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1. EXECUTIVE SUMMARY

This Special Analysis updates the inadvertent intruder analysis conducted in 1992 in support
of the SDF RPA, extends the groundwater analysis to consider additional radionuclides, and
provides an assessment of the air and radon emanation pathways. The results of the RPA
were originally published in the WSRC report (WSRC-RP-92-1360) entitled Radiological
Performance Assessment for the Z-Area Saltstone Disposal Facility (MMES et al., 1992).
The present reevaluation considers new requirements and guidance of the USDOE Order
435.1 (USDOE, 1999), expands the list of radionuclides considered, incorporates an increase
in design thickness of the roof on a disposal vault, and produces results in terms of interim
limits on radionuclide-specific concentration and inventory rather than dose resulting from a
projected inventory. The limits derived herein will be updated when the Saltstone PA is
revised (currently planned for fiscal years 2003/2004).

The SDF is located within a 650,000 m? area of SRS designated as Z Area. The SDF together
with the SPF are part of an integrated waste treatment and disposal system at the SRS.
Sdltstone is a solid waste form that is the product of chemica reactions between a salt
solution and a blend of cementitious materials (dag, flyash, and cement). Based on the
present projected site layout of the SDF, up to 730-million L (192 million gal) of wastewater
can be treated for subsequent disposal as saltstone. The SPF and SDF are regulated by the
State of South Carolina, USDOE Orders, and other Federal regulations that are applicable to
disposal of solid waste.

As part of the RPA process, USDOE Order 435.1 requires an assessment of the dose to a
potential member of the genera public to limit doses from all pathways to no more than 25
mrem in a year and, from the air pathway alone, to no more than 10 mrem in ayear. The
Order also requires an assessment of radon release to ensure that the radon flux does not
exceed 20 pCi/m’/s. Additionally, for purposes of establishing limits on concentrations of
radionuclides for disposal, the Order requires that an assessment be made of impacts to
hypothetical persons assumed to inadvertently intrude into the low-level waste disposa
facility and an assessment of the impacts to water resources. For the intruder analysis, the
pertinent performance measure specifies that dose to such hypothetical individuals may not
exceed 100 mrem EDE per year for chronic exposure, and may not exceed 500 (EDE) mrem
from a single event. To meet the assessment requirement addressing impact on water
resources in the Order, SRS uses the Safe Drinking Water Act Maximum Contaminant
Levels (USEPA, 2000) as the pertinent performance measure.

To limit the number of radionuclides for which analyses are needed, the half-lives of
radionuclides and physical processes by which low-level waste destined for the SDF is
generated were considered. Such considerations led to selection of 75 radionuclides for
analysis. Potentially significant contributions by radioactive decay products of these 75
radionuclides were also assessed.

Two time frames for the analyses are considered in this Specia Analysis. The USDOE

Order 435.1 specifies a time frame of 1,000 years after facility closure for establishing limits
on alowable disposals. Here, both the 1,000~y time frame and a longer time frame of 10,000
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years after facility closure are also considered, to be consistent with both the USDOE Order
and the Disposal Authorization Statement (DAS) for SRS (Fiori and Frei, 1999).

In the intruder analysis, the only credible scenario within 10,000 years is the resident
scenario, based on the current design of the SDF. The 0.4 m of grout directly above the
saltstone, 0.1-m concrete roof over the vaults, and 1 m of grout on top of the roof combine to
provide at least 0.5-m of shielding up to 10,000 years, assuring that excavation into the waste
during this time period is not a credible occurrence (Fig. 1-1). The resident scenario is
evaluated at 100, 1,000, and 10,000 years after disposal. In the resident scenario, the intruder
is assumed to excavate no more than 3 meters in building a home. Evaluation of the scenario
at 100 years, when the engineered barriers (i.e., the grout above the saltstone, the vault roof,
and the grout above the roof) are assumed to be intact, resulting in the intruder’s home being
constructed on top of the uppermost layer of grout, is used to determine limits on alowable
disposals of shorter-lived photon-emitting radionuclides in the waste. Evaluation of the
resident scenario at 1,000 and 10,000 years, when the engineered barriers are assumed to
have failed (i.e., have lost their physical integrity) and are no longer a deterrent to intrusion,
resulting in a lesser thickness of shielding above the waste, is used to determine limits on
allowable disposals of longer-lived photon-emitting radionuclides. The thickness of
uncontaminated material above the waste is the same at these two later times because the
upper 0.9 m of the closure has eroded (Fig. 1-1) and the depth of the intruder’s excavation is
limited to 3 m. The resident scenario at 1,000 years may be important for radionuclides
having longer-lived photon-emitting decay products. The resident scenario at 10,000 yearsis
important only when a longer-lived radionuclide has long-lived photon-emitting decay
products whose activities increase with time beyond 1,000 years.

For the groundwater, air, and radon emanation pathways, results from the previous SDF PA
and applicable portions of the E-Area LLWF PA were used to derive limits on allowable
disposals based on analyses for time frames of 1,000 years and 10,000 years after facility
closure. For the groundwater pathway, it was necessary to extend the previous analysis in
the SDF PA to radionuclides not previously considered, using the PATHRAE code.

The results of this Special Analysis indicate that, for the 10,000-year time frame, 41
radionuclides, of the 75 selected, require limits on disposal. Of the 41 radionuclides for
which disposal limits were derived, 34 are limited by the intruder analysis, four by the
groundwater pathway anayss, two by the air pathway anaysis, and one by the radon
emanation analysis. The radionuclide disposal limits were compared with the currently
estimated radionuclide concentrations in low curie salt. The greatest fraction of a limit is
0.038 for *®sn and the total sum-of-fractions of al the limits is 0.084. This provides
assurance that low curie salt can be disposed in the saltstone disposal facility without
exceeding any of the USDOE performance objectives.

For the 1,000-year time frame, 37 of the 75 radionuclides would require disposal limits. Of
these, 35 would be limited by the intruder analysis, none by the groundwater analysis, two by
the air pathway anaysis, and none by the radon emanation analysis. The greatest fraction of
alimit would remain 0.038 for 2°Sn and the total sum-of-fractions would decrease to 0.048.

The 10,000-year time frame limits should be used to develop WAC for the SDF.

Rev. 0



October 23, 2002 1-3 WSRC-TR-2002-00456
100y ears 1,000y ears 10,000y ears
9l em Upper closure dosureintact & upper closure eroded b upper closureeroded ©
(not including gravel) can't canonly can only
penetrate excavate excavate
rout
201cm Lower dosure J 30cm 300am
(including g ravel) 150em
shielding
100cm Grout above vault 0am 50cm
roof V shielding V shielding
10cm Vault_roof
40acm Clean Grout
Sdltstone

At 100 years after closure, there has been no erosion and the grout and vault roof have not
deteriorated so that they effectively prevent excavation. Therefore, the intruder constructs
his residence atop the grout above the vault roof, resulting in atotal of 150 cm of shielding
between the residence and the saltstone.

At 1,000 years after closure, erosion has removed the upper 91 cm of the closure.
However, the gravel, which is the uppermost portion of the lower closure, prevents further
erosion. The grout and vault roof have deteriorated to soil equivalent material so that they
no longer can prevent excavation. Since the intruder’s excavation is limited to 300 cm,
the residence is constructed on top of the vault roof, resulting in a total of 50 cm of
shielding between the residence and the saltstone.

At 10,000 years after closure, erosion has not penetrated further than at 1,000 years (i.e.,
91 cm), because of the gravel layer. Since the intruder’s excavation is limited to 300 cm,

the residence is constructed on top of the vault roof, resulting in a total of 50 cm of
shielding between the residence and the saltstone.

Fig. 1-1. Resident Scenario Conceptual M odel
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2. INTRODUCTION

The present study is a reevaluation of the inadvertent intruder analysis and an extension of
the groundwater pathway analysis conducted for the RPA of the SDF located within Z Area
at SRS. This study also provides an evaluation of the air and radon emanation pathways. The
original RPA for this facility, prepared in accordance with the requirements of Chapter 111 of
USDOE Order 5820.2A, was issued in December 1992 (MMES et a., 1992) and received
conditional USDOE approval in February 1998. The report herein is supplemental to this
earlier document.

The purpose of this reevaluation and extension is to incorporate new requirements and
guidance in Chapter IV of USDOE Order 435.1, as well as update the analyses to reflect any
changes in methodology and data that are deemed more appropriate at this time. In particular,
the interpretation of time of compliance has been reevaluated, the list of radionuclides
considered has been greatly expanded, the performance measure for groundwater protection
has been revised, disposal limits on average concentrations and inventories rather than
estimated doses are calculated, the design thickness of the roof on a disposal vault has been
increased, and some updated dose factors are being used.

To understand the context of the present Specia Analysis, information pertinent to the
performance assessment in general, and more specificaly to the SDF, is briefly reviewed in
Sect. 2.1 and 2.2 below. Descriptions of the performance criteria and associated points of
compliance are presented in Sect. 2.3. Interim (i.e.,, until the RPA is revised, which is
expected in fiscal years 2003/2004) disposal limits for individual radionuclides are developed
based on the analyses conducted and the performance criteria. The interim limits are
compared with the currently expected radionuclide concentrations in low curie salt solution
feed to saltstone. Throughout this report, there are references to the original RPA by section
to facilitate locating pertinent information in the reference document.

21 APPROACH TO PERFORMANCE ASSESSMENT

The original Z-Area SDF RPA was developed using USDOE requirements and guidance for
performance assessments specified in Chapter 11l of USDOE Order 5820.2A (USDOE,
1988). In 1999, USDOE issued Order 435.1 (USDOE, 1999a), replacing Order 5820.2A,
which provides an updated set of requirements and guidance for performance assessments,
which are specified in Chapter IV of the later Order. The present study was conducted
according to the requirements and guidance of this most recent Order.

The results of this Special Analysis are presented in terms of limits on average concentration
and inventory of individua radionuclides with respect to inadvertent intruders, and the
groundwater, air, and radon emanation pathways. For inadvertent intruders, the inventory
limit is determined by comparing calculated annual doses per unit activity concentration of
each radionuclide considered in the wasteform with the dose limits specified in the USDOE
Order as performance measures for these hypothetical individuals. For the groundwater
pathway, inventory limits are derived by comparing calculated groundwater concentrations at
a designated point of compliance with the performance measures for both the all-pathways
objective and the assessment requirement addressing impacts on water resources. For the air
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pathway, calculated doses are compared with the performance measure specified in the
USDOE Order. Finaly, for the radon emanation pathway, a limit on ?**U inventory is
determined by comparing estimated emanation rates of radon with the USDOE performance
measure for that objective. The level of technical detail presented in this report is sufficient
to allow areviewer to reproduce the results of the calculations.

2.2 GENERAL BACKGROUND ON THE SALTSTONE DISPOSAL FACILITY

The SDF is located within a 650,000 m* area of the SRS known as Z Area. The Z Area lies
on a local topographic high, approximately 91 m above sea level. The SPF and SDF at Z
Area are part of an integrated waste treatment and disposal system at SRS. The SPF and SDF
are regulated by the State of South Carolina, USDOE Orders, and other Federal regulations
that are applicable to disposal of solid waste.

Sdltstone is a solid waste form that is the product of chemica reactions between a salt
solution and a blend of cementitious materials (lag, flyash, and cement). A durry of the
components is pumped into vaults located in the SDF, where the saltstone grout solidifies
into a monolithic, nonhazardous solid low-level wasteform. Based on the projected vault and
site layout of the SDF in the origina RPA (MMES et a., 1992), up to 15 vaults will be
constructed for saltstone disposal. This capacity of the SDF will enable up to 730-million L
(192 million gal) of wastewater to be treated for subsequent disposa as saltstone.
Approximately 25 years at the design basis production rate for the SPF would be needed to
reach this disposal capacity.

Once the capacity of thisfacility is reached, or the wastewater supply has been exhausted, the
SDF will be closed. The present closure concept includes two moisture barriers consisting of
clay/gravel drainage systems, along with backfill layers and a shallow-rooted bamboo
vegetative cover.

2.3 PERFORMANCE CRITERIA

The specific performance criteria for solid waste disposal in Z Area are contained in USDOE
Order 435.1 (USDOE, 1999a):

2.3.1 Performance Objectives

Low-level waste disposal facilities shall be sited, designed, operated, maintained, and closed
so that a reasonable expectation exists that the following performance objectives will be met
for waste disposed of after September 26, 1988:

Dose to representative members of the public shall not exceed 25 mrem (0.25 mSv) per
year total EDE from all exposure pathways, excluding the dose from radon and its
progeny in air.

Dose to representative members of the public via the air pathway shall not exceed 10
mrem (0.10 mSv) per year total EDE, excluding the dose from radon and its progeny.
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Release of radon shall be less than an average flux of 20 pCi/m’/s (0.74 Bg/m?/s) at the
surface of the disposal facility. Alternatively, a limit of 0.5 pCi/L (0.0185 Bg/L) of air
may be applied at the boundary of the facility.

In addition to the performance objectives, the Order requires, for purposes of establishing
limits on the concentrations of radionuclides that may be disposed of near-surface, an
assessment of impacts to water resources and to hypothetical persons assumed to
inadvertently intrude into the low-level waste disposal facility. Table 2-1 lays out the
performance measures and the associated points of compliance.

USDOE Order 435.1 states that “ The performance assessment shall include calculations for a
1,000-y period after closure of potential doses to representative future members of the public
and potential releases from the facility to provide a reasonable expectation that the
performance objectives identified in this Chapter are not exceeded as a result of operation
and closure of the facility.” However, a more conservative approach than that required by
USDOE Order 435.1 has been taken in this analysis with respect to the time period for
compliance with the performance criteria. The performance criteria, including the inadvertent
intruder and groundwater analysis requirements, are applied for 10,000 years after disposal.
The longer time frame was selected to be consistent with the SRS DAS (Fiori and Fre,
1999).

2.3.2 Intruder Analysis

USDOE Order 435.1 provides a performance measure pertinent to impacts to hypothetical
persons who are assumed to inadvertently intrude into the Z-Area SDF which specifies that
calculated annual total EDE to such individuals not exceed 100 mrem for chronic exposure
scenarios. For acute exposure scenarios, calculated doses are not to exceed 500 mrem total
EDE. Institutional controls are assumed to be effective in deterring intrusion for at least 100
y following closure of the facility. Passive controls, in the form of engineered barriers or
features of the site, can be claimed as further deterrents to intrusion.

In general, the chronic exposure scenarios address reasonable and credible pathways.
However, consumption of groundwater and crop irrigation are exposure pathways that are
excluded from the intruder analysis (USDOE, 1996); impacts of groundwater contamination
are evaluated separately in the original SDF RPA (MMES et al., 1992) and in this study.

2.3.3 Groundwater Analysis

USDOE Order 435.1 requires an analysis of groundwater concentrations of radionuclides
leached from the waste disposal facility in order to address both the all-pathways
performance objective and the water resources impact assessment requirement (Table 2-1).
Protection of the public according to the stated performance objectives requires that calculated
annua dose to a hypothetical future member of the public shall not exceed 25 mrem total EDE
from al exposure pathways, including potential ingestion of groundwater. The point of
compliance is the point of highest calculated dose beyond a 100-meter buffer zone surrounding
the waste.
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Table 2-1. Performance objectives, assessment requirements, and points of
compliance
Component Performance Objective Point of Compliance
All pathways £ 25 mrem in a year, not Point of highest projected
including doses from radon and dose or concentration
progeny beyond a 100-m buffer
zone surrounding the
disposed waste
Air pathway £ 10 mrem in a year, not Point of highest projected
including doses from radon and dose or concentration
progeny beyond a 100-m buffer
zone surrounding the
disposed waste
Radon either
(1) an average flux of
< 20 pCi/m?/s, or Disposal facility surface
(2) an air concentration of Point of highest projected
<0.5pCi/L dose or concentration
beyond a 100-m buffer
zone surrounding the
disposed waste
Assessment Measure Point of Compliance
Requirement
Hypothetical 100 mrem in a year from chronic Disposal facility
inadvertent exposure
intruder
500 mrem from a single event Disposal facility

Impact on water
resources

The SRS interpretation is that
concentrations of radioactive
contaminants should not exceed
standards for public drinking
water supplies established by the
USEPA (40 CFR Part 141).

Point of highest projected
dose or concentration
beyond a 100-m buffer
zone surrounding the
disposed waste
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For the water resources impact assessment requirement, USDOE Order 435.1 does not
specify either dose or concentration limits for radionuclides in water. Therefore, there is
some ambiguity in applying the requirement even though, as described previously, at SRS
the performance measure is interpreted as requiring that concentrations of contaminants in
groundwater should not exceed values specified in USEPA standards for public drinking
water supplies (40 CFR Part 141).

The SRS is one of the USDOE sites designated as being on the National Priorities List (NPL)
by the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) (40 CFR 300). Asaresult, all contamination of groundwater at SRS is regulated
under CERCLA. Under CERCLA, the maximum contaminant levels (MCLSs) promulgated
under the Safe Drinking Water Act (40 CFR 141) are used as applicable or relevant and
appropriate requirements (ARARS).

The Primary Drinking Water Standards for radionuclides, promulgated on December 7, 2000,
are used in this Special Analysis (USEPA, 2000). The current 4 mrem/y standard for beta
and/or photon emitters in drinking water requires that MCLs be developed based on internal
dosimetry data from National Bureau of Standards (NBS) Handbook 69 (U.S. Department of
Commerce, 1963) and specified MCLs for *H and *°Sr. A listing of the resulting MCLs is
available in the Implementation Guidance for Radionuclides (USEPA, 2001). There are
several radionuclides in the present analysis for which MCLs are not available in this listing.
For the radionuclides important to the groundwater analysis in this study (°Se and *%°Sn), an
MCL is derived assuming a limit of 4 mrem/y EDE and internal dosimetry based on ICRP
Publication 30 (1979). This method is consistent with that used in the approved PA for E-
Area (McDowell-Boyer et al., 2000).

2.3.4 Air Analysis

The all-pathways performance objective of USDOE Order 435.1 includes all modes of
exposure, including the air pathway, but excluding exposures to radon and short-lived
progeny. In addition to this objective, calculated dose viathe air pathway is not to exceed 10
mrem/y total EDE, again excluding dose from radon and short-lived progeny (Table 2-1).
Again, the point of compliance is the point of highest calculated dose beyond a 100-meter
buffer zone surrounding the waste.

2.3.5 Radon Emanation Analysis

Radon is addressed separately in a performance objective under USDOE Order 435.1, with
separate applicable limits. In most cases, the limit for radon should be an average ground
surface emanation rate of 20 pCi/mfé/s, which applies in the SDF PA. (An aternative limit
may apply in special cases, which involve disposal of material that radiologicaly resembles
uranium or thorium mill tailings, in which case an incrementa increase in the air
concentration of radon of 0.5 pCi/L at the point of public access (i.e., beyond a 100-meter
buffer zone surrounding the disposed waste) should be applied (USDOE, 1996).
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3. DISPOSAL FACILITY CHARACTERISTICS

As noted in the previous section, the SDF is located within the SRS in an area designated as
Z Area. Before discussing characteristics particular to the Z-Area site and SDF facility (Sect.
3.1 through 3.3), regional characteristics of the SRS are briefly reviewed here. A more in-
depth treatment of the regional geography, demography, meteorology, seismicity,
hydrogeology, surface water hydrology, soils, and ecology is provided in Sect. 2.1 of the
original PA (MMES et d., 1992).

The SRS occupies about 780 km? in Aiken, Barnwell, and Allendale counties on the Upper
Atlantic Coastal Plain of southwestern South Carolina (Fig. 3-1). The elevation of the SRS
ranges from 24 m above sea level at the Savannah River to about 122 m above sea level in
the upper northwest portion of the site. The Pleistocene Coastal terraces and the Aiken
Plateau form two distinct physiographic subregions at SRS (WSRC, 1992). 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 Savannah River bounds the SRS for
28 km on the southwest.

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,
1992).

Most of the soils at the SRS are sandy over aloamy or clayey subsoil. The distribution of soil
typesis very much influenced by the creeks on the site with colluvial deposits on hilltops and
hillsides giving way to aluvium in valey bottoms (Dennehy et al., 1989). Weathering effects
are evident. Average soil erosion rates for the area surrounding the SRS, much of which is
cropland, range from 1.5 to 2.0 kg m? y* (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 afactor of 400 to 500 over cropland erosion.

Except for three roadways and a railway that are near the edge of SRS, public access to SRS
isrestricted to guided tours, controlled deer hunts, and authorized environmental studies. Fig.
3-2 shows the major areas at SRS and their location within the site boundary. The maor
production areas located at the site include: Raw Materials (M Ared), 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
Additional administrative and support services are located in B and C Aress.

Rev. 0



October 23, 2002 3-2 WSRC-TR-2002-00456

4 < N
’
’ “| Q
ll 2
’ L]
’
/
/
’ L)
’
’
’
?
/
/
7 43  State of South Carcira
/ [} .
V3 [y
4 1)
’l L]
/ \
L4 [}
! [}
g 1
l’ 1)
’ 1)
’ )
’I .
1
4 LY
d [}
/
» 1 ]
4 *
’ 1)
’ A
5 L
J -
’ * [
2 s (Y
" A
’ - [y
4 - 1Y
4 ® 1)
’ +

RICHMOND
CQUNTT
Creck

Owvitis ton

BARNWELL
COUNTY

Savannah
River
Site

Fig. 3-1. SRS Regional Location Map

Rev. 0



October 23, 2002 3-3 WSRC-TR-2002-00456

Kilometers

Fig. 3-2. Facility L ocation Map of SRS Showing Surface Drainage



October 23, 2002 3-4 WSRC-TR-2002-00456

3.1 SITE CHARACTERISTICS

Z Area was chosen for the SDF site based on considerations of depth to the water table,
distance to surface water and the public, available surface area, surface topography, and its
proximity to the wastewater generation site. Z Area a SRS, where the SDF is located,
consists of approximately 650,000 m? and is situated about 2 km northeast of the SRS DWPF
at SArea(Fig. 3-2).

The Aiken Plateau is dissected by numerous streams near Z Area that greatly influence the
local groundwater system (Dennehy et al., 1989). The Z Area lies on a local topographic
high, at approximately 91 m above sea level. Z Area is bounded by McQueen Branch in the
northeast and Upper Three Runs in the northwest. The local relief is about 50 m. McQueen
Branch is a tributary of Upper Three Runs. Upper Three Runs drains into the Savannah
River, some 15 km southwest of Z Area. Upper Three Runs lies about 1.2 km from the
northwest corner of Z Area. The northeast corner of Z Areaislocated only about 150 m from
McQueen Branch. McQueen Branch and Crouch Branch are incised into the topographic
high, southeast and southwest of Z Area, such that their headwaters come within about 1 km
of each other at approximately 1.4 km south of Z Area (Dennehy et al., 1989). The elevations
of both tributaries range from about 46 m to 76 m. Presently, open fields characterize Z Area.

Except in the vicinity of the creeks, the water table occurs in what is called the “Upland
Unit” of the southwestern South Carolina Coastal Plain. The depth to the water table in a
normal precipitation year, in the Z-Area vicinity, ranges from 8 to 18 m (Dennehy et a.,
1989). Under Z Area only, the minimum depth to the water table from the ground surface in
any given year is estimated to be 13 m on the basis of water table fluctuations from several
years data (Cook, 1983). This minimum depth corresponds to a year in which the highest
recorded precipitation of 188 cm occurred near SRS, and thus, corresponds to the historic
high water table. The direction of flow is affected by the creeks and is generally in a northern
direction at Z Area (Dennehy et al., 1989). The horizontal gradient ranges from 0.002 in the
southern part of Z Area to 0.05 at the northeastern hill ope. An in-depth discussion of the
hydrogeology of Z Areais provided in Sect. 2.2 of the original PA (MMES et a., 1992).

The watershed of Upper Three Runs drains about 500 knm? 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 north of Z Area, and Tims Branch, which connects up
south of Z Area (Fig. 3-2). There are no lakes or flow control structures on Upper Three
Runs 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.

Two smaller tributaries of Upper Three Runs, McQueen Branch and Crouch Branch are
located north and south, respectively, of Z Area. Both tributaries receive runoff from Z Area.
McQueen Branch has a drainage area of about 11 km? and Crouch Branch has a drainage
area of about 2.8 knr?.

Currently, groundwater in the upper four stratigraphic units is not pumped from Z Area

(MMES et al., 1992, Sect. 2.2.4). Water from the creeks local to Z Areais not currently used
for human consumption.
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3.2 PRINCIPAL FACILITY DESIGN FEATURES

The SDF is permitted as a landfill for the disposal of sdid industrial waste by the state of
South Carolina. As presently planned, the facility will contain several large concrete vaults
divided into cells. Each of the cells will be filled with solid saltstone. The saltstone itself
provides primary containment of the waste, and the walls, floor, and roof of the vaults
provide secondary containment.

Approximately 3 to 4.5 m of overburden have been removed to prepare and level the site for
vault construction. All vaults will be built at or dightly below the grade level that exists after
the overburden and leveling operations are complete. The bottom of the saltstone monoliths
will be at least 8 m above the historic high water table beneath the Z-Area site, thus, avoiding
disposal of waste in a zone of water table fluctuation. Run-on and runoff controls are
installed to minimize site erosion during the operational period.

In the proposed disposa site layout, up to 15 concrete vaults will be constructed for saltstone
disposal (Fig. 3-3). Fourteen of these vaults will each have dimensions of approximately 60-m
wide by 180-m long by 7.6-m high. The other vault (Vault 1) is approximately 30-m wide by
180-m long by 7.6-m high. Based on current vault designs, each of the 14 larger vaults will be
divided into 12 cells that are approximately 30-m wide by 30-m long by 7.6-m high. Vault 1 is
divided into six cells with the same cell dimensions as the larger vaults. Operationadly, the cells
of these vaults will be filled to a height of about 7.3 m with satstone, and then a layer of
uncontaminated grout approximately 0.4-m thick will be poured to fill the space between the
sdtstone and the vault roof. The permanent roof is currently designed with a specified
minimum thickness of 0.75 m and a minimum slope of 2 cm/m. Additional details of the vault
designs are provided in Sect. 2.5 of the original PA (MMES et d., 1992).

In terms of capacity, the disposal site is best described in terms of the number of vault cells
used to receive waste. The proposed layout will thus contain 174 vault cells distributed over the
15 vaults that can receive satstone grout. Each cell is sized to handle the volume of saltstone
that would be produced from the treatment of approximately 4.2-million L (1.1-million gal) of
wastewater. Active disposal operations in Z Area are projected to continue for about 25 y
before the permitted disposal capacity is reached.

Except for erosion control purposes, backfilling around the vaults will not be done prior to
filling the vaults with saltstone. Final back-filling to cover vaults will be deferred until several
or al of the vaults have been built and filled. This approach of delaying backfilling until near
the end of the operational period alows the vaults to be visually monitored for several years
before closure operations begin. This gpproach also would enable the use of improved closure
technology that may be devel oped during the operationa period at the SDF.

Closure operations will begin near the end of the active disposal period in the SDF, i.e., after
most or al of the vaults have been constructed and filled (Cook et a., 2000). Backfill of native
soil will be placed around the vaults. The vaults will be covered with a clay/gravel drainage
system comprised of 0.5 m of clay with an overlying 0.15-m layer of gravel. The clay/gravel
drainage system is intended to prevent the buildup of perched water above the vaults. Above
the clay/gravel drainage system, a geotextile fabric to maintain layer separation from overlying
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backfill and a minimum of 0.3 m of backfill will be placed. Above this layer of backfill, a
laterally extensive moisture barrier will be installed. This upper moisture barrier will consist of
0.76 m of clay and an overlying layer of 0.3 m of gravel. A geotextile fabric will aso be placed
on this upper gravel layer, and a second backfill layer, approximately 0.76-m thick, will be
placed over the moisture barrier. Finaly, a 0.15 m layer of topsoil will be placed on the top
layer of backfill to complete closure of the SDF. This sequence of layers will provide a
minimum of 2.92 m of cover for each vault.

Final closure of the SDF 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 SDF.
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Fig. 3-3. Projected Layout of Z-Area Saltstone Vaults

The topsoil will be revegetated with bamboo. A study conducted by the USDA Soail
Conservation Service (Cook and Salvo, 1992) has shown that two species of bamboo
(Phyllostachys bissetii and Phyllostachys rubromarginata) will quickly establish a dense
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ground cover which will prevent the growth of pine trees, the most deeply rooted naturally
occurring plant type at SRS. Bamboo is a shalow-rooted climax species which
evapotranspirates year-round in the SRS climate removing a large amount of moisture from
the soil and decreasing the infiltration into the underlying disposal system.

3.3 WASTE CHARACTERISTICS

As presently planned, contaminated wastewater from two sources will be sent to Z Area for
treatment and disposal. The wastewater sent to Z Area contains principally soluble solids and
very low levels of most radioactive contaminants. Soluble incidental waste from the HLW
tanks at the SRS is a major source of wastewater sent to Z Area. A second wastewater stream
also containing principally soluble solids and very low levels of radioactive contaminants is
generated in the F/H Area ETF where condensate from evaporators in the Separations
Facilities and the HLW Tank Farm is sent for treatment. Miscellaneous wastewater streams
containing low levels of radioactive contaminants from other sources on the site are aso
treated in the ETF.

As noted earlier, sdtstone is produced from a mixture of salt solution and a dry blend of
cementitious materias (dag, fly ash, and cement), and an acceptable waste form can be
produced over a range of these individual components. Solid saltstone is a complex mixture of
insoluble solids, soluble solids, and water. As the saltstone grout is prepared and cured, several
chemical reactions occur between the components of the dry blend and contaminants in the salt
solution. Several wastewater contaminants are converted to insoluble species or incorporated
into the cement matrix, effectively retarding their release from the saltstone waste form.

Development of this waste form and its physical and chemical properties are described in Sect.
2.4.1 of the original PA (MMES et al., 1992). Briefly, between 1979 and 1987, a formulation
for saltstone was developed that rendered the final wasteform product that is resistant to
leaching of contaminants present in the porous matrix and is classified as nonhazardous solid
waste as defined by USEPA protocol (USEPA, 2002).

The average projected composition of the saltstone that will be sent to the SDF for disposal is
47 wit% salt solution, 25 wt% dlag, 25 wt% fly ash, and 3 wt% cement. When first prepared,
the saltstone grout is readily pumped from the SPF to a cell in adisposal vault. After setting,
the saltstone i's self-supporting with a 28-day compressive strength in excess of 1.45 x 10° Pa.
The specific gravity of the solidified saltstone ranges from 1.6 to 1.8, and bulk density is
estimated at 1.7 x 10° kg/n°.

The initial incidental wastewater that will be sent to Z Areais called Low Curie Salt (LCS).
This wastewater is produced from selected HLW salt tanks that are expected to be low in
137Cs. The supernate in these tanks, which contains the bulk of the cesium, will be drained
and pumped to another tank. The resulting salt cake will be dissolved and transferred to
HLW tank 50, from which it will be sent to Z Area. The currently estimated radionuclide
composition of LCS is presented in Table 3-1. Radionuclide limits derived in this study are
compared with this radionuclide composition in Sect. 8.
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Table3-1. Estimated average radionuclide concentrations
in low curie salt solution feed to saltstone®

Low Curie Low Curie
Salt Solution, Salt Solution,
Nuclide Ci/lL Nuclide Ci/lL

H-3 0.00E+00 Sm-151 0.00E+00
C-14 4.46E-10 Eu-154 1.00E-04
Co-60 4.08E-05 Eu-155 0.00E+00
Ni-59 2.57E-07 Th-232 2.88E-10
Ni-63 3.98E-10 U-232 6.23E-11
Se-79 1.51E-07 U-233 1.72E-08
Sr-90 8.94E-03 | U-234 6.34E-09
Y-90 8.94E-03 | U-235 2.00E-10
Tc-99 2.57E-06 | U-236 9.63E-10
Ru-106 9.50E-07 | U-238 4.78E-09
Rh-106 9.50E-07 Np-237 8.92E-09
Sn-126° 7.50E-07 | Pu-238 2.18E-04
Sb-125 2.43E-05 | Pu-239 3.32E-06
Sb-126 2.02E-07 Pu-240 1.55E-06
Te-125m 0.00E+00 Pu-241 1.06E-04
[-129 2.37E-11 Pu-242 3.60E-09
Cs134 1.06E-06 Am-241 2.22E-05
Cs-135 1.81E-09 Am-242m 2.11E-08
Cs-137 2.26E-02 Cm-242 2.20E-05
Ba-137m 2.14E-02 Cm-243 0.00E+00
Ce-144 4.90E-07 Cm-244 2.20E-05
Pr-144 4.90E-07 Cm-245 1.64E-09
Pm-147 5.13E-04

a Values from Drumm (2002), Appendix D, Average Feed, 30%
Interstitial, 300 mg/L sludge.
®  Vaue from Reboul (2002).
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4. ANALYSISOF INADVERTENT INTRUSION

This section presents an assessment of potential radiation doses to a hypothetical inadvertent
intruder onto the site of the Saltstone Disposal Facility (SDF) at the Savannah River Site
(SRS). Results of the dose assessment are used to derive a set of limits on allowable average
concentrations and total inventories of radionuclides in waste at the time of disposal.

Doses to a hypothetical inadvertent intruder are estimated based on assumptions about
credible exposure scenarios at different times after disposal and their associated exposure
pathways. The scenarios for inadvertent intrusion at different times are based on an assumed
design and performance of the cover system above a disposal vault. Results of the dose
assessment for the assumed scenarios are expressed in terms of annua effective dose
equivalents (EDE) per unit concentration of radionuclides in a disposal vault; these doses per
unit concentration are referred to as scenario dose conversion factors (SDCFs). Limits on
allowable concentrations and inventories of radionuclides at the time of disposal then are
calculated based on the SDCFs for each radionuclide of concern, a specified performance
measure for exposure of inadvertent intruders, assumptions about the time of occurrence of
the assumed scenarios, and assumptions about the degradation of the cover system above a
vault over time.

The specified performance measures for inadvertent intruders (USDOE, 1999a) include (1)
an annual effective dose equivalent of 100 mrem (1 mSv) for scenarios involving chronic
exposure and (2) an effective dose equivaent of 500 mrem (5 mSv) for scenarios involving a
single acute exposure (see Sect. 2.3.2). In both performance measures for inadvertent
intruders, potential doses due to inhalation of radon and its short-lived decay products are
excluded (USDOE, 19994). The relevant scenarios for inadvertent intrusion involve
exposure to residua solidified waste in a disposal facility, and scenarios that involve
exposure to contaminated groundwater or surface water on the disposal site are excluded
(USDOE, 1996). The scenarios for inadvertent intrusion assumed in this analysis involve
chronic exposure.

For the purpose of establishing limits on allowable disposals of radionuclides in a near-
surface facility, a time frame for assessments of inadvertent intrusion of 1,000 years after
facility closure is specified (USDOE, 1999a), and the assessments also should assume that
active ingtitutional control will be maintained over a disposa site for at least 100 years
(USDOE, 1999q). In this anaysis, limits on alowable disposals of radionuclides in the SDF
are calculated based on a longer time frame of 10,000 years for assessments of inadvertent
intrusion, to be consistent with the SRS DAS (Fiori and Frei, 1999), as well as the time frame
of 1,000 years specified by USDOE (1999a).

The following section identifies the radionuclides that are included in the dose analysis for
inadvertent intruders. Sect. 4.2 describes the scenarios for inadvertent intrusion at the SDF
that are assumed in the present analysis. The scenarios assumed in this analysis, as well as
the design of the cover system above a disposal vault, differ from the scenarios assumed in
the previous analysis (MMES et a., 1992). The scenarios assumed in the previous analysis
and the results of the previous analysis are summarized in Appendix A. The rationae for the
changes in the assumed scenarios and design of the cover system is also discussed in
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Appendix A. Sect. 4.3 presents the dose analysis for the assumed intrusion scenarios and the
calculated SDCFs for each radionuclide and scenario. Finally, Sect. 4.4 presents the
calculated limits on allowable concentrations and inventories of radionuclides for disposal in
the SDF based on the results of the dose assessment for inadvertent intruders, the assumed
times of occurrence of the exposure scenarios, and the assumed conditions of exposure at
those times.

4.1 RADIONUCLIDES CONSIDERED IN DOSE ANALYSIS

Low-level radioactive waste that may be sent to the SDF contains many radionuclides.
However, the number of radionuclides that need to be included in a dose analysis for
inadvertent intruders can be reduced substantially based on considerations of radionuclide
half-lives and the processes by which low-level waste at the SDF is generated.

Since institutional control will be maintained for at least 100 years after closure of the SDF
(USDOE, 1999a), radionuclides with a half-life less than about 5 years can be excluded from
the analysis, unless the radionuclide has a decay product with a half-life greater than about
5 years, because these shorter-lived radionuclides would decay to innocuous levels during the
institutional control period regardless of their inventories in waste at the time of disposal.
Selection of longer-lived radionuclides for inclusion in the dose analysis for inadvertent
intruders was based on the following considerations.

In a recent report, the National Council on Radiation Protection and Measurements (NCRP)
developed screening levels for radionuclides in contaminated surface soils based on the
results of dose assessments for assumed exposure scenarios and an assumed dose of concern
(NCRP, 1999). More than 200 radionuclides with a half-life greater than 30 days were
considered, without regard for how they are produced or whether they could be important in
contaminated soils. When radionuclides with a half-life less than about 5 years that do not
have decay products with a half-life greater than about 5 years are eliminated, based on the
assumed period of institutional control at the SDF, 99 radionuclides remain. Of these, the 60
radionuclides listed in Table 4-1 were selected for inclusion in the dose analysis for
inadvertent intruders. This list includes all potentialy important fission and activation
products and all actinide and transuranic radionuclides that could occur in significant
amounts in operations of nuclear reactors. The inclusion of Cm-242, Bk-249, and Cf-252,
which have a half-life substantially less than 5 years, is based on their decay to longer-lived
Pu-238, Cf-249, and Cm-248, respectively.
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Table4-1. Radionuclides considered in dose analysisfor inadvertent intruders

Radionuclide® Half-life” Radionuclide® Half-life”
H-3 12.33y 1-129 1.57 x 10"y
Be-10 1.51x 10°y Cs-135 23x10°y
C-14 5.73x 10°y Cs-137 30.07y
Al-26 717 x 10°y Ba-137m (0.946)  2.552m
Co-60 527y Sm-151 Ny
Ni-59 7.6x 10"y Eu-152 13,516y
Ni-63 100.1y Eu-154 8.592y
Se-79 1.1x 10°%y Eu-155 4761y
Sr-90 28.79y Pb-210 223y

Y-90 (1.0) 64.0h Po-210 138.376 d
Zr-93 1.53x 10°y Ra-226 1.6 x 10°y
Nb-93m (1.0)° Rn-222 (1.0) 3.8235d
Nb-93m 16.13y Pb-214 (1.0) 26.8m
Nb-94 2.03x 10"y Bi-214 (1.0) 19.9 m
Tc-99 211x 10°y Pb-210 (1.0)°
Pd-107 6.5x 10°y
Cd-113m 141y
Sn-121m S5y
Sn-126 1.0x 10°y
Sb-126m (1.0) 19.15m
Sb-126 (0.14) 12.46 d

Tableis continued on following page.
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Table4-1. (continued)
Radionuclide® Half-life” Radionuclide® Half-life”
Ra-228 575y Th-232 1.405 x 10°y
Ac-228 (1.0) 6.15h Ra-228 (1.0)°
Th-228 (1.0) 1.9116y Pa-231 3276 x 10"y
Ra-224 (1.0) 3.66d Ac-227 (1.0)°
Rn-220 (1.0) 55.6 S U-232¢ 68.9y
Pb-212 (1.0) 10.643 h U-233 1.592 x 10° y
Bi-212 (1.0) 60.55 m U-234 2455 x 10°y
TI-208 (0.3594) 3.053m U-235 7.038 x 10°y
Ac-227 21.773y Th-231 (1.0) 2552 h
Th-227(0.9862)  18.72d U-236 2.342x 10"y
Ra-223 (1.0) 11.435d U-238 4.468 x 10°y
Pb-211 (1.0) 36.1m Th-234 (1.0) 24.10d
Bi-211 (1.0) 2.14m Pa-234m (1.0) 1.17 m
TI-207 (0.9972) 477m Pa-234 (0.0016) 6.70 h
Th-229 734 x 10°y Np-237 2.144 x 10°y
Ra-225 (1.0) 14.9d Pa-233 (1.0) 26.967 d
Ac-225 (1.0) 10.0d Pu-238 87.7y
Fr-221 (1.0) 49m Pu-239 2.411 x 10"y
Bi-213 (1.0) 45.59 m Pu-240 6.564 x 10° y
TI-209 (0.0209) 2.161m Pu-241 14.29y
Th-230 7.54 x 10*y Pu-242 3773x10°y

Tableis continued on following page.
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Table4-1. (continued)
Radionuclide® Half-life® Radionuclide® Half-life”
Pu-244 8.00x 10"y Cm-244 18.11y
Np-240m (0.9988) 7.22m Cm-245 85x 10’y
Am-241 4322y Cm-246 476 x 10°y
Am-242m 141y Cm-247 1.56 x 10y
Am-242 (0.9954)  16.02h Pu-243 (1.0) 4.956 h
Cm-242 (0.823) 162.8d Cm-248 348 x 10°y
Np-238 (0.0046)  2.117d Bk-249° 330d
Pu-238 (0.828)° Cf-249 351y
Am-243 7.37x 10°y Cf-250 13.08y
Np-239 (1.0) 2.3565 d Cf-251 900y
Cm-242° 162.8d Cf-252° 2.645y
Cm-243 285y

a

Indented entries are radiologically significant shorter-lived decay products of parent radionuclide

listed. For each decay product, branching fraction in decay of parent radionuclide (Tuli, 2000) is

given in parentheses.

Values from Tuli (2000). Unitsarey = years, d = days, h = hours, m = minutes, s = seconds.

Decay product is listed separately when it is sufficiently long-lived that its occurrence in disposed

waste could result from processes other than decay of its longer-lived parent.

following entry for Ra-228.
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Many radionuclides listed in Table 4-1 have shorter-lived decay products that also are listed
in the table. All such decay products are taken into account in the dose analysis for
inadvertent intruders based on an assumption of activity equilibrium with the parent
radionuclide. All radionuclides listed in Table 4-1 beginning with Pb-210 also are members
of a long decay chain of aphaemitting actinide and transuranic radionuclides. The
radionuclides in these decay chains are listed in Table 4-2. Buildup of radioactive decay
products in disposed waste over time, including decay products that are longer-lived than
their parent radionuclide (e.g., Am-241 produced in decay of Pu-241) as well as decay
products that are shorter-lived than their parent (e.g., Ra-226 produced in decay of Th-230),
is taken into account in the dose analysis for inadvertent intruders. The importance of a
decay product depends on its haf-life, the radiological properties of the parent and decay
product, and the time frame for the analysis. The half-life of the parent also is important
when the decay product is longer-lived.

The remaining 39 radionuclides with a half-life greater than 5 years considered by the NCRP
(1999) were excluded from the dose analysis for inadvertent intruders based on the following
considerations. First, many of these radionuclides are not fission products and, thus, would
not be present in wastes generated at the SRS, or they are not important activation products
and, thus, could not be present in more than trace amounts. These radionuclides include the
following:

Si-32, CI-36, K-40, Ca41, Ti-44, Mn-53, Fe-60, M0-93, Tc-97, Tc-98, Ag-108m,
Te-123, Ba133, La137, La 138, Pm-145, Sm-146, Eu-150, Gd-148, Gd-152,
Tb-157, Tb-158, Ho-166m, Lu-176, Hf-178m, Hf-182, Ta-180m, Re-187, Os-194,
and Pt-193.

Some of these radionuclides also can be excluded based on their very long half-life (i.e., very
low activity per unit mass). The activity of the longest-lived radionuclides in waste would
always be orders of magnitude less than the activity of such potentially important long-lived
fisson products as Tc-99, Sn-126, and [-129. These radionuclides include Te-123
(>6 x 10" y), La-138 (1.05 x 10™ y), Gd-152 (1.08 x 10™y), Ta-180m (>1.2 x 10" y), and
Re-187 (4.35 x 10 y). Long-lived K-40 (1.277 x 10° y) could occur in low-level waste at
the SRS, but only as a consequence of its occurrence in natural materials. Incidental levels of
naturally occurring radionuclides that are not enhanced by activities at the SRS are a part of
natural background and are not considered to be subject to requirements on disposal of
radioactive waste.

Second, a few fisson products, including Rb-87, Cd-113, In-115, and Sm-147, can be
excluded on the basis of their long half-life, which ranges from about 5 x 10 y to nearly
10'® y. The activities of these radionuclides in waste would aways be several orders of
magnitude less than the activities of other important fission products with shorter half-lives,
and previous assessments have indicated that disposal limits for these radionuclides based on
analyses of scenarios for inadvertent intrusion should exceed their specific activities (ORNL,
1997).
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Table4-2. Principal members of decay chains of actinide and transuranic

radionuclides®
Neptunium series Uranium series Actinium series Thorium series

Bk-249 Cf-250 Cf-251 Cf-252
Cf-249 Cm-246° Cm-247° Cm-248'
Cm-245 Cm-242° Cm-243" Cm-244*
Pu-241 Am-242m° Am-243 Pu-244
Am-241 Pu-242° Pu-239 Pu-240
Np-237 Pu-238" U-235 U-236
U-233 U-238 Pa-231 U-232"
Th-229 U-234 Ac-227 Th-232

Th-230 Ra-228

Ra-226

Pb-210

Only radionuclides listed in Table 4-1 are included. Except as noted, entry immediately below a
given radionuclide isits decay product.

Decay product is Pu-242.
Decay product is Pu-238; radionuclide is produced in decay of Am-242m.

Decay products are Pu-242 and Pu-238 with branching fractions of 0.172 and 0.828, respectively
(Tuli, 2000); radionuclide is not produced by decay of any other member of uranium series listed.

Decay product is U-238.
Decay product is U-234.
Decay product is Am-243.

Decay products are Am-243 and Pu-239 with branching fractions of 0.0029 and 0.9971,
respectively (Tuli, 2000); radionuclide is not produced by decay of any other member of actinium
series listed.

Branching fraction in decay to Cm-248 is 0.9691 (Tuli, 2000); remainder of decays are by
spontaneous fission.

J' Radionuclide decays to Pu-244.

Radionuclide decays to Pu-240 and is not produced by decay of any other member of thorium
series listed.

Radionuclide decays to Th-228, which is shorter-lived decay product of Ra-228 (see Table 4-1),
and is not produced by decay of any other member of thorium series listed.
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Third, afew radionuclides can be excluded because they are not fission products or important
activation products and, furthermore, do not occur in the long decay chains of actinide and
transuranic radionuclides. These radionuclides include Pb-202, Pb-205, Bi-207, and
Bi-210m.

Finally, Np-236 (1.54 x 10° y) can be excluded because it is produced in much smaller
amounts in nuclear reactors than Np-237.

None of the radionuclides excluded from the present analysis have been reported to occur in
significant amounts in low-level waste (either commercial or USDOE). This information
provides support for neglecting these radionuclides in the analysis. If the excluded
radionuclides occur in waste generated at the SRS, their activities would be inconsequential
compared with the activities of other radionuclides that are considered in the analysis.

4.2 SCENARIOSFOR EXPOSURE OF INADVERTENT INTRUDERS

This section discusses the exposure scenarios and associated exposure pathways that are
assumed in the dose analysis for inadvertent intruders at the SDF. The discussion is divided
into two parts. The present design of the cover system on each disposal vault, updated from
that in the existing PA (MMES et a., 1992), is described in Sect. 4.2.1. Sect. 4.2.2 discusses
the assumed exposure scenarios for inadvertent intruders based on the new design of the
cover system. The exposure scenarios that were assumed in the existing PA for the SDF
(MMES et a., 1992) and the results of the analysis are summarized in Appendix A.
Appendix A also presents a reevaluation of the results of the previous dose analysis for
inadvertent intruders taking into account, first, changes in estimates of the inventories of
important radionuclides in waste intended for disposal in the SDF and, second, certain
assumptions used in the previous analysis that are not justified on technical grounds.

4.2.1 Changein Design of Cover System for Disposal Vault

Based on the reevaluation of the previous dose analysis for inadvertent intruders described in
Appendix A, the design of the cover system above a disposal vault documented previously
(Cook et a., 2000) has been modified to include an additional layer of grout above the
reinforced concrete roof on avault. The design thickness of the additional grout layer is1 m.
No other changes in the documented design of the cover system have been made. With this
addition, the design of the cover system, including al layers between the ground surface and
the buried waste (saltstone), is as summarized in Table 4-3.
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Table4-3. Design thicknesses of different layers of material in cover system on a
disposal vault assumed in present analysis®

Material

Thickness (m) Comment

Ground surface

Surface will be revegetated to enhance
evapotranspiration and reduce erosion

Cover above engineered barriers

Total thickness of cover is2.9 m

Layer of topsoil 0.15
Layer of backfill 0.76
Layer of gravel 0.3
Layer of clay 0.76
Layer of backfill 0.3
Layer of gravel 0.15
Layer of clay 0.5
Engineered barriers above waste Total thickness of barriers to deter
excavation to depth of saltstoneis1.5m
Layer of grout 1
Reinforced concrete roof on
disposal vault 0.1
Layer of grout above saltstone
in disposal vault 0.4
Saltstone

a Specifications for all components of cover system except layer of grout immediately above
reinforced concrete roof are given by Cook et a. (2000). Geotextile membranes above two gravel

layers are not included.
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4.2.2 Selection of Credible Exposure Scenariosfor Inadvertent Intruders

4.2.2.1 Credibility of Agriculture Scenario. As described in Appendix A and documented
in the existing PA (MMES et a., 1992), the exposure scenario for inadvertent intruders
referred to as the agriculture scenario resulted in the highest estimates of dose when the
design of the cover system above a disposal vault documented previously (Cook et al., 2000)
was assumed. The key assumption in the agriculture scenario is that an inadvertent intruder
excavates into saltstone in digging a foundation for a home at the location of a disposal vault.
A reevauation of the dose analysis for the agriculture scenario described in Appendix A
indicates that doses to inadvertent intruders would exceed the applicable performance
measure of 100 mrem per year if the scenario were a credible occurrence. Therefore, an
essential function of the redesigned cover system is to preclude the occurrence of the
agriculture scenario during the 10,000-year time frame of concern to this analysis. That is,
the additiona 1-m thick layer of grout is intended to help ensure that excavation into
saltstone is not a credible occurrence within 10,000 years. An assumption that the agriculture
scenario is not credible during this time frame is based on arguments about the long-term
performance of the cover system that are summarized in Table 4-4 and described in the
following paragraphs.

First, consider the top layers of topsoil and backfill in the cover above the engineered barriers
(see Table 4-3). These layers, which have a total thickness of 0.9 m, will erode over time.
Average soil erosion rates in cropland areas near the SRS are about 1.5-2.0 kg/m? per year
(U.S. Department of Agriculture, 1985). Thus, if an average density of soil of 1,400 kg/m® is
assumed (Baes and Sharp, 1983), the soil erosion rate on cultivated lands is about 1 mm/y, or
1 m per 1,000 years. At this erosion rate, and assuming that the site would not be used for
agricultural purposes until after the 100-year period of institutional control, the top 0.9-m
thick layer of cover materia would be removed by about 1,000 years. This estimate should
be conservative, given that the presence of natural successional forests at the site would
reduce the soil erosion rate by a factor of 400 to 500 compared with the erosion rate on
cultivated lands (Horton and Wilhite, 1978). Use of the site for agricultural purposes should
be discouraged because, first, a stand of persistent, shallow-rooted bamboo will be planted at
the site to reduce erosion and enhance evapotranspiration and, second, the top of the cover
system will be several meters above the elevation of the surrounding terrain (Cook et al.,
2000). At the lower erosion rate that applies to undisturbed land, less than 5 cm of the cover
should erode within 10,000 years.

For purposes of this analysis, the erosion rate of the top layers of the cover system is assumed
to be 1 m per 1,000 years. Thus, the top 0.9-m layer of cover material is assumed to be
removed at 1,000 years. The likelihood that the erosion rate will be substantially lower, and
that little of the top layers of the cover system will be removed by erosion within 10,000
years, provides an added margin of safety.

Second, consider the topmost 0.3-m thick layer of gravel. In thisanaysis, it is assumed that
this gravel layer would effectively prevent further erosion once the top 0.9-m thick layer of
cover material is removed. This assumption is based on the likelihood that materials
comprising the gravel layer will be too large to be transported by overland flow during
extreme rain events and will be highly leach resistant (insoluble). Given the assumption that
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Table4-4. Assumptions about long-term performance of cover system on a
disposal vault and saltstone used in present analysis®

Component of disposal system Assumed performance
Topmost layers of topsoil and Entire 0.9-m thickness of material is removed
backfill by erosion by 1,000 years after disposal®
Topmost layer of gravel 0.3-m thick gravel layer provides barrier to

further erosion of cover system

Layer of grout above reinforced 1-m thick grout layer loses its physica
concrete roof on disposal vault integrity as barrier to excavation at same time
as reinforced concrete roof®

Reinforced concrete roof on Roof loses its physical integrity as barrier to
disposal vault excavation at 1,000 years after disposal®

Layer of grout above saltstone in  Weathers to soil-like material at rate of 0.1 m
disposal vault per 1,000 years, entire thickness of 0.4 m is
weathered within 10,000 years’

Saltstone monolith Weathers to soil-like material at rate of 0.1 m
per 1,000 years after entire thickness of
overlying grout layer has weathered®

Bases for assumptions are described in Sect. 4.2.2.1.

Assumption should be conservative; if disposal site is not used for agricultural purposes, less
than 5 cm should be removed by erosion within 10,000 years.

No additional credit is taken for performance of 1-m thick grout layer beyond that assumed for
reinforced concrete roof.

Assumption may be conservative; analysis of degradation indicates that roof may maintain its
physical integrity for aslong as 10,000 years (MMES et al., 1992).

Assumed weathering rate is based on data on weathering rate of carbonate rock (limestone).
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the topmost gravel layer is an erosion barrier, there is no need of assumptions about the
performance of the rest of the cover above the engineered barriers, since these layers do not
provide a barrier to excavation.

Third, consider the 0.1-m thick reinforced concrete roof on a disposal vault and the new 1-m
thick layer of grout on top of the roof. Based on an analysis of the rate of degradation of the
reinforced concrete roof in the existing PA (MMES et al., 1992), the roof is assumed to
maintain its physical integrity and, thus, provide a barrier to excavation for 1,000 years after
disposal. This assumption should be conservative because the previous analysis indicated
that the roof could maintain its physical integrity for perhaps as long as 10,000 years. For
purposes of this analysis, the additional 1-m thick layer of grout on top of the roof also is
assumed to fail completely at 1,000 years. That is, it is assumed that this grout layer does not
provide an additional barrier to excavation beyond that provided by the reinforced concrete
roof. This assumption also should be conservative. It is invoked because the long-term
performance of the reinforced concrete roof and overlying grout layer has not been analyzed,
and it thus is difficult to justify taking substantial credit for the performance of the grout

layer.

Finally, consider the layer of grout above saltstone in a disposal vault and the saltstone
monolith itself. Based on the assumption used in the previous anaysis (MMES et al., 1992)
and discussed in Appendix A that these materials will weather to soil-like material at arate of
0.1 m per 1,000 years, the entire 0.4-m thick layer of grout and at least 0.5 m of saltstone will
weather to soil-like material within 10,000 years. Again, weathering of saltstone is assumed
not to begin until the entire layer of overlying grout has weathered.

Based on the assumption about the time at which the reinforced concrete roof and 1-m thick
layer of grout above the roof would fail and no longer provide a barrier to excavation (1,000
years) and the assumption about the weathering rate of the layer of grout above satstonein a
disposal vault and the saltstone monoalith itself, the agriculture scenario would be a credible
occurrence within the 10,000-year time frame of concern if the depth of an excavation in
digging a foundation for a home could extend into saltstone during that time. However,
based on the assumption that the topmost layer of gravel in the cover above the engineered
barriers would provide a barrier to further erosion of the cover, the depth of material between
the ground surface and saltstone would be at least 3.5 m at any time (see Table 4-3). A
standard assumption developed by the USNRC for use in analyses of inadvertent intrusion is
that a typical maximum depth of an excavation in digging a foundation for a home is 3 m
(Oztunali and Roles, 1986). Thus, the depth of an excavation would not reach the depth of
saltstone within 10,000 years, and the agriculture scenario is not a credible occurrence during
that time frame.

These arguments may be summarized as follows. The addition of a 1-m thick layer of grout
above the reinforced concrete roof on a disposal vault serves to preclude the agriculture
scenario as a credible occurrence within 10,000 years by increasing the depth of saltstone
below ground to greater than a typical maximum depth of an excavation in digging a
foundation for a home. The conclusion that the agriculture scenario is not credible does not
rely on an assumption that the engineered barriers, including the 1-m thick layer of grout,
would provide a barrier to excavation into saltstone for 10,000 years.
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The conclusion that the depth of an excavation would not reach the depth of saltstone within
10,000 years relies essentially on an assumption that the topmost layer of gravel in the cover
system will provide an effective barrier to erosion. However, some of the other assumptions
about the performance of the cover system include margins of safety that should help ensure
that the agriculture scenario would not be a credible occurrence within 10,000 years. First,
the disposal site may not be used for agricultural purposes after loss of institutional control,
and very little of the top layers of topsoil and backfill would be expected to erode over
10,000 years if the site remains largely undisturbed. Second, the reinforced concrete roof
may maintain its physical integrity for substantially longer than 1,000 years. Finally, the new
1-m thick layer of grout above the vault roof also may maintain its physical integrity for
longer than 1,000 years.

4.2.2.2 Definition of Credible Resident Scenarios. As described in Appendix A and
documented in the existing PA (MMES et a., 1992), a second exposure scenario for
inadvertent intruders referred to as the resident scenario was included in the intruder dose
anaysis. As in the agriculture scenario, the resident scenario assumes that an intruder
excavates a foundation for a home on top of adisposal vault. However, the resident scenario
assumes that excavation into saltstone is precluded, either because the intruder encounters an
intact engineered barrier (e.g., vault roof) that cannot be readily penetrated by the types of
excavation equipment normally used in the vicinity of the SRS, or because the depth of
buried waste (saltstone) is greater than a typical maximum depth of an excavation in digging
a foundation for a home (i.e.,, 3 m). The resident scenario then occurs after the home is
constructed, and the only relevant pathway is externa exposure to photon-emitting
radionuclides in the waste while residing in the home on top of shielded waste. The presence
of uncontaminated material above the waste would preclude inhalation or ingestion exposure.
Based on the conclusion discussed in the previous section that the agriculture scenario
involving excavation into saltstone is not a credible occurrence within the 10,000-year time
frame of concern to the intruder dose analysis, the only credible scenarios during this time
frame are resident scenarios at different times after disposa and involving different
thicknesses of shielding above the waste.

The resident scenario is a credible occurrence at any time after institutional control over the
site is assumed to be relinquished at 100 years after disposal. However, the external dosein
the resident scenario can increase over time due to a decrease in the thickness of shielding
between saltstone and the depth of an excavation. The thickness of shielding can decrease as
the cover material above the engineered barriers erodes and the engineered barriers above the
waste lose their physical integrity and no longer deter excavation. Thus, the resident scenario
needs to be evaluated at a number of times between 100 and 10,000 years after disposal. The
assumed times of occurrence of the resident scenario and the thickness of shielding at these
times are summarized in Table 4-5 and described in the following paragraphs.
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Table4-5. Summary of resident scenarios for exposure of inadvertent intruders
evaluated in present analysis’

Time of occurrence
of resident scenario

Assumptions

Importance of scenario

100 years

Intruder’s home is constructed on top
of intact engineered barriers

Thickness of shielding provided by
engineered barriersis 1.5 m

Determines limits on allowable
disposals only for shorter-lived
photon-emitting  radionuclides
(half-life on the order of 100
years or less)”

1,000 years

Top 0.9 m of cover material has
eroded and 1-m thick layer of grout
above reinforced concrete roof has
lost its physical integrity as barrier to
excavation

Intruder's home is constructed at
depth of 3 m, i.e, at depth of top of
concrete roof

Thickness of shielding provided by
concrete roof and layer of grout above
satstoneis0.5m

Determines limits on allowable
disposals of longer-lived photon-
emitting radionuclides that do
not have important decay
products whose  activities
increase with time beyond 1,000
years’®

10,000 years

Topmost gravel layer in cover system
at depth of 0.9 m provides barrier to
further erosion beyond 1,000 years

Intruder’ s home is constructed at same
depth as at 1,000 years

Thickness of shielding is same as at
1,000 years

Determines limits on allowable
disposals of longer-lived photon-
emitting radionuclides  with
important decay products whose
activities increase with time
beyond 1,000 years’

Scenarios are discussed in Sect. 4.2.2.2.

Limits on allowable disposals of shorter-lived radionuclides may be based on resident scenario at

1,000 or 10,000 yearsif radionuclide has longer-lived photon-emitting decay products.

Resident scenario at 1,000 years determines disposal limits for al longer-lived radionuclides if

time frame of 1,000 years for intruder dose analysis (USDOE, 1999a) is used.
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At 100 years after disposal, which is the earliest time the resident scenario can occur, all
engineered barriers above the waste are assumed to be intact. An assumption that the barriers
to excavation will not degrade by a significant amount during the 100-year period of
institutional control is reasonable when surveillance and maintenance of the cover system
presumably will be performed during that time. An inadvertent intruder then is assumed to
excavate to the depth of the intact engineered barriers (2.9 m), since this depth is less than a
typical maximum depth of an excavation in digging a foundation for a home of 3 m noted
previoudly, and the assumed thickness of shielding is 1.5 m (see Table 4-3).

The next time the resident scenario is evaluated is at 1,000 years. The assumptions about the
resident scenario at this time are based on the assumed performance of the cover system and
engineered barriers discussed in the previous section. The top 0.9-m thick layer of cover
material is assumed to have eroded down to the topmost layer of gravel, and the layer of
grout above the reinforced concrete roof is assumed to have lost its physical integrity as a
barrier to excavation. Based on the assumed erosion of the cover and failure of the grout
layer at 1,000 years, a 3-m deep excavation would reach only to the top of the reinforced
concrete roof and, thus, the thickness of shielding at that time is 0.5 m (see Table 4-3).
Although the concrete roof also is assumed to fail at 1,000 years and some weathering of the
layer of grout beneath the roof could occur within this time, assumptions about the
performance of these barriers over 1,000 years are not needed. The assumed thickness of
shielding at 1,000 years may be conservative, since erosion of the top layer of cover material
may be much less than assumed and some of the 1-m thick layer of grout may still be intact.

The fina time the resident scenario is evaluated is at 10,000 years. All engineered barriers
above the waste are assumed to have failed (i.e., lost their physical integrity) by this time.
However, since the topmost gravel layer in the cover system is assumed to provide a barrier
to erosion, a 3-m deep excavation would reach only to the depth of the top of the concrete
roof. Thus, as in the resident scenario at 1,000 years, the thickness of shielding at 10,000
years is 0.5 m; the shielding is the same regardiess of whether the engineered barriers are
intact or fully degraded. It should be noted that the resident scenario involving external
exposure on top of uncovered waste, which was included in the previous analysis (MMES et
a., 1992), is no longer a credible occurrence within 10,000 years, asis also the case with the
agriculture scenario discussed in the previous section.

Each of the resident scenarios at different times after disposal is important in determining
limits on allowable disposals of photon-emitting radionuclides. The resident scenario at 100
years is used to determine disposal limits for shorter-lived radionuclides with a half-life on
the order of 100 years or less (e.g., Cs-137). These radionuclides are unimportant at 1,000
years and beyond, due to the rapid depletion of their inventories by radioactive decay.
Longer-lived radionuclides are unimportant in the analysis of the resident scenario at 100
years, because any depletion by decay at 1,000 years is more than compensated by the much
higher external dose per unit concentration at that time, due to the considerable reduction in
the thickness of shielding. However, the resident scenario at 1,000 or 10,000 years can be
important for shorter-lived radionuclides that have longer-lived photon-emitting decay
products.
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The resident scenario at 1,000 years is used to determine disposal limits for longer-lived
radionuclides that do not have photon-emitting decay products whose activities increase with
time beyond 1,000 years (e.g., Sn-126). Disposal limits for longer-lived radionuclides of this
type based on the resident scenario at 10,000 years would not exceed the limits based on the
scenario at 1,000 years, since the same thickness of shielding is assumed at the two times and
some depletion by radioactive decay would occur after 1,000 years. The resident scenario at
1,000 years also would determine disposal limits for al other longer-lived radionuclides if
the time frame of 1,000 years for intruder dose analyses specified by USDOE (1999a) is
used.

The resident scenario at 10,000 years is used to determine disposal limits for longer-lived
radionuclides that have photon-emitting decay products whose activities increase with time
beyond 1,000 years (e.g., U-233). In al such cases, the external dose at 10,000 years would
be greater than at 1,000 years, since the same thickness of shielding is assumed at the two
times. However, disposal limits would not be based on the resident scenario at 10,000 years
if atime frame of 1,000 years for an intruder dose analysis (USDOE, 19993a) is used.

The approach of evaluating the resident scenario at discrete, well separated times can be
justified on the following grounds. First, nearly al the radionuclides of concern (see Table
4-1) can be grouped into two categories according to their half-life: (1) radionuclides with a
half-life less than about 100 years, which should decay to innocuous levels during the
lifetime of engineered barriers and for which an analysis at 100 years thus should give the
maximum credible dose; and (2) radionuclides with a half-life of a few thousand years or
more, which do not decay appreciably during the lifetime of engineered barriers and for
which an analysis at times after the engineered barriers are assumed to have failed would
give the maximum credible dose. There are very few radionuclides with intermediate half-
lives. The only important radionuclides in saltstone with intermediate half-lives are Am-241
and Am-242m (see Sect. 3.3). However, based on the data and analysis presented in Sects.
4.3 and 4.4, the external dose per unit concentration of Am-241 and Am-242m and limits on
allowable disposals of these radionuclides are determined by the increases in activities of
their longer-lived photon-emitting decay products over 10,000 years. Thus, given the
thicknesses of shielding at various times assumed in the resident scenarios, Am-241 and
Am-242m are similar to longer-lived radionuclides.

Second, the failure of engineered barriers and consequent reductions in the thickness of
shielding above the waste over time have not been modeled or described in any detail.
Rather, for the one engineered barrier of importance to the resident scenario—namely, the
new 1-m thick layer of grout above the reinforced concrete roof—a simple, step-function
model of failure over time is assumed. That is, the barrier essentially is assumed to fail (i.e.,
lose its physical integrity) instantaneously at 1,000 years. An effort to model the slow
degradation of the grout layer over time and the resulting slow decrease in the amount of
shielding that the remaining intact material would provide has not been undertaken and is far
beyond the scope of this analysis. Given the absence of a detailed model of degradation of
the grout layer, an attempt to evaluate the resident scenario essentially continuously over
time would not necessarily give better results than the approach taken in this analysis of
evaluating the resident scenario at discrete, well separated times.
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4.2.2.3 Summary of Credible Scenarios. The discussions on the development of credible
scenarios for exposure of inadvertent intruders at the SDF may be summarized as follows.

First, based on the addition of a 1-m thick layer of grout above the reinforced concrete roof in
the cover system for a disposal vault, the agriculture scenario evaluated in the existing PA
(MMES et al., 1992) is not considered to be a credible occurrence within 10,000 years. The
essential function of the additional layer of grout is to increase the depth of saltstone below
ground such that a 3-m deep excavation at any time within 10,000 years would not reach the
depth of saltstone; the grout layer is not assumed to provide a barrier to excavation for
10,000 years. The conclusion that the agriculture scenario is not credible also depends on an
assumption that the topmost layer of gravel in the cover material provides a barrier to
erosion. However, there should be substantial margins of safety in the assumptions about the
rate of erosion of the cover and the long-term performance of the engineered barriers, and
these should help ensure that the agriculture scenario is not credible over the time period of
concern.

Second, given that the agriculture scenario is not credible, the only credible scenario within
10,000 years is the resident scenario. This scenario assumes that an intruder constructs a
home on top of a disposal vault and receives an external exposure during indoor residence.
In contrast to the agriculture scenario, the resident scenario occurs even when excavation into
the waste is not a credible occurrence. However, the magnitude of the dose depends on the
thickness of shielding between the waste and the depth of an excavation.

The resident scenario is evaluated at 100, 1,000, and 10,000 years after disposal. The
assumed thickness of shielding at 100 years is substantially higher than at the later times, due
to the addition of the 1-m thick layer of grout above the reinforced concrete roof. The
resident scenario at 100 years determines limits on alowable disposals of photon-emitting
radionuclides with relatively short half-lives on the order of 100 years or less, except the
resident scenario at longer times may be important when the radionuclide has longer-lived
photon-emitting decay products. Based on assumptions that the grout layer above the roof
would lose its physical integrity at 1,000 years and that the topmost layer of gravel in the
cover material provides a barrier to erosion, the assumed thickness of shielding is the same at
1,000 and 10,000 years. The resident scenario at these times determines limits on allowable
disposals of longer-lived photon-emitting radionuclides, with the scenario at 10,000 years
used to determine limits for radionuclides with photon-emitting decay products whose
activities increase with time beyond 1,000 years.

4.3 DOSE ANALYSISFOR RESIDENT SCENARIO

In the resident scenario, the only exposure pathway of concern is external exposure during
indoor residence in a home located on top of shielded waste in a disposal facility. Thus, the
dose in this scenario depends on the external dose rate per unit activity concentration of each
photon-emitting radionuclide in the waste. In this report, these factors are referred to as dose
coefficients (ICRP, 1996; Eckerman and Ryman, 1993), rather than “dose conversion
factors’ as used, for example, in existing PAs at the SRS (MMES et al., 1992; McDowell-
Boyer et a., 2000).

Rev. 0



October 23, 2002 4-18 WSRC-TR-2002-00456

4.3.1 Dose Coefficientsfor External Exposure

Dose coefficients for external exposure depend on the distribution of radionuclides in the
source region (saltstone), the amount of self-shielding provided by materias in the source
region, and the shielding provided by uncontaminated materials between the source region
and the assumed location of an exposed individual above ground. The source region is
assumed to be infinitely thick and infinite in lateral extent. The assumption of an infinitely
thick source region is appropriate when the depth of saltstone in a disposal vault is several
meters (see Sect. 3.2) and a few meters of saltstone provides essentially complete shielding
from all sources at greater depth (Kocher and Soreen, 1985). Based on an analysis described
in Sect. A.2.3 and the dimensions of a disposal vault (see Sect. 3.2), an assumption that the
source region isinfinite in lateral extent results in negligible error in estimated doses.

During indoor residence, some shielding is provided by the walls and floor of the home. This
shielding is not included in the externa dose coefficients used in this analysis, but is treated
as a separate parameter in the model to estimate external dose.

As described in Sect. 4.2.2.2 and summarized in Table 4-5, thicknesses of shielding above
the waste of 0.5 and 1.5 m are assumed in evaluating the resident scenario at different times
after disposal. External dose coefficients for these thicknesses of shielding are given in
Table 4-6; the dose coefficients are based on an assumption that saltstone and grout are
similar to soil in their shielding properties. This table also gives external dose coefficients
that apply to exposure on top of uncovered (unshielded) waste. These dose coefficients are
not used in the dose analysis for the resident scenario but are included in the table to show
the large decreases in externa dose that result from the substantia thicknesses of shielding
assumed in the analysis.

The external dose coefficients in the case of no shielding in Table 4-6 are obtained from
current Federal guidance (Eckerman and Ryman, 1993). The dose coefficients for the two
thicknesses of shielding assumed in the resident scenario are based on calculations for
monoenergetic sources by Kocher and Soreen (1985), since values are not given in Federal
guidance. In the case of no shielding, dose coefficients obtained from the calculations of
Kocher and Sjoreen agree with the Federal guidance within a few tens of percent and
generally are higher. When there is no entry for a given radionuclide, either the radionuclide
itself is not a photon emitter (e.g., Cs-137) or the energies of emitted photons are sufficiently
low that the resulting external dose from shielded waste is inconsequential. When a
radionuclide has shorter-lived photon-emitting decay products, the dose coefficient for each
decay product takes into account the branching fraction in decay of its parent radionuclide
given in Table 4-1; i.e., a parent and its shorter-lived decay products are assumed to be in
activity equilibrium.
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Table4-6. External dose coefficients for radionuclides uniformly distributed in infinite
thickness of soil-like material and different thicknesses of shielding between
sour ce and receptor locations®

Dose coefficient (rem/y per uCi/m°)°

Nuclide” No shielding® 0.5-m shielding® 1.5-m shielding®
Al-26 1.1x 102 23x10* 29x%x 10
Co-60 1.0x 10° 2 1.7x10* 6.8 x 10°®
Nb-94 6.1x10°° 45x10°° 36x10°
Sn-121m 1.2x10°® — —
Sn-126 9.2x10° — —

Sb-126m 58x 103 29%10° 1.1x10°

Sb-126 1.5x 102 82x10° 46x 101
1-129 8.1x10°® — —
Cs-137 — — —

Ba-137m 21x10° 1.1x10° 36x10"
Eu-152 44%x 103 5.4 % 10° 1.9x10°®
Eu-154 48x 103 6.0x 10°° 1.6x10°®
Eu-155 1.1x10* 5.7 %10 99x10%
Ra-226 — — —

Pb-214 8.4x10* — —

Bi-214 6.1x 103 1.2x10* 1.2x 107

Tableis continued on following page.
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Table 4-6. (continued)

Dose coefficient (rem/y per uCi/m°)°

Nuclide” No shielding® 0.5-m shielding® 1.5-m shielding®
Ra-228 — — —
Ac-228 37x10° 41x10° 1.5x10°®
Pb-212 4.4 % 10" — —
Bi-212 7.3x 10" 9.3x10° 5.4 % 10°
TI-208 52x 103 1.8x10* 6.8x 10’
Ac-227 — — —
Th-227 32x10* 1.8x 107 1.6x 10"
Ra-223 38x 10" 24%x107 38x10"
Pb-211 1.9x 10 1.1x10° 6.7x 10"
Bi-211 1.6 x 10" 23x 10 51x 10"
TI-207 1.2x10° 7.8x10°® 8.6 x 10"
Th-229 20x10* 9.7x10° —
Ra-225 6.9 x 10°° — —
Ac-225 40x%10° 6.2 x 10°° —
Fr-221 9.6x10° 1.8x10°® —
Bi-213 48x 101 1.4 x10°® 50x 10"
TI-209 1.7x10* 33x10° 2.8x10°
Th-232 — — —
Ra-228'

Tableis continued on following page.
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Table 4-6. (continued)

Dose coefficient (rem/y per uCi/m°)°

Nuclide” No shielding® 0.5-m shielding® 1.5-m shielding®
Pa-231 1.2x 104 7.9%10°8 82x 10
Ac-227"

U-2328 — — —
U-235 45%x 107 46x 108 9.4x 101
Th-231 23x10° — —

U-238 — — —
Th-234 1.5x 10°° — —
Pa-234m 5.6x10° 44%x 107 6.4x 101
Pa-234 1.2x10°° 1.2x 107 35x 10"

Np-237 49x10° — —
Pa-233 6.4x 10" 6.5x 10’ 9.8x 10"

Pu-244 — — —
Np-240m 1.3x 103 9.4x10° 23x107°

Am-241 2.7%x10° 42x 10" —

Am-242m 1.1x10° — —
Am-242 31x10° 33x10% —
Np-238 9.9x10° 1.2x 10’ 20x 101

Am-243 89x10° — —
Np-239 47x10* 1.5x 10’ 1.0x 10

Cm-243 36x10* 1.0x 107 34x%x10*

Cm-245 21%x10* 6.0x 10°° 5.7x 10"

Tableis continued on following page.
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Table 4-6. (continued)

Dose coefficient (rem/y per uCi/m°)°

Nuclide” No shielding® 0.5-m shielding® 1.5-m shielding®
Cm-247 1.1x 103 1.9x10°® 6.8 x 10

Pu-243 50x10° — —
Cf-249 1.2x 103 1.8x10°° 5.0x% 10"
Cf-251 33x 10" 39x10° 6.8x 10"

a

Values give external effective dose-equivalent rates per unit activity concentration in soil at height
of 1 m above ground.

Indented entries are radiologically significant shorter-lived decay products of parent radionuclide
listed; all such shorter-lived decay products are assumed to be in activity equilibrium with parent
radionuclide, and dose coefficient for each decay product takes into account branching fraction in
decay of the parent givenin Table 4-1.

When no value is given, radionuclide is not a photon emitter or emits only lower-energy photons,
and external dose is negligible.

Values from Eckerman and Ryman (1993); dose coefficients apply to external exposure during
indoor residence on top of unshielded waste, except values do not take into account additional
shielding provided by walls and floor of house. Dose coefficients are not used in dose analysis for
resident scenario, but are included to indicate large decreases in external dose rates that result from
substantial thicknesses of shielding assumed in analysis.

Values are based on calculations of absorbed dose in air at 1 m above ground from monoenergetic
sources in soil by Kocher and Sjoreen (1985), energies and intensities of photons in decay of each
radionuclide from Kocher (1981), and assumed factor of 0.8 to convert absorbed dose in air to
effective dose equivalent (ICRP, 1996); dose coefficients apply to external exposure during indoor
residence on top of shielded waste, except values do not take into account additional shielding
provided by walls and floor of house.

Dose coefficient for decay product is listed separately.

Dose coefficients for shorter-lived decay products Pb-212, Bi-212, and T1-208 are listed following
entry for Ra-228.
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4.3.2 Scenario Dose Conversion Factors

In the resident scenario, the annual effective dose equivalent (rem per year) from external
exposure (e) to radionuclidei in the waste is given by

Hie=Civ XU X DjeX S, (4.1)
where

Cv = concentration of radionuclidei in disposal vault (uCi/m®),

U = fraction of the year spent residing in the home on top of
unshielded waste in disposal vaullt,

Die = dose coefficient for external exposure to radionuclidei in waste
in disposal vault (rem/y per uCi/md),

S = shielding factor during indoor residence.

The shielding factor (S takes into account the reduction in external dose due to the presence
of the walls and floor of the home.

In implementing the model in eq. (4.1), the fraction of the year that an inadvertent intruder
spends residing in the home is assumed to be 0.5 (Oztunali et a., 1981). The exposure time
indoors could be as much as a factor of two higher, athough such an extreme value is highly
unlikely. The assumed exposure time indoors is intended to be representative of an average
individual residing on the disposal site. The shielding factor during indoor res