degradation of the cover is also

addressed in this section. Each of these topics are discussed in the following paragraphs.

3.1.1 Radionuclides of Interest

The purpose of the PA for the EAVs was to determine the allowable inventory of radio-
nuclides in a given vault type based upon the performance objectives for dose. Since the
specific radionuclides that may be encountered in the waste during disposal operations is not
known, a conservative screening method was used to determine the allowable inventories of
a large suite of radionuclides which may be encountered during disposal operations. These
limits are called "trigger values " and indicate the inventory at which the performance
objectives may be exceeded. A detailed, site-specific analysis is recommended for a given
radionuclide before additional inventories above the trigger value (TV) are placed in E-Area
for disposal. The TVs for all radionuclides of interest in the EAVDF are provided in
Appendix C. Radionuclides which have relatively small TVs, such that an allowable inventory
above the TV is desirable, are included in the detailed site-specific analyses. The screening
analysis for determining the TVs is described in detail in Sect. 3.2.3.4 and 3.2.4.4,
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3.1.2 Release Mechanisms

Estimating the release of radionuclides from the E-Area disposal facility is difficult
because of the variety of contaminated material that will be disposed in the vaults. Concep-
tually, waste within boxes (B-25 steel) or activated metals disposed in vaults will remain
immobile until contacted by water that has leaked into the vaults. Defensible prediction of
water movement in the vaults and of the effectiveness of boxes and activat.d metals in
retarding waste release is not possible without developing a conservative simplified conceptual

model. The key features of the conceptual mode! are:

o Waste is immobile until contacted by water.

e The water entering the vault will have a composition that can be represented as a
mixture of concrete pore fluid and local groundwater equilibrated with soil levels of
carbon dioxide gas.

o The presence of steel and activated metals in the vaults will result in the formation
of corrosion products (i.e., hydrous Fe[IIl] oxides) and lead to reducing conditions
inside the vaults.

¢ The entire inventory of the vault is available to react with the reducing water inside
the vault (i.e., continuously stirred tank reactor source term model).

¢ The aqueous concentrations of radionuclides are controlled by sorption (represented
with a K; or isotherm) onto corrosion products (LAW/ILNT/ILT vaults) or grout
(ILNT/ILT) with a solubility limited (oxide and hydroxide phases) upper
concentration.

¢ Contaminated water exiting the vault will interact with the concrete vault and

radionuclides will be chemically retarded by the vault wall.

The contaminant release rate will be a function of several physical and chemical factors.

The most important factors are:

o water flux into the vault,

e water composition (pH and redox) in the vault,
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e physical state (e.g., integrity) and properties (e.g., hydraulic conductivity) of the vault,
and '

o physical, chemical, and transport properties of the contaminants.
A detailed discussion of geochemical calculations is provided in Appendix D.

3.13 Engiueered Barriers Degradation and Failure

The following two sections address degradation of the engineered cover and the concrete
vaults. Degradatinn of the cover is addressed first. In general, cover degradation is consi-
dered in a binary toshion (i.e., it is assumed to be functional or it is assumed to be non-
functional). Vault degradation is addressed in the second section. The primary mode of vault
degradation is expected to be cracking and eventual failure of the roof. Subsequent flow and
transport conceptual models are based on the conclusions of these two sections, and the

detailed discussion in Appendix K.
3.13.1 Cover Degradation

Degradation of the cover is expected to occur by a number of processes. Potential
processes are erosion; penetration by plants and animals; external events such as settling or
slumping, or a seismic event; and human intrusion. These processes will reduce the effective-
ness of the cover to limit the vertical moisture flux. Over the period of analysis, the net flux
ihrough the cover is éxpectcd to approach the background levels for the site, i.e., 40 cm/year.

As presently conceived in the closure concept (Sect. 2.8), shallow-rooted bamboo will
be planted on the disposal site and a system of drainage ditches will be constructed to handle
surface runoff and diverted infiltration. As specified in DOE Order 5820.2A, active institu-
tional control is assumed for only 100 years. During this time, periodic site inspection would
reveal any degradation of the overlying cover and drainage system and corrective actions
would be taken. Cover degradation during this first 100 years is likely to be minimal. Sheet

erosion will occur, but the bamboo vegetative cover would minimize the effects of this
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disturbance. Return of the SRS land to unrestricted use after 100 years may result in a usage
conversion to agricultural practices, consistent with past and current land use in the SRS
vicinity. Row crop farming, which is consistent with historical practices in the vicinity, would
increase the erosive effects of precipitation. Soil erosion rates for cropland in the vicinity of
the SRS are on the order of 1.7 kg m? yr! (Sect. 2.1.8). Erosion is reduced several hundred
fold if a dense vegetative cover is present (Sect. 2.1.8). This suggests that there will be little
erosion as long as the bamboo vegetative layer has not been cleared; however, the cover may
be eroded down to the gravel layer in as little as 800 years after the bamboo vegetative layer
is cleared. However, erosion of the gravel iayer is difficult to predict. In this analysis, it is
assumed that the cover remains functional until the roof of the vault fails and thus, no longer

provides support for the cover.
3.1.3.2 Vault Degradation

The concrete vaults are expected to degrade slowly through a combination of physical,
chemical, and mechanical processes (Walton et al. 1990). Physical and mechanical degrada-
tion processes that produce cracking are of primary concern, because of the concomitant
increase in permeability. Shrinkage cracks occur as a result of the temperature cycling during
curing of concrete structures, and thus are present before the facility closure cover is
constructed. This allows for filling of the outer portion of the cracks, in the vault walls or
roof, with epoxy prior to closure. Cracking might occur after the vaults have been covered
as a result of degradation of the epoxy used to fill shrinkage cracks, foundation settling, or
rebar expansion due to corrosion.

The principal chemical processes that disrupt the integrity of concrete structures are:
sulfate attack, carbonation, calcium hydroxide leaching, and rebar corrosion. The effects of
these processes on EAV degradation have been analyzed using the methodology described
in Walton, et al. (1990). The methodology quantifies the extent of concrete degradation in
terms of the penetration depth. This depth is the amount of wall thickness that has degraded.
The analysis of chemical degradation effects and structural considerations are discussed in
detail in Appendix K. A brief discussion of the mechanisms affecting vault durability are

provided in the following sections.
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Sulfate attack

Concrete degrades by sulfate and/or magnesium attack when sulfate or magnesium ions
in the pore-fluid migrate into the concrete and react with the cement paste. Sulfate reacts
with tri-calcium aluminate in the cement paste to form calcium aluminum sulfates. Magne-
sium reacts with hydroxide ions to form magnesium hydroxide. The products of these reac-
tions have considerably greater volume than the compounds they replace. The expansive
reactions can result in disruption of the concrete.

The major sources of sulfate and magnesium at the site are from soil water. Concentra-
tions of sulfate and magnesium in groundwater at the SRS (Sect. 2.2.4) are very low. Sulfate
concentrations range from 0.27 to 15 ppm (2.81 x 10 to 1.56 x 10* mol/L) with a mean and
median of 3.66 and 2 ppm (3.81 x 10 and 2.08 x 10 mol/L), respectively. Magnesium
concentrations range from 0.14 to & ppm (5.76 x 10 to 3.29 x 10* mol/L) with a mean and
median of 2.28 and 1.5 ppm (9.37 x 10" and 6.17 x 10"® mol/L), respectively. The sum of Mg
and SO, range from 0.57 to 18.5 ppm (1.51 x 10® to 3.77 x 10* mol/L) with a mean and
median of 5.94 and 4.95 ppm (1.32 x 10* and 1.08 x 10" mol/L), respectively (Marine 1976).

The methodology developed by Atkinson and Hearne (1984) (and summarized in Walton
et al. 1990) was used to assess the impact of sulfate and magnesium attack associated with the

ingress of the soil-moisture.
Carbonation

Carbonation occurs when calcium in concrete reacts with carbon dioxide (CO,) to form
calcium carbonate. At the E-Area disposal site, carbon dioxide will be present in soil-air and
dissolved in soil-water. Carbon dioxide will slowly migrate into the concrete, potentially
leading to a carbonated zone. Concrete degradation, in this case, is associated with concrete
expansion due to corrosion of the reinforcement bars (i.e., rebar). Typically, the pH of
concrete is very high which is favorable to very low rebar corrosion. However, the carbona-
tion reaction can reduce the pore-fluid pH which, in turn, makes the rebar susceptible to

corrosion.
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Carbonation may also result in potentially beneficial effects. For example, carbonate
carried by the pore-fluid into cracks and pores of the vault structure may precipitate and
reduce the effective porosity of the vaults. At the bottom of the vault, water which has
percolated through the vault roof will be saturated with portlandite Ca(OH),. The Ca(OH),
can react with soil-air containing CO,, forming a calcium carbonate mass that then seals
cracks and reduces effective pore sizes at any exposed surfaces of the vault structure.

The extent of carbonation was estimated using a shrinking core model (Walton et al.
1990). Carbonation was modeled as a uniform coating which forms on the surface of the

concrete.
Calcium hydroxide leaching

Ingress of water into the vaults and flow of water around the vaults will provide a
pathway for leaching of soluble components from the concrete. In particular, leaching of
calcium hydroxide from the concrete can lead to loss of strength and increases in concrete
permeability (Walton et al. 1990). Leaching is typically important in humid sites, such as the
SRS, because high infiltration rates promote higher leaching rates.

The rate of leaching can be estimated using simple screening models or more complex
numerical models. For this application, conservative screening calculations were performed.
Two different simplifying assumptions were used in the calculations (Atkinson and Hearne
1984), namely: 1) concrete controlled leaching, and 2) geology controlled leaching. Concrete
controlled leaching assumes that the leaching rate is limited by diffusion through the concrete
into the surrounding soil. Once the calcium reaches the soil it is rapidly removed leading to
a zero concentration boundary condition. If water is flowing around the vault, then a low
concentration of calcium can conservatively be assumed in the soil moistuze.

For the case of geology controlled leaching, diffusion of calcium into surrounding soils
is assumed to limit the process. For this condition, the degradation effects are insignificant.
This particular type of process, however, is only valid in diffusion dominated systems where

water flow around the vault is low, such as beneath the vault or when infiltration is low.
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Rebar corrosion

Corrosion of the reinforcing bars (rebar) is another possible mechanism of vault degrada-
tion. Corrosion occurs when iron in the rebar eacts with oxygen to form iron oxides. Corro-
sion of the rebar has two major effects on concrete structures: 1) corrosion lowers the
strength of the rebar and 2) corrosinn disrupt: the integrity of the surrounding concrete.

Rebar is used in concrete structures to increase tensile strength. As the rebar corrodes,
the tensile strength of the structure declines. For the EAVs, the structural role of the vault
is essential to long-term isolation performance.

Iron oxides have a molar volume which is over twice that of steel. As rebar corrosion
occurs, the volume occupied by the rebar will expand. The expansion leads to stress develop-
ment around the reinforcement and eventually to disruption of the integrity of the concrete.
This process is easily visible in old concrete structures where fractures and spalling of the
concrete occur adjacent te corroded reinforcement.

Reinforcement corrosion is typically modeled in two stages: 1) initiation, and 2) active
corrosion (Walton et al 1990). Initially the steel is protected from corrosion by a "passivating
layer" of iron oxides on the metal surface. The stability of the passive layer is supported by
the high pH of the concrete. Before significant corrosion can begin, the passive layer must
be disrupted. This occurs when the pH of the concrete is lowered by carbonation or when
aggressive anions (such as chloride) penetrate into the concrete to the depth of the steel.

As discussed previously, carbonation of the structure will occur too slowly to be a factor
in concrete corrosion of the vaults. Accordingly, carbonation is even less of a factor in rebar
corrosion. Concentrations of chloride ions in the soil moisture at the SRS are also too low
to initiate active corrosion. Migration of chloride in the waste out to the rebar would control
the time of the initiation stage noted above. To establish if rebar corrosion would signifi-
cantly affect the rate of vault degradation, active corrosion was assumed to begin immediately
after closure and no credit for the initiation lag time was taken in the corrosion calculations.

Once active corrosion begins, the corrosion rate may be limited by availability of oxygen.
However, at very low oxygen concentrations, water can be used as a source of oxygen for

corrosion (hydrogen evolution reaction). Because the thickness of concrete over the rebar
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limits the availability of oxygen for rebar corrosion, hydrogen evolution was considered as an
additional process for rebar corrosion. By combining the oxygen diffusion and hydrogen

evolution reactions an estimate of the total rebar corrosion can be made.

3.2 PATHWAYS AND SCENARIOS

This section of the RPA addresses the time periods of concern and pathways to human
exposure for EAV constituents potentially released in the manner described in Sect. 3.1
above. The information provided in this section is subsequently used in the development of
models to evaluate doses potentially received as a result of releases of radionuclides from the
EAVDF.

3.21 Time Periods of Concern

To assess the performance of the E-Area Disposal Facility, three time periods of concern
are addressed: 1) the operational period; 2) the institutional control period; and 3) the post-
institutional control period.

3.2.1.1 Operational Period

The operational period is defined as the period during which waste is actively emplaced.
During this period, some vaults are sealed as an interim closure, prior to placement of the
final closure cap. The facility is fenced and patrolled, preventing unauthorized access during
this period.

The operational period for the E-Area Disposal Facility is expected to be at least 20
years. Doses to maximally exposed off-site individuals during this time period are addressed
in the SAR for the E-Area Disposal Facility (WSRC 1991a), and are not considered part of
this RPA.
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3.2.12 Institutional Coatrol Period

The institutional control period is the 100-year time interval specified in the DOE Order
5820.2A (U.S.DOE 1988a) following closure of a disposal site. Periodic maintenance and
monitoring activities are conducted during this period. The disposal site is assumed to be
stabilized and no longer operational during this period, but it will remain part of the SRS, and
will therefore, be fenced and patrolled to eliminate the possibility of inadvertent intruders.
During this period, doses to operational on-site personnel will be addressed in the SAR.
While unlikely, doses to off-site individuals are addressed in this RPA. Realistically, this
period is expected to continue for at least 100 years after closure of the EAVs, and possibly
longer.

3.2.1.3 Post-Institutional Control Period

The final time period of concern is when the facility is no longer maintained by the SRS,
and could be accessed by the public. The total duration of this period for the purpose of
performance assessment depends on the time of predicted maximum impact with respect to
potentially exposed individuals. Projections of conditions and activities during this period are
uncertain and difficult to assess. However, because of the presence of long-lived radionu-
clides in the waste, the maximum off-site impact will occur many thousands of years after
closure.

322 Transport Patilways

The purpose of this section is to identify potential pathways to human exposure to
radionuclides potentially released from the EAV (Sect. 3.2.2.1), and to justify eliminating
some of these pathways from further consideration (Sect. 3.2.2.2). The results of this section

are used to develop exposure scenarios for off-site members of the public, which are discussed
in Sect. 3.2.3,
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3221 Pathway Identification

Radionuclides released from the EAV to the geosphere have the potential of reaching

humans through numerous pathways. Most conceivable pathways for a buried LLW source

are indicated in Fig. 3.2-1. The pathways identified in this figure are for facilities undisturbed,

from the standpoint of human intrusion. Pathways pertinent to intruder exposures are
addressed separately in Sect. 3.2.4. In the list below, each pathway is briefly defined.
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Leaching - migration of radionuclides from the wasteform by a combination of
dissolution, diffusion, and advection.

Gaseous Diffusion - upward migration of gaseous radionuclides from the
wasteform by diffusion through the caps and cover soils to the atmosphere.
Irrigation - contamination of cover soil by radionuclides which have reached
groundwater which is subsequently used for irrigation.

Deposition - contamination of surface water by radionuclides which have
reached the atmosphere; represents deposition of particulate associated
radionuclides or gaseous species partitioning at the air-water interface.
Volatilization - partitioning of volatile radionuclide species present in surface
water into air above the water body.

Discharge - discharge of radionuclides present in groundwater into surface
water.

Recharge - movement of radionuclides into the groundwater from contaminated
surface water.

Irrigation - contamination of cover soil by radionuclides which have

reached surface water which is being subsequently used for irrigation.

Washload - contamination of surface water by soil containing radionuclides as a
result of erosion by rain or irrigation water.

Deposition - contamination of cover soil by radionuclides which have reached the
atmosphere and have become associated with airborne particulate matter.
Resuspension - Resuspension of soil-associated radionuclides as a result of wind

erosion.
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Biointrusion - contamination of cover soil by soil-associated radionuclides that are
brought to the surface from the vicinity of the wasteform by burrowing

animals, such as rodents or ants, or by intruding plant roots.

Deposition - deposition of radionuclides in surface water that have partitioned
onto suspended sediment.

Resuspension - resuspension of particulate-borne radionuclides in the sediment of
surface water as a result of hydrodynamic forces at the sediment-water interface.
Immersion - contamination of aquatic plants by radionuclides in surface water
attributable to the immersion of the plants in the contaminated water.
Immersion - human exposure to radionuclides as a result of immersion in contam-
inated surface water.

Ingestion - human exposure to radionuclides as a result of ingestion of radionu-
clides present in surface water.

Ingestion - contamination of terrestrial animals from their ingestion of radionu-
clides in surface water.

Ingestion - contamination of terrestrial animals from their ingestion of radionu-
clides in groundwater.

Irrigation - contamination of terrestrial plants as a result of irrigation with surface
water containing radionuclides.

Irrigation - contamination of terrestrial plants as a result of irrigation with ground-
water.

Decomposition - contamination of cover soil as a result of decomposition of terres-
trial plants in the soil.

Root uptake - contamination of terrestrial plants by uptake through roots of soil
water containing radionuclides.

Deposition - deposition of airborne radionuclides onto terrestrial plant surfaces.
Ingestion - ingestion of radionuclides by grazing animals as a result of contam-
inated soil ingestion.

Ingestion - ingestion of radionuclide-containing vegetation by terrestrial animals.
Decomposition - contamination of cover soil as a result of decomposition of terres-

trial animals in the soil.
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Washoff - contamination of surface soil as a result of washoff of externally contam-
inated terrestrial animals.

Resuspension - resuspension of surficial radionuclides on terrestrial animals to the
atmosphere.

Resuspension - resuspension of surficial radionuclides on terrestrial plants to the
atmosphere.

Inhalation - contamination of terrestrial animals as a result of inhalation of radio-
nuclides in the atmosphere.

Deposition - surface contamination of terrestrial animals via deposition of particu-
late-borne radionuclides in the atmosphere.

Ingestion - contamination of terrestrial animals as a result of their ingestion of
aquatic animals.

Decomposition - contamination of surface water sediment as a result of decomposi-
tion of aquatic plants in the sediment.

Decomposition - contamination of surface water sediment as a result of decomposi-
tion of aquatic animals in the sediment.

Surface contact - surface contamination of aquatic animals as a result of contact
with contaminated sediment.

Root uptake - contamination of aquatic flora via radionuclide uptake through
roots.

Immersion - contamination of aquatic animals as a result of immersion in surface
water containing radionuclides.

Ingestion - contamination of aquatic animals as a result of their ingestion of
aquatic plants containing radionuclides.

Ingestion - human exposure to radionuclides as a result of ingestion of contam-
inated aquatic flora.

Ingestion - human exposure to radionuclides as a result of ingestion of contam-
inated groundwater.

Inhalation - human exposure to radionuclides as a result of inhalation of airborne

radionuclides.
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(43) Immersion - human exposure to radionuclides as a result of immersion in contam-
inated air.

(44) Ingestion - human exposure to radionuclides as a result of ingestion of contam-
inated terrestrial animals.

(45) Ingestion - human exposure to radionuclides as a result of ingestion of contam-
inated terrestrial plants. |

(46) Ingestion - human exposure to radionuclides as a result of ingestion of contam-
inated aquatic animals containing radionuclides.

(47) Washoff - contamination of surface soil below vegetation due to rain-induced

surface washoff.
3.222 Pathway Screening

The list in Sect. 3.2.2.1 above is generic in nature, and the significance of each pathway
must be evaluated on a site-specific basis to develop an exposure model. Many pathways may
be removed from consideration for particular sites because of a negligible contribution to
human exposure.

For the EAVs, leaching and transport of radionuclides to the saturated zone (pathway
(1)) is the predominant means that radionuclides may be subsequently transported in the
environment. Thus, this pathway must be addressed in developing an exposure model, and
is addressed in this RPA in the near-field model (Sect. 3.3.1). Other pathways which may
contribute to human exposure are those tied to groundwater concentrations of contaminants.
Irrigation with contaminated groundwater may lead to contamination of agricultural crops and
animals (pathways (3), (21), (23), (25) and (26)). Discharge of contaminated groundwater to
surface water (pathway (6)) may result in contamination of the aquatic ecosystem including
the water body itself, sediment, and aquatic plants and animals (pathways (13), (14), (15),
(34), (35), (36), (37), (38), and (39)). Ingestion of contaminated surface water, aquatic
animals or groundwater by terrestrial animals (pathways (18), (33), and (19)) may lead to
human exposure, and can be tied to groundwater contamination. Human exposure may occur
as a result of direct human ingestion of contaminated surface water or groundwater (pathways

(17) and (41)), as a result of consumption of contaminated food supplies (pathways (44), (45),
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and (46)), and as a result of immersion in contaminated surface water during recreational
activities such as swimming (pathway (16)). Consumption of contaminated aquatic plants
(pathway (40)) was not considered in the EAV RPA because there is no indication that
aquatic plants present in potentially-contaminated surface water in the vicinity of the SRS are
consumed by humans.

Of the 47 pathways listed above, only 26 are accounted for in the above discussion. This
leaves 21 pathways that are not considered significant for developing exposure scenarios
discussed in the next section. The justification for neglecting these pathways is given below.
Pathways that result in human exposure directly or indirectly as a result of atmospheric disper-
sion and deposition (pathways (2), (4), (5), (10), (11), (24), (28), (29), (30), (31), (32), (42),
(43), and (47)) are not included in exposure scenarios for the following reason. The only
potentially volatile radioactive components of the EAVs are H-3, C-14, and Rn-222. Atmos-
pheric release of these compounds at the time of the operations is addressed in the EAV
SAR (WSRC 1991a). Calculations providing an upper bound on doses received from volatil-
ization of these radicnuclides from the EAVDF after disposal (pathway (2)) are described in
Sect. A.3. Pathways leading to exposure to resuspended contaminated soil (pathways (11),
(42), and (43)) are addressed in the intruder exposure analysis (Sect. A.4). Other atmos-
pheric pathways are indirect in nature; e.g., the contaminants must first be suspended or
volatilized from one medium, then redeposited in another. These indirect pathways are not
believed to be more significant than the direct pathways (2, 11, 42, and 43), and thus are not
addressed in this RPA. Therefore, pathways 2, 11, 42, and 43 are included in the dose
analysis.

Pathway (7) considers contamination of groundwater due to recharge by surface water.
This pathway is not considered significant in the EAV RPA because some dilution of radionu-
clides in surface water can be expected for all streams, and thus concentrations in ground-
water as a result of this pathway will always be lower than the concentrations which led to
contamination of the surface water. Pathways (8) and (20), representing contamination of
cover soil and terrestrial plants as a result of irrigation with contaminated surface water,
respectively, are not considered important because of the relatively dilute concentration of
radionuclides expected in surface water with respect to groundwater. Irrigation by ground-

water is expected be a more important pathway for radionuclides potentially reaching crops.
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Contamination of surface water from erosion of contaminated soil (pathway (9)) was not
considered significant, because buildup of radionuclides in surface soil would only result from
radionuclides with high sorption potential. These radionuclides would not partition readily
into the surface water if introduced as a result of erosive events. Pathways (22) and (27),
representing the pathways of radionuclides to surface soil via decomposition of terrestrial
plants and animals, were not considered significant relative to the exposure resulting from
direct consumption of these potentially contaminated products.

Although surface water may receive contaminated groundwater, dilution is considerable
in the nearby creeks. Because groundwater is expected to exceed surface water concentra-
tions by orders of magnitudes, and direct ingestion of groundwater results in exposures
exceeding less direct routes of exposure through aquatic food chains, surface-water pathways
were dropped from further consideration.

Finally, contamination of cover soil over the EAVs as a result of biointrusion of
burrowing animals or plant roots (pathway (12)) must be addressed. It is acknowledged that
biointrusion is a potentially significant pathway of contamination of cover soil over a LLW
facility, as is concluded in a study by McKenzie et al. (1983). For the humid southeast, where
ground cover and soil moisture limit resuspension of soil, biointrusion is likely to result in
contamination of soils over the facility, but probably not significant contamination off-site.
Therefore, the relative significance of biointrusion to the inadvertent intruder is the issue of
concern in addressing this pathway for this RPA.

Most of the burrowing animals identified as likely residents at the SRS (Sect. 2.1.9) do
not burrow below 0.5 m (McKenzie et al. 1986). Only one burrower, the Florida Harvester
Ant, is expected to burrow below 2 m, and then, only 5% of its burrows are expected to be
that deep, resulting in very little potentially contaminated soil being moved. As the cover soil
erodes, however, the significance of burrowers’ activities may increase. Furthermore, if
E-Area reverts to a hardwood, pine forest sometime after loss of institutional control, it is
possible that deeper roots may contact contaminated soil above, or adjacent to, the vaults and
translocate radionuclides to other plant organs. Radionuclides may subsequently be released
back to the soil as roots and leaves wither and degrade. It is, therefore, likely that bio-

intrusion may cause some mixing of the waste components with the soil column.
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The significance of biointrusion is evaluated here by considering the effect of the mixed
soil column on an inadvertent intruder. An inadvertent intruder, who is assumed to dig next
to, into, or above the vaults, mixes the contaminated soil near the vaults with soil near the
surface (Sect. 3.2.4). While it is not known how effective biointruders might be in causing
mixing in the soil, the McKenzie et al. (1983) study of a reference humid site estimated that
soil concentrations resulting from biointrusion are significantly lower than those resulting from
intruder excavation activities, except for more biologically available compounds, where
concentrations are of the same order of magnitude. The effect of burrowing animals or
intrusive roots, then, is not expected to enhance the inadvertent intruder’s contact with
contaminated soil by more than a factor of two for any radionuclide. Doses that are calcu-
lated in this RPA are uncertain to the extent that a factor of two is inconsequential, and thus,
the biointrusion pathway was neglected.

In summary, of the original 47 pathways identified in Fig. 3.2-1, only two are considered
to be of possible consequence to exposures of off-site members of the public and to
groundwater protection, and are considered further in this RPA. These pathways, related to
contaminated groundwater, include: 1) leaching of the wasteform resulting in contamination
of groundwater local to E-Area (pathway 1); and 2) contamination of agricultural crops and
animals as a result of irrigation with contaminated groundwater (pathways 3, 21, 23, 25, 26).

In the following section, the relative importance of these pathways is further addressed.
323 Exposures of Off-Sitc Members of the Public and Protection of Groundwater

As described in Sect. 1.2, disposal of low-level radioactive waste in the EAV must meet
certain performance objectives for protection of off-site members of the public and sources
of groundwater. In this section, the different exposure scenarios and pathways for off-site
members of the public, which have been considered in the PA for the EAV are described.
Requirements for groundwaier protection assumed in this analysis also are described, and an
analysis is presented which demonstrates the relative importance of the requirements for
protection of off-site members of the public and sources of groundwater in determining the
acceptability of waste disposals in the EAV. The greater importance of the assumed ground-

water protection requirements is established, and a simple screening analysis to select those
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radionuclides in the different disposal units that are considered for the groundwater pathway
is presented.

3.23.1 Off-Sitc Members of the Public

This section discusses the requirements for protection of off-site members of the public
and the exposure pathways assumed in the dose analysis for such individuals.

The performiance objectives for LLW disposal specify that the EDE to off-site members
of the public from all exposure pathways should not exceed 25 mrem per year (U.S.DOE
1988a). As described in Sect. 1.2.1, this performance objective is assumed to apply for 10,000
years after disposal. The nearest location from the. disposal site for off-site members of the
public depends on the time after disposal. During the period of active institutional control,
i.e., for the first 100 years after facility closure, off-site members of the public are assumed
to be located no closer to the disposal site than the present boundary of the SRS. However,
after active institutional control ceases, off-site members of the public could be located as
close as 100 m from any of the EAV.

As discussed in Sect. 3.1 and 3.2.2, the primary mechanism for mobilization and release
of radionuclides from the EAV is expected to be infiltration of precipitation, and the primary
pathway for subsequent exposures of off-site members of the public is expected to be trans-
port of radionuclides in groundwater. Because of such factors as 1) the design and closure
concept for the disposal units that are intended to inhibit infiltration of precipitation, 2) the
considerable distance from the disposal site to the present boundary of the SRS, and 3) the
expected discharge of contaminated groundwater to surface streams within the SRS and the
considerable dilution in radionuclide concentrations provided by such discharge, it is reason-
able to conclude that the dose analysis for off-site members of the public can focus on
exposure pathways resulting from use of contaminated groundwater at distances from the
disposal units as close as 100 m for the time period after active institutional control ceases.

Thus, in the dose analysis for the groundwater pathway, an off-site member of the public
is assumed to use water from a well for domestic purposes, and the well is assumed to be at
the location at least 100 m from the disposal units where the maximum concentrations of

radionuclides in groundwater are predicted to occur after loss of active institutional control.
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The following exposure pathways involving use of contaminated well water are assumed to
occur:

e  direct ingestion of contaminated water;

e  ingestion of milk and meat from dairy and beef cattle that drink contaminated
water;

e  ingestion of vegetables grown in garden soil irrigated with contaminated water;

e  direct ingestion of contaminated soil in conjunction with intakes of vegetables from
the garden;

e  external exposure to contaminated soil while working in the garden; and

e  inhalation of radionuclides suspended into air from contaminated soil while
working in the garden.

Rainfall normally is abundant at the SRS (see Sect. 2.1.3). Therefore, irrigation of a
vegetable garden is assumed to occur only occasionally during the summer and only in small
amounts relative to the annual rainfall (Murphy 1990). Irrigation of pasture grass ingested
by dairy and beef cattle is neglected because agricultural land is not extensively irrigated near
the SRS (U.S. Department of Commerce 1977; Baes and Sharp 1983).

Additional exposure pathways for off-site members of the public could involve release
of radionuclides into the air and airborne transport to off-site locations. Radionuclides could
be attached to particulates suspended into air from the ground surface, and volatile radionu-
clides (e.g., H-3, C-14, and isotopes of radon) could be released from the waste or contam-
inated soil. Exposures of off-site members of the public resulting from the air pathway are

considered in this analysis.
3.23.2 Protection of Groundwater

This section discusses the assumed requirements for protection of groundwater that are
applied to the PA for the EAV.
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The performance objectives for LLW disposal specify that contamination of groundwater
is to be limited in accordance with federal, state, and local standards (U.S.DOE 1988a). The
State of _outh Carolina requires that concentrations of hazardous chemicals in groundwater
be limited in accordance with federal DWS at any time after disposal. Presently, no federal,
state, or local standards exist that limit radionuclides released to groundwater from the EAV.
However, the SRS has established the objective of protecting groundwater for Site operations
in accordance with EPA standards for contaminants in public drinking water supplies (40 CFR
Part 141).

The performance objective for protection of groundwater resources assumed in this
analysis is described in Sect. 1.2.2. Briefly, because there is some ambiguity in selecting
particular numerical standards for radioactivity in drinking water to be applied to groundwater
protection, three different options for specifying the performance objective are used in this

analysis:

1)  Current EPA standards for radionuclides in drinking water (40 CFR Part 141),
including (a) the method prescribed in the standards for caiculating MCLs for
beta/gamma-emitting radionuclides from the specified dose limit based on internal
dosimetry data from ICRP Publication 2 (1959), as tabulated by the Department
of Commerce (1963), and (b) the specified MCLs for H-3 and Sr-90;

2)  Current EPA standards for radionuclides in drinking water, except all MCLs for
beta/gamma-emitting radionuclides are calculated from the specified dose limit
using internal dosimetry data based on ICRP Publication 30 (1979); and

3)  Proposed revisions of the EPA standards for radionuclides in drinking water (EPA
1991), with all MCLs for beta/gamma-emitting radionuclides calculated using
internal dosimetry data based on ICRP Publication 30 (1979), except no standard
for radon is assumed.
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For all options, the performance objective is assumed to apply for 10,000 years after disposal
(see Sect. 1.2.1). Some of the differences among the three options are summarized as follows.
All options specify concentration limits, rather than dose limits, for alpha-emitting
radionuclides. The concentration limits for radium in the third option are higher than the
first two options, and the third option is the only one that contains a limit for uranium.

In all options, a limit on dose equivalent is used to define limits on concentrations of
beta/gamma-emitting radionuclides in water, but the resulting MCLs are different for all three
options. The first two options use the same dose limit for whole body or any organ, but the
internal dosimetry data used to obtain the MCLs from the dose limit differ substantially for
most radionuclides. The third option differs from the first two in that a limit on EDE, rather
than dose equivalent to whole body or any organ, is used. Thus, for most radionuclides, the
resulting MCLs for the third option differ substantially from the values for the first two
options.

The MCLs for the three options for specifying the performance objective for ground-
water protection are given in Table 3.2-1. For all radionuclides except uranium in the third
option, the MCLs are given in units of pCi/L to facilitate comparisons of the different
options, even though the primary standard for beta/gamma-emitting radionuclides in all
options is a dose limit rather than a limit on concentration. For naturally occurring uranium
with its normal isotopic abundances, the MCL of 20 ng/L corresponds to an activity concen-
tration of 14 pCi/L.

For all alpha-emitting radionuclides, the MCLs in Table 3.2-1 are obtained directly from
current EPA standards for radioactivity in drinking water (40 CFR Part 141) or the proposed
revisions of the standards (EPA 1991). The MCLs for beta/gamma-emitting radionuclides for
the different options.are obtained as described below.

For the first option, the MCLs for H-3 and Sr-90 are the values specified in the current
EPA standards. For any other beta/gamma-emitting radionuclide, the MCL is obtained, as
specified in the current EPA standards, from the limit on dose equivalent of 4 mrem per year
to whole body or any organ using the maximum permissible concentration (MPC) in water
for an exposure time of 168 h obtained from a Department of Commerce (1963) tabulation.

These MPCs apply to occupational exposure and are based on limits on dose equivalent of
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Table 32-1. Maximum conmnimnt hmiu for radionuclides i in gmmdwatu oorrespondmg
to differen water guiremen

t*

H-3

Y 6,400 2,600 3,200 |

I Al 50 420" Il

F Co-60 130 110 220
Ni-59 530 5,500 27,000 |
Ni-63 80 1,600 9,900 |
Se-79 e 110 660" I
Rb-87 270 390 501
Sr-90 8 3 42
2:-93 2100 160 5,100 |
Nb-93m 1,100 1,000 10,500 4]
Tc.99 800 420 3,800
Pd-107 e 3,200 37,000
Cd-113m - 3 40
Sn-121m 320 2260
Sn-126 30 290
1129 0.5 0.6 21 |
Cs-135 800 800 790 |
Cs-137 160 110 120 |

L smist 1,100 1,500 14,000
Pb-210 03 0.07 1
Ra-226 5 5 20
Uranium — — 20¢ “
Am-242m o
__Other Alpha’ |

¢ Different options are described in Sect. 1.2.2 and 3.2.3.2.
b Values are in units o 1gCl/L unless otherwise noted.

¢ Value calculated by EPA (1991), unless otherwise noted.
4 Value calculated usmg ingestion dose conversion factor (DCF) from DOE compilation
s/U .S. DOE 1988b).
alue is in units of ug/L.
! Adjusted gross alpha emitters (excluding Ra-226, U, and Rn-222).
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5 rem per year to whole body or gonads, 30 rem per year to thyroid, or 15 rem per year to
any other organ, whichever is more restrictive. Thus, the MCL in groundwater is obtained
from the MPC in water by multiplying by the ratio of the applicable dose limit in the DWS
to the dose limit used to obtain the MPC. For example, for Tc-99, which has the lower large
intestine as the organ receiving the highest dose, the MPC in water for 168 h exposure in the
Department of Commerce (1963) tabulation is multiplied by the factor 0.004/15 to obtain the
MCL in groundwater.

For the second option, the MCL in groundwater for any beta/gamma-emitting radionu-
clide is obtained from (1) the dose limit of 4 mrem per year to whole body or any organ
specified in the current EPA standards, (2) an assumed intake of contaminated water of 2 L/d
(730 Liyear), as also specified in the EPA standards, and (3) the dose per unit intake to
whole body or the organ receiving the highest dose obtained from the DOE (1988b) compia-
tion of internal DCFs, which are based on the dosimetric and metabolic models of ICRP
Publication 30 (1979).

For the third option, the MCL in groundwater for most beta/gamma-emitting
radionuclides is the value given by the EPA (1991). In a few cases, a value was not estimated
by the EPA but is obtained from the limit on EDE of 4 mrem per year (EPA 1991), a water
intake of 2 L/d, and the EDE per unit intake obtained from the DOE (1988b) compilation.

In comparing the second and third options for calculating MCLs for beta/gamma-emitting
radionuclides, the change from a limit on dose equivalent to whole body or any organ to the
same numerical limit on EDE results in substantial increases in the MCL in most cases.

Again, essentially the same internal dosimetry models are used for both options.

3233 Comparison of Performance Objectives for Protection of Off-Site Members of
the Public and Groundwater

As described in Sect. 3.2.3.1 and 3.2.3.2, concentrations of radionuclides in groundwater
at any location more than 100 m from the location of disposal units are limited by two perfor-
mance objectives: 1) a maximum EDE of 25 mrem per year from all exposure pathways
involving use of contaminated water and 2) various options for limiting dose from consump-

tion of drinking water only or concentrations of radionuclides in groundwater. The first
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performance objective assumes that use of contaminated groundwater is the only significant
source of exposure for off-site members of the public. The question then arises as to which
of the two performance objectives would be the more restrictive, i.e., would result in lower
limits on acceptable concentrations of radionuclides in groundwater and, thus, in waste in the
EAV. A similar question concerns whether exposure pathways other than ingestion of
drinking water would contribute significantly to the dose from all exposure pathways.

In order to address the relative importance of the two performance objectives given
above and the various exposure pathways listed in Sect. 3.2.3.1 that apply to use of
contaminated groundwater, the doses from the pathways involving ingestion of milk and meat
from dairy and beef cattle that drink contaminated water, ingestion of vegetables grown in
garden soil irrigated with contaminated water, direct ingestion of contaminated soil from the
vegetable garden in conjunction with vegetable intakes, external exposure to contaminated
soil while working in the garden, and inhalation of radionuclides suspended into air while
working in the garden must be investigated in relation to the dose from direct ingestion of
contaminated water. For purposes of this analysis, the dose limit from drinking water only
for beta/gamma-emitting radionuclides ic assumed to be 4 mrem per year EDE, as in the third
option for the performance objective for groundwater protection. With this choice, the same
dosimetric quantity is used in the performance objectives for all exposure pathways and for
drinking water only, but the results do not depend greatly on the choice of dose limits. The
relative importance of the pathway involving ingestion of contaminated vegetables is
considered first.

For direct consumption of radionuclides in drinking water, the dose to an exposed

individual is given by

Hw = CwaDCFing
where
H, = EDE from drinking water pathway (rem/year),
C. = radionuclide concentration in groundwater (uCi/L),

U, = consumption of drinking water (L/year), and
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DCF,,, = EDE per unit activity of a radionuclide ingested, i.c., the ingestion dose
conversion factor (rem/uCi).

In determining compliance with the assumed groundwater protection requirement, a
consumption rate of drinking water of 730 L/year (i.e., 2 L/d) is used. Therefore, the dose

from direct consumption of contaminated groundwater is given by

H,(rem/year) = (730 Liy)Co(4Ci/L)DCEF,, (rem/uCi).

In order to estimate the dose per unit concentration of radionuclides in groundwater
resulting from consumption of vegetables irrigated with contaminated water, a simple model
developed by Baes and Sharp (1983) for estimating radionuclide concentrations in surface soil
is used. In this model, the top layer of soil is treated as a well-mixed compartment, and
radionuclides deposited in surface soil by irrigation are assumed to be removed from the soil
compartment by infiltrating water according to a first-order leaching process as well as by

radioactive decay. The removal rate constant describing the leaching process is given by

A =(Va/8)/[d(1 + pKy/ 0)],

where

A, = fraction of activity in soil compartment removed by leaching per year,
V,, = infiltration rate of water in soil (m/year),

8 = volumetric water content of soil (dimensionless),

d = depth of soil compartment (m),

p = bulk density of soil, and

Ky = equilibrium solid/solution distribution coefficient for a radionuclide.

The density of soil and the distribution coefficient must be expressed in compatible units; e.g.,
if K, is given in units of mL/g (or L/kg), then p must be expressed in g/cm®. Since radioactive

decay also removes activity from soil, the total removal rate constant for a radionuclide in the
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surface soil compartment is given by
A = ll + A‘l‘

where A, is the radiological decay constant (y?).

In the linear-compartment model described above, the equilibrium activity of a
radionuclide in the surface soil compartment is simply the ratio of the input rate of activity
to the total removal rate constant. The input rate of activity by irrigation used in this analysis
is estimated as follows. At the SRS, the growing of vegetables normally requires irrigation
only occasionally during the summer months. On the basis of experience with crop manage-
ment at the site (Murphy 1990), an amount of irrigation equal to 0.2 m/year is considered to
be applied to a vegetable garden. This amount corresponds to application of 2.5 cm once a
week during the two hottest summer months. This amount of irrigation probably is more than
would occur in most years, since one reported experiment required watering only on one or
two occasions during the summer (Murphy 1990). Over a unit area of 1 m? the assumed
irrigation rate corresponds to 0.2 m® or 200 Liyear. The unit area is arbitrary and is used
only to obtain radionuclide concentrations in soil in the desired units of uCi/m*. Therefore,
the average concentration of radionuclides input to surface soil per year from use of

contaminated irrigation water, which is denoted by 1, is given by
I, (uCi/m? per year) = [(200 Liy per m?) / d(m)] C,(uCilL),
v«ghere
d = depth of surface soil layer, and

C, = concentration of a radionuclide in groundwater.

From the equations derived above, the equilibrium concentration of radionuclides in

surface soil from use of contaminated groundwater for irrigation then is given by

C,(kCi/m’) = 1,/ & = [(200 Lly per m?) / d(m)] C,(uCilL) / A(y™).

Rev. 0



3-29 WSRC-RP-94-218

Given this concentration of a radionuclide in surface soil, the dose from ingestion of
contaminated vegetables (see Eqs. A.4-2 and A.4-3) is given by

H, =B/(C/p)UDCF,,
where

H, = EDE from vegetable intakes (rem/year),

B, = plant-to-soil concentration ratio for a radionuclide (dimensionless),
p = bulk density of soil,

U, = consumption rate of vegetables (kg/year), and

DCF,,, = ingestion dose conversion factor (rem/uCi).

If C, is expressed in units of 4Ci/m® and U, in units of kg/year, then the density of soil in this
equation must be expressed in units of kg/m®.

Given the equation for the dose from consumption of contaminated vegetables, as
derived using the model of Baes and Sharp (1983) for retention of radionuclides in surface
soil, and the equation for the dose from direct consumption of drinking water, a direct
comparison of the relative importance of the two exposure pathways can be obtained. Using
the equations for H,, H,, and C, derived above, the ratio of the doses from the drinking water
and vegetable pathways is given by

HJ/H, = [(3.65 m?) d(m) p(kg/m*) A(y")] / [B,U,(ke/y)}.

This ratio does not depend on the radionuclide concentration in groundwater or the ingestion
DCF.

In this analysis, the following radionuclide-independent parameter values are used:
1) a depth of the soil compartment (d) of 0.3 m, which is a typical depth of the root zone for
vegetation; 2) a water infiltration rate through soil of 0.4 m/year, which is the average
infiltration rate of precipitation at the SRS (see Appendix A.1.1.2) and is appropriate when

irrigation is considerably less than the total precipitation; 3) a volumetric water content of soil
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(6) of 0.3 (Baes and Sharp 1983); 4) a bulk density of soil (p) of 1,400 kg/m®, or 1.4 g/cm®
(Baes and Sharp 1983); and 5) a consumption of contaminated vegetables of 90 kg fresh
weight per year, which is half of the estimated total consumption of vegetables by an average
adult (Rupp 1980; Hamby 1992). It should be noted that if the removal rate constant, A, is
dominated by the contribution from leaching, 1,, then the ratio of the doses from the drinking
water and vegetable pathways does not depend on the depth of the soil compartment, d.

The equation for H,/H, given above has been evaluated for the radionuclides Tc-99,
Sn-126, Pu-239, and Cs-137. Tc-99 represents radionuclides with a high plant-to-soil concen-
tration ratio (B,) but a low distribution coefficient (K;); Sn-126 has intermediate values of B,
and Kj; Pu-239 has a low value of B, but a high K; and Cs-137 has an intermediate value of
B, and a high K, but its half-life is sufficiently short that the equilibrium concentration in soil
is determined primarily by the half-life rather than the leaching constant, 1,. In implementing
the model, it is important to recognize that B, and K, are correlated; i.e., radionuclides with
high plant-to-soil concentration ratios have low distribution coefficients resulting in relatively
low equilibrium concentrations in soil, and vice versa (Baes et al. 1984; Sheppard 1985).
Thus, evaluating the model for these four radionuclides should give results that are represen-
tative of any other important radionuclides in the EAV.

The radionuclide-specific parameter values used for the example calculations are listed
as follows:

Tc-99 — B, = 0.65, K; = 1.5 mL/g;
Sn-126 —~ B, = 0.0026, Ky = 250 mL/g;
Pu-239 — B, = 0.000019, K; = 4,500 mL/g;
Cs-137 — B, = 0.013, Ky = 1,000 mL/g.

The values of B, for each radionuclide are given in Table A.4-7 and were obtained from the
compilation of Baes et al. (1984). The values of K, also were obtained from Baes et al.

(1984). These data do not necessarily apply to soils at the SRS but are expected to be
reasonably representative.

For the model and parameters described above, the following comparisons of the dose

from direct consumption of drinking water and the dose from consumption of vegetables
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irrigated with contaminated water are obtained. The dose from the drinking water pathway
exceeds the dose from the vegetable pathway by about a factor of 15 for Tc-99, a factor of
25 for Sn-126, a factor of 190 for Pu-239, and a factor of 30 for Cs-137. If removal by
radioactive decay were not taken into account for Cs-137 (e.g., if the analyses were performed
for Cs-135 instead), the dose from the vegetable pathway would be about the same as the
dose from the drinking water pathway. Isotopes of Cs represent an extreme case where the
plant-to-soil concentration ratio relative to the distribution coefficient is higher than for
almost all other elements (Sheppard 1985), and a similar result would not be expected for
most long-lived radionuclides that reasonably could be present in significant quantities in the
EAV.

The analysis presented above illustrates that the dose from direct consumption of
drinking water is expected to be equal to or greater than the dose from ingestion of
vegetables contaminated with irrigation water from the same source; and, for most radionu-
clides, the dose from drinking water is expected to be substantially greater. This conclusion
is expected to apply to all radionuclides that could be present in the EAV.

The next pathways considered in this comparison are consumption of milk and meat from
dairy and beef cattle that drink contaminated water. The doses from ingestion of contam-

inated milk (m) and meat (f) are given by

H, =C,U,DCF,,,
Hr = C[U[DCFi

ng

respectively, where

H, , H; = EDE from milk or meat intakes (rem/year),
C. ., C; = radionuclide concentration in milk (uCi/L) or meat (uCi/kg),
U, , U; = consumption rate of milk (L/year) or meat (kgf/year), and

DCF,,, = ingestion dose conversion factor (rem/uCi).
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Dairy and beef cattle are assumed to drink only contaminated groundwater, and the
radionuclide concentrations in milk and meat are given by

Ca =CGQF.,
Cl' = CWQIFI ’

respectively, where

C, = radionuclide concentration in groundwater (xCi/L),

Q. , Q; = consumption rate of water by dairy or beef cattle (L/d), and

F,, F; = ratio of equilibrium radionuclide concentration in milk (4Ci/L) or meat
(uCi/kg) to daily intake by dairy or beef cattle (uCi/d).

In implementing the model for the milk and meat pathways, a consumption rate of water
by dairy and beef cattle of 60 L/d and S0 L/d, respectively, and a consumption rate of milk
and meat by an exposed individual of 110 L/year and 90 kgfyear, respectively, are used (NRC
1977). If the transfer coefficients for the milk and meat pathways (F,, and F;) recommended
by Baes et al. (1984) are used, the following comparison of the dose from the drinking water
pathway and the doses from the milk and meat pathways is obtained. The dose from the
drinking water pathway exceeds the dose from the milk and meat pathways by about a factor
of 10 for Tc-99, a factor of 3 for Sn-126, a factor of 5 for Cs-137, and 5 orders of magnitude
for Pu-239.

The analysis presented above illustrates that the dose from direct ingestion of drinking
water is expected to be considerably greater than the dose from ingestion of milk and meat
obtained from dairy and beef cattle that drink contaminated water from the same source.
This conclusion is expected to apply to all radionuclides that could be present in the EAV.

The next pathway considered in this comparison is direct ingestion of contaminated soil
in conjunction with vegetable intakes. For a given concentration of a radionuclide in garden
soil, a direct comparison of the doses from the vegetable and soil ingestion pathways can be

obtained from the results given in Tables A.4-8 and A.4-9, respectively, of Appendix A.4.
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The dose from the drinking water pathway relative to the dose from the soil ingestion path-
way then is the product of two factors: 1) the ratio of the doses from the vegetable and soil
ingestion pathways obtained from the tables listed above and 2) the ratio of the doses from
the drinking water and vegetable pathways obtained previously in this section. Using this
procedure, the dose from the drinking water pathway is found to exceed the dose from the
soil ingestion pathway by about 4 orders of magnitude for Tc-99, a factor of 200 for Sn-126,
3 orders of magnitude for Cs-137, and an order of magnitude for Pu-239.

The analysis presented above illustrates that the dose from direct ingestion of drinking
water is expected to be considerably greater than the dose from direct ingestion of contam-
inated soil from a vegetable garden that is contaminated with irrigation water from the same
source. This conclusion should apply to all radionuclides that could be present in the EAV.

The next pathway considered in this comparison is external exposure to contaminated
soil while working in the vegetable garden. For a given concentration of a radionuclide in
garden soil, a direct comparison of the doses from the vegetable and external exposure path-
ways can be obtained from the results given in Tables A.4-8 and A.4-10, respectively, of
Appendix A.4. The dose from the drinking water pathway relative to the dose from the
external exposure pathway then is the product of two factors: 1) the ratio of the doses from
the vegetable and external exposure pathways obtained from the tables listed above and
2) the ratio of the doses from the drinking water and vegetable pathways obtained previously
in this section. Using this procedure, the dose from the drinking water pathway is found to
exceed the dose from the external exposure by about 50% for Sn-126 and a factor of 70 for
Cs-137. The dose from the external exposure pathway is essentially zero for Tc-99 and
Pu-239.

The analysis presented above illustrates that the dose from direct ingestion of drinking
water is expected to be greater than the dose from external exposure to contaminated soil
while working in a vegetable garden that is contaminated with irrigation water from the same
source. This conclusion is expected to apply to all photon-emitting radionuclides that could
be present in the EAV.
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The final pathway considered in this comparison is inhalation exposure to radionuclides
suspended into air from contaminated soil while working in the vegetable garden. For a given
concentration of a radionuclide in garden soil, a direct comparison of the doses from the
vegetable and inhalation pathways can be obtained from the results given in Tables A.4-8 and
A.4-12, respectively, of Appendix A.4. The dose from the drinking water pathway relative to
the dose from the inhalation pathway then is the product of two factors: 1) the ratio of the
doses from the vegetable and inhalation pathways obtained from the tables listed above and
2) the ratio of the doses from the drinking water and vegetable pathways obtained previously
in this section. Using this procedure, the dose from the drinking water pathway is found to
exceed the dose from inhalation exposure by about 8 orders of magnitude for Tc-99, 5 orders
of magnitude for Sn-126, 7 orders of magnitude for Cs-137, and a factor of 350 for Pu-239.

The analysis presented above illustrates that the dose from direct ingestion of drinking
water is expected to be much greater than the dose from inhalation exposure while working
in a vegetable garden that is contaminated with irrigation water from the same source. This
conclusion should apply to all radionuclides that could be present in the EAV.

The comparison of the doses from the drinking water pathway and the vegetable, milk
and meat, soil ingestion, external exposure, and inhalation pathways for the same concentra-
tion of particular radionuclides in water may be summarized as follows: for Tc-99, the dose
from the drinking water pathway exceeds the dose from all other pathways by about a factor
of 6; for Sn-126, the dose from all other pathways is about the same as the dose from the
drinking water pathway; for Cs-137, the dose from the drinking water pathway exceeds the
dose from all other pathways by about a factor of 4; and, for Pu-239, the dose from the
drinking water pathway exceeds the dose from all other pathways by about a factor of 8.
These results should be representative of those that would be obtained for any other
radionuclides that could be present in the EAV.

Given the doses for the drinking water pathway relative to the doses for the other
exposure pathways involving use of contaminated groundwater from the same source, as

obtained above, the following conclusions are obtained.
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First, for all beta/gamma-emitting radionuclides, the performance objective for protection
of groundwater resources — i.c., a dose limit of either 4 mrem per year to whole body or any
organ or 4 mrem per year EDE from the drinking water pathway only — should be more
restrictive than the performance objective for protection of off-site members of the public —
i.e., a dose limit of 25 mrem per year EDE from all exposure pathways — because the dose
from the drinking water pathway only is expected to be greater than the dose from all other
exposure pathways combined. Thus, if the performance objective for groundwater protection
is met, then the performance objective for protection of off-site individuals also will be met
without the need for analysis of the dose from exposure pathways other than drinking water.

Second, for alpha-emitting radionuclides, the performance objective for protection of
groundwater resources, which is expressed in terms of concentration limits rather than limits
on dose equivalent, may result in doses from the drinking water pathway only that exceed the
performance objective for protection of off-site members of the public. For example, the
current MCL for Pu-239 in groundwater of 15 pCi/L (see Table 3.2-1) corresponds to an
EDE of nearly SO mrem per year, assuming consumption of 2 L/d of water and the ingestion
DCF for Pu-239 given in Table A.4-2. In these cases, the dose limit in the performance
objective for off-site individuals would be more restrictive and, in principle, the contributions
to the dose from the exposure pathways other than drinking water would need to be consi-
dered in demonstrating compliance with the performance objective. However, the contribu-
tion from the other exposure pathways is expected to be no more than a few tens of percent,
and should be much less for many radionuclides, in which case the other pathways essentially
can be neglected in estimating dose. That is, in cases where the performance objective for
off-site individuals from all exposure pathways applies, demonstrations of compliance with the
performance objective reasonably need to take into account only the dose from the drinking
water pathway. In other cases where the MCL for an alpha-emitting radionuclide corre-
sponds to a dose less than the performance objective for off-site individuals, compliance with
the MCL would ensure that the dose limit for all exposure pathways would be met without

need for further analysis.
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Therefore, the general conclusion from this analysis is that only the drinking water path-
way needs to be considered for off-site releases of radionuclides in groundwater. In cases
where the MCL in groundwater corresponds to a dose equivalent less than the performance
objective for off-site individuals of 25 mrem per year from all exposure pathways, compliance
with the MCL would ensure that the dose to off-site individuals would be substantially less
than the performance objective. In cases where the MCL in groundwater corresponds to a
dose equivalent greater than the performance objective for off-site individuals, the dose from
all exposure pathways other than drinking water would be insignificant compared with the
dose from the drinking water pathway, particularly when the uncertainties in estimating
maximum concentrations of radionuclides in groundwater at locations more than 100 m from
any disposal units are taken into account.

323.4 Screening of Radionuclides for Groundwater Pathway

As demonstrated in the previous section, limitation of concentrations of radionuclides
in groundwater at any location beyond the boundary of the 100-m buffer zone around the
disposal facility is the only concern in the dose analysis for off-site individuals. Although a
large number of radionuclides are present in waste placed in the EAV, only a few radionu-
clides are of interest in estimating the allowable inventories at E-Area. This section presents
the results of a simple screening analysis for determining TVs for radionuclides in ground-
water. A more detailed analysis of releases from the disposal facility and transport in
groundwater is required for those radionuclides for which an allowable inventory above the
TV is desirable.

Screening calculations have been made on a large suite of 730 radionuclides (Appen-
dix C) which may be encountered during disposal operations (Appendix C). These radionu-
clides were selected because they represent all radionuclides having published DCFs
(U.S.DOE 1988b). Initial screening utilized spreadsheet calculations that take no credit for
the engineered barriers. The travel time to the compliance point was estimated based on the

conservative assumption of a five year flow period and retardation due to sorption on the soil.
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The waste concentrations (Wc) in Ci/L for a unit inventory can be calculated as follows:

ILTV We¢ = Unit inventory (Ci/Vault) / 803,310 (I/Vault)
ILNTV Wc¢ = Unit inventory (Ci/Vault) / 5,880,450 (L/Vault)
LAWYV Wc¢ = Unit inventory (Ci/Vault) / 48,138,500 (L/Vault).

The screening doses were calculated based on a contaminant travel time (CTT), which
is used for the decay time:

CTT = 5 years * REf.

Values for the radionuclide-specific retardation factors (Rf) in soils are provided in Appen-
dix C, Table C.1-3. Values on the conservative end of available ranges of values were
selected in most cases.

For the majority of the radionuclides, no special calculations were required to account
for daughter products. For these radionuclides, the concentration at the receptor (Cr) for

a unit inventory of the radionuclides of interest is obtained using:
Cr (Ci/L) = Wc * EXP(-(decay constant)*CTT)/(Rf * Porosity).
Values for the decay constant are provided in Appendix C, Table C.1-3. The porosity is

assumed to be 0.5.

The screening dose (D) for a unit inventory of a given radionuclide is obtained using the
ingestion DCF and consumption rate (I) (assumed to be 730 L/year):
D (mrem/year per Cifvault) = Cr * DCF * 1.
Ingrowth of daughters for actinides requires a slightly more complicated method for

computing the dose. A weighted DCF that accounts for progeny contributions must be calcu-

lated. The waste concentrations are calculated in the same manner as previously and the
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CIT is computed using the Rf for the parent. This CTT is used as the time for decay and
ingrowth in the RADDECAY computer code. The results of RADDECAY are used to
determine the fraction of the parent remaining and the fraction of the progeny at time =
CTT. These daughter fractions (DFi) are used in the calculation of the weighted DCFs. The
radionuclide-specific weighted dose conversion factor (WDCFi) including retardation effects
for the ith progeny is calculated using:

WDCFi = DCFi * DFi/ Rfi

where DCFi, DFi, and Rfi are the ingestion DCF, Fraction of the progeny remaining at time
CTT, and retardation factor for the ith progeny, respectively. Table C.1-4. in Appendix C is
a tabulation of thesc: values.

A concentration/consumption factor (CCF) is necessary to obtain the dose. The CCF
is obtained using:

CCF(Cilyear) = (Wc(Ci/L) / Porosity) * I(L/year)

where Wc represents the concentration of the parent.

The dose for a given parent is then calculated with:
D(mrem/yzar) = CCF(Ci/year) * Sum(WDCFi)(mrem/Ci)

where Sum(WDCFi) represents the summation of WDCFi for the parent and each progeny
to be considered.
The TV, based on the groundwater pathway, is then determined from the performance

objective dose of interest and the dose per unit inventory of the radionuclide.

TV (Cifvault) = Performance Objective Dose of Interest (4 mrem/year)
D (mrem/year per Cifvault)
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The algorithm used in the screening spreadsheet for radionuclides without significant progeny
was:

TV = 4 mrem/yr*Rf*porosity*vault volume(L) / EXP(-decay constant(1/r)*5 yr*Rf)
*DCF(mrem/pCi)*730L/Ar*1E+ 12(pCi/Ci)

In thirty-five years of operations SRS has disposed of a total of about 10 million curies, so
any radionuclide with a TV over 1E+15 was immediately eliminated from further considera-
tion. A greatly reduced list of radionuclides was then examined in light of SRS operations.
Radionuclides not produced by either fission or neutron activation were removed from the
list. The only naturally occurring radionuclides retained were U and Th, the only

radioactive raw materials used at SRS. This process resulted in the following radionuclides

being considered in detailed groundwater analysis:

H-3, C-14, Ni-59, Se-79, Sr-90, Tc-99, Sn-126, 1-129, Cs-135, Th-232, U-233, U-234, U-235,
U-236, U-238, Np-237, Pu-238, Pu-239, Pu-240, Pu-242, Pu-244, Am-_ 41, Am-243, Cm-244,
Cm-248, and Cf-252.

3.24 Exposure Scenarios for Inadvertent Intruders

As described in Sect. 1.2, disposal of low-level radioactive waste in the EAV must meet
a performance objective for protection of inadvertent intruders onto the disposal site. In
particular, after loss of active institutional control at 100 years after facility closure, the EDE
to an intruder should not exceed 100 mrem per year for scenarios involving continuous expo-
sure or 500 mrem for scenarios involving a single acute exposure (U.S.DOE 1988a). These
dose limits apply to the sum of dose equivalents from all exposure pathways that are assumed
to occur in a given exposure scenario for an inadvertent intruder. As described in Sect. 1.2.1,

this performance objective is assumed to apply for 10,000 years after disposal.
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As described in Sect. 1.2.3, this performance objective is interpreted in this RPA to
exclude doses from radon and its daughter products. A separate performance objective of
20 pCi/m?s for the radon exhalation rate is used to assess compliance for radon. The analysis
of radon exhalation is presented in Appendix A.3.7.

In this section, the different exposure scenarios for an inadvertent intruder which have
been considered in the PA for the EAV are described. An important assumption in all
scenarios is that an intruder has no prior knowledge of the existence of a waste disposal
facility at the site. Therefore, after active institutional control ceases, certain exposure
scenarios are assumed to be precluded only by the physical state of the disposal facility, i.e.,
the integrity of the engineered barriers used in facility construction. Passive institutional
controls, such as permanent marker systems at the disposal site and public records of prior
land use, also could prevent inadvertent intrusion after active institutional control ceases, but

the use of passive institutional controls is not assumed in this analysis.
3.24.1 Chronic Exposure Scenarios for Inadvertent Intruders

Three distinct scenarios resulting in chronic exposure of inadvertent intruders are
considered in the dose analysis for the EAV. Two of these scenarios, which usually are
referred to as the agriculture (or homesteader) and post-drilling scenarios, have often been
applied in other intruder dose analyses for LLW disposal (NRC 1981; Oztunali and Roles
1986; Kennedy and Peloquin 1988; ORNL 1990). The third scenario considered in this
analysis is referred to as the resident scenario. As noted previously, all chronic exposure
scenarios for inadvertent intruders are subject to a limit on EDE of 100 mrem per year.

In previous intruder dose analyses, such as those referred to above, the agriculture
scenario usually was found to be more important than the post-drilling scenario; i.c., the
agriculture scenario usually results in higher doses per unit concentration of radionuclides in
the disposal facility than the post-drilling scenario. Thus, the agriculture scenario usually
results in lower concentrations of radionuclides that would be acceptable for disposal. How-
ever, as discussed later in this section, the agriculture scenario possibly could be less important

than the post-drilling scenario under certain circumstances.

Rev. 0



341 : WSRC-RP-94-218

The following sections describe the assumptions for the agriculture, resident, and post-
drilling scenarios.

Agriculture scenario

The agriculture scenario assumes that an intruder comes onto the site after active
institutional control ceases and establishes a permanent homestead, including on-site sources
of water and foodstuffs. Waste in disposed units is assumed to be accessed when an intruder
constructs a home directly on top of a disposal facility and the foundation of the home
extends into the facility itself. All waste in the disposal facility at the time the foundation is
dug is assumed to be physically indistinguishable from native soil.

In the agriculture scenario, some of the waste exhumed from the disposal facility is
assumed to be mixed with native soil in the intruder’s vegetable garden. The following
exposure pathways involving exhumed waste or waste remaining in the exposed disposal

facility on which the intruder’s home is located then are assumed to occur:

o ingestion of vegetables grown in contaminated garden soil;

e direct ingestion of contaminated soil, primarily in conjunction with intakes of
vegetables from the garden;

e external exposure to contaminated soil while working in the garden or residing in the
home on top of the disposal facility;

e inhalation of radionuclides attached to soil particles that are suspended into air from
contaminated soil while working in the garden or residing in the home; and

¢ inhalation of volatile radionuclides released into air from contaminated soil while

working in the garden or residing in the home.

For the last exposure pathway listed above, the only radionuclides of concern would be H-3,
C-14, and isotopes of radon.

The agriculture scenario also assumes that the intruder’s entire supply of water for
domestic use is obtained from a well on the disposal site. The well is assumed to be placed

at the location beyond the 100-m buffer zone around disposal units where the maximum
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concentrations of radionuclides in groundwater are predicted to occur. The following expo-
sure pathways involving use of contaminated well water then are assumed to occur:

e direct ingestion of contaminated water;

e ingestion of milk and meat from dairy and beef cattle that drink contaminated water;

e ingestion of vegetables grown in garden soil irrigated with contaminated water;

o direct ingestion of contaminated soil in conjunction with intakes of vegetables from
the garden;

¢ external exposure to contaminated soil while working in the garden; and

e inhalation of radionuclides suspended into air from contaminated soil while working

in the garden.

These pathways are the same as those assumed in Sect. 3.2.3 for off-site members of the
public who use contaminated groundwater or surface water for domestic purposes. Again,
since rainfall normally is abundant at the SRS (see Sect. 2.1.3), irrigation of a vegetable
garden is assumed to occur only occasionally during the summer and only in small amounts
relative to the annual rainfall (Murphy 1990), and irrigation of pasture grass ingested by dairy
and beef cattle is neglected because extensive irrigation of agricultural land is not practiced
near the SRS (U.S. Department of Commerce 1977; Baes and Sharp 1983). In the perfor-
mance assessment for the agriculture scenario, the potential importance of the exposure path-
ways resulting from use of contaminated well water at the disposal site compared with the
exposure pathways resulting from direct intrusion into the disposal facility is described below.
In accordance with the performance objectives for off-site releases of radionuclides
described in Sect. 1.2, concentrations of radionuclides in groundwater beyond the 100-m
buffer zone around disposal units would be limited either by the MCLs for radionuclides in
drinking water or by a limit on EDE of 25 mrem per year from all exposure pathways,
whichever is more restrictive. Thus, as shown by the analysis in Sect. 3.2.3.3, the maximum
EDE in any year that could result from use of contaminated groundwater on the disposal site,
taking into account all of the exposure pathways listed above, is only a small fraction
(i.e., about 25% or less) of the maximum EDE to an intruder from all exposure pathways of
100 mrem per year. Therefore, for purposes of demonstrating compliance with the dose limit

for inadvertent intruders, only the exposure pathways involving direct intrusion into the
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disposal facility need to be considered, and the exposure pathways involving use of contam-
inated well water can be neglected.

In this analysis, direct intrusion into disposal units is assumed to be precluded for the
period of time after loss of active institutional control when the concrete roof on the vaults
and other engineered barriers, such as the top layer of uncontaminated grout in the ILNT
and ILT vaults, maintain their structural and physical integrity. That is, intact engineered
barriers used in constructing disposal units are assumed to preclude direct access to waste in
the disposal facility by the types of equipment that normally would be used in digging a
foundation for a home at the SRS.

Resident scenario

As in the agriculture scenario described above, the resident scenario assumes that an
intruder excavates a foundation for a home on top of a disposal facility. During excavation,
however, the intruder is assumed to encounter an intact concrete roof or other engineered
barrier above the waste that cannot easily be penetrated by the types of excavation equipment
normally used at the SRS. That is, the presence of intact engineered barriers is assumed to
preclude direct intrusion into the waste during excavation. But instead of abandoning the
site, the intruder constructs a home directly on top of the intact barrier and, thus, establishes
a permanent residence at that location.

From the definition of the resident scenario, the primary exposure pathway of concern
is external exposure to photon-emitting radionuclides during the time the intruder resides in
the home on the disposal site. The presence of intact barriers would preclude any ingestion
exposures and most inhalation exposures. Some exposures to radon could occur during
indoor residence on top of intact engineered barriers, e.g., as a result of crack formation in
concrete. However, such exposures should be much less than exposures to radon in the
agriculture scenario when excavation into waste is assumed to occur and residence in a home
on top of exposed waste becomes credible. Therefore, potential exposures to radon are
ignored in the resident scenario, but such exposures essentially are captured in the agriculture

scenario.
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The resident scenario is assumed to occur at any time after loss of active institutional
control over the disposal facility. However, even though the concentrations of most radionu-
clides in the disposal facility will decrease monotonically with time, due to radioactive decay
and migration from the disposal facility, the dose in the resident scenario is not necessarily
the highest at 100 years after facility closure. At this time, the concrete roof on top of the
vaults is assumed to be intact. Therefore, at the earliest time the resident scenario could
occur, the concrete roof provides a substantial amount of shielding that greatly reduces the
external dose compared with the dose from unshielded waste. For the ILNT and ILT vaults,
the layer of uncontaminated grout on top of the waste provides a considerable amount of
additional shielding. At some later time, however, the concrete roof is assumed to have lost
its integrity and most of the layer of uncontaminated grout is assumed to have weathered to
soil-equivalent material. These processes presumably take hundreds to thousands of years or
more. Therefore, for long-lived radionuclides that are retained in the waste for long periods
of time, the external dose in the resident scenario would be considerably higher long after
active institutional control ceases, when excavation essentially to the depth of the waste could
occur, than at 100 years after disposal, when excavation only to the depth of the top of the
concrete roof is credible.

Thus, for the resident scenario, the maximum dose to an inadvertent intruder and the
time at which the maximum dose occurs depend on 1) the half-lives and concentrations of the
important photon-emitting radionuclides in the waste, 2) the time period over which the engi-
reered barriers above the waste lose their integrity and can easily be excavated, and 3) the
rate at which the important radionuclides migrate from the disposal facility. However, the
maximum dose for this scenario can be estimated by considering two bounding cases:

1) intrusion at 100 years after disposal in the presence of an intact concrete roof, but with
no reduction in radionuclide inventories at disposal except by radioactive decay; and 2) intru-
sion at a much later time after disposal when exposure to essentially unshielded waste is
credible, but again with no reduction in radionuclide inventories except by radioactive decay.
The first bounding case takes into account radionuclides of both shorter and longer half-lives
and the shielding provided by the concrete roof and any other barriers between the waste and

the roof, whereas the second bounding case applies to time periods when only long-lived
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radionuclides presumably are present, but the waste is assumed to be unshielded. In both
cases, self-shielding provided by the waste and any encapsulating materials is taken into
account in estimating external dose. ‘

In this analysis, the two bounding cases for the resident scenario described above are
evaluated. The analyses of the bounding cases take into account differences in the design of
the engineered barriers for the three types of disposal units in E-Area, i.e., the types and
thicknesses of the different barriers in each unit.

Comparison of agriculture and resident scenarios

From the definition of the resident scenario, this scenario can be regarded as a variation
of the agriculture scenario in which only one of the exposure pathways is potentially impor-
tant — namely, external exposure while residing in the home located on top of the disposal
facility. Therefore, since this exposure pathway is essentially the same in the two scenarios
and the agriculture scenario includes other exposure pathways that are not relevant for the
resident scenario, the agriculture scenario probably will be more important than the resident
scenario. That is, the dose per unit concentration of radionuclides in disposed waste probably
will be higher in the agriculture scenario than in the resident scenario. Thus, the agriculture
scenario is expected to be more restrictive in regard to determining acceptable disposals.

However, the tentative conclusion about the relative importance of the agriculture and
resident scenarios could be incorrect if the removal rate of radionuclides from the waste by
infiltrating water were comparable to or greater than the degradation rate of the engineered
barriers above the waste. If such an occurrence were possible, then the external dose that
v;'ould result at the time the engineered barriers have degraded to soil-equivalent material,
but not any of the encapsulated waste itself, could be greater than the total dose from all
exposure pathways that would result at a later time when a significant layer of waste also has
weathered to soil. This could particularly be the case for the ILNT vaults in which the waste
is grouted. In addition, shorter-lived radionuclides could be important in the resident scenario
at 100 years after disposal, when all engineered barriers are presumed to be intact, but would
be unimportant in the agricultural scenario at much later times. Therefore, the resident

scenario, as well as the agriculture scenario, is considered in the intruder dose analysis.
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Post-Drilling scenario

The post-drilling scenario assumes that an intruder who resides permanently on the
disposal site drills through a disposal unit in constructing a well for a domestic water supply.
Following construction of the well, the contaminated material brought to the surface during
drilling operations, which is assumed to be indistinguishable from native soil, is assumed to
be mixed with native soil in the intruder’s vegetable garden. The exposure pathways involving
ingestion of contaminated vegetables, ingestion of contaminated soil, and external and inhala-
tion exposures while working in the garden then are the same as the pathways described
previously for the agriculture scenario. In the post-drilling scenario, however, external and
inhalation exposures while residing in the home on the disposal site, which are important in
the agriculture scenario, are not relevant, because all drilling waste is assumed to be mixed
with native soil in the garden and the intruder’s home is assumed not to be located directly
on top of exposed waste.

As in the agriculture scenario, the post-drilling scenario assumes that the intruder’s entire
supply of water is obtained from the on-site well, and the exposure pathways from use of
contaminated well water are the same as those described previously for the agriculture
scenario. Again, however, because of the stringent requirement on allowable contamination
of groundwater at the disposal site in comparison with the maximum allowable dose to an
intruder from all exposure pathways, demonstiations of compliance with the dose limit for
inadvertent intruders for the post-drilling scenario can be based only on the exposure path-
ways involving direct intrusion into solid waste; i.e., the exposure pathways involving use of
contaminated well water can be neglected.

In this analysis, as in the agriculture scenario, drilling through a disposal unit is assumed
to be precluded during the time when the concrete vaults and any other engineered barriers
maintain their integrity. Thus, in most cases, the post-drilling scenario involving drilling
through a disposal facility is assumed not to be credible until the same time as the agriculture
scenario involving direct excavation into a disposal facility. The basis for this assumption is
that the types of drill bits normally used in constructing wells in the soft sand and clay soils

at the SRS could not easily penetrate an intact concrete vault or other engineered barrier.
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Therefore, in attempting to drill directly through a disposal facility, it seems reasonable to
assume that an intruder would encounter considerable resistance and, instead of taking extra-
ordinary measures to obtain a drill bit designed to penetrate through hard rock, would move
the drilling operation to a different location away from the disposal facility.

For the LAW vaults, however, the post-drilling scenario conceivably could occur before
the agricultural scenario. Because of the void space above the waste, the concrete roof could
collapse but still consist primarily of large, intact pieces that would not be removed by normal
excavation procedures. Thus, after collapse of the roof, drilling between intact sections of
the roof could occur.

Comparison of agriculture and post-drilling scenarios

Previous analyses of the agriculture and post-drilling scenarios (Oztunali and Roles 1986;
Kennedy and Peloquin 1988; ORNL 1990) have shown that the dose to an intruder per unit
concentration of radionuclides in excavated material should be considerably greater for the
agriculture scenario than for the post-drilling scenario, provided the assumptions for the expo-
sure pathways in the two scenarios are reasonably consistent. The principal reasons for the
greater doses in the agriculture scenario are 1) the greater volume of waste exhumed during
construction of a foundation for a home compared with the volume of waste exhumed during
drilling of a well, which results in greater concentrations of radionuclides in contaminated soil
in the intruder’s vegetable garden, and 2) the doses from external and inhalation exposure
while residing in a home on the disposal site, which contribute to the dose for the agriculture
scenario but are not relevant for the post-drilling scenario.

However, if the post-drilling scenario could occur before the agriculture scenario (e.g.,
if the use of drill bits that could easily penetrate intact concrete vaults and waste forms were
assumed), then previous analyses have shown that the dose from the post-drilling scenario
could exceed the dose from the agriculture scenario (ORNL 1990). Whether or not this is
the case depends on the concentrations of the particular radionuclides in the waste and the

assumed difference in time between the first credible occurrences of the post-drilling and
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agriculture scenarios. Therefore, the post-drilling scenario is included in the intruder dose
analysis for the EAV. As noted previously, this scenario could be particularly important for
the LAW vaults if the roof should collapse long before it loses its physical integrity and
resembles soil.

3.24.2 Acute Exposure Scenarios for Intruders

Three distinct scenarios resulting in acute exposure of inadvertent intruders have
commonly been applied to LLW disposal facilities. These scenarios usually are referred to
as the construction, discovery, and drilling scenarios (NRC 1981; Oztunali and Roles 1986;
Kennedy and Peloquin 1988). As noted previously, all acute exposure scenarios for inadver-
tent intruders are subject to a limit on EDE of 500 mrem. The following sections describe
the three acute exposure scenarios and their potential importance in the intruder dose
analysis for the EAV.

Construction scenario

The chronic agriculture scenario described in Sect. 3.2.4.1 is based on the assumption
that an intruder builds a home on the disposal site, with the foundation extending into a
disposal unit. The construction scenario considers exposures during the short period of time
for digging a foundation and building a home.

During construction, the relevant exposure pathways are assumed to be inhalation of
radionuclides suspended into air from an uncovered disposal unit and external exposure to
photon-emitting radionuclides in the disposal unit. Ingestion exposure is assumed to be
unimportant during normal work activities. The potential importance of the construction
scenario arises primarily from the assumption that construction activities result in airborne
concentrations of radionuclides that are substantially higher than those during normal activi-
ties while inhabiting the site, as in the agriculture scenario. The construction scenario also
assumes external exposure to unshielded waste, whereas in the agriculture scenario shielding

during indoor residence on the disposal site usually is taken into account.

Rev. 0



3-49 WSRC-RP-94-218

From its definition, the construction scenario would occur at the same time as the
agriculture scenario. Therefore, the dose analysis for the two scenarios would be based on
the same concentrations of radionuclides. Previous calculations (Kennedy and Peloquin 1988)
provide a direct comparison of doses for the two scenarios. For a few radionuclides, the dose
per unit concentration could be slightly higher for the construction scenario but, for most
radionuclides, the dose per unit concentration is expected to be much greater for the agricul-
ture scenario. This result assumes a reasonable exposure time for the construction scenario
and the use of a reasonably consistent set of assumptions for the exposure pathways in the
two scenarios. Therefore, since the dose limit for the acute construction scenario is a factor
of 5 higher than the dose limit for the chronic agriculture scenario, the agriculture scenario
always will be more restrictive and the construction scenario generally can be neglected in
demonstrating compliance of the EAV with the performance objective for protection of

inadvertent intruders.
Discovery scenario

As in the resident scenario described in Sect. 3.2.4.1, the discovery scenario assumes that
an intruder attempts to dig into a disposal facility while excavating a foundation for a home
on the disposal site, but encounters an intact concrete roof or other engineered barrier which
cannot easily be penetrated by the types of excavating equipment that normally would be used
at the SRS. However, in distinction from the resident scenario, the intruder soon decides to
abandon digging at that location and moves elsewhere. Since intact engineered barriers are
assumed not to be breached during excavation, the primary exposure pathway for this scenario
is external exposure to photon-emitting radionuclides in the disposal facility during the time
the intruder digs at the site and the barriers are uncovered. The presence of intact barriers
is assumed to preclude any significant inhalation or ingestion exposures.

From its definition, the discovery scenario would occur at the same time as the resident
scenario. Furthermore, the relevant exposure pathway — namely, external exposure to
photon-emitting radionuclides in the waste — is essentially the same in the discovery and

resident scenarios. Other than the exposure time, the only difference is the shielding factor
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during indoor residence, which is relevant only for the resident scenario. Therefore, since the
exposure time for the discovery scenario presumably would be no more than 100 h (ORNL
1990), which is considerably less than a reasonable exposure time for indoor residence in the
resident scenario, and the dose limit for the discovery scenario is a factor of 5 greater than
the dose limit for the resident scenario, the resident scenario always will be more restrictive
and the discovery scenario generally can be neglected in demonstrating compliance of the
EAV with the performance objective for protection of inadvertent intruders.

Dirilling scenario

The chronic post-drilling scenario described in Sect. 3.2.4.1 is based on the assumption
that an intruder drills a well directly through a disposal unit. The drilling scenario considers
exposures during the short period of time for drilling and construction of the well.

During well drilling and construction, the most important exposure pathway is assumed
to be external exposure to uncovered drilling wastes confined to a pile near the well.
Although some radionuclides in the drilling waste could be suspended into the air and inhaled
during well drilling and construction, inhalation exposures are expected to be relatively
unimportant due to such factors as the initial water content of the drilling wastes, the small
volume of the waste produced, and the absence of direct mechanical disturbance of the waste
pile. Ingestion exposure also is assumed to be unimportant during normal drilling activities.
The potential importance of the drilling scenario arises primarily from the assumption that
an intruder could be located near an unshielded waste pile for a substantial period of time.

From its definition, the drilling scenario would occur at the same time as the post-drilling
scenario. Therefore, the dose analyses for the two scenarios would be based on the same
concentrations of radionuclides. Previous calculations (Kennedy and Peloquin 1988) provide
a direct comparison of doses for the two scenarios. For all radionuclides, the dose per unit
concentration for the drilling scenario is expected to be at least an order of magnitude less
than the dose per unit concentration for the post-drilling scenario, provided a reasonable
exposure time for the drilling scenario and a reasonably consistent set of assumptions for the
exposure pathways in the two scenarios are used. Therefore, the post-drilling scenario always

will be more restrictive and the drilling scenario generally can be neglected in demonstrating
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compliance of the EAV with the performance objective for protection of inadvertent
intruders.

Summary of Acute Exposure Scenarios

In this section, three scenarios for acute exposure of inadvertent intruders were
discussed, i.e., the construction, discovery, and drilling scenarios. However, an evaluation of
these scenarios has shown that all three scenarios can be neglected for purposes of demon-
strating compliance of the EAV with the performance objective for protection of intruders
because the chronic agriculture, resident, and post-drilling scenarios will always be more
restrictive.

3243 Summary of Exposure Scenarios for Inadvertent Intruders

Several chronic and acute exposure scenarios for inadvertent intruders have been consi-
dered for use in the PA for the EAV. However, on the basis of previous analyses and consi-
derations of how these scenarios would apply to the EAV, it is evident that only the following
three chronic exposure scenarios need to be included in the PA:

e an agriculture scenario involving direct intrusion into disposal units at times after the
engineered barriers above the waste have lost their structural and physical integrity
and can be penetrated by the types of excavation procedures normally used at the
SRS;

e a resident scenario involving permanent residence in a home located either on top of
an intact concrete roof or other engineered barrier, which first could occur upon loss
of active institutional control at 100 years after facility closure, or on top of intact but
essentially exposed waste at times after the engineered barriers have lost their
integrity; and

e a post-drilling scenario involving exhumation of waste from a disposal unit at times

after drilling through a disposal unit becomes credible.
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Estimates of dose for all of these scenarios are considered in this analysis. All acute exposure
scenarios would be less restrictive in regard to demonstrating compliance with the perfor-
mance objective for protection of inadvertent intruders and, thus, are not considered further
in this analysis.

As described in Sect. 1.2.1, compliance with the performance objective for protection of
inadvertent intruders is assumed to be required for 10,000 years after disposal. However, in
cases where the maximum dose to an inadvertent intruder is predicted to occur beyond 10,000
years after disposal, the calculations are carried out until the time the maximum dose occurs
to provide additional information and perspective on the performance of disposal units.
Consideration of potential doses beyond 10,000 years is particularly important for disposal of
uranium, due to the very long time required for ingrowth of its radiologically significant decay
products.

A comparison of the relative importance of the chronic exposure scenarios for inadver-
tent intruders considered in this analysis requires a detailed analysis of each scenario based
on the expected long-term performance of the engineered barriers in the different types of
disposal units, Therefore, all three scenarios are evaluated in this analysis. An important
purpose of the analysis of the different scenarios is to determine minimal requirements for
the performance of the engineered barriers in order for the performance objective for

inadvertent intruders to be met.
3.2.4.4 Screening of Radionuclides for Intruder Dose Analyses

Screening calculations have been made on a suite of 730 radionuclides (Appendix C).
These radionuclides were selected because they represent all radionuclides having published
DCFs (U.S. DOE 1988b). However, only a few radionuclides are potentially important in
estimating doses to inadvertent intruders according to the different scenarios considered in
this analysis. This section presents the results of a simple screening analysis for selecting the

radionuclides that are potentially of concern for protection of inadvertent intruders.
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The commitment that active institutional control will be maintained over the disposal site
for 100 years after facility closure is an important factor in eliminating many radionuclides
from consideration in the intruder dose analysis. In particular, any radionuclide with a half-
life substantially less than 5 years can be neglected, because the inventory at 100 years after
disposal will be reduced to innocuous levels by radioactive decay for any reasonable inventory
at the time of disposal. Then, dose analyses for the agriculture, resident, and post-drilling
scenarios can be used for further screening of radionuclides in each case. In particular, the
dose analysis presented in Appendix A.4 can be used in screening of radionuclides for these
scenarios.

The intruder dose analysis in Appendix A.4 shows that the agricultural scenario is the
most restrictive, and that the EDE per unit concentration of any radionuclide in the waste
at the time this scenario could occur would be less than 10 mrem per year per pCi/m?, unless
the radionuclide decays to radon. Therefore, for any radionuclide except those which produce
radon, the limit on EDE of 100 mrem per year possibly could be exceeded only if the concen-
tration at the time this scenario occurs is greater than 10 uCi/m>. The screening analysis for
selecting radionuclides for the intruder scenarios then assumes that the scenarios occur at 100
years after disposal, which is the earliest possible time, and that a safety factor of 10 should
be applied in reducing the minimum concentration of concern estimated above.

From the assumptions described above, a radionuclide would be of potential concern only
if the concentration in the waste 100 years after disposal, taking into account only the concen-
tration at disposal and the reduction in concentration due to radioactive decay over 100 years,
could be greater than 1 uCi/m®. A spreadsheet was created to calculate the vault inventory
for each radionuclide which, after 100 years of radioactive decay, would produce a concentra-
tion of 1 pCi/m®. This inventory was then used as the TV to decide if more detailed calcula-
tions were re.juired.

The algorithm used in the spreadsheet was derived in the following manner:

If X is the concentration, in Ci/m3, in the vault at the time of disposal, and the target

concentration is 1 uCi/m’ then for 100 years of decay:

1 uCi/m* = X(Ci/Vault)*EXP(-decay constant(1/yr)*100 yr)
*1E+06 pCi/Ci / Vault Volume(L/Vault)*1E-03(m*L)

Rev. 0




3-54 WSRC-RP-94-218
Solving for X

X = 1uCi/m**1E-06Ci/uCi*Vault Volume (Livault)*1E-03 m*L / EXP(-decay
constant(1/yr)*100 yr)

The equation above is what was implemented in the spreadsheet. The spreadsheets for each
of the vault types and the suspect soil disposal trenches are included as Tables C.1-1 through
C.1-4 in Appendix C.

In thirty-five years of operations SRS has disposed of a total of about 10 million curies,
so any radionuclide with a TV over 1E+15 was immediately eliminated from further consi-
deration. A greatly reduced list of radionuclides was then examined in light of SRS opera-
tions. Radionuclides not produced by either fission or neutron activation were removed from
the list. The only naturally occurring radionuclides retained were U and Th, the only radio-
active raw materials used at SRS. This process resulted in the following radionuclides,
including radiologically significant long-lived decay products, being considered in the detailed
intruder analysis:

H-3, C-14, Co-60, Ni-59, Ni-63, Se-79, Sr-90, Zr-93, Nb-93m, Tc-99, Pd-107, Cd-113m, Sn-126,
1-129, Cs-135, Cs-137, Sm-151, Pb-210, Ra-226, Th-229, Th-230, Th-232, Pa-231, U-232,
U-233, U-234, U-235, U-236, U-238, Np-237, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242,
Pu-244, Am-241, Am-243, Cm-243, Cm-244, Cm-245, Cm-246, Cm-247, Cm-248, Cf-249,
Cf-250, and Cf-251.

3.3 MODELS AND ASSUMPTIONS

Having defined potential mechanisms of release of radionuclides and other contaminants
from the EAVDF (Sect. 3.1) and the human exposure scenarios and radionuclides believed
to be most significant to this RPA (Sect. 3.2), this section describes the models adopted and

assumptions made to carry out the computations necessary to estimate doses.
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33.1 Near-Ficld Model

The current conceptual models for screening, and intact and degraded vault anzlyses are
discussed in the following sections. Screening analyses were conducted first to identify radio-
nuclides that must be considered in the detailed analysis. Three sets of conditions for the
vaults were considered for the detailed analysis: intact, cracked, and completely failed.
Concrete degradation calculations were combined with structural calculations to determine
the timing and extent of cracking and the timing of failure. Further details are provided in
the following paragraphs.

Screening calculations were used to reduce the list of contaminants that need to be
considered in detailed analyses. The screening calculations assumed no credit for perfor-
mance of the engineered features at the site. The basis for the calculations were conser-
vative groundwater travel time and distribution coefficients appropriate for conditions at the
site. Release from the waste form and container degradation were not considered. In
essence, the calculations assume that the receptor consumes 2 L/d of the pore fluid that
would be present if the radionuclides were deposited directly in the groundwater. Details for
the screening calculations are documented in Sect. 3.2.3.4 and the results are summarized in

Sect. 4.1.1. More detail regarding the conceptual models for the vault calculations are
provided below.

3.3.1.1 Conceptual Model for Vaults

In the conceptual model for water movement, water infiltrates at the surface and either
undergoes evapotranspiration back through the surface and out of the domain or it infiltrates.
The majority of this infiltrating water is diverted around the engineered barrier; however,
some water penetrates the barrier and perches above the concrete vault. Most of this
perched water flows through the sand layer surrounding the vault and down to the water
table, but some water penetrates the lower barrier and concrete roof and flows through the
waste form. So a minute portion of the water that infiltrates from the surface flows through

the vault. The process is illustrated in Fig. 3.3-1.
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The flow regime in the subsurface was separated into four regions for purposes of
analysis. The first region is the soil and sediments near the surface where evaporation and
transpiration have a dynamic role in reversing the downward movement of water due to
gravity. Below this region, but above the concrete vault, is the region that includes the
engineered barrier which has the purpose of diverting the majority of the infiltrating water
around the concrete vault, and thus, reducing the amount of water contacting the vault (see
Fig. 3.3-2). The last region extends down to the water table and consists of backfill, the
concrete vault, the waste form, and high permeability sand surrounding the vault (see
Fig. 3.3-3 and Fig. 3.34).

An assumption inherent in dividing the flow regime in this manner is that contaminants
escaping the vault cannot diffuse upwards through the top engineered barrier (cover).
Rather, advection dominates transport outside the vault in the conductive soils and these
contaminants are swept horizontally past the vault and down to the water table. Results show
that the amount of diffusion upwards is minimal in the humid environment at SRS.

The conceptual model for transport involves several processes. These processes are
diffusion, advection, adsorption, and radioactive decay. Each of these processes occurs within
each of the five material types.

Assumptions involving degradation of both the engineered barrier and the vault are
included in the conceptual model. As previously mentioned (Sect. 3.1.3.1, Cover Degra-
dation), the degradation of the engineered barrier is difficult to quantify at this point. For
the purposes of this analysis, it is assumed that the cover continues to function as designed
until the roof of the vault collapses, which results in subsidence and failure of the cover.

Figure 3.3-4 illustrates the assumptions regarding waste form degradation for the LAW
vault. Due to uncertainties in predicting degradation of the containers, it is assumed that the
containers have completely degraded and collapsed (voids inside and between boxes are
compacted) at the start of the simulation yielding a large void above the waste. Given that
minimal flow is predicted in the vault during the time frame that the container could be intact
(e.g., the first few hundred years at most), this assumption has minimal impact on the results.
In general, the assumption of complete package failure results in more concentrated waste
and the waste is closer to the release point. Since the ILNT/ILT vaults are backfilled with
grout and voids are minimized, subsidence of the waste form is not expected, and thus, a

significant void at the top of the vault is not expected.
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Fig. 3.3-2. Conceptual model for the cover.
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Fig. 3.3-3. Conceptual model for the ILNT and ILT vaults.
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The time required for the construction of the barrier and the vault is minimal compared
to the period considered in this study. Therefore, the vault and engineered cover are
assumed to be emplaced instantaneously.

For the intact barrier scenario, a constant amount of water passes through the barrier.
No consideration is given to the time required for water to begin passing through the barrier.
Thus, the upper flux in the vault domain is kept constant during the entire simulation while
the vault is intact. It is also assumed that flow around the vault is at steady state for the
entire time the vault is assumed to remain intact. This assumption is discussed further in
Appendix A.1.2.

Numerical simulation has, at its heart, averaging of spatial properties on the field scale
in order to fit the problem into a numerical model. The conceptual model used to provide
a framework for the numerical simulation of the near-field movement of water and contam-
inants from the EAV relies heavily on this averaging. The subsurface is treated as if it
consists of six material types: 1) the backfill or native soil; 2) clay; 3) gravel; 4) concrete;
5) waste form; and 6) sand. Each of these materials are treated as if they are homogeneous
and isotropic. No spatial variation is accounted for within any of the materials.

rlow through each of these mediums is assumed to behave as flow through porous
media. Correspondingly, the hydraulic properties for each material type are assumed to be
adequately described by the following hydraulic parameters: saturated hydraulic conductivity,
effective porosity, and moisture characteristic curves. The moisture characteristic curves
describe the nonlinear relationship between the matrix potential or pressure head, the mois-
ture content, and the hydraulic conductivity.

Two different analytic expressions are used for describing the moisture characteristic
curve. The van Genuchten (1978) and Mualem (1976) equations were used to describe this
nonlinear relationship for every material type except the backfill and waste form, and

void zone of the LAW vault. The equations are given as follows:

6. @78

0(y) =6,
[1+(ay) )"

and
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where
e = the volumetric moisture content (cm*/cm?),
e, = the residual moisture content (cm*/cm®),
e, = the effective porosity (cm*/cm?),
¥ = the suction pressure head (cm),
K, = the saturated hydraulic conductivity (cm/s),
« and n = fitting parameters, and
m =1-1n.
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The « parameter has units of inverse length and is indicative of the air entry pressure. The

n parameter is dimensionless and controls the degree of nonlinearity in the moisture charac-

teristic curve. Table 3.3-1 gives a summary of the hydraulic and van Genuchten parameters

used for all the materials.

Table 3.3-1. Summary of hydraulic and van Genuchten fitting parameters

Material K,
(cm/s)

Backfill 1.0 x 103
Clay 1.0 x 107
Gravel 0.5
Concrete 1.0 x 1010
Sand 1.0x 103
Waste Form 1.0x 10
(ILNT & ILT)

5,

0.439
0.386
0.380
0.150
0.375
0.150

el’

0.088
0.340
0.010
0.147
0.074
0.147

a
(1/cm)

7.50 x 1072
1.75 x 10’
8.19 x 10?
5.98 x 10
5.51 x 10?2
5.98 x 10

n

1.70
1.51
3.70
343
2.50
343

Rev. 0



363 WSRC-RP-94-218

The backfill, void and waste form, within the LAW vault were described using the Stone
correlation curve (Stone 1973). The equation for this curve is given as:

¥=P, + P(1-5,) + P(1-5,)

and
S-S
K(S)"K, K, (5 )
w
where
60-6
S, = !
¥ e, -6,

The fitted Stone parameters for the backfill moisture characteristic curve were:

P, = fitting parameter, = 0 cm,

P, = fitting parameter, = 120 cm,

P, = fitting parameter, = 600 cm,

K., = relative permeability at 100% saturation, = 1.0,
S, = residual moisture saturation, = 0.22, and

K, = saturated hydraulic conductivity, = 1.0 x 10° cm/s.

The development of these moisture characteristic curves and data sources, for each of the
material types, will be discussed in turn.

Backfill

Backfill soils were taken to have the same moisture characteristic curve as the native soil.
Gruber’s (1980) study of soil near the E-Area was determined to be the most complete
because it included analyses of hydraulic conductivity. Sampled data for the soil from
Gruber’s study was analyzed with the RETC (van Genuchten 1988) code. The code uses a
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least square curve fit to generate the van Genuchten parameters, as well as the saturated
hydraulic conductivity. This fitting can occur on either moisture content versus hydraulic
conductivity data or pressure head versus moisture content data. Analysis of the pressure
versus moisture content data showed the backfill soil to be highly drainable. This was not
expected for a silt sand soil. Previous studies (INTERA 1989) have used both the pressure
versus moisture content and the hydraulic conductivity versus moisture content data sets to
estimate a moisture characteristic curve. However, based on professional judgement, only the
K versus 8 data was used to determine the moisture characteristic curve parameters. As a
comparison, Stone'’s curve was then graphically fitted to the resulting 6 versus ¢ van
Genuchten fitted curve. Both curves are shown in Fig. 3.3-5. As can be seen, the Stone
curve does not mimic known behavior at the dry end of the curve; however, this is not a
problem in the simulation study because the soils remain wet and in that portion of the Stone
curve, that shows a good match with the van Genuchten curve. In order to be consistent in
our implementation of moisture characteristic curves, the van Genuchten curve was used for
the backfill soil. The van Genuchten fitting parameters used were « = 0.075 cm’, and

n = 1.7. The saturated hydraulic conductivity used was 1.0 x 10° cm/s. Porosity and residual
moisture content were 0.439 and 0.088 respectively.

Gravel

The gravel to be used in constructing the engineered barrier was previously analyzed by
the University of Texas (INTERA 1989). Coarse sand, glacial outwash, and stony soil were
studied to determine the best representation of gravel. A hydraulic conductivity of 0.5 cm/s,
and porosity of ¢ = 0.38 were suggested. Data from the University of Texas report was ana-
lyzed with the RETC code to obtain van Genuchten parameters for the gravel. The resulting
parameters were « = 0.0819 cm™, and n = 3.70, and @, = 0.01 cm*cm®. Figure 3.3-6 shows
data from several soils and the University of Texas recommended curve, which represents the
more drainable end of the spectrum. This is essentially the same curve used by INTERA
(1989) in their study of the saltstone vault to represent the gravel moisture characteristic

curve.
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Fig. 3.3-5. Fitted moisture characteristic curve for the backfill soil.
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Fig. 3.3-6. Fitted moisture characteristic curve for the gravel soil.
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Clay

A clay cap was not considered in the INTERA (1989) study so there is no previous
example to follow. The clay soil used in the engineered moisture barrier cover will be taken
from the vicinity of SRS. A contracted study on Dixie clay and Grace clay (Yu et al. 1993)
was the source of information for the clay data. Hydraulic parameters given for the Dixie clay
were used. The hydraulic parameters were: saturated hydraulic conductivity k,,, = 1.0 x 10”7
cm/s, porosity of ¢ = 0.386, Van Genuchten parameters « = 1.75 x 10> cm™, and n = 1.51,
and 6, = 0.34 cm’/cm®. Based on considerations of in-situ hydraulic conductivity versus
laboratory measured values, it was decided to use a k,,, of 1.0 x 107 cm/s. In general, it is
assumed that in-situ values would be larger than laboratory values.

Sand

Sand was also tested for its hydraulic performance (Yu et al. 1993). The saturated
hydraulic conductivity was reported as k,,, = 1.0 x 10 cm/s. Porosity and residual moisture
content were, ¢ = 0.375 and 6, = 0.074. The van Genuchten fitting parameters used in

describing the moisture characteristic curve were, & = 0.051 and n = 2.43.

Waste Form

Since the waste in the ILNT and ILT vaults is to be grouted in place or enclosed in
concrete, it was assumed that the moisture characteristics of grout are similar to that of
concrete. The moisture characteristic curve used was the same as that for the concrete.
Water flow through the LAW vault waste was assumed to be controlied by the surrounding
concrete. Thus, during the intact period of the simulation, the hydraulic parameters were the
same as the concrete. From the end of the intact period to the end of the simulations, the

LAW vault waste was assumed to have the same hydraulic properties as sand.
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Concrete

Samples of concrete to be used for the EAVs were tested to determine their hydraulic
parameters by Core Labs (Yu et al. 1993). Results from this analysis gave the following
parameters for the E-Area concrete. Saturated hydraulic conductivity, k,, was 1.0 x
10" cm/s, @ = 5.98 x 10* cm™, n = 3.43, and 6, = 0.147 cm*/cm®. An effective porosity of
¢ = 0.15 was used in the model.

The molecular diffusivities assumed for each soil type are:

e 158 cm?/year for the soil and sand,

e  0.315 cm?year for the concrete,

e  0.158 cm?/year for the ILNT and LAW vault wastes, and
e 47 cm*fyear for the clay.

The longitudinal dispersivities for each soil type were:

e 10 cm - for soil and sand,
e  5cm - for the concrete, ILNT waste, LAW waste, and clay.

The transverse dispersivity was 2 cm for all material types. The transport partition
coefficients used in the simulations are given in Table 3.3-2. All transport simulations were

conducted assuming a unit concentration as the initial mass in the waste forms.
33.1.2 Conceptual Model for Degraded Vault

Two steps of degradation are considered in the detailed flow and transport models:
cracking and collapse. The cover is assumed to fail at vault collapse due to the loss of
support from the roof of the vault. When the cover fails, the flow field is assumed to be at

equilibrium with the background infiltration rate (40 cm/year). Variations in the failed cover
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Table 33-2. Partition coefficients used in PORFLOW near-field simulations, mL/g

Soil  Concrete* ILNT Waste® LAW Waste®  Sand®  Clay’
H 0 0 0 (] 0 0
C y-4 5000 5000 0 5 1
Ni 300¢ 1000 1000 1200 400 650
Se 5 0 200 170 150 740
Sr 10/ 10 10 3 15 110
Tc 036 700 1 0 0.1 1
Sn 130¢ 200 200 50 130 670
I 0.6 30 30 0 1 1
Cs 100 20 2 0 280 1900
Ra 500 10 10 60 500 9100
Th 3000 5000 5000 2200 3200 5800
U 508 5000 200 6000 35 1600
Np 108 5000 2070 750 5 55
Pu 100’ 5000 5000 2000 550 5100
Am 150’ 5000 5000 3700 1900 8400
Cm 150* 5000 5000 3700 4000 6000
Bk 150* 5000 5000 3700 1900 8400
Cf 150* 5000 5000 3700

All values from NAGRA (Allard 1985) except Cs-135 from Oblath (1985).

> % m a g o

All values from Sheppard and Thibault (1990). Berkelium and californium were assumed
to be the same as americium.

Source: Mclntyre (1988).

Source: Sheppard and Thibault (1990).

NEA data base (Ticknor and Ruegger 1989).

Source: Hoeffner (1985).

Source: Looney et al. (1987).

Assumed to be the same as americium.
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infiltration rate are considered in the sensitivity analysis. In all cases, the flow field is
maintained at steady state while the transport processes are occurring. At the time of
cracking and the time of collapse, new flow fields are obtained for use during the respective
time frame.

Parameter values from Sect. 3.3.1.1 will be used for all soils. Parameters for the
engineered features are obtained from concrete degradation and structural calculations. The
approach for degradation modeling in introduced in Sect. 3.1.3 and discussed in detail in
Appendix K. The results of the degradation modeling identify estimates of the times that
cracking and collapse occur and the changes in concrete permeability when cracking occurs.
Changes in other parameters are based on engineering judgement.

The parameters used for the degraded cases are identified in Tables 3.3-3 and 3.34.
Tables 3.3-3 and 3.3-4 identify the times for the step changes as t;, and t,. Table 3.3-5
provides the times considered best estimates for the step changes in the LAW and ILNT/ILT
vaults. Details regarding the degradation calculations are provided in Appendix K.

The material properties used for the backfill, clay, and sand do not change over time for
all types of vaults as shown in Tables 3.3-3 and 3.3-4. Also, the material properties for the
waste are assumed to be degraded initially for the LAW vault, and thus, do not change with
time. The grouted waste forms for the ILNT/ILT vaults are assumed to increase in
permeability at the first step change and remain at the larger permeability for the duration
of the simulation. Geochemical properties for the waste form are assumed to persist for the
duration of the simulations.

The concrete properties for the vault also vary with time based on the degradation
calculations in Appendix K. The roof, walls, and floor were treated separately as shown in
Tables 3.3-3 and 3.3-4. Note that the times of the step changes are different for the different
vaults. The floor actually fails at roughly the same time for all vaults. However, the time of
failure for the roof is different. The hydraulic conductivity for the cracked concrete was
estimated using an analytic solution as part of the degradation calculations discussed in

Appendix K.
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Table 3.3-3. LAW vault parameters

K,

Infiltration,

Placement of vaults; all systems work as designed

WSRC-RP-94-218

Backfill to-t; 1x10% 4 0.44
| Clay to-t 1 x 107 4 0.39
! Concrete (roof) to- t 1 x 101° 4 0.15
| Concrete (floor) to-t, 1 x 107 4 0.15
| Concrete (walls) to-t, 1x10" 4 0.15
| Sand ty- t, 1x10° 4 0.38
| Void to-t, 1x10° 4 0.99
| Waste to- ty 1x10° 4 0.33
Cracks penetrate the floor and walls, and the roof
Backfill t, -t 1x10° 4 0.44
Clay t -t 1x107 4 0.39
Cr acrete (roof) t -t 1 x 107 4 0.15
Concrete (floor) t -t 1x103 4 0.15
| Concrete (walls) t - t, 1x103 4 0.15
Sand t -t 1x103 4 0.38
Void t, -t 1x10% 4 0.99
Waste t, - t, 1x10° 4 0.33

Roof collapses, but moisture flux out the vault prevents filling of vault,
evapotranspiration yields lower infiltration

Backfill t,-ty 1 x10°%
Clay ty -ty N/A
Concrete (roof) ty -ty N/A
Concrete (floor) th-t 1x10°
Concrete (walls) t,- t 1x 103
Sand L ety 1 x 103
Void t, -t N/A
Waste t, -ty 1 x103

40

t, = beginning of simulation, 0 years

t, = cracks penetrate roof

t, = roof collapse

t; = beyond peak release of each nuclide
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Backfill to -t 1x10°% 4 0.44
Clay to-t 1 x 107 4 0.39
Concrete (roof) to-t, 1 x 1010 4 0.15
Concrete (floor) to-t 1 x 107 4 0.15
Concrete (walls) to- ¢ 1 x 10 4 0.15
Sand t -t 1 x 10° 4 0.38
Waste ty-t 1 x 107 4 0.50
Cracks penetrate the roof, while the floor and walls remain intact
Backfill t-t, 1 x10% 4 0.44
Clay t -ty 1 x 107 4 0.39
Concrete (roof) t -t 1 x 107 4 0.15
Concrete (floor) t, - t, 1 x 10 4 0.15 |
Concrete (walls) t -t 1 x 103 4 0.15 i
Sand t -t 1x10°% 4 0.38 {
Waste t, - t, 1x10% 4 0.50 |

Roof collapses, but moisture flux out the vault prevents filling of vault,
evapotranspiration yields lower infiltration

Backfill

Clay

Concrete (roof)
Concrete (floor)
Concrete (walls)
Sand

Waste

t, = beginning of simulation, 0 years

t-t3
t-43
t-t3
t-t3
t-t3
-1

th-43

t, = cracks penetrate roof

t, = roof coliapse

1 x 103
N/A
N/A

1x103

1x10®

1x 103

1 x10°

t; = beyond peak release of each nuclide
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Table 3.3-5. Degradation times for vaults, years

ntact, tg - t, 0 to 575 0 to 1400
Cracked, {, - t, 575 to 1050 1400 to 3100
| Failed, t, - t, 1050 to end 3100 to end
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The conceptual mode! for the analytic solution assumes, as discussed in Sect. 3.1.3.5, that:
1) fractures occur at regular intervals as determined by the structural calculations; 2) that all
frac-tures open simultaneously at the time specified in Table 3.3-5; 3) the fractures are
assumed to be continuous and open and filling or plugging by soils or precipitates is not consi-
dered; 4) the fracture is saturated with water; and 5) water drains freely at the base of the
fracture. These assumptions should yield a conservative estimate of the hydraulic conductivity
and flow rates through out the fractures.

The PORFLOW (ACRI 1993) computer code is used to conduct the flow and transport
calculations using the assumptions discussed in the previous paragraphs. The analyses are
conducted in an iterative fashion. The first set of analyses address intact conditions for the
vault and cover for the first time frame (Sect. 3.3.1.1). The second and third time frames are
addressed using the parameters in Tables 3.3-3 and 3.3-4. Fractures are modeled as an
increase in the effective hydraulic conductivity of the concrete. The material properties and
assumptions discussed previously represent the base case values for the input parameters.
Sensitivity analyses are conducted to address the impacts of changes in the base case on

performance.
332 Groundwater Transport Model

A brief summary of the conceptual model of the subsurface transport of radionuclides in
the saturated zone is provided here, while a more detailed description is given in Appen-
dix A.2. Radionuclides that leach from the EAVs will eventually reach the water table unless
their half-lives are sufficiently short relative to the transport time in the unsaturated zone.
Radionuclides that reach the water table, as determined in the near-field models for both
intact and degraded vaults (Sect. 3.3.1), would be transported in the saturated zone beneath
the facility to discharge points along nearby streams; specifically, UTR Creek, unnamed, and
Crouch Branches (Fig. 2.1-2). The five hydrologic units (Appendix A.2) of interest, are
Aquifer Unit IIA (Congaree Aquifer), Confining Unit ILA-IIB (Green Clay), Aquifer Unit IIB,
Zone 1 (Barnwell/McBean Aquifer), Confining Zone IIB,-IIB, (Tan Clay), and Aquifer Unit
IIB, Zone 2 (water table). All units are dissected by the three creeks to some degree, except
for Aquifer Unit IIA and Confining Unit IIA-IIB, which are incised only by UTR Creek.
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The computer code PORFLOW (ACRI 1993) was used to simulate groundwater flow
under the EAVDF. PORFLOW is a three dimensional code capable of simulating multi-
phase fluid flow in variably saturated porous or fractured media. The PORFLOW computer
code is described in detail in Appendix B.5S. The purpose of this section is to briefly describe
the system simulated with this computer code with respect to the physical boundaries of the
model domain, the assumptions made regarding the hydrologic characteristics within that
domain, and the assumptions made regarding physical characteristics of the porous media and
chemical characteristics of the radionuclides that affect mass transport in groundwater. A
more in-depth treatment of the conceptual saturated flow and transport model is provided
in Appendix A2 A description of the method by which the conceptual model described
below is represented by PORFLOW simulations is provided in Sect. 3.4.2.

33.2.1 Model Domain

The hydrologic setting at E-Area is conceptualized as a three-dimensional domain, due
to the divergent nature of the flow in the aquifers of interest. The model domain in the
saturated zone beneath the EAVs is defined by the lateral and vertical extent of interest;
i.., that volume which could potentially be impacted by contamination due to waste disposal
in the EAVDF. The lateral extent of the model domain was selected not only to assure
simulation of the zone of interest but also to permit a reasonable representation of naturally
occurring flow boundaries within the model domain. For example, the domain extent on the
west, south, and east sides coincide approximately with groundwater divides in Aquifer Units
IIB, Zones 1 and 2.

Vertically, the domain is divided into five layers corresponding to the three aquifer units
and the two confining units that separate them. All five units potentially will be impacted by
the release of radionuclides from the EAVs and will be the units through which the radionu-
clides will be transported. The upper unit, Aquifer Unit IIB, Zone 2, is the water table and
is the unit within which the upper surface of the zone of saturation occu:s. Beneath this unit
is Confining Unit IIB,-IIB, (or the Tan Clay), which separates it from the Aquifer Unit IIB,
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Zone 1 (Barnwell/McBean). Beneath Aquifer IIB, Zone 1, is Confining Unit IIA-IIB (the
Green Clay), which separates it from Aquifer Unit IIA (the Congaree Aquifer). The two
confining layers both have relatively low hydraulic conductivities and, thus, act to confine the
aquifer units which underlie each.

The lower unit, Aquifer IIA, is the lowermost unit of interest because units below this will
not be impacted by any long-term releases from the EAVs. Beneath Aquifer IIA is Confining
Unit I-II (Ellenton Clays), which separates it from the underlying Aquifer Unit I. Piezometric
levels measured near the EAVDF indicate that there is an upward gradient across Confining
Unit I-I1, which means that the vertical component of flow is upward in this low-permeability
unit. Consequently, Aquifer Unit IIA is a zone of groundwater convergence, vertically, and
flow within the unit is horizontal in the direction of the discharge zone at UTR Creek.
Within the saturated zone model, the base of the Aquifer Unit IIA is the base of the flow
field. All of the above mentioned units are described in greater detail within Appendix E.

33.22 Model Assumptions

Use of the groundwater model described above involves several key assumptions relating
to how the model is used to make projections of contaminant migration into the future and
how the hydrologic system beneath the EAVDF is represented within the model. One of the
primary assumptions is that recharge will remain constant during the future time period that
is simulated, and therefore, a steady-state flow will prevail. Since there is no way to project
long-term trends in this component of the hydrologic budget, an assumption of steady
recharge at a rate close to what occurs today is reasonable. This assumption is embodied in
the basic simulation strategy to create a steady-state flow field and then allow contaminants
to migrate through that flow field in a transient mode. Other assumptions relate to how the
flow field is represented within the model, how certain processes of contaminant migration
are simulated, and the validity of these representations. These assumptions are identified
below.
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Boundary Conditions

Assumptions of boundary conditions are important because they constrain the simulation
solution. Boundary types consist of constant head, constant flux, and the special case of
constant flux where the flux = 0 (or no flow). In all cases, an effort was made to match
natural flow boundaries as closely as possible. Boundaries used in the saturated zone model
are described on an unit by unit basis.

Aquifer Unit IIA - The lower boundary of the model domain is the base of Aquifer Unit IIA.
This plane is set as a constant flux boundary with the flux being set equal to the calculated
inflow from below. The calculation utilized measured hydraulic gradients and estimates of
the Ellenton Confining Unit vertical hydraulic conductivity. The western and eastern edges
of the domain for this unit are set as no-flow boundaries, while the southern edge of the
domain is set as a constant-flux boundary. The southern boundary is an area of inflow and
the flux was set based upon known gradients and hydraulic conductivities. The eastern and
western edges of the domain are sub-parallel to flow directions in this unit, and therefore,

no-flow boundaries are the most valid representations of natural conditions. The area of
primary interest within this model is that area south of UTR Creek, hence, the constant-head
nodes used to represent this stream from the northern boundary of the area of interest.
Although flow enters the steam nodes from the north, the trace of UTR Creek acts as an
internal no-flow boundary in this unit since flow converges from both the north and south to

these nodes.

Aquifer Unit IIB1 - Three sides of this aquifer unit are represented as no-flow boundaries.
The extent of the model domain on the eastern, southern, and western edges was selected
to allow a general conformance with sub-regional groundwater divides, which occur within this
unit. In theory, these divides delineate vertical planes across which flow cannot occur, hence,
the no-flow designation is thought to be the most valid way to represent natural conditions.
The northern edge of this unit is truncated by erosion south of UTR Creek and the free-

water surface defines the northern extent to which groundwater can flow.
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Aquifer Unit IIB2 - Boundaries to this unit are treated in an identical fashion as Aquifer Unit
IIB1, no-flow boundaries on three sides and a free-water surface to the north. The ground-
water divides in both units are sub-parallel, and hence, the domain extent is representative
of these boundaries in both units.

Confining Units IIA-IIB and IIB1-IIB2 - In theory, flow directions in aquitards is nearly
vertical, hence, the amount of horizontal flow in the units is negligible. This fact supports the
representation of lateral boundaries on the east, south, and west edges of the model domain
as no-flow boundaries. At their northern extent each of these units is truncated by erosion
south of UTR Creek. In the area north of the "outcrop” position, the vertical hydraulic

conductivity for nodes of these layers was increased to the extent where flow is not impeded.

Internal steams - Two tributaries of UTR Creek enter from the south and are discharge areas
of Aquifer Units IIB1 and IIB2 within the model domain. These tributaries are Crouch
Branch, located east and north of the EAVDF, and an unnamed branch located west and
north of the EAVDF. Measurements of flow rates were taken at multiple locations along
each of the steams to delineate rates of gain along different steam segments. Measurements
were taken at a relatively dry time period so that measured stream flows would directly reflect
groundwater discharge. Model nodes closest to the bed of each of these streams was
designated as a "stream node". Initially, constant fluxes were assigned to each of these nodes
at a rate equal to the measured stream flow gain. Once calibration was achieved, designations

of the stream nodes were changed to constant-heads, set at the elevation of the stream bed.
Hydraulic Characteristics

The five units conceptualized for the groundwater model are assumed to be homogenous
and anisotropic. Vertical and horizontal hydraulic conductivity values, K, and K,, were

assigned uniformly within each layer. In all cases, K, was assigned at a lower value than K,

but the ratio was kept constant within each layer. Incorporation of vertical to horizontal
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anisotropy is supported by extensive hydrologic and geologic evidence. Values of hydraulic
conductivity for the groundwater flow and transport simulations are documented in
Table 3.3-6.

Table 3.3-6. Hydraulic conductivities for saturated zone simulations

Horizontal Hydraulic Vertical Hydraulic
Hydrologic Unit Conductivity (cm yr?) Conductivity (cm yr)
Aquifer Unit IIB2 4.0 x 10* 1.0 x 10* |
Confining Zone IIB1-IIB2 6.4 x 10! 43 x 10!
Aquifer Unit IIB1 4.1 x 104 3.1 x 10*
" Confining Unit IIA-IIB 3.0 2.0

Each of the five units was also assumed to be homogenous with respect to specific storage
and porosity. Porosity was set at 0.3 for the aquifer units and at 0.4 for the aquitard units.
Specific storage was assumed to be uniform throughout the entire flow field at 0.0001.

Mass Transport

Mass transport in the saturated zone occurs by advective, diffusive, and dispersive
processes, but is hindered by sorptive processes. It is assumed that the use of partitioning
coefficients, K,’s, which remain constant throughout the simulation is a valid method of
representation of the sorption phenomenon for each contaminant species. Although these
coefficients are known to vary with changing geochemical conditions, there is no transport
code available which can simulate time or spatially-varying K,’s. The K;'s assumed for
Aquifer Units IIA, IIB1, and IIB2 are listed in the soil column of Table 3.3-2. For Confining
Units IIA-IIB and IIB1-IIB2, the K;’s assumed are listed in the clay column of Table 3.3-2.
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Dispersion was simulated by assuming longitudinal and transverse dispersivities of 3 m and
0.3 m, respectively, assigned uniformly in all layers. Diffusion does not significantly contribute
to contaminant transport within the saturated zone. Values of the aquifer matrix specific
parameters assumed in the mass transport simulations are listed in Table 3.3-7.

Table 33-7. Aquifer matrix-specific mass transport parameters

I Matrix Property Property Value Used
Effective diffusion coef. 5 x 10" m?s?
Longitudinal dispersivity 3m
Transverse dispersivity 0.3 m
Matrix dry bulk density 2650 kg m®
Total porosity 0.40
Effective porosity —

3.33 Modelks for Dose Estimation

As described in Sect. 3.2.3 and 3.2.4, two basic exposure situations are considered in the
PA for the EAV. The first is exposure of members of the general public following transport
of radionuclides beyond the boundary of the disposal site, and the second is exposure of inad-
vertent intruders at the disposal site following loss of active institutional control at 100 years
after facility closure. In each case, models for calculating radiation dose from estimated

concentrations of radionuclides in the environment are required.
333.1 Models for Estimating Dose to Off-Site Individuals

The different transport pathways for exposure of off-site members of the public following
release of radionuclides from the EAV are discussed in Sect. 3.2.2. The two principal path-

ways of concern are transport in groundwater following mobilization of radionuclides by
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infiltrating precipitation and transport in air following releases of volatile radionuclides to the
atmosphere. An analysis of the atmospheric pathway is presented in Appendix A.3. This
section discusses the analysis for the groundwater pathway beyond the boundary of the 100-m
buffer zone around the disposal site.

For transport of radionuclides via the groundwater pathway, an analysis presented in
Sect. 3.2.3.3 shows that the only exposure pathway of concern for off-sitc members of the
public is direct consumption of contaminated‘”drinking water obtained from a well located
beyond the boundary of the 100-m buffer zone around the disposal site. Either the
performance objective for protection of groundwater resources determines allowable releases
to groundwater, in which case only the drinking water pathway is of concern, or doses from
other pathways involving use of contaminated groundwater are relatively insignificant.
Therefore, doses from other exposure pathways involving other use of contaminated
groundwater need not be considered in the dose analysis for off-site members of the public.

The model used to estimate dose from the drinking water pathway is presented in Appen-
dix A.4.5.1. The inputs to the model are the maximum concentrations of radionuclides in
groundwater at any location beyond the boundary of the 100-m buffer zone at any time after
disposal, as obtained from the models for mobilization and transport of radionuclides
described in Sect. 3.3.1 and 3.3.2. The model for the drinking water pathway is summarized
in Table A.4-6 of Appendix A.4. For each radionuclide, the factor in this table gives the
EDE in rem per year from the drinking water pathway for a unit concentration in ground-
water of 1 4Ci/L. Thus, the annual dose from any radionuclide is simply obtained by multi-

plying the estimated maximum concentration in groundwater by the factor given in this table.
33.3.2 Models for Estimating Dose to Inadvertent Intruders

The different exposure scenarios and exposure pathways for inadvertent intruders assumed
for the EAV are discussed in Sect. 3.2.4. The principal exposure scenarios of concern involve
direct intrusion into disposal units. Doses to inadvertent intruders resulting from use of
contaminated groundwater obtained from a well on the disposal site should be negligible

compared with the doses from direct intrusion into solid waste, because the maximum
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permissible doses from the groundwater pathway are only a small fraction of the dose limits
for inadvertent intruders from all exposure pathways. An analysis in Appendix A.3 discusses
doses to inadvertent intruders following release of volatile radionuclides to the atmosphere.

The discussion of possible exposure scenarios for inadvertent intruders in Sect. 3.2.4 shows
that only three scenarios need be considered in the analysis for the EAV. All of these
scenarios involve chronic exposure and, thus, are subject to a limit on EDE from all exposure
pathways of 100 mrem per year. These scenarios include 1) an agriculture scenario involving
direct intrusion into disposal units at any time after the concrete vaults and any other
engineered barriers above the waste have lost their structural and physical integrity and
excavation into the waste becomes credible, 2) a resident scenario involving permanent
residence in a home located immediately above an intact concrete roof or other engineered
barrier at any time after loss of active institutional control, and 3) a post-drilling scenario
involving exhumation of waste from a disposal unit at any time after drilling through a
disposal unit becomes credible. The discussion in Sect. 3.2.4 shows that other scenarios
involving chronic or acute exposure either are not credible for the EAV, would result in
lower doses than the scenarios considered in the analysis, or are subject to a higher dose limit
in the case of acute exposure scenarios (i.e., 500 mrem) and, thus, would be less restrictive
than the chronic exposure scenarios considered in the analysis.

The models for estimating dose for the three chronic exposure scenarios for inadvertent
intruders considered in this analysis are presented in Appendix A.4.5.2. The inputs to the
model for each scenario are the maximum concentrations of radionuclides in the disposal
facility at any time after the scenario is first assumed to be credible. The concentrations of
radionuclides in disposal units over time are estimated using the initial concentrations at
disposal corrected for radioactive decay. Depletion of radionuclide inventories in disposal
units due to removal by infiltrating water also is considered in some cases, particularly for
long-lived isotopes of uranium. In these cases, the ingrowth of radiologically significant decay
products at times long after disposal is potentially important in the intruder dose analysis.
The models for the agriculture, resident, and post-drilling scenarios are summarized in Tables
A4-14, A.4-15, and A.4-16, respectively, of Appendix A.4. For each radionuclide and expo-

sure scenario, the factor in the appropriate table gives the EDE in rem per year for a unit
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concentration in the disposal facility of 1 4Ci/m®>. Thus, for any scenario, the annual dose
from any radionuclide is simply obtained by multiplying the estimated concentration in the
disposal facility at the time intrusion is assumed to occur by the factor given in the table for
that scenario. The calculation of radionuclide concentrations in disposal facilities on the basis

of concentrations in disposed waste is described in Sect. 4.1.5.

3.4 PERFORMANCE ANALYSIS METHODOLOGY

This section describes the computational methods used to implement conceptual models
for release and transport of EAV constituents. As discussed previously, the PORFLOW-3D
computer code was used for the flow and transport simulations. The simulations were
conducted for three time frames: intact (as-built) vault, cracked vault, and failed roof over
the vault. Separate analyses were conducted for concrete degradation and resulting structural
changes to determine the timing and changes that occur when moving from one time frame
to the next.

Analyses of potential pathways of transport of EAV constituents through the environ-
ment (Sect. 3.2.2) to receptors (Sect. 3.2.3 and 3.2.4) indicate that soil and groundwater
concentrations will dominate the performance of the facility. Thus, the computational
analyses focussed on determining concentrations in these media as the vault changes with
time, and on doses received as a result of such concentrations.

These analyses were aided by the use of computer codes, which are described in detail
in Appendix B. Integration of the results of various computations was accomplished in the
manner outlined in F:ig. 3.4-1. The manner in which each of the computer codes and analy-
tical techniques were adapted to address the conceptual model is described in detail in the

following sections.
3.4.1 Near-Field Model Analysis

Computational software (i.e., WingZ, Mathematica) and sophisticated computer codes
(ie., MINTEQ, PORFLOW) were used in the near-field analysis of the E-Area PA. The

software and computer codes were applied to analyze or predict: 1) degradation of the
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concrete; 2) screening of insignificant radionuclides; 3) geochemical conditions in the
wasteform pore-fluid; 4) water flow patterns and travel-times through the vadose zone; and
5) contaminant migration patterns and fluxes to the aquifer.

A complex sequence of computations and computer simulations were performed to answer

the following technical questions:

e  Which of the numerous radionuclides in the wasteforms are likely to control the
long-term performance of the disposal systems?

e  What are the pore-fluid concentrations of the key contaminants in the wasteforms
and what geochemical conditions may control the release rates?

e  What is the average infiltration rate into the vadose zone?

e  What are the likely water flow pa‘hs and average travel-times through the cover
materials and vaults?

e  What rate do the vaults degrade and how does the hydraulic conductivity of the vault
change with time?

®  As the cover and vaults degrade, what quantities (i.e. concentrations and fluxes) of

contaminants will reach the underlying aquifer?

This section describes the computational methods and simulation approaches that were
used in the near-field analysis. Methods and approaches have been divided into several

sections. Both intact and degraded vault conditions were used in the PA.
Contaminant Inventory Computations

Due to the uncertainty associated with estimating future inventories, an initial activity of
one curie within the model domain was used for all radionuclides. This approach was used
to establish limits on the quantities of radionuclides that could be placed in the vaults rather
than determining if a given inventory was acceptable. In some cases, solubility-limited
simulations were made. These cases required an estimate of the initial inventory. The

approach for obtaining this inventory is described in Sect. 3.1.
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Concrete Degradation Computations

The general methodology of Walton et al. (1990) was used in conjunction with structural
calculations to investigate degradation of the structural and hydraulic properties of the vault
(Sect. 3.1.3 and Appendix K). The methodology, which consists of empirical relationships and
diffusion and structural submodels, provides a basis for predicting the degradation penetration
depth. To specialize the methodology for the vaults, mathematical relationships were modi-
fied to account for the specific composition of the concrete (e.g., water-to-cement ratio,
carbonate content, thickness, etc.) and the pore-water chemistry (pH, carbonate, sulfate and

magnesium concentrations, etc.) of the vadose zone.
Infiltration and Fluid Flow Computations

Net moisture flux at the soil surface and through the vadose zone are two primary factors
controlling contaminant release and transport rates in the vadose zone. Estimates of the
average annual infiltration rate at the site were obtained from previous investigations
(Appendix A.1.1). The estimated infiltration rate was then used as a boundary condition for
two-dimensional simulations of water flow through the clay and gravel cover and the
subsurface region containing the vaults and waste.

Two-dimensional simulations of water flow through the vadose zone were performed using

the PORFLOW code. These computations were used, in turn, to:

e ecstimate the net moisture flux through the cover (i.e., gravel-clay layers),
e define the primary flow paths (i.e., streamlines) from the soil surface, through the
cover materials, backfill and vault, to the water table, and

¢ estimate the water travel-times (i.e., residence times) along the flow paths.

Fluid flow simulations were performed for two distinct subregions of a portion of a single
vault. These subregions consisted of: 1) soil, gravel, and clay and 2) backfill, vault, and

wasteform. The PORFLOW computer code was used for the flow and transport simulations.
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3.4.1.1 Screening Calculations

Screening calculations for the EAVs at the SRS were conducted to limit the scope of
future iterations of the PA. For simplicity and efficiency, the approach used for the screening
calculations considers site characteristics (in the form of a conservative travel time and
distribution coefficients) and excludes the benefits of engineered features of the vault. In this
regard, the calculations should be considered conservative. Since E-Area inventories are
indeterminate, a set of TVs were calculated using the screening approach. The TVs can be
used to identify future waste veams (with larger inventories of given radionuclides) that
require more detailed analysis. The TVs are based on extremely conservative calculations,
and thus, are not limits for disposal. The simplistic nature of the calculations allowed the use

of commercially available spreadsheet software.
3.4.12 Flow and Transport Analysis

Implementation of the conceptual near-field model of flow and transport was accomp-
lished in the manner summarized below. Details of the simulation techniques are provided
in Appendix A.1.2.

Contaminant Transport Computations

Mass transport simulations were performed to predict the distribution of the key
contaminants as a function of such factors as their initial concentrations, solubilities,
pore-water velocities and dispersivities. For consistency with the fluid flow computations, the
PORFLOW code was used to perform two-dimensional simulations of contaminant transport.
These simulations were performed for the two subregions described previously (i.e., engi-

neered barrier and vault) and were carried out until peak concentration was obtained.
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Three distinct time periods, corresponding to the stages of vault degradation, were
simulated. The three stages correspond to the times when the vault is intact, cracked, and
when it completely fails. Hydrologic and transport properties were adjusted at the times when
the vault is projected to crack and when it subsequently fails. The timing of the changes in
the vault was estimated using the degradation calculations discussed previously. The times
used for the base case calculations are best estimates. Appendix K describes the ranges of
conditions considered and the resulting ranges of predicted time of failure.

Changes in material properties were estimated using degradation calculations and (or)
engineering judgment. The hydraulic conductivity of the cracked concrete is estimated using
a semi-analytic solution. The semi-analytic solution assumes a series of equally spaced parallel
cracks through the roof and floor of the vault (Sect. 3.3.1.2). Determination of the presence
or absence of perched water on a fractvred vault is a prerequisite to determining the potential
for flow to occur through the cracks. The determination of effective permeability of cracked
vaults is necessary to quantify how rapidly the water available above can be conducted
through the fractured media. Since the simplified model is steady-state, all fractures are
assumed to open at the time of cracking predicted by the structural models. Computational
analyses are described in Appendix K.

Pore Fluid Geochemistry Computations

In order to model mass transport in heterogeneous media the concentrations of contam-
inants in the pore fluid of the wasteforms must be estimated and related to total concen-
trations in the porous media (contaminant on or in the solid phase plus contaminant in
aqueous phase).

The problem of relating total inventory to pore fluid concentrations in wasteforms is
complicated by several factors including: 1) precipitation/dissolution reactions involving
contaminants; 2) complex formation in solution; and 3) sorption. All of these processes are

poorly understood and difficult to quantify.
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The chemical complexities of wasteforms were simplified to be consistent with models
which consider only reversible linear sorption (i.e., K 's). Within this context two general
approaches are possible:

1) Use theoretical geochemical codes (such as MINTEQ) to estimate K,’s of each
contaminant. Assume the contaminants are released from the solid by linear
reversible sorption.

2) Obtain K;’s from pertinent literature for each contaminant.

Both of these approaches are used to compute initial pore solutions in the manner
described in Sect. A.1.2.2. The results of the first approach are documented in Appendix D.
The remainder of the contaminants of interest used only the second approach to address
contaminant/cement reactions (see Table 3.3-2 for K,’s obtained).

The primary output of the flow and transport computations were: 1) fluid concentration
distributions in the vault for use in intruder calculations, and 2) mass flux histories at the
water table. The mass flux histories at the water table were used as input into the mass
transport simulations for groundwater (Sect. 3.4.2.). In addition, the transport computations

were performed in a manner allowing parametric sensitivity analysis to gain insight regarding:

¢ impacts of cover effectiveness on performance,
¢ impact of wasteform distribution coefficients on performance, and

¢ the impacts of hydrologic parameters on performance.

3.42 Groundwater Flow and Mass Transport

The code PORFLOW (Appendix B.4), developed by Analytical and Computational
Research, Inc. (ACRI), was used to simulate groundwater flow and contaminant transport in
E-Area. In this section, the means by which the conceptual model for groundwater

(described in Sect. 3.3.2) was translated into a computer-simulated model are described.
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3.42.1 Groundwater Flow Simulations

The problem domain consisted of a volume defined by a surface water drainage, a
drainage divide, and five hydrostratigraphic units as described in Sect. 3.3.2. The model area
was discretized into a three-dimensional model consisting of a 38 by 30 by 28 grid as illus-
trated in Fig. 3.4-2. The five horizontal zones corresponding to the hydrostratigraphic units
of interest, specifically Aquifer Unit IIB2 (water table), Confining Zone IIB1-IIB2 (Tan Clay),
Aquifer IIB1 (Barnwell/McBean Aquifer), Confining Unit IIA-IIB (Green Clay), and Aquifer
Unit ITA (Congaree Aquifer), were defined in the model input by specifying different hydro-
logic characteristics for each zone.

The northern model boundary, defined by UTR Creek, was designated as a constant head
boundary for all of the hydrostratigraphic units. The tributary streams of Crouch and an
unnamed Branch are simulated within the problem domain. The western and eastern
boundaries for the problem domain were placed at significant distances to minimize influences
and were defined as no-flow boundaries because they coincide approximately with ground-
water divides in the upper two aquifers. The southern boundary was located along the water-
shed divide. For Aquifer Unit IIB2 and IIB1 and Confining Units IIB1-1IB2 and IIA-IIB, the
watershed divide was defined as a no-flow boundary consistent with Toth’s (1962) approach
for defining regional flow. For Aquifer Unit IIA (Congaree Aquifer), the southern boundary
was defined as a constant-flux boundary, reflecting the regional flow characterirtics
of this aquifer. The base of Aquifer Unit IIA was considered as a constant flux boundary
reflecting small quantities of recharge from the underlying Ellenton Formation.

Hydraulic parameters used in the model are discussed in Sect. 3.3.2 and A.2. Recharge

to the system of 40 cm/year was used based on the analysis in Appendix A.1.1.

Model calibration

Using the saturated flow option of PORFLOW, sieady-state groundwater flow conditions
were simulated and a potentiometric map for the Aquifer Unit IIB2 (water table aquifer) was

generated based on the head values calculated by the model (Fig. 3.4-3). To calibrate the
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groundwater flow model, the model-based potentiometric map was compared with potentio-
metric maps generated from actual water level data from E-Area. Hydraulic parameters were
adjusted within the range of observed values to attain the closest comparison between the two
types of maps. This calibration process was also completed for Aquifer Unit IIB1 (Barn-
well/McBean Aquifer) (Fig. 3.4-4) and for Aquifer Unit IIA (Congaree) (Fig. 3.4-5). The
impact of hydraulic parameters in obtaining a calibrated model are discussed in Sect 4.2.2,
where a sensitivity analysis of PORFLOW is described.

Model validation

True validation of the calibrated PORFLOW model requires that the model be capable
of accurately predicting flow and transport responses when changes in flow conditions occur.
Data are not available to carry out such an exercise. However, local stream flow data were
obtained at selected locations along the surface creeks (Fig. 3.4-6) using conventional stream
gaging techniques and used to evaluate the predictive capability of the groundwater flow
model with respect to discharge to the creeks. The data collected are provided in Appen-
dix C.2.

3.4.2.2 Contaminant Transport Simulations

Contaminant transport simulations used to assess the impact of the EAVs on the
underlying groundwater system were dependent on the calibrated flow model and the source
input values from the overlying unsaturated zone. Data files for contaminant transport
simulations relied on the groundwater flow velocity vectors calculated from the steady-state
simulations. During actual contaminant transport, the flow simulation portion of the model
was disabled and advective movement of the contaminants were calculated from the steady-
state velocity values.

Contaminant fluxes at the water table, obtained as described in Sect. 3.4.1, were injected
at nodes that corresponded to the water table elevation beneath the vaults. Areas where

contamination was injected into the groundwater system are shown in Fig. 3.4-7.
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3.43 Methods for Dose Analysis

3.4.3.1 Protection of Off-Site Individuals and Groundwater

Calculations of the maximum concentrations of radionuclides in groundwater at any
location beyond the 100-m buffer zone were obtained from the models to generate source
terms and describe transport in the near-field region and groundwater (Sect. 3.4.1 and 3.4.2).

Doses to the off-site members of the public resulting from use of cuntaminated ground-
water beyond the 100-m buffer zone around all disposal units were not directly estimated.
Rather, comparisons of maximum perdicted groundwater concentrations with the more restric-
tive of either MCLs (Table 3.2-1) or allowable concentrations based on the 25-mrem per year
performance objective were made. The allowable concentrations were calculated by dividing
25 mrem per year by the EDE per unit concentration in drinking water (Table A.4-6,

Sect. A.4). These calculations are simple, were performed by hand, and checked several times
for accuracy.

3.432 Intruder Dose Analysis

Doses to inadvertent intruders into the EAV following loss of active institutional control
were estimated. The different exposure scenarios assumed in the analysis are discussed in
Sect. 3.2.4 and the models and parameter values are presented in detail in Appendix A.4.
Because of the hypothetical and prospective nature of the intruder scenarios and dose
estimates, simple multiplicative-chain modeis which assume that the concentrations of radio-
nuclides are in equilibrium in all parts of the intruder’s exposure environment are used in the
intruder dose analysis. The use of such models had the advantage that unnecessarily complex
computer codes are avoided. The models and data bases presented in Appendix A.4 describe
the calculations in their entirety.

In practice, the models are sufficiently simple that all calculations can be performed by
hand, and this approach normally was used. The calculations were checked several times for

accuracy.
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3.5 QUALITY ASSURANCE (QA)

Contributors to this RPA conducted pertinent activities of the project under the guidance
of the provisions of the American National Standards Institute (ANSI)/American Society of
Mechanical Engineers (ASME) Nuclear Quality Assurance (NQA)-1 Program Requirements
for Nuclear Facilities (NRC 1989), as required by the DOE Order 5820.2A ( U.S.DOE 1988a).
The manner in which the nineteen basic elements of NQA-1 are implemented by Oak Ridge
National Laboratory (ORNL), the RPA coordinator, is shown in Table 3.5-1. In this table,
the ORNL document :d QA procedure which implements the specified element of NQA-1
is listed. Some aspects of all nineteen elements of NQA-1 applied to this RPA. Procedures
are documented in the ORNL QA Manual (Oak Ridge National Laboratory Quality Assurance
Manual current edition), the ORNL Pollutant Assessments Group Procedures Manual (1992),
and the Software QA Plan (Software Quality Assurance Plan for PORFLOW 1991) produced
specifically for the PORFLOW computer code used in this assessment. Table 3.5-2 presents
similar information for INEL.

Software QA plans were written by each DOE contractor contributing to this RPA,
addressing the provisions of ASME NQA-2a, Part 2.7, Quality Assurance Requirements of
Computer Software for Nuclear Facility Applications. These QA plans were transmitted to
WSRC for review and approval.

Copies of the Software QA Plans submitted are in Appendix F. A surveillance was
conducted by WSRC at all contractor sites after the RPA project was underway, for the
purpose of evaluating adherence to governing QA procedures described in the submitted QA
plans and general project integration. Observations and findings from these surveillances are
on file at WSRC. Corrective action was taken in response to these findings, and responses

made to observations.

Rev. 0



3-100

WSRC-RF-94-218

Table 3.5-1. Implementation of NQA-1 by ORNL for the EAVDF RPA

Implementing ORNL QA Location of
procedures’ project-specific
NQA-1 basic element procedure
n 1. Organization QA-L-1-100 abe Jl
2. Quality Assurance Program QA-L-2-100 abade
QA-L-2-101
QA-L-2-103
QA-L-2-105
QA-L-2-106
3. Design Control QA-L-3-100 be
QA-L-3-101
b QA-L-3-102
|-4. Procurement Document QA-L-4-100 be
Control QA-L-4-101
5. Instructions, Procedures, and QA-L-5-100 be
Drawings II
6. Document Control QA-L-6-100 ¢
7. Control of Purchased Items QA-L-7-100 be
i and Services QA-L-7-101
QA-L-7-102
8. Identification and Control of QA-L-8-100 be
Items
It 9. Control of Processes QA-L-9-100 be
10. Inspection QA-L-10-100 be
11. Test Control QA-L-11-100 be
12. Control of Measuring and QA-L-12-100 bie
Test Equipment
13. Handling, Storage, and QA-L-13-100 be
Shipping
14. Inspection, Test, and QA-L-14-100 be
Operating Status QA-L-14-101
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Table 3.5-1. (continued) -

Implementing ORNIL. QA Location of
procedures* project-specific
NQA-1 basic element procedure

15. Control of Nonconforming QA-L-15-100 be
Items

| 16. Corrective Action QA-L-16-100
QA-L-16-101

QA-L-16-102
QA-L-16-103

117, Quality Assurance Records QA-L-17-100

18. Audits and Surveillances QA-L-18-100
QA-L-18-101
QA-L-18-102

QA-L-19-100

Source: Oak Ridge National Laboratory Quality Assurance Manual (current edition).
Source: Software Quality Assurance Plan for PORFLOW-3D (1991), Appendix F.
Source: ORNL Pollutant Assessments Group Procedures Manual (1992).

Source: U.S.DOE (1991).

Source: Quality Assurance Program Requirements for Nuclear Facilities (1989).
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Table 3.5-2. Implementation of NQA-1 by INEL for the EAVDF RPA

Implementing INEL QA Location of
procedures* project-specific |
procedure
1. Organization QP-1 °
2. Quality Assurance Program QP-2 ‘
QP-2
QP-2
QP-2
QP-2
3. Design Control QP-3 ¢
QP-3
QP-3
4. Procurement Document QP4 ‘
Control QP-4
S. Instructions, Procedures, and QP-5 a
Drawings
6. Document Control QP-6 “ |
7. Control of Purchased Items QP-7 y
and Services QP-7
QP-7
8. Identification and Control of QP-8 ‘
Items
9. Control of Processes QP9 N
10. Inspection QP-10 a ﬂ
11. Test Control QP-11 a
12. Control of Measuring and QP-12 ‘
Test Equipment
13. Handling, Storage, and QP-13 a
Shipping
14. Inspection, Test, and QP-14 e
Operating Status QP-14
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Table 3.5-2. (continued)

Implementing INEL QA Location of
procedures’ project-specific |
NQA-1 basic element procedure |
15. Control of Nonconforming QP-15 g
Items
16. Corrective Action QP-16 .
QP-16
QP-16
QP-16
17. Quality Assurance Records QP-17 ¢
18. Audits and Surveillances QP-18 ‘
QP-18
QP-18
19. Software EG&G-EELS-106666

@  Source: EG&G Idaho Inc. Quality Manual - Policy and Procedures (current edition).

b Source: Software Quality Assurance Plan for PORFLOW-3D (1993), Appendix F.

Rev. 0



4-1 WSRC-RP-94-218

4. RESULTS OF ANALYSIS

In this chapter, the results of the analysis of performance of the EAV, conducted in
accordance with the corceptual models and methodologies described in the previous chapter,
are presented. Predicted releases to the environment, resulting concentrations, results of dose
analysis, and allowable inventories are presented in Sect. 4.1. The results of the sensitivity
and uncertainty analyses that were conrlucted to gain perspective on the meaning of the
results are provided in Sect. 4.2.

4.1 ANALYSIS RESULTS

In this section, results of the computational analyses that estimate the potential radio-
logical impact of the EAV ar= provided. Maximum concentrations of radionuclides in expo-
sure media and estimated doses based on these maximum values are tabulated. The radionu-
clide concentrations in groundwater are provided in Sect. 4.1.3.

In Sect. 4.1.1, the results of a screening analysis for the groundwater pathway are
presented. Since the specific radionuclides that may be encountered in the waste during
disposal operations are not known, a conservative screening method was used to determine
the allowable inventories of a large suite of radionuclides, which may be encountered during
disposal operations. These limits are called "trigger values” (TVs) and indicate the inventory
at which the performance objectives may be exceeded. A detailed, site-specific analysis is
recommended for a given radionuclide before additional inventories above the TVs are placed
in E-Area for disposal. Radionuclides which have relatively small TVs are included in the
detailed site-specific analysis, especially if an inventory above the TV is likely to occur in
future waste.

In Sect 4.1.2, the near-field model results are presented. The predicted unsaturated
flow field through the facility and estimated fluxes of radionuclide constituents in the waste
to the water table are described.
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In Sect. 4.1.3, concentrations of radionuclides in groundwater are presented. The
compliance point for groundwater protection requirements is assumed to be the point of
maximum concentration in groundwater at least 100 m from the disposal units (see Sect. 1.2).

The results of the dose analysis are presented in Sect. 4.1.4 and 4.1.5. In Sect. 4.1.4,
the estimated maximum concentrations of radionuclides in groundwater at the point of
compliance are used to obtain estimates of dose to off-site members of the public and deter-
mine allowable disposal inventories. Sect. 4.1.5 presents the results of the dose analysis for

inadvertent intruders into solid waste in disposal units.
4.1.1 Screening Results for the Groundwater Pathway

Screening calculations to establish TVs were calculated for all radionuclides and are
described in Sect. 3.2.3.4.

Radionuclides which have relatively small TVs, such that an allowable inventory above
the TV is likely to occur, have been selected as needing further attention in the RPA
(Sect. 3.2.3.4). Radionuclides requiring further attention based on these calculations for each
vault are given in Table 4.1-1. Appendix C provides the TVs for all radionuclides. The
trigger levels represent the inventory of the given radionuclide that would yield a dose of
4 mrem per year using the screening approach. The trigger levels are not limits for disposal;
rather, they indicate inventory levels that will require more detailed consideration if larger
quantities of a radionuclide will need to be disposed. Likewise, if the projected inventory is
below the trigger level, the radionuclide can be disposed of without further analysis. Note,
however, that other pathways may be more limiting than the groundwater pathway (e.g.,

intrusion).
4.1.2 Near-Field Model Results

Water movement and contaminated transport through the near-field portion of the waste
disposal system were simulated to determine the overall performance of the system. The
simulations were performed in two stages as discussed in Sect. 3.3.1.1. Both the simulation

of the engineered barrier and of the vault will be discussed in turn.
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Table 4.1-1. Trigger values for radionuclides selected for detailed groundwater analyses.

Trigger Value
(Cifvault)

Nuclide LAWV ILNT

H-3 2.8 x 10° 3.4 x 10!
C-14 7.0 x 10? 8.5 x 102
Ni-59 1.1 x 10° 1.3 x 10?
Se-79 4.1 x 10? 5.1 x 102
Sr-90 2.5 x 10! 3.1 x 10°
Tc-99 2.8 x 10! 3.5 x 102
Sn-126 5.2 x 10° 6.3 x 10"
1-129 19 x 103 2.3 x 10*
Cs-135 9.3 x 10° 1.1 x 10°
Th-232 1.6 x 10! 1.9 x 102
U-233 1.2 x 10 1.5 x 102
U-234 1.2 x 10 1.5 x 102
U-235 6.3 x 102 7.7 x 103
U-236 1.3 x 10! 1.6 x 102
U-238 1.3 x 10! 1.6 x 102
Np-237 1.7 x 103 2.1 x 10*
Pu-238 3.2 x 102 3.9 x 10
Pu-239 1.6 x 102 2.0 x 10?
Pu-240 2.0 x 102 24 x 103
Pu-241 3.1 x 10! 3.8 x 10°
Pu-242 1.6 x 10?2 2.0 x 10°
Pu-244 1.7 x 102 2.0 x 103
Am-241 4.4 x 10° 5.4 x 10?
Am-243 2.7 x 102 3.3 x 103
Cm-244 7.3 x 10° 9.0 x 10"
Cm-248 42 x 103 5.1 x 10*
Cf-252 5.5 x 102 6.7 x 10!
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4.12.1 Enginecred Barrier Simulation

The PORFLOW computer code was used to simulate the engineered barrier’s effective-
ness in reducing the amount of infiltrating water reaching the vault. The engineered barrier
consisted of two soil layers. The upper layer was comprised of highly conductive gravel
overlying a layer of low permeability clay; this system was surrounded by native backfill soil.
In the design of the barrier these layers are sloped from 2 to 5%. As a measure of
conservatism, the slope was taken to be 2%.

The hydraulic characteristics of each of the material types used in the simulation were
discussed in Sect. 3.3.1.1. The simulation domain was 1000 cm wide and 600 cm high.
Although the barriers will be emplaced over the entire vault system, it was only necessary to
simulate the end 500 cm of the barrier in order to determine its performance. The physical
domain simulated is shown in Fig. 3.3-2. In this simulation, the orientation of gravity was
rotated clockwise in the simulation to account for the 2% slope of the barrier.

The boundary conditions for the simulation consisted of no-flow boundaries for each
lateral direction. The left boundary, or boundary away from the barrier, could be considered
no-flow since it was far enough away from the barrier so that the flow field was not affected
and remaincd vertical. Admittedly, this is slightly in error due to the orientation of gravity.
The placemeni of the right no-flow boundary is arbitrary; based on the results of the simula-
tion it is adequately placed. Results showed that extending the simulation domain further to
the right to include more of the barrier, would not change vertical flow through the barrier.
The upper boundary was assigned a prescribed flux of 40 cm/year based on the results of the
infiltration study (see Appendix A.1.1). The bottom boundary was also arbitrarily placed far
enough away to eliminate any influence on the flow field near the barrier and was assigned
a pressure head of zero.

The simulation domain was discretized into a grid of 22 horizontal and 63 vertical nodes.
The grid spacing in both the horizontal and vertical directions was variable in order to

improve the definition of the flow field near the barrier.
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The simulation was carried out in several stages. Initially, the entire domain was treated
as if it were all backfill to establish a uniform flow field. Then, the clay layer was included
and the simulation was run in a transient mode until equilibrium was achieved. The gravel
layer was then added and the simulation was run in a transient mode until the flow field
equilibrated. Steady-state saturation is shown in Fig. 4.1-1.

In addition to monitoring the convergence of the flow field to steady state, the total water
mass balance for the domain was also monitored. Until the addition of the gravel layer, the
mass balance was exactly correct to the third decimal place. Upon placement of the gravel
layer, the mass balance gained a slight amount of mass. The water flux in the top was 4.0 x
10* cm/year, which was exactly correct based on the 1000 cm width and the flux of 40 cm/year.
The flux out the bottom was 4.014 x 10* cm/year. This corresponds to a mass balance error
of 0.35%. We judged this to be adequate for determining the effectiveness of the barrier at
diverting water based on these two observations: 1) the numerical techniques of reducing the
time step and refining the grid about the barrier were both tried, but neither improved the
mass balance; and 2) a close inspection of the numerical solution showed that the slight
increase of water in the system occurred within the gravel.

The flux across two planes within the simulation domain was monitored to determine how
effective the barrier was at diverting water. One flux plane extended from the left simulation
boundary to the edge of the clay layer. The other flux plane went from the edge of the clay
layer to the right simulation boundary. The flux through the left and right planes was
3.992 x 10* and 2.218 x 107 cm/year, respectively. The sum of these two fluxes matches the
total flux out the bottom of the simulation. So, the barrier diverts approximately 99.4% of
the infiltrating water.

To determine the flow rate through the moisture barrier, the gravity corrected vertical
fluxes through a plane beneath the clay layer were plotted. The results are shown in
Fig. 4.1-2. From this plot, it can be seen that the left boundary was placed far enough away
from the edge of the barrier so as not to influence the results, because the flux at the left
boundary matches the overall infiltration rate of 40 cm/year. The large amount of water

being diverted around the barrier shows up as the large downward dip in the graph. Some
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Fig. 4.1-1. Engineered barrier steady-state saturation
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Fig. 4.1-2. Vertical fluxes beneath the engineered barrier.
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water infiltrates around the end of the barrier, as can be seen by the elevated infiltration rate,
which extends past 500 cm, the beginning of the gravel/clay barrier. And lastly, it appears that
500 cm of the barrier was an adequate length to establish a constant flow rate through the
barrier. The vertical flux through the barrier stabilizes about 300 cm in from the end of the
barrier at a value of 0.45 cm/year. While it would be appropriate to use this value as the
infiltration rate for water reaching the vault, WSRC determined a more conservative value
of 4 cm/year should be used as the infiltration rate through the barrier.

4.1.22 Vault and Waste Form Simulations

The similarities between the ILNT and ILT allowed the same conceptual design to be
used for both types of vaults, whereas, the LAW vault required a different conceptual design
(see Sect. 3.3.1.1). Likewise, for the simulations of solute transport the same flow fields were
used for the ILNT and ILT vaults and a separate flow field was generated for the LAW vault.
The physical domain in the simulation consisted of a vertical half-plane of the vaults and the
surrounding backfill soil (see Figs. 3.3-3 and 3.3-4). This domain is rectangular with the vault
superimposed on the right side. Since the roof of the vault slopes from the center out to the
edge to increase the flow of water around the vault, the gravity vector was shifted to account
for the sloped roofs. The domain was discretized into a computational grid of 46 by 72 nodes
for the ILNT and ILT vaults. The LAW vault domain was discretized into a computational
grid of 71 by 76 nodes. In order to make the transition from one flow field to the next easier,
the same computational domain was used for all simulations.

As mentioned previously in Sect. 3.3.1.1, a three-step process was used to simulate
the performance of the vaults over time. In the first time period, all engineered systems are
assumed to remain intact and function as designed, so the flux into the domain was 4 cm/year.
In the second period, some of the engineered barriers are assumed to begin to fail. Specifi-
cally, cracks are assumed to penetrate the entire width of the vault walls, floor, and ceiling.
This was simulated by increasing the concrete permeability which causes an increase of water
flowing through the vault instead of being diverted around the vault. The third and final step

of the simulations was a complete failure of the members supporting the vault ceiling, causing
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the ceiling to collapse. The failure of the vaults has two significant impacts on the flow of
moisture through the domain. The first is the breach in the engineered barrier, causing a
higher flux of water (40 cm/year) entering the domain. Second, the loss of integrity of the
vault allows more water to flow through the vaults rather than being diverted around by the
roof.

The upper boundary for water flow in each simulation is treated as a prescribed flux
boundary with the assigned value fixed to 4 cm/year before the collapse of the vaults and
increased to 40 cm/year after the failure. Because of symmetry, both lateral boundaries are
prescribed as no-flux boundaries. The lateral boundary away from the vault is located halfway
between adjacent vaults and the flow field there is strictly vertical. The inner boundary is
located at the midpoint of the vault and the flow field is also vertical. The bottom boundary
is located at the water table so a prescribed head of 0 cm is appropriate. The boundary
conditions for the transport simulations were assigned as follows. Again using symmetry, the
lateral boundary conditions are assigned to be no-flux. A conservative approach to the lower
boundary condition is to assign a zero concentration, which serves to maximize the diffusive
flux out of the domain. The upper boundary condition was also set to zero as it is the most
appropriate with the flow boundary condition.

The procedure used for simulating the flow and transport in the vault region consisted

of the following:

e First a domain consisting entirely of backfill was simulated with the 4 cm/year upper

boundary in order to obtain a uniform initial pressure head and saturation distribution.

¢ The vault and waste form were then superimposed on the model space, and the upper
flow boundary was kept at 4 cm/year. This new system was simulated until it reached
steady state. The results of this simulation were used for the first time period in which

the vault is assumed to remain intact.

e The next step was to change the hydraulic parameters to those of the cracked vault in the
input file and make another flow simulation. The resulting flow field was used for the

intermediate time period transport simulations.
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¢ The final flow field was then simulated using hydraulic properties of the collapsed vault.
This flow field was used for the final time interval of the transport simulations.

¢ The flow fields, calculated from the above steps, were used for each step of the transport

simulations.

e With the exception of the solubility limited runs, all transport runs simulated a total of
200,000 years. The solubility limited runs continued until all of the mass had dissolved
out of the solid phase.

Table 4.1-2 defines the simulation time for each state of the vault. Steady-state satura-
tion fields for each time period are shown in Figs. 4.1-3, 4.1-4, and 4.1-5. The success of the
flow simulation was determined by three methods. The first was by monitoring the local
convergence of the flow simulation in relation to a specified convergence criterion. The
PORFLOW code allows a simulation to proceed even though convergence may not be
achieved at a particular time step. This was the case during the initial time steps of the flow
simulation. However, as the simulations continued, the results began to converge to the
specified convergence criterion. The second method involved monitoring the flow of water
through the domain. Monitoring of an internal flux plane around the upper and lower
boundaries allows a check to confirm if the correct amount of water was flowing through the
domain. Mass balance for each flow field matched exactly (to four significant digits), except
for the flow field for the intact LAW vault simulation, where the error was 0.4%, which was

judged to be acceptable.

Table 4.1-2. Simulation time for each state of the vault

Vault State ILNT

Intact 0 to 575 years 0 to 1400 years
|| Cracked 575 to 1050 years 1400 to 3100 vears
Failed 1050 toend _____3100to end
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Fig. 4.1-3. Steady state saturation for the Intact period for the ILNT (a), and LAW (b) vaults.
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Fig. 4.1-4. Steady state saturation for the Cracked period for the ILNT (a), and LAW (b) vaults.
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Fig. 4.1-5. Steady state saturation for the Failed period for the ILNT (a), and LAW (b) vaults.

Rev. 0



4-14 WSRC-RP-9%4-218

The third method, in which a flow simulation was judged to be at steady state, was to
monitor the maximum and minimum x and y velocities, pressures, and saturations. The
simulations were continued until the maximums and minimums remained constant to at least
3 significant digits. The success of the transport simulation was determined through a similar
mass balance approach. For each contaminant considered, all the initial mass was contained
within the vault. The mass of contaminant leaving the simulation domain, via the top and
bottom boundaries, was integrated over the entire simulation. For these two boundaries, the
amount that left via the top boundary was always negligible. The sum of the exiting mass and
the mass remaining in the domain at the end of the simulation was compared to the initial
mass (for those radionuclides with a short enough half life to have an impact decay was
factored into the equation). The transport mass balance errors were all less than 1%.

The flux of each radionuclide to the aquifer is needed to predict the groundwater concen-
tration. The peak flux to the water table for each nuclide and its corresponding time are
given in Table 4.1-3. Isotopes of U and Pu are not included in this table, as the fluxes of
these isotopes were estimated in a different manner described below. Graphical representa-
tions of the flux to the aquifer for selected nuclides are given in Appendix A.1.4.1.

Solubility-limited simulations were conducted for isotopes of Pu and U in both vaults.
The only modification to the above process for the solubility-limited simulations was to use
the estimated solubility limit for each element as described in Appendix D. The initial
concentrations for Pu isotopes were based upon an assumed initial inventory of 150 Ci/vault
of each nuclide. The initial mass assumed for U isotopes in the transport simulations was
10,000 kg/vault. The assumed initial inventories were chosen to exceed the solubility limit.
The solubility limit is the controlling factor in this type of simulation and not the initial mass.

Because the initial mass for each of the nuclides was much greater than the solubility
limit, the pore water concentration coming out of the waste form was equal to the solubility-
limited concentration for several thousand years. Consequently, the only reduction of the
pore water concentration in the waste comes from decay during travel out of the vault and
to the water table. Table 4.1-4 lists the solubility limit assumed for each nuclide and the peak
flux (Cifyear) entering the aquifer from all of the ILNT and LAW vaults,
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ILNT Vaults (10)
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LAW Vaults (21)

Time

1,100
2,700
110,000
24,800
7,700
19,700
>1,000
24,200
20,900
56,500
48,300
N/A
6,900
10,600
<1,000
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Fractional Flux
Cifyear-pCi) (v

- 5 x 1'"

1.4 x 10%
2.2 x 10
2.3 x 10
<1 x 10®
N/A
1.8 x 10
6.7 x 10%
43 x 109
8.6 x 10
3.0 x 109
2.3 x 10
4.0 x 10
3.2 x 109
<1 x 102
2.8 x 10%
1.1 x 109
9.7 x 10
9.4 x 10
<1 x 102
2.7 x 1012
3.2 x 10
<1 x 102

Time

9,300
3,300
<1,000
N/A
3,200
5,100
1,700
4,700
55,800
6,200
7,400
12,400
<1,000
14,800
13,900
16,000
16,000
<1,000
7,100
8,900
<1,000
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Table 4.14. Solubility limit and peak flux to the aquifer for isotopes of U and Pu*

* Based on 150 Ci/vault for Pu and 10,000 kg/vauit for U,

Solubility
Nuclide Limit,
glee
By 72x10M
By 712 x10M
By 7.2 x 10"
BsyY 7.2 x 101!
By  72x10M
Bipy 1.0 x10M
Z%py 1.0 x 101
40py; 1.0 x 1013
#ipy 1.0 x 101
%p; 1.0 x 1018
M#py 1.0 x 1013

ILNT Vaults (10) LAW Vaults (21)
Flux, Time, Flux, Time,
Ci ear Ci ear
1.7 x 10 106,000 4.8 x 10?2 41,200
1.0 x 10% 92,900 3.1 x 102 44,200
4.0 x 107 83,100 1.3 x 10 44,200
1.2 x 10° 90,400 3.3 x 10* 27,600
6.2 x 10°® 86,600 1.7 x 10® 39,200
6.7 x 10% 3,111 6.4 x 10 4,410
5.3 x 10% 64,300 1.8 x 10° 21,400
7.6 x 10¢ 38,800 43 x 10° 29,100

<100 1,050 <10 522
5.0 x 107 102,000 1.3 x 10 22,000
4.7 x 10° 99,300 1.3 x 107 18,800
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4.13 Groundwater Concentrations

Groundwater concentrations at the compliance point for groundwater protection were
predicted by using the near-field results, which supplied the contaminant flux to the water
table as a function of time. Fractional fluxes were specified as the source term to ground-
water and the concentrations at the compliance point were specified as pCi/cc-Ci. In other
words, the groundwater concentration (pCi/cc) was based upon an initial inventory in each
set of vaults of one curie. The results could then be used to determine the allowable
inventory limits for the EAVs. For uranium and plutonium isotopes, which are solubility
limited, the flux to the water table based on an assumed inventory (Sect. 4.1.2.2) was specified
as the source term to the groundwater and the concentrations at the compliance point were
specified as pCi/cc. The compliance point is assumed to be the point of maximum concentra-
tion in groundwater at least 100 m from the edge of the facility, and was determined by
surveying the groundwater simulation results to locate this point. The potential for plume
overlap from the ILNT and LAW vaults was evaluated to determine if the overlap of these
plumes resulted in a groundwater concentration greater than from ILNT or LAW vaults
alone. It was determined that the maximum groundwater concentrations were not located in
the area of plume overlap (see Fig. 4.1-6).

Tables 4.1-5 and 4.1-6 provide the maximum predicted contaminant concentrations at the
compliance point for groundwater protection, and the time of occurrence. Results for the
ILNT and LAW vaults are provided in Tables 4.1-5 and 4.1-6, respectively.

Radioactive daughter contributions to groundwater concentrations were considered in the
following ways. For radionuclides that are relatively short-lived (with half-lives less than 1000
years) and that decay to longer-lived radioactive progeny, daughter contributions to ground-
water radioactivity per Ci of parent activity originally in all of the vaults were estimated in the
following manner. First, it was conservatively assumed that the parent radionuclide decays
completely to the daughter in the vaults. This assumption neglects the loss of parent through
leaching and the gradual, rather than instantaneous, nature of daughter ingrowth. The initial

activity of the daughter per Ci of original inventory of parent was calculated from:

A, A
App = App 5+ =

= 2
Ap Ap
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Fig. 4.1-6. Contaminant plume overlap for the LAW and ILNT vaults at E-Area.
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Table 4.1-5. Predicted groundwater compliance concentration for the ILNT vaults

Radionuclides

Am-241
Np-237
Am-243
Bk-249
Cm-245
C-14
Cf-249
Cm-245
Cf-251
Cm-247
Cf-252
Cm-248

Cm-244
Pu-240
Cm-245
Cm-246
Cm-247
Cm-248
Cs-135
H-3
1-129
Ni-59
Np-237
Se-79
Sn-126
Sr-90
Tc-99
Th-232

Groundwater Conc.
at 10,000 years,
(pCi/cc-Ci)*

-89 x107°

2.3 x 107

3.7 x 1012¢

6.5 x 10
—— b

1.5 x10%°¢

4.7 x 101!

3.6 x 1012¢

1.0 x 1012¢

7.3 x 106 ¢
3.6 x 10°%
1.8 x 10°®
6.2 x 103

1.3 x 107
b

-

b

3.0 x 103
4.4 x 10-3

2.5 x 103
b

40 x 107

Peak Groundwater

Conc.,

(pCifec - Ci)*

6.4 x 1012
2.8 x 10%°¢
1.2 x 10°%

1.2 x107%¢
8.7 x 10°

5.9 x 101
50x107°¢
9.4 x 101
2.1 x10%°

cumw

2.5 x10°°¢

1.2 x 10* o4
1.2 x 10°
1.9 x 10
3.7 x 10*
3.2 x 10*
42 x 103
2.7 x 1012
9.4 x 102
9.4 x 10*
1.4 x 10
7.4 x 103
2.8 x 10°
2.7 x 107
4.1 x 102
1.5 x 10*

Time of Peak
Groundwater Conc.,

(years)

9,000
27,000
27,000
33,000
12,300

7,900
33,000
13,000
76,000

72,000

66,000
33,000
27,000
76,000
72,000
6,700
130
1,400
32,000
27,000
3,000
12,000
1,100
1,800
300,000

see footnotes at end of table
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Table 4.1-5. (continued)

Groundwater Conc. at Peak Groundwater Time of Peak
Radionuclides 10,000 years, Conc., Groundwater Conc.
_(pCilcc) (pCikcc) _ __ (years)

Except for isotopes of plutonium and uranium, for which groundwater concentrations are
based on solubility limits, and thus, are expressed in pCi/cc per any inventory in the vaults.

Peak groundwater concentration at the compliance point for groundwater protection
occurred before 10,000 years.

Units for radioactive daughters are pCi/cc per Ci of parent activity originally in vaults.

Assumes Pu-240 reaches same concentration based on solubility-limited calculations as a
daughter of Cm-244.

¢ Ac-227 daughter accounted for in EDE.
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Table 4.1-6. Predicted groundwater compliance concentration for the LAW vaults

Groundwater Conc.  Peak Groundwater Time of Peak

Radionuclides at 10,000 years, Conc., Groundwater Conc.,
(pCi/cc-Ci)* (pCi/cc - Ci)* (years)
Am-241 1.1 x 1012 8,700
Np-237 32x107¢ 3.2x107¢ 10,000
Am-243 4.2 x 10 3.7 x 10° 18,000
Bk-249 —
Cm-245 1.1 x 101%0°¢ 38 x10°° 21,000
C-14 - 1.5 x 103 5,400
Cf-249 -t 5.0 x 10 8,100
Cm-245 4.5 x 10%°¢ 1.5 x 10%¢ 21,000
Cf-251 3.1 x 10? 3.5 x 10° 11,000
Cm-247 1.7 x 1010 13 x 10%° 23,000
Cf-252
Cm-248 23 x 101 1.6 x 107 ¢ 23,000
Cm-244 —
Pu-240 1.6 x 10% +¢ 9.5 x 10« 45,000
Cm-245 1.1 x 106 3.7 x 10 21,000
Cm-246 5.7 x 107 1.0 x 10 19,000
Cm-247 3.0 x 10 2.2 x 10* 23,000
Cm-248 3.0 x 10 2.1 x 10* 23,000
Cs-135 6.7 x 10* 8,400
H-3 — 2.1 x 1010 97
1-129 — 2.4 x 102 1,800
Ni-59 3.4 x 10°% 2.1 x 10* 21,000
Np-237 1.6 x 103 1.6 x 103 10,000
Se-79 5.1 x 103 3,600
Sn-126 4.7 x 10* 4.7 x 10* 10,000
. Sr-90 -t 1.5 x 102 520
Tc-99 1.9 x 102 3,400
Th-232 1.2 x 1077 2.3 x 10° 210,000

see footnotes at end of table
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Fig. 4.1-6. (continued)
Groundwater Conc. Peak Groundwater Time of Peak
Radionuclide at 10,000 years, Conc., Groundwater Conc.,
(pCi/cc) (pCi/cc) ,‘,_ 4
U-233 1.0 x 10? 4.1 x 101 260,000
Th-229 1.4 x 10" -
U-234 6.2 x 102 29 x 10? 200,000
Th-230 1.6 x 1077 — oo
Ra-226 2.5 x 10? -
U-235 2.0 x 10°® 1.3 x 10* 230,000
Pa-231 2.1 x 10*° - —
U-236 7.0 x 10* 39 x 103 320,000
Th-232 82 x 102 —
U-238 3.4 x 10° 2.0 x 10° 230,000
U-234 $6.2 x 10?
Th-230 26 x 102
Ra-226 40 x 107
Pu-238 - 1.2 x 1018 4,800
U-234 <6.2 x 102
Th-230 13 x 102
Ra-226 2.1 x 107
Pu-239 1.0 x 10° 6.4 x 10° 160,000
U-235 <2.0 x 10°
Pa-231 1.3 x 10°
Pu-240 1.6 x 10° 9.5 x 10° 45,000
Pu-242 7.7 x 107 1.0 x 10° 620,000
Pu-244 7.1 x 10% 1.5 x 10 660,000
b _ —

Except for isotopes of plutonium and uranium, for which groundwater concentrations are
based on solubility limits, and thus, are expressed in pCi/cc per any inventory in the vaults.

Peak groundwater concentration at the compliance point for groundwater protection
occurred before 10,000 years.

Units for radioactive daughters are pCi/cc per Ci of parent activity originally in vaults.

Assumes Pu-240 reaches same concentration based on solubility-limited calculations as a
daughter of Cm-244.

Ac-227 daughter accounted for in EDE.
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where

Ap, = initial activity of the daughter, Ci,
Ap, = initial activity of the parent (= 1 Ci),
Ap = radioactive decay constant (.693/T,,) of the daughter (yr'), and

Ap = radioactive decay constant of the parent (yr).

The peak concentration of the daughter, per Ci of parent radionuclide, was then calculated
by multiplying the initial activity of the daughter per Ci of parent activity (Apy) by the 10,000
year and peak groundwater concentration of the daughter (pCi/cc-Ci). The daughter
concentration is expressed in terms of pCi/cc of daughter per Ci of parent activity.

For relatively long-lived radionuclides with short-lived daughters, the EDEs used in this
PA (Table A.4-6 of Appendix A.4) consider that short-lived daughters are in secular equili-
brium with the parent radionuclide. Therefore, separate accounting of these daughters does
not need to be carried out in the groundwater simulations.

Several radionuclides in the inventory lists for both the ILNT and LAW vaults are long-
lived parents of potentially radiologically-significant daughters. Radiologically-significant
daughters are defined here as radioactive decay products that may reach the groundwater
compliance point by 10,000 years in concentrations that are significant with respect to the
10,000-year concentration of the parent. Consideration is given to the fact that the allowable
concentration of the daughter may be less than that of the parent, as is the case with some
decay products of uranium isotopes. The long-lived parents of decay products that fall into
this category include Np-237, Cm-246, Cm-247, Cm-248, isotopes of uranium, and isotopes
of plutonium. The following discussion provides the rationale for neglecting or considering
decay products of these radionuclides in the groundwater-based dose analysis for off-site
individuals.

First, note that for the uranium and plutonium decay products of the long-lived
radionuclides listed, solubility limits are applied in the waste. Although uranium and
plutonium decay products may also be produced in transit from the waste to the compliance

point in groundwater, the production during transport is minimal because transit times are
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small compared to half-lives of the parent radionuclides. Therefore, the peak groundwéter
concentrations calculated for the uranium and plutonium isotopes as parent radionuclides can
be assumed to constitute an upper bound on the peak groundwater concentration of these
isotopes as decay products.

For Np-237, U-233 is the first daughter of interest, since the short-lived daughter Pa-233
will never exceed the Np-237 concentration in groundwater based on its considerably greater
sorption on surfaces (K, exceeds that of Np by a factor of 100; Sheppard and Thibault 1990).
As noted above, uranium is considered to be solubility limited at the source in this assess-
ment, and thus, the compliance-point groundwater concentration of thit Np-237 decay product
will never exceed the value calculated for U-233 considered as the parent radionuclide. The
only decay product of U-233 that is relatively long-lived is Th-229. By 10,000 years, the
maximum production of Th-229 is approximately 1% of the original Np-237 activity. Because
Th-229 is much more strongly sorbed than Np-237, and can only reach a small fraction of the
Np-237 activity in the source, it was not deemed a radiologically-significant radionuclide in
the Np-237 decay chain. Therefore, radioactive decay products of Np-237 were not consi-
dered further in the analysis.

For Cm-246, the only long-lived decay products are Pu-242 and U-238, which are both
considered to be solubility-limited at the source. Thus, radioactive decay products of Cm-246
were not considered further in the groundwater analysis.

For Cm-247, the long-lived decay products are Am-243, Pu-239, and U-235. Am-243 is
assumed to sorb similarly to Cm-247 and can be, therefore, assumed to travel at the same
rate. At 10,000 years, the activity of Am-243 relative to that of Cm-247 is approximately 60%,
and this activity relationship can be assumed to hold at the groundwater compliance point.
'I“herefore, Am-243 should be considered as a potentially radiologically-significant daughter.
Aside from solubility-limited uranium and plutonium isotopes in the Cm-247 decay chain,
Pa-231 is the only other long-lived radionuclide. However, the ingrowth of Pa-231 in 10,000
years is less than 1 x 104%, because of the very long-lived U-235 intermediary, and thus, is
not considered radiologically significant.

For Cm-248, no long-lived radionuclides other than isotopes of uranium and plutonium
achieve significant activities relative to that of the parent in this decay chain. Thus, radio-

active decay products of Cm-248 were not considered further in the groundwater analysis.
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For U-233, which is considered solubility-limited, the long-lived Th-229 decay product is
of potential significance. By delaying loss of U-233 from the waste due to solubility limita-
tions, the U-233 source of Th-229 in the waste remains for a long time. By 10,000 years,
assuming a negligible amount of U-233 is lost from the waste, the Th-229 activity may reach
close to 60% of the U-233 initial activity. Thorium is also slowly leached from the waste due
to its high sorption potential (K = 3000 mL/g). A conservative estimate of the peak activity
of Th-229 in the ILNT vaults in the first 10,000 years after disposal is 5.8 x 10° Ci, based on
an initial U-233 content of 10,000 kg in each of 10 vaults. This Th-229 activity is conserva-
tively assumed to be present in the 10 ILNT vaults at the time of disposal. For the LAW
vaults, a similar calculation results in an initial activity of the Th-229 daughter in the 21 LAW
vaults of 1.2 x 10° Ci of Th-229. Ten thousand-year groundwater concentrations of the
Th-229 daughter of U-233 are estimated by multiplying the assumed initial activity of Th-229
by the pCi/cc-Ci concentrations of Th-232 in Tables 4.1-5 and 4.1-6, and are reported with
the U-233 parent concentration. Because Th-229 decays more rapidly than Th-232, this adds
additional conservatism to the result.

For U-234, potentially radiologically-significant daughters include Th-230, Ra-226, and
short-lived decay products. The shorter-lived decay products are included in the EDE for
Ra-226. As with U-233, the Th-230 concentration in the waste can be estimated at 10,000
years by assuming negligible loss of U-234 and Th-230 from the waste. However, because
Ra-226 is more mobile than Th-230 and solubility-limited U-234, estimating the peak concen-
tration of Ra-226 in the waste up to 10,000 years is more difficult. Therefore, the ingrowth
and loss via leaching and decay of these decay products of U-234 were simulated rigorously
in the PORFLOW runs for U-234 for the ILNT vaults, and the 10,000-year value is reported
as pCi/cc with the U-234 concentration in Table 4.1-5. Observations from the ILNT and
LAW vault simulation results allow parallels to be drawn for the Th-230 and Ra-226 contribu-
tions to groundwater concentrations for the LAW vaults. For Th-232, the ratio of the 10,000-
year peak groundwater concentration for the LAW vaults to the 10,000-year concentration
for the ILNT vaults is approximately four. Therefore, assuming this same ratio for the
daughter calculations, the groundwater concentration of the Th-230 daughter of U-234 in the

LAW vaults was estimated. For Ra-226, no simulations of this isotope were carried out.
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However, the overall ratio of 10,000-year groundwater concentrations from LAW to ILNT
vaults ranges up to about a factor of 65 (Tables 4.1-5 and 4.1-6). Assuming for Ra-226 that
the ratio of 10,000-year groundwater concentrations from LAW to ILNT vaults is 65, the
Ra-226 groundwater concentration resulting from decay of U-234 in the LAW vaults was
estimated.

For U-235, the only potentially radiologically-significant decay products include Pa-231
and Ac-227. Both of these daughter radionuclides exhibit similar sorption behavior, and thus,
can be assumed to travel similarly. Assuming negligible transport of U-235 in 10,000 years,
the activity of Pa-231 and Ac-227 can achieve activities approaching 20% of the original
U-235 activity. However, the mobility of Pa-231 and Ac-227 will limit the peak activity of the
radionuclides in the waste, due to continuous leaching during production by decay. Because
the ingrowth and loss via leaching and decay of these decay products are not readily esti-
mated, PORFLOW runs simulating these processes were carried out for the U-235 chain in
the ILNT vaults. As with U-234, daughter concentrations arising from U-235 in LAW vaults
were estimated from LAW:ILNT vault 10,000-year concentration ratios, assuming an upper-
end value of 65 for this ratio.

For U-236, ingrowth of all potentially radiologically-significant decay products is limited
by ingrowth of the first member of the decay chain, Th-232, which has a half-life of 1.5 x 10"
years. All other members of the decay chain are short-lived, and can be assumed in equili-
brium with Th-232 during transit. Assuming no leaching of the parent, U-236, and no
leaching of the daughters, the maximum activity of any daughter is less that 5 x 10° % of the
initial U-236 activity. Groundwater concentrations of Th-232, as a daughter of U-236, were
conservatively estimated by assuming that this 10,000-year activity is present at the time of
disposal. Based on the 10,000 kg/vault U-236 initial inventory, this corresponds to an initial
activity of 3.3 x 102 Ci in the 10 ILNT vaults, and 6.8 x 10 Ci of Th-232 in the LAW vaults.
Ten thousand-year groundwater concentrations of the Th-232 daughter of U-233 are calcu-
lated by multiplying the assumed initial activity of Th-232 by the pCi/cc-Ci concentrations in
Tables 4.1-5 and 4.1-6, and are reported with the U-233 parent concentration.
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For U-238, the first long-lived radiologically-significant daughter in the decay chain is
U-234. The decay products of U-234 are considered for the U-234 parent in the waste. By
10,000 years, assuming no leaching of uranium isotopes, the activity of U-234 will be approx-
imately 3% of that of U-238. Therefore, a conservative estimate of the contribution of the
U-234 daughters to the U-238 chain is based on the assumption that the initial activity of the
U-234 daughter of U-238 is 1 Ci for the 10 ILNT vaults and 2.1 Ci for the LAW vaults, or
3% of the initial 10,000 kg U-238/vault. Using this method to estimate initial inventory of
U-234, the results of the U-234 daughter simulations were scaled to these initial activities to
derive groundwater concentrations of Th-230 and Ra-226 arising from U-238.

For Pu-238, the first radiologically-significant decay product is U-234. The peak activity
of U-234 in the waste relative to the initial activity of Pu-238 in the waste can be estimated
according to the procedures described above for short-lived parents with longer-lived
daughters. This method uses the ratio of the half-lives of parent-to-daughter to conservatively
estimate ingrowth. Because the ingrowth and loss of decay products of U-234 were simulated
with PORFLOW, these results can be used to estimate the groundwater concentrations of
the decay products of Pu-238. The initial activity of U-234 in ILNT and LAW vaults arising
from decay of Pu-238 was estimated to be 3.6 x 10* Ci per Ci of Pu-238 initially present.
With 150 Ci of Pu-238 assumed initially in each vault, the total inventory of U-234 arising
from Pu-238 is 0.54 Ci for the 10 ILNT vaults, and 1.1 Ci for the LAW vaults. The 10,000-
year groundwater concentrations for Th-230 and Ra-226 were calculated by scaling the results
of the U-234 daughter calculations to these initial inventories of U-234 in each vault type.
The results are presented with the Pu-238 concentrations in Tables 4.1-5 and 4.1-6.

For Pu-239, other than solubility-limited U-235, the potentially radiologically-significant
daughters are Pa-231 and Ac-227. Assuming no leaching of Pu-239 or U-235, the activity of
U-235 is approximately 9 x 10° % of the original activity of Pu-239 at 10,000 years after
disposal. This corresponds to U-235 activities of 1.4 x 102 Ci for all 10 of the ILNT vaulits,
and 2.8 x 102 Ci for all 21 of the LAW vaults. Conservatively assuming that these activities
exist initially, the daughter contributions to groundwater concentrations can be estimated
using the results of the U-235 PORFLOW simulations, which consider transport of decay
products, described previously.
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For Pu-240, Pu-242, and Pu-244, other than solubility-limited uranium isotopes, there are
no potentially radiologically-significant decay products. For Pu-240, very long-lived Th-232
limits ingrowth of other decay products to less than 107% of the initial activity of Pu-240.
For Pu-242, very long-lived U-238 and U-235 limit ingrowth of decay products to less than
10°% of the initial activity of Pu-242. Finally, for Pu-244, Th-232 again limits ingrowth to
less than 107% of the initial activity of Pu-244. Therefore, decay products of these radionu-
clides were not considered further in the groundwater analysis.

4.1.4 Dose Analysis for Off-Site Releases of Radionuclides

As described in Sect. 3.2.3.3, the only exposure pathway of concern for off-site releases
of radionuclides via the groundwater pathway is direct consumption of groundwater obtained
from a well located beyond the 100-m buffer zone around the disposal units. For
beta/gamma-emitting and some alpha-emitting radionuclides, the performance objective for
protection of groundwater resources, which requires consideration of the drinking water
pathway only, is more restrictive than the performance objective for protection of off-site
members of the general public, which requires consideration of all exposure pathways
involving use of contaminated groundwater. For some alpha-emitting radionuclides, the
performance objective for off-site individuals is more restrictive than the performance
objective for groundwater protection, due to the high doses per unit activity intake by
ingestion, but in these cases the dose from all exposure pathways involving use of
contaminated groundwater is only marginally greater than the dose from the drinking water
pathway alone. This conclusion assumes that off-site releases of volatile radionuclides (i.e.,
H-3 and C-14) also can be neglected in the dose analysis beyond the buffer zone (see
Appendix A.3).

In order to determine which performance objective is more restrictive for each radio-
nuclide, the MCLs from Table 3.2-1 were compared to the results of the model for estimating
dose from the drinking water pathway for off-site individuals. The annual EDEs, in rem per

year, from the drinking water pathway per unit concentration (1 pCi/L) of radionuclides in

Rev. 0



4-29 WSRC-RP-9%4-218

groundwater (from Table A.4-6 of Appendix A.4) are summarized in Table 4.1-7. The radio-
nuclides in this table were selected by the screening analysis described in Sect. 4.1.1, and all
potentially significant decay products are included.

For comparison to MCLs, the performance objective of 25 mrem per year for off-site
individuals is divided by the EDEs in Table 4.1-7 to derive the concentration limit in drinking
water for each radionuclide based on this dose limit. The results of this calculation, converted
to appropriate units, and the MCLs from Table 3.2-1 are listed in Table 4.1-8 for comparison.
These results indicate that the 25 mrem per year performance objective is more restrictive
for most of the alpha-emitting radionuclides, with the exception of Ra-226, Th-230, U-235,
and U-238.

The dose analysis for the drinking water pathway is based on the predicted maximum
concentrations of radionuclides in groundwater at any location beyond the 100-m buffer zone
and at any time up to 10,000 years after disposal. These concentrations for the different
disposal units in E-Area are presented in Tables 4.1-5 and 4.1-6. The groundwater concentra-
tions in these tables represent activity concentrations per unit activity (Ci) in all (not each)
of the 10 ILNT vaults or all (not each) of the 21 LAW vaults, except for the Pu and U
isotopes. Maximum groundwater concentrations for Pu and U isotopes are based on solubility
limits in the vaults for 150 Ci of each Pu isotope and 10,000 kg of each U isotope initially in
each vault of each type.

The allowable inventories derived for the drinking water pathway from off-site releases
of radionuclides are given in Table 4.1-9. These inventories (Ci) are calculated for all
isotopes except for those of Pu and U in the following manner. First, the most restrictive
performance objective based in Table 4.1-8 is selected by choosing the lowest allowable
groundwater concentration of the two values given for each radionuclide. Second, the lowest
allowable groundwater concentration is divided by the maximum groundwater concentration
up to 10,000 years, per Ci of inventory in either the ILNT or LAW vaults. Because U and
Pu isotopes are assumed to be solubility limited in the vaults, a linear relationship between
groundwater concentration and initial inventory does not exist and the allowable inventory

cannot be calculated. However, the calculated groundwater concentrations for Pu and U can
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Table 4.1-7. Annual EDEs from drinking water
Emitwmmﬁmofradionudidumw

Annual EDE Annual EDE

_l.!_a.c_lionuclide" (remfy per uCi/L) Radionuclide? (remy per uCi/L)
H-3 4.6 x 10 Pa-231 +d 1.1 x 104
C-14 1.5 U-232 +d 1.5 x 10°
Al-26 9.5 U-233 2.0 x 10?
Ni-59 1.5 x 10 U-234 1.9 x 10?
Ni-63 39 x 10? U-235 1.8 x 10°
Se-79 6.1 U-236 1.8 x 10
Rb-87 35 U-238 + d 1.8 x 10?
Sr90 + d 1.0 x 10? Np-237 2.8 x 10°
Zr-93° 1.2 Pu-238 2.8 x 10°
Nb-93m 39 x 10" Pu-239 3.1 x 10°
Tc-99 9.5 x 10! Pu-240 3.1 x 10°
Pd-107 1.0 x 10" Pu-242 3.0 x 10°
Cd-113m 1.1 x 10? Pu-244 29 x 10°
Sn-121m . 9.5 x 10! Am-241 3.3 x 10°
Sn-126 + d 1.3 x 10 Am-242m ¢ 3.1 x 10°
1-129 2.0 x 10? Am-243 3.3 x 10°
Cs-135 52 Cm-245 33 x10°
Sm-151 2.5 x 10! Cm-246 3.3 x 10°
Pb-210 + d 49 x 10° Cm-247 3.0 x 10°
Ra-226 + d¢ 8.0 x 10? Cm-248 1.2 x 10*
Th-229 + d 29 x 10° Cf-249 74 x 10
Th-230 3.9 x 107 . Cr251 3.4 x 10°
Th-232 +d 3.5 x 10° _

¢ Results are obtained from Table A.4-6 of Appendix A.4.

® "+ d" denotes short-lived decay products that are assumed to be in secular equilibrium with

arent radionuclide; see Table A.4-1 of Appendix A.4 for decay products and branching
ractions.

Value does not include possible contributions from Nb-93m decay product.
Value does not include possible contributions from Pb-210 decay product.

Value does not include possible contributions from Pu-238 decay product.
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Table 4.1-8 Comparison of MCLs and allowable
the 25 mrem per year performance

Radionuclide

H-3

4-31 WSRC-RP-94-218
grounkiwater concentrations based on
objective for off-site individuals

Allowable Concentration
Based on 25 (r:qrcm per year, |

Pl

540,000

20,000
L  cu 6,400 16,000
Ni-59 530 160,000
Se-79 660° 4,100
Sr-90 8 250
Tc-99 800 26,000
Sn-126 290° 1,900
| 1129 0.5 120 ]I
Cs-135 800 4,800
Ra-226 5 31 ‘ﬂ
Ac-227 53 oot
It Pa-231 2.4 2.3
Th-229 15 8.6
|t Th-230 15 64
Th-232 15 71|
I U-233 190,000 125 ]
(20 po/L)?
U-234 124,000 132
(20 ply?
U-235 428 139
(20 ug/L)
U-236 1,270 139
(20 pg/L)®
U-238 6.66 139
‘ (20 pg/Ly
Np-237 15 8.9
Pu-238 15 8.9
Pu-239 15 8.1
Pu-240 is 8.1
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Table 4.1-8. (continued)

Allowable Concentration

Radionuclide ) Based on 25 ml,rfm per year
Pu-242 8.3 r
Pu-244 15 86 '
Am-241 15 7.6
Am-243 15 7.6
Cm-244 15 (based solely on Pu-240) ¢ |
Cm-245 15 76 |
Cm-246 15 76 “
Cm-247 15 8.3
Cm-248 15 21|
Bk-249 . 15 (based solely on Cm-245) ¢
Cf-249 15 3.4

Cf-251 15 7.4

Cf-252 15 based solely on Cm-248) ¢

Option 1, Table 3.2-1, unless otherwise noted.
Option 3, Table 3.2-1.
EDE of Pa-231 parent considers contribution of Ac-227.

o

o

EDE not provided in Table 4.1-7 because groundwater concentration of parent negligible.
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Table 4.1-9. Calculated allowable inventories based on the groundwater pathway
for off-site doses up to 10,000 after dis pa

ILNT Vaults (10) LAW Vaults (21)
Radionuclide Iuvemom Ci Inventory, Ci
H-3 7.4 x 102 9.5 x 10'
C-14 9.9 x 10* 7.4 x 10*
Ni-59 1.8 x 10 1.6 x 10
Se-79 89 x 10! 1.3 x 102
Sr-90 3.0 x 10" 5.3 x 10”
Tc-99 2.0 x 10! 4.2 x 10!
Sn-126 12 x 10 6.2 x 10°
1-129 53 x 107 2.1 x 10?2
Cs-135 1.9 x 10? 1.2 x 10°
Th-232 1.8 x 10" 5.9 x 104
Np-237 2.0 5.6
Am-241* 1.0 x 10* 27x100
Am-243 33 x 10 1.8 x 10
Cm-244 © 5.4 x 10 5.4 x 10"
Cm-245 2.1 x 10° 6.9 x 10°
Cm-246 4.2 x 10° 1.3 x 10
Cm-247 1.3 x 10° 2.8 x 10°
Bk-249 ® 2.1 x10° 6.9 x 10
Cm-248 1.6 x 10 7.0 x 10?
Ci-249° 5.1 x 10° 1.7 x 10°
Cf.251° 1.6 x 10 2.4 x 10¢
Cf-252°% 21x10° 9.1 x 10’
U-233 % Solubility limited ¢ Solubility limited
Th-229 ¢ 3.6 x 10" (>>10° kg)/ 1.2 X 10 (>>2.1 x 10° kg) ¢
U-234° Solubility limited ¢ Solubility limited ¢
Th-230 ¢ 1.0 x 10® (>>10° kg) 52 x'10% (>>2.1 x 10° kg) ¢
Ra-226 ¢ 80x10° ( >10° kg% ! 26 x10* ( <2.1x 10° kg)*
U-235° Solubili?' limited ¢ Solubility limited ¢
Pa-231° 1.6 x 10° (>>10° kg)/ 50x10° ( >2.1x10°kg)*
U-236° Solubility limited ¢ Solubility limited ¢
Th-232 ¢ 3.5x 10® (>>10° kg) / 1.2 X'10° (>>2.1 x 10° kg) &
U-238 % Solubility limited ¢ Solubility limited ¢
U-234 ¢ Solubility limited ¢ Solubility limited ¢
Th-230 3.4 x 102 (>>10° kg)/ 1.7 X 10® (>>2.1 x 10° kg)
Ra-226 * 27x 10" (>>10° kg)/ 88x10° (>>2.1x 10°kg)*
Pu-238° Solubi!i!Y limited * Solubility limited *
U-234 ¢ Solubility limited ¢ Solubilgg limited ¢
Th-230 * 27x1 1.6 x 1
Ra-226 ¢ - 22x10° 7.5 x 10
Pu-239° Solubility limited * Solubility limited *
U-235°¢ Solubi itx limited ¢ Solubilit,y limited ¢
Pa-231° 1.6 x 10 5.6 x 10
Pu-240 Solubility limited * Solubility limited *
Pu-242 Solubility limited * Solubility limited *
Pu-244 Solubility limited * Solubility limited *

Based on lower of the two allowable concentrations listed in Table 4.1-8.
Includes contributions of potentially radiologically-significant dau'ghlerg).

Based on solubility-limited Pu-240 with a total initial inventory of 150 Ci/vault of Pu-240. Parent
inventory based on ratio of half-lives (Sect. 4.1.3).

4 Assumed initial invento?' of 10,000 kg/vault for each uranium isotope.
o

Inventory limit listed is for U or Pu parent.

Expression in parentheses indicates that the inventory limit, in Ci, always exceeds and usually greatly
exceeds, the assumed initial inventory of 10° kg U for the 10 ILNT vaults.

Expression in parentheses indicates that the inventory limit, in Ci, always exceeds the assumed
initial inventory of 2.1 x 10° k§ U for the 21 LAW vaults, with one exception (U-234).

Assumed initial inventory of 150 Ci/vault for each plutonium isotope.

Rev. 0



4-34 WSRC-RP-94-218

be directly compared to the most restricted allowable groundwater limit from Table 4.1-8 to
evaluate whether up to 150 Ci of Pu/vault (for any of the Pu isotopes evaluated) and/or
10,000 kg of Ujvault (for any of the U isotopes evaluated) are acceptable for disposal.
Inventory limits for U and Pu isotopes based on radiologically significant daughters were
calculated by dividing the 10,000-year groundwater concentrations by the assumed initial
inventory of the parent (U or Pu isotope), in Ci, and following the procedure described abcve
for the radionuclides other than isotopes of U and Pu.

4.1.5 Dose Analysis for Inadvertent Intruders

As demonstrated in Sect. 3.2.4, the following exposure scenarios are of concern for
inadvertent intruders onto the disposal site following loss of active institutional control at 100

years after facility closure:

¢ an agriculture scenario involving direct excavation into disposal units at times after the
engineered barriers above the waste have lost their structural and physical integrity
and can be penetrated by normal excavation procedures at the SRS;

¢ aresident scenario involving permanent residence in a home located either on top of
an intact concrete roof or other engineered barrier, which first could occur at any
time after loss of active institutional control, or on top of intact but exposed waste at
times after all engineered barriers have lost their integrity; and

® a post-drilling scenario involving removal by drilling of waste from a disposal unit at
times after drilling through a disposal unit becomes credible. The results of the dose
analysis for the different exposure scenarios for inadvertent intruders are presented

in the following sections.

The general approach to the dose analysis for any exposure scenario for inadvertent intruders
is described below.

Because the isotopic composition of waste intended for disposal in the EAV is not known,

the dose analysis for inadvertent intruders is used to estimate limits on inventories of
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radionuclides that would be acceptable for disposal. For a known volume of disposal units
of the same type, limits on radionuclide inventories are equivalent to limits on average
concentrations in disposed waste. The estimated limits on radionuclide inventories are based
on the performance objective for protection of inadvertent intruders described in Sect. 1.2,
i.., a limit on EDE of 0.1 rem per year for scenarios involving chronic exposure. The proce-
dure for estimating limits on inventories of radionuclides for the different types of disposal
units, based on the dose analysis for each exposure scenario for inadvertent intruders, is
described as follows.

For an assumed exposure scenario and particular type of disposal unit, the EDE
(rem/year) to an inadvertent intruder from exposure to a given radionuclide can be expressed

as

H = (I//V) x SDCF xG x F, (Eq. 4.1-1)
where

I = inventory of radionuclide in disposal units at time of disposal (pCi),

14 = volume of waste in disposal units (m®),

SDCF = scenario dose conversion factor for radionuclide (rem/year per pCi/m3),
G = geometrical correction factor (dimensionless), and
F = fraction of initial inventory of radionuclide remaining in disposal units at

time intrusion occurs.

In this equation, scenario dose conversion factor (SDCF) is the annual dose to an inadvertent
intruder for the assumed exposure scenario per unit concentration of a radionuclide based
on the assumption that intrusion occurs only into the regions of disposal units that are
occupied by waste. The SDCFs for the agriculture, resident, and post-drilling scenarios are
estimated in Appendix A.4, and the results are summarized in Table 4.1-10, 4.1-11, and 4.1-12,
respectively. The correction factors G and F then take into account that the average radionu-
clide concentration encountered by an inadvertent intruder would be less than the average

concentration in disposed waste and that the dose would be correspondingly reduced.
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H-3 3.9 x 10 Pa-231 +d 8.3 x 10

C-14 1.5 x 10° U-232 + d° 23 x 103
Al-26 3.9 x 103 | Rn-220 1.0 x 102/
Co-60 3.5 x 103 i U-233 1.1 x 10
Ni-59 6.8 x 10°* 1 U-234 1.1 x 10
Ni-63 1.8 x 107 1 U-235 + d 1.8 x 10
Se-79 1.2 x 10 | U-236 1.0 x 10
Rb-87 1.9 x 10 U-238 + d 3.9 x 10°
Sr-90 + d 1.8 x 10 i Np-237 + d 5.0 x 10*
Zr-93° 45 x 10* | Pu-238 3.4 x 10°
Nb-93m 1.9 x 10 Pu-239 4.0 x 10
Tc-99 1.1 x 10 Pu-240 4.0 x 10°
Pd-107 3.2 x 10® Pu-241 7.7 x 107
Cd-113m 1.3 x 10* Pu-242 3.8 x 10°
Sn-121m 4.7 x 107 | Pu-244 3.7 x 10°
Sn-126 + d 2.6 x 103 | Am-241 5.6 x 10°
1-129 83 x 10° | Am-242m + d 6.0 x 10°®
Cs-135 12 x 10° | Am-243 + d 2.5 x 10°*
Cs-137 + d 7.7 x 10°* Cm-243 1.6 x 10
Sm-151 14 x 10°® Cm-244 2.0 x 103
Eu-154 1.7 x 103 Cm-245 1.1 x 10*
Eu-155 4.0 x 10° Cm-246 4.0 x 10°
Pb-210 + d 3.0 x 10* Cm-247 +d 44 x 10*
Ra-226 + d* 2.7 x 103 . | Cm-248 1.4 x 10

Rn-222 12 x 101/ Cf-249 4.6 x 10*
Th-229 + d 43 x 10* Cf-250 1.7 x 10°
Th-230 1.1 x 10°® Cf-251 1.6 x 10*
Th-232 + d° 3.6 x 103

¢ Results are obtained from Table A.4-14 of Appendix A.4.
"+ d" denotes short-lived decay products that are assumed to be in secular equilibrium with
arent radionuclide; see Table A.4-1 for decay products and branching fractions.
¢ Value assumes that Nb-93m is present in secular equilibrium.
Value assumes that Pb-210 is present in secular equilibrium.
¢ Dose from radon decay product is listed separately.
Dose is normalized to unit concentration of parent radionuclide.
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Table 4.1-11. SDCFs for resident scenario for inadvertent intruders®
Annual EDE
(remly per uCi/m®)
Radionuclide® No shielding’ 45-cm shielding? 100-cm shielding*
Al-26 3.9 x 10% 1.1 x 10* 2.8 x 10°
Co-60 8.8 x 10°* 1.2 x 10°¢
Sn-121m 42 x 107 -
Sn-126 + d 2.6 x 103 22 x 10° 8.4 x 10
1-129 2.8 x 10°¢ — —
Cs-137 + d 7.6 x 10* 6.6 x 10 22 x 10°®
Eu-154 3.2 x 10°% 3.5 x 107
Eu-155 6.3 x 101°
Ra-226 + d 2.4 x 103 6.0 x 10° 1.3 x 10
Th-229 + d 3.5 x 10 2.6 x 10° 3.5 x10%
Th-232 + d 3.5 x 103 1.1 x 10* 4.1 x 10°
Pa-231 + d 42 x 10* 1.1 x 10 3.5 x 10°
U-232 +d 2.2 x 103 9.2 x 10° 3.8 x 10
U-235 +d 1.7 x 10* 3.9 x 10 2.3 x 1012
U-238 + d 29 x 10° 3.0 x 107 2.5 x 10°
Np-237 +d 2.4 x 10* 4.6 x 107 2.8 x 101°
Am-241 9.5 x 10
Am-242m + d 1.5 x 10°% 6.2 x 10® 52 x 101
Am-243 + d 2.0 x 10* 1.1 x 107 4.2 x 10
Cm-243 1.3 x 10 49 x 10°* 2.0 x 10"
Cm-245 74 x 10 53 x 10°
Cm-247 + d 4.0 x 10 1.3 x 10 1.3 x 10?
Cf-249 4.2 x 10* 1.2 x 10* 1.1 x 10°
oot 12104 3.1 x 10° -

“ Results are obtained from Table A.4-15 of Appendix A.4.

b "+ d" denotes short-lived decay products that are assumed to be in secular equilibrium with
arent radionuclides; see Table A.4-1 of Appendix A.4 for decay products and branching
ractions.

° Results apply to ILNT, LAW, and ILT vaults at times long after disposal when all

engineered barriers above the waste have lost their integrity.

4 Results apply to LAW vaults at 100 years after disposal.

 Results apply to ILNT and ILT vaults at 100 years after disposal.
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Table 4.1-12. SDCFs for post-drilling scenario for inadvertent intruders®
Radionuclide® Annual EDE | Radionuclide® Annual EDE
rem/year per nCi/m*) § _ rem/year per uCi/m

H-3 3.9 x 107 | Pa-231 +d 1.8 x 10°
C-14 1.5 x 10 | U-232 +d° 5.6 x 10°*
Al-26 1.8 x 10% | Rn-220 2.1 x 104/
Co-60 1.8 x 10°¢ | U-233 7.5 x 107
Ni-59 6.8 x 10° U-234 73 x 107
Ni-63 1.8 x 103 | U235 +d 7.9 x 107
Se-79 1.2 x 107 | U-236 69 x 107
Rb-87 1.9 x 107 U-238 +d 6.6 x 107
Sr-90 + d 1.8 x 10 1 Np-237 24 x 10°
Zr93° 3.5 x 10° | Pu-238 2.1 x 10°
Nb-93m 1.8 x 10° Pu-239 2.5 x 10
Tc-99 1.1 x 10* Pu-240 2.5 x 10°
Pd-107 3.2 x 10° Pu-241 48 x 103
Cd-113m 13 x 10° Pu-242 2.4 x 10°
Sn-121m 53 x 10° | Pu-244 2.3 x 10%
Sn-126 + d 1.4 x 10 | Am-241 3.1 x 10°¢
1-129 8.1 x 10° | Am-242m + d 3.0 x 10%
Cs-135 1.2 x 107 | Am-243 + d 3.2 x 10
Cs-137 + d 12 x 10° | Cm-243 1.6 x 10
Sm-151 9.3 x 101 Cm-244 1.3 x 10
Eu-154 8.4 x 107 Cm-245 2.5 x 10%
Eu-155 2.6 x 10% Cm-246 2.5 x 10%
Pb-210 + d 3.0 x 10° Cm-247 + d 2.5 x 10
Ra-226 + d % 3.2 x 10° Cm-248 8.9 x 10¢

Rn-222 13 x 103/ Cf-249 2.7 x 10°%
Th-229 + d 2.9 x 10° | ct-250 1.0 x 10
Th-230 3.4 x 107 Cf-251 2.6 x 10
Th-232 +d° 5.9 x 10%

Rn-220 21 % 10°7

“ Results are obtained from Table A.4-16 of Appendix A.4.
® "+ d" denotes short-lived decay products that are assumed to be in secular equilibrium with

arent radionuclide; see Table A.4-1 of Appendix A.4 for decay products and branching
ractions.

° Value assumes that Nb-93m is present in secular equilibrium.

4 Value assumes that Pb-210 is present in secular equilibrium.

¢ Dose from radon decay product is listed separately.

f Dose is normalized to unit concentration oF parent radionuclides.
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The geometrical correction factor, G, in Eq. 4.1-1 takes into account that a large-scale
excavation into disposal units, as assumed in the agriculture and resident scenarios, would
involve exposure to uncontaminated material between individual disposal units as well as
disposed waste itself. This correction factor assumes, in essence, that excavation into disposal
units would occur at random locations. Therefore, the geometrical correction factor is given
by the fraction of .the land area encompassed by the disposal units of a particular type that
contains waste.

The values of the geometrical correction factor for the agriculture and resident scenarios
assumed in this analysis for the different disposal types of units are given in Table 4.1-13.
These values were estimated for the three vault types and the suspect soil trenches in the
following manner. An envelope was drawn around each grouping of each vault type
(Fig. 2.5-1) or trench (Fig. 2.6-1), representing the total land area occupied by vaults or
trenches and uncontaminated soil between each disposal unit in a grouping. Using known
vault and trench dimensions (Figs. 2.5-2, 2.5-3, and 2.6-1) and spacing, the correction factors
were estimated by dividing the vault and trench areas in a grouping by the area of the
corresponding envelope. The correction factors represent the fraction of land area occupied
by the vaults or trenches and soil between these units that actually contains waste. For the
post-drilling scenario, the geometrical correction factor is assumed to be unity for all disposal
units, because an intruder is assumed to drill only through contaminated regions in each type
of disposal unit. Any uncontaminated material above and below the waste that also would
be exhumed by drilling is taken into account in estimating the SDCF for the post-drilling
scenario in Table 4.1-12.

Table 4.1-13. Geometrical reduction factors (? used
» d ‘analyses for inadvertent 7

Reduction Factor

0.4 —-1
|| LAW vaults 0.8
| ILT vaults 0.4 |
" Suspect soil trenches 0.6 II

“ See Eq. 4.1-1; reduction factors apply to agriculture and resident scenarios but not to post-
drilling scenario.
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The parameter F in Eq. 4.1-1 takes into account that, between the time of disposal and
the time that a scenario for inadvertent intrusion is assumed to occur, the initial inventories
of radionuclides in the disposal units would be reduced by radioactive decay and by
mobilization and transport in infiltrating water. This correction factor depends on the
particular disposal unit as well as the radionuclide.

For any radionuclide in disposed waste, the parameter F is a monotonically decreasing
function of time after disposal. Therefore, if a radionuclide does not produce radiologically
significant long-lived decay products, the dose to an inadvertent intruder for a given scenario
will attain its maximum value at the time after disposal when the scenario first becomes
credible. However, if a radionuclide produces radiologically more significant long-lived decay
products (e.g., U-238, which produces Ra-226), the maximum dose from the parent radionu-
clide and its decay products could occur long after the scenario first becomes credible,
depending on the rate of buildup of activity of the decay product relative to the rate of
removal of the parent radionuclide from the disposal units.

For any radionuclide and type of disposal unit, the value of the parameter F as a function
of time after disposal is obtained from calculations performed by the PORFLOW computer
code. Again, the fraction of the initial inventory remaining in disposal units at any time after
disposal takes into account radioactive decay and removal from the disposal units by infil-
trating water. For any radiologically significant long-lived decay products, the simplifying
assumption is made that the inventory at any time after disposal is determined by (1) the
remaining inventory of the parent radionuclide at that time and (2) the ratio of the activity
of the decay product to the initial activity of the parent radionuclide as obtained from the
Bateman equations. As described in Sect. 4.1.3, a similar approximation was used in
accounting for long-lived decay products in the dose analysis for the groundwater pathway.

Since the objective of the intruder dose analysis is to establish limits on inventories of

radionuclides for disposal, Eq. 4.1-1 can be rearranged to give

I, = (H x V)/(SDCF x G x F).
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Therefore, for a dose limit for inadvertent intruders of 0.1 rem per year and using a conver-
sion factor for activity of 10 Ci/uCi, the inventory limit for a radionuclide in a particular type
of disposal unit for a given exposure scenario is given by

I,(Ci) = [107 x V(m*))/[SDCF(rem-m¥uCi-y) x G x FJ. (Eq. 4.1-2)

The volume V depends only on the type of disposal unit, the SDCF depends only on the
radionuclide and exposure scenario but not on the type of disposal unit, G depends only on
the type of disposal unit and exposure scenario, and F depends on the time after disposal at
which intrusion is assumed to occur and on the radionuclide and type of disposal unit.
Alternatively, the waste acceptance criteria (WAC) could be expressed in terms of limits
on average concentrations of radionuclides in disposed waste. From Eq. 4.1-2, the limit on

average concentration of a radionuclide is given by
Co(uCi/m*) = 0.1/[SDCF(rem-m*uCi-y) x G x F). (Eq. 4.1-3)

The model in Egs. 4.1-2 and 4.1-3 for estimating limits on inventories or average concen-
trations of radionuclides in the different types of disposal units for the different exposure

scenarios for inadvertent intruders is implemented in the following sections.
4.15.1 Dose Analysis for Agriculture Scenario

The SDCFs obtained from the model for estimating dose to inadvertent intruders for the
agriculture scenario are summarized in Table 4.1-10. The remainder of this section discusses

application of the results in Table 4.1-10 and the model in Egs. 4.1-1 through 4.1-3 to the
different disposal units in E-Area.

ILNT Vaults

Because of the design of the ILNT vaults, the agriculture scenario involving direct

excavation into the waste is not expected to become credible for a considerable period of time
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after disposal. Since the waste will be located well below the ground surface, a considerable
amount of erosion will need to occur before the waste could be accessed by normal excava-
tion procedures for a home. Then, the concrete roof and layer of uncontaminated grout
above the waste are expected to preclude excavation into the waste for as long as they main-
tain their physical integrity. The assumed performance of the three barriers to excavation
into waste is discussed below.

The current closure concept for the disposal units in E-Area calls for an earthen cover
above the concrete roof of thickness about 29 m. As described in Sect. 2.1.8, the average
erosion rate for cropland in the vicinity of the SRS is about 1.4 mm/year. This erosion rate
probably is an upper-bound estimate for the earthen cover, because an estimated erosion rate
for natural successional forests (see Sect. 2.1.8) is about 0.703 mm/year. Since an excavation
for a home normally is assumed to extend no more than about 3 m below the ground surface
(NRC 1981; Oztunali and Roles 1986) and since the total thickness of the concrete roof and
layer of uncontaminated grout above the waste in the ILNT vaults is expected to be about
1.7 m (see Sect. 2.8), at least 2.7 m of the earthen cover would need to erode before a
significant thickness of the waste (about 1 m) would be accessible during excavation and
significant exposures according to the agriculture scenario could occur. Using the estimated
erosion rates given above, the time required for 2.7 m of cover material to erode is estimated
to be nearly 2,000 years and perhaps as long as 900,000 years. The very low erosion rate for
natural successional forests is difficult to justify for such a long time period. However, the
presence of a gravel layer about 0.9 m below the surface in the current closure concept
undoubtedly would inhibit further erosion once the gravel layer is exposed. Therefore,
erosion to a depth necessary to permit normal excavation into the waste presumably will not
occur for at least several thousand years after disposal.

The models for degradation of the concrete roof are described in Sect. 3.1.3. As indicated
in Table 3.3-4, the roof above an ILNT vault is expected to maintain its integrity for about
1,000 years after disposal, and collapse of the roof is expected to occur at about that time.
If the roof were in the form of rubble after collapse, which probably represents a worst-case

scenario, excavation through the collapsed roof could occur at that time.
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After the concrete roof over an ILNT vault fails, the layer of uncontaminated grout above
the waste presumably must weather aimost entirely to soil-equivalent material before
excavation into the waste would become credible. In order to estimate the weathering rate
of grout, this material is assumed to resemble carbonate rock (e.g., limestone) in its
weathering properties. Available data summarized by Ketelle and Huff (1984) indicate that
the weathering rate of carbonate rock in regions near the SRS is in the range 35 to 100 mm
per 1,000 years. For purposes of this analysis, a weathering rate for the layer of
uncontaminated grout of 100 mm (0.1 m) per 1,000 years is assumed. This value applies to
the expected infiltration rate of water in native soil of 40 cm/year (see Appendix A.1.1) and,
thus, applies at times after the concrete roof has failed at about 1,000 years after disposal.
A weathering rate at the upper end of the range of reported values for carbonate rock is
chosen, because grout should have a somewhat higher porosity than average carbonate rock
and, thus, should be correspondingly more susceptible to weathering by infiltrating water.

The nominal thickness of the layer of uncontaminated grout above the waste in the ILNT
vaults is 3 ft (90 cm). By assuming that essentially all of this grout layer must weather to soil-
equivalent material in order for excavation into the waste to become credible, and using the
estimated weathering rate given above, the time required for weathering of the grout at the
normal infiltration rate of water is estimated to be about 9,000 years. This estimate shows
that even in the absence of a concrete roof, the layer of uncontaminated grout above the
waste should prevent excavation into the waste for many thousands of years after disposal.

The analysis described above assumes that excavation into the waste could occur as soon
as the concrete roof has failed and the layer of uncontaminated grout above the waste has
weathered to soil-equivalent material and the waste becomes accessible by excavation. This
assumption probably is conservative because the space between waste packages in the ILNT
vaults will be backfilled with grout, and the top layer (about 1 m) of this grout presumably
must weather to soil-equivalent material before significant excavation into the waste could
occur. The weathering rate of this material presumably would be about the same as for the
grout layer above the waste described above. Therefore, about 10,000 years presumably
would be required for a layer 1 m thick to weather to soil-equivalent material. This time is

in addition to the time required for weathering of the grout above the waste.
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In summary, an analysis of the expected performance of the earthen cover above the
ILNT vaults ard the concrete roof and layers of grout in the vaults indicates that excavation
into the waste probably is not credible for at least 20,000 years after disposal. The layer of
gravel in the carthen cover, which will be placed about 3.5 m above the waste, presumably
will be quite erosion resistant, and a typical excavation to a depth of about 3 m below the
ground surface would not access waste in the presence of the gravel layer. Even if the gravel
layer were subject to the same erosion rate as native soil, the time required for a sufficient
thickness of the cover to erode so that about 1 m of waste would be accessible by excavation
should be at least several thousand years and could approach one miillion years if the current
erosion rate for natural successional forests at the SRS is maintained.

The concrete roof above the vaults, the layer of uncontaminated grout above the waste,
and the grouting of the waste itself also are expected to be effective barriers to excavation
into the waste for many thousands of years after disposal. Although the roof is expected to
collapse at about 1,000 years after disposal, the presence of large, intact pieces of the roof
may preclude excavation for a considerable period of time thereafter. However, even if a
collapsed roof were not a deterrent to excavation, the layer of uncontaminated grout above
the waste is expected to maintain its integrity for about 10,000 years after disposal (i.e., for
about 9,000 years after the roof collapses), and the grouting of the waste itself is expected to
preclude excavation into a layer of waste about 1 m thick for about another 10,000 years after
disposal.

From the analysis of the earthen cover and engineered barriers for the ILNT vaults
presented above, it is clear that only long-lived radionuclides in the waste possibly could be
of concern in an analysis of the agriculture scenario for inadvertent intruders. In this analysis,
results are presented for three different times after disposal. The first is at 10,000 years after
disposal, which is the maximum time of compliance with the performance objective for protec-
tion of inadvertent intruders (see Sect. 1.2.1). The analysis at this time is based on the
pessimistic assumption that the agriculture scenario reasonably could occur then. Again,
however, the scenario may not be credible until long after 10,000 years, based on the

expected performance of the earthen cover and engineered barriers. The second time is at
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20,000 years after disposal, which is the earliest time that the engineered barriers are expected
to have failed sufficiently to permit excavation into a layer of waste about 1 m thick. Again,
however, excavation into the waste at this time may be a pessimistic assumption if the gravel
layer in the earthen cover prevents erosion to a depth sufficient to permit excavation at the
depth of the waste. The third time is far into the future (i.e., at 200,000 to 2,000,000 years)
when all barriers to excavation presumably have failed. Results at these far future times are
presented only for U-234, U-235, and U-238, and the purpose of the analysis is to capture
possible exposures to long-lived decay products which would reach their peak values only at
very long times after disposal. A similar analysis was considered for Np-237, but in this case
removal of the parent radionuclide from the vaults by mobilization and transport in water is
sufficiently rapid to more than compensate for the long-term buildup of U-233 and Th-229
decay products.

The results of the dose analysis for the agriculture scenario at the various times after
disposal are given in Table 4.1-14. The resuits are calculated using Egs. 4.1-2 and 4.1-3. The
SDCFs; for the long-lived radionuclides of concern are given in Table 4.1-10, the geometrical
reduction factor for the ILNT vaults of 0.4 is obtained from Table 4.1-13, and the fraction
of the initial inventory of radionuclides remaining in the vaults at the various times after
disposal, which takes into account radioactive decay and mobilization and transport in water,
was calculated using the PORFLOW computer code. The results of the analysis are given
in two forms, both of which are based on the dose limit for inadvertent intruders of 0.1 rem
per year. The first set of results is in the form of limits on average concentrations of
radionuclides in the waste. This type of result is useful because the concentrations in
individual waste pacléagcs cannot exceed the limits for Class-C waste established by the NRC
in 10 CFR Part 61 (DOE 1988a). The second set of results is in the form of limits on total
activity of radionuclides in each vault.

For Th-232, U-234, and U-238, two sets of concentration and inventory limits are calcu-
lated for each time after disposal listed in Table 4.1-13. The first set of results include the
contributions to the dose to inadvertent intruders from radon decay products (i.e., Rn-220 for
Th-232 and Rn-222 for U-234 and U-238), but the second set of results excludes the contribu-

tions from radon. The dose limit for inadvertent intruders in the present performance
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Table 4.1-14. Results of dose analysis for intruder agriculture scenario for ILNT vaults®

Concentration  Inventory

Radionuclide SDCP _ Time F Limit? ngut‘
7 1
-14 1.5 x 10 1x10* 30x10" 5.6 x 10 3.2 x 10?
2x10* 88x102 19x10° 1.1 x 10°
Al-26 39 x 103 1x10* 99x10? 6.5 x 10! 3.7 x 10
2x10* 98 x 10! 6.5 x 10! 3.7 x 10"
Ni-59 6.8 x 10 1x10* 83x10!' 4.4 x10° 2.5 x 10*
2x10* 36x10" 1.0x10 58 x 10
Se-79 1.2 x 10¢ 1x10* 38x102 55 x10° 3.1 x 10*
2x10* 34x102 6.1 x10° 3.5 x 10*
Rb-87 1.9 x 10¢ 1 x 10* 1.0 1.3 x 10° 7.5 x 10?
2 x 10¢ 1.0 13 x 10° 7.5 x 107
Zr-93 4.5 x 10°® 1 x 10 1.0 5.6 x 10° 3.2 x 10*
2 x 10* 1.0 5.6 x 10° 3.2 x 10*
Tc-99 1.1 x 10 1x10* 18x10%2 13 x10° 72 x 10°
2x10* 15x102 15x10° 86 x 10°
Pd-107 3.2 x 10°® 1 x10* 1.0 7.8 x 10° 45 x 10*
2 x 10 1.0 7.8 x 10° 4.5 x 10*
Sn-126 2.6 x 103 1x10* 58 x 102 1.7 x 10® 9.5
2x10* 41x102 23 x10° 1.3 x 10!
1-129 8.3 » 10° 1x10* 25x10% 12 x10%/ 46 x 107
2x10* 25x103 1.2 x 10¢f 4.6 x 102
Cs-135 1.2 x 10% 1x10* 1.1x102 19 x10’ 1.1 x 10°
2x10* 1.1x102 19x10 1.1 x 10°
Th-232¢ 1.4 x 10?2 1 x 10* 1.0 1.8 x 10! ¢ 1.0 x 10! ¢
2 x 104 1.0 1.8 x 10' ¢ 1.0 x 101 ¢
Th-232 * 3.6 x 103 1 x 10* 1.0 6.9 x 10! 4.0 x 101 *
2 x 10* 1.0 6.9 x 10! * 40 x 1014
U-233 1.1 x 10° 1x10* 96 x 10! 2.4 x 10* 1.3 x 10?
2x10* 92x10" 25 x10 14 x 10?
U-234 1.1 x 10° 1x10* 9.7 x 107 3.2 x 10! 8 1.8 x 10" ¢
Th-230 1.1 x 10° 85x102 13 x10** 7.5
Ra-226 ¢ 1.2 x 10? 6.6 x 102
Ra-226"* 2.7 x 103 6.6 x 102
U-234 1.1 x 10° 2x10* 9.4 x 10! 1.5 x 10' & 8.5 x 102#
Th-230 1.1 x 10° 1.6 x 107 6.4 x 10?¢ 3.7
Ra-226 ¢ 1.2 x 10! 1.4 x 101
Ra-226 * 2.7 x 103 1.4 x 10!
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Table 4.1-14. (continved)

P e

Concentration  Inventory

Radionuclide SDCP Time F Limit* Limit*

sren_ag per uCi/m’z ) S;Cllm’z SCQ

U-234 1.1 x 10% 2x10° 5.7 x 10! 3.5¢ 20 x 1022
Th-230 1.1 x 10'j g.g x }8': 1.6 x 10?* 89 x 101 *
Ra-226 ¢ 1.2 x 10° 9 x 10 :

Ra-226 * 2.7 x 103 59 x 10

U-235 1.8 x 10* 1 x10* 1.0 7.4 x 10° 42
Pa-231 8.3 x 10* 1.9 x 10?

U-235 1.8 x 10* 2 x 10* 1.0 53 x 10? 3.0
Pa-231 8.3 x 10* 3.5 x 10

U-235 1.8 x 10* 1 x 10° 1.0 2.5 x 107 1.4
Pa-231 83 x 10* 1.0

U-236 1.0 x 10 1x10* 1.0 2.5 x 10* 1.4 x 10?

2 x 10* 1.0 2.5 x 10* 1.4 x 10?

U-238 3.9 x 103 1 x 10* 1.0 19 x 10°* 1.1 x 10' ¢

%-123;0 1.1 x 10-: 2.2 % 18'2 6.1 x 10°* 3.4 x 101 *
- 1.1 x 10 1.2 x

Ra-226 ¢ 1.2 x 10? 79 x 10*

Ra-226* 2.7 x 10 79 x 10*

U-238 39 x 10° 2 x 10* 1.0 5.1 x 10%¢ 294
%23;0 H X }8:: 3;} x %g:g 50 x 10°4 29 % 10t 4
Ra-226 ¢ 12 101 38 x 10°
Ra-226 * 2.7 x 103 3.8 x 103

U-238 3.9 x 103 2 x 10° 1.0 2.1¢ 1.2 x 102¢
%2330 i.l x 18-: 1.8 89 x 10' * 51 %1014

- d x 100 1.
Ra-226 % 1.2 x 10 1.0
Ra-226 * 2.7 x 103 1.0
Np-%3723 ; 5.0 x }845 1x10* 9.7 x 18-'2 5.1 x 107 29
1.1 x 4.2 x 10
Th-229 43 x 10* 1.5 x 102
Np—%3723 ; ?(1) x 18-; 2 x 10* Z.g x 18-; 6.4 x 10? 3.7
- d % 10 2 x 10
Th-229 43 x 10* 3.5 x 102
Pu-239 40 x 10° 1x10* 75x10' 83 x10° 4.8 x 10!
2x10* 5.6 x 10" 1.1 x 10* 6.4 x 10!
Pu-240 40 x 103 1x10* 3.4 x 10! 1.8 x 10* 1.0 x 10?
2x10* 12 x 10! 5.2 x 10* 3.0 x 10?
Pu-242 3.8 x 10° 1x10* 98 x10' 6.7 x10° 3.8 x 10}
2x10* 9.6 x 10! 69 x 10° 3.9 x 10!
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Table 4.1-14. (continued)

Concentration  Inventory

Radionuclide SDCP Time F Lu;nt" Limit*
(remly per uCi/m’z ) anllm’l (Ci)
Pu-244 3.7 x 10° 1 x 10* 1.0 6.8 x 10° 3.9 x 10
2x1 1.0 68 x 10° 3.9 x 10!
Am-243 2.5 x 10* 1x10* 39x10' 26 x10® 1.5 x 10!
2x10* 15 x 101 6.7 x 10° . 3.8 x 10!
Cm-245 1.1 x 10* 1x10* 44x10" 52x10° 29 x 10!
2x10° 20 x 10! 1.1 x 10* 6.5 x 10!
Cm-246 4.0 x 10° 1x10* 23 x10* 27x10* 1.5 x 10?
2x10" 54x102 12x10° 6.6 x 10?
Cm-247 44 x 10* 1 x10* 1.0 5.7 x 102 3.2
2x1 1.0 5.7 x 10? 3.2
Cm-248 1.4 x 10* 1x10* 98 x 10! 1.8 x 10° 1.0 x 10!
2 x 10* 9.x 101 . 'A 1.1 X 10l

N

Concentration and inventory limits are obtained from Egs. 4.1-2 and 4.1-3.
b Values are obtained from Table 4.1-10.

Fraction of initial inventory of radionuclide remaining in disposal units at time scenario is
assumed to occur.

Limit on average concentration in disposed waste.
Limit on inventory per vault; volume of each vault is assumed to be 5.7 x 10°> m?.

! Value exceeds NRC'’s Class-C limit in 10 CFR Part 61 of 8 x 10* 4Ci/m?, which applies to
individual waste packages at DOE disposal sites (U.S.DOE 1988a).

¢ Results include contribution to dose from radon decay product.

Results exclude contribution to dose from radon decay product.
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objective in DOE Order 5820.2A (U.S.DOE 1988a) presumably includes contributions from
radon. However, as described in Sect. 1.2.3, a revision of the DOE Order is being considered
in which the dose limit in the performance objective for inadvertent intruders specifically
excludes contributions from radon, and a separate limit on radon flux rate to the atmosphere
would be imposed to provide an additional constraint on acceptable disposals of radionuclides
that produce radon.

The results in Table 4.1-14 may be interpreted as follows. For all radionuclides except
the isotopes of uranium which produce long-lived decay products, the maximum dose would
occur at the time after disposal at which the agriculture scenario first becomes credible, and
the results at 10,000 or 20,000 years represent lower-bound estimates of limits on average
concentrations and inventories of radionuclides in waste. For U-234, U-235, and U-238, the
results at times far beyond 10,000 or 20,000 years represent worst-case estimates of concentra-
tion and inventory limits at times when the buildup of decay products has reached equilibrium

with the parent radionuclide.
LAW Vaults

Because of the presence of an earthen cover and concrete roof above the LAW vaults,
the agriculture scenario involving direct excavation into the waste is not expected to become
credible for a considerable period of time after disposal. However, these disposal units will
not include a layer of uncontaminated grout above the waste, and the waste itself will not be
grouted after disposal.

As described previously in the dose analysis for the ILNT vaults, the erosion rate of the
earthen cover should be no greater than 1.4 mm/year and could be as low as 0.003 mm/year.
For the LAW vaults, the earthen cover also is about 2.9 m thick, and the thickness of the
concrete roof is about 50 cm. Thus, for a layer of waste about 1 m thick to be accessible
during excavation, about 1.4 m of the cover material would need to be removed by erosion.
Based on the erosion rates given above, the time period required for this amount of erosion
should be at least 1,000 years and could be as long as 500,000 years. These estimates do not
take into account the presence of a gravel layer at about 0.9 m below the surface, which

presumably would inhibit erosion once it is exposed.
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The models for degradation of the concrete roof indicate that the roof above the LAW
vault should maintain its integrity for about 3,000 years after disposal, and collapse of the roof
is expected to occur at about that time. If the roof were in the form of rubble after collapse,
then excavation through the collapsed roof could occur at that time.

The assumption that excavation through the concrete roof could occur immediately
following collapse of the roof would be pessimistic if most of the roof were in large pieces.
Excavation through the collapsed roof would become more likely after most of the roof has
weathered to soil-equivalent material. As previously described with the ILNT vaults, the
weathering rate of concrete is assumed to be about 0.1 m per 1,000 years. Therefore, since
a collapsed roof presumably could weather from both top and bottom and the thickness of
the roof is about 0.5 m, the time required for essentially all of the concrete to weather to soil
is expected to be about 2,000 years. Thus, taking into account that the roof is not expected
to collapse for about 3,000 years, the estimated time at which excavation through the roof
could occur is about 5,000 years after disposal.

From the analysis of the earthen cover and concrete roof for the LAW vaults presented
above, it is again clear that only long-lived radionuclides in the waste possibly could be of
concern in an analysis of the agriculture scenario for inadvertent intruders. In this analysis,
results are presented for four different times after disposal. The first is at 3,000 years after
disposal, and the analysis is based on the pessimistic assumption that the agriculture scenario
reasonably could occur at the time that the concrete roof is expected to collapse. This
assumption is pessimistic because it assumes that erosion of the cover material below the
gravel layer has occurred and that excavation of the collapsed roof would be credible. The
second time is at 5,000 years after disposal, when the concrete roof presumably has weathered
to soil-equivalent material and excavation into the waste could occur. This assumption is
pessimistic again because erosion of the cover material below the gravel layer again is
presumed to have occurred. Finally, results are presented for U-234, U-235, and U-238 at
10,000 years after disposal, which is the maximum time of compliance with the performance
objective for protection of inadvertent intruders, and at times far into the future (i.e., at
200,000 to 2,000,000 years) when the doses due to buildup of radiologically significant decay

products could attain their maximum values. Similar calculations were performed for Np-237
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and its long-lived decay products, but in this case the maximum dose occurs when the agricul-
ture scenario first becomes credible, due to the rapid depletion of the parent radionuclide in
the vaults by mobilization and transport in water compared with the buildup of decay products
U-233 and Th-229.

The results of the dose analysis for the agriculture scenario at the various times after
disposal are given in Table 4.1-15. These results were obtained as described previously for
the ILNT vaults, except the geometrical reduction factor for the LAW vaults is 0.8 (see
Table 4.1-13). For Th-232, U-234, and U-238, two sets of results again are given, one
including the contributions to dose from radon and the other excluding the contributions from
radon. For all radionuclides except U-234, U-235, and U-238, the maximum dose would occur
at the time after disposal at which the agriculture scenario first becomes credible, and the
results at 3,000 or 5,000 years after disposal represent lower-bound estimates of limits on
average concentrations and inventories of radionuclides in waste. For U-234, U-235, and
U-238, the results at 10,000 years represent the best estimates of the concentration and
inventory limits during the 10,000-year compliance period for protection of inadvertent
intruders, and the results at times far beyond 10,000 years represent worst-case estimates of
limits at times when the buildup of decay products has reached equilibrium with the parent

radionuclide.
ILT Vaults

The ILT vaults will be constructed in the same manner as the ILNT vaults, i.e., with an
éarthen cover about 2.9 m thick, a concrete roof about 90 cm thick, a layer of uncontam-
inated grout above the waste about 90 cm thick, and grouting of the waste in the vaults.
Therefore, essentially the same assumptions used previously in the analysis of the agriculture
scenario for the ILNT vaults apply to the ILT vaults. In particular, the scenario may not be
credible until long after 10,000 years due to burial of the waste below the ground surface, the
slow erosion rate expected for the earthen cover with a gravel layer, and the slow weathering

rate of the layers of grout in the vaults.
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Table 4.1-15. Results of dose analysis for intruder agriculture scenario for LAW vaults*
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Table 4.1-15. (continued)

Concentration Invento

Radionuclide SDCP Time F I..imitﬂ Limit‘ry

‘reM pet ﬂlﬁ I m ‘ﬁl/mn ‘Ciz

U-234 1.1 x 108 2x10° 5.7 x 10! 1.84 8.5 x 102¢
Th-230 1.1 x 103 59x10" 78 x10'* 38"
mE B B

a- x 10" 9 x 10
U-Z%S 71 ég x %% 3 x 10° 621.010'2 54 x 107 26 x 10!
a- x X

U-235 1.8 x 10* 5 x 10° 1.0 4.8 x 10? 2.3 x 10
Pa-231 83 x 10* 1.0 x 10?

U-Z%S - é.g x %8: 1 x 10* 191.010 . 37x 10? 1.8 x 10!

a- X B x 10
U-2%5 21 tlg.g x {8: 1 x 10° }'8 1.3 x 10? 6.0
a- S X R
U-236 1.0 x 10° 3 x 10° 1.0 1.3 x 10* 6.0 x 102
5 x 10° 1.0 1.3 x 10* 6.0 x 10?
U-238 3.9 x 10'§ 3 x 10° 1.0 29 x 1038 1.4 x 10?¢
%-)2%10 H x {83 21;? x %gj 32x10°*  1.5x10%*
- A X 4 X
Ra-226 ¢ 1.2 x 10! 3.7 x 10°
Ra-226 " 2.7 x 103 3.7 x 10°
g -

7% 11 x 10° A0 e Hrs e
Th-230 11 x 10° 31x10¢ '

Ra-226 ¢ 1.2 x 10? 1.4 x 10*
Ra-226 2.7 x 103 1.4 x 10*

U238 XS }8:: Lx 10t 28002 39 %8’2 boo132 }8;"'
Th-230 11 x 10% 12x10° -
R8-226: 1.2 x 10? 79 x 10*

Ra-226 2.7 x 103 7.9 x 10*

U-238 39 x 10° 2 x 10° 1.0 108 5.0 x 102¢

%12%;0 H x {83 %’8 45 x 10' * 2’f1 h
- A X .

Ra-226 ¢ 12 x 10! 1.0

Ra-226 2.7 x 1073 1.0

Np-237 5.0 x 10* 3x10° 1.0 2.5 x 107 1.2 x 10!
U-233 1.1 x 10° 1.3 x 102
Th-229 43 x 10* 1.7 x 10°

Np-237 5.0 x 10 5x10° 89x107 28 x 107 1.3 x 10!
U-233 1.1 x 1oj 2.0 x 102
Th-229 43 x 10 3.9 x 103

Pu-239 40 x 10° 3x10®0 92 x 10! 34 x 10° 1.6 x 102

5x10° B87x10" 36 x 10° 17 x 10?

Pu-240 40 x 10° 3x100 73 x 10'; 43 x 10° 2.1 x 102

5x10° 59 x 10 53 x 10° 2.5 x 102
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Table 4.1-15. (continued)
Concentration Invento
Radionuclide SDCP . Time F Limina Limit'ry
r

—(rembyperpCim) Q) (uCim]) (O

Pu-242 38 x 10° 3x10° 99 x107 33 x10° 1.6 x 10?
5x10° 99x10? 33x10° 1.6 x 10?
Pu-244 3.7 x 10° 3x10® 1.0 3.4 x 10° 1.6 x 10?
5x10° 1.0 34 x 10° 1.6 x 10?
Am-241 5.6 x 10° 3x100 81x10° 28 x10*' ——
5x10° 33x10* 6.8 x 10/ ——
Am-243 2.5 x 10* 3x102 75x107 6.7 x10? 3.2 x 10}
5x10° 62 x 10! 8.1 x 10? 39 x 10
Cm-245 1.1 x 10* 3x102 78x10' 15x10} 7.0 x 10
5x10° 66x107 1.7x10° 83 x 10
Cm-246 40 x 10° 3x102 65x10' 48 x10° 2.3 x 102
5x10° 48 x10' 6.5 x10° 3.1 x 10?
Cm-247 4.4 x 10* 3 x 10 1.0 2.8 x 102 1.4 x 10:
\ 5 x 10° 1.0 2.8 x 10° 14 x 10
Cm-248 1.4 x 10* 3x102 99 x107 90 x10? 4.3 x 10!
5x10° 99 x10' 9.0 x 10? 4.3 x 10!
Cf-249 4.6 x 10* 3Ix100 27 x10% 1.0 x 10°¢ —
5x10° 52x10° 52 x10°%/
Cf-251 1.6 x 10* 3x102 99x102 79 x10° 3.8 x 10?
5x10° 21x102 3.7 x 10 1.8 x 10°
m
¢ Concentration and inventory limits are obtained from Eqgs. 4.1-2 and 4.1-3.

b Values are obtained from Table 4.1-10.

Limit on average concentration in disposed waste.

individual waste packages at DOE disposal sites (U.S.DOE 1988a).

£ Results include contributions to dose from radon decay product.

2x1

5 years (U.S.DOE 1988a).
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Results exclude contributions to dose from radon decay product.

Fraction of initial inventory of radionuclide remaining in disposal units at time scenario is
assumed to occur.

Limit on inventory per vault; volume of each vault is assumed to be 4.8 x 10* m’.

! Value exceeds NRC'’s Class-C limit in 10 CFR Part 61 of 8 x 10* 4Ci/m?, which applies to

Limit for inc.yidual waste packages at DOE disposal sites is 100 nCi/g (about
uCi/m’) for all alpha-emitting, transuranic radionuclides with half-lives greater than



4-55 WSRC-RP-94-218

The results of the dose analysis for the agriculture scenario at various times after disposal
are given in Table 4.1-16. The results were obtained as described previously for the ILNT
vaults. For Th-232, U-234, and U-238, two sets of results again are given, one including the
contributions from radon and the other excluding the contributions from radon. The calcula-
tions again were performed at 10,000 and 20,000 years after disposal for all long-lived radio-
nuclides and at 200,000 to 2,000,000 years for U-234, U-23S, and U-238, when the dose from
buildup of radiologically significant long-lived decay products could attain its maximum value.
However, the results at 10,000 years, which is the maximum time of compliance with the
performance objective for protection of inadvertent intruders, and at 20,000 years, which is
the earliest time that the concrete and grout barriers in the vaults are expected to have failed
sufficiently to permit excavation into a significant amount of waste, may be pessimistic based
on the expected erosion resistance of the earthen cover, particularly the gravel layer. The
only difference between the results for the ILT vaults in Table 4.1-16 and for the ILNT vaults
in Table 4.1-14 is the volume of waste per vault, which is used only to convert the limits on
average concentrations of radionuclides in disposed waste to limits on inventory per vault.

4.152 Dose Analysis for Resident Scenario

Two bounding assumptions have been used in the dose analysis for the resident scenario
for inadvertent intruders. In the first case, the intruder is assumed to reside in a home
located immediately on top of an intact concrete roof or other engineered barrier above a
disposal unit, and the scenario is assumed to be credible immediately following loss of active
institutional control at 100 years after disposal. In the second case, the home is assumed to
be located immediately on top of the waste in a disposal unit, but the scenario is assumed not
to occur until the concrete roof and any other engineered barriers above the waste have lost
their integrity and can be penetrated during excavation.

In both bounding cases for the resident scenario, the intruder is assumed not to excavate
into the waste itself while constructing a home on the disposal site. Thus, the only exposure
pathway of concern for this scenario is external exposure to photon-emitting radionuclides in

the waste while residing in the home. The only differences between the two bounding cases
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Table 4.1-16. Results of dose analysis for intruder agriculture scenario for ILT vaults®
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Table 4.1-
41-16. (coatinued) WSRC-RP-94-218

Radio
sl 1y W M v - N <
U-234 e o Concentrgtion  Invento
fa  HIE VB -
a-226 25 b 103 59 x 10" 358 2
U-235 x 10 59 x 10" 1.6 x 10** ‘ g x 103 ¢
Pa-231 1.8 x 10* 5.9 x 10" x 1071 *
U-235 83 x 104 1x 10‘ 1.0 7
Pa-231 i 2 x 10* 1oilgr  T4x10 S9x10
U-235 3 % 10 X 1.0 53
Pa-231 é‘g x 10: 1 3.5 x 10 x 107 43 x 10°
U.236 X 10 X l(f 10 2'5
oo 1iw 1o 100 20x10"
U-234 3.9 x 10° ) 1.0 yj x %8“ 20 x 10°
'1111"230 i} x 10° x 10¢ 10 20 <10
Ra-226: 1-2><10l 28 x 102 19 x 103 ¢
a-226 27 x 10 12 x 10 6.1 x 10°* 1.5¢
U-238 -l X 103 79 x 104 49 h
U-234 3.9 x 103 79 x 104
L. L 103 2x10' 10 51
-, 1 X s. ° K .
Ra-226 * %.% x 10'; 4.§/ : %8: 50 : %832 : 4.0 x 101 ¢
U-238 x 10r 3.8 x 103 40"
U-234 39 x 10-5 3.8 x 10-3
'11731-230 H x 10 2 x 10° 10
L 0, 10 2.1¢ 1
a-226 2‘ x 10 1.0 8.9 x 101 h T x 10’3'
Np-237 7 % 10° 10 71 x 1024
U-233 5.0 x 10* 1.0
Th-229 ‘11; x 10-3 1x10* 9.7 x 10!
Np-237 3 x 10 42 x 102 5.1 x 102 41
U-233 5.0 x 10 1.5 x 102 1 x 107
Th-229 11 x 10°% 2x10* 74 x 10"
Pu.239 3 X 10 6.2 x 10.2 64 b4 102 51 .
4.0 x 103 Ly 108 3.5 x 10?2 1 x 108
Pu-240 X 15 1
4.0 x 103 f"lo‘ 5,6:%8—1 ?%X%gi 67
. b 4 o
Pu-242 2 : }g 3.4 x 10! 8.9
38 x 107 1 Mah B B
2 X .
Pu-244 2 : %8: 9.8 x 10! 4.2 x 10!
3.7 x 10° 9.6 x 10 6.7 x 10°
1x100 1 69 x 10° 34
2 x 10* 1.8 68 x 10° ]
‘ 6.8 x 103 g:
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Table 4.1-16. (continued)

WSRC-RP-94-218

Concentration Invento
¥ trgi Vimi ry
'm

2.6 x 10°
67 x 10°

52 x 10°
11 x 10°

2.7 x 10
1.2 ; 10°

5.7 x 10?
5.7 x 10?

1.8 x 10°

Radionuclide SDCP Time F te
Am-243 2.5 x 10* 1x10° 39 x10?
2x10* 1.5 x10?
Cm-245 1.1 x 10* 1x10° 44 x10?
2x10* 20 x10?
Cm-246 4.0 x 10° 1x10* 23 x10?
2x10' 54 x10?
Cm-247 4.4 x 10* 1 x 10* 1.0
2 x 10 1.0
Cm-248 1.4 x 10* 1x10* 9.8 x 10!
2x10* 9.6 x 10"

b Values are obtained from Table 4.1-10.

Limit on average concentration in disposed waste.

19 x 10°

individual waste packages at DOE disposal sites (U.S.DOE 1988a).
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Results include contribution to dose from radon decay product.

Results exclude contribution to dose from radon decay product.

Concentration and inventory limits are obtained from Eqs. 4.1-2 and 4.1-3.

Fraction of initial inventory of radionuclide remaining in disposal units at time scenario is
assumed to occur.

Limit on inventory per vault; volume of each vault is assumed to be 8.0 x 10> m>.

Value exceeds NRC’s Class-C limit in 10 CFR Part 61 of 8 x 10* .Ci/m3, which applies to
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are the time at which the scenario is assumed to become credible, as described above, and the
amount of shielding between the source region (i.e., the waste) and the receptor location.

The SDCFs obtained from the model for estimating dose to an inadvertent intruder for
the resident scenario are summarized in Table 4.1-11. The remainder of this section discusses
application of the results in Table 4.1-11 and the model in Egs. 4.1-1 through 4.1-3 to the
different disposal units in E-Area. The resident scenario is potentially relevant for any
disposal units constructed with engineered barriers above the waste.

ILNT Vaults

As described previously, the ILNT vaults will be constructed with a concrete roof of
average thickness about 90 cm and a layer of uncontaminated grout above the waste of thick-
ness about 90 cm. Thus, the total thickness of the engineered barriers is about 1.8 m, and
this thickness of shielding would apply to the resident scenario for the ILNT vaults at 100
years after disposal when all engineered barriers are assumed to be intact and impenetrable
by normal excavation procedures.

As described in Appendix A.4.4, the 1.8 m thickness of shielding in the ILNT vaults is
sufficient to reduce the external dose to very low levels for any conceivable concentrations
of photon-emitting radionuclides in the waste. Therefore, in the dose analysis for the ILNT
vaults at 100 years after disposal, the conservative assumption is made that only the layer of
uncontaminated grout above the waste is present to provide shielding. For purposes of this
analysis, the thickness of the grout layer is assumed to be 100 cm. This value is slightly
gfeater than the planned thickness and is intended to take into account the somewhat greater
shielding provided by any metal waste containers and waste forms in the ILNT vaults
compared with the shielding provided by soil-equivalent material.

The results of the dose analysis for the resident scenario at 100 years after disposal are
given in Table 4.1-17. The results are calculated in the same manner as those for the agricul-

ture scenario using Eqs. 4.1-2 and 4.1-3, and the SDCFs are those for 100 cm of shielding in
Table 4.1-11.
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Table 4.1-17. Results of worst-case dose analysis for resident scenario
for ILNT vaults at 100 years after disposal®

Concentration

Radionuclide SDCP Inventory limit* |

limit
(remfy per uCifm)] __ Cim) | (D

Al-26

Co-60

Sn-126

Cs-137

Eu-154

Th-232

U-232

U-235

U-238

Np-237

Am-242m

Am-243

Cm-243

Cm-247

Cf-249

Concentration and inventory limits are obtained from Egs. 4.1-2 and 4.1-3.
Values are obtained from Table 4.1-11 for 100 cm of shielding.

Fraction of initial inventory of radionuclides remaining in disposal units at time scenario
is assumed to occur.

Limit on average concentration in disposal waste.
Limit on inventory per vault; volume of each vault is assumed to be 5.7 x 10° m®.
Limit for individual waste packages at DOE disposal sites is 100 nCi/g (about

2 x 10% uCi/m®) for all alpha-emitting transuranic radionuclides with half-lives greater than
5 years (U.S.DOE 1988a).
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The results in Table 4.1-17 are expected to be quite pessimistic, and thus, the derived
concentration and inventory limits are identified as worst-case conditions. As described
above, the assumed thickness of shielding of 100 cm for these calculations greatly under-
estimates the amount of shielding that would be provided by an intact concrete roof and the
uncontaminated layer of grout above the waste. For the long-lived isotopes of uranium, the
calculated concentration limit is greater than the specific activity, and the calculated limits are
not included in the table.

As described previously, the second bounding case for the resident scenario for the ILNT
vaults is based on the assumption that the intruder’s home is located immediately on top of
exposed waste in a disposal unit, but that the excavation for the home does not penetrate into
the waste itself, because the grouting at the depth of the top layer of waste is still intact.
Therefore, this variation of the resident scenario could not reasonably occur until the
concrete roof above the vaults has lost its integrity and the layer of uncontaminated grout
above the waste has weathered to soil-equivalent material. An analysis described previously
in presenting the results for the agriculture scenario indicates that the second bounding case
for the resident scenario first could occur at about 10,000 years after disposal.

The results of the dose analysis for the resident scenario at 10,000 years after disposal are
given in Table 4.1-18 and again are obtained using Eqs. 4.1-2 and 4.1-3. The SDCFs in this
case are those for no shielding in Table 4.1-11. Only long-lived radionuclides, including long-
lived decay products of the isotopes of uranium and neptunium, are of concern at this time.

The assumption that residence on top of exposed waste could occur at 10,000 years after
disposal may also be pessimistic for the ILNT vaults. Even if the top layer of the earthen
cover would erode to the level of the gravel layer by that time, which would occur only if the
erosion rate was comparable to the value presently observed for agriculture lands at the SRS,
but was considerably greater than the erosion rate for natural forests at the site, the gravel
layer presumably would be quite resistant to further erosion. Since the top of the gravel layer
will lie about 3.5 m above the top layer of waste and an excavation for a home is assumed to
extend no more than 3 m below the ground surface, an excavation at 10,000 years probably
would not extend to the depth of waste, and the additional shielding provided by the
remaining layer of uncontaminated material between the bottom of the excavation and the

waste has not been taken into account in the dose analysis.
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Table 4.1-18. Resuits of dose analysis for resident scenario
for ILNT vaults at 10,000 years after disposal®

Concentration
Radionuclide SDCP limit

(rem/year per 4Ci/m®) (uCifm®)

¢ Concentration and inventory limits are obtained from Egs. 4.1-2 and 4.1-3.
Values are obtained from Table 4.1-11 for the case of no shielding.

Fraction of initial inventory of radionuclides remaining in disposal units at time scenario
is assumed to occur.

Limit on average concentration in disposal waste.
Limit on inventory per vault; volume of each vault is assumed to be 5.7 x 10° m.

! Value exceeds NRC’s Class-C limit in 10 CFR Part 61 of 8 x 10* Ci/m?, which applies to
individual waste packages at DOE disposal sites (U.S.DOE 1988a).
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In contrast to the dose analysis for the agriculture scenario, there is no need to perform

a dose analysis for the resident scenario at times beyond the time at which residence on top
of exposed waste first becomes credible. At later times, the top layer of waste presumably
would begin to weather to soil-equivalent material and the agriculture scenario, which always

- results in a higher dose: per unit concentration of radionuclides, then becomes the scenario

of concern.
LAW Vaults

As described previously, the LAW vaults will be constructed with a concrete roof of
average thickness about 50 cm, but without a layer of uncontaminated grout above the waste.
This thickness of shielding would apply to the resident scenario for the LAW vaults at 100
years after disposal when the concrete roof is assumed to be intact and impenetrable by
normal excavation procedures.

As described in Appendix A.4.4, the nominal thickness of shielding provided by the
concrete roof for the LAW vaults is assumed to be 45 cm. This value is slightly less than the
planned thickness of the roof and is intended to take into account the somewhat reduced
shielding provided by the waste itself due to the presence of void spaces in these disposal
units.

The resuits of the dose analysis for the resident scenario at 100 years after disposal are
given in Table 4.1-19. The results are caiculated using Eqgs. 4.1-2 and 4.1-3, and the SDCFs
are those for 45 cm of shielding in Table 4.1-11.

The assumption that the resident scenario could occur at 100 years after disposal probably
is reasonable for the LAW vaults, because the thickness of the earthen cover above the vaults
is approximately the same as the presumed maximum depth of an excavation in constructing
a home. Therefore, significant erosion of the cover material would not be required in order

for an excavation to uncover the roof of the vaults.
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Table 4.1-19. Results of dose analysis for resident scenario
for LAW vaults at 100 years after disposal®

Radionuclide

Co-60 8.8 x 10°% 2.0 x 10 71 x100 | . 3.4 x10’

Sn-126 2.2 x 10° 1.0 5.7 x 10° 2.7 x 10

Cs-137 6.6 x 10° 1.0 x 10 1.9 x 10° 9.1 x 10°

Eu-154 3.2 x 103 3.8 x 10 1.0 x 10’ 49 x 10°

Th-232 1.1 x 10* 1.0 1.1 x 10 5.5 x 10!
Pr U-232 9.2 x 103 3.8 x 10 3.6 x 10° 1.7 x 10?
“ U-235 39 x 10* 1.0

Concentration and inventory limits are obtained from Egs. 4.1-2 and 4.1-3.

Values are obtained from Table 4.1-11 for 45 cm of shielding.

Fraction of initial inventory of radionuclides remaining in disposal units at time scenario
is assumed to occur.

Limit on average concentration in disposal waste.
Limit on inventory per vault; volume of each vault is assumed to be 4.8 x 10* m>.

/' Limit for individual waste packages at DOE disposal sites is 100 nCi/g (about 2 x 10°

uCi/m?) for all alpha-emitting transuranic radionuclides with half-lives greater than 5 years
(U.S.DOE 1988a).
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However, the second bounding case for the resident scenario, based on an assumption
that the intruder’s home is located immediately on top of exposed but impenetrable waste in
a disposal unit, is not relevant for the LAW vaults. This bounding case occurs only at a time
when the concrete roof has failed and excavation to the depth of the waste could occur. As
described previously, this time at which the concrete roof collapses is expected to be about
3,000 years. after .disposal .for the LAW. vaults. ..By this. time,-the waste. forms.-and waste
packages themselves presumably will have degraded to soil-equivalent material, because the
waste in the LAW vaults will not be grouted. Therefore, at times after the concrete roof
collapses, the agriculture scenario would become the scenario of concern and the resident
scenario would no longer be relevant.

ILT Vaults

As described previously, the ILT vaults will be constructed in the same manner as the
ILNT vaults, i.e., with a concrete roof of average thickness about 90 cm, a layer of uncontam-
inated grout above the waste of thickness about 90 cm, and grouting of the waste vaults.
Thus, the dose analysis for the resident scenario for the ILT vaults is essentially the same as
the previous analysis for the ILNT vaults. The only difference between the results for these
two types of vaults is the assumed volume of waste per vault, which again is used only to
convert the limits on average concentrations of radionuclides to limits on inventory per vauit.

The results for the two bounding cases for the resident scenario — the first at 100 years
after disposal when residence on top of an intact concrete barrier 100 cm thick is assumed
to occur, and the second at about 10,000 years when residence on top of unshielded waste
is assumed to occur — are given in Tables 4.1-20 and 4.1-21. As in the analysis for the ILNT
vaults, the results at 100 years after disposal in Table 4.1-20, are expected to be quite pessi-
mistic, because the assumed thickness of shielding of 100 cm considerably underestimates the
thickness of an intact concrete roof and layer of uncontaminated grout above the waste. The
analysis for the second bounding case at 10,000 years after disposal also would be pessimistic
if the earthen cover above the vaults has eroded only to the level of the gravel layer by that

time, because an excavation would not likely extend to the depth of the waste.
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for ILT vaults at 100 years after disposal®

Concentration
Radionuclide SDCF® limit

— _| (rem/year per uCi/m®)* | , (uCifm’) )
Al-26 2.8 x 10% 1.0 8.9 x 10* 7.1 x 10!
Co-60 1.2 x 10¢ 2.0 x 10% 1.0 x 101! 83 x 107
Sn-126 8.4 x 10° 1.0 3.0 x 108 2.4 x 10°
Cs-137 2.2 x 10° 1.0x10" | 11x10° 9.1 x 10*
Eu-154 3.5 x 107 3.8 x 10* 1.9 x 10° 1.5 x 10°
Th-232 4.1 x 10° 1.0 6.1 x 10* 49 x 10!
U-232 3.8 x 10° 38x 10" | 1.7 x 10° 1.4 x 10

U-235 2.3 x 107 1.0
U-238 2.5 x 107 1.0
Np-237 2.8 x 100 1.0 ! -
Am-242m 52 x 101 6.3 x 10" ! —-

} Am-243 42 x 10" 9.9 x 107 1 —
Cm-243 2.0 x 10 8.8 x 102 ! —

|  cm247 1.3 x 10° 1.0 !
Cf-249 1.1 x 10? 8.2 x 107 ! —

* Concentration and inventory limits are obtained from Eqgs. 4.1-2 and 4.1-3.

® Values are obtained from Table 4.1-11 for 100 cm of shielding.

¢

is assumed to occur.

a

-~

Limit on average concentration in disposal waste.

Fraction of initial inventory of radionuclides remaining in disposal units at time scenario

Limit on inventory per vault; volume of each vault is assumed to be 8.0 x 10> m®,

Limit for individual waste packages at DOE disposal sites is 100 nCi/g (about 2 x 10°

uCi/m? ) for all alpha-emitting transuranic radionuclides with half-lives greater than 5 years
(U.S.DOE 1988a).
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Table 4.1-21. Resuits of dose analysis for resident scenario
for ILT vaults at 10,000 years after disposal®

Inventory limit*
(Ci)

U-235 1.7 x 10" 1.0 1.0 x 10° 8.0 x 101!
Pa-231 42 x 10* 1.9 x 10"

U-238 . 29x10° 1.0 8.1 x 10° 6.5
Ra-226 2.4 x 103 7.9 x 10*

Np-237 24 x 10* 9.7 x 10™ 1.0 x 10 8.3 x 10
Th-229 3.5 x 10 1.5 x 10?

l Am-243 2.0 x 10* 3.9 x 107 3.2 x 10° 2.6

lcm-245 7.4 x 10° 4.4 x 10" 7.7 x 10° 6.1

5.0 x 101!

¢ Concentration and inventory limits are obtained from Egs. 4.1-2 and 4.1-3.
Values are obtained from Table 4.1-11 for the case of no shielding.

Fraction of initial inventory of radionuclides remaining in disposal units at time scenario
is assumed to occur.

Limit on average concentration in disposal waste.
Limit on inventory per vault; volume of each vault is assumed to be 8.0 x 10?> m®,

! Value exceeds NRC’s Class-C limit in 10 CFR Part 61 of 8 x 10* 4Ci/m®, which applies to
individual waste packages at DOE disposal sites (U.S.DOE 1988a).
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4.153 Dose Analysis for Post-Drilling Scenario

The SDCFs obtained from the model for estinvating dose to inadvertent intruders for the
post-drilling scenario are summarized in Table 4.1-12. The remainder of this section discusses
application of the results in Table 4.1-12 to the different disposal units in E-Area. The model
for estimating dose and limits on concentrations and inventories of radionuclides is given by
Egs. 4.1-1 through 4.1-3, except the geometrical correction factor (G) is not relevant for the
post-drilling scenario when drilling is assumed to occur through the waste. The post-drilling

scenario is potentially relevant for any disposal units constructed with engineered barriers.

ILNT Vaults

The post-drilling scenario assumes that the concrete roof, layer of uncontaminated grout
above the waste, and grouting of the waste itself would preclude drilling into the waste for
as long as these barriers remain intact. Therefore, since the waste in the ILNT vaults will be
grouted, drilling into the waste is not expected to be a credible occurrence until the grout
essentially has weathered to soil-equivalent material. Since weathering of the grout also is
presumed to be a necessary condition for occurrence of the agriculture scenario involving
excavation into the waste, the post-drilling and agriculture scenarios presumably would not
occur until approximately the same time after disposal. Therefore, since the agriculture
scenario always results in more restrictive disposal limits for radionuclides than the post-
drilling scenario when the two scenarios are assumed to occur at the same time, the post-
drilling scenario need not be considered further in the ILNT vaults, and limits on concentra-

tions and inventories of radionuclides based on this scenario are not presented.

LAW Vaults

As described in previously, the concrete roof on the LAW vaults is expected to remain
intact for about 3,000 years. At the time the roof is expected to collapse, drilling through the

disposal units is presumed to be a credible occurrence because, in contrast to the ILNT
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vaults, the waste in the LAW vaults will not be grouted and any waste forms and waste
packages presumably will be sufficiently degraded that drilling through the waste would not
be precluded.

The results of the dose analysis for the post-drilling scenario at 3,000 years after disposal
are given in Table 4.1-22. The SDCFs are obtained from Table 4.1-12, and the concentration
and inventory limits are calculated from Eqgs. 4.1-2 and 4.1-3, except the parameter G is set
equal to unity. As in the analysis for the agriculture scenario, results for Th-232, U-234, and
U-238 are calculated including and excluding the contribution to the dose from radon decay
products. The post-drilling scenario need not be considered at times substantially beyond
3,000 years, because the more restrictive agriculture scenario is presumed to become credible
by about 5,000 years. At 3,000 years after disposal, only long-lived radionuclides in the waste
are of concern for the post-drilling scenario.

ILT Vaults

The ILT vaults will be constructed in the same manner as the ILNT vaults, Therefore,
the applicability of the post-drilling scenario will be the same in the two cases. As described
previously in the discussion of the post-drilling scenario for the ILNT vaults, the post-drilling
scenario need not be considered in establishing concentration and inventory limits of
radionuclides in the ILT vaults, essentially because the more restrictive agriculture scenario
could occur at the same time as the first credible occurrence of the post-drilling scenario.
Therefore, results for the post-drilling scenario are not presented for the ILT vaults.

415.4 Summary of Dose Analysis for Inadvertent Intruders

A dose analysis for inadvertent intruders for the EAV has been performed on the basis
of three assumed exposure scenarios:

e an agriculture scenario involving direct excavation into disposal units;

e a resident scenario involving residence in a home on top of intact engineered barriers
above disposal units or on top of unshielded waste; and

¢ a post-drilling scenario involving removal of waste from disposal units by drilling.
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Table 4.1-22. Results of dosc analysis for post-drilling scenario for LAW vaults®

Radionuclide

Tc-99 1.1 x 10 8.7 x 10? 1.0 x 10° 5.0 x 10°
Pd-107 3.2 x 10? 1.0 3.1 x 107 1.5 x 10°
Sn-126 1.4 x 10 9.8 x 10! 7.3 x 10* 3.5 x 10°
1-129 8.1 x 10 1.5 x 10* 82 x 107/ 3.8 x 10°
Cs-135 1.2 x 107 1.0 83 x 10° 40 x 10*
Th-232¢ 8.0 x 10% 1.0 1.3 x 10*¢ 6.0 x 102 ¢
Th-232 % 59 x 10% 1.0 1.7 x 10** 8.1 x 10?4
U-233 7.5 x 107 9.9 x 10! 1.3 x 10° 6.5 x 10°
U-234 7.3 x 107 9.9 x 10’ 79 x 10* ¢ 38 x 10°¢
Th-230 3.4 x 107 2.7 x 102 9.1 x 10** 44 x 10**
Ra-226 ¢ 4.5 x 103 1.2 x 102
Ra-226* 3.2 x 10° 1.2 x 102
U-235 7.9 x 107 1.0 52 x 10 2.5 x 10°
Pa-231 1.8 x 10°% 6.2 x 102
U-236 6.9 x 107 1.0 1.4 x 10° 7.0 x 10°
U-238 6.6 x 107 1.0 1.5 x 10°¢ 72 x 10°¢
U-234 7.3 x 107 8.5 x 10° 1.5 x 10° * 72 x 10**
Th-230 3.4 x 107 1.1 x 10*
Ra-226¢ 4.5 x 10 3.7 x 10
Ra-226 * 3.2 x 107 3.7 x 107
Np-237 24 x 10° 1.0 42 x 10° 2.0 x 10?
U-233 7.5 x 107 1.3 x 102
Th-229 2.9 x 10 1.7 x 103
Pu-239 2.5 x 10° 9.2 x 101! 43 x 10* 2.1 x 10°
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l Pu-242 24 x 10* 99 x 10" 42 x 10° 20 x 10° I
Pu-244 23 x 10° 10 43 x 10° 21 x 10°
| Amoa 3.1 x 10° 81x10° | 40 x 1058 —
Am-242m 3.0 x 10° 1.1 x 10¢ 3.0 x 109 —
Am-243 32 x 10° 7.5 x 107 42 x 10° 20 x 10°
Cm-245 2.5 x 10 7.8 x 10" 5.1 x 10* 2.5 x 10°
Cm-246 2.5 x 10 6.5 x 10 6.2 x 10 3.0 x 10° ]
Cm-247 25 x 10% 1.0 4.0 x 10° 19 x 10° !
Cm-248 89 x 10° 99 x 10" 1.1 x 10° 5.4 x 10°
CE-249 27 x 10° 27x10° |  14x10" — |
9.9 x 102 3.9 x 10%/

Concentration and inventory limits are obtained from Egs. 4.1-2 and 4.1-3 with G set equal
to unity. Scenario is assumed to occur at 3,000 years after disposal.

Values are obtained from Table 4.1-12.

Fraction of initial inventory of radionuclides remaining in disposal units at time scenario
is assumed to occur.

Limit on average concentration in disposal waste.
Limit on inventory per vault; volume of each vault is assumed to be 4.8 x 10* m3,

Value exceeds NRC’s Class-C limit in 10 CFR Part 61 of 8 x 10* 4Ci/m®, which applies to
individual waste packages at DOE disposal sites (U.S.DOE 1988a).

Results include contribution to dose from radon decay product.
Results exclude contribution to dose from radon decay product.
Limit for individual waste packages at DOE disposal sites is 100 nCi/g (about 2 x 10°

uCi/m3) for all alpha-emitting transuranic radionuclides with half-lives greater than 5 years
(U.S.DOE 1988a).
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For each of these scenarios, the performance objective for protection of inadvertent intruders
is a limit on EDE of 100 mrem per year. As described in Sect. 1.2.1, this performance objec-
tive is assumed to apply for 10,000 years after disposal. However, an intruder dosc analysis
also has been performed for times beyond 10,000 years if the maximum dose could occur at
such times.

Models for estimating dose to inadvertent intruders according to the assumed exposure
scenarios were used to derive limits on average concentrations and inventories of radionu-
clides in the different types of disposal units, based on the performance objective for inadver-
tent intruders. The results of the analyses for the three exposure scenarios for the different
types of disposal units in E-Area are summarized as follows.

ILNT Vaults

For the IILNT vaults, an analysis of the expected performance of the earthen cover above
the vaults, the layer of uncontaminated grout above the waste, and the grout surrounding the
waste itself has indicated that the agriculture scenario probably is not a credible occurrence
until well beyond 10,000 years after disposal. A gravel layer, which should erode at a very
slow rate compared with an assumed erosion rate for agriculture land at the SRS, will be
located sufficiently far above the top layer of waste that normal excavation into the waste is
not expected as long as the gravel layer is in place. Furthermore, the analysis indicates that
about 20,000 years will be required for a significant thickness of waste to weather to soil-
equivalent material, and thus, be subject to removal by excavation.

In Table 4.1-14, results based on a dose analysis for the agriculture scenario are presented
for a sequence of times beginning at 10,000 years after disposal. However, for the purpose
of demonstrating compliance with the performance objective for protection of inadvertent
intruders, the most reasonable conclusion from the present analysis is that the agriculture
scenario would not occur within the 10,000-year compliance period for the performance
objective, and thus, would not provide a reasonable basis for establishing limits on concentra-

tions and inventories of radionuclides for disposal.

Rev. 0



4-73 WSRC-RP-94-218

Since the post-drilling scenario is assumed to be credible only after the concrete roof and
grout layers have lost their integrity, this scenario presumably cannot occur for the ILNT
vaults until about the same time as the agriculture scenario. Therefore, the post-drilling
scenario also would not reasonably occur within the 10,000-year compliance period.
Furthermore, the dose per unit concentration of radionuclides for the post-drilling scenario
is always less than the value for the agriculture scenario. Therefore, it is reasonable to
conclude that the post-drilling scenario also is not relevant for establishing disposal limits for
the ILNT vaults.

The resident scenario could occur at 100 years after disposal, when a home could be built
on top of an intact concrete roof, or at about 10,000 years after disposal, when an analysis
of the performance of the engineered barriers indicates that excavation to the depth of the
top of the waste in the vaults could become credible. Thus, of the different exposure
scenarios for inadvertent intruders considered in this analysis, only the resident scenario
reasonably can be used to establish disposal limits for the ILNT vaults. Results for the two
bounding cases for the resident scenario are given in Table 4.1-17 and 4.1-18.

The estimated limits on concentrations and inventories of radionuclides for the ILNT
vaults, as obtained from the analysis of the resident scenario at 100 and 10,000 years after
disposal, are summarized in Table 4.1-23. The limits for any radionuclide are the more
restrictive of the results in Tables 4.1-17 and 4.1-18. With the exception of the relatively
short-lived radionuclides Co-60, Cs-137, and U-232, the disposal limits are based on the
resident scenario at 10,000 years after disposal, because the shielding between the source and
receptor locations is considerably less in the case of residence on unshielded waste compared
with residence on an intact concrete barrier above the waste. The disposal limits for Co-60,
Cs-137, and U-232 are undoubtedly pessimistic, because the planned thickness of the concrete
roof and layer of uncontaminated grout above the waste is about 1.8 m thick but only 1 m of
shielding was assumed in the dose analysis. The disposal limits for the other radionuclides
also may be pessimistic. Erosion of the earthen cover to a depth below the top of the gravel
layer appears unlikely within 10,000 years. If the gravel layer has not eroded away within
10,000 years, then an excavation for a home probably would not extend to the depth of the
waste, and the shielding provided by a layer of uncontaminated material between the top of
the waste and the bottom of the excavation was not considered in the dose anai; sis.
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Table 4.1-23. Disposal limits of radionuclides for ILNT and ILT vaults based

on analyses of exposure scenarios for inadvertent intrudens®

= e [
Al-26 6.5 x 10! 42 x 10" |
Co-60 1.0 x 101 6.7 x 10*

| sn12 17 x 10° 11 x 10"

| 12 80 x 10°¢ 52 x 10?

| cs137 11 x 10° 7.4 x 10°

| Euisa 19 x 10° 1.2 x 107 n
Th-232 7.1 x 10! 4.7 x 10
U-232 : 1.7 x 10° 1.1 x 10° H
U-234 1.6 x 10° 1.0 x 10!

I U-235 10 x 10° 6.5

| uzs 8.1 x 10° 52 x 10'

| Np-237 1.0 x 10° 6.7
Am-243 32 x 10° 21 x 10" |
Cm-245 7.7 x 10° 5.0 x 10'
Cm-247

Values are more restrictive of limits for resident scenario at 100 and 10,000 years after
disposal given in Table 4.1-17, 4.1-18, 4.1-20, and 4.1-21.

For radionucliaes not listed, either there are no disposal limits based on scenarios for
inadvertent intrusion or concentration limits in individual waste packages are restricted
to limits for Class-C wastes specified in NRC’s 10 CFR Part 61 (see Table 4.1-24).
Limit on average concentration in disposed waste.

Limit on inventory per vault, sum of ILNT and ILT limits.

Limit for Class-C waste specified in NRC’s 10 CFR Part 61; limit applies to individual
waste packages.
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As indicated in Table 4.1-23, analyses of scenarios for inadvertent intrusion have
established disposal limits for only a relatively few of the total number of radionuclides that
could occur in the waste. For all other radionuclides of concern with half-lives sufficiently
long that they possibly could exist in significant amount at 100 years after disposal when
inadvertent intrusion first could occur, either there are no disposal limits based on the
intruder dose analysis or the concentrations in individual waste packages are restricted to the
limits for Class-C waste specified by the NRC in 10 CFR Part 61. Concentration limits for
Class-C waste specified by the NRC are given in Table 4.1-24.

LAW Vaults

For the LAW vaults, all three exposure scenarios for inadvertent intruders are presumed
to be credible during the 10,000-year compliance period, primarily because these vaults do not
contain a layer of uncontaminated grout above the waste and the waste itself is not grouted.
Based on an analysis of the collapse and subsequent degradation of the concrete roof for the
LAW vaults, the agriculture scenario is most likely to become credible at about 5,000 years
after disposal and the post-drilling scenario could occur at about 3,000 years. The only
relevant resident scenario involves residence on an intact concrete roof at 100 years after
disposal. Results for the three scenarios are given in Tables 4.1-15, 4.1-19, and 4.1-22.

The estimated limits on concentrations and inventories of radionuclides for the LAW
vaults, as obtained from the analyses of the agriculture scenario at 5,000 to 10,000 years after
disposal, the resident scenario at 100 years, and the post-drilling scenario at 3,000 years, are
summarized in Table 4.1-25. The limits for any radionuclide are the most restrictive of the
limits for the relevant scenarios. For most radionuclides, the disposal limits are based on the
agriculture scenario at 5,000 to 10,000 years after disposal. However, for Co-60, Cs-137, and
U-232, the limits are based on the resident scenario at 100 years after disposal, and the limits
for Tc-99 are based on the post-drilling scenario at 3,000 years. Tc-99 represents an unusual
case where a large fraction of the initial inventory of waste is predicted to be removed from

the vaults by mobilization and transport in water between the times the post-drilling and
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Table 4.1-24. Concentration limits of radionuclides for Class-C waste
specified in NRC’s 10 CFR Part 61°

Radionuclide Concentration limit ?
F N (uCi/m®) |

Cs-137 4.6 x 10° ||
° 1.0 x 10?4 II

¢ Limits from Table 1 and 2 of 10 CFR Part 61 apply to individuai waste packages at DOE
disposal sites (U.S.DOE 1988a).

o

If radionuclide occurs in form of activated metal, concentration limit is increased by factor
of 10.

0

All alpha-emitting transuranic radionuclides with half-lives greater than 5 years.

a

Units are nCi/g; 1 nCi/g corresponds approximately to 2 x 10* LCi/m?.
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Table 4.1-25. D?mllhmn:of radionuclides for LAW vaults based
on analyses of exposure scenarios for inadvertent intruders*

Radionuclide® Concentratiop limit*
1.9 x 10*
Al-26 3.2 x 10! 1.5
Co-60 7.1 x 10 3.4 x 10’
Ni-59 1.9 x 10° 9.2 x 10*
Se-79 2.4 x 10° 1.2 x 10°
Rb-87 6.6 x 10* 3.2 x 10°
Z1-93 2.8 x 10° 1.3 x 10°
Tc-99 1.0 x 10° 5.0 x 10°
Pd-107 3.9 x 10° 1.9 x 10°
Sn-126 - 7.3 x 10 3.5
1-129 8.0 x 10*°¢ 3.8 x 10°
Cs-135 3.3 x 10° 1.6 x 10*
Cs-137 1.9 x 10° 9.1 x 10° |
| Eu-154 1.0 x 107 49 x 10° ﬂ
Th-232 89/ 43 x 101/
3.5 x 10' ¢ 1.7¢
U-232 3.6 x 10° 1.7 x 102 |
U-233 1.2 x 10* 5.6 x 102
U-234 1.6 x 10}/ 7.6 x 10/
6.6 x 102 ¢ 3.2 x 10' ¢
“ U-235 3.7 x 10 1.8 x 10!
U-236 1.3 x 10* 6.0 x 10
U-238 9.3 x 102/ 4.5 x 10!/ ||
3.0 x 10°¢ 1.5 x 102 ¢
Np-237 2.8 x 10? 1.3 x 10!
Pu-239 3.6 x 10° 1.7 x 10?
| Pu-240 5.3 x 10° 2.5 x 10
| Pu-242 33 x 10° 1.6 x 102 |
| Pu-244 3.4 x 10° 1.6 x 102 |
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Table 4.1-25. (continued)

Am-241 * |
| Am-242m * |
H Am-243 8.1 x 107 39 x 10* fi

Cm-245 1.7 x 10 8.3 x 10? I
I Cm-246 6.5 x 10° 31 x 102 i

Cm-247 28 x 107 1.4 x 10" |
u Cm-248 9.0 x 10? 43 x 10!

Cf-249 »
|! Cf-251 _37x 10* 1.8 x 10°

Values are most restrictive of limits for agriculture scenario at 5,000 or 10,000 years after
disposal given in Table 4.1-14, resident scenario at 100 years after disposal given in
Table 4.1-20, or post-drilling scenario at 3,000 years after disposal given in Table 4.1-23.
For radionuclides not listed, either there are no disposal limits based on scenarios for
inadvertent intrusion or concentration limits in individual waste packages are restricted to
limits for Class-C wastes specified in NRC’s 10 CFR Part 61 (see Table 4.1-24).

Limit on average concentration in disposed waste,

Limit on inventory per vault.

Limit for Class-C waste specified in NRC’s 10 CFR Part 61; limit applies to individual
waste packages.

Results include contributions to dose from radon decay product.
Results exclude contributions to dose from radon decay product.
Limit for individual waste packages is based on requirement that concentration of all alpha-

emittinstranggranic rgdionucli es with half-lives greater than 5 years not exceed 100 nCi/g
(about 2 x 10° Ci/m>).
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agriculture scenarios are assumed to occur, due to the significant increase in infiltration at
times beyond collapse of the vault roof at 3,000 years after disposal. Two sets of concentra-
tion and inventory limits are given for Th-232, U-234, and U-238. If exposures to radon
decay products are taken into account in estimating doses to inadvertent intruders, which
presumably is required by the present performance objective (U.S.DOE 1988a), then the
lower of the disposal limits apply for each isotope. However, if the dose limit in the
performance objective for protection of inadvertent intruders were to exclude doses from
exposure to radon and a separate limit on radon flux rate to the atmosphere were imposed,
as is presently being considered in r sion of DOE Order 5820.2A, then the higher of the
disposal limits apply.

ILT Vaults

The dose analysis for inadvertent intruders is essentially the same for the ILT vaults as
for the ILNT vaults, because both types of vaults will be constructed in the same manner.
Therefore, as in the case of the ILNT vaults, the only exposure scenario for inadvertent
intruders that reasonably could be used to determine disposal limits of radionuclides for the
ILT vaults is the resident scenario, evaluated at either 100 or 10,000 years after disposal.

The estimated limits on concentrations and inventories of radionuclides for the ILT vaulis,
as obtained from the analysis of the resident scenario at 100 and 10,000 years after disposal
in Tables 4.1-20 and 4.1-21, are summarized in Table 4.1-26. With the exception of Co-60,
Cs-137, and U-232, the disposal limits are based on the resident scenario at 10,000 years after
disposal. As described previously for the ILNT vaults, the disposal limits for Co-60, Cs-137,
and U-232 are expected to be quite pessimistic, because the amount of shielding between the
source and receptor locations has been underestimated by a significant amount, and the
disposal limits for the other radionuclides also may be pessimistic, because excavation to the

depth of the waste appears unlikely within 10,000 years after disposal.
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Table 4.1-26. Disposal limits of radionuclides for ILT vaults based

on analyses of exposure scenarios for inadvertent intruders®
I =l
Al-26 8.9 x 10* 7.1 x 10 +
|  coc0 }
Sn-126
I-129 8.0 x 10* ¢ 4.6 x 16°
Cs-137 1.1 x 10 9.1 x 10*
Eu-154 1.9 x 10° 1.5 x 10°
ll Th-232 7.1 x 10! 5.7 x 102
|| U-232 1.7 x 10° 1.4 x 10?
| u2a 16 x 10° 13
U-235 1.0 x 10° 8.0 x 10"
U-238 8.1 x 10°
Np-237 1.0 x 10°
Am-243 3.2 x 10°
Cm-245 7.7 x 10°
6.3 x 322__

Values are more restrictive of limits for resident scenario at 100 and 10,000 years after

disposal given in.Table 4.1-21 and 4.1-22, respectively.

For radionuclides not listed, either there are no disposal limits based on scenarios for
inadvertent intrusion or concentration limits in individual waste packages are restricted
to limits for Class-C wastes specified in NRC’s 10 CFR Part 61 (see Table 4.1-24).

Limit on average concentration in disposed waste.

Limit on inventory per vault.

Limit for Class-C waste specified in NRC’s 10 CFR Part 61; limit applies to individual

waste packages.
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4.2 SENSITIVITY AND UNCERTAINTY ANALYSES

To interpret the results provided in the previous section (Sect. 4.1), parameters and
assumptions to which the results are most sensitive must be identified. The uncertainty
associated with these parameters and assumptions must also be considered to determine the
degree of confidence in the predicted results. A rigorous quantitative analysis of uncertainty
is desirable, but such an analysis is not possible for all aspects of the analyses conducted for
this RPA due to: 1) limits of our knowledge with respect to certain physical and functional
characteristics or processes; 2) the inability to predict conditions in the future, especially
beyond several decades; and 3) the inability to quantify uncertainty associated with the defini-
tion of a particular scenario. This last type of uncertainty can dominate the overall uncer-
tainty in some cases.

In this section, sensitivity and uncertainty analyses are discussed separately for the
following stages of the overall computational approach: 1) analysis of near-field transport to
the water table from the vaults and subsequent groundwater transport; 2) dose analysis for

off-site releases; and 3) dose analysis for inadvertent intruders.
42.1 Analysis of Near-Field and Groundwater Transport

In this RPA, the fractional fluxes of radionuclides to the water table were simulated in
the near-field model with PORFLOW and used as a source to the saturated flow and trans-
port model (also simulated with PORFLOW) to determine groundwater concentrations as a
function of time and distance from the EAV. The sensitivity and uncertainty analysis of the
near-field groundwater transport model is discussed in this section.

A sensitivity and uncertainty analysis was performed on the near-field and groundwater
transport models with respect to selected parameters (Appendix J). The PORFLOW simula-
tions of the ILNT vault system were evaluated in terms of the movement of ®Tc from the
vault areu through the vadose zone and in groundwater. The study focusses on the sensitivity
and urcertainty in model results with respect to the Kgs in the waste form, concrete and soil
of the unsaturated zone, and with respect to timing of two different types of vault failure:

roof cracking and roof collapse.
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Sensitivity of, and uncertainty in, PORFLOW simulations of vault-contained low-level
radioactive waste were evaluated in the Z-Area RPA (WSRC 1992b) with respect to variable
infiltration rates and hydraulic and diffusive properties of the waste form, vaults, and soil.
The results indicated a low sensitivity to infiltration rate, due to the flux-controlling nature
of the low-conductivity concrete materials, and a high sensitivity to hydraulic conductivity,
especially to that of the material with the lowest conductivity. Ultimately, the amount of
water allowed to flow through the waste and reach the water table controls the final ground-
water concentration. A large uncertainty in the hydraulic conductivity can translate to a large
uncertainty in predicted results. However, the EAVs analysis is expected to be less sensitive
to concrete hydraulic conductivities with respect to maximum groundwater concentrations,
since most of the radionuclides of concern are long-lived and, thus, are available for transport
after vault failure is assumed. Degradation of the low-conductivity concrete is ¢ .asidered to
be complete in approximately 1000 years, during which time leaching or radioactive decay for
most of the E-Area radionuclides of concern is minimal.

The analysis of the influence of K, and timing parameters (Appendix J) together resulted
in specification of distributions and bounds on values of five factors for the PORFLOW simu-
lations in this analysis. The results of the sensitivity analysis indicated that the peak ground-
water concentration was most sensitive to the concrete K, assumed for **Tc (accounting for
96% of the response variability). This is likely due to the fact that concrete Kgs specified in
this RPA are orders of magnitude larger than the waste or soil K,s for ®Tc, such that retarda-
tion in the concrete is the controlling geochemical factor in the simulations. The time that
the peak occurred was also fairly sensitive to the time assumed between vault cracking and
roof collapse. The amount of variability, or uncertainty, in the 9Tc results was rather low for
the range of parameter values tested. Calculated 95% tolerance limits indicated peak ground-
water concentrations to range between 0.008 and 0.192 pCi/cc per Ci of *Tc in the ILNT
vaults, while the time of the peak ranged from 780 to 5500 years with 95% confidence. The
peak groundwater concentration of *Tc from Table 4.1-5 is 0.04 pCi/cc per Ci in the ILNT
vaults, occurring at 1800 years, which is approximately the midpoint of these distributions.
A cumulative distribution function of the maximum groundwater concentrations calculated

in the uncertainty analysis (Fig. 4.2-1) indicated that although 50% of the calculated peak
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Fig. 4.2-1. Cumulative distribution function for peak groundwater concentration of ®Tc, based on ranges of parameters specified
in Appendix J.
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groundwater concentrations appear to exceed the 0.04 pCi/cc per Ci inventory, less than 10%
exceed 0.1 pCi/cc per Ci. Because the ranges of K, and timing of degradation eveiis were
specified to be very broad for the uncertainty analysis (Table J.1-1, Appendix J), the results
of this analysis lend confidence in the RPA results for near-field transport.

A preliminary sensitivity analysis of the PORFLOW saturated flow and transport model
indicates that simulation of flow is sensitive to the amount of recharge assumed and the
horizontal and vertical saturated hydraulic conductivities of the five hydrologic units assumed
in the model. The simulation of transport by groundwater is directly proportional to the flux
of contaminant to the water table, but is insensitive to the diffusion coefficient because the
transport in groundwater is advection-dominated. Sensitivity of the model to transverse and
longitudinal dispersivities within the reasonable ranges for these parameters is low because
the plume originating at the EAV facility is so broad.

Sensitivity to recharge under the facility was tested by varying the recharge rate between
0.2 and 40 cm/year under the area covered by the facility, and assuming 40 cm/year elsewhere
in the model domain. Increasing recharge from 0.2 to 2 cm/year under the EAV results in
only a slight increase in water levels and hydraulic gradients under the facility, and virtually
no change in the contaminant concentration at the compliance point for a given flux of
contaminant to the water table. This is likely due to the relative unimportance of either 0.2
or 2 cm/year recharge to the flow system under the facility. When recharge under the EAV
is increased to 40 cm/year, the simulated elevation of the groundwater table and hydraulic
gradient under the facility are observed to increase more dramatically, but contaminant
concentrations at the point of compliance do not decrease as dramatically for a given flux of
contaminant to the aquifer.

While the sensitivity and uncertainty analysis with respect to selected parameters for
Tc-99 indicates low variability around the reported groundwater concentrations for Tc-99,
groundwater concentrations for solubility-limited radionuclides (i.e., isotopes of U and Pu)
have an additional type of associated uncertainty - that of the prescribed solubility limits. Tt
is believed that the uncertainty associated with the solubility limits applied is largely governed

by the changes in geochemistry that may occur over time, as the vaults degrade. It is very
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difficult, if not impossible, to predict these changes and the effect they may have on solubility
of U and Pu with a quantifiable degree of certainty because of the multitude of competing
geochemical processes involved. Therefore, quantification of uncertainty associated with the
groundwater concentrations of U and Pu isotopes was not attempted in this analysis.

422 Analysis of Dose Model from Off-Site Releases

As described in Sect. 4.1.4 and clsewhere, the drinking water pathway is the primary
exposure pathway of concern for releases of radionuclides via the groundwater pathway
beyond the 100-m buffer zone around disposal units. In this section, the sensitivity and
uncertainty analysis of the model used to estimate dose from the drinking water pathway is
discussed.

For a given concentration of a radionuclide in groundwater, the estimated dose from the
drinking water pathway is given by Eq. (A.4-1) of Appendix A.4. In this equation, the dose
per unit concentration of a radionuclide for the drinking water pathway is directly propor-
tional to two parameters: 1) tk< consumption rate of drinking water from the affected source
and 2) the ingestion DCF for the radionuclide. Both of these parameters are assumed to be
fixed values for a reference adult as specified by regulatory authcrities or international
advisory groups. In this analysis, the assumed consumption rate of water of 2 L/d is the value
normally specified by the EPA in demonstrating compliance with DWS for radionuclides; and
the ingestion DCFs for radionuclides, which are given in Table A.4-2 of Appendix A.4, are
values developed by the International Commission on Radiological Protection. Therefore,
for purposes of this analysis, the dose from the drinking water pathway per unit concentration
of any radionuclide in groundwater is assumed to be a prescribed value with no uncertainty.

In any population of exposed individuals, the intake rate of water and the ingestion DCFs
for radionuclides are variables that could be described by a mean value and standard devia-
tion. However, for the type of dose analysis presented in this report, it is customary to
assume, as indicated above, that all exposed members of the general public are reference
individuals who experience the same intake rates of water and the same doses per unit activity
intakes of radionuclides by ingestion. The assumed intake rate of drinking water of 2 L/day
is not likely to be exceeded by most individuals.
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Although the dose per unit concentration of a radionuclide in water for a normal
population would be subject to some uncertainty this uncertainty undoubtedly will be much
less than the uncertainty associated with estimates of the maximum concentrations of radio-
nuclides in groundwater at any location beyond the 100-m buffer zone. Thus, the assumption
of no uncertainty in the model for estimating dose from the drinking water pathway should
have no effect on the overall uncertainty in the performance of the disposal facility with
regard to meeting the performance objective for protection of groundwater resources.

423 Analysis of Dose Models for Inadvertent Intruders

The model for estimating dose to an inadvertent intruder, as represented by Eq. 4.1-1, is
based on estimates of annual doses per unit concentration of radionuclides in disposed waste,
the so-called SDCFs for the agriculture, resident, and post-drilling scenarios summarized in
Tables 4.1-10, 4.1-11, and 4.1-12, respectively. This section discusses the sensitivity and
uncertainty analysis of the models used to estimate the SDCFs for the different exposure
scenarios for inadvertent intruders. The sensitivity and uncertainties in these models do not
depend on similar considerations regarding depletion of radionuclide inventories in disposal
units due to mobilization and transport in water, which are discussed in Sect. 4.2.1.

For each of the assumed exposure scenarios, the SDCFs for radionuclides are single
values based on the models and parameter values presented in Appendix A.4.5. The para-
meter values adopted for use in the models for the different exposure pathways usually were
intended to represent reasonable average conditions that might be experienced, rather than
maximum possible conditions that would yield the highest estimates of dose. This approach
was used in selecting parameter values related to human activities, such as the annual
consumption of foodstuffs, breathing rate, and exposure times, and parameter values
describing transport of radionuclides through environmental pathways to man, such as the
elemental plant-to-soil concentration ratios and atmospheric mass loading of activity

suspended from surface soil.
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The exposure pathways considered in the dose analyses for an inadvertent intruder for
the different exposure scenarios include consumption of vegetables grown in contaminated
garden soil, direct consumption of contaminated garden soil, external exposure while working
in the garden or during indoor residence, and inhalation exposure while working in the garden
or during indoor residence. In implementing the models for the various exposure pathways,
data specific to the SRS generally were not available for such important parameters as the
elemental plant-to-soil concentration ratios in vegetables grown in contaminated garden soil
and the airborne concentration of suspended radionuclides in particulate form. Therefore,
generic parameter values obtained from the literature were used in all exposure pathway
models, and the same data can be used to provide crude estimates of uncertainty.

For fission and activation products which do not emit significant intensities of high-energy
photons (e.g., Sr-90 ahd Tc-99), the vegetable pathway is the only significant contributor to
the total dose for the agriculture and post-drilling scenarios, and the dose for this pathway
is directly proportional to the plant-to-soil concentration ratio. Data available in the
literature, which often were obtained under conditions that may not be representative of the
SRS, indicate that this parameter could be uncertain by as much as one-to-three orders of
magnitude depending upon the radionuclide (Ng et al. 1982; Peterson 1983).

For actinide radioisotopes which do not emit significant intensities of high-energy photons
(e-g., Pu-239), the soil ingestion and inhalation pathways are significant contributors to the
total dose for the agriculture and post-drilling scenarios. In the model for the soil ingestion
pathway, the intake rate of contaminated soil is the only parameter that is subject to variabil-
ity. There are few data on the distribution of intake rates that could be used to support an
uncertainty analysis, but the intake rate presumably is uncertain by at least an order of magni-
tude. In the model for the inhalation pathway, the dose is proportional to the atmospheric
mass loading of suspended activity from surface soil. Generic data indicate that this
parameter could be uncertain by two or three orders of magnitude (Anspaugh et al. 1975;
Healy 1980).
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The dose for the resident scenario is due entirely to external exposure; and, for radionu-
clides that emit significant intensities of high-energy photons (e.g., Cs-137, Ra-226), this
pathway is the only significant contributor to the total dose for the agriculture scenario and
is an important contributor to the tota! dose for the post-drilling scenario. The dose from
external exposure depends on the assumed exposure time and the amount of shielding
between the source and receptor locations, and it is not particularly meaningful to attempt
to quantify uncertainties in these parameters. Particularly in the resident scenario, estimates
of external dose could be uncertain by an order of magnitude or more if the assumed thick-
ness of shielding provided by engineered barriers is in error by only a few tens of cm. As
described in Appendix A.4.4, the assumed thicknesses of shielding for the types of disposal
units constructed with engineered barriers probably result in overestimates of dose. External
dose in the resident and agriculture scenarios also depends on the shielding factor for the
walls of the home during indoor residence, but this parameter probably is uncertain by no
more than a factor of two.

For some important parameters in the exposure pathway models, it is difficult to quantify
the uncertainty even on the basis of generic data. An example of a parameter for which the
uncertainty appears to be essentially unquantifiable is the assumed dilution factor for mixing
of waste exhumed from disposal units with native soil in a vegetable garden. The dose from
several exposure pathways in the agriculture scenario and from all exposure pathways in the
post-drilling scenario is directly proportional to this dilution factor. An uncertainty analysis
for this parameter could be based on estimated uncertainties in the volume of waste cxhumed
from disposal units, the fraction of exhumed waste that is mixed with soil in a vegetable
garden, and the size of the garden. But, except for the assumed size of the garden, there are
no data that could be used to support such an uncertainty analysis, essentially because the
values are based primarily on assumptions presumed to be reasonable. The uncertainty in this
dilution factor is probably an order of magnitude or more. However, it seems likely that the
values chosen for use in this analysis tend to overestimate the average concentrations of
radionuclides that would be found in contaminated soil in a vegetable garden. The dilution

factor of 0.2 assumed in the agriculture scenario probably is conservative because exhumed
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waste presumably would not be fertile material and, thus, soil containing a significantly larger
fraction of exhumed material would not support plant growth. The dilution factor of 0.02
assumed in the post-drilling scenario is based on reasonable assumptions for the volume of
drilling waste and the size of the vegetable garden, and the assumption that all drilling waste
is mixed with native soil in the garden clearly is conservative.

The most important source of uncertainty in the estimates of the SDCFs for the different
exposure scenarios probably is the definitions of the scenarios theuiselves, not withstanding
any parameter uncertainties that could be quantified and regardiess of whether or not the
results would reasonably represent the variability in doses that could be experic.nced at the
SRS. The dose analyses for inadvertent intruders are based on assumptions that the exposure
scenarios will occur as postulated, but many of the explicit or implicit assumptions used in
defining the scenarios are open to question and, furthermore, are likely to be conservative.

In defining exposure scenarios, it seems reasonable to assume that an inadvertent intruder
will establish a homestead within the boundary of the disposal facility at some time after loss
of active institutional controls. However, several of the assumptions used in developing the
particular exposure scenarios used in this analysis are less certain and probably pessimistic.
For example, all scenarios assume that individuals will have no knowledge of prior waste
disposal activities at the site, but this assumption seems unreasonable for times soon after loss
of active institutional controls. Furthermore, even if knowledge of the disposal facility were
lost, all exposure scenarios assume that an inadvertent intruder will build a home or drill a
well at the location of disposal units, rather than in uncontaminated areas, and that exhumed
waste will be mixed with uncontaminated soil in a vegetable garden. Particularly at the SRS,
it 'may also be pessimistic to assume that an intruder would excavate to depths well below the
ground surface in constructing a home, because most homes near the site do not have a
basement.

By their very definitions, the exposure scenarios for inadvertent intruders assume condi-
tions that probably tend to produce estimates of duse considerably greater than doses that
reasonably could be received by most individuals who might come onto the disposal site.
Therefore, it is not really the purpose of a dose analysis for inadvertent intruders to provide

best estimates of dose that likely would be received and a quantification of uncertainties in
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these estimates. Rather, the primary purpose of the analysis is to establish WAC in the form
of limits on average concentrations (total inventories) of radionuclides in waste. Furthermore,
quantitative estimates of uncertainties in calculated doses (and, thus, in limits on average
concentrations or inventories of radionuclides) based on parameter uncertainty analyses may
not be meaningful, because the results are conditional on the occurrence of the assumed
exposure scenarios. Therefore, the most important factor in determining whether or not the
WAC derived from dose analyses for inadvertent intruders are likely to be reasonable is the
credibility of the assumed exposure scenarios—i.c., whether the assumed exposure scenarios
reasonably could occur at a particular disposal facility—rather than any estimates of uncertain-

ties in the results due to uncertainties in model parameters.

43 INTERPRETATION OF RESULTS

The results presented in Sect. 4.1 can be interpreted by comparing the calculated vault
inventory limits and an estimated radionuclide inventory for disposal. As stated in Sect. 1,
due to the changing nature of operations at SRS, it is impossible to make an accurate
estimate at the present time as to the type and quantity of waste that will be disposed of in
the EAVDF. However, an estimate based on several years of disposal while SRS was in
production has been made (Reed 1992), and that will be used as the basis for the comparison.
While this is a good measure of the usefulness of the vault structures as a method of disposal,
this alone is not sufficient to address the question of whether there is reasonable assurance
that all performance objectives of DOE Order 5820.2A are met. Further interpretation is
necessary because limited data exist for performing realistic and definitive uncertainty
analyses. Providing reasonable assurance requires consideration of: 1) sensitivities of results
to parameters, assumptions and models; 2) uncertainties in models, parameters and scenarios;
and 3) conservatisms, or lack thereof, inherent in the calculational approach or scenarios
devised. In this section, some of the more significant observations made throughout this

report are summarized and results are interpreted in terms of these observations.
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Results presented in Sect. 4.1 indicate that the EAVDF will meet the performance
objectives of DOE Order 5820.2A. The results are based on a number of assumptions,
simplifications, and scenarios that, in most cases, erred on the side of conservatism.
Therefore, the results are more likely to underestimate, rather than overestimate, the

inventory allowable in each type of disposal.
43.1 Off-Site Doses and Groundwater Protection

For off-site releases, groundwater was demonstrated to be the only pathway ot concern
except for H-3 and C-14, which are limited by atmospheric emission (see Appendix A.3).
Nine radionuclides were limited by the groundwater pathway, Ni-59, Se-79, Sr-90, Pd-107,
1-129, Cs-135, Np-237, Am-241, and Cf-252 (based on the Cm-248 daughter). Consideration
of solubility limitations on U and Pu isotopes prevents them from exceeding their respective
MCLs. Although the solubility limits applied are believed to be reasonable for this waste, the
long-term geochemistry is impossible to predict. As noted in Sect. 4.2.1, the uncertainty
associated with the predicted groundwater concentrations of U and Pu, arising from uncer-
tainty in long-term geochemistry, has not been addressed. Radioactive decay products of U
and Pu isotopes that are potentially radiologically significant were not found to limit the
inventory of U or Pu below the assumed initial inventory, with the exception of the Ra-226
daughter of U-234 in the LAW vaults. In this one case, it was estimated that U-234 would
be limited to 2.6 x 10* Ci for all 21 LAW vaults, or about 200 kg/LAW vault.

As stated in Sect. 1.2, the current MCLs, promulgated under the Safe Drinking Water
Act, are used in this RPA to assess compliance with the groundwater protection performance
objective of DOE Order 5820.2A. For uranium a compliance limit of 20 pg/L is used (EPA
1991).

Degradation of the vaults and the overlying closure cap were considered in this RPA
because the engineered features of the facility are not expected to last indefinitely. An
engineering study was commissioned to provide a basis for selecting degradation time for use
in the analysis (Appendix K). As stated in Sect. 2.5.2.4, the EAVs were designed to withstand
a 0.2 g carthquake after closure. Based on Sect. 2.1.5.2, seismic events are not expected to

Rev. 0



4-92 WSRC-RP-94-218

produce accelerations at SRS greater than 0.1 g; thus, seismic events were considered less
‘ significant than other degradation mechanisms. Although many mechanisms potentially
contributing to degradation are identified (Sect. 3.1.3), the impossibility of predicting the
timing and magnitude of degradation processes renders the uncertainty associated with the

degradation scenario high.
432 Inadvertent Intruders

Scenarios were developed and dose analyses were completed to estimate exposures to
hypcthetical inadvertent intruders. Acute exposure scenarios for inadvertent intruders were
not included, because they would always be less restrictive in regard to demonstrating
compliance with performance objectives than chronic exposure scenarios (Sect. 3.2.4.3). The
four chronic exposure scenarios considered were: 1) an agricultural scenario with direct
intrusion into the disposal vaults; 2) a resident scenario; 3) a post-drilling scenario; and 4)
volatile transport. Some considerations are important for interpretation of the intruder
results.

One consideration is the longevity of the engineered structures. If the vaults maintain
their integrity for several hundred years then all of the radionuclides with relatively short half-
lives decay away before intrusion into the waste is possible. As shown in Appendix K and
Sect. 3.1.3.2, even in the conservative analysis presented, the vaults will be effective intruder
barriers for at least 1,000 years.

The second consideration is the long-term dose in the agricultural scenario due to the
buildup of radium and radon daughters from U-238 and U-234. As shown in Tables 4.1-14
and 4.1.15, doses from these isotopes exceed performance objectives at very long times after
disposal. However, as stated in Sect. 1.2, this RPA assumes that only doses calculated out to
10,000 years after disposal are considered for compliance. Also, as stated in Sect. 1.2.3, dose
from radon and its decay products will be excluded from inadvertent intruder dose for the
purpose of assessing compliance. A separate performance objective for radon (20 pCi/m? s)
is established. A conservative analysis of the radon exhalation rate from the EAVDF is
presented in Appendix A.3.
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Yet another consideration is the effect of long-term land use policy at SRS. Draft DOE
Order 5820.2B (U.S.DOE 1994) considers the use of inadvertent intruder analyses to
determine whether a site should be released for unrestricted use. Alsv, GOE Headquarters
Offices of Environmental Restoration and Waste Management (EM) and Facilities Manage-
ment (FM) are jointly sponsoring an effort to develop future use plans for each of the DOE
sites, The expectation for SRS is that the EAVDF and surrounding land will be zoned for
indusirial use only and will be controlled in perpetuity. This will eliminate the potential for |
inadvertent intrusion. Table 4.1-9 presents acceptable inventory limits for the EAVDF
derived only from the groundwater protection scenario. Long-term land use plans will be
developed and implemented; however, because this effort is only now in the planning stage,
this PA will conservatively establish inventory limits based on protection of inadvertent

intruders. Future revisions of the PA will take appropriate credit for land use planning.
433 Disposal Limits for Waste at E-Area

Limiting inventories calculated from the groundwater pathway (Table 4.1-9) and intruder
scenarios (Table 4.1-14 and Table 4.1-15) as well as the results of the atmospheric effluent
analyses in Appendix A.3, have been combined in Table 4.3-1, which lists for each
radionuclide the most restrictive of the three. The limiting inventories in Table 4.3-1 can be
compared with an estimated vault inventory which is shown in Table 4.3-2 for the LAW vaults
and Table 4.3-3 for the ILNT vaults. The estimated inventory (Reed 1992) is based on the
average waste receipts at the SRS burial ground during the three year period 1986 through
1988. The average annual receipts were multiplied by a factor of 2.5 to provide a conserva-
tive inventory estimate.

None of the vault limits exceed the estimated inventory. Thus, the limits calculated in
this PA are not expected to restrict waste receipts to the EAVDF.

The inventory limits calculated in this analysis are implemented through a set of WAC
and managed through the SRS’s computerized Waste Information Tracking System (WITS).
The operating limits for the EAVs, as documented in the SRS WAC Manual (WSRC 1993),

are derived from safety documentation and this PA. The WAC Manual is a compilation of
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Table 43-1. E-Arca Vault m Facility performance-based

inventory limits (Ci/vault) ting performance objectives
Radionuclide LAW ILNT & ILT ILT
(ILNT only for *H)
H-3 8.3 x 10° (air) 50 x 10° (air) 6.7 x 10! (air) JCW’
4.2 x 10 (air) crucibles
C-14 4.0 x 10" {air) 1.0 x 10' (air)
Al-26 1.5 42 x 107 (r
Co-60 3.4 x 10’ 6.7 x 10* (r
Ni-59 7.6 x 10 1.8 x 10° (g
Se-79 6.2 89 g)
Rb-87 32 x 10° No limit *
Sr-90 2.5 x 10" 3.0 x 10" (g)
Zr-93 1.3 x 10° No limit *
Tc-99 2.0 20 (g
Pd-107 19 x 10° No limit *
Sn-126 3.5 1.1 x 10! (r
1-129 1.0 x 103 53 x 10* (g
Cs-135 5.7 x 10! 1.9 x 10! (g
Cs-137 9.1 x 10° 74 x 10° (r
Eu-154 49 x 10° 12 x 107 (r
Th-232 1.7 47 x 107 (r
U-232 1.7 x 10? 1.1 x10* (r
U-233 5.6 x 10 3.6 x 108 (g
U-234 3.2 x 10! 1.0 x 10! (r
U-235 1.8 x 10! 6.5 r
U-236 6.0 x 10? 3.5 x 10¥
U-238 1.5 x 10? 52 x 10" (r
Np-237 2.6 x 10’ 2.0 x 10" (g)
Pu-239 1.7 x 102 1.6 x 10" (g)
Pu-240 2.5 x 10? No limit *
Pu-242 1.6 x 10? No limit *
Pu-244 1.6 x 10? No limit
Am-241 2.1 x 10° 1.0 x1
Am-243 3.9 x 10! 2.1 x 10! (r
Cm-245 8.3 x 10! 50 x 10" (r
Cm-246 3.1 x 10? No limit *
Cm-247 1.4 x 10! 41 ()
Cm-248 4.3 x 10 No limit *
Cf-249 8.1 x 10° 51 x10° (g
Cf-251 1.8 x 10° 1.6 x 107 (g
Cf-252 43 x 10° 2.1 x 108 g)

Note: (air) = atmospheric (Appendix A.3)

gg = groundwater protection (Table 4.1-9)

a intruder, agricultural scenario (Tables 4.1-14 and 4.1-15

r) intruder, resident scenario (Tables 4.1-17, 4.1-18, and 4.1-19).

* JCW = Job Control Waste

* Intrusion into waste in the Intermediate Level vaults is not credible until after
10,000 years (Sect. 4.1.5.1).
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Table 4.3-2 Comparison of LAW vault calculated disposal limits with estimated inventory

Radionuclide Dis Limit Estimated Inventory Ratio
Ci/ggrxla: Ci/Vault

H-3 8.3 x 10° 5.0 x 10° 1.7 x 102
C-i4 4.0 x 10 6.0 x 10* 6.7 x 10°
Al-26 1.5 .
Co-60 3.4 x 107 24 1.4 x 10’
Ni-59 7.6 x 107 0 -
Se-79 6.2 5.5 x 10 1.1 x 10°
Rb-87 3.2 x 10° R e
Sr-90 2.5 x 108 7.1 x 10? 3.5 x 10%
Zr-93 1.3 x 10° 2.6 x 10" 5.0 x 10°
Tc-99 20 2.0 x 10“_ 1.0 x 10*
Pd-107 1.9 x 10° 2.1 x 10% 9.1 x 10®
Sn-126 3.5 3.4 x 103 1.0 x 10
1-129 1.0 x 10° 3.1 x 107 3.2 x 10°
Cs-135 5.7 x 10 1.3 x 103 4.4 x 10*
Cs-137 9.1 x 10° 7.1 x 102 1.3 x 10
Eu-154 49x10° 00 e e
Th-232 1.7 3.4 x 103 50 x 10?
U-232 1.7x100 e -
U-233 5.6 x 102 1.2 x 10! 4.7 x 10?
U-234 3.2 x 10! 19 1.7 x 10
U-235 1.8 x 10! 1.7 x 102 1.1 x 10®
U-236 6.0 x 10? 3.2 x 10? 1.9 x 10?
U-238 1.5 x 102 5.5 2.7 x 10
Np-237 2.6 x 10 3.2 x 107 8.1 x 10°
Pu-239 1.7 x 10? 3.2 x 10! 53
Pu-240 2.5 x 10? 1.2 x 101 2.1 x 10°
Pu-242 1.6 x 10? 2.2 x 107 7.3 x 108
Pu-244 1.6 x 10? 1.2 x 10! 1.3 x 10°
Am-241 2.1 x 10° 4.0 x 10* 3.3 x 10°
Am-243 39 x 10 2.1 x 107 1.9 x 10
Cm-245 8.3 x 10! 1.2 x 10? 6.9 x 10?
Cm-246 3.1 x 107 1.2 x 10? 2.4 x 10°
Cm-247 1.4 x 10 1.2 x 101! 1.2 x 102
Cm-248 4.3 x 10 1.2 x 10?! 3.6 x 10?
Cf-249 8.1 x 10° 1.2 x 10? 6.8 x 10*
Cf-251 1.8 x 10° 1.2 x 10" 1.5 x 10*
Cf-252 4.3 x 10° 6.0 x 107 7.2 x 102

* Not included in Reed inventory. Calculated by ratio to Cs-137 from Tahle 2.4 of Cook et

al. 1987
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Table 43-3 Comparison of ILNT and ILT vault calculated disposal limits

with estimated inventory

Radionuclide Disposal Limit Estimated Inventory Ratio

Ci1/Vault Ci/Vault
H-3 5.0 x 10° 1.0 x 10° 5.0 x 10?
C-14 1.0 x 10 1 2 ——
Al-26 42 x 107 0 e e —
Co-60 6.7 x 10 2.4 x 10* 2.8 x 10*
Ni-59 1.8 x 10° 1.3 x 10 14 x 1
Se-79 89 80 x 10 11 x1
Rb-87 S
Sr-90 3.0 x 10" 1.3 x 10* 2.3 x 10°
Zr93 0 e - —————
Tc-99 2.0 2.6 x 10?2 7.7 x 10!
Pd-107 ———————— S B
Sn-126 1.1 x 10! 6.4 x 10? 1.7 x 102
1-129 5.3 x 10* 43 x 10° 1.2 x 10!
Cs-135 1.9 x 10 24 x 10% 7.9 x 10?
Cs-137 7.4 x 10° 13 x1 5.7 x 10!
Th-232 4.7 x 10* 32 x 10 1.5 x 102
U-232 1.1 x 10° e —
U-233 3.6 x 10" 2.7 1.3 x 10"
U-234 1.0 x 10 4.4 x 107 23 x 102
U-235 6.5 8.0 x 10 8.1 x 10°
U-236 3.5 x 10" 3.8 x 10 9.2 x 10%
U-238 52 x 10! 2.2 x 10 2.4 x 10*
Np-237 2.0 x 10! 2.5 x 103 8.0 x 10!
Pu-239 1.6 x 10Y 4.4 x 10" 3.6 x 10"
Pu-240 ——————— S —
1. 73— — nan
Pu244 = e e S—
Am-241 1.0 x 10° 5.6 x 102 1.8 x 10¢
Am-243 2.1 x 10 2.8 x 10 7.5 x 10°
Cm-245 5.0 x 10 2.8 1.8 x 10!
Cm-246 = e -
Cm-247 4.1 2.8 1.5
Cm-248 —————— e
Cf-249 5.1 x 10° 2.8 1.8 x 10°
Cf-251 1.6 x 10’ 28 5.7 x 108
Cf-252 2.1 x 10® 3.7 5.7 x 10
* Not included in Reed inventory. Calculated by ratio to Cs-137 from Table 2.4 of Cook et

al. 1987
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the radionuclide limits from a Safety Analysis Report (SAR), cell criticality limits, 100 nCi/g
transuranic concentration limit, NRC Class C limits, and vault performance-based inventory
limits. Each of these limits is converted into a hypothetical container limit. For each radio-
nuclide, the most restrictive limit is then implemented as a WAC container limit for the waste
generators.

As packages are received for emplacement in the various vaults, their package contents
will be entered into WITS. Before emplacement of each package, WITS will compare the
package contents with the 100 nCi/g transuranic limits and NRC Class C limits, and calculate
the cell inventory (to ensure compliance with the cell criticality limits) and the total vault
inventory (to ensure compliance with the PA-based limits). The SAR and PA-based limits
are tracked as a sum-of-fractions of the individual radionuclide limits. For the PA-based
limits, the total vault inventory for each radionuclide is divided by its corresponding limit.
The sum of these fractions will be maintained less than one to ensure compliance with the

limits. A similar procedure will be followed to ensure compliance with the SAR limits.

Rev. 0







5-1 WSRC-RP-94-218

5. PERFORMANCE EVALUATION

The purpose of this site-specific RPA of the EAVDF at the SRS is to fulfill the DOE
Order 5820.2A requirement that such an assessment be prepared and maintained for any
LLW disposal facility located at a DOE field site. The RPA must provide reasonable
assurance that the facility design and method of disposal will comply with the performance
objectives of the order, which are concerned with protection of public health and safety,
limiting doses to members of the general public and inadvertent intruders, and protecting
groundwater resources. In this chapter of the RPA, a summary of how the results of the
comprehensive analysis provide reasonable assurance that the performance objectives will be
met, followed by consideration of design changes that are based on the results, and recom-
mended data acquisition and research necessary to reduce conservatism in the results are
presented.

5.1 COMPARISON TO PERFORMANCE OBJECTIVES

The performance objectives of DOE Order 5820.2A for LLW disposal are listed in
Sect. 1.2. In essence, these objectives put forth dose limits for members of the general public
and inadvertent intruders that are not to be exceeded at any point in time through considera-
tion of credible pathways. The performance objectives include protection of groundwater
resources consistent with Federal, State and local requirements.

For the groundwater protection performance objective, it has been determined that
Option 1, as described in Sect. 1.2, is required to be used because of the interpretation of
CERCLA regulations by the State of South Carolina. If the proposed drinking water
standard is promulgated by the EPA (U.S.EPA 1991), the limits presented in this report must
be recalculated.
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This PA was prepared using reasonable, but conservative, parameter values to calcu-
late disposal facility inventories that will meet the performance objectives. Implementation
of these limits as waste acceptance criteria and a waste certification program will provide
reasonable assurance that the performance objectives will be met.

52 DESIGN CHANGES REQUIRED TO MEET PERFORMANCE OBJECTIVES

The RPA process assumed the design described for the EAVs in Sect. 2.5 and the
closure concept described in Sect. 2.9 of this report. Because the results indicate compliance
with performance objectives, no changes to the design of EAVs and suspect soil trenches are
recommended. However, the analysis of NR waste presented in Appendix L does not indi-
cate compliance. Rather than indicating the need for design changes, the results presented
in Appendix L indicate the need for additional data to reduce conservatism in the analysis
(see Sect. 5.3).

However, as noted in Sect. 2.9, a final design for the closure is not now available; a
closure concept was analyzed. As the closure design is developed, it’s performance for
limiting infiltration into the waste will be evaluated versus the performance of the closure
concept analyzed in this RPA.

53 DATA AND RESEARCH NEEDS

In addition to groundwater monitoring (Sect. 2.9.3 and H.2 - recommendation #6),
near-field monitoring will be necessary to validate the predicted performance of the EAVDF.
However, technology for accomplishing near-field monitoring, especially in terms of in-situ
monitoring of non-volatile contaminants, is in a developmental stage. SRS will seek and
implement appropriate monitoring technology as it becomes available. Meanwhile, SRS will
continue to collect data from the various lysimeter programs at SRS. Such data may be useful

for validation.
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The analysis of naval reactor waste presented in Appendix L. does not indicate
compliance with performance objectives. However, as noted in Appendix L, the analysis is
very conservative because of a lack of data specific to the NR wasteforms. Obtaining data
on the composition and physical configuration of the wasteforms and on the expected lifetime
of the welds in the disposal containers should enable the analysis to be revised to indicate
compliance. Until the analysis is so revised, NR waste will only be received at E-Area for
storage.

Although the RPA has indicated compliance with performance objectives for the
EAV:s and suspect soil trenches, a number of opportunities have been identified which would
decrease the conservatism in the analysis. Because the RPA is to be maintained through
time, and thus is a living document, further iterations of the RPA process will benefit greatly
if these opportunities are explored. Reducing conservatism in the RPA should enable dispo-
sal limits to be increased, thus, enhancing the utility of the EAV. Several opportunities for
reducing conservatism are discussed below.

The waste in the vaults could be represented more realistically. Presently, all of the
waste containers are assumed to totally degrade immediately and the waste is represented as
a single stirred tank. Corrosion rates of waste containers could be developed and incorpo-
rated into the RPA to take credit for the waste containers. Also, the waste, after container
degradation, could be represented as a series of stirred tanks to more realistically represent
the waste volume. Treatment of the waste prior to disposal, such as super-compaction, incin-
eration, vitrification, etc., or addition of additives such as zeolite to waste packages, could be
incorporated into the RPA to take credit for improved waste forms.

Because the predicted groundwater concentrations of U and Pu isotopes depend on
the applied solubility limits for these elements, further research should be conducted to
evaluate the appropriateness of the applied limits over the long-term. Geochemical degrada-
tion, although difficult to assess, is potentially an important aspect of PAs. Additional consi-
deration of chemical solubility in the waste form for radionuclides with low disposal limits,
such as Np-237, should be done. Geochemical modeling and/or laboratory experimentation
will be required to determine solubility values.
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Since collapse of the LAW vault roof is a significant contributor to doses from the
EAV, any measures to prevent, or reduce the extent of, roof collapse would result in signifi-
cantly increased vault limits. If for example, the LAW vault design and mode of waste
emplacement were altered to enable minimizing voids (or filling voids with an inert material
such as sand), the roof collapse scenario would be improved. Also, waste emplacement proce-
dures could be implemented to provide for placement of packages containing higher concen-
trations of radionuclides of concern in intruder scenarios at the bottom of each vault.
Another possibility to be considered is to alter the vault (or other disposal unit) design to
provide deeper burial of the waste to deter intrusion. In addition, more realistic representa-
tion of the collapsed vault in the intruder scenarios to take credit for the presence of the
concrete rubble should be considered. More realistic formulation of intrusion scenarios to
take credit for practices in the southeastern USA, such as not generally constructing
basements for private homes, should be considered. Credit for longer-term institutional
control, such as limiting future land use through the Site Development Plan, should be
considered.

Modeling of the degraded vaults could be improved by using a time distribution for
the development of cracks and collapse of the roofs. Data would need to be developed to
support the distributions.

Doses from 1-129 in the RPA have been calculated without regard to the isotopic
dilution with stable iodine that will take place. Because assimilated iodire is concentrated in
the thyroid, and the thyroid has a limited capacity for iodine, consideration of the expected
specific activity of 1-129 (curies of I-129 per gram of iodine present in the environment)
would lead to a more realistic assessment of the dose from I-129.

More rigorous implementation of the sum-of-fractions rule using the timing of doses
to improve waste acceptance criteria from the RPA results should be considered.

Although vault design changes are not needed to meet performance objectives,
disposal design could be optimized to ensure cost-effective LLW disposal. Alternative
disposal technologies such as trench burial could be employed for certain waste types in
addition to suspect soil. Further modeling is necessary to develop the appropriate disposal

limits for each disposal technology to ensure that performance objectives will be met.
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6. PREPARERS

Below is a list of contributors to this performance assessment effort, and the portions
of the assessment for which they are responsible.

COOK, JAMES R., WSRC/SRTC, Geology, Geochemistry

M.S. Geochemistry
B.S. Geology

Experience:  Mr. Cook has 15 years of experience at the Savannah Rive Site, 13 of
which have been in various aspects of low-level waste research.
Research topics have included site selection, site characterization, site
closure, and performance assessment. Mr. Cook served on the revision
team for Chapter 3 of DOE Order 5820.2A. He is a member of the
Performance Assessment Task Team. He serves as the technical lead
on the PA advisory team.

Contributions: WSRC Technical Leader of PA team. Screening Calculations.
DICKE, CRAIG A., INEL, Radionuclide Screening, Concrete Degradation,

Geochemistry

M.S. Geology
B.S. Geology

Experience:  Mr. Dicke has 6 years experience in modeling geochemical processes
related to radioactive waste disposal.

Contributions: Analyzed the geochemistry of the vault environments, and provided K s
for radionuclides in all media.
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HIERGESELL, ROBERT A., WSRC/SRTC, Geology, Hydrology

M.S. Hydrology/Hydrogeology

B.S. Geology

Experience:

Contributions:

Mr. Hiergesell has 16 years of experience relating to all aspects of
groundwater investigations. Specific experience includes data collection
and analysis, aquifer testing, and groundwater flow modeling.

Participated in development and implementation of the three
dimensional saturated zone flow model. Collected field data required
to calibrate the saturated flow model.

HORWEDEL, JIM L., ORNL, Computer Analyst, Sensitivity and Uncertainty Analysis

M.A. Math Education

Experience:

Contributions:

For the last 9 years, Mr. Horwedel has developed the GRESS software
system for automation of sensitivity analysis capability into existing
computer codes and has applied GRESS to a wide range of waste
management and performance assessment analysis codes. Mr.
Horwedel has written several drivers for automating the use of
statistical sampling methods, such as Latin Hypercube Sampling, for a

variety of computers.

Performed all sensitivity and uncertainty analysis runs of PORFL.LOW
for both the saturated and unsaturated models. Developed a driver to
carry out these runs based on Latin Hypercube sampling procedures.
Developed a post-processor to analyze the output of the multiple
PORFLOW runs.
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HSU, ROBERT H., WSRC/SRTC, R & D Management

D.ES. Chemical Engineering
M.S. Chemical Engineering
B.S. Chemical Engineering

Experience:  Dr. Hsu has 13 years of industrial experience in chemical processing,
R&D, safety analysis and management. In his 10 years at SRS his
assignments have included laboratory R&D, NRC-format safety
analyses, and management of R&D groups. For the past year, he has
managed an R&D group that develops technology for support of
environmental restoration (soil and groundwater) and for treating,
handling and disposing of low-level radioactive, mixed, hazardous,
sanitary, and industrial aqueous wastes. The group has expertise in site
closure, environmental transport, groundwater modeling and
decontamination.

HUNT, PAUL D.
B.S. Nuclear Engineering
Experience: =~ Mr. Hunt has seven years experience on the Navy’s Nuclear Power
Program and three years experience at the Savannah River Site. He
has served as Manager, Low-Level Waste Cognizant Engineering for

two years and is the engineering manager for the E-Area Vaults.

Contribution: Advisor to PA team.
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KEARL, PETER M., ORNL/GJ, Grouadwater Hydrology

M.S. Hydrology/Hydrogeology

B.S. Geology

Experience:

Contributions:

Mr. Kearl has extensive experience (13+ years) with designing and
installing groundwater monitoring networks to evaluate contaminant
transport and for conducting regional aquifer studies. He has dealt with
the hydraulics of fractured media as well as cavernous and porous
media, and has conducted vadose zone characterizations. He also has
several years experience with numerical modeling of groundwater flow.

Evaluated the hydrogeologic environment at E-Area, and developed
and implemented a three-dimensional saturated flow and transport
model. Collected field data required to calibrate the saturated flow
model.

KOCHER, DAVID C., ORNL, Exposure Scenario Development, Dose Calculations

Ph.D. Physics

Experience:

Contributions:

Dr. Kocher has over 15 years experience in environmental health
physics. He also has served on the Performance Assessment Task
Team since its inception, and thus, has considerable insight into
performance assessment issues.

Developed exposure scenarios for intruders and off-site individuals,
computed doses from environmental concentrations, and served in an
advisory capacity for several other technical issues.
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LANGTON, CHRISTINE A., WSRC/SRTC, Material Science

Ph.D. Material Science
M.S. Geochemistry

B.S. Geology

Experience:

Contributions:

Dr. Langton has 10 years experience on developing and testing cement
wasteforms and inorganic treatment processes for low-level and mixed
wastes.

Advisor to PA team.

LEVER, WILLIAM E., ORNL, Task Leader, Sensitivity and Uncertainty Analysis

Ph.D. Statistics

Experience:

Contributions:

Dr. Lever has over twenty-five years of experience as a statistical
consultant. He has been involved in a large number of physical science
problems for both ORNL and the Oak Ridge Y-12 Plant.

Determined through the analysis of simulated results from PORFLOW,
the K, and time factors that had the greatest influence on the simulated
performance of the vault. The analysis was done through the use of
Step-Wise Regression Techniques. The variability of the simulated
results was examined through the use of confidence and tolerance
intervals.
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LORAH, STEVEN A., WSRC/SWME, Chemical Engineering

B.S. Chemical Engineering

B.S. Chemistry

B.S. Applied Mathematics

Experience:

Contributions:

Mr. Lorah has 5 years of experience in Solid Waste Management at the
Savannah River Site. Responsibilities have included technical support
for the closure of F- and H-Area Seepage Basin at the SRS, and for
the design and permitting of the Consolidated Incineration Facility
(CIF). His most recent assignment has been the engineering support
for the startup of E-Area Vaults.

Input on the facility descriptions and concrete information in the PA.
Adbvisor to PA team.

LOWE, PAUL E., WSRC/SRTC, Quality Assurance

B.S. Industrial Engineering
Registered Professional Engineer (PE)

Experience:

Contributions:

Mr. Lowe has over 20 years of high technology experience in
aerospace, commercial nuclear, and DOE facilities. Six of these years
have been in Radioactive Waste Program QA. Mr. Lowe has managed
major projects and worked for companies such as Hughes Aircraft,
Battelle Institute, as well as major nuclear utilities and consulting firms.

Interpreted the Quality Assurance requirements of the PA and ensured
SRTC and the National Laboratories performed their research in a
manner consistent with good QA practice. This was accomplished by
reviews and QA surveillances of all the contractors on the project.
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MCDOWELL-BOYER, LAURA M., ORNL/GJ, Groundwater Hydrology

Ph.D. Civil/Environmental Engineering
M.S. Radiological Health Physics

Experience:

Contributions:

Dr. McDowell-Boyer has eight years experience in radiological exposure
assessments, has directed the development of a multi-media
environmental transport model, studiecd mechanisms of subsurface
contaminant migration, and modeled groundwater flow and transport.

Evaluated the hydrogeologic environment at E-Area, assisted with the
development and implementation of a three-dimensional saturated flow
and transport model, and coordinated production of the final draft and
final report of this PA effort. Co-principal investigator of PA.

MCVAY, CHARLES W., WSRC/SWO, Facility Manager EAV

B.S. Chemistry

Experience:

Contributions:

Mr. McVay has 9 years of experience in the nuclear field. Seven years
of experience were at the West Valley Demonstration Project in
analytical chemistry analysis and laboratory analysis, waste management
activities including remediation, and disposal and treatment. The 2
years of experience at Savannah River have been predominantly in
startup activities with E-Area Vaults.

Reviewed draft PA.

Rev. 0




68 WSRC-RP-9%4-218

REED, SHAWN R., WSRC/SWME

B.S. Geology
B.S. Mechanical Engineering
M.S. Geophysics

Experience:  Mr. Reed has 3% years of experience in Solid Waste Management at
the Savannah River Site. He functioned as the technical support
engineer for the E-Area Vaults during the design phase and has been
involved with the E-Area Vaults Performance Assessment for 2 years.

Contributions: Advisor to PA team.

RODDY, NATHANIEL S., WSRC/SRTC, Engineer
B.S. Civil Engineering

Experience: = Mr. Roddy has five years of experience at the Savannah River Site in
the area of low-level waste programs. Research programs include
closure cap evaluation utilizing the HELP computer code. He served
as chairperson of the Process Requirements Team for the E-Area
Vaults, and was responsible for the preparation of the PR document.

" Mr Roddy has served as an alternate Operational Readiness Review
Board member for the EAV. He co-coordinated the Engineered Low-
Level Trench-4 flood recovery. He is a member of the Performance
Assessment advisory team.

Contributions: Advisor to PA team.
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SEITZ, ROGER R., INEL, Near-Field Degraded Vault Flow and Transport,
Radionuclide Screening

B.S. Mathematics’
(pursuing M.S. in Chemical Engineering)

Experience:  Mr. Seitz has over nine years of experience in conducting performance
assessments for high- and low-level waste disposal facilities. His
experience is primarily in the area of flow and transport modeling in
porous media with some additional experience in radiological dose
calculations.

Contributions: Principal investigator for near-field modeling.

SMITH, CARY S., INEL, Unsaturated Zone Conceptual Design and Modeling

B.S. Mathematics
Experience:  Mr. Smith’s primary area of expertise is applied mathematics and
mathematical modeling. Mr. Smith has spent two years working with

groundwater flow and contaminant transport modeling. He is doing
rescarch on numerical algorithms for fluid flow and transport.

Contributions: Conducted numerical modeling of the fluid flow and contaminant
transport for the moisture barrier, concrete vaults, and vadose zone.
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SMITH, ROBERT, INEL, Geochemistry

M.S. Geochemistry and Geoscience
Ph.D. Geochemistry and Geoscience

Experience:

Dr. Smith specializes in inorganic aqueous geochemistry, with emphasis
on the modeling of water-rock system at ambient and elevated
temperatures. His work focuses on characterizing chemical processes
important in natural systems by the application of thermodynamic
principals, kinetic theories and adsorption phenomenon. In addition,
Dr. Smith has extensive experience in both domestic and international
high-level nuclear waste repository design. He has numerous
publications in the areas of geochemistry, mineralogy, and
environmental science.

Contributions: bonducted geochemical modeling of the E-Area Vaults.

STEVENS, WILLIAM E., WSRC/SRTC, R & D Management

M.S. Chemical Engineering
B.S. Chemical Engineering

Experience:

Mr. Stevens has 17 years of industrial experience in chemical
processing, waste management, and environmental restoration. His
assignments include process engineering, development engineering, and
management of process and project engineering groups, maintenance
groups, and R & D groups. For the past four years, he has managed
an R & D group that develops technology for support of environmental
restoration and minimizing, recycling, treating, handling, and disposing
of low-level radioactive, mixed, hazardous, and sanitary waste. The
group has expertise in site closure, environmental transport,
groundwater modeling, and decontamination. Mr. Stevens is a licensed
Professional Engineer.

Contribution: Advisor to PA team.
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TAYLOR, GERALD E., WSRC/SWME

B.S. Civil/Structural Engineering

Experience:

Contribution:

Mr. Taylor came to the Savannah River Site with 11 years experience
at the Tennessee Valley Authority in the Hydraulic Investigations
Branch in the Division of Nuclear Engineering. He has functioned as
the Disposal Vault Project Engineer for 3 years.

Advisor to PA team.

THORNE, DAVID J., ORNL/G]J, Task Group Leader

M.S. Radiological Health Physics

B.S. Geology

Experience:

Contributions:

Mr. Thorne has five years experience in radiological transport and dose
assessments. His experience includes source term development,
contaminant transport modeling, dose and risk assessment, and
environmental compliance. He is member of the Performance
Assessment Task Team and serves as a research member of the IAEA’s
research program on Near-Surface Radioactive Waste Disposal Facility
Performance Assessments.

Integrated results of the various technical tasks and coordinated the
production of the initial draft report. Provided technical support to the
saturated flow modeling and analysis of volatile emissions release and
dose. Co-principal investigator of PA.
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WILHITE, ELMER L., WSRC/SRTC, Advisory Scientist

M.S. Inorganic Chemistry
B.S. Chemistry

Experience:

Contributions:

Mr. Wilhite has twenty-two years experience at the Savannah River
Site. Most of his experience (12 years) has been in low-level waste
research. Other experience has included environmental research (3
years), high-level waste research (2 years), and analytical development
supervision (3 years). Mr. Wilhite has contributed to the preparation
of DOE Order 5820.2A and is currently chairman of the Peer Review
Panel.

Advisor to PA team.

WORLEY, BRIAN A,, ORNL, Task Manager, Sensitivity and Uncertainty Analysis

Ph.D. Nuclear Engineering, Massachusetts Institute of Technology

Experience:

Contributions:

Dr. Worley has been involved with reactor physics analysis of
advanced reactors since 1977 at ORNL. He has experience in
developing methods for sensitivity and uncertainty analysis for
reactor systems and waste management systems. He has managed
the development of sensitivity and uncertainty analysis work
sponsored by ONWI and DOE/LLW since 1985.

Provided management and oversight of the sensitivity and
uncertainty analysis for the E-Area performance assessment.

Rev. 0



6-13 WSRC-RP-94-218

YU, ANDREW, WSRC/SRTC, Chemical Engineering
Ph.D. Chemical Engineering
Experience:  Dr. Yu has thirteen ycam experience in modeling enhanced oil recovery
processes prior to joining SRS in 1987. At SRS, he and his coworkers
have recommended key design features of disposal vaults based on

groundwater protection.

Contributions: Advisor to PA team. Participated in various aspects of the vadose zone
model development.
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