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EXECUTIVESUMMARY 

.... .. . 

This radiological performance assessment for the continued disposal operations at 
Solid Waste Storage Area 6 (SWSA 6) on the Oak Ridge Reservation (ORR) has been 
prepared to demonstrate compliance with the requirements of U.S. Department of Energy 
(DOE) Order 5820.2k The performance assessment considers disposal operations 
conducted from the issue date of the order, September 26, 1988, through the projected 
operating lifetime of the facility. The performance objectives require that the facility be 
managed so as to accomplish the following: 

1. 

2. 

3. 

4. 

Protect public health and safety in accordance with standards specified in 
Environmental Health Orders and other DOE Orders. 
Assure that external exposure to the waste and concentrations of radioactive 
material which may be released into surface water, groundwater, soil, plants, and 
animals results in an effective dose equivalent (EDE) that does not exceed 
25 mremhear to a member of the public. Releases to the atmosphere shall meet the 
requirements of 40 CFR Pt. 61. Reasonable effort should be made to maintain 
releases of radioactivity in effluents to the general environment as low as reasonably 
achievable. 
Assure that the committed ED& received by individuals who inadvertently may 
intrude into the facility after the loss of active institutional control (100 years) will 
not exceed 100 mremlyear for continuous exposure or 500 mrem for a single acute 
exposure. 
Protect groundwater resources, consistent with Federal, State and local 
requirements. 

The performance assessment has been prepared in accordance with the guidance 
provided by the DOE Peer Review Panel that outlines the format and content for a 
radiological performance assessment. The consistency and technical quality of this 
performance assessment will be determined by the Peer Review Panel. The acceptability 
of the performance assessment will be determined by DOE Headquarters. 

(ORNL) on the DOE ORR. The facility is located on a 27.5 ha (68 acres) tract of land 
with rolling terrain. Approximately 12 ha (30 acres) of the site are suitable for disposal 
operations. The majority of the capacity was used before September 26, 1988. The facility 
is projected to continue operations until December 1997 when the available capacity will 
be exhausted. Those portions of the facility associated with historical disposal operations 
are presently subject to remediation under the Comprehensive Environmental Response, 
Compensation, and Liability Act of 1980 (CERCLA). Following the implementing 

SWSA 6 is located about 3 km (1.9 miles) south of Oak Ridge National Laboratory 
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guidance for the order, the performance assessment has been prepared without the 
consideration of disposal operations performed before the issuance of the order. The 
performance assessment considers four different types of disposal units: concrete silos, 
tumulus units, concrete wells, and unlined trenches. Each disposal unit and the wastes 
expected to be emplaced therein are considered separately and then integrated for the 
pcrformance assessment. In addition, the analysis of each disposal unit assumes normal or 
expected performance. Accidental releases or abnormal operations are considered in the 
safety documentation for the facility and are not part of the performance assessment. 

Approximatley 2,000 m3/year (75,000 ft3/year) of low-level radioactive waste is 
managed at ORNL. The waste acceptable for disposal is disposed of in SWSA 6. The 
majority of the waste is contact-handled (CH) waste ( ~ 2 0 0  mremh dose rate at the 
surface). This type of waste includes debris from ORNL operations, research and 
development activities, environmental restoration, and decommissioning and demolition 
activities. Compactible and noncompactible waste are managed separately. CH waste is 
disposed of in concrete silos and in tumulus-type disposal units. Remotely-handled (RH) 
waste (>200 rnremh dose rate at the surface) includes debris from reactors and hot cell 
operations. RH waste with e1 remk surface dose rate is disposed of in concrete silos, and 
RH waste with > 1  rem/h surface dose rate is disposed of in concrete wells. Fissile waste, 
consisting of debris, is generated from research and development activities using enriched 
uranium and is disposed of separately in concrete wclls. Biological waste consists of 
excrement and animal carcasses from biological research and is disposed of in unlined 
trenches. Asbestos waste consists of debris generated during maintenance and demolition 
of contaminated facilities and is disposed of in concrete silos. Continuing operations at 
SWSA 6 are conducted at the Interim Waste Managcment Facility (IWMF), which is a 
prototype tumulus disposal facility to be used at future disposal facilities on the ORR. 

generators are responsible for providing the primary characterization data and for 
certifying that the waste meets the Waste Acceptance Criteria (WAC) for disposal units 
(ORNL 1993a). Waste certification accounts for the quality assurance and quality control 
procedures in data collection and manipulation, documentation and tracking systems, 
authority and responsibility, and other areas related to ensuring that characterization data 
of sufficient detail and quality are collected. Methods for characterizing wastes include 
process knowledge and controls, material accountability, direct or indirect rneasuremcnts, 
and combinations of these elements. The characterization data are logged prior to storage, 
treatment, or disposal. Treatment processes include on-site waste compaction and the use 
of off-site vendors for supercompaction, incincration, and metal melting. Wastes arc 
packaged in 30- and 55-gal drums, wood or metal boxes, 4-mil and 20-mil plastic bags, and 
1-, 2-, 5-, lo-, and 20-gal metal cans prior to disposal. 

The waste characteristics used for assessing the performance of SWSA 6 were 
defined using the existing data from the waste data management program and from an 
evaluation of the data and methods used for characterizing wastes. While the data from 
thesc records are imperfect and may not be accurate representations of future wastes 
generated at ORNL, they are the most reasonable representation of present and future 
wastes. An evaluation of the uncertainties in the waste data was performed as part of the 
performance assessment to provide an estimatc of the likely characteristics of the wastes 
disposed of at SWSA 6. The best estimate inventory for each isotope at each disposal unit 
was derived from the evaluation of the uncertainties in the waste data and used in 
assessing the facility’s performance. The isotopes considered in detail in the performance 

Wastes generated at ORNL are characterized and certified prior to disposal. Waste 
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assessment were determined by scoping analyses. The results of the scoping analyses 
defined the isotopes that were present in large quantities in the wastes generated or that 
had the potential to yield significant doses. For each isotope considered in detail, the 
release of contamination from the individual disposal units was estimated using the 
computer codes SOURCE1 and SOURCE. These codes estimated the release rate of 
contamination by considering the wetting of waste by infiltration of water into the waste 
and the subsequent leaching and transport of radionuclides from the waste form by 
diffusion and advection. The complex forms of wastes, disposal units, and concrete barriers 
were approximated. The degradation and cracking of concrete over time were included in 
the analysis. The release of contamination was estimated for a period of 1000 years or 
until the maximum release had occurred. 

Contamination released from the disposal units was analyzed for transport through 
the environment using the Unified Transport Model (UTM) and USGS MOC computer 
codes. Monitoring data from SWSA 6 over the past few decades suggest that emission of 
radionuclides directly to the atmosphere in gaseous form is not an important release 
mechanism on the ORR. Suspension of particulates by natural processes has not been 
identified as an important pathway for the transport of contamination and can be 
precluded as long as a minimal amount of overlying uncontaminated soil exists at a 
disposal facility. As a result, the pathways analyzed in detail for environmental transport 
were surface water, soils, and groundwater. The release of contamination from disposal 
units was assumed to occur primarily into the groundwater and surface water from shallow 
subsurface transport during storm events. Transport of Contamination in surface water and 
groundwater took into account precipitation, storm hydrology, streamflow, infiltration, 
percolation, recharge, sorption, radioactive decay, and projected closure plans for 
SWSA 6. The computer codes used for analyzing environmental transport are well 
documented, verified, and validated to the extent that they provide reasonable 
representations of site performance. The results of these d e s  were used to estimate 
potential doses from waste disposal operations. 

Doses to individuals and inadvertent intruders were estimated to determine the 
maximum potential doses attributable to disposal facility operations. For an individual 
residing outside the facility boundary, doses were estimated assuming direct ingestion of 
contaminated water, ingestion of milk and meat from dairy and beef cattle that drink 
contaminated water, and exposure from swimming in contaminated water released into 
White Oak Creek Following the active institutional control period, the same exposure 
scenario is considered for an individual who inadvertently intrudes onto the facility. An 
inadvertent intruder is considered to ingest contaminated water from a well and to 
consume milk and meat from dairy and beef cattle that drink contaminated water. 
Additionally, an inadvertent intruder is assumed to engage in direct intrusion into disposal 
units according to one of four scenarios-the “agriculture,” “discovery,” “resident,” and 
“postdrilling” scenarios. The discovery scenario is assumed to occur once in an individual’s 
lifetime, whereas the other scenarios are continuous exposure scenarios. The agriculture 
scenario is assumed to occur at 300 years after facility closure for concrete disposal units 
and 100 years after facility closure for the biological trenches. The postdrilling, discovery, 
and resident scenarios are assumed to occur 100 years after facility closure for all disposal 
units. The dose analysis for the inadvertent intrusion scenarios assumed that no transport 
of contamination from the disposal units had occurred prior to intrusion. This conservative 
assumption was made because a reasonable, lower-bound estimate of the transport of 
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contamination from disposal units could not be made with the present state of knowledge 
of the long-term performance of engineered disposal technologies. 

The analysis of SWSA 6 required the use of assumptions to supplement the 
available site data when the available data were incomplete for the purposes of analysis. 
Assumptions were made to define the partitioning of recharge to runoff from each 
disposal unit, the aquifer properties, the sorption characteristics of disposal units and the 
site, the geometry of waste configurations, and the degradation and cracking of concrete. 
These assumptions were selected to provide a reasonable yet conservative representation 
of facility performance and were based on the limited information available. 

available data on the waste disposed of at SWSA 6, the disposal methods used at SWSA 6, 
and SWSA 6 site characteristics. In analyzing site performance, the results of the 
source-term modeling (which provide estimates of releases from disposal units) are used as 
input to the shallow subsurface model. The contamination released by the shallow 
subsurface model is diluted with upslope shallow subsurface drainage estimated to enter 
disposal units. The shallow subsurface model estimated the transport of contamination to 
surface water and the recharge to the saturated zone. The saturated zone model used the 
contaminated and uncontaminated recharge as input to estimate the transport of 
contamination to a well 100 m (328 Et) from the disposal unit and to determine the 
discharge of contaminated groundwater to surface water. The resulting concentrations in 
groundwater and surface water were used to estimate the dose from domestic use of water 
resources. 

The results of the analysis indicate that all disposal units are in compliance with the 
performance objectives concerning the protection of off-site individuals. Compliance with 
the performance objective for the protection of groundwater resources is indicated for all 
disposal units except IWMF. Changes in operations that include improvements in the 
WAC along with continued work on the performance assessment are expected to result in 
a demonstration of compliance with the performance objective for protection of 
groundwater resources for IWMF. The analysis of inadvertent intruders showed that only 
the biological trenches complied with the performance objectives. The performance 
objectives were exceeded for seven of the remaining eight disposal units as a consequence 
of the disposal of uranium and the subsequent daughter formation of ZnRn that yielded 
high doses at times distant in the future (>lo6 years). Doses arising from mRn are the 
subject of a major issue facing waste management at SWSA 6. Doses from inadvertent 
intrusion into disposal units other than IWMF may be unreasonably conservative because 
of the assumption of no environmental transport of contamination and uncertain estimates 
of the waste inventory. These disposal units are the subject of CERCLA remediation and 
will be remediated to acceptable levels along with the disposal units closed before 
September 26, 1988. However, the estimated doses from inadvertent intrusion are certain 
to be overly conservative, as evidenced by the external dose estimated for the high-range 
wells that is significantly higher than the doses measured during waste disposal operations. 
For IWMF, changes in the WAC, along with continued work on the performance 
assessment, are expected to result in compliance with the performance objective for the 
protection of inadvertent intruders. Much of the difficulty in demonstrating compliance for 
the continuing operations at IWMF is the result of disposals of %C1 and 14C. The disposal 
of %C1 is not a routine waste stream, and reductions in the WAC will reduce the potential 
doses dramatically. The 14C inventory at IWMF is associated with several large disposals 
that, when curtailed, will reduce the potential doses significantly. Additionally, the 14C 

The methodology used to analyze the performance of SWSA 6 was based on the 
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inventory is very uncertain, with divergences between reported disposals and the best 
estimate for disposals of up to a factor of SO0 for IWMF. 

The sensitivity and uncertainty of the results are important considerations in 
interpreting the results and evaluating the compliance of SWSA 6 with the performance 
objectives of DOE Order S820.2A. Sensitivity analyses were used to evaluate the 
parameters in the models of site performance that were most influential on the results. 
The identified parameters were used in the uncertainty analysis to determine the 
confidence to be attributed to the results. The uncertainty analysis incorporated the 
subjective evaluation of the acceptability of each component of the modeling of site 
performance as well as the quantitative evaluation of model component uncertainty. The 
results of the uncertainty analysis indicated that the greatest source of uncertainty was 
associated with the waste inventory and that uncertainty in the calculated results increased 
as the time increased. 

The results from the performance assessment indicate that several disposal units 
exceed the performance objectives, and changes in operations will be necessary. As of 
January 1, 1994, disposal operations in all disposal units other than IWMF will be 
discontinued. Additionally, the WAC will be revised in accordance with the results of the 
performance assessment. Future disposals in below-grade units will be considered only if 
all of the performance objectives can be demonstrated and approved prior to disposal. 
Continued work on the performance assessment is also warranted to address several 
elements of the SOURCE1 and SOURCE2 computer codes that are presently not verified 
or validated. While validation of these codes is not likely because validation data are not 
available and will not be available within a reasonable time frame, code verification is 
warranted. Additional work on estimating the waste inventory and the sorption 
characteristics of actinides in environmental transport will be performed. The results of the 
continued work and the changes in operations will be incorporated into a revision of the 
performance assessment for SWSA 6. 

not presently meet the performance objectives of DOE Order 5820.2A. Changes in 
operations and continued work on the performance assessment are expected to 
demonstrate compliance with the performance objectives for continuing operations at 
IWMF. All other disposal operations in SWSA 6 are to be discontinued as of January 1, 
1994. The disposal units at which disposal operations are discontinued will be subject to 
CERCLA remediation, which will result in acceptable protection of the public health and 
safety. 

In conclusion, based on the results of this performance assessment, SWSA 6 does 
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1. INTRODUCTION 

Site-specific radiological performance assessments are required €or the disposal of 
low-level radioactive waste at U.S. Department of Energy (DOE) facilities. The purpose 
of the performance assessment is to demonstrate compliance with the performance 
objectives €or low-level waste (LLW) disposal stated in DOE Order 5820.2A, Chapter 111, 
paragraph 3a (Table 1.1). Performance assessments are to be subjected to review by the 
Oversight and Peer Review Panel of DOE for technical quality and consistency across the 
DOE complex. Performance assessments are to include site-specific geohydrology and 
waste composition as part of the performance assessment methodology. This performance 
assessment has been prepared for the continued operations of LLW disposal at the Oak 
Ridge National Laboratory (ORNL). 

The active LLW disposal facility at ORNL is identified as Solid Waste Storage Area 
(SWSA) 6. The facility began accepting waste in 1969 and became the sole waste disposal 
facility for ORNL in 1973 (Coobs and Gissel 1986). Prior to September 26, 1988, a variety 
of disposal methods were used. Many of these. disposal methods are no longer practiced 
and are considered to be unacceptable by today's standards. As a result, a large 

- .... ... 

Table 1.1. Performance obiectives €or low-level radioactive waste disnosal 

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

Assure that extcrnal exposure to the waste and concentrations of 
radioactive material which may be released into surface water, 
groundwater, soil, plants and animals results in an effective dose 
equivalent that does not exceed 25 mrem/yr to a member of the public. 
Releases to the atmosphere shall meet the requirements of 40 CFR Pt. 
61. Reasonable effort should be made to maintain releases of 
radioactivity in effluents to the general environment as low as reasonably 
achievable. 

Assure that the committed effective dose equivalents received by 
individuals who inadvertently may intrude into the facility after the loss of 
active institutional control (100 years) will not exceed 100 mrem/yr for 
continuous exposure or 500 mrem for a single acute exposure, 

Protect groundwater rcsources, consistent with Federal, State and local 
requirements. 

2. 

3. 

4. 
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SWSA 6 Perfonnance Assessment 

portion of SWSA 6 is now subject to remediation under the Comprehensive 
Environmental, Response, Compensation, and Liability Act of 1980 (CERCLA). Interim 
closure of many of the historical disposal units and a remediation investigation have been 
completed as RCRA actions prior to CERCLA remediation. In February 1993, the 
Deferred Action Alternative was selected in responsc to the Interim Proposed Plan for 
CERCLA remediation. The Deferred Action Alternative involves enhanced site 
monitoring and technology demonstration and development. Action will be deferred until 
the risks to public health and the environment warrant remedial action. A Letter of 
Agreement between the U.S. Environmental Protection Agency (EPA), the state (TDEC), 
and DOE that will outline the details of the Deferred Action Alternative is under 
development. Ultimately, the entire site will be remediated in accordance with the 
regulatory requirements of CERCLA. This pcrformance assessment considers the portion 
of SWSA 6 in operation as of September 26, 1988, and all future disposal operations to be 
performed prior to the closure of the entire sitc. Following the guidance of T. Hindman, 
Assistant Secretary, DOE, the portions of the site used prior to September 26, 1988, have 
not been considered in evaluating the compliance of SWSA 6 with DOE Order 5820.2A. 

The performance assessment for SWSA 6 has been prepared in accordance with the 
guidance provided by the DOE Peer Review Panel (DOE 1989) that describes the 
recommended format and content for DOE LLW disposal facility radiological 
performance assessment reports and i s  consistent with the guidance provided by the DOE 
Peer Review Panel for preparing performance assessments (DOE 1991). The performance 
assessment includes the disposal facility description, analysis of performance, results of the 
analysis, the performance evaluation, and design changes that are required to meet the 
performance objectives. The discussion of design changes and monitoring programs 
presented in this performance assessment represents those that have been identified in the 
course of this evaluation. Future work to be performed and incorporated in revisions to 
the performance assessment is identified. 

SWSA 6 is located in a 28-ha (68-acre) tract of land with rolling terrain. The site 
includes two ephemeral streams. The site is adjacent to White Oak Lake on the south, a 
perennial stream on the east, a state highway on the west, and a ridge line on thc north. 
Approximately 12 ha (30 acres) of the site is used for waste disposal with the majority of 
the site capacity used prior to September 28, 1988. A detailed description of the site and 
its characteristics is presented in Sect. 2.1. Current operations are performed using 
concrete silos and tumuli. A complete description of the waste disposal technologies is 
presented in Sect. 2.3. Future operations are planned to include a continuation of the 
present technologies. Waste is characterized, treated, and certified at facilities located 
outside SWSA 6. 

Order 5820.2A. The state of Tennessee has not issued regulations directly affecting waste 
disposal, nor has the state issued formal rcgulations protecting groundwater resources. The 
state of Tennessee, which is an agreement state, has issued implementing regulations for 
the Safe Drinking Water Act that limit the dose in drinking water for community water 
supplies to 4 mrern annual effective dose equivalent (EDE). In the present analysis, this 
regulatory limit has been regarded as the appropriate limit for thc protection of 
groundwater resources. Compliance with the performance objective of groundwater 
resource protection usually has been interprcted as meaning that concentrations of 

The performance objectives for waste disposal in  SWSA 6 are contained in DOE 
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chemical and radioactive contaminants at any points of compliance should not exceed 
standards for public drinking water supplies established by the EPA. In this assessment, 
the point of compliance is at a location more than 100 m (328 ft) from any disposed waste 
at which the groundwater contaminant concentrations are the highest. The 100-m (328-ft) 
buffer zone is consistent with the guidance provided by the DOE Peer Review Panel 
(DOE 1991). 

Because SWSA 6 is to be remediated under CERCLA, the use of the 4 mrem/year 
dose limit for groundwater protection is both conservative and reasonable. CEWCLA has 
the intent of remediating sites to a useable condition without consideration of institutional 
control, and CERCLA specifically identifies drinking water standards as Applicable or  
Relevant and Appropriate Requirements (ARARs) for cleanup of groundwater at 
Superfund sites. Additionally, previous actions by the EPA in attempting to establish 
groundwater protection limits suggested the use of the 4 mrem/year limit. Future 
regulatory developments may resolve the appropriate limit for groundwater resource 
protection, but lacking this guidance, the 4 mrem/year limit has been adopted as the 
proper value for groundwater resource protection in this performance assessment. 

White Oak Dam, which forms White Oak Lake, is located near the southwest 
corner of SWSA 6.  The state of Tennessce has established National Pollutant Discharge 
Elimination System limits for discharges over White Oak Dam that do not include 
radioactivity. The discharges over White Oak Dam indude releases from SWSA 6, 
previously closed disposal facilities, and all discharges from the ORNL plant area. SWSA 6 
is a minor contributor to the discharge over White Oak Dam. Additional performance 
objectives for SWSA 6 will be defined as part of the CERCLA remediation of the facility. 
These limits are under development. For the purposes of this performance assessment, the 
4 mrem annual EDE for protection of groundwater resources has been extended to 
surface water discharged over White Oak Dam. While this extension of the performance 
objectives is not explicitly required, the protection of surface water resources consistent 
with groundwater resources is expected to encompass any additional requirements on the 
protection of water resources by the CERCLA remediation of SWSA 6. 

A scoping analysis of the performance of SWSA 6 was prepared as an initial 
assessment of the facility (Lee and Kocher 1990). Subsequently, a draft performance 
assessment was prepared and submitted to the DOE Peer Review Panel. The comments 
received from the Peer Review Panel have been addressed (Appendix I) and the 
document has been revised in response to these comments. The performance assessment 
has been reviewed by Rogers and Associates Engineering Corp. (1993) to further improve 
the technical presentation. The performance assessment identifies several areas of concern 
and the disposal units associated with doses that exceed the performance objectives. Many 
of these disposal units are included in the RFI prepared for SWSA 6. Remediation plans 
have not been formally implemented as a result o f  the selection of the Deferred Action 
Alternative. An Interim Correclive Measures program is under development to monitor 
historical disposal units and control any significant releases to the environment that may 
occur prior to CERCLA remediation of SWSA 6. 
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2 DISPOSAL FACILXIY DESCRIPTION 

Solid Waste Storage Area (SWSA) 6 has been used as a waste disposal facility since 
1%9 and continuously since 1974. The site has been investigated extensively, and much of 
the site description is based on these investigations. A summary of the detailed 
investigations of the site has been prepared (Bechtel 1991a). 

2.1-1 Site Location and Topography 

The SWSA 6 low-level radioactive waste (LLW) disposal site is located about 3 km 
(1.9 miles) south of Oak Ridge National Laboratory (ORNL) on the U.S. Department of 
Energy’s Oak Ridge Reservation (ORR). The site lies in Melton Valley near the 
southwestern boundary of the ORR as shown on Fig. 2.1. Significant local features include 
White Oak Lake, south of SWSA 6, and the Clinch River, located about 1 km (0.6 mile) 
southwest of the site. 

SWSA 6 has been used by ORNL for disposal of on-site generated solid LLW 
(SLLW) for approximately 20 years. Development of the =-ha (&-acre) site was started 
in 1959, and the operational life is estimated to continue through 1997. Fewer than 12 ha 
(30 acres) of the total site are usable for LLW disposal because of land use constraints 
imposed by steep slopes, shallow water table, or proximity to streams. 

the Valley and Ridge Province of East Tennessee. The valley is about 2 km (1.2 miles) 
wide and trends northeast-southwest. Haw Ridge lies about 1 km (0.6 mile) northwest of 
Melton Valley with crest elevations of approximately 305 m (lo00 ft). Melton Hill, with a 
high crest of 413 m (1356 Et) on Copper Ridge, lies about 1 km (0.6, mile) southeast of the 
axis of Melton Valley. A line of low knobs with crest elevations of about 260 m (850 ft) 
occurs near the center of Melton Valley. SWSA 6 is located on the southeast slope of 
such a knob. The lowest topography in the vicinity of SWSA 6 is at White Oak Lake 
[227 m (745 ft)], giving a total topographic relief in the site of about 30 m (98 ft). Slopes 
within SWSA 6 range from less than 5% to greater than 25%. 

Most of Melton Valley, including SWSA 6, lies in the White Oak Creek watershed. 
White Oak Lake is impounded above an earthen dam located where Highway 95 crosses 
White Oak Creek. Surface runoff from SWSA 6 drains to three small ephemeral 
tributaries of White Oak Creek, which discharge into White Oak Creek and White Oak 
Lake. Two of these ephemeral streams originate within SWSA 6. Fig 2.2 shows the 
location of SWSA 6 in proximity to the local surface waters, Highway 95, and White Oak 
Dam. The caps identified in Fig. 2.2 represent interim closure of disposal units that were 
used prior to September 26, 1988, and are currently being addressed by the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) 

Topography in and around Melton Valley is typical of that in the western portion of 
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Disposal Facility Description 

fig. 2-2 Location of Solid Waste Storage Area 6 in proximity to local surface 
waters, Highway 95, and White Oak Dam. 

2-3 



SWSA 6 Pe?fiomance Assessment 

process. The caps are plastic membranes to limit infiltration and cover approximately 4 ha 
(10 acres) of the total site area. Additionally, the disposal units considered in the 
performance assessment are identified. 

212 Geology and Soils 

21-21 ceologic setting 

The ORR is underlain by sedimentary bedrock of the Paleozoic Age that generally 
dips to the southeast in an imbricate pattern because of the regional geologic structure 
that formed during the Appalachian Orogeny some 300 million years ago. The 
stratigraphic column in Table 2.1 includes descriptions and local thicknesses of bedrock 
formations recognized on the ORR (Lee and Ketelle 1989). A geologic map of the ORR 
is shown in Fig. 2.3, and a geologic cross section through Haw Ridge and Melton Valley 
near SWSA 6 is shown in Fig. 2.4. Geologic structures present on the ORR include 
regional scale thrust faults, local faults having various orientations, local folds, and 
numerous sets of local joints and fractures. Bedrock fracturing is ubiquitous on the ORR 
with variation in the degree of fracturing based on local bedrock type and proximity to 
local or regional scale folds and faults. Two regionally important thrust faults cross the 
ORR in a northeast-southwest direction. These faults are the White Oak Mountain Fault 
Zone, which lies several miles northwest of the SWSA 6 site, and the Copper Creek Fault, 
which outcrops on the northwest slope of Haw Ridge about 1 km (0.6 mile) northwest of 
SWSA 6. 

The Copper Creek Fault underlies the SWSA 6 site at a depth of about 300 m 
(lo00 ft) below the land surlace. Motion of bedrock above the Copper Creek Fault during 
the Appalachian Orogeny carried the Upper Rome Formation, the Conasauga Group, and 
the overlying Knox Group strata to their present orientation. At the end of the Paleozoic 
Age, thc rocks that outcrop at the land surface were buried deeply bencath a mountainous 
deformation belt. The present regional terrain is the result of weathering and erosion of 
bedrock and soils over the millennia since the Appalachian Orogeny. 

Variable resistance to weathering and erosion of the dipping strata causes the 
parallel alignment of ridges and valleys characteristic of the region. Locally, ridges are 
underlain by weathering- or erosion-resistant rock types, while valleys are underlain by the 
easily weathered or erodible rock types. A geologic map of the Melton Valley area is 
shown in Fig. 2.5. Haw Ridge, northwest of SWSA 6, is underlain by the hard sandstones 
of the Upper Rome Formation. Melton Valley is underlain by interbedded shale, 
calcareous siltstone, and limestone bedrock of the Cambrian Age Conasauga Group. The 
Conasauga Group is divided into six geologic formations on the ORR (Table 2.1). 
Conasauga bedrock is fairly weatherable because of the dominance of calcium-carbonate- 
cemented rock and the high silt content. Variations in the weathering and erosion patterns 
of the Conasauga formations result in the presence of a line of knobs underlain by the 
Maryville Limestone near the axis of Melton Valley. 
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Table 21. Stratigraphic column of Cambm-Ordovician Rocks, 
White Oak Mountah Thrust Block, Oak Ridge, Tennessee 

Group 

a 

8 
0 
W 

m 
to 

2 

.3 % 
6 

E 
CJ 

Formation/ 
Unit Description 

Thickness 

0-4 

Unit Ha 

Unit G 

Unit F 

Unit E 

Unit D 

Unit C 

Unit B 

Unit A 

Newala 

Longview 

Chepultepec 

Copper 
Ridge 

Thin interbedded limestone and calcareous 
siltstone. Gray, olive, buff, and maroon. 

Limestone and siltstone in thick beds. 
Limestone fine- to medium-grained, 
nodular. 

Laminated to thin-bedded calcareous and 
shaley siltstone. Maroon and olive gray. 

Limestone and siltstone in thick beds. 
Limestone fine- to medium-grained, 
nodular and amorphous. Siltstone dark gray 
with limestone laminae. 

Limestone. Medium-grained and stylolitic. 
Nodular chert. 

Limestone and siltstone in thick beds. 
Limestone nodular and micritic. Siltstone 
calcareous and dark gray. Nodular chert. 

Siltstone. Massive maroon and gray with 
limestone in thin, even beds. 

Limestone and siltstone in thick beds. Dark 
to light gray, purplish to maroon. Nodular 
and bedded chert. 

Medium-bedded dolostones and limestones 
with variable chert content, scattered chert 
matrix limestones. Abundant maroon 
mottling. 

Dense, massive chert, bedded chert, and 
dolomoldic chert observed in residuum. 

Dolostone, fine- to medium-grained, light 
to medium gray, medium to thick bedded, 
sandy near base. 

Dolostone, medium to thick bedded, fine to 
coarse crystalline, medium to dark gray. 
Chert varieties include massive, cryptopoan, 
and oolitic. 

>82 

88 

6 

91 

43 

29 

76 

91 
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Table 21. (continued) 

Group 

A 
0 
W W 

c3 co 
1 m m 
c; c 
8 

Formation/ Thickness 

Unit Description (m) 

Maynardville 

Nolichucky 

Maryville 

Rogersville 

Rut  ledge 

Pumpkin 
Valley 

Rome 

(4 

Upper (Chances Branch Mbr.)-limestone 
and dolomitic limestone in thick massive 
beds. 
Lower (Low Hollow Mbr.)-dolomotic 
limestone in thick massive beds. Light gray to  
buff. 

Upper-shale and limestone in thin to thick 
beds. Shale dark gray or maroon. Limestone 
light gray, oolitic, wavy-bedded, or massive. 
Lower-shale and limestone in medium to 
thick beds. Shale dark gray, olive gray, o r  
maroon. Limestone light gray, oolitic, 
glauconitic, wavy-bedded, and intraclastic. 

Limestone and shale or siltstone in medium 
beds. Limestone light gray, intraclastic, or 
wavy-bedded. Shale or  siltstone dark gray. 

Shale and argillaceous limestone. Laminated 
to thin-bedded, maroon, dark gray, and light 

gray. 

Limestone and shale in thin beds. Limestone 
light to  olive gray. Shale gray or maroon. 

Upper-shale and calcareous siltstone. 
Laminated to very thin-bedded. Shale 
reddish-brown, reddish-gray, or gray. 
Calcareous siltstone light gray or glauconitic. 
Liower-shale and siltstone or silty sandstone. 
Thin-bedded. Shale reddish-brown or gray to 
greenish-gray. Siltstone and silty sandstone 
light gray. 

Sandstone and thin shale interbeds. 
Sandstone fine-grained, light gray or  pale 
maroon. Shale maroon o r  olive gray. 

43 

61 

18-43 

131-137 

98-125 

24-34 

30-37 

40-46 

53 

Unknown 

"Chickamauga Group stratigraphic subdivisions reflect those identified at the Oak Ridge National 
Laboratory site. Other formation names are consistent with regional stratigraphic nomenclature. 

bGroup name abbreviations are those commonly used on geologic maps and cross sections in the region. 
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2122 SWSA6Geology 

SWSA 6 is underlain by two of the Conasauga Group formations. The Maryville 
Limestone underlies the northern half of the site, and the Nolichucky Shale underlies the 
southern half. The SWSA 6 geologic map (Fig. 2.6) shows the location of the stratigraphic 
contact between the Maryville Limestone and the Nolichucky Shale as well as other data 
relatcd to geologic structure of SWSA 6. Overall, the bedrock in SWSA 6 dips to the 
southeast at an attitude of about 10-15". However, at any specific location within the site, 
strike and dip of bedding are variable and are affected by local tight, plunging folds that 
are typically several meters wide and of undetermined length. Additionally, there is 
apparently a general rotation in geologic strike near the middle portion of the site, and 
localized faulting typical of the upper Maryville and lower Nolichucky occurs within the 
site. 

21-23 soils 

Soils in most of the SWSA 6 area are residual products derived from weathering 
and leaching of the underlying bedrock. Soils, as discussed here, include the total thickness 
of weathered earth materials from the land surface to competent bedrock. The soil. mass is 
an irregularly shaped volume, thinnest at creeks and thickest beneath upland 
terrain and topographic divides. This characteristic develops because streams have 
removed most weathered material beneath their beds and erosion carries soil to the site 
streams where it is carried to White Oak Creek as sediment. 

relatively thin [ < O S  m (< 1.5 ft)] soil column of residuum and/or colluvium overlies 
saprolite (weathered bedrock). Figure 2.7 shows typical soil profiles in hilltop, sideslope, 
and toeslope locations. The upper portion of saprolite (to depths of several meters) is 
typically leached by chemical weathering processes, is depleted of calcium carbonate, and 
has an acidic pH. Deeper saprolite zones typically have neutral pH, indicating the 
presence of free calcium carbonate. Below-grade waste disposal units in SWSA 6 are 
constructed in the saprolite zone. 

Surficial soils and saprolite have been mapped in SWSA 6 as shown in Fig. 2.8. 
Residuum and saprolite derived from weathering of the major bedrock formations 
(Maryville Limestone and Nolichucky Shale) have been discriminated in the mapped soil 
units for the site. Several alluvial soils that mantle the underlying residuum have also been 
discriminated. Modern alluvium occurs along the site stream drainages, while old alluvial 
soils occur in the western portion of the site and are thought to have been deposited by 
the Clinch River during the Pleistocene. 

mapping based on color and textural characteristics. Based on a review of soil test data 
(Lee and Lietzke 1987), the most obvious difference between the Maryville and 
Nolichucky soils is that the Maryville soils have soil-water retentions (ie., diflerences in 
water content between field capacity and wilting point) of 10-20% while the Nolichucky 
soils tested have soil-water retentions of less than about 5%. Other physical and chemical 
properties of the Maryville and Nolichucky soils are quite similar. The soil hydraulic 
properties used for the analysis of SWSA 6 are given in Appendix D. 

Soils in SWSA 6 were investigated by Lee and Lietzke (1987). In most areas a 

Soils of the Maryville Limestone and Nolichucky Shale are discriminated in site 
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The surface soil has been subject to a considerable amount of disturbance associated 
with waste management operations. These impacts have included road construction, 
surface gravel placement, compaction from vehicular traffic and hydraulic equipment, and 
maintenance of grass cover. 

21.3 Hydrogeology 

In areas underlain by the shales and silty limestones of the Conasauga Group, 
groundwater occurs in a continuous, unconfined, saturated zone. Most wells in the area 
cannot sustain pumping at rates greater than a few gallons per minute. Because the 
bedrock at Oak Ridge is lithified Paleozoic rock, the primary porosity is extremely low, 
and groundwater occurs and flows in fractures and weathered zones. The most prominent 
fracture orientations are parallel to local geologic strike and include bedding planes and 
strike-parallel fractures and joints. Less prominent and less penetrative fractures are 
perpendicular and oblique to local strike. Porosity of weathered and unweathered bedrock 
in the Conasauga Group is quite low (4%). Additionally, groundwater storage is low 
because of this low porosity, and groundwater flow velocities are rapid through the 
fracture network [flow velocities >0.1 m/d (0.3 ft/d) have been documented] (Moore 
1989). The combined influences of bedrock dip and fracture control of groundwater flow 
result in anisotropy of the aquifer hydraulic conductivity. Maximum hydraulic conductivity 
in this regime normally occurs parallel to local geologic strike. 

Saturatcd hydraulic conductivity at the SWSA 6 site, as elsewhere in Conasauga 
terrain, generally decreases with increasing depth below the land surface (Fig. 2.9). At any 
discreet depth the conductivity may vary within two to three orders of magnitude. The 
decline in conductivity with depth is exponential, leading to some uncertainty as to the 
thickness of the active groundwater circulation zone. Fig. 2.10 shows the cumulative 
frequency distribution of hydraulic conductivity between depths of 1.5 and 10 m 
(5 and 35 ft) below ground surface at SWSA 6 determined by slug testing both 
piezometers and water quality monitoring wells. The heterogeneous character of the site 
aquifer is demonstrated by the four order of magnitude range in conductivity data and the 
high conductivities determined from five of the tests. The degree of anisotropy of 
hydraulic conductivity is variable and depends upon local conditions and the analytical 
method used in data interpretation. Anisotropy values determined from Conasauga Group 
aquifer pump tests on the ORR range from 3:l to >30:1 with maximum conductivity 
parallel to strike. (Davis et al. 1984; Lozier, Spiers, and Pearson 1987; Lee e t  al. 1989). 

the land surface. Historic water level data collection in SWSA 6 was performed by 
numerous investigators at different times and for different purposes. Historic data are 
plentiful; however, there are very few occasions in the historic data for which a large 
number of wells were measured in a short time interval. For this reason the water table 
configuration used in this analysis relies upon use of the average water elevation of all 
water table measurements for individual wells. 

Figure 2.11 shows the approximate water table configuration at SWSA 6 based on 
average observed water table elevation. The water table contours shown are constrained 
by the ground surface elevations at streams and by the invert elevation for the french 
drain. In preparing this contour map, it was observed that in all cases use of these 

The water table at SWSA 6, as in other areas on the ORR, is a subdued replica of 
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features as constraints on water table elevation resulted in lowering the water table 
elevation in those areas. This characteristic indicates that the average condition is for 
groundwater to discharge to the streams and the french drain. Well responses to seasonal 
variations in precipitation and evapotranspiration vary depending on well location and 
depth. Observed water level fluctuations in wells at SWSA 6 range from less than 1.5 m (5 
ft) to more than 3 m (10 Et). 

As previously mentioned, ground\ivater flow velocities tend to be relatively high in 
aquifers at ORR because flow occurs through fractures in otherwise low porosity rock. 
Solute transport in such systems can also be quite rapid depending on the ion exchange 
and adsorption characteristics of the soil or rock through which the solute migrates. 
Laboratory adsorption tests for various radionuclides have been performed on some soil 
and bedrock materials typical of those present at SWSA 6 (Friedman and Kelmers 1990). 
Most of these tests were performed under batch-type test conditions using materials with 
much higher surface area to volume ratios than are actually present along groundwater 
flow paths. For some radionuclides, the resulting distribution coefficients are substantially 
different than field measurements of contaminant movement at waste disposal facilities. 

holes has undoubtedly affected the site geohydrology by increasing recharge to the site 
aquifer when disposal units were open to interception of shallow lateral groundwater flow. 
Capping of several disposal areas may temporarily reduce infiltration through previously 
constructed disposal units and reduce the total aquifer recharge in SWSA 6, but the 
longevity of caps and effectiveness in reducing infiltration is uncertain. The effect of 
existing groundwater contaminants on reduction of the aquifer retardation characteristics 
through occupation of available ion exchange sites or introduction of chelating agents into 
the aquifer is unknown. 

bicarbonate anions (Solomon et al. 1992). Water quality in the subsurface adjacent to the 
LLW silos, high-range wells, asbestos silos, and fissile wells is routinely sampled as part of 
the Active Sites Environmental Monitoring Program (Wickliff et al. 1991, Ashwood et al. 
1991, Ashwood et al. 1992). Water quality in the drainage layers and in the subsurface of 
Tumulus I, Tumulus 11, and the Interim Waste Management Facility (IWMF) is also 
routinely sampled. Monitoring program results suggest that contaminant releases from 
these units are currently low. Contaminant releases from silos used for disposal prior to 
September 26, 1988, have been recorded that indicate the release of ?Sr. Low-level 
releases of 3H have been associated with the underpad drainage layer of Tumulus I and a 
singular incident of a release of 3H from Tumulus I1 has been recorded. Corrective action 
was taken to reduce future releases from Tumulus 11. The cause for the low-level releases 
of 3H in the underpad drainage layer of Tumulus I is currently under investigation, and 
corrective actions will be initiated once the cause is identified. Groundwater quality has 
been investigated extensively as part of the environmental surveillance activities for 
SWSA 6 (ORNL 1993). Groundwater quality has been adversely impacted from historical 
disposal operations. Volatile organic compounds (VOCs) and radionuclides have been 
identified in wells throughout the facility. VOC contamination is primarily along the 
eastcrn site boundary where data suggest that the VOCs are migrating towards the 
perennial creek to the east of the facility and concentrations are decreasing within the 
site. Extensive subsurface investigations have been performed as part of the CERCLA 

The presence of over loo0 previously constructed waste burial trenches and auger 

Water quality of the upper subsurface is dominated by mixed cations and 
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remediation activities for SWSA 6 (Bechtel 1991b). Additional monitoring activities are 
performed as part of the Environmental Restoration and Waste Management (ERWM) 
Program to better define the extent of contamination within SWSA 6 and the effects of 
corrective measures (Clapp et  al. 1992, Clapp 1992). Contamination of groundwater due 
to migration of plumes from previously used areas has occurred at the sites analyzed in 
this performance assessment, complicating the monitoring of the facilities analyzed in this 
assessment for performance verification or nonperformance detection. Additionally, the 
potential adsorption capacity of the site soils is unclear as a result of existing contaminant 
plumes. 

21.4 Surface Water 

..... 

... 

As described in the location and topography section, surface water drainage from 
most of Melton Valley and all of SWSA 6 flows to White Oak Creek The White Oak 
Creek watershed is 16.8 km2 (6.5 miles2) in area, and headwater flows originate on the 
southeast flank of Chestnut Ridge. White Oak Creek receives runoff and permitted 
wastewater discharges from ORNL and associated facilities in both Bethel and Melton 
valleys. The creek also receives discharges of contaminated groundwater from several 
former waste disposal sites associated with historic activities at ORNL. The average 
discharge of White Oak Creek at White Oak Dam is 3.9 x lo7 Wd (15.9 cfs) (Kornegay 
1992). 

Precipitation has been measured at SWSA 6 using a continuous recording rain 

Surface runoff and groundwater discharges at SWSA 6 flow to three ephemeral 
gauge since 1980. Data are maintained in the ORNL ERWM Data Base. 

tributaries of White Oak Creek, all of which discharge directly to White Oak Lake 
(Fig. 2.2). Discharges from some areas of SWSA 6 run off directly into White Oak Lake 
without convergence to a stream. Flows in the main stem of White Oak Creek and Melton 
Branch, its major upstream tributary, are gauged continuously at several flumes. Two small 
streams originate within SWSA 6, receiving surface runoff, stormflow discharges, and 
groundwater discharges. The third stream, which receives discharge from SWSA 6, lies east 
of the site and also receives runoff and groundwater discharges from a watershed of 0.65 
km2 (0.25 mile2), which encompasses the southeast flank of Haw Ridge and a portion of 
the Pits and Trenches Waste Area Grouping 7. Long-term, continuous stream gauging has 
not been performed on the ephemeral tributaries originating in SWSA 6. 

A limited data record for the ephemeral streams in SWSA 6 was obtained 
(Davis et al. 1987). These records indicate that site streams respond to rainfall events and 
generally go dry during summer and autumn. Discharge and water quality data for the 
ephemeral streams in SWSA 6 have been recorded to supplement the earlier data record 
(R. B. Clapp, ORNL, personal communication to D. W. Lee, ORNL, Oak Ridge, Tern., 
June 29, 1993). These data have been collected using storm and grab samples from March 
1992 to February 1993. Analysis of these data indicates that for over 90% of the time the 
discharge in the creeks is less than 1 L/s (0.04 cfs). Discharge events occur in response to 
precipitation events that occur infrequently throughout the year. Consequently, these 
ephemeral streams do not have sufficient discharge to support a drinking water supply for 
an individual and are not considered as possible drinking water resources in this 
performance assessment. Water quality data collected during this sampling period indicate 
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that 3H is being released to surface water during storm events. Concentrations of 
1-5 pCi/L are commonly reported in the surface water during and following a storm event. 
These releases of contamination are associated with historical disposal operations 
performed in SWSA 6 prior to September 26, 1988 are supported by the Active Sites 
Environmental Monitoring Program (Ashwood et al. 1992). Infrequent and low 
concentrations of 90Sr and 137Cs in surface water have also been reported in response to 
precipitation events (<30 pCi/L) (R. B. Clapp, ORNL, personal communication to 
D. W. Lee, ORNL, Oak Ridge, Tenn., June 29, 1993). 

215 Climate 

'The climate of the ORR is moderated by the influence of the Cumberland 
Mountains to the west and the Great Smoky Mountains to the east. They divert the hot 
winds emanating from the Atlantic coast to produce warm, humid summers and cool 
winters. Extremes in precipitation, temperature, and winds are uncommon. 

The mean annual temperature in Oak Ridge is 14.4"C (58°F). The coldest month is 
usually January, with temperatures averaging 3.3"C (38°F) and lows occasionally reaching 
-17°C (0°F). The warmest month is usually July, with temperatures averaging 25°C 
(77°F) and highs occasionally reaching 38°C (100°F). Daily temperature fluctuations are 
typically 12°C (20°F). 

(northeasterly) or down-valley (southwesterly). Daytime winds are typically up-valley, and 
nighttime winds are typically down-valley. Tornadoes and high winds are rare. 

Precipitation is highly variable within and between years. The 40-year annual 
average precipitation is 1.4 m (54 in.) with approximately 0.26 m (10.4 in.) of snowfall. 
Monthly precipitation is typically highest in January and February with storms of low 
intensity and long duration. Thunderstorms are common during the summer. October is 
typically lowest in precipitation. 

Prevailing winds are influenced by the topography and are either up-valley 

221 Low-LevelWaste 

LLW is radioactive waste not classified as high-level waste, transuranic (TRU) 
waste, spent nuclear fuel, or by-product material specified as uranium or thorium mill 
tailings and waste, as defined by DOE Order 5820.2k Test specimens of fissionable 
material, irradiated for research and development only, may be classified as LLW, 
provided the concentration of TRU radionuclides is < 100 nCi/g. Small volumes of waste 
containing naturally occurring and accelerator-produced radioactive material may also be 
managed as LLW in accordance with DOE Order 5820.2A, Chapter N. 

222 Generic Description and Characteristics of Waste 

Approximately 2,000 m3/year (75,000 ft3/year) of LLW is routinely handled at 
ORNL. LLW is classified as eithcr contact-handled (CH) or remotely handled (RH) based 
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on the radiation dose rate at the surface of the waste package. CH LLW accounts for 
93% of the volume but only 1.5% of the activity. ORNL also manages some special 
categories of LLW such as fissile, asbestos, biological, and very low activity waste. The 
segregation and disposition oE the various types of LLW are shown in Fig. 2.12. Table 2.2 
lists the various categories of LLW at ORNL, and Table 2.3 provides a generie listing of 
LLW typically generated at ORNL. A complete listing of the reported and projected 
radionuclide inventories is presented in Appendix A. A summary of the projected 
radioactive wastes to be disposed of in SWSA 6 is shown in Table 2.4, which is based on 
the reported inventories in SWSA 6. Best estimates of inventories of each disposal unit 
are presented in Tables 2.5-2.13. 

Radionuclide inventories and waste volumes for the disposal units listed in 
Table A1 (Appendix A) were compiled using the results of data queries of the local Solid 
Waste Information Management Systems data base. The inventories listed in Table A1 
provide radionuclide activity and waste volume totals for LLW disposed of in these units 
during the period from September 26, 1988, through March 31, 1992. Table A 2  lists the 
actual number of disposal units used during this interval and provides projected estimates 
of additional disposal units required for disposal from April 1, 1992, through 
December 31, 1993. January 1, 1994, is the projected date when all disposal operations in 
SWSA 6 will cease, with the exception of the IWMF, which is projected to be operational 
through December 1997. Best estimates of the inventories in each disposal unit are 
presented in Tables k13-A21 based on the uncertainties in the projected inventories. 

2.2.3 COntact-IIandled h-Level  Waste 

CH LLW (low-range) is waste that has a radiation dose rate at the package surface 
of ~ 2 0 0  mremk. CH LLW consists of various contaminated items such as laboratory 
equipment, facility refurbishment waste, decontamination and decommissioning waste, 
personnel protective clothing, air filters, and bulk materials such as soil, sludge, and 
construction debris. 

The physical form of the waste is the primary factor controlling the selection of 
treatment methods. ORNL segregates CH LLW into two categories, compactible and 
noncompactible, based on its physical characteristics. 

223.1 Compactiile Waste 

Compactible waste consists of dry materials such as plastic bags, paper, personnel 
protective clothing, light-gauge metal, and glassware that can be compacted by 
conventional compaction equipment. Compactible waste is segregated from other LLW 
streams, double bagged in 4-mil-thick plastic bags, and stored in steel, double-door yellow 
dumpsters at the generator’s facility. Compactible waste is treated at the ORNL 
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Fig- 2 1 2  Segregation and disposition of solid radioactive waste at the Oak Ridge 
National Laboratory. 
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Table 22 Current bw-level waste ( U W )  segregation categories 

Waste type Description 

... ... 

Contact-handled 

Remotely handled 

LLW ~ 2 0 O r n r e m h  

compactible 

e noncompactible 

LLW >200 mremh 

e hot cell debris 

irradiated hardware 

0 solidified liquids 

ion exchange resins 

0 sealed sources 

Fissile LLW with a z5LJ equivalent 21 g or 2 1  dft” 
Biological Radioactively contaminated biological material 

Asbestos Radioactively contaminated asbestos material 

Very low activity or Waste with no measurable external 
contamination but with the potential for 
inaccessible areas of internal contamination 

suspect 

compaction facility. In the future, waste may be incinerated or supercompacted at an off- 
site commercial treatment facility. The maximum unshielded surface dose rate of a bag of 
compactible waste is limited to 52200 mremh. Most compactible waste packages have a 
surface dose rate of e10 mremh. 

2.23.2 Noncompadible Waste 

Noncompactible waste consists of large, heavy, or bulky items such as piping, 
equipment, instrumentation, heavy glass containers, wood, soil, concrete, and other debris 
that cannot be compacted at the ORNL compaction facility. Noncornpactible waste is 
segregated from other waste streams, packaged in 4-mil-thick plastic bags, and placed in a 
55-gal metal drum or 4 x 4 x 6-ft metal box. Bulk waste such as soil, gravel, concrete, 
asphalt, and other construction and demolition debris is generally packaged in plastic lined 
4 x 4 x 6-ft metal boxes. Large items of noncompactible waste that will not fit in drum 
or box, such as large tanks or vessels, are accepted on a case-by-case basis. Some 
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Table 23. Waste descriptions 

Laboratory equipment 
Bench Equipment 

Glassware 
Plastic bottles, tubing 

sheeting 
Wipes 
Crucibles 

Processing equipment 
Bottles racks 
Small furnaces 
Hydraulic presses 
Welding equipment 
Vacuum chambers 
Heat lamps 

Lab coats 
Coveralls 
Shoe covers 
Rubber gloves 

Evaporating dishes 
Blotter paper 
Electrodes 
Combustion boats 
Mortars and pestles 

Balances 
Band saws 
Glove boxes 
Heat lamps 
Grinders 
Small tanks 

Gauges 
Clamps 
Ring stands 
Wire 
Tongs 

Ultrasonic cleaners 
Metal rods 
Vacuum pumps 
Sanders 
Drill presses 

Personnel protective clothing and equipment 
Face masks Rags 
Paper suits Buckets 
Mops Tape 
Brooms Plastic bags 

Biological waste 
Reservation trees, shrubs, Reservation deer, geese, ducks, Research animal carcasses, 
grass, etc. fish, etc. tissues, etc. 

Ovens 
Furnaces 

Asbestos 
Floor tile 
Transite pipe 

Insulation 
Gloves 

Facility refurbishment and decontamination and demmmissioning 
Chemical hoods Insulation Wood 
Choker Cables Metal grating Paper 
Conduit Miscellaneous furniture Plastic 
Cylinders Sheet metal duct Fans 
Dry wall Large tanks and vessels Pumps 
Tools Vessels Motors 
Metal piping Air filters Valves 

Bulk waste 
Asphalt Gravel Sediment 
Concrete Plaster Tar 
Charcoal Roofing Sludge 
Dirt Sand Resin 

2-24 



Disposal Facility Description 

Table 24. Solid Waste Storage kea 6 invexximy data 
Number of Volume Radioactivity 

Disposal unit units (Ci) 
Tumulus I vaults 197 535 29.4 
Tumulus I1 vaults 
Interim Waste Management Facility vaults 
Low-range silos 
High-range silos 
Asbestos silos 
High-range wells 
Fissile wells 
Biological trenches 
Suspect landfill 

220 
1980 
113 
50 
17 
54 
1 
6 
1 

601 
5383 
885 
433 
167 
15.6 
0.6 

250 
1756 

26.9 
305 
35.6 
130.6 
0.168 

6734 
42.5 
0.019 
0 

noncompactible waste is transported to an off-site commercial treatment facility for 
incineration or supercompaction. The maximum surface dose rate of the outer container is 
limited to 1200 mremih. Most noncompactible waste packages have a surface dose rate of 
<lo mrem/h. 

... 

2 2 4  Remotely Handled Lxrw-LRvel Waste 

RH LLW is waste that has a surface dose rate of ~ 2 0 0  rnrem/h and consists of 
debris from reactors and hot cell operations, ion exchange resins, and solidified 
supernatants from liquid LLW (LLLW) evaporation. RH LLW is subdivided into two 
categories for handling and long-term management: high range and very high range. High- 
range waste is RH LLW with a maximum contact reading I 1 remh. Very high range 
waste is RH LLW with a contact intensity >1 re&. 

224.1 High-Range Waste 

High-range waste >200 mremh and c1 rem/h consists of the same types of 
compactible and noncompactible materials described in Sect. 2.2.3. High-range waste is 
generally double bagged in 4-mil plastic bags and placed inside an outer container. Large 
items that won’t fit in a plastic bag may be double wrapped in plastic or placed in 
alternate containers. Approved outer containers are either 20-mil plastic bags, 1-20-gal 
metal cans, or 30- or 55-gal metal drums. High-range waste is not treated because a 
treatment facility for RH waste is not available and existing treatment facilities are not 
suitable for RH wastes. 
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Table 25. Estimated total activity in low- 
range silos 

Best estimate activity 
Radionuclide fCi1 

3H 1.02 x 10' 

l4c 7.23 x 10' 

mSr 5.34 x loo 

?C 

1 3 7 ~  

3.26 x 10' 

4.49 x loo 

232Th 1.08 x 10-3 

233u 

%lAm 

"3Am 

2.75 x lo-' 

1.37 x 10-l 

3.47 x 10-1 

2.76 x 
1.08 x 

Table 26. Estimated total activity in high- 
range silos 

Best estimate activity 
Radionuclide (Ci) 

3H 

l4C 

1.00 x 10' 

4.00 x lo-' 

2.74 x 

3.51 x lo2 

2.34 x 10' 

5.94 x lo-' 

1.18 x 10-4 

1.10 x 

1.50 x 
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Table 27. Estimated total activity in 
sbestcs Silo6 

Best estimate activity 
Radionuclide (Ci) 

5.00 x 10-2 

5.79 x 10-1 

1.02 x 10-3 

5-08 x 10-3 

4.71 x 

5.65 x 

Table 28. Estimated total actMty in high- 
range wiek 

Best estimate activity 
Radionuclide (Ci) 

..... 
6oco 

%Sr 
99Tc 
1 3 7 ~ ~  

152Eu 

I'Eu 

229Th 
23% 

5.59 x 102 

7.00 x Id 
4.00 x lo-' 
6.62 x 103 

5.36 x lo2 

1-90 x 102 

7-50 x 10-3 

3.70 x 10-5 
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Table 29. Estimated total activity in fissile wells 

Radionuclide Best estimate activity (Ci) 

3.85 x lo1 1 3 7 ~  

235u 8.75 x 10--4 

4.83 x 10-3 

Table 210. Estimated total activity in 
bioloeical trenches 

Radionuclide Best estimate activity (Ci) 

3H 9.00 x 10-4 

2.25 x 10-3 

wSr 1.81 x lo-' 
1 3 7 ~  

Table 211. Estimated total activity in Tumulus I 

Radionuclide Bcst estimate activity (Ci) 

3H 2.70 x 10' 

l4C 9.76 x 10' 

63Ni 9.68 x 

wSr 3.71 x 10' 

99TC 3.69 x lo-' 

9.96 x 10' 1 3 7 ~  

lS2Eu 1.66 x lo-' 

226Ra 

232Th 

233u 

239Pu 

2 4 1 h  

2 4 3 b  

4.19 x 10-4 

1-11 x 10-4 

9.81 x 

4.55 x 

9.03 x 

8.27 x 

1-86 x 10-3 
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..... 

Table 212. Estimated total activity in Tumulus II 

Radionuclide Best estimate activity (Ci) 

1.61 x 10' 

2.12 x 10' 

3.29 x 10' 

2.35 x lo-' 

5.20 x 10' 

7.08 x 

3.97 x 10-4 

7.33 x 10-3 

5.19 x 

5.21 x 

1.05 x 10-' 2 4 1 h  

.... 

2 2 4 2  Very High Range Waste 

This waste consists primarily of obsolete equipment and materials contaminated with 
activation or fission products from reactors and from isotope production hot cells. Very 
high range wastes are packaged in an inner container, sealed, and placed in an outer 
container. The outer container is typically a 1-20-gal metal can or a 30- or 55-gal metal 
drum. This type of waste can have surface dose rates up to thousands of rem per hour and 
is handled as a special-case waste. Because of its very high radiation level, this waste must 
be transported in shielded waste carriers or shielded transport casks. Very high range 
wastes are not treated because a treatment facility for RH waste is not available and 
existing treatment facilities are not suitable for RH waste. 

Dewatered ion exchange resins from reactor facilities and solidified supernatants from the 
LLLW evaporator concentrate storage tanks produce a RH LLW >1 remk. These waste 
streams are packaged in large steel or high-deasity polyethylene containers. 

Very high range wet solid wastes are also generated during treatment of LLLW. 
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Table 213. Estimated total activity in Interim Waste 
Management Facility 

Radionuclide Best estimate activity (Ci) 

3H 

l4C 

%Al 
w1 

63Ni 

%r 

q C  

1 3 7 0  

"*Eu 

233u 

239Pu 

"'Am 

2 4 3 h  

- -  

5.10 x loo 

1.54 x 10' 

1.66 x 10-4 

7-84 x 10-3 

1.07 x 10' 

3.13 x 10' 

1.47 x lo-' 
5.39 x loo 

2.92 x 10-l 

3-56 x 10-5 

9.26 x 

5.79 x 

4.65 x 

6.67 x 10-3 

2.61 x 10-3 

2 2 5  FisSileWaste 

Waste that contains 233U, ='U, %Pu, 239Pu, "'Pu or the isotopes of neptunium, 
americium, curium, berkelium, and californium is managed as fissile waste, provided the 
concentration of the TRU radionuclides with half lives >20 years is < 100 nCi/g. For 
criticality and security reasons, waste containing 2 1 g or 2 1 g/ft3 of 23sU or its fissile mass 
equivalent is handled separately. All fissile wastes are packaged in containers that provide 
at least two containment barriers to prevent the inadvertent release of radioactive material 
during handling. The dose rate of fissile waste packages may be >1 remk. Fissile wastes 
are not treated because a treatment facility is not available for fissile waste and existing 
treatment facilities are not suitable for fissile wastes. 
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226 BblogidWaste 

Biological LLW consists of animal carcasses, tissues, excrements, and bedding that 
are generated when radionuclides are used in biological research. Also included are 
contaminated plants and animals from the ORR, including deer, ducks, geese, trees, grass, 
and plants. Sewage sludge from the Sanitary Wastewater Treatment Facility is also 
managed as biological LLW. 

Radioactive animal carcasses and tissues are frozen and stored by the waste 
generator. Contaminated vegetation and sewage sludge is temporarily stored at an ORNL 
waste storage facility. When sufficient quantities of contaminated biological waste has 
accumulated, it is transported to an off-site commerciai treatment facility for incineration. 
The treated waste is packaged in metal boxes and returned to ORNL for storage or 
disposal. The dose rate of biological LLW packages is usually much less than 10 mremk 

Until the late 197Os, asbestos was used extensively at ORNL €or the insulation of 
pipes. Asbestos waste is atso found in floor tiles, ovens, and furnaces. Asbestos waste is 
generated during maintenance or demolition of contaminated facilities. Generally, asbestos 
waste is packaged in special, asbestos-labeled, &mil polyethylene bags, sealed with tape, 
and placed in a second asbestos-labeled polyethylene bag. Heavy materials such as asbestos . 
tiles or bench tops are placed in fiber board drums. Asbestos waste is not treated because 
treatment facilities for asbestos waste are not available and existing treatment facilities are 
not suitable for asbestos waste. The maximum dose rate of packaged asbestos waste is 
limited to 5 1 r e m h  The typical dose rate of packaged asbestos waste is much less than 
10 mremh. 

228 Suspectwaste 

Suspect waste consisted of debris that was generated during the decontamination 
and decommissioning or construction of facilities and other waste such as soil, air filters, 
wood, empty drums, laboratory equipment, and personal protective clothing listed in 
Table 2.2. Suspect waste was waste that had no measurable contamination but could not 
be certified by routine health physics surveys as free of internal contamination. Facilities 
that generate only alphaemitting or beta-emitting radionuclides did not generate suspect 
waste. Facilities that generate beta- or gammaemitting waste only generated suspect waste 
materials that had been individually surveyed, thus reducing the possibility that high 
concentrations of beta or gamma emitters were well shielded by uncontaminated material 
towards the outside of a waste package. Because of the history and location of these 
facilities, the waste was disposed of in a landfill in SWSA 6. This waste type is no longer 
classified as suspect. It is now classified as very low activity (VLA) waste or industrial 
waste. 

box. Large items that won’t fit in a metal box are stored in a sea-land container. The 
packaged waste is stored at an ORNL storage facility until transported off-site for 
incineration or supercompaction at a commercial treatment facility. The treated waste is 

VLA waste is segregated from other LLW and placed inside a 4 x 4 x 6-ft metal 
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packaged in metal boxes and returned to ORNL for storage or disposal. There are no 
external radiation readings on packages of VLA waste. 

23 WAsrJE TREATMENT, CERTIFICATION, STORAGE, AND DISPOSAL 

23.1 Waste Treatment Facilities 

ORNL has one treatment facility for dry solid CH LLW. The ORNL waste 
compaction facility (Bldg. 7831) is located in SWSA 5N. Building 7831 is a metal Butler- 
type building approximately 12 x 13 m (40 x 42 ft) divided into a personnel area and 
compactor area 6 x 13 m (20 x 42 Et) each. The box compactor is used to reduce thc 
volume of compactible CH LLW into 1.2 x 1.2 x 1.8-m (4 x 4 x 6-ft) metal boxes with 
a compressive force of 12 x lo6 Pa (1750 psi). Off-site commercial treatment facilities are 
also used to reduce the volume of a portion of ORNL's CH LLW. Commercial services 
are available for supercompaction, incineration, and metal melting. 

ORNL has one liquid treatment process that produces a solid CH LLW. Process 
wastewater is collected and treated at the Process Waste Treatment Plant (PWTP). The 
PWTP removes radionuclides by clarification, filtration, and ion exchange. The ferrous 
hydroxide sludge from the clarifier is passed through a filter press to reduce the liquid 
content and packaged in drums for on-site storage or disposal. Commercial vendors are 
used to treat ion exchange resins and solidi@ LLLW evaporator concentrates. 

232 Low-Level Waste Characterization and Certification 

The Martin Marietta Energy Systems, Inc. (Energy Systems) Solid Waste 
Certzjication Progrum PZun (Smith 1991) is based on the concept that site waste 
management organizations will establish waste acceptance criteria (WAC) against which 
waste handled at those facilities can be certified. In addition, DOE Order 5820.2A 
specifies the dcvelopment of WAC for each radioactive waste treatment, storage, and 
disposal (TSD) facility that must be met by waste generators using these facilities. WAC 
establish not only the minimum acceptable amount of information that must be known 
about a waste, but also define certain acceptable waste characteristics. The purpose of the 
ORNL LLW Certification Program is to ensure that wastes generated are capable of 
being certified against WAC for thc TSD facilities to which they are sent in a manner 
consistent with DOE Order 5820.2A and the Energy Systems Solid Waste Certification 
Program. 

23.21 Waste Characterization 

The wastc generator is responsible for providing the primary characterization data 
and for certifying that the waste meets the WAC of the TSD facility. The following 
methods are considered acceptable for characterizing LLW. 

0 process knowledge and controls, 
materials accountability, 

2-32 



Disposal Facility Description 

. .-. . 

. ..... . 

0 direct or indirect measurements, or 
0 combinations of the above. 

Documented process knowledge is the primary qualitative waste characterization 
method, Documenting the qualitative characteristics of a waste package relies heavily on 
the waste generator's understanding of the process whereby the waste is generated. 
Knowing the materials introduced into the process and the mechanism by which they are 
used can provide an indication of the probability that these materials will occur in the 
waste stream. The most appropriate method of determining those probabilities, is through 
the use of a process flow chart. 

Materials amuntability, when used for characterizing waste, is a simplified version 
of process knowledge and control. Basically, this procedure uses a balance sheet, 
descriiing the input materials and their destination in the process. In the absence of a 
more sophisticated process model and control, this approach may provide some benefit, 
Particularly in qualitative characterization. This method is particularly helpful in 
documenting the absence of particular chemical components. Knowledge of the identity 
and quantity of chemicals introduced into the process defines the chemicals that may be 
present in the waste. As with process knowledge, the materials acoountabiIity 
characterization data must be validated and verified through periodic independent 
assessments. The problems and attendant uncertainties in the waste inventory data have 
been investigated (Kerning; and Yong 1993), and the frndings have been included in 
Appendix k 

Quantitative waste characterization methods determine the quantity or 
concentration of the constituents and properties in a waste stream. This determination is 
usually made through some means of direct or indirect measurement, such as sampling and 
analytical methods, and requires a knowledge of the degree of uncertainty in the data. 

Waste characterization data were recorded on twu separate forms (Appendix A, 
Figs. Al, k 2 )  until October 1993. These forms were replaced by the Oak Edge  
Reservation Uniform Request for Disposal Package, Form UCN-2lO!J, which contains the 
information gathered by the two previous forms that are described below. Fom UCN- 
2822, "Request for Storage or D i s p l  of Radioactive Solid Waste or Special Materiab'" 
(Appendix A, Fig. A1) is used to document the general characteristics of the waste and 
track the waste package from the point of generation to final disposal. A completed Form 
UCN-2822 must accompany each individual waste container. One section of the form is 
completed by the generator and documents the origin and provides a general description 
of the waste package (radionuclides present, quantities of those radionuclides, volume, 
weight, etc.), while a second section of the form is completed by a heaith physicist and 
provides radiological dose data for the waste package. 

"Log-In Data Sheet for Generators of LLW" (Appendix A, Fig. k2) .  This form also 
accompanied each waste container of LLW. This form was filled out by the generator and 
reviewed by the Generator Certification Official ( N O )  (Sect. 2.3.2.2) assigned to the 
generator area to determine that the characterization data provided is consistent with what 
would be considered representative of that waste stream. This form was used at the packet 
level (there may be several packets per waste package) to document such information as 
origin of the waste, radionuclides present, quantities of radionuclides present, chemical 

More specific waste characterization data were captured on the Form UCN-16114, 
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form of the radionuclides, physical form of the waste, description of the waste matrix, and 
whether or not RCRA materials were also present. Completed copies of both forms are 
filed permanently in the Documentation Management Center of the Waste Management 
Operations Section. 

2322 Waste Certification 

Waste certification is the process of verifying that the contents of an LLW package 
complies with the WAC for a specific waste TSD facility. Certification accounts for the 
quality assurance and quality control procedures in data collection and manipulation, 
documentation and tracking systems, authority and responsibility, and other areas related 
to ensuring that characterization data of sufficient detail and quality are collected. The 
ORNL LLW Certification Program applies to all operations that generate, ship, handle, 
treat, store, and dispose of LLW destined for ORNL TSD facilities. 

of DOE Oak Ridge Operations (DOE-ORO). The order was issued because of concern 
that RCRA hazardous and mixed wastes were being disposed of in SWSA 6 in violation of 
the Resource Conservation and Recovery Act (RCRA). Insufficient administrative and 
process controls were in place to verify that RCRA materials were not being disposed of 
in SWSA 6. As a result of this action, ORNL initiated an LLW Certification Program to 
bring SWSA 6 back into active operation. The immediate goal of the program was to 
improve the segregation of RCRA materials from LLW and to better document the 
constituents of the waste. At that time the ORNL LLW Certification Program consisted 
of the following elements: 

In April 1986, LLW disposal operations in SWSA 6 at ORNL were halted by order 

(lp establishment of an LLW training program that would focus on the requirements for 
packaging, proper documentation, acceptable characteristics, and excluded materials, 
with restrictions against untrained staff being allowed to package L L W  

e development of documentation to track the contents of individual waste packets being 
placed into the LLW container; 

e reviews of generator LLW programs; and 
e verification of CH LLW package contents by real-time radiography (RTR). 

With the issuance of DOE Order 5820.24 additional program elements needed 
addressing. One of the changes requiring that the ORNL LLW Certification Program be 
modified was the requirement to manage the disposal facility on the basis of the 
concentration of radionuclides in the waste rather than on the basis of the external 
radiation levels of the waste package. The management of LLW on a concentration basis 
is reflected in a need for a more definitive characterization of the waste (i.e., how much of 
which radionuclides are present). To incorporate this higher level of stringency required in 
the characterization of the waste, the scope of the ORNL LLW Certification Program is 
being expanded to include, in addition to the elements listed above, the following: 

establishment of a Waste Certification Group within the ORNL Waste Management 
and Remedial Action Division, but independent of the Waste Operations Section, with 
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the responsibility for the development, implementation, and oversight of the ORNL 
LLW Certification Program; 

0 development of WAC documents for the ORNL disposal facilities that mandate 
management of the LLW on a radionuclide concentration basis; 

e establishment of a network of individuals (GCOs) within the generator organizations 
responsible for coordinating the implementation of the LLW program at the facility 
level; 

e development of generator-level procedures that identify the individual LLW streams 
originating within the generator organization and the method@) used by the generator 
for the characterization of the LLW, and 
more intensive monitoring of all LLW certification activities. 

The ORNL LLW Certification Program is being phased in as described in the 
following paragraphs. The first steps have concentrated on developing and implementing 
the LLW Certification Program for wastes to be disposed of in the SWSA 6 IWMF. The 
ORNL Cerfijication Progmm Plan for Solid Low-Level Radioactive Waste (Tu11 and Smith 
1990) was issued in August 1990 and Guidelhes for Establishing Waste Certification Plans 
and Procedures ut Waste Generator Facilities (ORNL 1992) was issued in September 1992 
The guidance document establishes specific criteria and acceptable methods for waste 
characterization consistent with the requirements of DOE Order 5820.2A. 

The second step was to initiate a pilot certification program for IWMF wastes. A 
group of waste generators was selected to participate in the pilot program based on the 
highest waste volumes disposed of in the Tumulus I and 11 facilities and generation of 
radionuclides that have the greatest potential impact on the performance assessment 
source term for the IWMF. Pilot waste generators were interviewed to determine current 
practices in waste characterization and to assess the uncertainties associated with the 
certification process. The next phase of the pilot program was for the pilot waste 
generators to develop waste-streamspecific certification plans and procedures for waste 
characterization that would enable their waste to be certified against the IWMF WAC. 
The pilot program operated from January 1992 through January 1993. 

The next phase of the ORNL LLW Certification Program is for the remainder of 
the ORNL waste generators to develop certification plans for characterizing their waste. 
These certification plans document the methods for determining radionuclides and curie 
content in specific waste streams. Approximately 90 waste certification plans will be 
developed by ORNL GCOs by January 1994. Following the development and approval of 
waste certification plans, ORNL Waste Management will implement concentration-based 
WAC. Concentration limits for each radionuclide with a half-life greater than 5 years are 
being developed based on the results of this performance assessment. The I W F  WAC 
will be revised to include concentration limits by April 1994. ORNLs LLW Certification 
Program will be fully compiiant when the concentration-based WAC is fully implemented 
by September 1994. 

Figure 2.13 schematically represents the LLW certification process at ORNL. 

2-35 



SWSA 6 Performance Assessment 

ORNL-DWG 93M-8592R2 

WASTE CERTIFICATION GROUP 

ESTABLISHES GENERATOR TRAINING; 
DEVELOPS WASTE ACCEPTANCE CRITERIA (WAC); AND 
DEVELOPS IMPLEMENTS, AND OVERSEES ORNL 

CERTIFICATION PROGRAM. 

t 
GENERATOR CERTIFICATION OFFICAL 

IMPLEMENTS SLLW CERTIFICATION PROGRAM AT FACILITY LEVEL 
AND REVIEWS GENERATOR ACTIVITIES AT FACILITY LEVEL. 

LOW-LEVEL WASTE (LLW) GENERATOR 

CHARACTERIZES WASTE, 
PREPARES DOCUMENTATION, 
CERTIFIES THAT WASTE MEETS WAC FOR TRANSFER 

REPACKAGES NONCONFORMING CONTAINERS. 
TO RADIOACTIVE SOLID WASTE OPERATIONS (RSWO). AND 

1 
RSWO - 

AUDITS DOCUMENTATION; 
TRANSPORTS U W  TO WASTE EXAMINATION AND ASSAY FACILITY 

ARRANGES FOR TREATMENT, STORAGE. OR DISPOSAL; AND 
RETURNS NONCONFORMING WASTE TO GENERATOR FOR REPACKAGING. 

(WEAF) OR STORAGE AREA; 

iUDlTS DOCUMENTATION. 
'ERFORMS NONDESTRUCTIVE EXAMINATION 

SSUES NONCONFORMANCE REPORTS 

:OMPLETES CERTIFICATION DOCUMENTATION. 

AND ASSAY, 

WHERE APPLICABLE, AND 

RSWO 

ARRANGES FOR TREATMENT, STORAGE,OR 
DISPOSAL. 

STORAGE FACILITY 
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Fig. 213. Certification process for solid low-level waste at Oak Ridge National 
Labra  tory. 
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233 Interim Waste Starage Facilities 

In 1986, ORNL began interim storage of some CH LLW at the ORR K-25 Site 
because of limited disposal capacity remaining in SWSA 6. The K-25 Site uses surplus 
buildings for storage of CH LLW with a surface dose rate <50 mremk. The intention was 
to store this waste until a new disposal facility was developed at another site on the ORR. 
Storage of low-activity LLW at the K-25 Site was discontinued in 1991 because of limited 
existing storage space for RCRA waste. The K-25 Site is currently used to store only 
hazardous and mixed wastes generated on the ORR. 

Due to the loss of the K-25 Site for storage of CH LLW, ORNL has constructed 
several above-grade storage facilities. The above-grade facilities currently used at ORNL 
include four portable Rubb structures (tents) in SWSA 5N. These facilities are used for 
interim storage of the low-activity waste streams such as contaminated soils, process 
wastewater sludge, biological waste, and VLA waste. ORNL plans to store these low- 
activity waste stream until new disposal facilities can be developed at other sites on the 
ORR or access is permitted at off-site DOE disposal facilities. Building 7842 in SWSA 6 is 
used as a temporary storage facility for CH LLW prior to disposal in the tumulus facility. 

facilities. RH LLW is stored in above-grade and below-grade storage facilities. Above- 
grade concrete vault storage areas in SWSA 6 and near the former ORNL Hydrofracture 
Facility are used to store solidified supernatants from the LLW evaporator concentrate 
storage tanks. Below-grade storage wells in SWSA 5N and SWSA 6 are used to store 
irradiated fuel and fuel debris, irradiated hardware, sealed radiation sources, and other 
LLW that does not meet the WAC for SWSA 6 (ORNL 1993a). The cask storage area 
near the Hydrofracture Facility is also used to store irradiated hardware that is too large 
for the below-grade storage wells. These facilities have limited remaining storage capacity, 
so additional above-grade and below-grade storage facilities are planned at the ORNL 
SWSA 7 site. The plan is to store RH LLW at ORNL until suitable disposal facilities are 
available at off-site DOE disposal facilities. 

ORNL is also storing RH LLW that does not meet the WAC for ORNL disposal 

23.4 solid Waste Storage: Area 4 Disposal FaciLities 

SWSA 6 is the only active LLW disposal area at ORNL. Until 1986 all LLW 
generated at ORNL, including low-level mixed waste, was disposed of by shallow land 
burial, generally in uinlined trenches and auger holes. In 1984 the practice of shallow land 
disposal on the ORR came under closer scrutiny by federal and state regulators and DOE 
officials. As a result, major changes in the operation of SWSA 6 were initiated in 1986, 
including (1) the exclusion of all mixed waste from disposal in SWSA 6; (2) the use of 
greater confinement disposal (GCD) techniques for below-grade disposal such as concrete 
silos and pipe-lined auger holes; and (3) the storage of some low-activity LLW at the 
ORR K-25 Site and all mixed waste at ORNL. In addition to the GCD techniques for 
below-grade disposal, ORNL also developed plans in 1986 for demonstrating the above- 
grade tumulus disposal technology developed in France. 

Because of the disposal practices prior to 1986, some areas in SWSA 6 were 
remediated under an RCRA interim status closure agreement with the Tennessee 
Department of Environment and Conservation (TDEC). The remediation activities were 
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coordinated with ongoing GCD waste operations. SWSA 6 will be remediated under 
CERCLA. A public meeting was held February 9, 1993 to discuss the proposed plan for 
remediation of SWSA 6. Comments from the public clearly indicated the preferred 
alternative of the Interim Proposed Plan was not supported, and new information indicates 
that CERCLA site priorities should be reordered. A “Response to Comments” from the 
public meeting and the overall strategy for investigation and remediation is currently being 
developed. The deferred action plan being developed will emphasize site monitoring and 
technology development and demonstration. Remediation under CERCLA will occur 
when risks from SWSA 6 warrant action. A Letter of Agreement between EPA, the state 
of Tennessee, and DOE is being developed that will outline the ultimate remedial action 
plan for SWSA 6 under CERCLA The Letter of Agreement is expected to include a date 
for cessation of all waste disposal in SWSA 6. Prior to the public meeting, cessation of 
waste disposal except for IWMF operations was anticipated to be December 1993 with 
IWMF operations continuing until 1997. The perromance assessment has been prepared 
using the schedule that was anticipated. 

The disposal methods used for each type of waste disposed of in SWSA 6 since 
issuance of DOE Order 5820.2A on September 26, 1988, are presented in Table 2.14. 
Details on the design, waste handling, and waste disposal operations for each disposal unit 
are discussed in the text that follows. These descriptions of waste disposal operations do 
not address the cover system to be placed on the disposal units because of the 
uncertainties related to the CERCLA process. A scenario for the ultimate cover system is 
provided in Sect. 3.2.3 that may change significantly in the following years. Final 
remediation of SWSA 6 will be based on discussions at the national level concerning long- 
term land use, institutional control, and the benefit/cost ratio of remediation alternatives. 

235 Below-Grade Disposal 

Below-gradc disposal methods that have been used in SWSA 6 include concrete 
silos, wells in concrete silos, pipe-lined auger hole wells, unlined trenches, and landfills. 
ORNL began phasing out some below-grade disposal operations in SWSA 6 in December 
1992 at TDEC request because of concerns about shallow land disposal in the trenches 
and landfill and concerns that the below-grade wells would not meet the long-term 
performance objectives of DOE Order 5820.2A Use of the wells in concrete silos and 
piped-lined auger hole wells for disposal was phased out in 1992, but they are still used for 
retrievable storage of very high range RH LLW. The landfill was also closed in 1992 for 
disposal of VLA waste. The unlined trenches were phased out for animal wastes in 1992 
and for other biological wastes in early 1993. Only the concrete silos continue to be used 
for disposal of CH LLW and high-range RH LLW. 

235.1 Low-Range and High-Range Silos 

Concrete silos are used for disposal of low-range (CH LLW) and high-range 
(RH LLW <1 rem/h) waste. These concrete silos are located in separate areas of SWSA 
6 but are identical in construction. Silos are constructed of two lCgauge, 4.9-m (16-ft) 
long, corrugated steel pipcs of 2.4- and 2.7-m (8- and 9-ft) diameters. A trench i s  dug 
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Table 214. Disposal methods for waste disposed in Solid Waste Storage Area 6 

Waste type Disposal unit 
~ 

Contact-handled (CH) low-level waste 
(LLW) (~200 mremb) 

Remotely handled (RH) LLW 

RH LLW ( > l  r e d )  

(>200 m r e d h  and 5 1 remh) 

Fissile waste 

Biological waste 

Asbestos waste 

Low-range silos, Tumulus 
vaults 

High-range silos 

High-range wells and high- 
range wells in silos 

Fissile wells 

Biological trenches 

Asbestos silos 

Verv low activity waste Landfill 

.... 

.... 

approximately 12.2 m (40 ft) long by 4.6 m (15 ft) deep. The depth of the trench is always 
located and excavated with its lowest point a minimum of 0.6 m (2 ft) above the maximum 
water table elevation. Generally three or four silos are placed in the trench. The larger 
pipe is placed vertically in the trench with minimal space between the pipes and with the 
top of the pipe 15.2-30.5 cm (6-12 in.) above ground level. The smaller pipe is centered 
inside the larger pipe and extends approximately 15.2 cm (6 in.) above the top of the 
outer pipe. 

A 6.1-m (20-ft) section of 7.6-cm (3-in.) diameter polyvinylchloride (PVC) pipe with 
slots cut in the bottom 0.6-0.9 m (2-3 ft) is used as a monitoring well in some of the silos. 
Another PVC pipe is placed outside the silos at the low point of the trench. The space 
around the silos is backfilled with dirt, leaving the tops of the outer pipes approximately 
15.2 cm (6 in.) above finish grade. As the fill settles, more fill is added as required to 
provide surface water runoff away from the silo. A 0.3-m (1-ft) thick, steel-rod-reinforced 
concrete pad is poured in the bottom of each silo. The annular space between the two 

(trencMow-range) or TH-XXX (trenchhigh-range)] on the outside of the 2.4-m (8-ft) 
pipe that extends above the ground. A temporary cover is placed over the open silo when 
the siio is not being filied. A section view of a typical silo used for CH and RH LLW is 
shown in Fig. 2.14. Figures 2.15 and 2.16 show the locations of the low-range and high- 
range silos in proximity to other SWSA 6 disposal units, buildings, roads, ephemeral 
streams, and foliage. The shaded silos were evaluated for this performance assessment. 
The remaining silos were filled prior to September 26, 1988. 

disposed of in the low-range concrete silos. Waste packaged in 20-mil plastic bags 
containing doubled bagged waste or 1-, 2-, 5-, lo-, or 20-gal metal cans or 30- or %-gal 
metal drums are disposed of in the high-range silos. The packaged (drums only) CH LLW 

. , 
,, / ’  pipes is filled with concrete. Each silo is painted with a unique number [TL-XXX 

Generally, noncompactible bulky items, small boxes, 55-gal drums, or soil are 
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Fig. 214. Cross-scction of a coacrcte silo. 
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Fig. 215. Location of low-range silos, high-range silos, and fissile we& in Solid 
Wask Storage Area 6. 
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Fig. 216. Iacation of low-range silos and Tumulus in Solid Waste Storage Area 6. 
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is loaded on a transport vehicle and transported from the waste generator to the Waste 
Examination and Assay Facility (WEW for inspection by RTR. After successful 
inspection at the WEAF, the waste is transported to a temporary storage facility or a 
staging area at the disposal site. RH LLW is transported directly to the disposal site. A 
crane is used to remove the cover from the top of the silo and to lower the waste 
packages into the silo to prevent the packages from opening. Waste packages are placed 
as close to one another as practical to minimize the void space between containers. Waste 
is placed into the silo as long as the maximum radiation reading at the top of the silo does 
not exceed 200 mrem/h with the cap removed. If the dose rate is >ZOO rnremh at the 
surface after waste is placed in an RH silo, the silo is roped off, and no additional waste is 
placed in the silo. The silo is then grouted until the dose rate at the surface is 
<ZOO mrem/h. After the silo is filled with waste, grout is poured between the waste 
packages to stabilize the waste. Waste placement and grouting is mntinued until the grout 
is within 0.3 m (1 ft) of the top of the silo. After the grout has hardened, the silo is 
covered with a minimum 0.3 m (1 ft) thick, steel-rod-reinforced concrete cap. Prior to the 
concrete cap hardening, a stenciled bolt with the silo identification number is placed in the 
soft concrete cap. After closure and capping of the silo, the radiation reading over the top 
of the silo is ~ 2 . 5  mrem/h. The best estimates of the total activity to be disposed of in the 
low-range and high-range silos are presented in Tables 2.5 and 2.6. 

silos by January 1, 1994. Thereafter, the waste will be disposed of im the above-grade 
tumulus facility (IWMF') or stored on-site in above-grade concrete storage containers until 
new disposal facilities are constructed at other sites on the ORR or access to an off-site 
DOE disposal facility is available. 

The current management plan is to cease disposal of CH LLW and RH LLW in 

Contaminated asbestos waste is disposed of in dedicated concrete silos. The asbestos 
concrete silos are located in separate areas of SWSA 6 but are identical in construction to 
the concrete silos described previously in Sect. 2.3.5.1. Figure 2.17 shows the location of 
the asbestos silos in proximity to other SWSA 6 disposal units, roads, ephemeral streams, 
and foliage. The legend indicates the silos evaluated in this performance assessment. The 
other silos were filled prior to September 26, 1988. Generally, asbestos waste is packaged 
in special, asbestos-labeled, 6-mil polyethylene bags, sealed with tape, and placed in a 
second asbestos-labeled polyethylene bag. Asbestos waste is transported from the 
generator's facility directly to the disposal site in dumpsters in a closed transport vehicle. 
Waste disposal and silo closure is to be implemented in the same manner as is described 
in Sect. 2.3.5.1. The best estimate of the total activity to be disposed of in the asbestos 
silos is presented in Table 2.7. 

The current management plan is to cease disposal of asbestos waste in silos by 
January 1, 1994. Thereafter, the waste will be disposed of in the above-grade tumulus 
(IWMF) vaults or stored on-site in above-grade concrete storage containers until new 
disposal facilities are constructed at other sites on the ORR or access to an off-site DOE 
disposal facility is available. 

.. . 
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Fig. 217. Location of asbestos silos and biological trenches in Solid Waste Storage Area 6. 
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2353 High-Range Wells in Silos 

A modified version of the previously described concrete silo was used for the 
disposal of very high range waste (RH LLW > 1 remh). A trench was dug approximately 
12.2 m (40 ft) long by 4.6 m (15 ft) deep. The depth of the trench was always located and 
excavated with its lowest point a minimum of 0.6 m (2 ft) above the maximum water table 
elevation. Three or four concrete silos constructed of one Wgauge, 4.9-m (164)  long, 
2.7-m (9-ft) diameter, corrugated steel pipe were placed in each trench with minimal space 
between the silos and with the top of the silo 15.2 to 30.5 cm (6 to 12 in.) above ground 
level. The space around the silos was backfilled with dirt leaving the: top of the silo 
approximately 15.2 cm (6 in.) above finish grade. As the fill settled, more fill was added as 
required to provide surface water runoff away from the silo. A 0.3-rn (1-ft) thick, steel- 
rod-reinforced concrete pad was poured in the bottom of each silo. A 6.1-m (20-ft) section 
of 7.6-cm (3-in.) diameter PVC pipe with slots cut in the bottom 0.6-0.9 m (2-3 ft) was 
used as a monitoring well. The PVC pipe was placed inside each silo with the bottom 
resting on the concrete pad. 

Seven wells were placed in a geometric array inside each silo. The wells were 
constructed of 2-cm (0.75-in.) thick steel pipes, 5-m (16-ft) long with an inside diameter of 
51 cm (20 in.). The annular space between the outside surface of the pipes and the inside 
surface of the silo was filled with concrete to approximately 1.3 cm (0.5 in.) below the top 
of the pipes. A bolt stenciled with the well identification number was placed in the 
concrete at the top of each of the seven wells. Each well is identified by a unique number 
[WH-XXX (wellhigh-range)]. A temporary cover was placed over the open wells when 
they were not being filled. A typical section view of a concrete silo with high-range wells 
used for waste with an unshielded container dose rate > 1  remh is shown in Fig. 2.18. 
Figure 2.19 shows the location of the high-range wells in silos in proximity to other 
SWSA 6 disposal units, roads, ephemeral streams, and foliage. The legend indicates the 
high-range wells in silos evaluated in this performance assessment. The remaining units 
were filled prior to September 26, 1988. 

The waste disposed of in concrete silos with high-range wells was packaged in I-, 2-, 
5-, lo-, or 20-gal metal cans or 30-gal metal drums and transported to the disposal site in a 
lead-shielded, bottom-discharge carrier. Using a crane, the carrier was placed over the 
well, the bottom carrier drawer was opened, and the waste was lowered into the well. 
Prefabricated concrete plugs were placed in the well on top of the waste to reduce the 
radiation reading at the top of the well to ~ 2 0 0  mremh. When a well in the silo was 
filled, the well was capped with a minimum 0.3-m (1-ft) steel-rod-reinforced concrete cap. 
Prior to the concrete cap hardening, a stenciled bolt with the well identification number 
was placed in the soft concrete cap. The radiation reading over the top of a closed well 
was ~ 2 . 5  mremk. The total estimated activity disposed of in the high-range wells and 
high-range wells in silos is presented in Table 2.8. 

Very high range wastes are no longer disposed of in high-range welb in concrete 
silos. This waste is managed as a special-case waste and is transported to ORNL 
retrievable storage wells in shielded waste carriers. The current waste management plan 
for very high range LLW is to store the waste on-site until access to an off-site DOE 
disposal facility is available. 
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Fig. 218. Cross section of a concrete silo with high-range wells. 
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Fig. 219. Location of high-range wells in Solid Waste Storage Area ti. 
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23.5.4 High-Range Wells 

Heavy-wall steel pipe wells were also used to dispose of very high range waste 
(RH LLW >1  rem/h). These wells werc constructed of 2-cm (0.75-in.) thick steel pipe 
vertically centered in a drilled auger hole with the top of the well approximately 15.2 cm 
(6 in.) above ground level. The surrounding space was backfilled with dirt. The pipes were 
generally 5 m (16 ft) long with an inside diameter of 76.2 cm (30 in.). A 0.3-m (1-ft) thick 
concrete plug was poured in the bottom of the well. 

cap and slotted 0.3 m (1 Et) from the bottom, was placed outside the well to allow 
collection of liquids for sampling and quarterly monitoring of the hydrological isolation of 
the well. The top of each well is painted with a unique identification number [WH-XXX 
(wellhigh-range)]. A typical section view of a high-range well used for RH LLW with an 
unshielded container dosc rate 2 1  rem/h is shown in Fig. 2.20. Figure 2.19 shows the 
location of the high-range wells in proximity to other SWSA 6 disposal units, roads, 
ephemeral streams, and foliage. The legend indicates which high-range wells are evaluated 
in this performance assessment. The remaining wells were filled prior to September 26, 
1988. 

Generally, only waste packaged in 55-gal metal drums was disposed of in high-range 
wells. The waste was transported to the burial site and disposed of in the same manner as 
the high-range wells in silos. After the well was filled, the well was capped with a 
minimum 0.3-m (1-ft) thick, steel-rod-reinforced concrete cap. Prior to the concrete cap 
hardening, a stenciled bolt with the well identification number was placed in the soft 
concrete cap. After well closure and capping, the radiation reading over the top of the 
well was ~ 2 . 5  mremh. The estimated total activity in the high-range wells and high-range 
wells in silos is presented in Table 2.8. 

Very high range wastes are no longer disposed of in high-range wells. This waste is 
managed as a special-case waste and is transported to ORNL retrievable storage wells in 
shielded waste carriers. The current waste managemcnt plan for very high range LLW is 
to store the waste on-site until access to an off-site DOE disposal facility is available. 

A monitoring well, made from a 7.6-cm @-in.) diameter PVC pipe with a bottom 

2-3-55 Fissile Wells 

Fissile waste was disposed of in dedicated fissile wells. The fissile wells were 
constructed in the same manner as the high-range wells described in Sect. 2.3.5.4. Fissile 
wells were spaced so that a minimum of 0.9 m (3  ft) of earth separates the sides of 
adjacent wells. Fissile wells are numbered WF-XXX (well/fissile). Fissile waste was 
packaged in 1-, 2-, 5, lo-, or 20-gal cans or 30- or 55-gal drums, transported to the burial 
site in a shielded wastc carrier, and disposed of in the same manner as waste in the high- 
range wells (Sect. 2.3.5.4). The well was capped in the same manner as the high-range 
wells. Figure 2.15 shows the location of the fissile wells in proximity to other SWSA 6 
disposal units, roads, ephemeral streams, and foliage. The legend indicates the fissile wcll 
evaluatcd in this performance assessment. The remaining wells were filled prior to 
September 26, 1988. The best estimate of the total activity disposed of in the fissile wells 
is presented in Table 2.9. 
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Fissile waste is no longer disposed of in fusile wells. This waste is also managed as a 
special-case waste and is transported to ORNL retrievable storage wells in shielded waste 
carriers. The current waste management plan for fissile waste is to store the waste on-site 
until access to an off-site DOE disposal facility is available. 

235.6 Biological Trenches 

Biological waste was disposed of in trenches that were approximately 3-15 m 
(10-50 ft) long and 3 m (10 ft) wide. The depth of the trenches varied depending upon 
the water table elevation. The lowest point in the trench was at least 0.6 m (2 ft) above 
the known maximum water table elevation, and spacing between adjacent trenches is at 
least 1.5 m (5 ft). The trench was graded to slope to one end at a rate of approximately 
4 cm/m (0.5 in./ft). Trenches were separately located from other waste disposal sites. Each 
trench is identified by a unique number [TB-XXX (trench/biological)]. Surface water 
drainage is controlled by separate ditching around the trench that conforms to existing 
topographic conditions. The ditching is compatible with the overall drainage network of 
the waste area regardless of whether the trench is on standby, in use, or closed. 

usage. The trenches were sized and sectioned by removable steel plates to improve 
efficiency of land usage and prevent trench sidewall collapse. In the event that unforeseen 
fluctuations in the water table caused the excavation to fall below the water table, the 
trench was backfilled with Conasauga shale to a depth of at least 0.6 m (2 ft) above the 
maximum water table. After biological waste was placed in the trench, it was covered with 
at least 0.9 m (3 ft) of dirt. When the trench was filled, the surface of the closed trench 
was planted with grass, mowed, and kept free of trees. 

Figure 2.17 shows the location of the biological trenches in proximity to other 
SWSA 6 disposal units, roads, ephemeral streams, and foliage. The legend indicates which 
biological trenches were evaluated for the performance assessment. The remaining 
trenches were filled prior to September 26, 1988. The best estimate of the total activity 
disposed of in the biological trenches is presented in Table 2.10. 

Biological waste is no longer disposed of in the SWSA 6 biological trenches. The 
current waste management plan is to incinerate the waste at an off-site commercial 
treatment facility. The treated waste will be returned to ORNL for storage or disposal in 
the above-grade tumulus facility (IWMF). 

The trenches were located and oriented for the most efficient and practical land 

235.7 Suspect Waste Landfill 

Suspect waste was disposed of in an open landfill in the northeast area of SWSA 6 
until December 1992. The landfill covered less than 0.4 ha (1 acre). After disposal the 
waste was covered with at least 0.3 m (1 ft) of soil. Suspect waste is no longer disposed of 
in the landfill. Waste previously classified as suspect waste is now classified as VLA waste 
or nonradioactively contaminated waste handled in other facilities. 

4 x 4 x 6-ft metal box. Large items that will not fit in a metal box are stored inside a 
large cargo container (sea/land). The packaged VLA waste is stored at an ORNL storage 
facility until transported off-site for treatment by incineration or supercompaction. The 

VLA waste is segregated from clean material and other LLW and placed inside a 
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treated waste is packaged in metal boxes and returned to ORNL for storage or disposal in 
the IWMF vaults or low-range silos. 

Above-grade tumulus is the preferred method for disposal of CH U W  can the 
ORR. Tumuli I and 11 were used for the disposal of CH LLW from April 1988 through 
March 1992. The IWMF began operation in December 1991 and will provide disposal for 
CH LLW until the proposed Class L-I1 Disposal Facility (CIIDF) is constructed. The 
CIIDF is outside the scope of this performance assessment. 

23.6.1 h - h l  Waste Disposal Development and Demonstration Program 

... 

In July 1987, Energy Systems issued the Law-Level Waste Disposal Development 
and Demonstration (LLWDDD) Program strategy for managing LLW on the ORR. The 
LLWDDD strategy established four classes of LLW based on the specific types and 
quantities of radionuclides in the waste. Class L-I was low activity waste suitable for 
disposal in an industrial type landfill. Class GI1 was waste primarily containing 
radionuclides with half lives <30 years that required disposal in engineered facilities 
designed to isolate the waste from the environment for several hundred years. During this 
period, the short-lived radionuclides would decay to acceptable levels. Class L-11 waste 
may also contain low concentrations of long-lived radionuclides. Class L-I11 was waste with 
half-lives >30 years that was to be disposed of in facilities that provide intruder protection 
and groundwater protection by treatment of wastes prior to disposal. Class I.,-IV was high 
activity waste not suitable for disposal on the ORR. In implementing the LLWDDD 
strategy, a site-specific pathways analysis was going to establish the specific waste 
concentration limits for the various waste disposal technologies. Although the formal 
LLWDDD Program was phased out in 1989, the new LLW disposal facilities that were to 
be designed, constructed, and operated as part of the LLWDDD program continue to be 
developed. 

23.6.2 Tumulus I Disposal 

Tumulus I was originally referred to as the Tumulus Disposal Demonstration Project 
(TDDP), which was developed and implemented as part of the LLWDDD Program. The 
purpose of the TDDP was to demonstrate the ability of an above-grade disposal facility to 
contain the release of LLW to the environment. Tumulus disposal involves packaging 
LLW in steel boxes, placing the steel boxes inside concrete vaults (Fig. 2.21), stacking the 
vaults on a curbed concrete pad, and capping with natural materials. Figure 2.16 shows the 
location of Tumulus 1 in proximity to other SWSA 6 disposal units, buildings, and roads. 

... 
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ORNL-DWG 93M-8593R3 

TUMULUS VAULT 

BITUMEN STEEL-REI N FORCED 
COVER CONCRETE COVER 

PROCESSED 
WASTE FORM 

SEAL 

CONTAINMENT 

STEEL-REINFORCED 
CONCRETE VAULT 

BASIC VAULT DIMENSIONS: 6 f! TALL x 8 ft LONG x 6 ft WIDE 
INTERIOR WASTE VOLUME: 100 ft3 
MAXIMUM LOADED WEIGHT: 15 TONS 

fig. 221. Generic concrete cask for tumults dispasal operations. 
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The first tumulus pad (Tumulus I) was constructed in SWSA 6 during early 1987. 
Actual loading of concrete vaults onto the pad began in April 1988. The Turntalus I pad 
was filled to capacity in June 1990, and a tent was installed over the entire facility after 
Tumulus II was filled to capacity. A total of 290 vaults [approximately 788 m3 (27,840 ft3)] 
were placed on the Tumulus I pad. 

south area of SWSA 6 (Fig. 2.16). The Tumulus I pad is approximately 19.8 x 32 m 
(65 x 105 ft). The pad was constructed using high-strength (fiooo psi) concrete and 
reinforced using epoxy-coated rebar. The concrete pad varies in thickness from 20.3 cm 
(8 in.) at the center to 40.6 cm (16 in.) along the perimeter of the pad. The pad has a 
concrete curb 15.2 cm (6 in.) high along the entire perimeter. The concrete pad was 
designed to serve as the primary leachate collection system for any leachate generated 
during operations and after closure. Surface drainage channels were constructed north, 
east, and south of the pad to divert surface runoff away from the pad. 

The concrete vaults that were loaded and doubled stacked on the concrete pad are 
designed to be used as structurally stable overpacks for containerized LLW. The concrete 
vaults are approximately 0.2 m (8 in.) thick and are 1.6 m (5.4 Et) high, 1.7 m (5.6 ft) wide, 
and 2.4 m (7.8 ft) long. An inner cavity is sized to receive a 1.2 x 1.2 x 1.8-m 
(4 x 4 x 6-ft) metal box with a 10.2-cm (4-in.) annular space. After the containerized 
SLLW is placed in the vault, the annular space is filled with concrete, and a 0.2-m (8-in.) 
thick precast concrete lid is placed on the vault and sealed with bitumen. The loaded and 
sealed concrete vaults are subsequently placed and stacked on the tumulus pad in rows 
abutting each other. The best estimate of the total activity disposed of in Tumulus I is 
presented in Table 2.11. 

The Tumulus I pad is located on an appraximately 0.60-ha (1.5-acre) site: in the 

The Tumulus I1 facility was operated after the Tumulus I pad was filled and 
preceded the operation of the I W E  The Tumulus I1 pad began aperation in 
October 1990 and was filled to capacity in March 1992 using vaults identical to those used 
for Tumulus I. A tent was installed over the entire facility. A total of 220 vaults 
[approximately 598 m3 (21,120 ft3)] were placed on the Tumulus I1 pad. The best estimate 
of the total activity disposed of in Tumulus II is presented in Table 2.12, 

of the Tumulus I pad (Fig. 2.16). The tumulus pad is approximately 18.2 x 27.4 m 
(60 x 90 ft) and 30.5 cm (12 in.) thick. The pad was constructed of highdensity concrete 
and reinforced with epoxy-coated steel. The pad has concrete curbs 0.30 m (1 ft) high on 
the south, east, and west sides. The north side does not have a curb and was used for 
vehicle access during vault loading operations. The loading area was adjacent to the north 
side of the pad and was constructed of crushed stone. Surface drainage channels are 
constructed north and east of the pad. These channels are connected to the existing 
surface drainage channels for Tumulus 1. 

One of the principal features of tumulus disposal is the inherent capability for 
monitoring ground and surface water for contamination. The sealed concrete pad is the 
primary barrier from the groundwater. The pad is sloped 1% to one side where a curb and 
gutter collects all surface pad runoff and drains the water to a monitoring station. A liner 

The Tumulus I1 pad is located on an approximately 0.40-ha (1-acre) site just north 
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below the pad provides a secondary barrier from the groundwater and collects any water 
that may have penetrated the pad. Any water collected in the secondary barrier is also 
diverted to the monitoring station. The monitoring station is equipped for receiving, 
monitoring, and collecting samples from flows received from both the surface pad drain 
and underpad liner drain systems. 

23.7 Interim Waste Management Facility 

The IWMF is the only active above-grade tumulus disposal facility in SWSA 6. The 
IWMF occupies an area of approximately 3.8 ha (9.5 acres) in the southwest portion of 
SWSA 6 (Fig. 2.23). Each tumulus pad will be approximately 18.2 x 27.4 m (60 x 90 ft) 
and 30.5 cm (12 in.) thick. The pads are constructed using high-density concrete and 
reinforced with epoxy-coated steel. The pad has concrete curbs 0.30 m (1 ft) high on the 
north, south, and west sides. The east side does not have a curb and is used for vehicle 
access during vault loading operations. Each pad provides disposal for approximately 
330 vaults [approximately 897 m3 (31,680 ft3)] stacked three high. IWMF uses vaults 
identical to those used for Tumulus I and Tumulus 11. 

located in a monitoring station adjacent to the tumulus pads. The monitoring station is 
equipped for receiving, monitoring, and collecting samples from flows received from the 
storm water, underpad, and infiltration drain systems. The underpad sump is designed to 
allow monitoring of any groundwater that may accumulate under the pads. The storm- 
water sump collects water from the pad that is in operation. The infiltration sump is used 
to collect water from the pads that have been filled with vaults. An illustration showing 
vaults stacked on the curbed concrete pad, drain lines, and the proposed tumulus cap is 
shown in Fig. 2.22. 

first six IWMF pads is anticipated to be filled by December 1997. Figure 2.23 shows the 
IWMF in proximity to the monitoring station, roads, ephemeral streams, and foliage. 

Construction of the first two IWMF pads was completed in 1992. The first IWMF 
pad was operated from December 21, 1991 to March 31, 1993. The second IWMF pad 
began operation on April 7, 1993. Construction of the remaining pads will continue over 
the period of operation. The first phase of construction included two tumulus pads, a 
loading area, surface drainage channels, the underpad drain system, the 
monitoring/transfer station, and the required utilities. When the disposal capacity of the 
first pad was depleted, planning of the third pad was initiatcd. This process will continue 
until six pads have been constructed. 

Generally, compactible and noncompactible CH ELW packaged in metal boxes or 
drums is disposed of on the tumulus pads. The packaged waste is loaded on a transfer 
vehicle and transported from the waste generator or compactor to a staging area at the 
disposal site. A crane is used to remove the lid from the concrete vault and place the 
packaged waste into the vault. The vault is filled with grout and the lid is sealed with 
bitumen. A unique LLW number (LL-XXXX) is stenciled on all four sides of the vault. A 
crane is used to load the vault onto a transfer vehicle to transport the waste to the pad. 
The vault is placed on the pad so that the side having the highest surface dose rate is 

The IWMF has been designed to divert water into three sumps. The sumps are 

The original facility was designed for six tumulus pads. The disposal capacity of the 
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ORNL-DWG Q3M4591 

Fig. 2 2 2  Interim Waste Management Facility showing vaults of low-level waste, 
drain lines, and final cover. 
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Fig. 223. The Interim Waste Management Facility site in Solid Waste Storage Area 6. 
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facing inward. Vaults are placed and stacked on the pad in rows abutting each other with 
minimal space between each vault. The maximum surface dose rate of a vault is not to 
exceed 200 mremh. The best estimate of the total activity to be disposed of in the IWMF 
is presented in Table 2.13. 

The current waste management plan is to continue disposal of CH LLW that meets 
the IWMF WAC. Revised WAC incorporating concentration limits for radionuclides will 
be implemented by April 1994 to bring the operation of the I W F  into compliance with 
the performance objectives. 

... 
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3. ANALYSXS OF PERFORMANCE 

This section describes the methods used to analyze the performance of Solid Waste 
Storage Area (SWSA) 6 and provides an overview of the data used in the analysis. As 
discussed in Sect. 2.2, the wastes disposed of in SWSA 6 include a broad range of 
radionuclides (see Appendix A). The transport of radionuclides in the environment was 
analyzed using a series of site-specific computer models. In order for the analysis of the 
transport of contamination to be focused but comprehensive, a screening technique was 
applied. The screening technique used the performance objective of 4 mrem/year effective 
dose equivalent (EDE) for the protection of groundwater resources and converted the 
dose objective to concentrations in water for radionuclides with half-lives greater than 
5 years for an individual consuming 2 L (0.5 gal) of contaminated water per day. The 
calculations were performed using the dose equivalents presented in Sect. 4.5.1 
(Tables 4.9-4.15). Radionuclides with half-lives Iess than 5 years were eliminated from 
consideration because the performance of engineered barriers in conjunction with 
radionuclide travel times in the environment ensures these radionuclides will decay to 
innocuous levels before transport to a compliance point. The concentration limits used for 
screening are presented in Table 3.1. In the screening analysis, when the calculated 
concentrations using the SOURCE1 and SOURCE2 codes (Sect. 3J)  were less than the 
concentrations in Table 3.1 (which corresponds to the 4 mrerm'year EDE), the 
radionuclide was eliminated from further consideration because dilution of any release in 
the 100-m (328-ft) buffer zone around the disposal unit would ensure that potential doses 
would be substantially less than the performance objective. (The input data for the 
SOURCE1 and SOURCE2 screening calculations are presented in Appendix C, 
Tables C.1-C.10.) In the analysis described in Sects. 3.2-3.4, when calculated 
concentrations of individual radionuclides were less than 10% of the concentration limit 
defined by the 4 mrem/year dose objective, the radionuclide was dropped from further 
consideration in the analysis of the environmental transport of contamination. This 
additional [actor of safety for screening radionuclides in the calculations of environmental 
transport was applied to ensure that only significant radionuclides were considered in 
detail in the analysis. 

Seventy radionuclides are included in the reported inventory of wastes presented in 
Appendix A, Tables k 3 - A l l .  The screening method reduced the list to 17 radionuclides. 
The screening method has an embedded assumption that sufficient reductions in 
concentration will occur during environmental transport to justify eliminating a 
radionuclide from further consideration. For the radionuclides considered in detail and 
with the results presented in Sect. 4, the validity of the assumptions used for screening can 
be examined. For the tumulus disposal units, concentration reductions ranged from 
2.2 x lo4 for *U to 1.2 x le4 for 137Cs. For the Interim Waste Management Facility 
(IWF), concentration reductions ranged from 4.4 x lo2 for 99Tc to 3.7 x 1022 for 137Cs. 
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Table 3.1. Concentration limits in water for radionuclide screening 

Nuclide Limit" Nuclide Limit" 

3H 

"Be 

l4C 

%AI 
=c1 
"K 

63Ni 

90Sr 

9 9 T C  

113mCd 

1 3 7 ~ ~  

lS2Eu 

lS4Eu 

lssEu 

*lOPb 

mRa 

=Til 
23orh 

8.7 x 
1.3 x 10-3 

2.7 x 10-3 

4.2 x 10-4 

1.8 x 10-3 

2.9 x 10-4 

2.1 x 10-4 

1.0 x 

4.0 x lo-' 

4.2 x 10-3 

3.6 x 10-4 

1.1 x 1 0 - 4  

9.1 x 10-4 

6.1 x 10-4 

4.2 x 10-3 

1.1 x 

5.0 x 

1.5 x 

1.0 x 10-5 

23% 

232U 

233u 

235U 

u7Np 

238Pu 

239Pu 

240P u 

"*PU 

alAm 

243h 

243Cm 

"4Cm 

249Cf 

2.0 x 

4.2 x 

2.0 x lo-' 
2.1 x lo-' 
2.2 x lo-' 

2.2 x 10-5 

2.4 x 10-5 

1.4 x 

1.4 x 

1.3 x 

1.3 x 

1.3 x 

1.2 x 

1.2 x 

1.9 x 

2.4 x 

1.2 x 

"Concentration limits in water for each radionuclide are given in units of @/L, 
and are based on an effective dose equivalent of 4 rnremhear (see Appendix G). 

For the remaining disposal units, the smallest concentration reduction was 3.0 x lo2 for 
3H at the biological trenches. The results of the detailed analysis support the assumptions 
used in the screening method. 

This screening technique is considered justified in that the primary pathway for the 
transport of contamination from wastes to human exposure at SWSA 6 is by the 
hydrologic pathways (see Sect. 3.2). For the purposes of the analysis of inadvertent 
intrusion, this screening technique was not applicd and all radionuclides with half-lives 
greater than 5 years were considered. The application of the screening technique reduced 
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the number of radionuclides considered in detail to a meaningful and comprehensive list 
that is presented in the results of the analysis (Sect. 4). 

3.1 SOURCETERMS 

The release of radionuclides with time from the SWSA 6 disposal units was 
calculated to provide source terms for the hydrogeological modeling using the SOURCE1 
and SOURCE2 codes (Appendix B). The amounts of several key radionuclides expected 
to permeate (by advection and diffusion) the waste and concrete as a function of time 
were determined to evaluate units described in Sects. 2.3.5 and 2.3.6. The initial average 
concentration in each disposal unit was calculated using the data in Tables k13-k21 in 
Appendix A. The results are presented in Tables C.13-C.22 in Appendix C. The 
SOURCE1 and SOURCE2 codes use these average values as input for each unit listed in 
Table A2 of Appendix A. The application of these averages is reasonable for routine 
operations but may be misleading for nonroutine operations or one-time operations. The 
performance assessment modeling is based on release of contamination as a function of 
time from the following disposal units at SWSA 6: Tumulus I, Tumulus 11, IWMF, 
asbestos silos, biological trenches, high-range silos, low-range silos, fissile wells, and high- 
range wells. 

3.1.1 Mass Transport Models and Parameters 

The key radionuclides contained in their respective disposal units at SWSA 6 were 
assessed using the SOURCE1 and SOURCE2 computer codes (Appendix B). These 
computer programs were developed to analyze the release of contamination from a waste 
disposal unit in which advective (pressure-driven) and diffusive (concentration-driven) 
transport plus the degradation of engineered barriers (as they affect flow) were taken into 
account. The caiculated total release resulting from advection and diffusion is compared 
with the solubility limit of the nuclide in water. If this limit is exceeded by the calculated 
release, the release is reduced to the solubility limit. Each radioisotope is modeled 
independently without consideration of the effects of other isotopes of the same nuclide. 
For nuclides with several radioisotopes, this results in an overestimate of radionuclide 
transport, as reflected in the results of Sect. 4. Continued work towards addressing this 
conservatism is discussed in Sect. 4.9, and the effect of this conservatism on the 
interpretation of the results is presented in Sect. 4.7.1. 

The modeling methodology used in simulating the long-term performance of 
disposal units at SWSA 6 has been incorporated into two separate computer codes. The 
SOURCE1 code models the performance of the tumulus disposal technology employed in 
the Tumulus I and I1 facilities and IWMF. The SOURCE2 computer code models the 
performance of the asbestos, high-range, and low-range silos; fissile wells; biological 
trenches; and high-range wells. The SOURCE1 and SOURCE2 computer d e s  were 
developed to provide a mechanism for modeling radionuclide release rates from the 
disposal units employed at SWSA 6. 

The disposal units incorporate a variety of engineered barriers in an attempt to 
better isolate the waste from the environment. Consequently, projecting patterns and rates 
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of radionuclide release requires an understanding of the manner in which these 
engineered barriers perform over extended periods of time. Radionuclide release rates 
from the tumulus, silo, and well disposal units are largely a function of the integrity of the 
engineered barriers used in the construction of each. When intact, these barriers minimize 
contact of water with the waste, thereby minimizing releases of radionuclides from the 
disposal unit. Over time, as the barriers deteriorate and fail, water can more readily 
contact the waste, thereby accelerating releases to the environment. Changes in the 
material properties of the barriers due to chemical and physical attack are modeled (e.g., 
sulfate attack, loss of calcium hydroxide, and corrosion of steel). The projected material 
properties are considered in structural and cracking analyses of the disposal units, 
performed to asses the ability of the disposal units to bear the loads placed upon them. 
As the ability to bear design loads is compromised, the structures fail, and rates of 
percolation of water through the waste are increased. Rates of water percolation through 
the waste are used to calculate release rates due to advection. Releases due to diffusion 
are also calculated by the SOURCE1 and SOURCE2 computer codes. Releases from the 
disposal units are partitioned into the quantity of contamination that migrates with the 
lateral flow component of unsaturated flow at the site and the quantity that is transported 
to, and discharged into, the site aquifer. 

In this analysis, the waste and concrete are considered to be unconsolidated and 
consolidated porous media, respectively. The transport of various radionuclides through 
such media can usually be analyzed and explained in terms of advection and diffusion. 

The release of radionuclides due to advection (see Sect. B.1, Appendix B) is 
modeled as a zero-order leaching process accounting for both sorption and decay. 
Advective leaching is proportional to the amount of water contacting the waste and 
concrete and the degree to which the radionuclides are retained by the waste and concrete 
matrices. For this model, the radionuclide inventory is assumed to be homogeneously 
mixed within a finite waste volume that is contacted by water, and the water infiltration 
rates vary on a monthly basis. Infiltration values were obtained from Unified Transport 
Model (UTM) calculations described in Sect. 3.4. The inventory is assumed constant 
during a given time period and is updated at the end of the time period to reflect leaching 
and decay losses (Shuman, Chau, and Jennrich 1992). If these assumptions are applied, the 
advective release rate can be quantified as: 

A, = (3-1) 

where 

X ,  = radionuclide release rate due to advection in year n (bea r ) ,  
Qa = radionuclide inventory available for leaching at the beginning of year a (g), 

Ii  = water percolation rate through the waste during month i (cdmonth), 
h, = waste thickness (cm), 

3-4 



Analysis of Performance 

H, = relative saturation of waste (H,O volumehaste volume), 

Kd = radionuclide distribution coefficient (mug), 
p, = density of waste (g/cm3), 

to 

= half-life of radionuclide (years), and 

= duration of leaching interval (1 year). 
*It2 

The release of radionuclides due to diffusion (and decay) is modeled as a two-slab 
system. The inner slab, representing the grouted waste, is initially contaminated; the outer 
slab, representing the concrete components of the vaults, silos, and wells, is initially 
uncontaminated (see Sect. B.2, Appendix B). The inner slab of half-thickness (a) contains 
an initial contaminant concentration of C, and decay constant X. The outer slab of 
thickness b - a is initially uncontaminated. The concentrations in the inner slab and outer 
slab are C, and C,, respectively. The diffusion equations for the contaminant are 

and 

with initial conditions 

c, (x, 0) = c,, 0 s x < a 

and 

Cz (x, 0) = 0, a s x < b 

and boundary conditions 

(3-4) 

(3-5) 

3-5 



SWSA 6 Performance Assessment 

and 

The methodology for solving Eqs. (3.2)-(3.8) is detailed in Appendix B, Sect. B.2. 
The biological trenches were modeled with the SOURCE2 code by replacing the 

hydraulic properties of concrete with the hydraulic properties for soil. The steel included 
in the SOURCE2 code was neglected. The results from the use of SOURCE2 for the 
biological trenches are comparable to those used in the draft performance assessment for 
SWSA 6. 

The chemical properties, nuclear properties, and transport properties of the 
radionuclides considered in the assessment of the SWSA 6 disposal units are presented in 
Appendix C. This information was used to construct a worksheet for each radionuclide 
considered in each disposal unit. An example of such a worksheet for the high-range silo 
is presented in Table 3.2. Examples of the worksheets generated for the tumulus, silo, 
well, and biological-trench disposal concepts are presented in Appendix F. The input 
requirements for the computer programs include retarded diffusion coefficients 
representing diffusion through the waste (D,) and diffusion through the concrete (DJ. 
The theoretical formulation of the methodology for evaluating diffusion properties is 
presented in Appendix C. 

of each nuclide leached in yearly intervals for 1000 years (other time spans and intervals 
are possible). 

The SOURCE1 and SOURCE2 program standard outputs give the decayed amount 

3.12 Radionuclide Screening Calculations 

A preliminary analysis for screening radionuclides released from disposal units was 
made using the SOURCE1 and SOURCE2 codes (Appendix B). If the maximum 
concentration of a radionuclide (Tables A3-Al1,  Appendix A) or the concentrations 
resulting from the SOURCE1 and SOURCE2 calculations were less than 10% of the limit 
in Table 3.1, the radionuclide was eliminated from further consideration. (Tables k 3 - A l l  
exclude isotopes with half-lives less than 5 years.) Those radionuclides with concentrations 
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Table 3.2 Input data summary for a high-range silo 
at Solid Waste Storage Area 6e 

Groundwater entering trench ( d m o n t h )  

January: 9.58 x 100 February: 8.56 x 10' March: 8.30 x 10" 
April: 5.77 x 100 May 7.43 x 100 June: 6.70 x lo-' 
July: 200 x 10-l August: 2.50 x lo-' September: 1.60 x lo-' 
October: 1.00 x lo-' November: 7.00 x December: 6.86 x loo 

Waste trench area 
Total dissolved solids 
Groundwater temperature 
Groundwater pH 

Saturated hydraulic conductivity 
Recharge 
Soil backfill 
Concrete 

1.00 x 10' m2 
3.49 x lo2 mg/L 
1.50 x 10' "C 
6.75 x 10' 

s.80 x 10-7 C ~ / S  
3.50 x io-' cm/s 
1.00 x 10-10 cm/s 

Groundwater constituent concentrations 
c a 2 '  210 x moVL 
CI - 2.04 x lO-'moI/L 
c0:- 1.00 x moVL 
Mg2 ' 5.21 x moVL 
SO:- (inside) 2.62 x moVL 
SO:- (outside) 2.62 x mol/L 
0 2  1.63 x mol/L 

Constituent solubilities 
WOW,  
COi- 
Mg2+ 

2.00 x mol/L 
1.20 x mol/L 
1.20 x m o a  

Concrete constituent concentrations 
Calcium concentration in C-S-K system 1.75 x loo m o a  
Calcium concentration in pore fluid 2.00 x mo& 
CaO content in cement 2.11 x 10' mofi 
Free CI- 1.00 x mol/L 
Silica concentration in CS-H system 7.10 x lo-' mom 

- ..... 

3-7 



SWSA 6 Peflormance Assessment 

Table 3-2 (continued) 

Concrete design specifications 
Compressive strength at 28 days 
Poisson's ratio of concrete 
Modulus of elasticity of steel 
Yield strength of steel 
Modulus of subgrade reaction 
Young's modulus of elasticity 
Concrete water/cement ratio 
Concrete density 
Cancrete porosity 
Cement content 
Initial pH 

Diffusion coefficients in concrete 
NaOH, KOH 

CI - 
WOH12 

co2 
0 2  
so:- 

Silo dimensions 
Silo radius 
Silo height 

Concrete member thickness 
noof 
Walls 
Floor 

Steel reinforcement radius 
Roof 
Walls 
Eloor 

Spacing of steel reinforcement 
Roof 
Walls 
Floor 

Corrugated steel thickness 
Compression face 
Tension face 

3.52 x 10' kg/cm2 
1.50 x 10-L 
2.04 x lo6 kg/cm2 
4.22 x 1CP kg/cm2 
2.11 x 10' kg/cm2 
2.04 x Id kg/cm2 
4.00 x 10-1 
2.40 x 10' g/cm3 
1.50 x 10-I 
3.85 x lo2 kg/m3 
1.26 x 10' 

2.12 x lo-'' m2/s 
1.82 x lo-'' m2/s 
5.08 x lo-'' m2/s 
1.92 x 10-Io m2/s 
2.10 x m2/s 
1.06 x 10-1' m2/s 

Silo design s ~ c a t i o n s  

1.30 x 10' in 
6.10 x l o o m  

3.05 x 10' cm 
1.52 x 10' cm 
3.05 x 10' cm 

4.76 x lo-' cm 
0.00 x 10'cm 
4.76 x lo-' cm 

1.52 x 10' cm 
0.00 x 10' cm 
1.52 x 10' cm 

1.52 x 10-L cm 
1.52 x lo-' cm 
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Table 3 2  (continued) 

... 

~. 

Concrete cover thickness on tension face 
Roof 

Xdirection 
Ydirection 

Horizontal direction 
Vertical direction 

X-direction 
Y-direction 

Walls 

Floor 

Static load 

Earthen cover thickness 
Earthen cover density 
Friction angle of waste backfill 
Friction angle of soil bacW111 
Density of waste backfill 
Density of soil backfill 
Waste density 
Average moisture content of waste 

Epoxy coating 
Start of failure 
Time to complete failure 

Start of failure 
Time to complete failure 

Steel liner 

Nuclide 
Half-life 
Solubility 
Waste Kd 
Diffusion coefficient 

Waste 
Concrete 

Initial inventory 

1.48 x 10' cm 
1.48 x 10' cm 

1.48 x 10' an 
1.48 x 10' cm 

3.95 x lo-' kg/cma 

1.83 x l o o m  
1.76 x 10" g/cm3 
4.00 x 10' deg 
3.00 x 10' deg 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
9.90 x 10-1 

0.00 x 1OOyears 
2.00 x 10'years 

0.00 x loo years 
5.00 x 10' years 

1 3 7 0  

3.00 x 10'years 
1.60 x 10' moUL 
1.99 x 101 ml/g 

6.80 x m2/s 
5.12 x io-" m2/s 
8-15 x 10-3 g 

"1000-year simulation length, 50-year output edit frequency. 

.... 
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greater than the screening limit are used in the environmental transport of contamination 
and are listed in Appendix C (Tables C.13-C.22). The screening analysis was performed 
without the consideration of parameter uncertainties. The uncertainty analysis (see 
Sect. 4.6) of the performance assessment for SWSA 6 requires low, high, and probable 
values for the waste inventory as well as for other key input parameters to the codes. (Key 
input parameters are those that impact the leaching results significantly.) The key input 
parameters were identified through a sensitivity analysis and are listed in Table 3.3 and 
Tables C.13-C.22 in Appendix C. 

3 2  PATHWAYS AND SCENARIOS 

Radionuclides released to the environment from the SWSA 6 disposal units are 
subject to transport and can lead to human exposures. This section describes the potential 
pathways for the transport of radionuclides in the environment and the scenarios for 
human exposure. Pathways and scenarios addressed in detail are identified and the 
justification for not considering some pathways and scenarios in detail is presented. Each 
of the disposal units discussed in Sects. 2.3.5-2.3.7 were modeled separately. The releases 
to the environment were analyzed separately, and the resulting releases to surface water 
were added, consistent with the time of arrival. In the analysis, overlapping plumes from 
the various types of disposal units did not occur. 

3 2 1  Release fiom Disposal Units to Environmental Pathways 

At SWSA 6, several types of disposal units are situated above and below ground. 
The below-ground units include the low-range silos, high-range silos, high-range wells, 
fissile wells, asbestos silos, and biological trenches. The above-ground units include 
Tumulus I, Tumulus 11, and the IWMF. Detailed descriptions of these units are given in 
Sects. 2.3.5-2.3.7. 

The durability of concrete and bulk movement of water through concrete are 
significant elements in the performance model for the release of contamination from the 
various types of wells, silos, and tumuli, all of which rely on concrete for waste isolation. 
Leachate generated after water reaches the waste in the disposal units may be released 
through leaks in containment and by advection and diffusion through the concrete in the 
wells, silos, and tumuli. In this analysis, diffusion of contaminants through concrete is 
assumed to be the primary mechanism of release during the period of time that the 
concrete remains intact. When the concrete degrades and cracks are assumed to form, 
advection becomes the primary mechanism for release of radionuclides. The performance 
of concrete in the various disposal units and the assumptions used in modeling are 
discussed in Sects. 3.1 and 3.3.2 and Appendixes B and C. 

Based on existing data (Lee and Kocher 1990), releases of radionuclides from the 
disposal units to surface water and groundwater are assumed to be the primary pathways 
for the transport of radionuclides in the environment. Observations at existing disposal 
facilities over the last few decades suggest that emission of radionuclides directly to the 
atmosphere in gaseous form is not an important release mechanism at Oak Ridge National 
Laboratory (ORNL) (Bechtel 1991b). Although routine monitoring of gaseous emissions 
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Table 33. SOURCE1 and SOURCE2 code inputs (nonradionuclide s@c) for 
the unc;ertainty anaiysiiP 

Description Probable LOW High 

Density, earthen cover (g/cm3) 1.76 x 100 1.60 x 100 220 x 10' 

Density, waste (g/m') 1.76 x 10' 1.00 x 100 260 x 10" 

Moisture content, waste (cm'/cm3) 9.90 x lo-' 1.50 x lo-' 1.00 x 10" 

Calcium (mom) 2.10 x 1.78 x 241 x 

Magnesium (mol&) 5.21 x lo4 4.02 x 6.40 x lo-' 

Eartbencoverandormstepmpenies 

Grwndwatfxmwzntrations 

Chloride ( m o a )  2.04 x 104 1.81 x 10-4 227 x 10-4 

oxygen ( m o w  1.63 x 10-4 5-00 x 10-5 3.20 x 10-4 

Sulfate (inside the cask) (mol&) 2.62 x 10-4 1.89 x 104 3.34 x 10-4 

Sulfate (outside the cask) (mol/L) 2.62 x 10-4 1.89 x 10-4 3.34 x 10-4 

Alkalis (m2/s) 2.12 x 10-1' 2.12 x 10-12 2.86 x 10-10 

EfTeaive diffusivity in conaete 

Calcium hydroxide (m2/s) 1.82 x lo-'' 1.82 x 10-l2 1.82 x 10-lo 

Chloride (m2/s) 5.08 x lo-" 2.03 x 2.03 x 10-lo 
Carbon dioxide (m2/s) 1.92 x lo-'" 1.92 x lo-'' 3.84 x lo-'' 
Oxygen (m2/s) 2.10 x lo-'" 2.10 x lo-'" 4.201 x lo-'" 

Sulfate (m2/s) 1-06 x lo-" 1.06 x 10-'2 1.06 x 30-1" 

Groundwater parameters 
Groundwater pH 6.75 x 10' 4.85 x loo 8.10 x 10' 
Total dissolved solids in groundwater ( m a )  3.49 x 10' 2.82 x 102 4.17 x lo2 
Groundwater temperature (T) 1.50 x 10' 1.20 x 10' 1.85 x 10' 

Time for complete corrosion of vaults (years) 6.00 x 10' 250 x 10' 1.00 x 102 
Container axrasim 

Time for complete epoxy failure (years) 200 x 10' 1.00 x 10' 5.00 x 10' 
Conaetepatameters 

soil parameters 
Saturated hydraulic conductivity of concrete (cm/s) 1.00 x lo-'' 1.00 x lo-" 1-00 x 

5.8 x lo-' 2.31 x lo-" 1.16 x Saturated hydraulic conductivity of soil beneath 
disposal unit (cmis) 

Containeraxmion 

Steel liner corrosion (years) 5.00 x 10' 2.00 x 10' 1.00 x 102 
mtaineroonosirm 

Iron pipe corrosion (years) 7.50 x 10' 250 x 10' 1-25 x 102 

"Source: Based on experience and engineering judgment. 
bRadionuclideapecific parameters shown in Tables C. 13-C22. 
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at SWSA 6 is not performed, an ambient air monitoring station is located at White Oak 
Dam, just to the south of SWSA 6. The air monitoring station takes biweekly samples of 
both airborne particulates and gases. Remote air monitoring stations in Philadelphia, 
Tennessee, and Knoxville, Tennessee, collect the same data. Table 3.4 summarizes the 
data collected for 1991. The comparatively elevated concentrations of 137Cs and mSr 
observed at White Oak Dam are consistent with all other air monitoring stations located 
on the Oak Ridge Reservation (ORR) and, therefore, do not reflect emissions from 
SWSA 6. The slightly elevated gross alpha concentration is attributable to isotopes that 
occur naturally in soil and are suspended during waste operations at SWSA 6 and nearby 
activities (Kornegay et al. 1992). 

Station were indicative of releases from SWSA 6, the annual effective dose to an 
individual would be less than 0.04 mrem. In reality, these data represent activity from all 
operations at ORNL, the Y-12 Plant, and the K-25 Site, including stack releases and 
releases from 50 years of historical operations. Over this period of historical operations in 
Oak Ridge, millions of curies have been disposed of in nearby disposal facilities or 
discharged to surface water. The data in Table 3.4 suggest that the release of radioactivity 
as gases and particulate matter in the atmosphere is not significant. Consequently, 
airborne releases of contamination are not considered in detail in this performance 
assessment. 

Assuming all the airborne activity measured at the White Oak Dam Monitoring 

Table 3.4. Meaa radionuclide concentrations in air, 1991 
Concentration ( pCi/mL) 

Nuclide White Oak Dam Remote network 

Gross alpha 2.3 1.8 
Gross beta 20 19 

0.018 0.03 1 
0.023 0.0034 1 3 7 0  

238Pu 
Z9Pu 
ZZgTh 

2MTh 
=% 
Total Sr 

235u 

0.001 
-0.00022” 

0.0023 
0.0019 
0.0021 
0.12 

-0.0095” 
0.0028 

0.0018 
-0.0011“ 

0.0037 
0.003 
0.0037 
0.037 
0.0079 

O.OOO28 
0.0042 0.0053 

“Concentrations are determined by subtracting background readings from measured 

Source: Kornegay, F. C., et al. 1992. Oak Ridge Reservation Environmental Report for 
readings. For some isotopes, this results in apparent negative concentrations. 

1991, ESIESH-22W1, Martin Marietta Energy Systems, Inc., Oak Ridge, Tenn. 
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Suspension of particulates by natural processes has not been identified as an 
important pathway for the transport of contamination and can be excluded as long as a 
minimal amount of uncontaminated soil or other similar cover material exists at a disposal 
unit. Even if some waste should become exposed due to natural erosion at the site, the 
amount of waste that could be suspended into the atmosphere by natural processes would 
be small. Observations in Oak Ridge and nearby areas clearly show that extensive 
vegetative ground cover is quickly established on any cleared lands and that reforestation 
of unattended lands occurs within a few decades. Extensive vegetation and forestation at 
the disposal units, combined with the high annual rainfall and low average wind speeds in 
Oak Ridge, provide conditions that minimize the suspension of radionuclides in particulate 
form by natural processes. 

1992 have been determined for the ORR (including ORNL) and are well below the 
10 mrem National Emission Standards for Hazardous Air Pollutants limit (Kormegay et al. 
1993). For SWSA 6 to exceed the 40 CFR 61 limit, atmospheric releases from SWSA 6 
would need to increase by more than two orders of magnitude. With ongoing waste 
disposal operations and environmental restoration activities occumng, such an increase in 
emissions is not plausible, and reasonable scenarios for analysis are difficult to construct. 
Consequently, atmospheric releases from SWSA 6 are given no further consideration in 
this performance assessment. 

Release of radionuclides from the above-ground (tumulus) disposal units is assumed 
to occur primarily to surface water or to the soil surface. Leachate moves out of the vaults 
by diffusion or through cracks in the concrete. Most of the leachate is expected to run off 
the concrete pad to surface soil and surface water with some leachate transported to 
groundwater. Some leachate may pass through the pad by diffusion or through cracks to 
shallow subsurface soil and then to groundwater or surface water. At SWSA 6, where the 
water table may be only a few feet below the surface, the lack or failure of a groundwater 
suppression system may allow mixing of the leachate with the groundwater beneath the 
pad. 

Radionuclides released from below-ground silos and wells are assumed to enter soils 
and groundwater. Leachate moves out of the units by diffusion or through cracks in the 
concrete to the saturated or unsaturated zones. The models for transport of radionuclides 
from the various disposal units are discussed further in Sects. 3.1.1 and 3.4 and in 
Appendix B. 

Releases of radionuclides from the biological trenches also occur mostly to 
groundwater and soils. These units do not. include engineered barriers to inhibit flow and 
transport. Leachate is generated following precipitation events and is transported to 
surface water after being discharged through the shallow subsurEace or groundwater. 

ORNL is in full compliance with the requirements of 40 CFR 61. Total ED& for 

3.2-2 Transport Through the Environment 

As discussed elsewhere (Stevens 1990), the environmental transport pathways €or 
radionuclides that could result in exposures of off-site individuals or inadvertent intruders 
include transport in air, surface water, groundwater (in the saturated and unsaturated 
zones), and biota. Available data for facilities on the ORR (Lee and Kocher 1989) 
indicate that transport in surface water and groundwater are the most important pathways 
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that could result in doses to off-site members of the public. Based on data (Sect. 3.2.1), air 
transport to off-site locations is not expected to be significant due to the topography, low 
average wind speed, and high average rainfall in the area and the dispersion and 
deposition of airborne contaminants that would occur between source and receptor 
locations. 

The hydrologic framework for the ORR has been described by Solomon et al. 
(1992) in terms of the following four mnes (Fig. 3.1): 

e A stomflow zone is composed of the upper 1-2 m (3-7 ft) of the soil profile, in which 
precipitation-driven lateral flow generates about 90% of streamflow. This zone is a 
major pathway for transporting contaminants from the subsurface to surface waters. All 
silos, wells, and trenches intersect this flow zone. 

1-15 m (3-49 ft) thickness with a fluctuating water table as the lower boundary. This 
zone has (exponentially) decreasing hydraulic conductivity with depth. 

0 A groundwater zone contributes the remaining 10% of streamflow, which occurs through 
a permeable saprolite layer called the water table interval. This flow zone has a 
thickness of 1-5 m (3-16 ft) (Clapp 1992, p. 123-126). Intermediate and deep intervals 
of the aquifer have thicknesses of up to 100 m (328 ft), and contribute very little to 
streamflow due to low hydraulic conductivity and disconnected fractures. 
An aquiclude at depths beyond 200 m (656 ft) has extremely slow water flow rates that 
are estimated to change on geological time scales. 

A vadose zone is predominantly unsaturated and consists of weathered saprolite of 

These four zones occur in SWSA 6 and occupy the upper 30 m (100 ft) or less of 
the landscape. These hydrologically active features are responsible for essentially all 
radionuclide transport from the disposal units. 

residence times increase sharply with depth. They further estimate that the chemical 
transport rate in the stormflow zone is on the order of meters per hour, decreasing 
exponentially with depth to flow rates of a few centimeters per year. Their review showed 
no evidence for contaminant migration along deep subsurface flow paths of the 
intermediate and deep intervals of the groundwater (Fig. 3.1). The residence times for 
solutes in the water table interval are in the range from a few days to a few years. Deeper 
flow rates of solutes have been estimated from 14C mcasurernents to be in the order of 
hundreds to tens of thousands of years (Solomon et al. 1992). Chemical adsorption and 
matrix diffusion have been identified as important geochemical processes that retard 
chemical transport in facility soils, creating secondary contaminant sources that may persist 
for many decades. 

Thc model for transport of radionuclides in surface water and the unsaturated zone 
takes into account precipitation, storm hydrology, streamflow, infiltration, and percolation. 
The model also takes into account the effects and performance of caps installed at 
SWSA 6 as part of the Resource Conservation and Recovery Act (RCRA) facility closure 
activities. Discharges from the shallow subsurface provide the flow in ephemeral creeks at 
SWSA 6 and contribute to the flow in perennial streams. The model includes dilution in 
the surrace streams during transport. The model also prcdicts flow of water through the 

Solomon e t  al. (1992) conclude that groundwater flow volumes decrease and solute 
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Fig- 3.1. Schematic profile showing subsurface flow zones and intervals, general 
thickness ranges, estimated relative annual water flux, and change in water type with 
depth. 

unsaturated zone to surface water, recharge to the saturated zone, concentration and flux 
of leachate to surface water, and concentration and flux of leachate to the saturated zone. 

advection, some diffusion, adsorption, and some dilution in groundwater. The model 
predicts flow of water in the saturated zone, concentration and flux of leachate in the 
groundwater, and concentration and arrival time of radionuclides at compliance points 
within SWSA 6 and at the boundary of SWSA 6. For protection of groundwater resources, 
the compliance points within SWSA 6 are taken to be any locations outside the 100-m 
(328-ft) buffer zone around any disposal units. The model for groundwater transport 
includes radioactive decay from the time the contaminant enters the groundwater and a 
conservative estimate of radionuclide retardation during transport. 

The model for transport of radionuclides in the saturated zone includes recharge, 
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Transport of contamination through biological uptake has occurred with the 
resulting contamination of deer, waterfowl, and fish on the ORR. Contamination of biota 
is primarily the result of historical discharges of contaminated water or existing discharges 
from historical disposal operations. Wildlife is routinely monitored, and the results are 
reported (Kornegay et al. 1992). The maximum annual dose attributable to the 
consumption of fish contaminated as a result of ORNL operations past and present is lcss 
than 0.8 mrem. The maximum annual dose attributable to the consumption of 310 L 
(82 gal) of contaminated milk is reported to be 0.2 mrem. The maximum annual dose from 
the consumption of two contaminated deer is reported to be 1 mrem. The maximum 
annual dose from the consumption of a contaminated goose and a contaminated duck was 
reported to be 1 mrem. These reported doses are associated with releases of radioactivity 
significantly exceeding the potential releases from SWSA 6. Additionally, less than 2% of 
the deer killed in 1991 were contaminated. As a result, the transport of contamination 
through biota to humans from SWSA 6 can reasonably be concluded to be less than those 
reported in Kornegay et al. (1992). Because the doses from consuming contaminated biota 
are much less than the pcrformance objectives for LLW disposal, and the potential 
releases from SWSA 6 are certain to be less than those releases that have already 
occurred and are occurring, the transport of contamination by biota has not been 
considered in this performance assessment. The remaining pathway for biotic transport of 
contamination could occur from root uptake of contamination by plants, resulting in the 
potential exposure to contamination by individuals (Sect. 3.2.4). Exposure to contaminated 
soils and ingestion of contaminated vegetation is incorporated into the analysis of direct 
intrusion (Sect. 3.2.4). Because contaminated vegetation is not transported off-site by 
natural processes and the exposure to contaminated vegetation is incorporated into the 
pcrformance assessment, the transport of contamination by biotic processes is not 
considered in the performance assessment in the analysis of transport through the 
environment. 

3.23 Closure Scenario 

The schedule for waste disposal operations, site closure, institutional control period, 
and post-institutional control period for SWSA 6 were selected based on the best 
information available at the time that simulations were initiated (Sect. 2.3.4). The 
following time sequence of events was used in this performance assessment. 

units are being filled and new ones constructed. The time taken to fill a particular type of 
disposal unit was estimated by Energy Systems Waste Management Organization staff 
(Table 3.5) and used in the calculations, which assumed a uniform rate of disposal-unit 
filling. 

Eirposed Geomembrane Cover (1998 to 2027). This cover was designed to provide 
temporary hydrologic isolation of the disposal units by (1) diversion of shallow subsurface 
flow through the use of french drains and (2) diversion of surface water by large 
geomembrane covers that extend over the disposal units and most of the upslope drainage 
area. Arbitrarily, 99% credit was given to the hydrologic isolation for the 30-year period 
due to the high level of maintenance and planned 10-year replacement interval for the 

Active Operations (September 1988 to December 1997). Within this period, disposal 
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Table 35. Disposal Units in Solid Waste Storage Area 6 showing starting and ending times 
of active use and the average distances of each site to groundwater and a 

receiving stream channel 

Distance to Distance to 
Starting Ending groundwater stream 

(m> (m) Disposal unit month month 

Low-range silos-north 

Low-range silos-south 

High-range silos (TH) 

Asbestos silos (TA) 

Tumulus I (TUMl) 

Tumulus 11 (TUM2) 

IWMF (IWM1) 

High-range wellslsilos 

High-range wells 

Fissile wells (WF') 

Biological trenches 

(TLN) 

(T-w 

(WHA) 

(m) 

1011988 

1011988 

1011988 

1011988 

1011988 

711990 

1011991 

1011988 

1011988 

1011988 

1011988 

1211993 

1211993 

1211993 

1211993 

611990 

311992 

1211997 

1211993 

1211993 

1211993 

1211993 

1 

5 

6 

3 

1 

87 

293 

152 

135 

43 

43 

239 

185 

185 

120 

130 

membrane. Since making the assessment calculations, the proposed remediation of 
SWSA 6 under the Comprehensive Environmental Response Compensation and Liability 
Act (CERCLA), which included a geomembrane cover, has been abandoned (Sect. 2.3.4), 
and no alternative has been decided upon. An assessment of the hydrologic consequences 
of changes in chemical transport as a result of the ongoing CERCLA remediation of 
SWSA 6 will be made in future revisions of the performance assessment (see Sect. 4.9). 

CERCLA Cap (2028 to 2097). A multilayer cap with the following layer structure 
has been proposed for construction over the tumulus units, I W F ,  and other disposal 
units: 

grass vegetation on surface, 
45 cm (18 in.) of topsoil, 
a drainage layer, 

.... 
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0 a flexible membrane, and 
8 60 cm (24 in.) of compacted clay. 

Leveling fill would be used as needed. This description was provided in internal 
correspondence dated December 28, 1992 [B. L. Kimmel, ORNL, letter to 
L. E. McNeese, ORNL, Oak Ridge, Tenn.]; however, the UTM hydrologic simulations 
were performed using a cap with the following layers: 

Q mown grass vegetation (leaf area index of 4.9), 
Q 60 cm (24 in.) of topsoil, 
0 a flexible membrane, and 
Q 60 cm (24 in.) of compacted clay. 

The compacted clay was assigned a saturated hydraulic conductivity of 0.2 mm/day 
(2.3 x ft/s)]. This value is somewhat higher than the 
1 x 
(EPA); however, it is very difficult to compact soil to defined specifications in the field 
(Goldman e t  al. 1988), and the higher conductivity is a conservative assumption. During 
the first 10 years after installation, the flexible membrane liner was considered to control 
the overall effectiveness of the cap, and an arbitrary drainage rate of 1% of precipitation 
was chosen. This effectiveness value was also used for the exposed geomembrane cover. 
Differential settling and inadequately sealed seams between adjacent geomembrane sheets 
can eventually lead to hydrologic failure of the flexible membrane liner (Bass e t  al. 1985). 
The CERCLA cap was assigned an effective life of 10 years (2028-2037) with a low 
drainage rate. During the following 10 years (2038-2047), percolation through the cap was 
allowed to linearly ramp up to values simulated for a leaking cap with macropores. The 
integrity of the flexible membrane was expected to diminish during this period, and root 
penetration into the compacted layer was also expected to occur. These developments 
would lead to shrinkage and swelling of clay materials and the gradual formation of cracks 
and channels that would allow drainage to bypass much of the compacted clay matrix 
(Suter et  al. 1993). For the 50-year period from 2048 to 2097, the burial ground was 
simulated with a mown grass cover and a leaking cap. The 100-year period of institutional 
control following initiation of site closure ends in 2097. The cap simulation used in the 
analysis is functionally equivalent to the cap proposed for field construction but provides 
enhanced infiltration by neglecting the performance of the proposed drainage layer. The 
enhanced infiltration, over the period of time that the drainage layer would be functional, 
is a conservative representation of the site’s performance. 

species succession after the grass cover is no longer actively maintained. Natural 
succession proceeds by invasion of early succession tree species such as eastern red cedar, 
short-leaf pine, and sweetgum; these are followed by oak-hickory forest species at a later 
stage (Suter et al. 1993). The hydrologic consequence of these temporal changes in species 
was not considered significant, and one set of hydrologic simulation results was used for 
the period following termination of institutional control. 

m/s) [0.008 in./day (8 x 
m/s (3 x ft/s) specified by the U.S. Environmental Protection Agency 

Forest Cover (2098i). The site is considered to revert to forest vegetation through 
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Each time period was modeled separately with appropriate soil and vegetation 
variables and parameters. Results from the end of one time period were used as inputs for 
the following time period. 

3.24 Human Exposure Scenarios 

324.1 Operations and Institutional Control Periods (1988-2097) 

. i ...._ 

For existing operating procedures at SWSA 6, monitoring data indicate that releases 
of radionuclides beyond the site boundary result in radiation doses to members of the 
general public that are far less than the limit on annual EDE of 25 mrem, which is the 
performance objective for off-site individuals. Furthermore, concentrations of 
radionuclides at inlets to public drinking water systems on the Clinch River downstream 
from ORNL are less than the applicable limits in the EPA’s interim standards for 
radioactivity in community drinking water systems (40 CFR Part 141), which include a 
limit on annual dose equivalent of 4 mrem to whole body or any organ from all 
beta/gamma-emitting radionuclides. During both the operations and institutional control 
periods, a facility monitoring program will be used to evaluate compliance with standards 
for off-site releases and protection of groundwater. 

maximally exposed individuals who reside near the boundary of the disposal units. 
Estimates of collective dose in the exposed population beyond the site boundary are not 
considered. At the present time, most of the off-site population that could be exposed to 
releases from SWSA 6 is located a considerable distance from the disposal units. The only 
credible pathway for exposure of off-site populations is transport of radionuclides in the 
Clinch River. Because the normal flow in the Clinch River provides a large dilution factor 
for releases into the river from SWSA 6, the dose received by individuals in population 
groups downstream of the disposal units is expected to be far less than the dose to a 
hypothetical individual at the site boundary. 

general public could receive radiation exposures from waste disposal in SWSA 6. As 
described previously, radionuclides released from disposal units are assumed to be 
transported primarily by surface water and groundwater. Existing monitoring data at 
SWSA 6 clearly indicate that off-site transport of contamination occurs more rapidly by 
surface water and that contaminated groundwater on the site discharges to surface water 
within the present site boundary (see Sect. 3.4). Thus, there are no indications that 
contaminated groundwater will occur beyond the site boundary in the future. All1 surface 
water from SWSA 6 discharges to White Oak Lake and from there to the Clinch River. 
Consequently, an off-site individual is assumed to be exposed to contaminated surface 
water released into the Clinch River from the present location of White Oak Dam. 

The maximally exposed off-site individual is assumed to use contaminated water 
released into the Clinch River from White Oak Creek for domestic and recreational 
purposes, and the following exposure pathways are assumed to occur: 

The dose analysis for off-site members of the general public considers only doses to 

During the operations and institutional control periods, only off-site members of the 

.. . 
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0 direct ingestion of contaminated water; 
0 ingestion of milk and meat from dairy and beef cattle that drink contaminated water; 

and 
0 external exposure while swimming in contaminated water. 

An off-site individual also could use contaminated water for irrigation of food crops 
consumed by the individual or irrigation of pasture land used for grazing by dairy and beef 
cattle. However, consumption of contaminated foodstuffs resulting from irrigation with 
contaminated water is not considered in the dose analysis because irrigation is rarely 
practiced in the Oak Ridge area at the present time, due to the usually abundant rainfall. 

3 2 4 2  Post-Institutional Control Period 

As in the operational and institutional control periods, estimates of collective dose 
in the off-site population are not considered in the dose analysis for the post-institutional 
control period because it is not expected that new population centers will be developed 
along the Clinch River near the present boundary of the ORR. Therefore, the analysis 
again considers only doses to maximally exposed individuals beyond the site boundary near 
the location of White Oak Dam. Exposures are assumed to result from the discharge of 
contaminated water into White Oak Creek, and the exposure pathways €or off-site 
individuals are assumed to be the same as those listed above for exposures during the 
operational and institutional control pcriods. 

Following loss of active institutional control over SWSA 6 at 100 years after facility 
closure, inadvertent intruders are assumed to come onto the site and establish permanent 
homesteads, including on-site sources of water and foodstuffs. Furthermore, intruders are 
assumed to have no prior knowledge of waste disposal activities at the site. Inadvertent 
intruders are assumed to receive radiation exposures from use of contaminated water 
obtained from a well, which is assumed to be located a distance of 100 m (328 ft) from 
any disposal unit and in the direction of maximum contaminant flow from disposal units at 
the point of maximum concentration, and from direct intrusion into disposal units. Each 
type of below-ground and above-ground disposal unit is treated separately in the dose 
analysis for inadvertent intruders. 

contaminated water from a well are assumed to occur: 
For inadvertent intruders, the following exposure pathways involving use of 

a direct ingestion of contaminated water; and 
0 ingestion of milk and meat from cattle that drink contaminated water. 

These pathways are the same as two of the exposure pathways for off-site individuals listed 
previously, but the pathway involving external exposure while swimming is not considered 
in the dose analysis for inadvertent intruders. At the present time, White Oak Lake is the 
only surface water within 100 m (328 ft) of disposal units in SWSA 6 that could be used 
for swimming, and no suitable streams exist on the site itself. Exclusion of this exposure 
pathway from the dose analysis is based on the assumption that White Oak Lake will be 
drained prior to loss of institutional control over the site. As in the dose analysis for off- 
site individuals, irrigation of food crops and pasture land with contaminated water is not 
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considered in the dose analysis for inadvertent intruders. Use of contaminated well water 
by an intruder is assumed to occur in conjunction with any of the scenarios for direct 
intrusion into disposal units discussed in the following paragraphs. 

Exposures of inadvertent intruders resulting from direct intrusion into disposal units 
are assumed to occur according to one of four scenarios-the agriculture, resident, 
discovery, and post-drilling scenarios. The following paragraphs provide a brief description 
of these scenarios. 

The agriculture scenario is assumed to occur continuously over an intruder’s 
lifetime. In this scenario, an intruder is assumed to construct a home directly on top of 
disposal units, with the foundation extending into the waste itself. Waste is assumed to be 
exhumed during construction of the foundation, and all waste remaining in the disposal 
units at the time the foundation is dug is assumed to be indistinguishable from native soil. 
Some of the exhumed waste is assumed to be mixed with native soil in the intruder’s 
vegetable garden, and the following exposure pathways are assumed to occur: 

ingestion of vegetables grown in the contaminated garden soil; 
direct ingestion of contaminated soil from the garden in conjunction with vegetable 
intakes; 
external exposure to contaminated soil while working in the garden or residing in the 
home on top of the disposal facility; and 
inhalation of radionuclides suspended into air from contaminated soil while working in 
the garden or while residing in the home. 

.... 

The resident scenario also is assumed to occur continuously over an intruder’s 
lifetime. As in the agriculture scenario described above, the resident scenario assumes that 
an intruder excavates a foundation for a home on top of disposal units. During excavation, 
however, the intruder is assumed to encounter an intact engineered barrier (e.g., 
reinforced concrete roof) on top of the disposal units that cannot be penetrated by the 
types of excavation equipment normally used on the ORR. The intruder then is assumed 
to construct a home directly on top of the intact engineered barrier. Because the 
engineered barriers are assumed not to be penetrated during excavation, the only exposure 
pathway of concern for the resident scenario is external exposure to photon-emitting 
radionuclides in the waste during the time the intruder resides in the home on top of the 
disposal units. The presence of intact engineered barriers would preclude any ingestion or 
inhalation exposures. 

The external exposure pathway of concern for the resident scenario is similar to one 
of the exposure pathways assumed for the agriculture scenario. Because the resident 
scenario assumes the presence of an intact engineered barrier between the waste and the 
receptor location but the agriculture scenario does not, the dose per unit concentration of 
radionuclides clearly will be considerably less for the resident scenario than for the 
agriculture scenario. However, the agriculture scenario presumably cannot occur for a 
substantial period of time after the resident scenario, because the agriculture scenario 
requires that the engineered barriers are physically degraded and can be penetrated by 
normal excavation procedures. Therefore, the resident scenario is potentially important 
(Le., could result in doses comparable to or greater than the doses for the agriculture 
scenario) if the inventory of photon-emitting radionuclides in disposal units is depleted 
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significantly over time prior to failure of the engineered barriers, either by radioactive 
decay or by mobilization and transport in infiltrating water. For radionuclides that are 
relatively long-lived or immobile, the resident scenario should result in considerably lower 
estimates of dose than the agriculture scenario. 

The discovery scenario is assumed to occur only once over an intruder’s lifetime. In 
this scenario, an intruder attempts to excavate a foundation for a home at the location of 
disposal units, as in the agriculture scenario described previously, but is assumed to 
encounter an intact and impenetrable engineered barrier (e.g., reinforced concrete) used 
in constructing the disposal units. Thus, the discovery scenario involves the same 
assumption about the engineered barriers as the resident scenario described above but 
differs from the resident scenario in two respects. First, shortly after encountering the 
intact engineered barrier, the intruder decides to abandon digging at the location of 
disposal units and moves elsewhere, thus resulting in a short-term acute exposure rather 
than a long-term chronic exposure as in the resident scenario. Second, it is assumed that 
the excavation could encounter an engineered barrier at the side of disposal units, rather 
than just at the top of disposal units as in the resident scenario. This difference is 
potentially important because several types of disposal units in SWSA 6 are engineered 
with walls that are thinner than the cap, and the external dose rate per unit concentration 
of radionuclides in the waste thus could be significantly higher for the discovery scenario 
than for the resident scenario. As for the resident scenario, the only exposure pathway of 
concern for the discovery scenario is external exposure to photon-emitting radionuclides in 
the waste during the time the intruder excavates at the site, and the presence of intact 
barriers precludes any ingestion or inhalation exposures. 

time. Furthermore, the exposure pathway of concern-namely, external exposure to 
photon-emitting radionuclides in the waste-essentially is the same for the two scenarios. 
Thus, the dose analyses for these scenarios depend only on (1) the assumed exposure 
time, which presumably would be considerably less for the discovery scenario involving a 
short-term acute exposure than €or the resident scenario involving a long-term chronic 
exposure, (2) the amount of shielding provided by the engineered barriers in disposal 
units, and (3) the shielding factor during indoor residence, which applies only to the 
resident scenario and reduces the external dose rate per unit concentration of 
radionuclides in the waste compared with the external dose rate outdoors in the discovery 
scenario. The shielding factor for a home should be no more than a factor of two. 

From the descriptions of the resident and discovery scenarios given above, the dose 
per unit concentration of radionuclides clearly would be considerably greater for the 
resident scenario than for the discovery scenario when the thickness of the engineered 
barriers encountered during excavation would be the same in the two scenarios. However, 
since the resident scenario assumes that an intruder attempts to excavate into disposal 
units only from above, and the intruder’s home sits on top of the engineered barriers 
above the waste, but the discovery scenario takes into account that an excavation also 
could encounter an engineered barrier at the side of disposal units, the dose for the 
discovery scenario could be comparable to or greater than the dose for the resident 
scenario if the thickness of the engineered barriers at the side of disposal units is 
considerably less than the thickness of the barriers at the top of disposal units. 
Considerably different thicknesses of engineered barriers on the top and sides of disposal 

From their definitions, the resident and discovery scenarios would occur at the same 
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units occur with some of the units in SWSA 6, so the discovery scenario is considered in 
addition to the resident scenario in these cases, in spite of the considerably shorter 
exposure time that presumably occurs for the discovery scenario. On the other hand, the 
discovery scenario clearly can be neglected compared with the resident scenario for 
disposal units in which the thickness of the engineered barriers at the side of the units is 
the same as the thickness of the barriers at the top of the units. 

The post-drilling scenario is assumed to occur continuously over an intruder’s 
lifetime. In this scenario, direct intrusion into disposal units during construction of a home 
on the site, as in the agriculture scenario described previously, is assumed not to occur. 
However, an intruder is assumed to access solid waste by drilling through a disposal unit 
(e.g., for the purpose of constructing a well for the intruder’s domestic water suppty). The 
contaminated drilling waste that is brought to the surface is assumed to be 
indistinguishable from native soil, and all of the drilling waste is assumed to be mixed with 
native soil in the intruder’s vegetable garden. The following exposure pathways are 
assumed to occur: 

ingestion of vegetables grown in contaminated garden soil; 
0 direct ingestion of contaminated soil from the garden in conjunction with vegetable 

in takes; 
external exposure to contaminated soil while working in the garden; and 
inhalation of radionuclides suspended into air from contaminated soil while working in 
the garden. 

. . ... . 

These exposure pathways are conceptually the same as some of the pathways assumed for 
the agriculture scenario. However, in the post-drilling scenario, external and inhalation 
exposures while residing in the home on the disposal site are not relevant because all 
waste exhumed by drilling 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 disposal units or 
contaminated soil. 

considered in this analysis, a potentially important assumption is the time after disposal at 
which the scenarios first could occur, because the dose from many radionuclides is reduced 
significantly over time due to radioactive decay and mobilization and transport from 
disposal units into the environment. The earliest time after disposal at which the scenarios 
reasonably can occur depends on the time period for active institutional control over the 
disposal site and the length of time the engineered barriers in many types of disposal units 
are assumed to maintain their integrity and preclude direct intrusion into waste, either by 
excavation or by drilling. 

The agriculture scenario is based on the assumption that a waste disposal unit must 
be penetrable by normal excavation procedures used in digging a foundation for a home. 
Therefore, [or all disposal units that are constructed using concrete walls and caps (Le., all 
disposal units except the biological trenches), this scenario cannot reasonably occur until 
the concrete barriers have lost essentially all of their structural and physical integrity 
because normal excavation procedures used in digging a foundation for a home cannot 
readily penetrate an intact concrete barrier. The extent of barrier degradation that would 

For the four exposure scenarios involving direct intrusion into waste disposal units 

... ..... 
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permit normal excavation presumably is more severe than the type of cracking degradation 
that results in increased infiltration of water (as discussed in Sect. 3.1.1). 

A detailed analysis of the physical degradation of concrete barriers to an extent 
sufficient to permit normal excavation has not been performed in this assessment. Rather, 
the presence of concrete barriers in all disposal units except the biological trenches is 
assumed to preclude the agriculture scenario for 300 years after disposal. Although the 
expected lifetime of the concrete barriers is not known, this assumption is intended to be 
somewhat pessimistic (Le., the concrete barriers could maintain their integrity and 
preclude intrusion by excavation for longer than 300 years, but a technical justification for 
a longer time period cannot be provided). The effect of longer barrier lifetimes on 
predicted doses for the agriculture scenario is also investigated in this analysis. For 
disposal in unlined biological trenches, the agriculture scenario is assumed to occur 
immediately upon loss of active institutional control at 100 years after disposal. 

The resident and discovery scenarios are based on the assumption that a disposal 
unit is impenetrable by normal excavation procedures used in digging a foundation for a 
home. Therefore, for all units constructed with engineered barriers, these scenarios are 
assumed to occur immediately upon loss of active institutional control at 100 years after 
disposal. These scenarios are not relevant for the biological trenches, which are 
constructed without engineered barriers and can be penetrated by normal excavation 
procedures. The resident scenario is considered for all disposal units except the biological 
trenches, but the discovery scenario is potentially important only for disposal units in 
which the thickness of the engineered barriers at the sides of the units is considerably less 
than the thickness of the engineered barriers at the top of the units, due to the shorter 
exposure time for the discovery scenario than for the resident scenario. The disposal units 
for which the discovery scenario is considered thus include the low-range silos, high-range 
silos, high-range wells, and asbestos silos; the discovery scenario need not be considered 
for Tumulus I, Tumulus 11, the IWMF, and the fissile wells. 

penetrated by normal well-drilling procedures, even in the presence of intact engineered 
barriers, because drilling through hard rock is commonplace near the ORR. Furthermore, 
all drilling waste is assumed to be indistinguishable from native soil. Therefore, the post- 
drilling scenario is assumed to occur at 100 years after disposal for all units, including 
those constructed with engineered barriers. 

inadvertent intruders into the dilferent disposal units at SWSA 6: 

The post-drilling scenario is based on the assumption that a disposal unit can be 

In summary, the following four scenarios are assumed in the dose analysis for 

an agriculture scenario involving direct intrusion into disposal units by excavation, which 
is assumed to occur at any time beyond 300 years after disposal for units constructed 
with engineered barriers and at any time beyond 100 years after disposal for the 
biological trenches; 
a resident scenario involving exposure during residence in a home on top of intact 
engineered barriers above disposal units, which is assumed to occur at 100 years after 
disposal and is applied to all disposal units except the biological trenches; 
a discovery scenario involving exposure while excavating at a disposal site in the 
presence of intact engineered barriers, which is assumed to occur at 100 years aftcr 
disposal for all disposal units except the biological trenches but is applied only to those 
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disposal units in which the thickness of the engineered barriers at the sides of the units 
is considerably less than the thickness of the engineered barriers at the top of the units; 
and 

assumed to occur at 100 years after disposal €or all disposal units. 
a post-drilling scenario involving direct intrusion into disposal units by drilling, which is 

Two other scenarios also were considered but not included in the dose analysis for 
inadvertent intruders-the so-called construction and drilling scenarios. These scenarios 
and the justification for not including them in the dose analysis are described as follows. 

The construction scenario involves short-term, acute exposure and considers doses 
that would be received while excavating a foundation for a home on the disposal site that 
extends into the waste itself. The construction scenario thus can be thought of as the 
precursor of the chronic agriculture scenario, which considers exposures that might be 
received after construction of the home is completed. The potential importance of the 
construction scenario arises primarily from the assumption that excavation activities could 
result in airborne concentrations of radionuclides that are substantially higher than those 
resulting from normal residence on exposed waste, as in the agriculture scenario. Ingestion 
exposure presumably is unimportant during normal excavation activities, and the dose from 
external exposure to radionuclides in the waste during excavation should be considerably 
less than the dose from external exposure while residing in the home after construction is 
completed, due to the lower exposure time involved. 

scenario, so 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 €or 
most radionuclides the dose per unit concentration is expected to be greater for the 
agriculture scenario. This result assumes a reasonable exposure time for the construction 
scenario and the use of reasonably consistent assumptions for the exposure pathways for 
the two scenarios. Therefore, since the dose limit €or the acute construction scenario is 
five times higher than the dose limit for the chronic agriculture scenario, the construction 
scenario can be neglected in the dose analysis for inadvertent intruders. 

The drilling scenario also involves a short-term, acute exposure and considers doses 
that would be received while drilling through waste and constructing a well. The drilling 
scenario thus can be thought of as the precursor of the chronic post-drilling scenario, 
which considers exposures that might be received after well drilling is completed. The 
potential importance of the drilling scenario arises primarily from the assumption that an 
intruder could be located near an unshielded pile of driIling waste for a substantial period 
of time and, thus, receive a significant external exposure. Ingestion exposure presumably is 
unimportant during normal drilling activities. Although some radionuclides in the drilling 
waste could be suspended into 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 waste, the small volume of drilling waste produced, and 
the absence of direct mechanical disturbance of the waste pile. 

The drilling scenario clearly would occur at the same time as the post-drilling 
scenario, and the dose analysis for the two scenarios would be based on the same 

The construction scenario clearly would occur at the same time as the agriculture 
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concentrations of radionuclides. Previous calculations (Kennedy and Peloquin 1988) again 
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 that a reasonable exposure time for the drilling scenario and reasonably 
consistent assumptions for the exposure pathways for the two scenarios are assumed. 
Therefore, the drilling scenario can be neglected in the dose analysis for inadvertent 
intruders. 

3.3 ASSUMPTIONS 

In the approach to this performance assessment (described in Sects. 3.2 and 3.2), 
many assumptions are required to provide a complete model for calculating quantitative 
results. Those assumptions that are considered important to the quantitative results 
presented in Sect. 4 and the method described in Sect. 3.4 are discussed in this section. 

33.1 SOurceTerms 

The basic assumptions used in the modeling of the source terms are as follows: 

(1) The radionuclide leaching from wastes and concrete barriers is by advective and 
diffusive mass transport; 

(2) The complex forms of the wastes and concrete barriers can be approximated 
sufficiently as simpler forms (e-g., slabs); 

(3) The diffusion coefficients needed in the mass transport models (Appendix B) can be 
appropriately represented as retarded diffusion coefficients; 

(4) The bulk chemical and physical properties of the concrete barriers deteriorate-over 
the time span of interest-to an extent that they significantly affect the values of the 
advective flow; 

process accounting for sorption (retardation) and decay; 

calcium hydroxide, and corrosion of reinforcing steel; and 

the isotope. 

structural degradation of the disposal unit occurs. 

(5) The release of radionuclides due to advection is modeled as a zero-order leaching 

(6) The degradation (cracking and failure) of concrete is caused by sulfate attack, loss of 

(7) The concentration of a radioisotope in leachate cannot exceed the solubility limit of 

(8) The effect of concrete cracking on the leaching of radionuclides is delayed until 

3 3 2  Site 

3.3.21 Runoff-Recharge Factors 

The disposal units were assumed to operate within miniwatersheds in which inflow 
from the immediate upslope surroundings interacts with nuclides leaking from disposal 
units. This same process was assumed to be maintained at various stages of disposal unit 
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operation and closure. Terrain modification during closure may differ from that assumed 
in the assessment; however, little can be done to anticipate specific changes that may 
occur in the future. The general topography present during filling of the disposal units was 
assumed to be preserved throughout the life of the facility. 

landscape attributes. The average upslope area contributing lateral flow (B) to a disposal 
unit (Fig. 32) was determined from an AUTOCAD map of SWSA 6, and the ratio of this 
area to the disturbed area containing the disposal unit (A) was calculated (BI’ values 
given in Table 3.6). The vertical recharge at a disposal unit site plus BIA times the sum of 
lateral flow and surface runoff entering the site from upslope sources was multiplied by 
the number of units for each site to give the water volume in contact with chemicals 
released from the disposal units at a given point in time. In all cases the disposal units at 
each site were considered to be influenced by a bathtub effect. Davis et  al. (1989) have 
demonstrated with piezometer monitoring wells that the backfill around disposal units in a 
trench excavation becomes saturated from the bottom of the trench back to the surface 
during seepage events. The nuclides leaching from the disposal units are dissolved in this 
water volume and the solution partitioned into groundwater recharge and lateral flow 
components. Groundwater was preferentially recharged with the nuclide solution formed 
with the trench water using Darcy’s Law to calculate recharge. This calculation used the 
saturated hydraulic conductivity of the aquifer and a unit hydraulic gradient. The 
remainder of the nuclide solution, if any, was removed each month from the site as 
shallow subsurface flow by subtracting the total nuclide solution volume from the recharge 
volume (see Appendix B.1.5.4.2). This treatment of hydrologic processes at a disposal unit 
site favors the preferential recharge to groundwater of the lateral drainage from the 
upslope mini-watersheds associated with a disposal unit site (Fig. 3.1). Monthly water level 
monitoring in disposal trenches has shown that water does not accumulate in trenches 
(Davis, Francis, and Luxmoore 1989), and the removal of the bathtub water on a monthly 
basis is considered appropriate. 

Chemical transport from each disposal unit passed through the soils of the 
stormflow and vadose zones, and chemical adsorption was determined during transport 
with an equilibrium Kd calculation. The soil volume in the recharge pathway to 
groundwater was determined as the disposal unit site area multiplied by the depth to 
groundwater, which was determined from water table maps of SWSA 6 (Davis et al. 1987). 
In the case of lateral flow, the path length from the disposal units to the nearest stream 
channel (Table 3.5) was multiplied by one quarter of the site area to give the soil volume 
interacting with chemicals moving in shallow subsurface flow (Fig. 3.2). This quantity is an 
arbitrary estimate of the relevant soil volume for lateral flow. The number of filled units 
was adjusted annually during the active-use period as a linear function of time from the 
starting year (Table 3.5). This adjustment resulted in units having different ages, which was 
accounted for in the chemical transport calculations. Hydrologic transport from three 
disposal units (Tumulus I, Tumulus 11, and IWMF) was simulated on a per pad basis and 
not on a per vault basis. Each pad was loaded with several hundred vaults (see Sect. 
2.3.6). 

specifically account for the effects of matrix diffusion. This effect can cause a difference 
between the time of first arrival of chemical during a transport event and the time of peak 

The total monthly water flow contacting disposal units was adjusted for the local 

The calculations of lateral subsurface transport through the stormflow zone did not 
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Fig. 3.2 Diagram of a disposal unit area (A) in relation to its upslope watershed area (B) and the soil volumes in the 
vertical path to groundwater and the lateral path to a receiving stream channeL 
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Table 3.6. Disposal units in Solid Waste Starage Area 6 showing number of units, 
containment area, and the upslope area d r a g  directly into each site" 

(4 (B)  
Containment Upslope 

Number of area per unit area per unit 
Waste site units (mZ) (m2) BIA 

Low-range silos-north 23 10 26 2.6 

Low-r ange silos-sou t h 90 10 30 3.0 

(l--LN) 

(U) 
High-range silos (TH) 50 10 37 3.7 

Asbestos silos (TA) 17 10 70 7.0 

Tumulus I (TUM1) 1 466 559 1.2 

Tumulus I1 (TUM2) 1 356 1388 3.9 

Interim Waste 1 356 1566 4.4 
Management Facility 
(IwM1) 

High-range wells/silos 6 10 0 0.0 
(WW) 

High-range wells 62 1 0 0.0 
(WHA) 

Fissile wells (WF) 1 1 20 20.0 

Biological trenches 6 47 329 7.0 
(TB) 

- -~~ 

'The ratio B,!4 was used to calculate the quantity of upslope subsurface flow entering a disposal 
unit site. 

concentration in the flow paths (Solomon et al. 1992). Matrix diffusion acts as a buffer 
that "smears out" the transport of chemicals by diffusive uptake of solutes from flow paths 
into the microporosity of the matrix Solutes are later released as a secondary source from 
the matrix after the chemical concentration from the primary source (e.g., leaking silo) 
declines. Annual time steps were adopted for chemical transport in the stormflow zone, 
and a quasimatrix diffusion effect was provided by mixing the new input of chemical in a 
given year with the soil solution that was retained by capillary forces in the flow path 
(field capacity) in previous time steps. There was no allowance for any bypass (macropore) 
flow in the transport of chemical to groundwater or to surface water through the 
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stormflow zone, which resulted in all of the soil being effective in chemical adsorption. 
These approximations avoided the need for the application of a three-dimensional finite- 
element transport model for each disposal unit, which was viewed as unjustified given the 
uncertainties in both the nuclide inventory estimates and the parameter values used in 
waste containment degradation. 

Recharge to groundwater has been estimated from water budget and modeling 
methods that provided values in the range o€ 1-7 cm/year (0.4-3 in./year) (Tucci 1986, 
Bailey and Lee 1990, Solomon et  al. 1992). These estimates were used as a guide for 
comparison with simulations obtained with the UTM hydrologic model. The extensive 
disturbance from trench excavation and well drilling has very likely increased recharge at 
the facility (see Sect. 2.1.3). 

32-22 Aquifer Properties 

For purposes of performance assessment groundwater modeling, the following 
assumptions were made concerning the aquifer: 

Water table. The water table is variable within a nominal thickness of 4 m (12 ft) to 
5 m (15 ft). This thickness is consistent with published data and enabled calibration of 
the flow model to the water table norm (above) under recharge constraints. 
2% porosity. This value was determined in tests at the Engineered Test Facility (ETF) 
and was used in aquifer simulations €or ETF. 
Homogeneous hydraulic conductivity. A value of 1.2 x cm/s (3.9 x ft/s) was 
used. This value was obtained from computer simulations in which calculated head 
values were calibrated to measured heads (see Sect. 4.3). While higher than the mean 
value reported for the Consauga Group in Melton Valley (Solomon 1992), it is thc 
value that produced the closest agreement between measured and calculated head 
surfaces. The aquifer is heterogeneous; however, the geographic distribution of data at 
the site does not permit deterministically prescribing heterogeneous conductivity at a 
scale consistent with realistic variations or with the scale of modeling performed. 
Anisotropy. Anisotropy of 3:l parallel to strike was used. This ratio is consistent with 
the observed drawdown pattern from a pump test performed at the ETF site and 
results in flow vectors consistent with the observed movement of solute at SWSA 6. 

33.23 Retardation 

Values for distribution coefficients (Kd) of nuclides on the soils of SWSA 6 were 

The Kd value of zero was selected €or H, C, C1, and Tc because the soluble anion 
obtained or estimated from published research; values are given in Table 3.7. 

forms of these nuclides were not expected to adsorb onto soil. The Kd for Cd was 
obtained from Turner and Steele (1988), and the value for Ni was obtained from Swanson 
(1983). The Kd values €or the remainder of the nuclides were based on the 
recommendations of Friedman and Kelmers (1990). In all cases the Kd values were 
obtained with equilibrium methods using soil material from the facility or from the same 
soil type. 
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These Kd values were used in transport calculations through the stormflow zone to 
surface water and in the transport of nuclides into the groundwater through the vadose 
zone. The Kd values were applied to a soil volume estimated to occur between the 
individual disposal units and the nearest stream channel or water table as appropriate for 
lateral flow and recharge calculations (Table 3.5). Jardine et al. (1993) have shown that Kd 
values obtained by equilibrium methods apply well for representing adsorption during 
unsaturated flow for many radionuclides, even if the flow is close to saturation. 

The retardation characteristics of the bedrock in SWSA 6 were estimated by 
Friedman and Kelmers (1990). These data (Table 3.7) were taken as a basis for a 
distribution of possible values of Kd, assuming it is a random variable. The distribution of 
values for Kd for each isotope was, then, based on laboratory data. For many of the 
radionuclides in Table 3.7, the values used in the analysis are substantially less than values 
measured in the field (Sheppard and Thibault 1990; Trabalka and Garten 1983). 

Retardation factors have a major influence on all components of the transport 
analysis. For the groundwater component, larger values of Kd effectively slowed the 
advective transport so that diffusion was an important factor for very large values for time. 
Extreme values, as used in the uncertainty analysis (Sect. 4.6), resulted in very large 
transport times, probably well beyond any range of validity for the modeling. 

3 3 3  wastes 

The release of radionuclides is influenced by the water saturation of a disposal unit 
(ie., the waste and concrete containment). In this study, the relative saturation of waste 
(volume of H,O/volume of waste), or H ,  [as given in Eq. (C.l)] is taken to be equal to 
the void fraction of the waste. In other words, the pores in the waste are full of water or 
saturated. Further, the fraction of pore capacity to hold liquid that is filled, or 4-1 [as given 
in Eq. (C.3)], is assumed to be unity. In other words, the pores in the concrete (and 
waste) are saturated with water. The assumption that a disposal unit (waste and concrete 
containment) is saturated represents conservatism in that it gives the largest release by 
advection and diffusion with all other parameters being FYred. 

heterogeneous in a engineering sense). The waste was taken to have an average open- 
pore void fraction of 0.27, and the concrete, of 0.15. The shapes and dimensions of the 
disposal units are given in Sects. 2.3.5 and 2.3.6. 

@e., waste and concrete) by advection and diffusion. The transport properties are 
presented in Appendix C. 

Each disposal unit was assumed to be a uniform composition @e., homogeneously 

The radionuclides were assumed to be transported through the disposal units 

3.4 PERFORM AN^ ANALYSIS METHODOLOGY 

This section presents the method for analyzing the transport and exposures to 
radionuclides disposed of in SWSA 6. The method utilizes models of the site and the 
transport of radionuclides in the environment. The methods for calculating doses for 
exposures to radionuclides from transport in the environment and from direct intrusion 
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Table 3.7. Half-life, specific activity, and distriiution coefficient (K' 
values of radionuclides simulated in the performance assessment of 

Solid Waste Storage Area 6 

Half-life Specific activity K d  

Nuclide (years) (Cik) (mL/g) 
3H 12.3 

5730 
72oooO 
301000 

100 

213000 
13.7 
30 
13.3 
8.8 
4.96 

5.27 

28.5 

1600 
7340 
75400 

14100000000 

159000 
245000 

704000000 
23400000 
2 140000 

4470000000 

24100 
6560 

376000 
43 3 

7380 

68.9 

87.7 

28.5 
18.1 
35.1 

9650 
4.46 
0.0191 
0.033 

1130 

136 

217 
87 
173 
270 
465 

61.7 

0.017 

0.989 
0.213 
0.021 1 

0.0000001 1 

0.00968 
0.00625 
O.OoooO216 
O.oooO647 
0.000705 
0.00OOO033 6 

0.0622 
0.228 
0.00382 
3.43 
0.199 

21.4 

17.1 

51.6 
80.9 
4.1 

0 
0 

3000 
0 

3000 
2000 
30 
0 

200 
3000 
3000 
3000 
3000 
3000 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

3-32 



Analvsis of Performance 

. .-. 

are discussed. Verification and validation oE models used in the performance assessment 
are also described. 

3.4.1 Overview of Analysis 

The performance analysis was based on data available on the waste disposed of at 
SWSA 6, the disposal methods used at SWSA 6, and SWSA 6 site characteristics. 
Assumptions were made when data needed were unavailable. All assumptions were 
conservative and representative of the ORR. These assumptions are discussed in Sect. 33. 

The analysis is based on the determination that surface water and groundwater are 
the significant pathways for transport of radionuclides from disposal units. The pathways 
for exposure-either of off-site individuals and inadvertent intruders due to radionuclides 
in contaminated water or of inadvertent intruders resulting from direct intrusion into 
disposal units-are discussed in Sect. 3.2.4. 

Simulations of the release of radionuclides from disposal units and subsequent 
transport in water were carried out using six computer codes--UTlki, SOURCE1, 
SOURCE2, WELSIM, TUMSIM, and U.S. Geological Survey Method of Characteristics 
(USGS MOC). All codes are written in standard Fortran and run on Digital Equipment 
Corporation VAX (UTM only) or Hewlett-Packard HP9000 computer hardware. The 
relationship between the codes is shown schematically in Fig. 3.3. 

Both UTM, a hydrologic transport model, and USGS MOC, a model for solute 
transport and dispersion in a saturated porous medium, are approved by the 
U.S. Department of Energy code center. The SOURCE1 and SOURCE2 codes were 
developed for estimating the release of radionuclides from porous waste forms using 
advection and diffusion models and are described in Appendix B. The TUMSIM code 
describes lateral subsurface nuclide transport through the stormflow zone and transport to 
groundwater through recharge from the tumulus or IWMF disposal units. These units 
consist of concrete pads loaded with concrete vaults containing nuclide wastes. Shallow 
subsurface transport and nuclide flux to groundwater from all other sites (wells, silos, and 
trenches) was simulated with WELSIM. The TUMSIM and WELSIM codes use annual 
time-step simulations of nuclide transport and account €or nuclide-adsorption on the 
subsurface soil materials and radioactive decay of nuclides (Appendix D.2). 

Each code had specific uses in SWSA 6 modeling. The UTM code was used to 
model the site water budget. SOURCE1 and SOURCE2 were used to compute leachate 
generation and movement from the disposal units and to predict contaminant release from 
the units over time. The TUMSIM and WELSIM codes predict transport and retention of 
nuclides in the shallow subsurface in both the stormflow zone and in recharge to the 
aquifer. The USGS MOC program was used to simulate flows in the saturated zone and 
to predict Contaminant transport in groundwater. The discharge of nuclides from the 
shallow subsurface, calculated by TUMSIM and WELSIM, and from groundwater, 
calculated by USGS MOC, were combined to give the total transport to surface water. 
The surface transport values were used in dose assessment calculations. 
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3-42 Site Hydrology 

Historical precipitation records for the Oak Ridge area were reviewed, and data 
representative of dry, average, and wet years were selected. Water budget simulations 
were run for these three contrasting climate years to examine a range of climatic 
phenomena. For the dose assessment the average climate conditions were used. 

the site during all phases of the closure scenario (Sect. 3.2.3 and Appendix D.1). Soil, 
during the active operations period, was modeled as disturbed and uncovered, during 
institutional control, as covered by mown grass or other shallow-rooted vegetation, and 
during post-institutional control, as forested. The UTM simulation included variations in 
the integrity of compacted soil caps during institutional control, and the site was modeled 
with both functional and leaking caps (see Sect. 3.2.3 and Appendix 0.1). 

The UTM simulations predicted total annual surface and shallow subsurface water 
flow in each disposal site for dry, wet, and average years during the time periods of 
interest. In addition, recharge for each disposal unit in the same time periods was 
predicted. The climate conditions used by UTM included the effects of storms (hourly 
precipitation) for dry, wet, and average years. 

Characteristics of vegetation and soil conditions were input to UTM to represent 

3.43 Facility Performance 

.... 
The source term for pathways analysis at SWSA 6 was based on the volume and 

characteristics of the waste disposed of at the facility. The characteristics of the waste 
include an inventory of specific radionuclides, their chemical form, and total curies by type 
of disposal unit. Total water per month available at each disposal unit was predicted by 
the UTM code using soil and vegetation characteristics that were adjusted for the 
changing conditions of the closure scenario. In the current analysis, values for an average 
precipitation year were used for nuclide transport. The influence of variation in hydrologic 
flows on nuclide transport is addressed in the section dealing with uncertainty. 

over time from individual disposal units. Input for disposal units included initial conditions 
and dimensions of each unit type-silo, well, and tumulus (Appendix B). The model 
included radioactive decay, advection, and diffusion through concrete for each radionuclide 
in the waste. The solubility of each radionuclide in the unit was based on its chemical 
form. Retardation contributed by other waste materials in the unit was not included in the 
analysis. For each unit type considered, the simulations predicted cumulative leached 
amounts as a function of time for each radionuclide in the unit. For the tumulus and 
IWMF disposal units, no credit was taken in the analysis for the pad drain collection 
systems. The pad drain collection system has been shown to be effective in removing 
leachate from these disposal units during active use and prior to facility closure, as 
discussed in Sect. 2.1.3. The advective release of contamination from disposal vaults occurs 
after structural failure of the vaults. This failure is considered to occur after the drainage 
system becomes clogged and ineffective. The existing french drain system in SWSA 6 has 
been shown to be less effective over time. Therefore, the omission of the pad drain 
collection system from the analysis of performance is not considered to have a significant 
effect on the results presented in Sect. 4. 

The SOURCE1 and SOURCE2 codes were used to predict radionuclide release 
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3.4.4 Shallow Subsurface Transport 

Hydrologic and water budget simulations were conducted with UTM to provide 
surface runoff, drainage, and lateral flow of water in response to hourly inputs of 
precipitation. The model accounted for the nonlinear flow dynamics using variable time 
steps as needed (the smallest was 0.5 min and the longest was 60 min). These flow values 
were summed to give monthly values that were used in the simulation of chemical leaching 
from disposal units with the SOURCE1 and SOURCE2 models and in the groundwater 
simulations with USGS MOC (Fig. 3.3). 

on input data available from the site or from sources with similar soil and plant attributes. 
More specific aspects of thc water budget modeling are outlined in Sect. 3.4.7. 

Nuclide leaching from the disposal units predicted by the SOURCE1 and 
SOURCE2 models is taken as input to the TUMSIM and WELSIM codes for simulation 
of nuclide transport through the lateral shallow subsurface (stormflow) path and the 
drainage into the groundwater (recharge). The TUMSIM and WELSIM codes account for 
the position of the disposal units in the landscape and the distances from the disposal 
units to the nearest receiving stream channels for subsurface discharge and to the water 
table. These aspects have been described in Sect. 3.3.2.1 and summarized in Fig. 3.1 and 
Tables 3.5 and 3.6. Fluctuations in water table elevation due to seasonal changes in water 
budgets and anticipated effects of changing land covers for the closure scenario 
(Sect. 3.2.3) were not considered in calculations performed in this performance 
assessment. The uncertainty due to fluctuating water tables is considered in the 
uncertainty analysis (Sect. 4.6.1.3). The calculated results and the results of the uncertainty 
analysis are used in the interpretation of results (Sect. 4.7). The TUMSJM and WELSIM 
codes account for nuclide adsorption (see Sect. 3.3.2.3, Table 3.7) and radioactive decay 
during transport. Further descriptions of these models are given in Sect. 3.4.8.3. 

The soil and vegetation characteristics used in the hydrologic simulations were based 

3.45 Transport in Groundwater 

Groundwater flow in the saturated zone at SWSA 6 was modeled with the USGS 
MOC code. The flow values were combined with rccharge and chemical transport values 
from TUMSIM and WELSIM to predict direction and concentration of contaminant flow 
in the groundwater at SWSA 6. 

Input to the MOC code was site-specific. Historical water elevation data from wells 
in the SWSA 6 area were integrated to produce an average water table, which was used as 
the initial condition for hydraulic head in the simulations as well as a norm for hydraulic 
parameter determination. Groundwater recharge values at a disposal unit were those 
predicted from the UTM, TUMSIM, and WELSIM codes. Diffuse recharge over the 
entire area was adjusted to conserve mass and to match the data-derived hydraulic head 
surface. Hydraulic conductivity parameters were derived from recent measurements at 
SWSA 6 (Bechtel 1989); other parameters were based on measurements or derived from 
modeling and tracer test results in similar geological materials at Bear Creek Valley (Lee 
and Ketelle 1989). 
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To enhance the site specificity of the simulation, the flow equation in the MOC 
code included driving terms to match conditions at SWSA 6. The flow equation in the 
MOC code was adjusted to reflect the integrated head surface constructed from the 
historical data, keeping intact important hydrological sinks, sources, and barriers known 
from site data. Furthermore, to more realistically simulate the monitored closure and 
postclosure scenarios described in Sect. 3.2.3, the MOC code was modified to allow input 
of time-dependent boundary and recharge conditions (see Appendix E). 

Transport in the groundwater was modeled principally as advective flow, with small 
dispersivity added to allow for heterogeneities in the system. A best estimate of 
retardation in the saturated zone was included in the simulation (Sect. 3.3.2.3). The 
modeling methods followed those used successfully in the contaminant transport model 
validation study at Bear Creek Valley (Lee and Ketelle 1989), and the resultant flow field 
was consistent with those results. 

Contaminant plumes, updated every simulation year, were tracked assuming 
continuous source terms supplied from the TUMSIM and WELSIM recharge simulations 
and the UTM surface and shallow subsurface transport simulations. The MOC code 
predicted transport in the groundwater for each radionuclide, including concentration- 
arrival times at given points within SWSA 6 and at the SWSA 6 boundary outflows. For 

The analytic code also was used for sensitivity analysis of 232Th. (Details are described in 
Appendix E.) 

having extremely long release times, an analytic element was used in place of MOC. 

3.4.6 Transport to Surfam Water 

The chemical outflows to surEace water calculated from the shallow subsurface 
(TUMSJM, WELSIM) and groundwater (USGS MOC) modeling were combined to give 
the total chemical flux from SWSA 6 on an annual basis. The mean annual concentration 
of nuclides released from SWSA 6 was calculated as the ratio of the annual chemical flux 
and the annual surface water flux from SWSA 6. The UTM hydrologic simulations 
provided estimates of the annual surface water fluxes for a range of precipitation 
conditions (dry, average, and wet). Summary information on the annual nuclide fluxes and 
mean annual nuclide concentration was used in the dose assessment calculations. 

3.4.7 Dose &timation 

Results from the models used to estimate release of radionuclides from disposal 
units and transport in the environment provide estimates of radionuclide concentrations in 
surface water and groundwater as a function of time after disposal. These concentrations 
provide input to the exposure pathway models for estimating (1) dose to off-site 
individuals and inadvertent intruders from all exposure pathways involving use of 
contaminated water and (2) dose from consumption of contaminated groundwater or 
surface water by the drinking water pathway only. 

Results from the models for estimating the release of radionuclides could be used to 
estimate radionuclide concentrations in disposal units as a function of time. These 
concentrations could provide input to models for estimating doses to inadvertent intruders. 
However, for reasons described in Sect. 453.2, the eventual depletion of radionuclide 
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inventories in disposal units by leaching of wastes has not been included in the dose 
analysis for inadvertent intruders. The models for estimating dose per unit concentration 
of radionuclides in water or in solid waste in disposal units are described in detail in 
Appendix G. 

Exposure of members of the public beyond the site boundary can occur at any time 
during the operations, institutional control, and post-institutional control periods. 
Maximum annual EDEs to off-site individuals resulting from use of contaminated surface 
water at the site boundary were estimated on the basis of the predicted maximum 
concentrations of radionuclides in surface water. Maximum annual effective equivalents 
from direct consumption of contaminated groundwater are based on the predicted 
maximum concentrations of radionuclides in groundwater at any locations more than 
100 m (328 ft) from any disposal unit at any time after disposal. Although active 
institutional controls are assumed to exclude individuals from the disposal site for 
100 years after disposal, the requirement for groundwater resource protection outside the 
100-m (328-ft) buffer zone is assumed to apply at any time after disposal. Predicted 
concentrations of radionuclides remaining in disposal units after loss of active institutional 
control at 100 years after disposal were used to estimate maximum ED& to inadvertent 
intruders resulting from direct intrusion into each type of disposal unit. As described in 
Sect. 3.2.4, direct intrusion is assumed to occur at 100 or 300 years after disposal, 
depending on the particular exposure scenario and design of the disposal units. An 
intruder dose analysis is performed separately for each type of disposal unit. 

3.4.8 Verification and Validation of Methodology 

Verification and validation of the codes used in the performance assessment for 
SWSA 6 are necessary to assure that the results presented are meaningful. To the extent 
reasonable, the codes used in this performance assessment have been verified and 
validated and are discussed in this section. Verification is considered to mean that the 
codes are correct in a mathematical and numerical sense and that the theory incorporated 
into the codes is correct. Validation is considered to mean that the application of the code 
to the SWSA 6 facility is a reasonable representation of the site. The verification and 
validation efforts to date are not complete; however, providing unequivocal assurance that 
the codes used for this performance assessment are verified and validated is not 
reasonable because data characterizing the long-term performance of the engineered 
disposal technologies in SWSA 6 are not available. 

SWSA 6 has been used as a disposal facility for many years, and (as noted in 
Sect. 2.1) small amounts of contamination are being released to surface water from 
disposal units used prior to September 26, 1988. Validating the model of site performance 
using current monitoring data was considered but abandoned because the data dcscribing 
the inventory of the disposed wastes is of limited value in developing a representative 
source term. 

3.4.8.1 Verification and Validation of UTM 

UTM has been under development for over two decades and has been applied in a 
range of locations, including North Carolina, Missouri, Oklahoma, and Tennessee. Water 
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budget simulations involve algorithms for various components of the hydrologic cycle 
(Appendix D). These algorithms are based on well established physical and physiological 
relationships. UTM is used in the performance assessment for simulation of water budgets 
for various conditions of the SWSA 6 site during operation and closure and after closure. 
The paragraphs that follow outline the components of water budget calculations in UTM. 

Interception. A defined volume for water caught in the canopy and litter that varies 
for the winter and summer seasons and is filled with rainfall before throughfail enters the 
soil. Water in this storage has priority in evaporation calculations. The storage volumes 
were adjusted for deciduous forests so that simulated interception matched the empirical 
observations of Helvey and Patrick (1965). This model development and testing is 
described on pages 17-20 of Huff et al. (1977). Input values for simulations with grass 
cover were obtained from a previous application (Luxmoore and Sharma 1980). 

Infiltration. The time-compression method of Reeves and Miller (1977) has been 
implemented in UTM to partition throughfall into infiltration and surface runoff at the 
soil surface. Reeves and Miller describe the algorithm and have tested the method. This 
algorithm is not often invoked in forest simulations due to the high infiltration rates of 
forest soils. Runoff in forested watersheds is generally the result of exfiltration of 
subsurface flow in lower slope positions. Huff et al. (1977) describe the method on pages 
20-23 of the documentation report for the UTM hydrologic module. 

Evapotranspiration. The complex of evaporative surfaces (foliage, litter, and soil) in 
a vegetated landscape is viewed as one surface in a “big leaf“ approach for which the 
Penman-Monteith equation determines evapotranspiration, SincIair et al. (1976) 
demonstrated the utility of this approach for calculation of evapotranspiration. A number 
of meteorological variables (air temperature, vapor pressure, solar radiation, and wind 
speed) are needed along with an empirical surface resistance to vapor loss from the 
surface. This resistance was obtained from experimental observations for the vegetation of 
interest (Luxmoore et al. 1978, Luxmoore and Sharma 1980). The algorithms are 
described on pages 24-26 of Huff et al. (1977). Luxmoore and Huff (1989) showed that 
the calculations of forest evapotranspiration are in agreement with independent estimates 
for the Oak Ridge area. 

water-flow calculations to estimate water movement between soil layers. (The parameters 
for the layers of soil in question are specified by the user.) The equation uses a hydraulic 
gradient and hydraulic conductivity that are determined from soil hydraulic properties. 
These properties (water pressure-water content and hydraulic conductivity-water content 
relationships) are based on input values chosen by the user for the site of interest. Pages 
26-33 of Huff et al. (1977) describe the flow equations and the use of soil hydraulic 
properties. The calculation of recharge to groundwater uses a hydraulic gradient of unity 
and a hydraulic conductivity appropriate to the water content of the lowest layer of the 
soil profile being simulated. Lateral flow is calculated as the excess of soil water above the 
saturation value flowing into a soil layer from above. Algorithms for bypass flow, due to 
macropores, are an option in the soil water-flow calculations. The basis for the macropore 
flow option is described on pages 25-31 of Hetrick et al. (1982). 

Simulation of Water Budgets for Soil-Plant Systems. UTM has been applied to a 
range oE sites, and reasonable agreement has been obtained for the components of the 
water budgets at the sites as follows: 

Recharge and Subsurface Lateral Flow. The Darcy flow equation was used in soil 
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Grassland watersheds in Oklahoma Results are published in open literature in 
Sharma and Luxmoore (1979), Luxmoore and Sharma (1980), and Luxmoore 
(1983a). These results show the utility of UTM for grassland conditions, which are 
part of the SWSA 6 closure scenario. 
Forested watershed on the O m  Open literature publications of UTM 
applications to forest stands of the ORR are given in Luxmoore et al. (1978), 
Luxmoore et al. (1981), and Luxmoore (1983b). 
Scenarios of Landfill Barrier Designs. A report discusses the hydrologic behavior 
of four alternative cap designs simulated with UTM (Luxmoore and Tharp 1993). 
Forested watexshed in Southeastern Missouri Simulation of water budgets and 
heavy metal transport in a watershed adjacent to a lead mining and smelter 
operation was reported in Luxmoore and Begovich (1979). 

The experience gained from these studies provides a sound basis for simulation of 
water budgets for SWSA 6 operation and closure scenarios. Several sensitivity analysis 
reports have also been prepared, and these have given a thorough appreciation for the 
important vegetation and soil variables in water budget simulation. These reports are 
Luxmoore et al. (1976), Begovich and Luxmoore (1979), Luxmoore et al. (198l), and 
Sharma et al. (1987). 

3.4.82 Verification and Validation of SOURCE1 and SOURCE2 

The description of the SOURCE1 and SOURCE2 codes is provided in Appendix B. 
These codes were developed for application to SWSA 6 and have not been subjected to 
comprehensive verification and validation exercises. At this stage of development, the 
codes are research codes for a unique application and warrant additional development 
prior to being considered verified and validated for application to SWSA 6. The 
development of these codes was deemed necessary to provide a reasonable representation 
of the performance of the disposal units at SWSA 6 that could not be represented by 
existing codes that have been subjected to more extensive development. A primary 
impediment to the validation of these codes is the absence of performance data for the 
disposal units considered in the performance assessment. Future revisions of the SWSA 6 
performance assessment will address the efforts to verify and validate the SOURCE1 and 
SOURCE2 codes for application to SWSA 6. 

3.4.83 Verification and Validation of TUMSIM and WELSIM 

TUMSIM and WELSIM are custom-written FORTRAN codes prepared for this 
performance assessment. The codes describe radionuclide retardation (Kd) and 
radionuclide decay in annual time-step calculations of subsurface radionuclide transport 
from waste sites (Fig- 3.2). Radionuclide migration from each disposal unit was 
represented in relation to its position in the landscape using topographic characteristics to 
estimate transport distances between disposal units and groundwater and the nearest 
surface water drainage as outlined in Sect, 3.3.2.1 (Fig. 3.1, Table 3.5). TUMSIM was used 
to simulate transport from Tumulus I, Tumulus 11, and the IWMF; and WELSIM, 

3-40 



. .-.. 

Analysis of Performance 

transport from the other disposal facilities (wells, silos, and trenches), for which the 
numbers of units varied over time during the active-sites period (Appendix D.2). 

There are only two mechanistic equations in each of these two codes. One k for 
chemical adsorption onto soil; the other is for half-life decay calculations. Jardine et al. 
(1993) have demonstrated that the chemical adsorption calculations with Kd are an 
appropriate representation of adsorption in unsaturated flow systems. The radionuclide 
decay calculations were based on the well-accepted half-life equation and the well-known 
half-life values for the various nuclides (Table 3.7). 

3.4.84 Verification and Validation of USGS MOC 

The USGS MOC code was developed initially in 1974 and has been subjected to 
extensive development since its first release. The code has been used for numerous 
applications and has been verified mathematically, numerically, and experimentally 
throughout the period of development. The application of the USGS MOC code to a 
complex heterogeneous setting such as SWSA 6 involved the careful construction of a 
conceptual model for SWSA 6 and its application to the site using the available site data. 
The approach taken has not been validated directly to the SWSA 6 site but has been the 
subject of a validation study on the ORR at a site with a nearly identical hydrogeologic 
setting in Bear Creek Valley (Lee and Ketelle 1988, Lee et al. 1989, Lee et al. 1991). The 
validation study involved the modeling of a tracer placed at the water table. The 
investigation demonstrated that the flow, direction, and concentrations of the tracer could 
be reasonably modeled using an application of the USGS MOC d e .  The results from the 
validation study in Bear Creek Valley provide justification that the application of the 
USGS MOC code to SWSA 6 is valid. 
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4. REsutTs OF ANALYSIS 

This section presents (1) the results of the analysis performed using the 
methodology presented in Sect. 3, (2) the sensitivity and uncertainty of these results, and 
(3) the interpretation of the results for compliance with the performance objectives of 
U.S. Department oE Energy (DOE) Order 5820.2A. Changes in waste management 
operations to meet the performance objectives and continued work on this performance 
assessment also are presented. The inventory used in the analysis presented in this section 
is presented in Appendix A, Tables k l 3 A 2 1 .  The most probable or  best estimate values 
were used in preparing the results presented in Sects. 4.1-4.5. The maximum and 
minimum values were used in the uncertainty analysis presented in Sect. 4-6. 

4.1 SOURCE TERMS 

The source terms calculated using the SOURCE1 and SOURCE2 programs provide 
the decayed amount of each nuclide leached as a function of time for each of the disposal 
units. These units include a tumulus vault [representative of a vault at the Tumulus I and 
Tumulus 11 facilities and the Interim Waste Management Facility (MrME;3], asbestos silos, 
low-range silos, high-range silos, biological trenches, fissile wells, and high-range wells. 
Table 4.1 provides an abridged illustration of an output Ne. Similar tables that illustrate 
abridged output files for Tumulus I, Tumulus 11, high-range silos, high-range wells in silos, 
and biological trench are given in Tables F.1-F.5 in Appendix F. These amounts are the 
source terms used in shallow subsurface transport and groundwater models for Solid 
Waste Storage Area (SWSA) 6. Table 4.1 also presents the amounts of the selected 
radionuclide estimated to be in the specified storage unit at the end of each year. The 
program calculates this running inventory by difference @e., ieached amount subtracted 
from original amount (corrected for decay)]. Figures F.1-E17 in Appendix F illustrate the 
flux of radionuclides released from the various disposal units over time using the 
SOURCE1 and SOURCE2 codes. The figures illustrate the period of advection and 
diffusion in the absence of structural cracking that occurs over a period of approximately 
50-250 years. Following this period, structural cracking occurs with an associated increase 
in advection-controlled releases. These releases are sustained until the inventory is 
exhausted. Releases by advection and diffusion are affected by the solubility limits of the 
radionuclides subject to transport. Release rates are reduced until the distribution 
coefficient (Kd) controlled release rate (see Sect. 4.7.1.1) is less than or equal to the 
solubility limit. The radionuclides presented in Appendix F include all those that were 
considered in detail in the transport of radioactivity in the environment. 
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Table 4.1. Abridged" output summary for Solid Waste Storage Area 6 high-range s i l d  

Annual amount leached 
(&ear> 

1 
10 

20 

30 

40 

50 
60 
70 

80 

90 
100 

110 
120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

250 

260 
270 

280 

290 

300 

310 

Inventory 

7.96 x 1.14 x lo-'' 0.00 x 10' 1.14 x lo-'' 
Year (g )  Advection Diffusion Total 

6.47 x 10-3 

5-13 x 10-3 

4.07 x 10-3 

3.23 x 10-3 

2.57 x 10-3 

2.04 x 10-3 

1.62 x 10-3 

1.28 x 10-3 
1.02 x 10-3 

8.08 x 10-4 

6.42 x 10-4 

5.09 x 10-4 

4.04 x 10-4 

3.21 x 10-4 

2.54 x 10-4 

2.02 x 10-4 
1.60 x 10-4 

1.27 x 10-4 

1.01 x 10-4 

6-35 x 104 

5.04 x 10-5 

4.00 x 10-5 
2.85 x 10-5 

1.32 x 10-5 

8.00 x lo--' 

6.14 x 
2.85 x 
1.32 x 
6-14 x 10-7 

2.85 x 10-7 

1.32 x 10-7 

9.30 x lo-'' 

1.48 x 10-9 

1.76 x 10-9 

1.86 x 10-9 

1.84 x 10-9 

1.46 x 10-9 

1-16 x 10-9 

9.22 x lo-'' 
7.32 x lo-'' 

5.81 x lo-'' 
4.61 x lo-'' 
3.66 x lo-'' 

2.90 x lo-'' 
2.30 x 10-lo 

1.83 x lo-'' 

1.45 x lo-'' 
1.15 x lo-'' 

9.14 x lo-'' 

7.25 x lo-*' 

5.75 x lo-" 

4.56 x lo-" 

3.62 x lo-'' 

2.87 x lo-" 

1.58 x 
7.33 x 10-7 

3.40 x 10-7 
1-58 x 10-7 
7.33 x 
3.40 x lo-' 

1.58 x lo-' 

7.33 x 10-9 

7.77 x lo-= 

6.77 x lo-'* 
1.35 x lo-'' 
7.49 x lo-'' 

1-39 x 10-14 

1-84 x 10-9 

3.22 x 10-9 

4.57 x 10-9 
5.67 x 10-9 

6.39.x 10-9 

6.72 x 10-9 

6.72 x 10-9 

6.46 x 10-9 

6.03 x 10-9 

5.49 x 10-9 

4.90 x 10-9 

4.31 x 10-9 

3.74 x 10-9 

3-21 x 10-9 

2-73 x 10-9 

2.30 x 10-9 

1-93 x 10-9 

1.61 x 10-9 

1.26 x 10-9 

6.11 x lo-'' 

2.94 x lo-'' 
1.41 x lo-'' 
6.74 x lo-" 

3.21 x lo-" 
1.53 x lo-'' 
7.25 x 10-l2 

9.30 x lo-'' 
1-48 x 10-9 

1.76 x 10-9 

1-99 x 10-9 

2.59 x 10-9 

3-30 x 10-9 

4-38 x 10-9 

5.50 x 10-9 

6-97 x 10-9 
7.18 x 10-9 

7.09 x 10-9 

6.75 x 10-9 

6.26 x 10-9 

5-67 x 10-9 

5.05 x 10-9 
4.43 x 10-9 

3-28 x 10-9 

2-79 x 10-9 

1.97 x 10-9 

1.64 x 10-9 

7.34 x 10-7 

3.40 x 10-7 
1.58 x 10-7 

6.40 x lo-' 

3.83 x 

2.35 x lo-' 

1.58 x 

7.34 x 
3.41 x lo-' 
1.58 x lo-' 

7.34 x 10-9 
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Results of Analysis 

Table 4.1 (continued) 

Annual amount leached 
(&Year) 

Inventory 
Year (9)  Advection Diffusion Total 

320 

330 

340 

350 

360 

370 
380 

390 

400 

410 

420 

430 

440 
450 

460 
470 

480 
490 
500 

510 

520 

530 
540 

550 

560 
570 

580 
590 
600 
610 
620 

630 

6.14 x lo-$ 
2.85 x 
1.32 x 
6-14 x 10-9 

2.85 x 10-9 

1-32 x 10-9 

6.14 x lo-*' 
2.85 x 10-l' 

1.32 x lo-'' 
6.14 x lo-*' 
2.85 x lo-'' 
1.32 x 10-l' 

6.13 x 1O-l2 

2.85 x lo-= 
1.32 x 
6.13 x 10-13 

2.85 x 10-13 

1.32 x 10-13 

6.13 x 10-14 

2.85 x 10-14 

1.32 x 10-14 

6.13 x 10-15 
2.84 x 10-15 

1-32 x 10-15 

6.13 x 
2.84 x 10-l6 

1.32 x 10-l6 
6-12 x 10-17 

2.84 x 10-17 

1-32 x 10-17 

6.12 x 10-l8 
2.84 x 10-l8 

3.40 x 10-9 

1.58 x 10-9 

7.33 x 1O-'O 
3.40 x lO-'O 

1.58 x 10-lo 

7.33 x lo-ll 

3.40 x lo-" 
1.58 x lo-" 
7.33 x 10-l2 

3.40 x lo-'* 
1.58 x 
7.33 x 10-13 

3.40 x 10-13 

1-58 x 10-13 

7.32 x 10-14 
3.40 x 10-14 

1.58 x 10-14 

7-32 x 10-15 

3.40 x 10-15 

1.58 x 10-15 

7.32 x 
3.40 x 
1.58 x 
7-32 x 10-17 

3.39 x 10-17 

1.58 x 10-17 

7.31 x lo-'' 
3.39 x 
1.57 x 10-l8 

7.31 x 10-19 

3.39 x 10-19 
1-57 x 10-19 

3.44 x 
1.62 x 10-l2 

7.67 x lo-" 
3-62 x 10-13 
1.70 x 10-13 

8-01 x 10-14 

3.77 x 10-14 
1.77 x 10-14 

8.29 x 10-15 

3-89 x 10-15 

1.82 x 10-15 

8.51 x 
3.98 x 10-l6 

1.86 x 1o-l6 

8.69 x 10-17 
4.06 x 10-17 

1-89 x 10-17 

8.84 x 10-l8 

4.12 x lo-'* 
1.92 x 10-l8 

8.95 x 10-19 

4-17 x 10-19 

1-94 x 10-19 

9.04 x 
4.21 x 
1.96 x 
9.12 x 
4.24 x lo-" 

1.97 x 
9.17 x 
4.26 x 
1.98 x 

3.41 x 10-9 

1.58 x 
7.34 x 10-l0 

3.41 x lo-'' 
1.58 x lo-'' 
7.34 x lo-" 

3.41 x lo-'' 
1.58 x 10-l' 

7.34 x 10-l2 

3.40 x 
1.58 x 
7.33 x lo-13 
3.40 x 10-13 

1-58 x 10-13 

7.33 x 10-14 
3.40 x 10-14 

1-58 x 10-14 

3.40 x 10-15 

7.33 x lQ-ls 

1.58 x 
7.33 x 
3.40 x 10-l6 

1.58 x 
7.32 x 10-17 

3.40 x 10-17 

1.58 x 10-17 

7.32 x 10-lg 
3.40 x 10-l8 

1.58 x 
7-32 x 10-19 

3.40 x 10-19 

1-58 x 10-19 



SWSA 6 Performance Assessment 

Table 4.1 (continued) 

Annual amount leached 
(&ear> 

Inventory 
Year (g) Advect ion Diffusion Total 

640 

650 
660 

670 

680 
690 

700 

710 

720 

730 
740 

750 

760 

770 

780 

790 

800 

810 

820 

830 

840 

850 

860 

870 

880 

890 
900 

910 
920 

930 

940 

950 

1.32 x lo-’* 
6-12 x 10-19 

2 . t ~  x 10-19 

1-32 x 10-19 

6.11 x 
2.84 x 
1.32 x 
6.11 x 
2.84 x 
1.32 x 
6.11 x 
2.84 x lo-** 

1.32 x 
6.11 x 
2.83 x 
1.32 x 
6.10 x lo-” 

2.83 x lo-” 

6.10 x 
2.83 x 
1.31 x 
6.10 x 
2.83 x 
1.31 x 
6.09 x lo-” 
2.83 x 

6-09 x lo-= 
2.83 x lo-= 

1.31 x lo-= 

6.09 x lo-” 

1-31 x 10-24 

1-31 x 10-27 

7.31 x lo-” 

3.39 x lo-% 
1.57 x 
7.30 x 
3.39 x 
1.57 x 
7.30 x 
3.39 x lo-” 
1.57 x 
7.30 x 
3.39 x 
1.57 x 
7.29 x 10-24 

3.38 x 10-24 

1.57 x 10-24 

7.29 x lo-% 

3.38 x lo-% 

1.57 x lo-% 

7.29 x 
3.38 x lo-% 

1.57 x 
7.28 x lo-= 

1.57 x 
7.28 x lo-= 

3.38 x lo-= 
1.57 x lo-= 
7.27 x 
3.38 x 
1.57 x lo-” 

3-38 x 10-27 

7.27 x 10-30 

3.37 x 10-30 

9.21 x 
4.28 x 
1.99 x 
9.24 x lo-” 
4.29 x 10-24 

1-99 x 10-24 

9.26 x 
4.30 x 
2.00 x lo--% 

9.27 x 
4.31 x lo-% 
2.00 x 
9.28 x 
4-31 x 10-27 
2.00 x 
9.28 x 
4.31 x lo-% 
2.00 x lo-= 

9.28 x 
4.31 x 
2.00 x 

4.30 x lo-” 
2.00 x 

9-27 x 10-30 

9-26 x 10-31 

4-30 x 10-31 

1.99 x 10-31 
9-25 x 10-32 

4-29 x 10-32 

1-99 x 10-32 

9.23 x 10-33 

4.28 x 10-33 

7.31 x 
3.39 x 
1.58 x lo-” 

7.31 x 
3.39 x 
1.57 x 
7.31 x 
3.39 x 
1.57 x lo-= 

7.30 x 
3.39 x 
1.57 x 
7.30 x 10-24 

3.39 x 10-24 

1.57 x 10-24 
7.30 x lo-= 

3.39 x lo-= 

7.29 x lo-% 

3.39 x 
1.57 x 

1.57 x 10-25 

7.29 x 10-27 

3.38 x 10-27 

1-57 x 10-27 

7.29 x 
3.38 x lo-= 
1.57 x lo--= 
7.28 x lo-= 
3.38 x 

7.28 x 
1.57 x 10-29 

3.38 x 10-30 
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Results of Analvsis 

Table 4.1 (continued) 

Annual amount leached 
(&ear> 

Inventory 
Year (g) Advection Diffusion Total 

960 2-83 x 10-3 1-57 x 10-30 1.9 x 10-33 1.57 x lo-% 
970 1.31 x 7.27 x 9.22 x 7.28 >I: 10-31 

980 6.09 x 10-30 3.37 x 10-31 4.28 x 10-34 3.38 x 10-31 

990 2.82 x 1.57 x 1.98 x lo-% 1-57 x 10-31 

lo00 1.31 x 10-30 7.26 x 10-32 9-20 x 10-35 7-27 x 10-32 

The solubilitv constraints were not exceeded. 
"Abridged means that the results are shown at 10-year intervals instead of the normal l-year interval. 
bNuclide-specific parameters ("'C): half-life 3.00 x 10' years; solubility 1.60 X 10' mol& waste Kd 

1.99 x 10' mL/g; diffusion coefficient of waste 6.80 x lo-'* m*/s; diffusion Ooeficient of concrete, 
5.12 x 10-13 m2/s; initial inventory 8.15 x g. 

4.2 SHALLOW SUBSURFACE TRANSPORT 

The Unified Transport Model (UTM) provided water budget simulations of surface 
runoff, shallow subsurface flow, and groundwater recharge using inputs of hourly 
precipitation and daily weather conditions for three selected years. Data from the 
Oak Ridge Reservation (ORR) for 3 years having high [189.5 cm (74.6 in.)J average 
[137.2 cm (54 in.)] and low E93.3 cm (36.7 in.)] annual precipitation were used to compare 
a wide range of simulated hydrologic conditions. 

three main time periods: an "active use" period (1988-1997), a 1W-year "monitored 
closure" period (199&2097), and a long epostcloSuren period from 2098 to 2989. The 
vegetation variables for these three periods were adjusted to represent the anticipated 
changes from disturbed grass surface [leaf area index (LAI) = 2.01 or disturbed gravel 
surface (LAI = 0.001) during the active-use period, to mown grass (LAI = 4.9) for the 
100-year monitored closure period, to forest vegetation (LAI = 4.9) for the postclosure 
period. Similarly, infiltration properties for the various soil surfaces were modified for the 
three time periods. Cumulative infiltration for the disturbed surface for the 1988-1997 
period was taken as a linear time function increasing from the origin to an infiltration 
value of 1 mm (0.004 in.) at 16 min, and extrapolated linearly for longer times. This 
represented a highly impacted soil surface with surface runoff generation during high 
rainfall periods. The grass and forest of the two later periods were given high infiltration 
rates, and no surface runoff was calculated in these periods. The attributes of 
geomembrane caps covering waste sites for 30 years (1998-2027) during the 10i0-year 
closure period were described earlier in Sect. 3.2.3. 

The performance assessment was conducted for a 1000-year duration, divided into 
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4 2 1  UTM Hydrologic Simulation Results 

The monthly sums of surface runoff, lateral flow, and recharge obtained from the 
UTM simulations for the dry, average, and wet weather conditions showed seasonal 
differences. For example, the results for the 1988-1997 period with grass cover showed 
reduced recharge and lateral flow in the July-November period (Table 4.2) when 
evapotranspiration was high. This pattern differed for the gravel surface simulation, which 
had somewhat greater recharge and much greater lateral flow than the grass surface due 
to reduced evapotranspiration. Surface runoff was simulated only for the active use period 
(1988-1997) as a result of the low infiltration property selected for this period. Lateral 
flow exceeded recharge in the quantity of water transported on an annual basis, and the 
proportion of lateral flow increased as annual precipitation increased from a dry to a wet 
year. 

Recharge was greatly reduced by the geomembrane cap (1998-2027 period) 
compared to the earlier period, with no lateral flow being generated below the cap and a 
small amount of recharge being simulated. The values for surface runoff presented in 
Table 4.2 for the period following 1997 are zero because no infiltrating water interacted 
with the disposal unit, as was the case prior to 1998 (the upslope watershed was isolated 
from the disposal unit as shown in Fig. 3.2). The water budget simulations for the period 
with a geomembrane cap resulted in large lateral flows of drainage water that are not 
presented in Table 4.2. The geotextile membrane was assumed to allow a small amount of 
leakage. This temporary cover was followed by a permanent Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) cap, and the same 
recharge and lateral flow values were used for a 10-year period in which drainage was 
controlled by the small amount of seepage through a flexible geomembrane within the cap. 
In the next 10 years (2038-2047), a linear ramp function was used to estimate the 
recharge and lateral flow values as explained in Sect. 3.2.3. In the remaining 50 years of 
the monitored closure period, recharge and shallow subsurface flow increased as a result 
of complete failure of the cap represented by the macropore flow algorithms of the UTM. 
The simulation results for the period 2048-2097 (CERCLA cap failure) and for the 
postclosure period (forest) were the same (Table 4.2), and strong seasonality was shown 
with high lateral flow in the late winter and spring months. 

(mm3/mm2) and these values were modified for the landscape position of each disposal 
unit within SWSA 6-as explained in Sect. 3.3.2.1-to give the estimated water quantity 
interacting with the chemicals leaking from the disposal units. Monthly values of water 
entering a disposal unit site were used to simulate the monthly values for radionuclide 
leakage with the SOURCE1 and SOURCE2 models. These SOURCE1 and SOURCE2 
calculations were conducted on the basis of a single disposal unit for the sites with silos, 
wells, and trenches. The WELSIM code accounted for the changing number of disposal 
units and their filling schedule. The simulations for Tumulus I and I1 and the IWMF were 
conducted on a per pad basis and not on an individual vault basis. The SOURCE1 and 
SOURCE2 simulations provided monthly nuclide leakage for the various types of disposal 
units. The SOURCE1 and SOURCE2 codes partitioned the monthly leachate values into 
groundwater recharge and lateral flow components. Groundwater recharge received all of 
the chemical leachate up to a maximum recharge rate determined by the product of the 

The monthly water flow values in Table 4.2 are shown on a per unit area basis 
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Results of Analysis 

Table 4.2 Groundwater recharge, shallow lateral subsurface €low, and surface runoff 
simulation results Erom the Unified Transport Model for three sets of weather 

conditions (dry, average, and wet) and for three time periods 
Each column of simulation results shows twelve monthly 

values, beginning with January 
Lateral flow Runoff Recharge 

(rnmhnonth) 

Time period Dry Average Wet 

Active use, 2.8 

1988-1997 14.1 
15.5 disturbed 

vegetation) 15.0 
15.5 
15.0 
13.3 
7.0 
4.5 
3.6 
2.7 
2.4 

(LAI" = 2.0, 

155 15.5 
14.0 14.0 
15.5 15.5 
15.0 15.0 
15.5 15.5 
15.0 15.0 
12.0 15.3 
6.6 10.4 
5.1 5.5 
4.8 4.4 
3.9 3.4 
5.9 8.5 

... .. . 

Active use, 15.5 
1988-1997 14.5 

35.5 gravel surface) 
15.0 
15.5 
15.0 
15.5 
15.5 
15.0 
15.5 
15.0 
15.5 

(LAI = 0.001, 

15.5 155 
14.0 14.0 
15.5 15.5 
15.0 15.0 
15.5 15.5 
15.0 15.0 
15.5 155 
15.5 15.5 
15.0 15.0 
15.5 15.5 
15.0 15.0 
15.5 15.5 

(rndrnonth) 

Dry Average Wet 

42.3 70.3 
19.9 72.8 
25.0 75.8 
70.3 52.8 
28.2 58.2 
4.2 7.6 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 28.2 

99.5 
78.7 
125.9 
653 
58.0 
40.0 
3.3 
0.0 
0.0 
0.0 
0.0 
82.5 

110.1 71.8 
22.3 73.9 
26.6 77.7 
72.7 54.5 
47.6 86.5 
51.6 31.1 
19.0 57.0 
9.5 70.5 
3.1 9.0 
14.6 30.0 
16.6 17.7 
40.8 82.6 

101.8 
81.2 
128.8 
68.7 
109.9 
76.9 
31.1 
43.5 
10.6 
19.9 
65.7 
121.8 

(mdrnonth) 

Dry Average Wet 

0.0 18.3 15.1 
1.0 23.9 15.7 
9.7 24.9 90.6 
13.1 37.3 20.7 
8.5 51.0 118.7 
46.0 20.9 58.3 
153 87.3 67.1 
18.9 27.7 7.0 
7.5 15.7 20.6 
3.4 17.9 22.6 
7.3 2-8 149.3 
15.2 326 85.8 

0.0 
1.0 
9.9 
13.6 
8.9 
48.5 
16.0 
20.7 
8.3 
3.4 
7.3 
15.4 

18.4 15.3 
24.2 15.7 
25.4 90.8 
37.3 20.9 
51.5 1203 
22.8 65.2 
90.4 69.7 
29.7 7.5 
16.2 21.9 
18.1 22.7 
2.8 149.3 

33.0 86.0 
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Table 4 2  (continued) 
Recharge 

(mmhnonth) 

Time pricd Dry Average Wet 

Monitored 
closure, 
1998-2027 

geomembrane 

Monitored 
closure, 
2028-2037 
(CERCLAb 

(exposed 

caps) 

caps) 

0.1 
0.1 
0.1 
0.1 
0.2 
0 3  
0.4 
0.3 
0.3 
0.2 
0.2 

0.1 

05 0.1 
1.0 0.3 
4.0 6.3 
7.9 9.1 
5.9 6.9 
3.9 4.5 
2 2  3.6 
1.4 26  
1.0 1.7 
0.7 1.0 
0.6 0.7 
0.5 0.6 

Monitored 
closure, 
2038-2047 
(10-year linear 
ramp for cap 
failure) 

Monitored 3.3 
closure, 133 

155 2048-2097 

15.0 leaking cap) 
15.5 

(grass and 

2098 + 
(forest) 

15.0 
15.5 
14.7 
6.3 
4.6 
3.8 
3.4 

155 
14.0 
155 
15.0 
15.5 
15.0 
15.5 
15.5 
15.0 
155 
13.6 

8.5 

15.5 
14.0 
155 
15.0 
15.5 
15.0 
15.5 
15.5 
15.0 
15.5 
9.6 

15.5 

Lateral flow 
(mwmonth) 

Runoff 
(mwmon th) 

Dry Average Wet 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 
0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 81.9 84.0 
0.0 845 94.5 

24.9 97.0 215.6 
73.1 60.9 84.7 
24.9 108.9 139.4 
5.6 17.1 35.1 
0.0 0.3 125 
0.0 1.6 0.0 
0.0 1.5 0.0 
0.0 0.0 0.0 
0.0 0.0 105.2 
0.0 0.0 166.7 

Dry Average Wet 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 
0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 
0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

%AI = Leaf Area Index. 
bCERCLA = Comprehensive Environmental Response, Compensation, and Liability Act. 
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Results of Analysis 

saturated hydraulic conductivity of the aquifer and a unit hydraulic gradient. The lateral 
subsurface flow component accounted for any remaining leachate. The monthly values of 
chemical leaching to groundwater and lateral flow were summed to give annual totals, 
which were used in WELSIM and 'IZJMSIM calculations. 

4.22 Nuclide Transport in Shallow Subsurface and to Groundwater 

Extensive sets of annual computer results were obtained with WELSIM and 
TUMSIM for the 87 combinations of nuclides and disposal unit sites that were each 
simulated for 10oO years. The 1000-year results for chemical transport to groundwater and 
in lateral flow were each scanned, and the maximum chemical flux in each of the two flow 
paths along with the years of occurrence were recorded. These values (Table 4.3) show 
that nuclide transport in the lateral path was approximately an order of magnitude larger 
than transport to groundwater. Tritium, with a relatively short half-life and no chemical 
adsorption, showed peak transport rates much earlier than the other nuclides. Very few 
nuclides showed peak transport rates before the end of the monitored closure period in 
2097. The year of peak transport rate was often similar for both groundwater recharge and 
lateral flow paths. Uranium-238 did not show a peak transport rate during the 1000-year 
simulation period for the low-range silos (two locations) or the fissile wells. 

The simulations showed results that have qualitative agreement with field 
observations from other disposal facilities on the ORR current1 subject to remediation 

from bathtubbing trenches in SWSA 5 during storm events. Tritium and wSr were 
detected in local streams, whereas 137Cs was strongly adsorbed by soil. Some transport of 
137Cs adsorbed on migrating clay colloids is expected. Some of the highest simulated 
release rates are identified With the low-range silos (south), Tumulus I, and the high-range 
wells. 

under CERCLA. For example, Wickliff e t  al. (1989) showed l3 Y Cs, %r, and 'H releases 

4 3  GROUNDWATER 

An assessment of potential dose attributable to groundwater contamination requires 
careful consideration of radionuclides in saturated porous media frcrm disposal units to 
potential points of exposure. Additionally, groundwater may eventually discharge to 
surface water along a complex route by which contaminated water may ultimately be 
drawn from the surface rather than from a well. Thus, the analysis accounts for solute 
concentrations as well as flow patterns and rates. Such analyses are conducted by modeling 
the groundwater flow and the resultant transport of dissolved contaminants. In this regard, 
use was made of a standard numerical computer code for which input quantities were 
adjusted and shaped specifically for the hydrogeology and radionuclide sources at SWSA 6. 
Most probable concentrations at compliance points were computed based on best 
estimates for inputs and sources. Potential uncertainties are discussed in Sect. 4.6. 

simulation for radionuclide concentrations in the groundwater. Included in Fig. 4.1 are the 
modeled locations of disposal units, proposed CERCLA caps, and observation points. The 
numbered observation points are of particular concern because they are either located 

Figure 4.1 depicts the SWSA 6 area overlain by the grid used in the mathematical 
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- 

Table 43. Maximum annual nuclide flux and year of occurrence from Solid Waste Storage 
Area 6 disposal units into groundwater and to shallow subsurface waters during a 

1ooO-year period with average weather conditions 

Maximum rate Year of Maximum rate Year of 

Rechargc to groundwater Subsurface water 

occurrence ( B Y 4  occurrence Nuclide (&ear> 

3H 
l4C 
90Sr 
99TC 

232Th 
233u 

239pU 

243Am 

1 3 7 ~  

2 4 1 h  

'H 
l4C 
%r 
99TC 

232Th 
233u 

239Pu 
"'Am 

1 3 7 ~  

2 4 3 b  

Low-range silos (north) 
3.51 x 10-7 17 1.06 x 
7.25 x 241 6.96 x lo-' 

9-29 x 10-9 91 6.93 x 
8.34 x lo-' 24 1 8.01 x 10' 
9.28 x lo-" 243 8.99 x lo-'' 
4.41 x lo-' 614 4.27 x 10' 
1.62 x 10-4 370 1.59 x 10-3 
1.16 x 10' 1W 1.10 x lo2 
3.12 x 10-5 375 3.07 x 10-4 

2.96 x 372 2.91 x 10-5 
2.55 x 10-7 374 2.53 x 

h - r a n g e  silos (south) 
4.44 x 10-7 20 2.33 x 
1.09 x lo-'" 244 1.15 x loDb 
8.71 x 10-9 96 6.46 x lo-* 
1.31 x loh 244 1.38 x 10lb 
7.81 x lo-'' 264 8.17 x lo-'' 
5.70 x lo-'" 652 4.13 x loob 

2.13 x 10'" looo" 2.28 x 10% 

2-57 x 10-7 348 2.75 x 

1-72 x 10-4 449 1-85 x 10-3 

3.33 x 452 3.58 x 10-4 

3.15 x 442 3.39 x 10-5 

8 

24 1 

255 
24 1 
264 
611 
370 

1W 
370 
345 
369 

8 
244 
256 
244 
264 
649 
450 

looo" 
450 
374 
443 
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Results of Analysis 

.-.. 

- 

Table 4 3  (conthud) 

... . .  

Recharge to groundwater Subsurface water 

Maximum rate Year of Maximum rate Year of 
Nuclide WYear) occurrence (ldYe4 occurrence 

1.78 x 

3.20 x 

2.78 x lo-' 
8.25 x 10' 
6.09 x lo-' 

1-57 x 10-4 

2.36 x 10-9 

9.20 x 10-9 
1.59 x 10-3 

7.11 x 10-4 
4.11 x lo-'' 

2.57 x 10' 

1.11 x 10-5 

3.31 x 10-7 

7.58 x 10-9 
1-70 x 10-9" 

3.06 x 

3.07 x 10-1 

2.37 x lo-' 
2.35 x lo-& 
1.20 x lo1 
3.31 x lo-& 
3.19 x lo-& 
2.07 x 

High-range silos 
18 

243 
92 

262 
358 
381 
355 

hbesto6 silos 
18 

243 
90 

243 
358 

Tumulus I 
17 

106 
127 
107 
137 
3 12 
387 
393 
512' 
395 
314 
387 

5.85 x 

1.45 x 
1.51 x 
208 x 10' 
6.22 x 10' 

1.50 x 10-3 

4-56 x 10-4 

2.99 x 10-8 
3.11 x 

1.39 x 
4.61 x 10' 

3.67 x 10-9 

7.79 x 1w6 
1.78 x lo-* 
2.32 x fW6 
1.88 x 10' 
4.64 x 
1.03 x 1 P  
1.42 x 10' 
1.41 x 1W2 
7.15 x 10' 
1.98 x lo-% 
1.92 x lW5 
1.24 x lo-' 

8 
243 

254 
263 
385 
405 
382 

8 
243 
25 1 
243 
361 

5 
106 
127 
107 
137 
322 
382 
386 
502" 

387 
3 12 
384 

4-1 1 



SWSA 6 Performance Assessment 

Table 43  (continued) 
Recharge to groundwater Subsurface water 

Maximum rate Year of Maximum rate Year of 
occurrence Nuclide ( d e a r )  occurrence (&ear) 

6.50 x 
4.63 x 10-3 
2.81 x 10-7 
1.30 x lo-' 
4-56 x 10-9 
3.99 x lo-' 
8.22 x 10-4 
3.34 x loo 

1.27 x 10-4 
3.12 x 

Tumulus II 
17 

104 
121 
104 
131 
278 
261 
262 
267 
240 

3.33 x 
6.38 x 
4.80 x 
1.82 x 10' 
7.40 x lo-' 
6.00 x 10' 
1.24 x lo-* 

5.05 x 10' 
1-91 x 10-3 
4.77 x 10-5b 

Interim Waste Management Facility 
2.23 x lo-" 

2.51 x lo-' 
9.78 x loo" 
4.49 x 
5.93 x lo.-1 
7.86 x lo-' 
3.79 x lo-' 
1.11 x lo-* 

4.35 x 10' 
8.58 x 10-4 

1.54 x 
1.48 x 10-5 

18 
54 
18 
75 
54 
83 

252 
258 
341 
262 
221 
259 

6-84 x 10-5 
3.46 x loo 

6.18 x 10-5 
6.12 x 10" 

8.22 x 10' 
1.07 x 
5.22 x 10' 
1.53 x 10-lb 

5.99 x lo2 
1.18 x 10-3 
2.12 x 10-5 

2.03 x lo-& 

High-range wells and silos 

4.57 x lo-' 78 8.07 x lo-* 
1.47 x 10-5 96 2.37 x 
9.62 x lo-' 81 1.55 x lo-' 
2.64 x 10-9 80 4.26 x lo.-'' 
5.26 x 225 8.72 x 

1.20 x 10-3 88 1.94 x 10-4 

5.14 x lo--* 234 8-54 x 10-3 

5 
103 
121 
104 
131 
268 
254 
250 
255 
234 

51 
54 
52 
75 
54 
83 

255 
259 
342 
263 

224 
258 

88 
79 
96 
81 
80 

238 
25 1 
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Results of Analysis 

_../.-- 

Table 4 3  (mntind) 
- ~- 

Recharge to groundwater Subsurface water 
Maximum rate Year of Maximum rate Year of 

Nuclide (&ear) occurrence (&ear) occurrence 

90Sr 
gpre 

'"Eu 
ls4Eu 
229Th 
*vh 

1370 

137Q 

238v 

3x 
wSr 

2.45 x lo-& 
9.13 x lo-* 
3.00 x lo-" 
2.03 x 10-7" 

5.71 x lo-% 
1.05 x 
9.36 x lo-' 

1.93 x 
7.25 x lo-" 
3.81 x 

7-28 x 10-9 
8.03 x 

High-rallgewellss 
87 
77 
95 
80 
79 

226 
656 

Fissiie wells 
78 

200 
looo" 

Biological trenches 
5 

3.97 x lo-& 87 
1.61 x 10-1 78 
4.85E x 94 
3.27 x lo-& 80 
9.21 x lo-'* 79 
1.74 x lo-@ 243 
1.61 x 682 

9.81 x lo-@ 78 
2.27 x loob 194 
3.31 x 10' 1W 

2.22 x 10-7 5 
8 4.23 x 10-9 8 

?Highest nuclide transport rate to groundwater. 
bHighest nuclide transport rate in lateral path. 
'Mimimum release rate controlled by the solubility limit of uranium. 

100 rn (328 Et) downgradient from a disposal unit or at points where groundwater 
discharges to the surface. The concentration of each radionuclide was computed at these 
observation points for the purpose of conversion to dose estimates. Also, mass and 
volumetric flux entering the surface water were computed on an annual basis (see 
Sect. 4.4). 

Using the water table attributes discussed in Sect. 2.1.3, elevations presented in 
Fig. 2.1 1, and available data for site-specific hydrological parameters-such as hydraulic 
conductivity-a dynamic, groundwater flow application was constructed that responded to 
variations in recharge from the scenarios of monitored closure and postclosure described 
in Sect. 4.2.1. These variations included CERCLA capping plans for SWSA 6 and included 
cap deterioration. Independently modeled water tables and velocity fields (EBASCO 1992) 
served as a target for this evolving groundwater flow system. Actual model calibration was 
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ORNL-DWG 93-165 

CONTAMINANT SOURCES AND COMPLIANCE NODES USED 
IN THE SWSAG PA GROUNDWATER ANALYSIS 

LEGEND SWSAG DISPOSAL SITES 
IWMF (IWMF) 
TUMULUS I ( T U M I )  
TUMULUS II (TUMZ) 

HIGH RANGE WELLS/SILOS (THW) 
ASBESTOS SILOS (TA) 
HIGH RANGE SILOS (TH) @ COMPLIANCE NODE 

0 SOURCE LOCATION LOW RANGE SILOS-N (TLN) HIGH RANGE WELLS (WHA) .-- STREAM LOW RANGE SILOS-S (TLS) FISSILE WELLS (WF) 
BIOLOGICAL TRENCH (TB) ROAD ~- 

Fig. 4.1. Numerical p i d  with observation points. 
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Results of Analysis 

accomplished via numerous runs in which various hydraulic variables &e., hydraulic 
conductivity, recharge, etc.) were adjusted until resultant head distributions and velocity 
fields similar to the EBASCO results were obtained. Once calibrated, the model was used to 
determine groundwater velocity profiles on a yearly basis for a total of lo00 years starting 
at year 1988. These velocity fields differed significantly during the period of approximately 
1988-2088 due to the previously described effects of variable recharge and deieriorating 
caps. However, after about 100 years, calculated groundwater flow fields for the SWSA 6 
site were essentially steady state. A typical calculated water table surface and 
corresponding velocity field for T = 1 year can be seen in Figs. 4.2 and 4.3, respectively. 

calculation of the groundwater concentrations of a dissolved radionuclide. The latter are 
found only after velocity fields have been determined. This is done using standard methods 
(Schiedeggor 1960) in which contaminant concentrations are functions of these 
groundwater velocities and parameters used to quantify dispersion effects. The 
methodology used in determining groundwater contaminant concentrations followed that 
of a tracer calibration test performed at Bear Creek Valley on the ORR using the same 
numerical code (Lee et al. 1989). Because the movement of radionuclides in SWSA 6 
groundwater was presumed to be driven by processes similar to those in Bear Creek, the 
major transport p~)cess was taken to be advective flow with retardation due to adsorption. 
Effects of radioactive decay and dispersion were also included. Appendix E lists the basic 
assumptions used in the transport modeling at SWSA 6. These assumptions augment those 
listed in the description of site characteristics in Sect. 3.3.2. 

possible to adjust transport parameters at SWSA 6 so that predicted concentrations 
matched those measured for any existing source-plume combination. Furthermore, plumes 
present from waste disposal operations prior to September 26, 1988, are confounded in 
field data with plumes from post 1988 sources. Consequently, important model parameters, 
such as those relating to retardation effects, were estimated as discussed in Sect. 3.3.2.3. 
Values for all parameters used in the groundwater transport analysis are listed in 
Appendix E. 

at each observation point. Independent simulations were performed for each of the 
17 radionuclides considered in the analysis (Table 4.4). All sites where the given nuclide 
was present were modeled as contaminant sources with recharge and mass flux supplied by 
the UTM code as described in Sect. 4.2.2. 

The numerical model was not used in instances where the contaminant flux to 
groundwater (calculated using the TUMSIM and WELSIM codes) did not reach a 
maximum value. This was most evident in the case of As shown in Table 4.3, peak 
calculated fluxes of 238U to groundwater occurred at lo00 years for a number of sites [low- 
range silos (north), low-range silos (south), and fissile wells]. The flux of contaminant to 
groundwater at loo0 years for these sites was actually increasing by a very small, linear 
rate. Additional transport simulations were made for these sites with time periods as long 
as 5000 years. However, all computer simulations showed the same, gradual rise in flux 
rate of contaminant to groundwater. Furthermore, because of the extremely long half-life 
of 
to determine peak groundwater concentrations. Even with the available state-of-the-art 

Technically, the deterministic modeling of the flow of groundwater is separate from 

Due to the lack of reliable, site-wide data from the same time period, it was not 

Transport simulations were performed until a maximum concentration was reached 

(4.4 x lo9 years), model simulations on the order of 109-10'0 years were needed 
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ORNL-DWG 93-16530 

Ca 1 CIJ I a Led G r o u n  d w e  t e r  H e a d  El  e v a  t i o n s  

M o s t  P r o b a b l e  I n p u t  P a r a m e t e r s  
T = 1.0 Y e a r s  

1 7960.00 

17610.00 

1 7260.00 

1691 0.00 

1 6560.00 

16210.00 

1 5860.00 

1551 0.00 

Fig. 4.2 Typical groundwater water table surface at Solid Waste Storage Area 6. 
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.___  

ORNL-DWG 93-16531 

C e  I c u  I a t e d  G r o u n d w e  t e r  
T = 1.0 Y e a r s  

Ve I o c  t t  l e s  

Most ,  P r o b a b l e  I n p u t  P a r a m e t e r s  

231 85.00 23545.00 23905.00 24265.00 24625.00 24985.80 25345. BB 

Fig. 43. Typical groundwater velocity vector field at Solid Waste Storage Area 6. 
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Table 4.4. Nuclides considered in Solid 
Waste Storage Area 6 groundwater 

transport analysis 

22prh 

232Th 
233u 
235u 

?PU 

2 4 1 b  

2 4 3 h  

computing power, the real time needed to perform such simulations was not practical. 
Because of these difficulties, groundwater concentrations of were calculated with an 
analytic model (see Appendix E). This code was capable of both performing simulations 
covering 109-1010 years or more and estimating flux into groundwater based on initial site 
inventory and contaminant flux rate at loo0 years. 

4.3.1 Transport Simulations and Radionuclide Concentrations 

Results of the SWSA 6 groundwater transport analysis are summarized in Table 4.5. 
The bcst estimate concentrations (activityivolume) and corresponding times of occurrence 
for nuclides that exceed 10% of allowable limits at 100-m (328-ft) compliance points are 
presented. In addition, for those isotopes in which this value occurs during the 100-year 
period of institutional control (monitored closure), corresponding concentrations at 
100 years are also shown. Dose estimates for groundwater (Sect. 4.5.3.1) were based on 
these values. Tables E.4-E.20 in Appendix E list the maximum concentration and time of 
occurrence for all radionuclides at each compliance point. Figures 4.4-4.6 show the 
approximate regions outside the compliance boundaries around each disposal unit where 
the sum of activity from all nuclides exceeds compliance limits. The approximate areas 
represented by the shaded regions in Figs. 4.4-4.6 are 2,930, 4,040, and 1,250 m2 (31,500, 
43,500, and 13,500 ft2), respectively. The compliance boundaries shown are defined either 
by points 100 m (328 ft) from the disposal unit or by surface water bodies. The latter are 
assumed to intercept contaminant plumes as little underflow of groundwater beneath 
surface water outlets i s  believed possible. 
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Results of Analysis 

Table 45. Best estimates of pundwater concentrations for sozid Waste Storage 
Area 6 nisposal sites with calculated mncentratbdalbwabk 

ratio 2 0.1 at 100-m (32843) compliance points 
~ 

Concentration Ratio Year of 
Nuclide c ww c/cAllowrrble occurrence Source 

3H 1.9 x lo-' 2.1 x loo 30 Interim Waste 
Management Facility 
(IWMF) 

3H 2.1 x 10-7 2.2 x loo" IWMF 

l4C 1.4 x lo-' 5.4 x 10' 67 IWMF 

l4C 4.4 x 10-3 1.7 x 10' loo" IWMF 

14C 1.2 x 10-3 4.5 x 10-1 270 Low-range silo (south) 

I4C 2.9 x 10-4 1.1 x lo-$ 270 Low-range silo (north) 

%C1 6.8 x 3.8 x 10' 34 XWMF 

gprc 1.6 x 10-3 3.7 x lo-' 67 IWMF 
%c1 1.4 x 10-5 7.8 x 10-3 loo" IWMF 

q C  1.0 x 10-4 2.5 x 180 High-range silo 

233u 8.9 x 4.5 x 10-1 2400 XWMF 
?Pu 4.2 x 3.3 x loo 2400 IWMF 

D9Pu 1.4 x 10-7 1.1 x lo-* 2800 High-range silo 

"3Am 2.1 x 10-7 1.7 x 10-1 2400 rWMF 

"100 years = time for loss of institutional control. 

The results presented in Table 4.5 indicate that calculated concentrations for 7 of 
the 17 nuclides considered in SWSA 6 groundwater analysis were near or exceeded 
allowable limits at 100-m (328-ft) compiiance points. However, with the exception of 14C 
and 239Pu, these concentrations drop below allowable limits by the end of the 100-year 
instutitonal control period. While the concentration values reported in Table 4.5 can be 
attributed to a number of different disposal units, most are associated with releases from 
the IWMF facility. Futhermore, the highest calculated groundwater concentrations at 
SWSA 6 are also due primarily to releases from the IWMF. 
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QRNL-DWG 93-16532 

LEGEND 0 c T 50 Years 

- COMPLIANCE AREA BOUNDARY _? AREAS OF TOTAL ACTIVITY LIMIT 
0 SOURCE LOCATION 

---- STREAM 
==== ROAD 

Fig. 4.4. Estimated areas outside of compliance boundaria with total nuclide 
activity > compliance limit (0 < T < 50 ycars). 
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ORNL-DWG 93-16533 

LEGEND 50 < T < 100 Years 

- COMPLIANCE AREA BOUNDARY 
AREAS OF TOTAL ACTIVITY , LIMIT 

0 SOURCE LOCATION 
---- STREAM 
= ROAD 

Fe. 4.5. Estimated areas outside of compliance boundaries with total nuclide 
activity > compliance limit (50 < T < 100 years). 

... 
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ORNL-DWG 93-16534 

LEGEND _- T 1000 Years 

_I CCM’LIANCE AREA BOUNDARY -- 

a S3URCE LOCATION ‘-.J AREAS O f  TOTAL ACTIVITY LIMIT 

l- STREAM 
__ ROAD 

Fig. 4.6. Estimated areas outside of compliance boundaries with total nuclide 
activity > compliance limit (T > loo0 years). 
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Results of Analysis 

Figures 4.4-4.6 illustrate another important point. These figures show areas outside 
the 100-m (328-ft) compliance boundaries where the calculated sum of activity from all 
radionuclides in groundwater exceeds the 4 mrem dose limit. I t  should be stressed that 
while contaminant concentrations may exceed allowable limits at points within 100 m 
(328 ft) of each site, Figs. 4.4-4.6 show that only a small portion of the total SWSA 6 area 
outside of these compliance boundaries is contaminated above allowable limits. This area 
is confined to a small region located near the IWMF. Activities a b v e  allowable levels 
occur in this area between 0 and 100 years and then again at times greater than 
loo0 years. Contamination in this area during the 0-100 year time period is due primarily 
to the presence of 3H, 14C, and while contamination occuring after lo00 years is due 
to the presence of ?Fu, 243Am, and "3U. 

As noted in Sect. 4.3.1, Table 4.5 does not include radionuclides that were less than 
10% of the allowable limit. For the IWMF, low-range silos (north), low-range silos 
(south), and high-range wells, the sum of the ratios of the contaminant concentration to 
the allowable concentration for each isotope not listed in Table 4.5 was less than 0.024, 
0.013, 0.011, and 0.091, respectively. For the remaining disposal units, the sum of the 
ratios for all isotopes was less than 0.091. 

The entries in Table 4.5 represent the best estimates of the maximum radionuclide 
concentrations in groundwater. A crucial assumption in the groundwater transport model 
is that the mechanism controlling chemical adsorption allows for unlimited admrption. 
This property, characterized by a linear isotherm for the definition of the distribution 
coefficient, may result in very small transport velocities and may be invalid for some 
isotopes. Conversely, the model includes dispersion effects so that solute can tde 
transported a nontrivial distance [ z 100 m (328 Et)] over a very long time without 
significant advection. These effects can be seen in the uncertainty simulations based on 
Latin hypercube (LHC) sampling (Sect. 4.6.). 

4.4 SURFACE WATER TRANSPORT 

Studies undertaken for this assessment invoked the simulation of radionuclide 
transport to surface waters through two pathways. Groundwater discharged into stream 
channels at SWSA 6 carries with it nuclides that have leached from units through the 
vadose zone and the saturated media of the aquifer system. The other source of nuclides 
transported into surface water is from lateral subsurface flow through the stormflow zone. 
Nuclide transport from each of these paths is shown separately in Tables 4.6 and 4.7, and 
the total amounts of radionuclides transported to surface water are given in Table 4.8. 
Concentrations in Tables 4.6-4.8 include dilution by 175,780 m3 (6,207,600 ft3) of surface 
runoff predicted by UTM for an average year. The results for groundwater transport 
(Table 4.6) are summarized from the groundwater simulations described in Sect. 4.3. In 
these simulations, 14C showed the highest annual activity released from groundwater into 
surface water. Three nuclides, 3H, I4C, and %Cl, showed relatively high levels oE activity 
released into surface water. Several nuclides with high Kd values (137Cs, "%u, lMEu, 226Ra) 
showed very low release rates. The largest peak material flux predicted from groundwater 
simulations was 5.1 &ear for %U. However, this peak did not account for the highest 
level of activity (Table 4.6). 

4-23 



SWSA 6 Performance Assessment 

Table 4.6. Combined maximum radionuclide release (mass, activity, and cOncentrafion 
basis) from all disposal units to surface waters from groundwater transport 

(Time-range of peak transport rate occurrences is also shown.") 

Transport to Range of 
surface water occurrences Activity Concentration 

Radionuclide (&ear> (Year) (Ci/year) (Ci/m3) 

6.54 x 

1.45 x 

5.24 x lo-' 

5.90 x lo-11 

6.47 x 

1-05 x 10-19 

4.12 x 

1.30 x 

3.15 x 10-17 

2.65 x lo-' 

3.26 x 

4.37 x 10-4 

1.29 x 10-3 

4.00 x 10-5 

4.56 x 10-7 

5.10 x 10' 

5.55 x 

8-160 

57-1000 

23-4000 

80-1960 

54-2000 

10-500 

10-190 

58- 160 

5000-5oooo 

10-3000 

%-2oooo 

830--5000 

640-4000 

580-64000 

110-3000 

52-2000 

52-5000 

6.31 x 

6.45 x lo-% 

1.73 x 

8.02 x 10-9 

1-10 x 10-3 

9.12 x 10-l8 

7.13 x 

3.51 x 10-= 

3-12 x 10--17 

5-63 x 10-9 

4.40 x 10-9 

2-79 x 10-9 

4.23 x 

1.71 x 

2.49 x 

1.90 x 10-7 

9.07 x 

3 . 5 9 ~  10--7 

3.67 x 10-7 

4.56 x 10-14 

9.83 x lo-' 

6.25 x 

5.19 x lo-= 

4.06 x lo-% 
2.00 x lo-= 
1.77 x 

3.21 x 10-14 

2.50 x 10-14 

1-59 x 10-14 

2.41 x lo--" 

9.74 x 10-l2 

1.42 x lo-" 

1.08 x 10-l2 

5.16 x 10-13 
~ ~ ~~ ~~ -~ 

"Concentration was calculated on the basis of 175780 m3 (6,207,600 ft') of surface runoff in an average 

bHighest activity. 
year (runoff is 40% lower in a dry year and 78% higher in a wet year). 
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....... .. 

... .. 

Table 4.7, combined maximum radionuclide release (mass, activity, and concentration 
basis) from aU disposal units to surface waters from shallow subsurface transport 

(Time-range of occurrences is also shown.") 

Transport to Range of 
surface water occurrences Activity Concentration 

Radionuclide (&ear> (year) (Cdyear) ",i/rn3> 

8.90 x 10-5 

5.59 x loo 

6.10 x 10' 

6.75 x 10-4 

1.82 x 10-5 

1.35 x 10-9 

3.41 x 10' 

4.83 x 

1.03 x lo-* 
2.62 x 

2.52 x 10' 

1.83 x lo-' 
2.27 x 10' 

1.13 x 103 

9.34 x 10-5 

3.27 x 10-4 

1.68 x 

5-50 

54-240 

52 

8-260 

54-240 

78-260 

80-81 

79-80 

320 

238-243 

250-680 

250 

190 

250-1000 

250-450 

220-370 

260-440 

8.59 x 10-1 

2.49 x loZb 
2.01 x loo 
9.18 x 

5.80 x IO-l 

1.58 x lW3 

8.35 x 1 W 6  
3.63 x lo-' 
1.02 x 

5.57 x 10-7  

1.06 x 10-3 

3.80 x 10-4 

1.04 x 10-3 

3.20 x 1 0 - 4  

6.51 x 10-5 

2.77 x 

4-90 x 

4.89 x 
1.42 x 10-4 

1.15 x 10-5 

5.22 x 10-7 

3.30 x 
9.01 x 
4.75 x lo-" 
2.07 x 10-l' 

5.80 x 10-14 

3.17 x 10-'2 

1.58 x 

6.06 x lo-' 
2.79 x lo-" 
2.1.6 x 10-9 

5.94 x 10-9 

1.82 x 10-9 

3.70 x 
"Concentration was calculated on the basis of 175,780 m3 (6,207,600 ft3) of surface runoff in an average 

bHighest activity. 
year (runoff is 40% lower in a dry year and 78% higher in a wet year). 
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Table 4.8 Combined maximum radionuclide release (mass, activity, and 
mnumtratbn basis) from all disposal units to surface waters from 

groundwater and shallow subsurface transport 
(Time-range of peak transport rate 

Occurrences is also shown.") 

Transport to 
surface water 

Radionuclide (&ear) 

3H 9.55 x 10-5 
l4C 5.60 x 1$ 

6.15 x 10' 

90Sr 6.75 x 10-4 

1370 1-82 x 10-5 

lS4Eu 1.35 x 10-9 

229Th 2.64 x 

99TC 3.41 x 10' 

'52EU 4.83 x 

226Ra 1.03 x 

232Th 2.52 x lo1 

233u 1.83 x lo-' 

% 2.27 x 10' 

1.13 x Id 
239Pu 1.68 x 

2 . 1 ' h  9.34 x 10--5 
2 4 3 h  3.27 x 10-4 

Range of 
Occurrences Activity Concentration 

( Y W  (Ci/year) (ci/rn3) 

5-160 9.22 x 10-1 5.24 x 
54-1000 2.50 x 10lb 1.42 x 10--4 

23-4000 2.03 x l@ 1.15 x 10-5 

8-2000 9.18 x lo-* 5-22 x 10-7 

10-500 1.58 x 10-3 9.01 x 10-9 

54-2000 5.80 x 10-1 3.30 x 

10-190 8.35 x 4.75 x lo-" 

60-160 3.63 x 10-7 2.07 x lo-'' 

320-5000 1.02 x 5.80 x 10-14 
10-3000 5.63 x 10-7 3.20 x 10-l2 

96-2oooO 2.77 x 1.58 x 

250-5000 1.77 x 10-3 1.01 x 

190-4000 4.90 x 2.79 x IO-" 

250-64000 3-80 x 10-4 2.16 x 10-9 

110-3OOO 1.04 x 10-3 5.94 x 10-9 

52-2000 3.20 x 1.82 x 10-9 
52-5000 6.51 x 10-5 3.70 x lo-'' 

"Concentration was calculated on the basis of 175,780 m3 (6,207,600 ft') of surface runoff in an 
average year (runoff is 40% lower in a dry year and 78% higher in a wet year). Time-range of 
Occurrence of peak fluxes from the various dispasal units is not shown. 

*Highest activity. 
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The peak nuclide transport rates from the eleven different disposal units via the 
groundwater, lateral flow path, and combined surface water release were summed for each 
nuclide without regard for the year of occurrence (a conservative assumption) to show the 
maximum annual release predicted. The range of occurrences indicates the time interval 
over which the peak nuclide transport rates were calculated. Therefore, the concentrations 
in Tables 4.6, 4.7, and 4.8 provide conservative overestimates of the maximum 
concentrations in any year because the predicted peak values due to releases from 
different disposal units do not occur at the same time. Carbon-14, chiefly associated with 
the low-range silos (south), gave the highest annual activity release (Table 4.7). 
Comparison of Tables 4.6 and 4.7 shows that predicted radionuclide flux through the 
lateral flow path was often 10 or more times higher than that for the groundwater path. 

path. The results for the total annual radionuclide transport to surface water (Table 4.8) 
were made available for the surface water dose calculations (Section 4.5.3.1). 

In all cases, the total nuclide flux was dominated by transport in the lateral flow 

4 5  DOSEANALYSIS 

This section presents the results of the analysis of radiation doses resulting from 
disposal of low-level radioactive waste (UW) in the different types of disposal units in the 
SWSA 6 facility. The dose analysis considers two critical groups of exposed individuals: 

off-site individuals @e-, members of the public who reside outside the boundary of the 

9 inadvertent intruders onto the disposal site following loss of active institutional controls 
disposal facility) and 

(during the postclosure period). 

Off-site individuals may receive exposures from radionuclides that are transported beyond 
the facility boundary at any time after disposal, but exposures of inadvertent intruders are 
assumed to be precluded by active institutional controls until a minimum of 100 years after 
disposal. 

As indicated in Sects. 4.2-4.4, the performance assessment for disposal units in 
SWSA 6 considers the transport in shallow subsurface water and groundwater as the 
principal mechanism for removal of radionuclides from the disposal unit into the 
environment. Therefore, off-site individuals are assumed to receive radiation doses 
primarily as a result of exposure to contaminated water beyond the facility boundary. 

scenarios. The first, which is similar to the assumed exposure scenario lor off-site 
individuals, involves exposure to contaminated water obtained from a source within the 
facility boundary. The second type of scenario involves direct intrusion into disposal units, 
and four different scenarios €or exposures from direct intrusion are evaluated. 

from exposure to contaminated water are provided by (1) the estimated maximum 
concentrations of radionuclides in surface water at locations beyond the facility boundary 
at any time after disposal and (2) the estimated maximum concentrations of radionuclides 
in groundwater within the facility boundary at any time after loss of active institutional 

The dose analysis for inadvertent intruders considers two general types af exposure 

The inputs to the dose analyses for off-site individuals and inadvertent intruders 
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control, as presented in Sects. 4.3 and 4.4. The inputs to the dose analyses for inadvertent 
intruders from direct intrusion into disposal units according to the different exposure 
scenarios are provided by the estimated concentrations of radionuclides in disposal units at 
various times after loss of active institutional controls. 

with federal, state, and local requirements (DOE 1988). In this performance assessment, 
the requirement for protection of groundwater resources has been interpreted as a limit 
on annual effective dose equivalent (EDE) of 4 mrem from consumption of 2 L/day 
(0.5 gal/day) of drinking water from affected sources at any location beyond the 100-m 
(328-Et) buffer zone around any of the disposal units in SWSA 6. Therefore, doses from 
the drinking water pathway only also are evaluated. The dose estimates use as input the 
estimated maximum concentrations of radionuclides in groundwater at any location beyond 
the buffer zone and at any time after disposal. Thus, the dose limit of 4 mrem per year is 
interpreted as a requirement for resource protection regardless of whether the 
groundwater could actually be used (e.g., during the institutional control period). The 
drinking water standards described above also are applied to any potentially potable 
surface waters beyond the buffer zone and at any time. 

Disposal of LLW at DOE sites also must protect groundwater resources consistent 

45.1 Analysis of Human Expsure Scenarios and Exposure Pathways 

This section describes the exposure scenarios and exposure pathways assumed in the 
dose analyses for off-site individuals and inadvertent intruders. The results of the dose 
analyses for each group of individuals and its associated exposure scenarios, which can be 
thought of as scenario dose conversion factors, are given in summary tables. For the 
scenarios involving exposure to contaminated water, the scenario dose conversion factors 
are given in the form of EDEs per unit concentration of radionuclides in water. For the 
scenarios involving direct intrusion into disposal units, the scenario dose conversion factors 
are given in the form of EDEs per unit concentration of radionuclides in disposal units at 
the time intrusion is assumed to occur. For protection of groundwater and surface water 
resources, results for the drinking water pathway only are given in the form of ED& per 
unit concentration of radionuclides in water. The models and parameter values used in 
obtaining the results in the summary tables are described in Appendix 6. 

45.1.1 Protection of Groundwater and Surface Water Resources 

As described above, this performance assessment assumes that disposal of LLW 
must protect groundwater and surface water resources beyond the 100-m (328-ft) buffer 
zone around any disposal units in SWSA 6 such that the annual EDE from direct 
consumption of 2 L/day (0.5 gal/day) of drinking water from the affected sources would 
not exceed 4 mrem. Thc annual EDEs from the drinking water pathway per unit 
concentration of radionuclides in water are given in Table 4.9. The results in this table 
were obtained from Table G.7 of Appendix G. In Sect. 4.5.3.1, thc scenario dose 
conversion factors in Table 4.9 are combined with the estimated maximum concentrations 
of radionuclides in groundwater or surface water to obtain the dose estimates for the 
drinking water pathway. 
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.___  

Table 4.9. Annual effective drrse equivalents from drinking water 
pathway per unit concentration of radionuclides in watef 

~ __ - ~~ ~ - 

Annual dose Annual dose 
Nuclideb (rem/year per pCi/L) Nuclideb (remlyear per &iL) 

'H 

I 4 c  

26A1 

%c1 
?K 

mco 
63Ni 

%Sr + d 

99TC 

113rncd 

1 3 7 a  

"'Eu 

'54Eu 

"'Eu 

21'?Pb + d 

226Ra + de 

% + d  

23oTh 

4.6 x lo2 

1.5 

9.5 

2.2 

1.4 x 10' 

1.9 x 10' 

3.9 x lo-' 

1.0 x 102 
9.5 x lo-1 

1.1 x 162 

3.7 x 10' 

4.4 

6.6 

9.5 x lo-* 

4.9 x Id 

5.7 x Id 

2.9 x l@ 

3.9 x Id 

B2Th + d 

232U + d 

233u 
W 

235u 

238U+d 

237Np 

%PU 

239PU 

240Pu 

32PU 

%lAm 
2 4 3 h  

"3Cm 

mCm 

249Cf 

3.4 x ls3 

1.5 x Id 
2.0 x lo2 

1.9 x 102 

1.8 x I@ 

1.8 x 102 

1.8 x 102 
2.8 x Id 
2.8 x Id 
3.1 x Id 
3.1 x Id 
3.0 x Id 
3.3 x 1d 
3.3 x Id 
2.1 x ld 
1.7 x 1d 

3.4 x Id 

"Results are obtained from Table G.7 of Appendix G. 
*"d" denotes short-lived radioactive decay products that are assumed to be in 

'Decay products include 21?b and its decay product, which are assumed to be in 
secular equilibrium with the parent. 

secular equilibrium with the parent. 

... 
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45.12 J3xposure Scenarios and Exposure Pathways for WSite Individuals 

Exposures of off-site individuals beyond the facility boundary are assumed to result 
primarily from the use of contaminated surface water, because all groundwater on the 
disposal site discharges to the surface within the facility boundary (see Sect. 4.2). The 
following pathways involving exposure to contaminated water are assumed to occur: 

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

a external exposure while swimming in contaminated water. 
and 

Use of contaminated water by off-site individuals (as well as inadvertent intruders) for 
irrigation of food crops or pasture land is not considered in the dose analysis because 
irrigation is not commonly practiced near Oak Ridge. 

The scenario dose conversion factors for exposure of off-site individuals from 
exposure to contaminated water, as obtained from Table G.13 of Appendix G, are given in 
Table 4.10. This table gives annual EDEs per unit concentration of radionuclides in 
contaminated water. For all radionuclides, the dose from direct ingestion of drinking water 
is greater than the dose from all the other exposure pathways; for most radionuclides, the 
dose from all pathways is determined almost entirely by the dose from the drinking water 
pathway alone. In Sect. 4.5.3.1, the results in this table are combined with the estimated 
maximum concentrations of radionuclides in surface water to obtain the dose estimates for 
all exposure pathways. 

4-5-13 E;gposure Scenarios and Ekposure Pathways for Inadvertent Intruders 

An inadvertent intruder is assumed to establish a permanent homestead on the 
disposal site, including on-site sources of foodstuffs, at any time after the end of active 
institutional controls at 100 years after disposal. Furthermore, an intruder is assumed to 
have no prior knowledge of waste disposal activities at the site. Inadvertent intruders are 
assumed to receive radiation exposures from use of contaminated water obtained from a 
source within the facility boundary and from direct intrusion into disposal units. 

45.1.3.1 Use of contaminated water 

Exposure of inadvertent intruders to radionuclides in contaminated water obtained 
from a source within the facility boundary is assumed to occur in conjunction with any of 
the exposure scenarios involving direct intrusion into disposal units described below. The 
following exposure pathways involving use of contaminated water are assumed to occur: 

direct ingestion of contaminated water; and 
ingestion of milk and meat from dairy and beef cattle that drink Contaminated water. 

Thus, inadvertent intruders are assumed Lo use contaminated water for domestic purposes 
only, and the assumed exposure pathways listed above are the same as the corresponding 
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Results of Analysis 

Table 4.10. Annual effective dase equivalents to ofkite individuals per unit 
concenfrafion of radionuclides in water from all exposure pathway$ 

Annual dose Annual dose 
Nuclideb (rem/year per pCiL) Nuclideb (rewear per pCi/L) 

3H 

l4C 

%Al 
=ci 

4% 

6oco 

63Ni 

90Sr + d 

gprC 

1131nm 

137Cs + d 

lS2Eu 

ls4Eu 

'"Eu 

21?b + d 

226Ra + dc 

229Th + d 

23orh 

5.5 x 10-2 

2.0 

9.9 

3.6 

1.7 x 10' 

2.2 x 10' 

4.1 x lo-* 

1.0 x 102 

1.1 x 102 

4.4 x 10' 

4.7 

6.9 

9.9 x 10-1 

4.9 x 103 

5.7 x Id 

2.9 x 103 

3.9 x lo2 

1.1 

232Thfd 

232u + a 
wu 
23Qv 

235u 

= U + d  

P7Np 

=Pu 

239Pu 

240PU 

242Pu 

203Am 

2 4 3 ~ m  

2aaCm 

249Cf 

2 4 1 b  

3.4 x Id 
1.5 x Id 
2.0 x lo2 

1.9 x lo2 

1.8 x ls2 

1.8 x lo2 

1.8 x lo2 

2.8 x Id 
2.8 x 103 

3.1 x Id 

3.1 x le 
3.0 x 103 
3.3 x 103 

3.3 x Id 
2.1 x Id 
1.7 x io3 
3.4 x 103 

- ___ ~ 

"Results are obtained from Table G.13 of Appendix G. 
'"d" denotes short-lived radioactive decay products that are assumed to be in secular 

mecay products include "$b and its decay product, which are assumed ta be in 
equilibrium with the parent. 

secular equilibrium with the parent. 

... 
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pathways for off-site individuals. However, the pathway involving external exposure while 
swimming in contaminated water, which is included in the dose analysis for off-site 
individuals, is not considered for inadvertent intruders because surface waters suitable for 
swimming do not occur within the boundaries of SWSA 6. 

The scenario dose conversion factors for exposure of inadvertent intruders to 
contaminated water, as obtained from Table G.14 of Appendix G, are given in Table 4.11. 
The table gives annual ED& per unit concentration of radionuclides in contaminated 
water. For most radionuclides, the results in Table 4.11 are the same as the results in 
Table 4.10 for off-site individuals because the dose from external exposure while swimming 
in contaminated surface water is relatively unimportant for off-site individuals. For all 
radionuclides, the dose from the drinking water pathway is again the principal contributor 
to the dose from all exposure pathways. In Sect. 4.5.3.1, the results in this table are 
combined with the estimated maximum concentrations of radionuclides in groundwater to 
obtain the dose estimates for all exposure pathways. 

4.5.1.3.2 Direct intrusion into disposal units 

Exposures of inadvertent intruders resulting from direct intrusion into disposal units 
after loss of active institutional controls are assumed to occur according to one of four 
different scenarios, called the agriculture, resident, discovery, and postdrilling scenarios. 
These scenarios are based in large part on those used by the U.S. Nuclear Regulatory 
Commission (NRC) in developing licensing criteria for near-surface land disposal of 
commercial radioactive wastes (NRC 1982, Oztunali and Roles 1986). Descriptions of 
these scenarios and their associated exposure pathways and the scenario dose conversion 
factors for each scenario are given below. Additional scenarios developed by the NRC 
(NRC 1982, Oztunali and Roles 1986) that were considered but not included in this 
analysis, called the construction and drilling scenarios, are discussed in Scct 3.2.4.2. The 
agriculture, resident, discovery, and postdrilling scenarios for direct intrusion into disposal 
units do not include doses from exposure to contaminated groundwater. The scenario for 
exposure to contaminated groundwatcr is described in the previous subsection. 

The agriculture scenario is assumed to involve continuous lifetime exposure. In this 
scenario, an inadvertent intruder is assumed to construct a home directly on top of 
disposal units, with the foundation extending into the disposed waste. Waste is assumed to 
be cxhumed during construction of the foundation, and all waste remaining in the disposal 
units at the time intrusion occurs is assumed to be indistinguishable from native soil. Some 
of the exhumed waste is assumed to be mixed with native soil in the intruder’s vegetable 
garden, and the following exposure pathways are assumed to occur: 

ingestion of vegetables grown in the contaminated garden soil; 
* direct ingestion of contaminated soil from the garden in conjunction with vegetable 

external exposure to contaminated soil while working in the garden or residing in the 

* inhalation of radionuclides suspended into air from contaminated soil while working in 

intakes ; 

home on top of the disposal units; and 

the garden or while residing in the home, 
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Table 4.11. Annual effective dose equivaients to inadvertent intruders per unit 
concentration of radionuclides in water from all expasure pabra# 

Nuclideb (rem/year per pCi/L) Nuclideb (remJyear per pCi/L) 
Annual dose Annual dose 

3H 

l4c 
26A1 
%c1 
40K 

63Ni 

90Sr + d 

99TC 

113rnCd 

1 3 7 ~  

1s2Eu 

lS4Eu 

ISsEu 

219b + d 

=Ra + d" 

% + d  

% 

5.5 x 

2.0 

9.6 

3.6 

1.7 x IO1 

2.2 x 10' 

4.1 x lo1 

1.0 x lo2 

1.1 x 102 

4.4 x 10' 

4.5 

6.8 

9.8 x lo-' 

4.9 x 1 6  

1.1 

5.7 x 103 

2.9 x I d  

3.9 x lo2 

= % + d  

232U -t d 

*3u 

235u 

238U+d 

237Np 

mPu 

239Pu 

2OpU 

32PU 

2 4 1 h  

243Am 

243Crn 

244Cm 

"9CE 

3.4 x Id 
1.5 x 103 

2.0 x lo2 

1.9 x lo2 
1.8 x lo2 
1.8 x Id 
1.8 x lo2 

2.8 x 1 6  

2.8 x 103 

3.1 x 103  

3.1 x I 6  

3.0 x I d  

3.3 x I d  

3.3 x 103 

1.7 x 103 

3.4 x 103 

2.1 x 1 6  

"Results are obtained from Table G.14 of Appendix G. 
'"d" denotes short-lived radioactive decay products that are assumed to be in secular 

'Decay products include *'?b and its decay product, which are assumed to be in secular 
equilibrium with the parent. 

equilibrium with the parent. 
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The scenario dose conversion factors for the agriculture scenario for inadvertent 
intruders, as obtained from Table G.22 of Appendix G, are given in Table 4.12. The table 
gives annual EDEs per unit concentration of radionuclides in disposal units at the time 
intrusion is assumed to occur. The most important exposure pathways depend on the 
particular radionuclide. For the fission and activation products and "'Pb, the vegetable 
pathway is the most important, unless the radionuclide is a photon emitter in which case 
external exposure while residing in the home is thc most important pathway. For z6Ra, 
23qh, and u2U, inhalation of radon and its short-lived decay products while residing in the 
home is the most important pathway. However, if the inhalation dose from radon were 
excluded (see Sect. 4-54), external exposure while residing in the home would be the most 
important pathway for 226Ra and the actinide radioelements when the isotope is a high- 
energy photon emitter, but the vegetable and soil ingestion pathways and inhalation 
exposure while residing in the home usually would be significant contributors to the total 
dose when the isotope is not a high-energy photon emitter. For many of the actinides, the 
soil ingestion pathway is more important than the vegetable pathway, due to the low 
plant-to-soil concentration ratios in vegetables assumed for most of these elements. 

The resident scenario also is assumed to involve continuous lifetime exposure. As in 
the agriculture scenario, this scenario assumes that an intruder excavates a foundation for 
a home on top of disposal units. However, in excavating at the site, the intruder is 
assumed to encounter an intact engineered barrier (e-g., reinforced concrete roof) on top 
of the disposal units that cannot be penetrated by the types of excavation equipment 
normally used on the ORR. Thus, the intruder is assumed to construct a home directly 
above the intact engineered barrier. Since the engineered barrier is assumed not to bc 
penetrated during excavation, the only exposure pathway of concern for the resident 
scenario is external exposure to photon-emitting radionuclides in the waste during indoor 
residence in the home on top of the disposal units. The presence of an intact engineered 
barrier would preclude any ingestion exposures or inhalation of radionuclides in 
particulate form. The thickness of intact engineered barriers on top of disposal units 
(about 30 cm or 12 in., see Sects. 2.3.5-2.3.7) also is presumed sufficient to mitigate 
significant inhalation exposures to radon and its short-lived decay products. Although some 
exposures to radon presumably would occur even in the presence of an intact barrier 
(e.g., due to the formation of small cracks), the exposures would be much less than those 
that would occur at later times when excavation into the waste becomes credible and the 
agriculture scenario is assumed to occur. That is, radon exposures that are ignored in the 
resident scenario essentially are captured in the agriculture scenario. 

The scenario dose conversion factors for the resident scenario for inadvertent 
intruders, as obtained from Table G.23 of Appendix G, are given in Table 4.13. The table 
givcs annual EDEs per unit concentration of radionuclides in disposal units at the time 
intrusion is assumed to occur. In the dose analysis for the resident scenario, the 
impenetrable engineered barrier on top of disposal units is assumed to provide shielding 
equivalent to 30 cm (12 in.) of soil. 

individual's lifetime. This scenario assumes that an intruder attempts to excavate at the 
location of disposal units in constructing a foundation for a home, as in thc agriculture 
and resident scenarios, but encounters an intact and impenetrable engineered barrier used 
in constructing the disposal units, as in the resident scenario. However, the intruder is 

The discovery scenario is assumed to involve a single, acute exposure during an 
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Table 4.12. Annual effective dose equivalents to inadvertent intxudem 
per unit coM;entration of radionuclides in ais@ units from all 

exposure pathwap €or agriculture SCenarioD 

Nuclide' (remhear per pCi/m3) Nuclideb (rewear per p(ci/rn3) 
Annual dose Annual dose 

3H 

l4C 

26A1 
%Cl 

aK 
%Cl 

63Ni 

90Sr + d 

99TC 

1 1 3 m a  

137Cs + d 

152Eu 

lS4Eu 

"'Eu 

210Pb + d 

mRa + dcid 

222Rn 

% + d  

23oTh 

3.9 x lo4 
1.5 x 10-5 

4.9 x 1 0 3  

1.2 x 10-3 

3.4 x 10" 

4.6 x 103 

1.8 x 10-7 

1.1 x 10-5 

1.0 x 10-3 

2.0 x 10-3 

2.2 x 10-3 

3.9 x 10-5 

3.0 x 10-4 

3.4 x 10-3 

1.8 x 10" 

1.3 x 10" 

1.2 x 10-le 

5.2 x lo4 

1.1 x 10-5 

23% + dd 

232U + dd 

% 
233v 

23sU + d 

% + d  

237Np + d 

u8Pu 

239Pu 

mPu 

242Pu 

%lAm 

2d3Am + d 

243Cm 

262Cm 

249Cf 

4.3 x 10-3 

2.7 x 10-3 

1.0 x lo-% 

1.1 x 10" 

1.0 x lo-% 

1.1 x 10-5 

1.9 x 10' 

1.0 X 1 0 5  

4.0 x 10-5 

3.4 x 10-5 

4.0 x 10-5 

4.0 x 10.5 

3.8 x 10-5 

5.6 x 105 

5.8 x 10' 

2.7 x lo4 
1.7 x lo4 

2.0 x 10-5 

5.7 x 10-4 

oResults are obtained from Table G.22 of Appendix G and apply only to the assumed 

budn denotes short-lived radioactive decay products that are assumed to be in secular 

"Decay products include 2'"Pb and its decay product. 
dDose from radon decay product is listed separately. 
Value is normalized to unit concentration of parent radionuclide. 

scenario for direct intrusion into disposal units. 

equilibrium with the parent. 
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Table 4.13. Annual effective dose equivalents to inadvertent intruders per unit 
concentration of radionuclides in disposal units for resident scenarioa 

Annual dose Annual dose 
Nuclideb ( r e d e a r  per pCi/m3) Nuclideb (rem/year per &Urn3) 

=Al 
40K 

137Cs + d 

lS2Eu 

lS4Eu 

lssEu 

226Ra + d 

% + d  

3.3 x 10" 

2.1 x 10-5 

3.2 x 10-5 

9.8 x 10-5 

2.9 x 10" 

1.1 x lo4 

2.0 x lo4 

1.9 x 10" 

1.0 x 10-5 

232Th + d 

2 3 w + d  

235U + d 

2 7 8 U + d  

237Np + d 

"3Am -t d 

"Cm 

249Cf 

3.0 x 10" 

2.3 x 10" 

5.6 x 10-7 

1.2 x 10" 

3.5 x 10" 

1.1 x 
7.7 x 10-7 

8.1 x 

"Results are obtained from Table G.23 of Appendix G and apply only to assumed 
scenario for direct intrusion into disposal units. 

equilibrium with the parent. 
denotes short-lived radioactive decay products that are assumed to be in secular 

assumed to access disposal units from the side during excavation, rather than from the top 
as in the agriculture and resident scenarios. This distinction is potentially important when 
several types of disposal units in SWSA 6 contain engineered barriers that are thinner at 
the sides than at the top and provide less shielding from external exposure when 
approached from the side. Then, shortly after encountering the intact and impenetrable 
engineered barrier, the scenario assumes that the intruder decidcs to abandon excavating 
at that location and moves elsewhere. As in the resident scenario, the only exposure 
pathway of concern for the discovery scenario is external exposure to photon-emitting 
radionuclides in the waste during the time the intruder excavates at the site. 

The scenario dose conversion factors for the discovery scenario for inadvertent 
intruders, as obtained from Table G.24 of Appendix G, are given in Table 4.14. The table 
gives ED& per unit concentration of radionuclides in disposal units at the time intrusion 
is assumed to occur. In the dose analysis for the discovery scenario, the impenetrable 
engineered barrier at the side of disposal units is assumed to provide shielding equivalent 
to 15 cm (6 in.) of soil. In addition, the exposure time for this scenario is assumed to be 
1% of the time during a year (Le., about 100 h). Since the external dose per unit 
concentration of radionuclides is directly proportional to the assumed exposure time, the 
results in Table 4.14 easily can be modified if a different exposure time is assumed. 

sccnario, an inadvertent intruder is assumed to drill directly through a disposal unit (e.g., 
for the purpose of constructing a well for the intruder's domestic watcr supply), and the 

The postdrilling scenario is assumed to involve continuous lifetime exposure. In this 
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... - .... 

Table 4.14. Effedive dose equivalents to inadvertent intruders per unit 
COLlcentration of radionuclides in disposal units for discovery scenario' 

Dose Dose 
Nuclideb (rem per pCi/m3) Nuclideb (rem per pCi/m3) 

40K 

137Cs + d 

IS2Eu 

'%Eu 

lSsEu 

mRa + d 

% + d  

3.0 x 10-5 

2.9 x 10-5 

4.5 x lod 

1.1 x 10-5 

1.2 x 10" 

2.0 x IO4 

1.8 x 10-5 

1.9 x lo6 

1.5 x lo4 

2 3 % + d  

" W + d  

235U + d 

% + d  

237Np + d 

"'Am 

243Am + d 

2 Q 3 ~ m  

249Cf 

2.7 x 10-5 

1.8 x 10-5 

1.4 x 10-7 

8.1 x 107 

3.4 x 10-7 

7.7 x 107 

2.5 x 107 

3.6 x lo-'' 

1.7 x 
"Results are obtained from Table G.24 of Appendix G and apply oniy to 

assumed scenario for direct intrusion into disposal units. 

secular equilibrium with the parent. 
denotes short-lived radioactive decay products that are assumed to be in 

contaminated drilling waste brought to the surface is assumed to be indistinguishable from 
native soil. All of the drilling waste is assumed to be mixed with native soil in the 
intruder's vegetable garden, and the following exposure pathways are assumed to OCCUK: 

ingestion of vegetables grown in contaminated garden soil, 
direct ingestion oE contaminated soil from the garden in conjunction with vegetable 

0 external exposure to contaminated soil while working in 'the garden, and 
inhalation of radionuclides suspended into air from contaminated soil while working in 

intakes, 

the garden. 

These exposure pathways essentially are the same as the corresponding pathways assumed 
for the agriculture scenario. In the postdrilling scenario, however, external and inhalation 
exposures while residing in the home are not considered because all of the waste exhumed 
by drilling is assumed to be mixed with native soil in the intruder's vegetable garden and 
the intruder's home is assumed not to be located on top of disposal units or other 
contaminated soil. 

The scenario dose conversion factors for the postdrilling scenario for inadvertent 
intruders, as obtained from Table G.25 of Appendix G, are given in Table 4.15. The table 
gives annual ED% per unit concentration of radionuclides in disposal units at the time 
intrusion is assumed to occur. For each exposure pathway in this scenario, the dose per 
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Table 4.15. Annual effective dose equivalents to inadvertent intruders 
per unit concentration of radionuclides in exhumed waste from all 

exposure pathways for postdrilling scenarioa 

Annual dose Annual dose 
Nuclide' (rembear per pCi/m3) Nuclideb (rembear per pCi/m3> 

3H 

l4C 

%A1 

%C1 

4oK. 

63Ni 

%3r -t d 

gprC 

113mCd 

137Cs + d 

15'Eu 

'54Eu 

lssEu 

210Pb + d 

226Ra + dCpd 

222Rn 

% + d  

% 

3.9 x 10-7 

1.5 x 

2.2 x 

1.2 x 1 0 - 4  

6.0 x 

2.1 x 

1.8 x lo-* 
1.8 x 10-5 

1.3 x 10-5 

9.4 x 10-7 

1.1 x 

1.3 x 

1.0 x 

2.6 x 

3.0 x 10-5 

3.3 x 10-5 

1.3 x lo-% 

3.0 x 

3.4 x 10-7  

u2Th + d' 
mRn 

u2U + de 

mRn 

u3u 

235U + d 

2 3 8 U f d  

237Np + d 

238Pu 

239Pu 

'40Pu 

x2Pu 

2 4 1 b  

243Am + d 

2 4 3 ~ m  

244Cm 

249Cf 

6.2 x 

2.1 x lo-& 
5.7 x 

2.1 x 

7.5 x 10-7 

7.3 x 10-7 

7.9 x 10-7 

6.9 x 10-7 

2.4 x 10-5 

6.6 x 

2.1 x 

2.5 x 

2.5 x 

2.4 x 

3.1 x 

3.2 x 

1.6 x 

1.3 x 

2.8 x 

"Results are obtained from Table G.25 of Appendix G and apply only to assumed scenario 

*"d" denotes short-lived radioactive decay products that are assumed to be in secular 

'Decay products include 2'?Pb and its decay product. 
"Dose from radon decay product is listed separately. 
Value is normalized to unit concentration of parent radionuclide. 

for direct intrusion into disposal units. 

equilibrium with the parent. 
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unit concentration differs from the corresponding value for the agriculture scenario only as 
a result of the difference in the assumed dilution factor for mixing of waste exhumed from 
a disposal unit with native soil in the vegetable garden. In this analysis, the dilution factor 
for the postdrilling scenario is assumed to be one-tenth of the value for the agriculture 
scenario (see Appendix G). 

The scenario dose conversion factors for the agriculture, resident, discovery, and 
postdrilling scenarios €or inadvertent intruders can be compared using the results 
summarized in Tables 4.12, 4.13, 4.14, and 4.15, respectively. Such a comparison indicates, 
for example, that the agriculture scenario yields considerably higher estimates of dose than 
any of the other scenarios when all scenarios are assumed to occur at the same time. 
However, comparisons of doses for the different scenarios based only on the results in the 
summary tables do not take into account two important factors that must be considered in 
the intruder dose analysis. 

SWSA 6 presumably would preclude the agriculture scenario for same period of time after 
loss of active institutional controls (i.e., the engineered barriers presumably will maintain 
their integrity and be impenetrable by normal excavation techniques for considerably 
longer than 100 years). Therefore, for relatively short-lived radionuclides (e.g., %r and 
137Cs), the estimated dose for the resident, discovery, or postdrilling scenarios could be 
higher than the dose for the agriculture scenario if the former scenarios reasonably can 
occur immediately after loss of active institutional controls but the latter scenario is 
precluded for hundreds of years after disposal by intact engineered bamers. 

Second, the radionuclide concentrations that should be used as input to the dose 
analysis for inadvertent intruders are not the same for the different exposure scenarios. 
From the descriptions of the agriculture, resident, and discovery scenarios, the appropriate 
radionuclide concentrations for use in the dose analysis are the values averaged over the 
entire volume oE the region encompassed by the disposal units, rather than the average 
concentrations in disposed waste within individual disposal units. That is, the dose analysis 
for these scenarios should take into account the uncontaminated regions between disposal 
units and the region occupied by any engineered barriers because the size of an excavation 
in constructing a foundation for a home would be considerably larger than the size of 
individual disposal units. Therefore, for the agriculture, resident, and discovery scenarios, a 
dose reduction factor, called the geometrical reduction factor, should be applied to the 
average radionuclide concentrations in disposed waste to give the concentrations averaged 
over the region encompassed by the disposal units. This factor, which is the ratio of the 
contaminated volume of disposed waste to the total volume in the region encompassed by 
particular disposal units, is discussed further when the results of the dose analyses are 
presented in Sect. 4.5.3.2. O n  the other hand, the postdrilling scenario assumes that 
drilling through a single disposal unit occurs. Therefore, the appropriate radionuclide 
concentrations for this scenario are the average values in disposed waste in individual 
disposal units, and the geometrical reduction factor described above does not apply. In 
Sect. 4.5.3.2, the scenario dose conversion factors in Tables 4.12-4.15 are combined with 
the estimated concentrations of radionuclides in disposal units at various times after 
disposal to obtain dose estimates for inadvertent intruders for the different assumed 
exposure scenarios. 

First, the use of engineered barriers in constructing most of the disposal units in 
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4.52 Discussion of Uncertainties in Exposure Pathways Analysis 

The estimates of dose per unit concentration of radionuclides in water given in 
Tables 4.9-4.11 and the estimates of dose per unit concentration of radionuclides in 
disposal units given in Tables 4.12-4.15 are single values based on the models and 
parameter values presented in Appendix G. This section discusses uncertainties in these 
scenario dose conversion factors. These uncertainties are independent of uncertainties in 
predicting radionuclide concentrations in water and in disposal units at any time after 
disposal. For further discussion of uncertainties in the various exposure pathway models, 
see Sect. 4.6.2. 

specific to the ORR generally were not available for such important parameters as the 
elemental plant-to-soil concentration ratios in vegetables and the airborne concentrations 
of suspended radionuclides. Therefore, generic parameter values obtained from the 
literature were used in all exposure pathway models. 

usually intended to represent average conditions that might be experienced by off-site 
individuals or inadvertent intruders, as opposed to the maximum possible conditions that 
would yield the highest estimates of dose. This approach normally 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 (e.g., the plant-to-soil concentration 
ratios and atmospheric mass loading of activity suspended from soil). The two exceptions 
are (1) the assumption of a consumption rate of contaminated drinking water by exposed 
individuals of 2 L/day ( O S  gal/day), as often assumed by the U.S. Environmental 
Protection Agency (EPA 1989), and (2) the assumption of an exposure time for the 
discovery scenario of about 100 h. Both of these assumptions probably tend to 
overestimate exposure conditions that would be experienced by average individuals in 
critical population groups. 

For some important parameters in the models developed in Appendix G, data 
available in the literature can be used to provide crude estimates of uncertainty. Two of 
the most important parameters in estimating dose for the agriculture and postdrilling 
scenarios are the elemental plant-to-soil concentration ratios in the model for the 
vegetable pathway and the atmospheric mass loadings of suspended activity from soil in 
the model for the inhalation pathways. Data available in the literature, which often were 
obtained under conditions that may not be representative of the ORR, indicate that these 
parametcrs could be uncertain by two to three orders of magnitude or more (Ng, Colsher, 
and Thompson 1982; Pctersen 1983; Anspaugh et al. 1975; Healy 1980). When external 
exposure is not an important pathway for a particular radionuclide, uncertainties in the 
dose estimates for the agriculture and postdrilling scenarios would be about the same 
magnitude as the uncertainties in the plant-to-soil concentration ratio and the atmospheric 
mass loading of suspended activity from soil. Similarly, for the resident and discovery 
scenarios, data given in Table G.6 and calculations in the literature (Kocher and Sjoreen 
1985) indicate that the estimates of external dose could be uncertain by an order of 
magnitude or more if the assumed thickness of shielding between the source and receptor 
locations is in error by a few tens of centimeters. 

In implementing the models for the various exposure pathways in Appendix G, data 

The parameter values used in the models for the different exposure pathways were 
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For other important parameters in the exposure pathway models, however, it is 
difficult to quantify the uncertainty, even on the basis of available generic data  An 
example of an essentially unquantifiable uncertainty is provided by the assumed dilution 
factor for mixing of wastes exhumed from disposal units with native soil in a vegetable 
garden [i.e., the parameterf, first introduced in EQ. (G.8) of Appendix G, not to be 
confused with the geometrical reduction factor for different disposal units introduced at 
the end of Sect. 4.5.13 and described further in Sect. 4.5.3-21. The dose from several 
exposure pathways in the agriculture scenario and from all exposure pathways in the 
postdrilling scenario is directly proportional to this dilution factor. An analysis of the 
uncertainty in this parameter could be based on estimated uncertainties in (1) the volume 
of waste material exhumed from disposal units, (2) the fraction of exhumed waste that is 
mixed with soil in a vegetable garden, and (3) the size of the garden. But, except €or the 
assumed size of the garden, there are no data that could be used to support such an 
uncertainty analysis. The uncertainty in this dilution factor is probably an order of 
magnitude or more. However, it also seems likely that the values chosen for the present 
analysis (see Appendix G) 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 for mixing of exhumed waste with native soil in a vegetable garden assumed 
in the agriculture scenario (i.e., the assumption that garden soil would be 20% waste 
material from the location of disposal units and 80% native soil at the garden site) is 
believed to be reasonably conservative because exhumed waste presumably would not be 
fertile material and, thus, soil containing a significantly larger fraction of waste would not 
support plant growth. The dilution factor of 0.02 for mixing of exhumed waste with native 
soil in a vegetable garden used in the postdrilling scenario is based on reasonable 
assumptions for the volume of drilling waste and the size of the vegetable garden. 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 dose per unit 
concentration of radionuclides for off-site individuals or inadvertent intruders presented in 
Appendix G probably is the definitions of the different exposure scenarios themselves, 
notwithstanding any parameter uncertainty analyses that could be performed and 
regardless of whether the results would reasonably represent the variability in doses that 
could be experienced on the ORR. That is, the dose analyses are based on assumptions 
that the scenarios will occur as postulated, but many of the explicit or implicit assumptions 
used in defining the exposure scenarios are open to question and are likely to be 
conservative. 

In defining exposure scenarios, it seems reasonable to assume that (1) off-site 
individuals and inadvertent intruders will use water obtained from local sources and (2) an 
inadvertent intruder will establish a homestead within the boundary of the disposal facility 
at some time after loss of active institutional controls because these activities commonly 
occurred on the ORR prior to 1942. However, several of the assumptions used in 
developing the particular exposure scenarios for 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 at any time after loss of active institutional 
controls, but this assumption seems unreasonable at times immediately after loss of 
institutional controls. Furthermore, even if knowledge of the disposal facility were lost, all 
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exposure scenarios assume that (1) off-site individuals and inadvertent intruders will obtain 
essentially all of their water from the particular locations at which the highest 
concentrations of radionuclides are predicted to occur, (2) inadvertent intruders will build 
a home or drill a well at the location of disposal units, rather than in uncontaminated 
areas, and (3) exhumed waste will be mixed with uncontaminated soil in a vegetable 
garden. All of these assumptions clearly are pessimistic. 

By their very definitions, the exposure scenarios for off-site individuals and 
inadvertent intruders assume conditions that probably tend to produce estimates of dose 
far greater than doses that reasonably could be received by most individuals in the two 
population groups. Therefore, it is not really the purpose of a dose analysis, particularly in 
the case of inadvertent intruders, to provide best estimates of dose that likely would be 
received. Rather, the primary purpose of the analysis is to indicate whether certain 
disposal practices would be adequately protective of public health for the assumed 
conditions of exposure. That is, the analysis is used primarily to establish criteria for the 
construction and perlormance of disposal units and the acceptability of wastes for disposal. 
Furthermore, quantitative estimates of uncertainties in calculated doses based on 
parameter uncertainty analyses may not be meaningful because the results are conditional 
on the occurrence of assumed exposure scenarios. This is a particularly relevant concern 
for the postdrilling scenario because, for some of the disposal units in the form of wells or 
silos (e.g., the fissile wells), drilling directly through disposal units clearly would occur only 
with a relatively low probability. 

4 5 3  Dose Analysis for Disposal Units in SWSA 6 

"his section presents the estimated doses to off-site individuals and inadvertent 
intruders resulting from disposal of LLW in the various types of disposal units in SWSA 6. 
Doses to off-site individuals are assumed to result entirely from releases of radionuclides 
to surface waters, and the estimated annual EDEs from direct consumption of 
contaminated water and from all exposure pathways are obtained from (1) the estimated 
maximum concentrations of radionuclides transported to surface waters given in Sect. 4.4 
and (2) the annual doses per unit concentration of radionuclides summarized in Tables 4.9 
and 4.10. Inadvertent intruders are assumed to be exposed to contaminated groundwater, 
and the estimated annual EDEs from direct consumption of contaminated water and from 
all exposure pathways are obtained from (1) the estimated maximum concentrations of 
radionuclides in groundwater outside the 100-m (328-ft) buffer zone around any disposal 
units given in Sect. 4.3.1 and (2) the annual doses per unit concentration of radionuclides 
summarized in Tables 4.9 and 4.1 1. Finally, estimated EDEs to inadvertent intruders 
resulting from direct intrusion into disposal units are based on (1) estimated 
concentrations of radionuclides in disposal units at the time intrusion is assumed to occur 
and (2) the doses per unit concentration of radionuclides in disposal units for the four 
assumed exposure scenarios summarized in Tables 4.12, 4.13, 4.14, and 4.15. 

separately for each type of disposal unit in SWSA 6. However, in the dose analyses for 
of€-site individuals and inadvertent intruders for the water pathways, the results for each 
radionuclide represent the dose resulting from releases from all disposal units in SWSA 6. 
In addition, in the dose analyses for contaminated groundwater, the particular disposal 

The results of the dose analysis for direct intrusion into disposal units are presented 

4-42 



Results of Analysis 

units that produce most of the contamination are identified. In general, results are 
presented only for those radionuclides that contribute the highest doses. 

453.1 Dose Analysic for Water Pathways 

4.53.1-1 Of€-site individuak 

Doses to off-site individuals are assumed to result entirely from use of contaminated 
surface water discharged from the present location of White Oak Dam. Because all 
contaminated groundwater in SWSA 6 is assumed to discharge to the surface within the 
facility boundary, off-site individuals would not be exposed to contaminated groundwater 
obtained from a well. 

The estimated maximum concentrations of radionuclides in surface water are 
obtained from (1) the maximum concentrations of radionuclides discharged into surface 
water near the location of White Oak Dam due to releases from all disposal units, as 
given in Sect. 4.4, (2) an assumed water discharge of 1.8 x lo8 w e a r  (4.8 x IO7 galbear) 
from SWSA 6, and (3) an assumed flow rate of water at the point of use in White Oak 
Creek of 0.38 m3/s (13 cfs), or 1.2 x 10" w e a r  (3.2 x lo9 galbear). Thus, the estimated 
maximum concentrations of radionuclides in pC& at the point of use are given by the 
maximum concentrations in surface discharges multiplied by the ratio of the discharge rate 
from SWSA 6 to the flow rate at the point of use, or 0.015. Discharges of radionuclides 
beyond the facility boundary take into account the contributions from contaminated 
groundwater that discharges to the surface within the facility boundary as well as the 
contributions from shallow subsurface discharges to the surface. 

pathway, based on the maximum radionuclide concentrations in surface water near the 
facility boundary obtained as described above from results in Table 4.8, and the annual 
doses per unit concentration of radionuclides in Tables 4.9 and 4.10, are summarized in 
Tables 4.16 and 4.17. These tables give the estimated doses €or the drinking water pathway 
only and for all exposure pathways, respectively. As described in Sect. 4.4, these results are 
obtained from the sum of the peak releases from all disposal units, regardless of when 
they occur. Therefore, the estimated doses are conservative, and it is not meaningful to 
give a single time at which the peak dose occurs. 

The results of the dose analysis for off-site individuals from the surface water 

453.12 Inadvertent intruders 

Doses to inadvertent intruders resulting from transport of radionuclides in water are 
assumed to result entirely from use of contaminated groundwater obtained from a well 
within the boundary of the disposal facility. The surface water pathway can be neglected 
for inadvertent intruders because the flow rate of surface streams within the baundary of 
SWSA 6 is insufficient to provide a domestic water supply for an individual. 

The maximum concentrations of radionuclides in groundwater near the different 
disposal units in SWSA 6 are summarized in Table 4.5. The well used by an intruder is 
assumed to be located at a distance of 100 m (328 ft) from any disposal unit [the point of 
maximum contaminant concentration outside the 100-111 (328-ft) buffer zone]. 

4-43 



S WSA 6 Performance Assessment 

Table 4.16. Results of dose analysis for off-site individuals from 
drinking water pathway due to releases to surface water" 

Nuclide (pCi/L)b (rembear) 
Concentration Annual dose 

l4C 

=c1 
%r 

?Pu 

Others 

2.1 x 10-3 3.2 x 10-3 

1.7 x 10-4 3.8 x 10-4 

7.8 x 7.8 x 10-4 

8.9 x 2.8 x 10-4 

c1.0 x 10-4 

"Dose estimates include contributions from all disposal units and take into 
account releases to surface water, subsurface water, and groundwater on the 
SWSA 6 site. Annual dose per unit concentration of radionuclides in water is 
given in Table 4.9. 

'Maximum concentrations of radionuclides in off-site surface water at any 
time after disposal, based on maximum concentrations in discharges from SWSA 6 
given in Table 4.8 and dilution factor for release to off-site surface water at point 
of use of 0.015. Ranges of time over which peak concentrations are predicted to 
occur are described in Sect. 4.4 and Table 4.8. 

Table 4.17- Results of dose analysis for off-site individuals from 
all exposure pathways due to releases to surface water" 

Nuclide (pCi/L)b (r embear) 
Concentration Annual dose 

l4C 2.1 x 10-3 4.3 x 10-3 

%c1 1.7 x 10-4 6.2 x 10-4 

90Sr 7.8 x 7.8 x 10-4 

239Pu 8.9 x lo-* 2.8 x 10-4 

Others <LO x 10-4 

"Dose estimates include contributions from all disposal units and take into 
account releases to surface water, subsurface water, and groundwater on the 
SWSA 6 site. Annual dose per unit concentration of radionuclides in water is given 
in Table 4.10. 

'Maximum concentrations of radionuclides in off-site surface water at any time 
after disposal, based on maximum concentrations in discharges from SWSA 6 given 
in Table 4.8 and dilution factor for release to off-site surface water at point of use 
of 0.015. Kanges of time over which peak concentrations are predicted to occur are 
described in Sect. 4.4 and Table 4.8. 
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The results of the dose analysis for inadvertent intruders from the groundwater 
pathway, based on the maximum radionuclide concentrations in groundwater and the 
annual doses per unit concentration of radionuclides in Tables 4.9 and 4.11, are 
summarized in Tables 4.18 and 4.19. Again, dose estimates are given for the drinking 
water pathway only and for all exposure pathways. 

to occur prior to loss of active institutional controls at 100 years after disposal (the 
monitored closure period), and exposures of inadvertent intruders at that time presumably 
would be precluded. However, the requirement for protection of groundwater resources 
consistent with standards for radioactivity in drinking water is assumed to apply at any 
time after disposal, regardless of whether exposure to contaminated groundwater actually 
could occur. Thus, results are given in Table 4.18 for the times of maximum concentration. 
In Table 4.19, however, results are given only for the maximum concentrations in 
groundwater at any time after loss of active institutional controls, because the results apply 
to exposures of inadvertent intruders from all pathways involving use of contaminated 
groundwater and the dose estimates apply only at times when the exposures are credible. 

For some radionuclides, the maximum concentrations in groundwater are predicted 

4.532 Dose Analysis for Direct Intrusion into Disposal Units 

Direct intrusion into disposal units presumably can occur at any time after loss of 
active institutional controls at 100 years after closure. However, the particular exposure 
scenarios that are assumed to be credible depend on the time after disposal, because the 
engineered barriers in most of the disposal units are assumed to preclude the agriculture 
scenario for some period of time after loss of institutional controls. 

45.321 Agriculture scenario 

The agriculture scenario is based on the assumption that an inadvertent intruder 
would excavate into disposal units at some time after loss of active institutional controls 
and, furthermore, that all solid waste in the disposal units would be indistinguishable from 
native soil. However, the agriculture scenario is assumed to be precluded for as long as 
any engineered barriers used in constructing disposal units maintained their integrity. 

As described in Sect. 2.3.5, most of the below-grade disposal units in SWSA 6 are 
constructed using a thick concrete cap. The one exception is the trenches for biological 
waste, which include only an earthen cover. In addition, the above-grade tumuli described 
in Sect. 2.3.6 are constructed using vaults with a thick concrete cap. 

In the present analysis, the use of thick concrete caps or vaults in all disposal units 
except the biological trenches is assumed to preclude the agriculture scenario fOr 300 years 
after disposal. Although the expected lifetime of the concrete barriers is not known, the 
assumed lifetime of 300 years is believed to be pessimistic and may result in conservative 
estimates of dose for shorter-lived radionuclides. Thus, the agriculture scenario is assumed 
to occur beginning at 300 years after disposal for all disposal units, except the scenario is 
assumed to occur at 100 years after disposal for the bioiogical trenches, which do not 
include engineered barriers that would prevent access to the waste during excavation. 
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Table 4.18 Results of dose analysis for drinking water pathway at 
disposal site due to releases to groundwatef 

Nuclide (year)b (pCiLL)" Units* (remhear) 
Time Concentration Disposal Annual dose 

3H 30 1.9 x 101' Interim Waste 8.7 x 10-3 
Management 
Facility (IWMF') 

l4C 67 1-4 x lo--* IWMF 2.1 x lo-' 

99TC 67 1.6 x 10-3 IWMF 1.5 x 10-3 

233u 2400 8.9 x I W F  1.8 x 10-3 

239Pu 2400 4.2 x IWMF 1.3 x lo-* 

2d3Am 2400 2.1 x 10-7 IWMF 6.9 x 10-4 

0 thers <4.0 x 10-4 

3 2 1  34 6.8 x I W F  1.5 x lo-' 

PDose estimates include contributions from all disposal units. Annual dose per unit 

Time after disposal at which maximum concentration in groundwater occurs. For 
concentration of radionuclides in water is given in Table 4.9. 

times less than 100 years, use of contaminated groundwater is precluded by active 
institutional controls, but requirement for protection of groundwater resources is assumed to 
apply when groundwater would not be used. 

buffer zone around any disposal units at any time after disposal, as obtained from Table 4.5. 
'Maximum concentrations of radionuclides in groundwater beyond 100-m (328-ft) 

%nits primarily responsible for maximum concentrations in groundwater. 

For all disposal units constructed with engineered barriers, the agriculture scenario 
can occur at any time after the barriers have lost their integrity; for the biological 
trenches, the scenario can occur at any time after loss of active institutional controls. For 
most radionuclides, the dose for the agriculture scenario has its maximum value at the 
earliest time the scenario can occur because the concentrations in disposal units decrease 
monotonically with time. However, a potentially important exception occurs with 238U. 
This radionuclide decays to other radionuclides, principally 226Ra and its short-lived decay 
products, for which the dose per unit concentration in the agriculture scenario is much 
higher than the value for the parent radionuclide (see Table 4.12). However, the activities 
of the important decay products are insignificant before about lo4 years and reach secular 
equilibrium with the activity of 
estimating doses at the time the agriculture scenario first could occur, doses are estimated 
at times beyond lo6 years for 238U and its decay products. The dose estimates at far future 
times also take into account potentially significant contributions from other radionuclides 
with half-livcs greater than about lo6 years, but the contributions from all other 
radionuclides at these times would be insignificant. Consideration of potential doses at far 

only after about lo6 years. Therefore, in addition to 
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Table 4-19 Results of dose anatySia for inadvertent intruders b m  
all expclsure pathays due to releases to groundwatef 

Nuclide (YWb (pCiL)" unitsd (rendyear) 
Time Concentration Disposal Annual dose 

3H 100 2.1 x Interim Waste 1.2 x lo-8 
Management 
Facility (IWMF) 

l4c 100 4.4 x 10-3 WMF as x 10-3 

"C1 100 1.4 x 10-5 IWMF 5.0 x 10-5 
g p r C  180 1.0 x High-range 1.1 x 10-4 

233u 2400 8.9 x PWMF 1.8 x 10-3 

239Pu 2400 4.2 x IWMF 1.3 x lo-* 
243Am 2400 2.1 x 10-7 IWMF 6.9 x 10-4 

Others ~ 4 . o  x 10-4  

welts 

estimates include contributions from all disposal units. Annual dose per unit concentration 
of radionuclides in water is given in Table 4.11. 

are not credible during 100-year active institutional control period. If maximum concentration occurs 
within 100 years after disposal, maximum concentration at 100 years or beyond is used in d m  
analysis. 

around any disposal units at any time after loss of active institutional controls at 100 years after 
disposal, as obtained from Table 4.5. 

Time after disposal at which maximum concentration in groundwater occurs, except exposures 

'hlaximum concentrations of radionuclides in groundwater beyond 100-m (328-8) buffer zone 

%nits primarily responsible for maximum concentrations in groundwater. 

future times is needed because there presently is no time limit for evaluating compliance 
with the performance objective for protection of inadvertent intruders. 

the dose analysis for each type of disposal unit were obtained from (1) the estimated 
inventories of radionuclides in the disposal units at the time of disposal and the volume of 
disposed waste, as given in Appendix A, (2) the assumption that the initial radionuclide 
concentrations are reduced over time only by radioactive decay, and (3) the geometrical 
reduction factor described at the end of Sect. 4.5.1.3, which is the fraction of the total 
volume encompassed by each type of disposal unit that contains waste and which converts 
the average concentrations of radionuclides in disposed waste to the concentrations 
averaged over the region that would be accessed by an excavation for a home. The 
assumption that radionuclide concentrations in the disposal units are reduced over time 
only by radioactive decay clearly is conservative, especially at far future times when the 

For the agriculture scenario, the concentrations of radionuclides used as input to 
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doses from buildup of the important 
not take into account reductions in concentrations over time due to release and transport 
by infiltrating water. Therefore, the calculations described above provide upper-bound 
estimates of dose. Removal of radionuclides from disposal units by infiltrating water has 
not been taken into account in the intruder dose analysis because the models for release 
and transport are believed to overestimate releases that might occur. Use of a release 
model that overestimates releases could result in significant underestimates of potential 
doses to future inadvertent intruders. 

The geometrical reduction factor for a particular type of disposal unit depends on 
the design and spacing of individual units. For Tumulus I, Tumulus 11, and the IWMF, the 
geometrical reduction factor is estimated to be 0.4 on the basis of the dimensions of 
individual waste vaults, the volume of each vault occupied by waste, and the close packing 
of vaults in the disposal units. For the low-range silos, high-range silos, asbestos silos, and 
biological trenches, the geometrical reduction factor is estimated to be 0.25 on the basis of 
the dimensions and spacing of individual disposal units. The high-range wells have 
approximately the same size and spacing as the three types of silos listed above, but the 
geometrical reduction factor for the high-range wells is cstimated to be 0.075 because 
waste in these units is placed in cast iron pipes that occupy only about 30% of the interior 
area of the wells. Finally, the fissile wells, which have approximately the same size and 
spacing as the various silos, require special consideration because only a single such well 
has received waste since DOE Order 5820.2A went into effect on September 26, 1988, 
and thus is of concern to this performance assessment (Appendix A, Table A.2). The 
geometrical reduction factor for the single fissile well is given by the ratio of the area 
occupied by waste in the well to area of a typical excavation in building a home. The area 
of thc waste in a fissile well is 0.45 m2 (4.8 ft2), and the area of a typical excavation is 
about 300 m2 (3200 ft2) (NRC 1982). Therefore, the geometrical reduction factor for the 
fissile well is estimated to be 0.0015. 

The results of the dose analysis for the agriculture scenario, based on the average 
radionuclide concentrations at disposal units at the time intrusion is assumed to occur as 
described above and the annual doses per unit concentration of radionuclides in 
Table 4.12, are summarized in Table 4.20. These results again are upper-bound estimates 
of dose, because removal of radionuclides from disposal units by infiltrating water has not 
been taken into account. As described previously, dose estimates for the agriculture 
scenario are given at two different times. The first results apply at the time the scenario 
first occurs, which is either 100 or 300 years after disposal, and the second results apply at 
times beyond about lo6 years, when only very long-lived radionuclides and their decay 
products could be of concern. In addition, for these two different times, two dose 
estimates are given, one including the contributions from isotopes of radon and the other 
excluding these contributions. At the present time, the performance objective for 
protection of inadvertent intruders does not exclude the dose from radon. 

decay products are estimated, because it does 

4-53-22 Resident scenario 

The resident scenario is based on the assumption that an inadvertent intruder 
attempts to excavate into disposal units from above but encounters an intact and 
impenetrable engineered barrier on top of the waste. The intruder then constructs a home 

4-48 



Results of Analysis 

Tabk 420. Upper-bound estimates of effective dose equivalents 
to inadvertent intruders for agriculture stew 

Disposal unit Nuclide ( ~ C i / r n ~ ) ~  (reMear) 
Concentration Annual dose 

Turnulus I l4C 1.8 x 1od 0.10 

1.9 x 104 0.008 
226Rae 7.8 x lo-' - 

8.5 x lo1 0.001 
9 t a C  0.12 

"'Am 1.5 x 102 0.002 
Others <0.001 
SUm" 
SI& 

Tumulus I1 l4C 3.5 x Id  0.020 
99TC 3.9 x I d  0.002 

8.7 x Id 0.004 
VZThe 6.6 x lo-' 0.001 

1.2 x lo1 I 

gprC 6.9 x Id 0.003 
1 3 7 ~  

mRn - 0.033 

mRn 4.1 
?Pu 1.7 x Id  0.003 

4.2 0-15 (0.12 ( O * Y  

1 3 7 0  

2aORn - 0.003 

=Rae 0.016 
mRn 0.58 

239Pu 8.7 x 10' 0.001 
"'Am 1.8 x 102 0.002 
Others eO.OO1 
SUm" 0.033 (Cn.030)f 
sun# 0.60 (0.0171 

Interim Waste l4c 4.1 x 104 0.24 
Management Facility 

"Ci 2.8 x Id  1.3 
99TC 3.9 x 102 0.002 

1.4 x 104 0.006 
233u 2.4 x 102 0.001 

1.5 x 102 0.002 
%Rae 0.20 

239pU 1.2 x 102 0.002 
Others <0.001 

sumg 7.4 (0.2O)f 

1 3 7 0  

ZnRn 7.2 

Sum" 1.6 

- 
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Table 420 (continued) 
Concentration Annual dose 

Disposal unit Nuclide ( ~ C i / r n ~ ) ~  (remkear) 

Low-range silo l4C 
99TC 

226Rac 

"2Thc 
220Rn 

1 3 7 0  

mRn 

za6Rac 
mRn 

"3fml 
Others 
Sum" 
Sum" 

High-range silo %Sr 
1 3 7 0  

232Thc 
zORn 

2261iac 
mRa 

Others 
Sum' 
sump 

High-range weUh %Sr 
99TC 

"*Eu 
229Th 
=?rlf 

=Ud 

1 3 7 ~ ~  

mRn 

Z26Rac 

Others 
Sum' 
sum@ 

mRn 

1.2 x 16 
5.5 x I d  
7.6 x I d  
1.1 x 10' 

1.8 

2.3 x I d  

1.8 x 10' 

1.2 x 106 
8.2 x 10" 
4.1 x 10-1 

3.8 x 10' 

4.5 x ldl 

3.4 x 107 

2.6 x I d  
4.2 x 108 

4.8 x I d  
2.4 

2.6 x 10'' 

0.45 
0.015 
0.002 
0.008 
0.29 
0.002 
0.005 
0.002 
0.20 
6.9 
0.001 

co.001 
0.78 (0.48)' 
7.1 (0.20)f 
0.037 
0.021 

0.001 

0.032 
1.1 

<0.001 
0.059 (0.058r 
1.1 (0.033)f 
4.2 
0.021 

0.001 
0.018 

0.002 

- 

1 

32 

- 

- 
- 

0.002 
<0.001 

36 (36)f 
0.004 (<O.Ool)f 

4-50 



Results of Analysis 

Table 420 (oontinued) 
Concentration Annual dose 

Disposal unit Nuclide ( ~ C i l m ~ ) ~  (remhear) 

... 

Asbestos silo 5.4 x Id 
4.0 x lo-' 

4.7 x lo1 

6.8 x lo7 0.10 
8.5 x I d  - 

1 3 7 ~  Fissile well 

=Rae 0.043 
2nRn 1.5 

Others <o.m1 
Sum" 0.10 
SumS 1.5 (0.043)f 
l4C 0.020 
BTif - 

mRn 0.001 

%Rae 0.840 
Z?2Ra 1.4 

Others <0.001 

Sum" 1.4 (0.041)' 

Others 4.0.001 
Sum 0.003 

- 

Sum" 0.021 (0.020)f 

Biological trench' wSr 8.7 x 102 0.003 

"Scenario is assumed to occur at 300 years after disposal for all disposal units, except as noted. 
bRadionuclide concentrations in waste at time of disposal. Concentrations are assumed to be 

reduced over time by radioactive decay, but removal of activity from disposal units by infiltrating 
water is not taken into account. 

'Dose estimate for radon decay product is listed separately. 
dDose estimates for long-lived decay products, which reach secular equilibrium with 

CDOse estimate at 300 years after disposal. 
J'Dme estimate in parentheses excludes contributions &om radon. 
Dose estimate at times beyond 106 years after disposal when only very long-lived 

*Dose estimates for these units probably are unreasanabty high (see Sect. 4.5.4.3). 
Scenario is assumed to occur at 100 years after disposal. 

only 
after about 106 years, are listed separately. 

radionuclides could be present. 

immediately on top of the engineered barriers and takes up residence at the site. The 
intent of this scenario is to represent exposures that might occur immediately after loss of 
active institutional controls at 100 years after disposal when permanent residence on the 
disposal site presumably is credible but before excavation into waste in most types of 
disposal units would be credible. 

all disposal units constructed with engineered barriers. This scenaria is not relevant for the 
biological trenches, because these units were constructed without engineered barriers and 

The resident scenario is assumed to occur beginning at 100 years after disposal for 

..... 
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the agriculture scenario would apply at any time after 100 years. In addition, the resident 
scenario need not be considered at times far in the future, when ingrowth of mRa from 
the decay of could become significant, because the engineered barriers are assumed 
to maintain their integrity for only a relatively short time after disposal and the agriculture 
scenario would apply at any time after the barriers have failed. Therefore, because the 
concentrations of all potentially important radionuclides decrease monotonically with time 
during the period that the engineered barriers are expected to remain intact, the resident 
scenario is applied only at 100 years after disposal when the doses would be the highest. 

resident scenario are based on the assumption that the intact engineered barriers on top 
of all disposal units provide shielding equivalent to 30 cm (12 in.) of soil. This is a good 
approximation for those disposal units constructed with a 30-cm-thick (12-in.-thick) 
concrete cap (see Sects. 2.3.5 and 2.3.6) because a given thickness of soil and concrete 
provide about the same shielding. However, for the high-range wells described in 
Sects. 2.3.5.3 and 2.3.5.4, some of the disposal units were constructed with a 100-cm-thick 
(39-in.-thick) concrete cap. Therefore, the dose estimates for the resident scenario would 
be quite conservative for such units. However, since data on radionuclide concentrations 
in the distinct types of high-range wells with different cap thicknesses are not available, 
the assumption of 30 cm (12 in.) of shielding was applied to all high-range wells. This 
approach provides worst-case estimates of dose for these units. 

scenario were obtained as described above for the agriculture scenario. The geometrical 
reduction factor for each type of disposal unit is included. 

radionuclide concentrations at disposal sites at 100 years after disposal (obtained as 
described above) and the annual doses per unit concentration of radionuclides in 
Table 4.13, are summarized in Table 4.21, These results are upper-bound estimates of 
dose because removal of radionuclides from disposal units by infiltrating water has not 
been taken into account. 

As described in Sect. 4.5.1.3 and Appendix G, the estimates of external dose for the 

The radionuclide concentrations used as input to the dose analysis for the resident 

The results of the dose analysis for the resident scenario, based on the average 

453.23 Discovery scenario 

The discovery scenario is based on the assumption that an inadvertent intruder 
attempts to excavate into disposal units from the side but encounters an intact and 
impenetrable engineered barrier beside the waste. Then, rather than taking up residence 
at the site, the intruder soon abandons that location and moves elsewhere. The intent of 
this scenario is to represent acute exposures that might occur immediately after loss of 
active institutional controls at 100 years after disposal when excavation through intact 
barriers could be attempted but might be abandoned, in distinction from the resident 
scenario. If the engineered barriers at the side of all disposal units were the same 
thickness as at the top, then the resident scenario would always give higher doses, and the 
discovery scenario would not need to be considered. 

The discovery scenario is assumed to occur beginning at 100 years after disposal for 
all disposal units constructed with engineered barriers. However, the discovery scenario is 
considered only if the shielding provided by the engineered barriers at the sides of disposal 
units is significantly less than the shielding provided by the barriers at the top of the units. 
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. ........ 

Table 4.21. UpperaOund estimates of effectire dose equivalents 
toinadvwten t intruders for resident scenario'' 

Concentration Annual dose 
Disposal unitb Nuclide (pCi/m3)c ( r ewear )  

Tumulus 1 

Tumulus I1 

Interim Waste 
Management Facility 

Low-range silo 

High-range silo 

High-range welld 

Fissile well 

Asbestos silo 

1 3 7 ~  

Others 
SUm 

1 3 7 ~ ~  

Others 
SUm 

1 3 7 ~  

Others 
Sum 

1 3 7 ~ ~  

Others 
sum 

1 3 7 ~  

Others 
SUm 

60& 
1 3 7 ~  

"*Eu 
lS4Eu 
Others 
SUm 

1 3 7 ~  

Others 
Sum 

All 

1.9 x 104 

8.7 x Id 

1.4 x lo' 

7.6 x Id 

8.2 x lo' 

3.6 x 107 

3.4 x 107 
1.2 x 107 

4.2 x 108 

6.8 x lo7 

0.024 
<0.001 

0.024 

0.011 
<0.001 

0.011 

0.015 

aO.081 
0.018 

0.006 
<0.001 

0,006 

0.066 
<0.001 

0.066 

0.002 

1.5 
0.037 

<0.001 
100 

108 

0.33 
<0.001 

0.33 

<0.001 

"Scenario is assumed to occur ai 100 years after disposal. 
bscenario applies only to disposal units listed. Scenario is not relevant for biological 

"Radionuclide concentrations in waste at time of disposal. Concentrations are 
trenches, which are constructed without engineered barriers. 

assumed to be reduced Over time only by radioactive decay, but removal of activity 
from disposal units by infiltrating water is not taken into account. 

dDose estimates for these units probably are unreasonably high (see Sect. 4.5.4.3). 
... 
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If the thickness of the barriers is the same at the top and sides of disposal units, then the 
resident scenario will always yield higher estimates of dose, due to the longer exposure 
time assumed, and the discovery scenario can be neglected. Doses for the discovery 
scenario thus are estimated only for the low-range silos, high-range silos, high-range wells, 
and asbestos silos. As with the resident scenario, the discovery scenario is not relevant for 
the biological trenches, and the scenario is applied only at 100 years after disposal when 
the doses would be the highest. 

As described in Sect. 4.5.1.3 and Appendix G, the estimates of external dose of the 
discovery scenario are based on the assumption that the intact engineered barriers at the 
sides of the disposal units provide shielding equivalent to 15 cm (6 in.) of soil. This is a 
somewhat conservative approximation for the low-range silos, high-range silos, and 
asbestos silos, because the assumed shielding takes into account the 15-cm (6-in.) thickness 
of concrete at the sides of the silos but does not take into account the presence of thin- 
walled steel pipes containing the concrete. However, for the high-range wells described in 
Sects. 2.3.5.3 and 2.3.5.4, some of the disposal units were constructed with 2-cm-thick 
@&in.-thick) steel pipes inside the silos, in addition to the concrete and steel pipe at the 
sides, and other disposal units were constructed using only 2-cm-thick (0.8-in.-thick) steel 
pipe. For the case of steel pipes inside silos, the dose estimates for the discovery scenario 
would be quite conservative. For the case of wells with steel pipes only, since the shielding 
provided by any material is roughly proportional to the square of the average atomic 
number, the 2-cm (0.8-in.) thickness of steel pipe provides approximately the same 
shielding as 15 cm (6 in.) of concrete, and the dose estimates should be appropriate. 
However, as for the resident scenario, since data on radionuclide concentrations in the 
distinct types of high-range wells with different amounts of shielding are not available, the 
assumption of 15 cm (6 in.) of shielding was applied to all high-range wells. This approach 
provides worst-case estimates of dose for these units. 

The radionuclide concentrations used as input to the dose analysis for the discovery 
scenario were obtained as described above for the agriculture scenario. The geometrical 
correction factor for each type of disposal unit is included. 

The results of the dose analysis for the discovery scenario, based on the average 
radionuclide concentrations at disposal sites at 100 years after disposal and the annual 
doses per unit concentration of radionuclides in Table 4.14, are summarized in Table 4.22. 
These results are upper-bound estimates of dose because removal of radionuclides from 
disposal units by infiltrating water has not been taken into account. 

45.3.24 Postdrilling scenario 

The postdrilling scenario is based on the assumption that an inadvertent intruder 
exhumes a small volume of waste while drilling through a disposal unit and that the 
exhumed waste is indistinguishable from native soil. In addition, the assumption is made 
that a drilling technology appropriate for penetrating hard rock formations would be used, 
so that none of the engineered barriers used in constructing some of the disposal units 
would preclude drilling through waste. 

4-54 



Results of Analysis 

Table 4 2 2  Upper-bound estimates of effective dose equivalents 
to inadvertent intrudeis €or discovery scenarioa 

Disposal unit!' Nuclide (pCi/m3)C Dose (rem) 
Concentration 

Low-range silo All co.003 

High-range silo 137Cs 8.2 x 106 0.009 
Others <0.001 
SUm 0.009 

High-range welld 137Cs 4.2 x 108 14 
"*Eu 3.4 x io7 0.19 
*"Eu 1.2 x 107 0.004 
Others <O.Ool 
Sum 14 

Asbestos silo All <O.Ool 

"Scenario is assumed to occur at 100 years after disposal. 
"Scenario applies onty to disposal units listed. For Tumulus I, Tumulus 11, Interim 

Waste Management Facility, and fissile wells, dose estimates for resident scenario in 
Table 4.28 will always be higher, and discovery scenario is not relevant for biological 
trenches, which are constructed without engineered barriers. 

"Radionuclide concentrations in waste at time of disposal. Concentrations are 
assumed to be reduced over time only by radioactive decay, but remml  of activity 
from disposal units by infiltrating water is not taken into account. 

fDose estimates for these units probably are unreasonabty high (see Sect. 4.5.4.3). 

Because of the assumption that engineered barriers would not be effective in 
precluding drilling through disposal units, the postdrilling scenario is assumed to occur 
beginning at 100 years after disposal for all types of disposal units. As with the other 
scenarios, the dose from most radionuclides would have its highest value at the time the 
postdrilling scenario could f is t  occur, and doses thus are estimated at 100 years after 
disposal. However, as in the agriculture scenario, the postdrilling scenario can occur in the 
absence of engineered barriers, Therefore, doses also are estimated at times beyond 
lo6 years after disposal, in order to take into account potentially significant doses due to 
the buildup of 226Ra produced in the decay of 

The radionuclide concentrations used as input to the dose analysis for the 
postdrilling scenario were obtained from the data on radionuclide inventories in the 
disposal units at the time of disposal and the volume of the disposal units, corrected for 
radioactive decay over time prior to occurrence of the scenario. However, the geometrical 
correction factor used in estimating radionuclide concentrations averaged over the disposal 
site in the agriculture, resident, and discovery scenarios is not used in the postdrilling 
scenario, because drilling is assumed to occur through the waste itself and the 
uncontaminated regions encompassed by the disposal units are not relevant. The presence 
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of uncontaminated material in the drilling waste is taken into account implicitly in the 
assumed dilution factor for mixing of drilling waste with native soil in the intruder’s 
vegetable garden. 

radionuclide concentrations in disposal units at the time intrusion is assumed to occur and 
the annual doses per unit concentration of radionuclides in Table 4.15, are summarized in 
Table 4.23. These results are upper-bound estimates of dose because removal of 
radionuclides from disposal units by infiltrating water has not been taken into account. As 
described previously, dose estimates for the postdrilling scenario are given at two different 
times. The first results apply at 100 years after disposal, which is the time that the scenario 
first could occur, and the second results given for some units apply at times beyond 
lo6 years, when only very long-lived radionuclides and their decay products could be of 
concern. In addition, for these two different times, two dose estimates are given €or some 
units, one including the contributions from radon and the other excluding these 
contributions. Again, the present performance objective for protection of inadvertent 
intruders does not exclude the dose from radon. 

The results of the dose analysis for the postdrilling scenario, based on the average 

4532.5 Summary of dose analysis for direct intrusion 

For any of the scenarios for direct intrusion into waste disposal units assumed in this 
analysis, the total dose is the sum of the contributions from all radionuclides in the 
disposal units at the time intrusion is assumed to occur. For each of the disposal units, the 
upper-bound estimates of total doses €or the four intrusion scenarios, as obtained from the 
results in Tables 4.20, 4.21, 4.22, and 4.23, are summarized in Table 4.24. For the 
agriculture and postdrilling scenarios, dose estimates again are given at the time the 
scenario first can occur (i.e., either at 100 or 300 years after disposal) and at far future 
times beyond lo6 years when only very long-lived radionuclides and their decay products 
could be of concern. In addition, for each of these times, dose estimates are given both 
including and excluding contributions from radon and its short-lived decay products. 

The results of the intruder dose analyses presented in Tables 4.20-4.23 and 
summarized in Table 4.24 are discussed in detail in Sect. 4.5.4. However, a few general 
comments can be made on the basis of the results in Table 4.24. 

First, the estimated doses for the discovery scenario are always less than the 
estimated doses for the resident scenario. As discussed previously, the discovery scenario is 
considered only for disposal units in which the thickness of the engineered barriers at the 
sides of disposal units is significantly less than the thickness of the barriers on top of the 
units. The lesser importance of the discovery scenario for all disposal units to which the 
scenario is applied then results from the assumed exposure times, which are 50% of the 
time during thc year €or the resident scenario and about 1% of the time during a year for 
the discovery scenario. The dose from the discovery scenario would be comparable to the 
dose from the resident scenario only if the exposure time for the discovery scenario were 
increased considerably, which probably is unreasonable, or if the assumed thicknesses of 
the engineered barriers in disposal units are incorrect and the thickness of the barriers on 
top of the units is considerably higher relative to the thickness of the barriers at the sides. 

thc agriculture scenario, even though (1) the one exposure pathway in the resident 
Second, the dose for the resident scenario is not necessarily less than the dose for 
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Table 4.23. Upper-bwnd estimates of effective dose eguivalents 
to inadvertent intruders for pcletdrilling scenario0 

Annual 
Concentration dose 

Disposal unit Nuclide (pCilm3))" (rewear) 

. .-. . 

Tumulus I 

Tumulus 11 

Interim Waste 
Management 
Facility 

Low-range silo 

l4C 1.8 x 104 
%r 6.9 x Id 

1.9 x 104 
8.5 x 10' 

1 3 7 ~  

=Rad 
=Rn 

Others 
sum" 
S d  

14C 3.5 x 1 6  
90Sr 5.5 x Id 
lnG 8.7 x 1 6  
Others 
SUm 

I4C ' 4.1 x 104 

%CI 2.8 x Id 
90Sr 8.2 x 1 6  

1.4 x lod 1 3 7 ~  

1.5 x Id 
226Rad 
mRn 

Others 
SUm" 
sumf 

l4c 1.2 x 1 6  
90Sr 9.0 x 1 6  
g p r C  5.5 x Id 

7.6 x le 1 3 7 ~  

2.3 x Id 
226Rad 
mRn 

Others 
SUm" 
Sum' 

0.027 
0.011 
0.002 

0.003 
0,001 

co.001 
0.040 
0.004 (0.003)9 

- 

0.005 
0.009 
0.001 

co.001 
0.015 

0.062 

0.34 
0.013 
0.002 

0.005 
0.002 

<0.001 
0.42 
0.007 (0.00SY 

- 

0.18 
0.014 
0b06 
0.001 

8.008 
0.003 

<O.!DOl 
0.20 

- 

0.011 (O . rn>g  
- ..... 
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Table 4.23 (continued) 
Annual 

Concentration dose 
Disposal unit Nuclide (pCi/m3)', (retdyear) 

High-range silo 90Sr 
1 3 7 ~  

='Rad 
=Rn 

Others 
Sum" 
Sum' 

High-range well" ?3r 
gprC 
113ma 

1 3 7 ~  

lS2Eu 
lS4Eu 
% 
0 thers 
Sum 

Fissile well" 1 3 7 ~  

235u 

=%ad 
mRn 

Sum" 
sumf 

Asbestos silo l4C 
%UC 

n'Rad 
nzRn 

Others 
Sum' 
sumf 

1.2 x 106 
8.2 x 104 
3.8 x 10' 

4.5 x 108 
2.6 x 104 
8.3 x I d  
4.2 x 108 
3.4 x 107 
1.2 x 107 
4.8 x 102 

6.8 x lo7 

8.5 x I d  
1.5 x I d  

5.4 x I d  
4.7 x 10' 

2.0 
0.011 

0.001 

<0.001 
2.0 

- 

- 

0.001 (0.001>g 

720 
0.029 
0.069 

0.20 
0.005 
0.001 

<0.001 
780 

55 

8.8 
0.001 
0.006 
0.28 
0.11 
8.8 
0.39 (0-28)s 

0.008 

0.002 

<0.001 
0.008 

- 

- 

0.002 (0.002)9 
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,-.. . . . 
Tabk 4.23 (continued) 

Annual 
Concentration dose 

Disposal unit Nuclide ( ~ C i l m ~ ) ~  (rembear) 

Biological trench %r 8.7 x 102 0.001 
Others eo.Qo1 
SUm 0.001 

“scenario is assumed to occur at 100 years after dispsal for all disposal units, 

bRadionuclide concentrations in waste at time of disposal. Concentrations are 
except as noted. 

assumed to be reduced over time only by radioactive decay; removal of activity 
from dispasal units by infiltrating water is not taken into account. 

9ose  estimates for long-lived decay products, which reach secular equilibrium 
with oniy after about lo6 years, are listed separately. 

!Dose estimate for radon decay product is listed separately. 
mose estimate at 100 years after disposal. 
/Dose estimate at times beyond lo6 years after disposal when only very long- 

Wose estimate in parentheses excludes amtributions from radon. 
%cenario probably is not credible for these units (see Sect. 4.5.4.3). 

lived radionuclides could be present. 

- ...... 

scenario also occurs in the agriculture scenario and the dose per unit concentration of 
radionuclides for this pathway is substantially less for the resident scenario than for the 
agriculture scenario due to the presence of shielding between the waste and receptor 
locations in the resident scenario and (2) additional exposure pathways are included in the 
agriculture scenario that do not occur in the resident scenario. Higher doses for the 
resident scenario can result from the assumptions that this scenario occurs at 100 years 
after disposal but that the agriculture scenario cannot occur until 300 years after disposal, 
particularly when such relatively short-lived, photon-emitting radionuclides as 137Cs are 
significant contributors to the total dose for either scenario. 

the agriculture scenario, even though (1) the exposure pathways in the postdrilling 
scenario also occur in the agriculture scenario and the doses per unit concentration of 
radionuclides for these pathways are substantially less for the postdrilling scenario than for 
the agriculture scenario due to the lower dilution factor for mixing of exhumed waste with 
native soil in the intruder’s vegetable garden assumed in the postdrilling scenario, and 
(2) additional exposure pathways are included in the agriculture scenario that do not occur 
in the postdrilling scenario. Higher doses for the postdrilling scenario can result from two 
factors. The first is the use of the geometrical reduction factor in the dose analysis for the 
agriculture scenario, which takes into account excavation of uncontaminated material in 
the vicinity of disposed waste and which reduces the average concentration of 
radionuclides in exhumed waste by more than an order of magnitude for some disposal 
units. The geometrical reduction factor is not included in the dose analysis for the 
postdrilling scenario because drilling is assumed to occur directly through disposed waste. 

Third, the dose for the postdrilling scenario is not necessarily less than the dose for 
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Table 424. Summary of upper-bound estimates of effective dose equivalents 
to inadvertent intruders for assumed exposure scenarbf 

Agriculture Resident Discovery Postdrilling 
Disposal unit (rem/yearIb (rewear) '  (rem)d (rem/year)' 

Tumulus I 0.15 (0.124 0.024 - 0.040 

0.01 1 - 0.015 Tumulus I1 

4.2 (0.12)f 0.004 (0.0034 

0.60 (0.017 

Interim Waste 1.6 0.018 - 0.42 
Management Facility 7.4 (0.204 0.007 (0.005)f 

7.1 (0.204 0.011 (0.0084 

0-033 (O-03Y 

Low-range silo 0.78 (0.48)f 0.006 <0.001 0.20 

High-range silo 0.059 (0.0584 0.066 0.009 2.0 
1.1 (0.033)f 0.001 (0.00l)f 

High-range welp' 36 (36)f 100 14 780 
0.004 

(<O.Ool)f 

Fissile wellh 0.10 0.33 I 8.8 
1.5 (0.043)f 0.39 (0.28)' 

Asbestos silo 0.021 (0.020)f co.001 <0.001 0.008 
1.4 (0.0414 0.002 (0.0024 

Biological 
trench 

0.003 I - 0.001 

Total doses from all radionuclides for agriculture, resident, discovery, and postdrilling scenarios are 
obtained from Tables 4.13, 4.14, 4.15, and 4.16, respectively. 

bScenario is assumed to occur beginning at 300 years after disposal, except at 100 years after disposal for 
biological trenches. Second set of dose estimates for some disposal units applies at times beyond lo6 years after 
disposal when only very long-lived radionuclides could be prwent. 

Scenario is assumed to occur at 100 years after disposal, except scenario is not relevant for biological. 
trenches. 

%cenario is assumed to occur at 100 years after disposal, except scenario is not relevant for biological 
trenches and scenario need not be considered for Tumulus I, Tumulus 11, the Interim Waste Management 
Facility, and the fissile wells because resident scenario always yields higher estimates of dose. 

'Scenario is assumed to occur beginning at 100 years after disposal. Second set of dose estimates for some 
disposal units applies at times beyond lo6 years after disposal when only very long-lived radionuclides could be 
present. 

aose estimate in parentheses excludes contributions from radon. 
BDose estimates for agriculture, resident, and discovery scenarios probably are unreasonably high for thcse 

"Postdrilling scenario probably is not credible for these units (see Sect. 4.5.4.3). 
units (see Sect. 4.54.3). 
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The second is the assumptions that the postdrilling scenario can occur at 100 years after 
disposal but that the agriculture scenario cannot occur until 300 years after disposal for 
most units. This difference is particularly important when such relatively short-lived 
radionuclides as ? 3 r  and 13’Cs are significant contributors to the total dose for each 
scenario. 

of %Ra and its decay products produced in the decay of is always more important 
for the agriculture scenario than for the postdrilling scenario, primarily because the dose 
from radon during indoor residence, which is considered in the agriculture scenario but is 
not relevant in the postdrilling scenario, is substantially higher than the dose from radon 
while working in the vegetable garden, which is considered in both scenarios. For the 

‘ 

agriculture scenario, the potential doses at far future times can be higher than the doses at 
the time the scenario first can occur, depending on the concentration of in the waste 
relative to the concentrations of other important constituents. For the postdrilling 
scenario, however, the potential doses at far future times always are substantially less than 
the doses at the time the scenario first can occur. 

Finally, the potential for high doses at times far into the future (due to the buildup 

45.4 Comparison of Dose Estimates with Regulatory Requirements 

.... 

.... 

DOE has established performance objectives for limitation of dose that might be 
received by off-site individuals and inadvertent intruders at DOE LLW disposal sites 
(DOE 1988). DOE also requires protection of groundwater resources, and a dose limit 
consistent with current standards for radioactivity in public drinking water supplies is 
assumed in this analysis to apply to protection of groundwater near disposal units. The 
same dose limit used for protection of groundwater resources also is applied to protection 
of surface water resources near the disposal units. 

stated as follows: 
The performance objectives for new LLW disposal facilities in SWSA 6 may be 

* for off-site individuals at any time after disposal, a limit on annual EDE from all 

for inadvertent intruders after loss of active institutional controls at 100 years after 
exposure pathways of 0.025 rem (25 mrem); 

disposal, limits on EDE from all exposure pathways of 0.1 rem (100 mrern) per year for 
scenarios involving continuous exposure and 0.5 rem (500 mrem) for scenarios involving 
a single, acute exposure; and 

from contaminated groundwater or surface water of 0.004 rem (4 mrern). 
at any time after disposal, a limit on annual EDE from consumption of drinking water 

With regard to the performance objective for inadvertent intruders, the agriculture, 
resident, and postdrilling scenarios assumed in this analysis represent continuous exposure 
scenarios for which the dose limit is 0.1 rem per year, whereas the discovery scenario 
represents an acute exposure scenario for which the dose limit is 0.5 rem. 

of radon are the most important contributors to the total dose from all radionuclides for 
some of the assumed exposure scenarios. The performance objective for inadvertent 
intruders given above does not explicitly exclude potential doses from radon, so exposure 

As indicated in Tables 4.20 and 4.23, exposures of inadvertent intruders to isotopes 

4-6 1 



SWSA 6 Perjiormance Assessment 

to radon presumably must be taken into account in demonstrating compliance with the 
performance objective. However, the performance objective for inadvertent intruders is 
patterned after current radiation protection standards for the public, and such standards 
exclude contributions from radon. Furthermore, exposures of the public to radon from 
either naturally occurring or technologically enhanced sources generally are not regulated 
by means of dose limits in the same manner as exposures to other radionuclides. 
Therefore, in anticipation of the possibility that the performance objective for inadvertent 
intruders may be revised to exclude exposures to radon, doses from radon are reported 
separately in this analysis. This approach permits the dose from all other radionuclides to 
be compared with the performance objective. 

compared with the different performance objectives stated above. 
In the remainder of this section, the dose estimates presented in Sect. 4.5.3 are 

45.4.1 Protection of Groundwater and Surface Water Resources 

The limit on annual EDE of 4 mrem from consumption of drinking water obtained 
from a source of contaminated groundwater or surface water is assumed to apply at any 
time after disposal. In particular, the performance objective applies to protection of 
groundwater resources at the facility site even during the institutional control period, when 
use of contaminated groundwater would be precluded, because the performance objective 
is directed at groundwater resource protection. 

The results of the dose analysis for direct consumption of drinking water obtained 
from contaminated surface waters beyond the boundary of the SWSA 6 site are given in 
Table 4.16. The maximum annual dose from any radionuclide is about 3 mrem ("C), and 
the total dose from all radionuclides is about 5 mrem. However, the maximum 
concentrations of all radionuclides in off-site surface waters would not occur at the same 
time. As discussed in Sect. 4.4, the transport of radionuclides to surface water presented in 
Table 4.8 is the peak nuclide transport rates from the eleven different disposal units 
without regard to the year of occurrence. The range of time over which these peak 
transport rates occur is large, extending over 60,OOO years for some isotopes. As shown in 
Appendix F, Figs. F.1-F.17, the release of contamination from disposal units extends over 
long periods of time with large ranges in contaminant concentrations. The dose analysis is 
based on maximum concentrations that would exceed the peak value in any year. Thus, 
the analysis indicates that releases of radionuclides to surface waters are not likely to 
result in annual doses from the drinking water pathway that exceed the performance 
objective for protection of surface waters at any time after disposal. 

The results of the dose analysis for direct consumption of drinking water obtained 
from contaminated groundwater on the facility are given in Table 4.18. The maximum 
annual doses from 3H (9 mrem), 14C (210 mrcm), "CI (150 mrem), and ='Pu (13 mrem) 
each exceed the performance objective, but the doses from all other radionuclides are less 
than the performance objective. The maximum doses from 3H, 14C, and %CI occur during 
the institutional control period when exposures would be precluded. Again, the 
performance objective is directed towards resource protection regardless of whether or not 
exposures could occur. 
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45.42 Protection of Offsite Individuals 

Doses to off-site individuals are assumed to result entirely from the use of 
contaminated surface water near the facility boundary. The results of the dose analysis for 
off-site individuals are given in Table 4.17. For all radionuclides, the dose from all 
exposure pathways differs from the dose from the drinking water pathway only, as given in 
Table 4.16, by less than a factor of two; and, for most radionuclides, the drinking water 
pathway contributes essentially all of the dose. The maximum annual dose from any 
radionuclide (14C) is about 4 mrem, and the total dose from all radionuclides would only 
be about 6 mrem, even if the maximum concentrations of all radionuclides in off-site 
surface waters occurred at the same time. Therefore, the maximum dose to off-site 
individuals is considerably less than the performance objective of 25 mrem. 

45.43 Protection of Inadvextent Intruders 

Exposures of inadvertent intruders are assumed to result from the use of 
contaminated groundwater obtained from a well located outside the 100-m (328-ft) buffer 
zone around any of the disposal units and from direct intrusion into the disposal units 
according to the agriculture, resident, discovery, and postdrilling scenarios. 

4.5.43.1 Groundwater pathway 

Use of contaminated groundwater by inadvertent intruders is assumed to result in 
continuous exposure. Therefore, doses from the groundwater pathway are considered in 
conjunction with doses from the agriculture, resident, and postdrilling scenarios, which also 
involve continuous exposure, in evaluating compliance with the limit on annual EDE of 
0.1 rem for continuous exposure in the performance objective for inadvertent intruders. 

The results of the dose analysis for inadvertent intruders from use of contaminated 
groundwater are given in Table 4.19. The dose estimates take into account releases from 
all disposal units, and the disposal units that contribute most of the dose are given in the 
table. For the radionuclides listed, the drinking water pathway again contributes most of 
the dose from all pathways. For 3H, I4C, =Cl, and ?c, the maximum concentrations in 
groundwater occur during the institutional control period (see Table 4-18), but only the 
maximum concentrations after the institutional control period are relevant to the dose 
analysis for inadvertent intruders from all exposure pathways. The results presented in 
Sect. 4.3 (Fig. 4.6) clearly illustrate that a very small tract of land along strike from IWMF 
is the only location where an inadvertent intruder could consume contaminated 
groundwater and receive doses from I4C, %C1, 233U, 239Pu, and 243Am. For all other 
locations within SWSA 6, the largest annual dose would be less than 2 rnrem. The largest 
annual dose from the groundwater pathway occurs for "9Pu (13 mrem), and the annual 
doses from all other radionuclides are less than 10 mrem. Therefore, doses to inadvertent 
intruders from exposure to contaminanted groundwater do not appear to be significant in 
regard to meeting the performance objective of 0.1 rem for all exposure pathways, 
including the pathways from direct intrusion into disposal units discussed below. 
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45-4-32 Direct intrusion scenarios 

The estimated doses for the agriculture, resident, discovery, and postdrilling 
scenarios are given in Table 4.20, 4.21, 4.22, and 4.23, respectively, and are summarized in 
Table 4.24. For each type of disposal unit, the total dose at any time is the sum of the 
doses from all radionuclides remaining in the units at that time. 

protection of inadvertent intruders are 0.1 redyear for the agriculture, resident, and 
postdrilling scenarios and 0.5 rem for the discovery scenario. These limits include the 
doses from the groundwater pathway, which, as described above, are not expected to be 
significant on the basis of the present analysis. 

The results for each type of disposal unit are treated separately in regard to 
evaluating compliance with the performance objective €or protection of inadvertent 
intruders. The results for each disposal unit are discussed in the following paragraphs. 
These discussions focus on the dose estimates at the earliest time the diffcrent intrusion 
scenarios are assumed to occur, which is either 100 or 300 years after disposal. For the 
agriculture and postdrilling scenarios, doses also were estimated at times beyond lo6 years 
after disposal, when only very long-lived radionuclides, principally 
products, could be present in the waste in significant quantities. As shown in Table 4.24, 
the upper-bound estimates of dose at far future times are well above the performance 
objective of 0.1 rem/year for several disposal units for the agriculture scenario and for the 
fissile wells for the postdrilling scenario. However, these results clearly are unreasonable 
when mobilization and transport of radionuclides away from disposal units over the very 
long time period between disposal and exposure has not been taken into account. 
Therefore, the primary purpose of the dose estimates at far future times is not to compare 
the results with the performance objective; rather, it is to indicate the importance of 
taking into account the depletion of radionuclide inventories due to mobilization and 
transport. 

Tumulus L The estimated dose for the agriculture scenario at 300 years after 
disposal exceeds the performance objective of 0.1 rcm/year by about 50%, but the 
estimated doses for the resident and postdrilling scenarios at 100 years after disposal are 
less than this performance objective. 

The most important radionuclide in the agriculture scenario is 14C. Since 14C may be 
mobilized and transported in infiltrating water relatively easily, consideration of this effect 
is potentially important for the intruder dose analysis. Reduction of the inventory of 14C in 
these disposal units by a factor of two or more in the first 300 years after disposal would 
result in a dose estimate €or the agriculture scenario that is less than the performance 
objective. 

Tumulus II. The estimated doses for the agriculture scenario at 300 years after 
disposal and for the resident and postdrilling scenarios at 100 years after disposal all are 
less than the performance objective of 0.1 remtyear, even without taking into account 
mobilization and transport of radionuclides in infiltrating water. Tumulus I1 differs from 
Tumulus I in having substantially lower inventories of the most important radionuclides. 

and for the postdrilling scenario at 100 years after disposal exceed the performance 

As described previously, the limits on EDE in the performance objective for 

and its decay 

IWMF. The estimated doses for the agriculture scenario at 300 years after disposal 
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objective of 0.1 rem/year by factors of 16 and 4, respectively, but the estimated dose for 
the resident scenario at 100 years after disposal is less than this performance objective. 

The most important radionuclides in the agriculture and postdrilling scenarios are 
I4C and %CI. Both of these radionuclides, especially the more important %C1, may be 
mobilized and transported in infiltrating water relatively easily. Therefore, consideration of 
this effect is potentially important in the dose analysis. 

disposal and for the postdrilling scenario at 100 years after disposal exceed the 
performance objective of 0.1 rem/year by factors of eight and two, respectively, but the 
estimated doses for the resident and discovery scenarios at 100 years after disposal are less 
than their respective performance objectives of 0.1 remlyear and 0.5 rem. 

The most important radionuclide in the agriculture and postdrilling scenarios is I4C1; 
2uRn produced in the decay of 226Ra in the waste is also a significant contributor to the 
total dose in the agriculture scenario. For "C, taking into account mobilization and 
transport in infiltrating water again is a potentially important consideration in the dose 
analysis. This effect also should be considered, but may be less important, for mRa. 

disposal exceeds the performance objective of 0.1 rem/year by a factor of 20, but the 
estimated doses for the agriculture scenario at 300 years after disposal and for the resident 
scenario at 100 years after disposal are less than the performance objective of 0.1 redyear 
by 3040%. The estimated dose for the discovery scenario at 100 years after disposal is far 
less than the performance objective of 0.5 rem. 

The most important radionuclide in the postdrilling scenario is ?3r. Although taking 
into account mobilization and transport of wSr in infiltrating water is a potentially 
important consideration in the dose analysis, it is doubtful that the inventory would be 
reduced by more than an order of magnitude within the first 100 years. 

disposal exceeds the performance objective of 0.1 rem/year by a factor of nearly 400, the 
estimated dose for the resident scenario at 100 years after disposal exceeds the 
performance objective of 0.1 rem/year by a factor of 1O00, the estimated dose for the 
discovery scenario at 100 years after disposal exceeds the performance objective of 0.5 rem 
by a factor of nearly 30, and the estimated dose for the postdrilling scenario at 100 years 
after disposal exceeds the performance objective of 0.1 rem/year by a [actor of nearly 
8000. Therefore, ali scenarios result in upper-bound estimates of dose that exceed the 
performance objective by large amounts. However, for reasons discussed below, none of 
these dose esimates are likely to be credible. 

other radionuclides result in doses that are substantially less than the performance 
objective. There are several factors not yet taken into account in the dose analysis that 
could significantly reduce the estimated doses from %r and 137Cs. First, as with all other 
disposal units, consideration of mobilization and transport of these radionuclides in 
infiltrating water for 300 years after disposal could substantially reduce the inventories at 
the time the agriculture scenario is assumed to occur. Second, as indicated by the 
discussion of the resident scenario below, most of the waste may have been placed near 
the bottom of wells, with very little near the top, in order to meet a requirement that the 
external dose rate at the ground surface aBer disposal be less than 2.5 mrem/h (see 

Frpw-range silos. The estimated doses for the agriculture scenario at 300 years after 

High-range silos. The estimated dose for the postdrilling scenario at 100 years after 

High-range welts The estimated dose for the agriculture scenario at 300 years after 

The most important radionuclides in the agriculture scenario are %3r and '37Cs. All 

4-65 



SWSA 6 Performance Assessment 

Sect. 2.3.5.3). If this were the case, the activity of the exhumed waste mixed with native 
soil in the intruder’s vegetable garden may have been overestimated, which is important 
for 90Sr since consumption of contaminated vegetables is the dominant exposure pathway 
for this radionuclide. In addition, the shielding provided by the source region in the 
absence of engineered barriers may have been underestimated, which is important for 
137Cs since external exposure while residing in a home on top of exposed waste is the 
dominant exposure pathway for this radionuclide. Finally, if the engineered barriers above 
the waste would remain intact for longer than 300 years, as assumed in this analysis, the 
dose from %Sr and 137Cs would be reduced by about a factor of 10 for every additional 
100 years that the barriers would remain intact and preclude excavation into the waste. 

estimated annual EDE for this scenario at 100 years after disposal is about 100 rem, but 
this estimate appears to be unreasonably pessimistic. The only exposure pathway in this 
scenario is external exposure while residing in a home immediately on top of intact 
engineered barriers. As mentioned previously, following emplacement of waste in the high- 
range wells and construction of the caps on top of the wells, the external dose rate at the 
ground surface must be less than 2.5 mremh. Therefore, for residence in a home on top 
of intact engineered barriers immediately following construction of the cap, the annual 
dose equivalent corresponding to the maximum allowable dose rate would be about 8 rem, 
assuming a residence time of 50% and a shielding factor during indoor residence of 0.7 as 
in the resident scenario. Furthermore, the resident scenario cannot occur until 100 years 
after facility closure, and the inventory of 137Cs, which contributes most of the dose for the 
resident scenario, would be a factor of 10 less at 100 years than at the time of facility 
closure. Therefore, the annual EDE for the resident scenario could not exceed about 
0.8 rem. This estimate is also an upper bound because it does not take into account 
reduction of radionuclide inventories due to mobilization and transport by inEiltrating 
water and it does not take into account that the dose from lS2Eu would be reduced by 
substantially more than a factor of 10 at 100 years after disposal due only to radioactive 
decay. 

exceeds the maximum possible dose, based on a criterion for waste emplacement and cap 
construction, by more than a factor of 100. If the estimated inventories of 137Cs and ls2Eu 
in the high-range wells are reasonably accurate, then the considerable overestimation of 
dose in this analysis presumably results from an improper accounting of waste 
emplacement in the wells and the thickness of the engineered caps above the waste. For 
example, if the average thickness of the caps above the waste were about 100 cm (39 in.), 
instead of 30 cm (12 in.) as assumed in this analysis, then the estimated annual dose for 
the resident scenario would be reduced to about 0.3 rem, even if the radionuclides were 
uniformly distributed throughout the depth of the wells below the caps. 

The most important radionuclides in the discovery scenario also are 137Cs and lS2Eu. 
The estimated annual EDE for this scenario at 100 years after disposal is about 14 rem, 
but this estimate may be somewhat pessimistic. The only exposure pathway in this scenario 
is external exposure while working at the side of the disposal units, with the engineered 
barriers uncovered but intact. In the dose analysis for the discovery scenario, the thickness 
of the engineered barriers at the sides of the high-range wells was assumed to be 15 cm 
(6 in.) for all such units. However, for some of the high-range wells, the placement of pipe 

The most important radionuclides in the resident scenario are 137Cs and lS2Eu. The 

Thus, the dose estimate for the resident scenario for the high-range wells apparently 
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wells within concrete silos (see Sect. 2.3.5.3) would result in a thickness of the engineered 
barriers at the sides of the units equivalent to about 30 cm (12 in.) of soil. In this case, the 
dose for the discovery scenario at 100 years after disposal would be reduced to about 
3 rem. TRis estimate still may be an upper bound because it does not take into account 
reduction of radionuclide inventories due to mobilization and transport by infiltrating 
water. 

The most important radionuclides in the postdrilling scenario are ? 3 r  and 137Cs, and 
'?Eu is also of concern. The dose estimate of 780 remlyear for the high-range wells is very 
high. The considerations of the thickness of the engineered barriers that apparently are 
important in reducing the dose estimates for the resident and discovery scenarios are not 
relevant for the postdrilling scenario because the scenario assumes that the presence of 
engineered barriers of any thickness would not preclude drilling through the waste. In 
addition, iE drilling through the high-range wells is assumed to be credible, then the 
relatively few number of wells and placement of waste mostly in the bottom of the wells, 
as mentioned above in the discussion of the dose estimate for the agriculture scenario, 
would not be relevant for the postdrilling scenario. Finally, mobilization and transport of 
the important radionuclides is not likely to reduce the dose at 100 years after disposal by a 
large amount. Perhaps the most important factor to be considered for the postdrilling 
scenario is the relatively small area occupied by the high-range wells. From infionnation 
given in Sects. 2.3.5.3 and 2.3.5.4 and Appendix A, the area occupied by all high-range 
wells is only about 14 m2 (150 Et?. With the assumption that an individual would drill at 
random locations on the SWSA 6 site, it may be reasonable to argue that drilling through 
any of the high-range wells would be relatively unlikely and, thus, that the postdrilling 
scenario is not credible for these units. 

In summary, for the high-range wells, the post-drilling scenario may not 'De credible, 
and the estimated doses for the agriculture, resident, and discovery scenarios appear to be 
unreasonably pessimistic. For the latter scenarios, however, there is not sufficient 
information to provide more realistic estimates of dose. For the resident scenario, the 
operating criterion for external dose rate can be used to bound the estimated intruder 
doses. 

Fissile wells The estimated dose for the agriculture scenario at 300 years after 
disposal is equal to the performance objective of 0.1 rem/year, and the estimated doses for 
the resident and postdrilling scenarios at 100 years after disposal exceed the performance 
objective of 0.1 rem/year by factors of about 3 and 90, respectively. As discussed with the 
agriculture scenario in Sect. 4.5.3.2.1, the dose estimates for the agriculture and resident 
scenarios are influenced by the fact that only a single fssile well is included in this 
performance assessment. If additional units were included, the dose for the two scenarios 
would increase in proportion to the number of units. 

The only important radionuclide in the agriculture, resident, and postdrilling 
scenarios is 137Cs. The dose for the agriculture scenario probably would be reduced below 
the performance objective if mobilization and transport of 137Cs in infiltrating water in the 
first 300 years after disposal were taken into account, and mobilization and transport in 
the first 100 years may be an important consideration for the resident scenario. However, 
it seems unlikely that mobilization and transport of 137Cs in the first 100 years after 
disposal could reduce the dose for the postdrilling scenario by nearly two orders of 
magnitude. The most important mitigating factor for the postdrilling scenario probably is 
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the fact that the single fissile well of concern to this analysis occupies an area of only 
about 0.45 m2 (4.8 ft2) (see Sect. 2.3.5.5). Therefore, the probability that an individual 
drilling at random locations on the SWSA 6 site would drill through the fissile well is 
clearly very low, and the postdrilling scenario probably is not credible for this disposal unit. 

disposal is about 20% of the performance objective of 0.1 rem/year, the estimated dose for 
the postdrilling scenario at 100 years after disposal is less than 10% of the performance 
objective of 0.1 rem/year, and the estimated doses for the resident and discovery scenarios 
at 100 years after disposal are far lcss than their respective performance objectives of 
0.1 rem/year and 0.5 rem. Taking into account mobilization and transport of radionuclides 
in infiltrating water would reduce the dose estimates even farther below the performance 
objectives. The asbestos silos have lower concentrations of radionuclides than any other 
disposal units except the biological trenches. 

Biological trenches. The estimated doses for the agriculture and postdrilling 
scenarios at 100 years after disposal are at most a few percent of the performance 
objective of 0.1 rem/year for each scenario, even without taking into account mobilization 
and transport of radionuclides in infiltrating water. The biological trenches have the lowest 
concentrations of radionuclides of any disposal units in SWSA 6. 

Summazy. The analysis summarized in Table 4.24 indicates that several of the 
disposal units in SWSA 6 may not be in compliance with the performance objective for 
protection of inadvertent intruders. The particular disposal units and the assumed 
exposure scenarios for inadvertent intruders that resulted in upper-bound estimates of 
dose that exceeded the performance objective are as follows: 

Asbestos silos. The estimated dose for the agriculture scenario at 300 years after 

0 Tumulus I (agriculture scenario); 
IWMF (agriculture and postdrilling scenarios); 
low-range silos (agriculture and postdrilling scenarios); 
high-range silos (postdrilling scenario); 
high-range wells (agriculture, resident, discovery, and postdrilling scenarios); and 
fissile wells (resident and postdrilling scenarios). 

This section also discusses a number of factors not yet accounted for in the dose 
analysis for inadvertent intruders that might result in significant reductions in dose for the 
various disposal units and exposure scenarios of concern. 

mobilization and transport in infiltrating water have not been taken into account. This 
effect presumably would result in significant reductions in dose for 14C and "C1, which are 
the most important radionuclides in some disposal units and are expected to be rclatively 
mobile, and may also be significant for other important radionuclides in some disposal 
units such as wSr and 137cF. Mobilization and transport in water also should be important 
for the very long-lived radionuclide over time periods of lo4 years and beyond, when 
the upper-bound estimates of dose for the agriculture scenario exceed the performance 
objective for several disposal units, if this effect is not taken into account. 

and sides of the wells and the selective placement of waste near the bottom of the wells 
apparently have not been properly taken into account in the dose analyses for the 

First, for all disposal units, reductions in radionuclide inventorics over time due to 

Second, for the high-range wells, the thickness of the engineered barriers at the top 
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agriculture, resident, and discovery scenarios. It is evident, for example, on the basis of 
current requirements for limiting the external dose rate above the wells following closure 
that a proper accounting of the thickness of the engineered caps on top of the high-range 
wells would greatly reduce the dose for the resident scenario. However, for the resident 
scenario, the dose can be bounded on the basis of the requirement that the external dose 
rate above grade after the units are capped should not exceed 2.5 mremh. 

Finally, for the high-range wells and fissile wells, the postdrilling scenario results in 
the highest estimates of dose. This scenario is based on the assumption that drilling 
directly through a disposal unit is a credible (likely) occurrence. However, drilling directly 
through the single fissile well of very small cross-sectional area clearly would be highly 
unlikely, and drilling directly through any of the high-range wells also may not be credible 
due to the small total cross-sectional area for these units. 

4.6 S:ENsITIvITy AND UNCERTAINTY ANALYSIS 

The sensitivity of the models used to analyze the performance of SWSA 6 and the 
uncertainty of the results presented in Sects. 4.1-4.4 are important considerations in 
evaluating compliance of SWSA 6 with the performance objectives in DOE 
Order 5820.2A. For purposes of this discussion, the models and data bases related to 
waste disposals, the performance of engineered systems, and release and transport of 
radionuclides through the environment to assumed human receptor locations are treated 
separately from the models for estimating dose per unit concentration of radionuclides at 
assumed receptor locations. This separation of the treatment of uncertainties can be 
justified on the grounds that predictions of radionuclide concentrations in the environment 
at assumed human receptor locations are based on analyses of physical systems, whereas 
the analysis of doses per unit concentration of radionuclides in the environment is based 
on largely hypothetical constructs that do not depend on the physical disposal system. 

The uncertainties associated with the inventory used in the analysis are evaluated in 
detail in Appendix k The evaluation considers the reported inventory in Tables k3-A11 
for radionuclides identified in the screening analysis and the standard waste 
characterization methods and potential sources of error in characterization. Deterministic 
and probabilistic methods were used to calculate the most probable, maximum, and 
minimum estimates of activity in wastes. For many isotopes in several disposal units, the 
best estimate of the inventory differed significantly from the reported values in 
Appendix A, Tables k 3 - k I l .  The most probable or best estimates were used in the 
analysis presented in Sects. 4.1-4.5 and are presented with the 95% confidence level 
maximum and minimum activity values in Appendix A, Tables k13-A.21. The uncertainty 
in the inventory data in the analysis of environmental transport is addressed in the 
following sections. 

4.61 Analysis of Disposal System Perfoxmance 

The LHC sampling method was used to analyze the effects of input variable 
uncertainties on the simulation models used in this study. LHC sampling (Iman and 
Helton 1985) has been shown to require fewer model iterations to approximate the 
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desired variable distribution than the simple Monte Carlo method. The LHC method 
ensures that the entire range of each input variable to a model is sampled, and that the 
distribution of each variable will be represented with fewer samples. PRISM (Gardner, 
Rojder, and Berstrom 1983) was the program uscd to implement the LHC sampling 
technique for sensitivity and uncertainty analyses of the model predictions. Input data sets 
were generated from specified distributions for input variables for a selected number (50) 
of equal probability class intervals, and these data sets served as input to the simulation 
models. A statistical summary of the model results produced indices of sensitivity and 
uncertainty that related the effects of heterogeneity of input variables to model 
predictions. 

4.6.1.1 Sensitivity and Uncertainty of Leaching from Disposal Units 

An initial sensitivity analysis of the SOURCE1 and SOURCE2 models was 
conducted to summarize the relative influence of input variables on model results. Three 
representative cases, 3H from the IWMF, 137Cs from high-range silos, and %r from low- 
range silos (south) were selected for this analysis, and 48 input variables (Table 4.25) were 
examined. The predicted output result of interest from the SOURCE1 and SOURCE2 
models was the annual release of radionuclides (&ear) from the disposal units. This 
rclease was partitioned into lateral and vertical (recharge) components, and these two 
components along with their corresponding water flow values were the model output 
functions used in the sensitivity and uncertainty analyses. 

In the sensitivity analysis, input variables were varied & 1% of the best estimate 
input values (Table 3.3 and Tables C.13-C.22 in Appendix C), and the variation in model 
outputs was compared. The statistical summary of the model results for the three cases 
identified 13 input variables (Table 4.26) having the most influence on model predictions. 
The sensitivity analysis did not consider variables that exhibit a wide range in the field 
environment that could have an effect on results similar to a sensitive variable. For 
example, the 1% variation in groundwater pH had little effect on the output, but if the 
groundwater pH were to vary from pH 5 to pH 8, leaching could be affected. In general, 
the variables examined in the sensitivity analysis (Table 4.25) that were included in the 
uncertainty analysis (Table 4.26) are not expected to show wide variations in the field such 
that leaching of nuclides from the disposal units would be affected significantly. For 
simulations of wSr in low-range silos (south), and 137Cs in high-range silos, the first 
10-15 years of model results were most influenced by saturated hydraulic conductivity of 
concrete; time required for complete corrosion of corrugated steel liners; radionuclide 
inventory in vault, silo, or well; density of waste; and radionuclide distribution coefficient. 
Each parameter contributed approximately 20% of the variation in model predictions. 
After 20 years, the concrete diffusion coefficient dominated output variations with values 
ranging from 70 to 90%; radionuclide inventory and the corrosion time for steel liners 
followed in ranking, with values ranging from 10 to 20% and 2 to lo%, respectively. The 
simulation for 3H at the IWMF showed that radionuclide inventory in vault, silo, or well 
was most influential in the initial years, accounting for approximately 75% of the variation 
in model predictions. After 20 years, the waste container corrosion time dominated output 
variations with values ranging from 75 to 98%; radionuclide values accounted for 1-12% 
of the output variation. Only variables that contributed at least 5% of the variability in the 
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Table 425. SOURCE1 and SOURCE2 Variables examined in tbe seasithity anabis 

SLDNS 
CVRDNS 
WSTDNS 
WSTHT 
CAGW 
CL 
c02 
C03 
XMG2 
0 2  
so41 
SO40 
DFALK 
DFCAOH 
DFCL 
DFC02 
DFO2 
DFS04 
PHGW 
TDS 
TEMP 
CFTl 
DCFT 
EFT1 
DEFT 
DWFT 
XIJ3-1 
DLFT 
SITARA 
SLKR 
SLK 

CCK 
WATER( 1) 
WATER(2) 
WATER(3) 
WATER(4) 
WATER(5) 
WATER(6) 
WATER(7) 
WATER(8) 
WATER(9) 
WATER( 10) 

Density of soil backfill around tumulus or silo or well (g/cm3) 
Density of earthen cover (g/cm3) 
Density of waste (g/cm3) 
Moisture content of waste 
Concentration of calcium in groundwater (moleL) 
Concentration of chloride in groundwater (moleL) 
Concentration of carbon dioxide outside tumulus or silo or well (mole/L) 
Concentration of carbonate in groundwater (mole/?.,) 
Concentration of magnesium in groundwater (mole/L) 
Concentration of oxygen at tumulus or silo or well surface (moleL) 
Concentration of sulfate inside vault (mole/L) 
Concentration of sulfate outside vault (mole/L) 
Effective diffusivity of alkalis in concrete (m2/s) 
Effective diffusivity of calcium hydroxide in concrete (m2/s) 
Effective diffusivity of chloride in concrete (m2/s) 
Effective diffusivity of carbon dioxide in concrete (m2/s) 
Effective dif€usivity of oxygen in concrete (m2/s) 
Effective diffusivity of sulfate in concrete (m2/s) 
Groundwater pH 
Total dissolved solids in groundwater (ppm) 
Groundwater temperature (“C) 
Time at which waste containers begin to corrode (year) 
Time required for complete corrosion of waste containers (year) 
Time at which epoxy-coating begins to fail (year) 
Time required for complete failure of epoxy-coating (year) 
Time required for complete corrosion of the cast iron pipe (year) 
Time at which corrugated steel liners begin to corrode (year) 
Time required for complete corrosion of corrugated steel liners wear) 
Upslope drainage area (m’) 
Saturated hydraulic conductivity of recharge component (cm/s) 
Saturated hydraulic conductivity of soil backfill around tumulus, well, or silo 

Saturated hydraulic conductivity of intact concrete (cm/s) 
Disposal ‘trench’ percolation rate for first month of year (cm) 
Disposal ‘trench’ percolation rate for second month of year (cm) 
Disposal ‘trench’ percolation rate for third month of year (cm) 
Disposal ‘trench’ percolation rate for fourth month of year (cm) 
Disposal ‘trench’ percolation rate for fifth month of year (cm) 
Disposal ‘trench’ percolation rate for sixth month of year (cm) 
Disposal ‘trench’ percolation rate for seventh month of year (cm) 
Disposal ‘trench’ percolation rate for eighth month of year (cm) 
Disposal ‘trench’ percolation rate for ninth month of year (cm) 
Disposal ‘trench’ percolation rate for tenth month of year (cm) 

( C W  

4-71 



SWSA 6 Pegomance Assessment 

Table 4.25 (continued) 

WATER( 11) Disposal ‘trench’ percolation rate for eleventh month of year (cm) 
WATER(12) Disposal ‘trench’ percolation rate for twelfth month of year (cm) 
XKD Radionuclide distribution coefficient (mug) 
QSW 
DFWST Waste diffusion coefficient (m2/s) 
DFCON 

Radionuclide inventory in vault or silo or well (g) 

Concrete diffusion coefficient ( m2/s) 

SOURCE1 and SOURCE2 output at some period during the simulation were included in 
the uncertainty analysis. 

uncertainty for predicted annual leaching with the SOURCE1 and SOURCE2 models. A 
triangular input distribution was assumed and used to describe the univariate distribution 
of all variables with the exception of the hydraulic conductivity that controls the rate of 
recharge, which was described by a lognormal distribution (Luxmoore, Spalding, and 
Munro 1981). The number of equal probability classes (model iterations) needed to 
reasonably approximate these univariate distributions was determined by comparing output 
results from uncertainty analyses for a representative case implemented with 50, 100, and 
200 equal probability classes. The variances were calculated for the annual leach rates for 
each case and compared. The variances were not significantly reduced by increasing the 
number of model iterations above 50, and 50 iterations were considered sufficient to 
approximate the frequency distributions of input variables. 

43 combinations of nuclides and disposal units (Table 4.3). Each analysis of the model 
consisted of 50 iterations, and each iteration was executed for at least 10oO years. The 
method for the exchange of data sets between the models used in the performance 
assessment for the uncertainty analyses is presented in Fig. 4.7. These uncertainty runs 
were conducted with average water flow conditions from UTM. The output data sets from 
simulations provided annual lateral and vertical chemical releases and corresponding water 
flow values that served as input frequency distribution data sets to the TUMSIM and 
WELSIM models (Fig. 4.7). Additional SOURCE1 and SOURCE2 simulations were made 
for two disposal units [IWMF and low-range silo (south)] and three nuclides (3H, 
137Cs) with modified water flow conditions. These selected nuclides represented the range 
of Kd and halE-life values used in this study. Water flow into and around the disposal units 
was modified to simulate dry conditions by reducing the average water flow rate by 50%’ 
and enhanced water flow conditions were simulated by increasing average water flow 
values by 50%. 

leaching rates for reduced, average, and enhanced leaching conditions were made. 
Figures 4.8-4.11 illustrate the relative frequency distributions generated from the 
uncertainty analyses of these representative cases at selected times under average water 
flow conditions. The relative frcquency distribution for tritium leaching from the IWMF at 
year 50 was highly skewed (Fig. 4.8). The majority (94%) of occurrences had a mean 

The 13 most influential input variables (Table 4.26) were used to determine the 

Uncertainty analyses of the SOURCE1 and SOURCE2 models were conducted for 

Frequency distributions were compiled for these simulations, and comparisons of 
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Table 426. SOURCE1 and SOURCE2 variables and values 
included in the uncertainty analysis 

Standard 
Parameter' SOURCE1 SOURCE2 Mean deviation Minimum Maximum 

CVRDNS 
WSTDNS 
WSTHT 
DFSO4 
DCFT 
DEFT' 
DLFT 
DWFT 
SLKR 
CCK 
XKD 
QSW 
DFCON 

1.76 
1.76 
0.9 
1.06 x 10-1' 

60.00 
20.00 
50.00 
75.00 
5.8 x lo-' 
1.00 x 10-10 
b 
b 
b 

1-60 2.20 
1.00 2.60 
0.15 1.00 
1.06 x 10-12 

25.00 100.IDo 
10.00 50.100 
20.00 100.100 
25.00 125.100 

1:w x 10-10 

2.31 x 2.31 x lo-" 1.16 x 
1.00 x 10-11 1.1m x 10-9 
b b 
b b 
b b 

Tarameter debnitlons are prmded in Table 4.25. 
bThese parameters are nuclide- and facilityspecific. Tables C.13-C.22 in Appendix C provide the probable, 

minimum, and maximum values for each nuclide at each facility used in the uncertainty analysis 

... ... . 

tritium leaching rate of 2.75 x low7 @ear. A contrasting pattern was obtained for 
leaching from the low-range silo (south) with the maximum transport rate being also the 
most frequent class (Fig. 4.9). A strongly skewed frequency distribution of tritium leaching 
fkom a low-range silo (south) was obtained at year 50 (Fig. 4.10). There was a small 
probability (2%) of higher leaching rates with the maximum leaching rate being 19 times 
higher than the modal rate. The uncertainty analysis of 137Cs leaching from the IWMF at 
year 200 showed the maximum leaching rate to be 19 times greater than the rate for the 
most frequent class (Fig. 4.11). These four examples of relative frequency distributions 
show that skewed distributions are a common outcome in the uncertainty analyses with the 
SOURCE1 and SOURCE2 models. In a few cases, distributions with an approximately 
normal distribution were obtained. 

Table 4.27 provides a summary of the output frequency distributions for four 
disposal units, listing the most frequent and maximum total chemical release along with 
relative Frequencies from the SOURCE1 and SOURCE2 models with reduced, average, 
and enhanced water flow conditions described previously. Under the average water flow 
conditions, the maximum leaching rates were 20-40 times higher than modal rates. 
Increase in water flow conditions caused an initial more rapid leaching of nuclides from 
disposal units [e.g., 
(e.g., t37CS from the IWMF at year 200) greater release was predicted under diyer 
conditions due to the higher inventory remaining in the disposal unit. 

from low-range silos (south) at year SO]; however, at longer times 
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Frequency distributions 
of i nw t  variables for 

+ 

SOURCE models 
(Table 4.26) 

50 input data sets 
* for TUMSIM and Latin hypercube sampling 

with PRISM 
Frequency distributions 
of input variables for 
TUMSIM and WELSIM 
models 
(Tables 4.28-4.31) 

Frequency distributions 
of input variables for 
USGS MOC 

50 simulations of leaching from disposal units 
(e.g., Figs. 4.8-4.1 1 and Table 4.27) 

Latin hypercube sampling * with PRISM 

1 I 1 

I 

Fig 4.7. Chart illustrating thc method for cxchange of data sch bctwccn modcls 
uscd for sensitivity analysis. 
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ORNL-DWG 93-16536 

.o 2.2 4 .4  6.6 8.8 11.0 
TotoL ChemicoL Releas8 (g/yeorl M l Q d  

Fig 4 8  Relative frequency distriiution of tritium leaching from the Interim Waste 
Management Facility at year 50. 
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0 . 1  

0 

ORNL-DWG 93-16537 

1.381 2.768 4.152 5.536 6.920 
TotoL ChemicaL ReLease (g/yeorI 

Fig. 4.9. Relative frequency distriiution of leaching from the low-range silos 
(south) at year 200. 
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ORNL-DWG 93-16538 

.... 

!262 
M lo-* Total, ChemicoL ReLeose (g/yeor) 

Fig- 4.10 Relative frequency distriiution of tritium leaching from the low-range s i b s  
(south) at year 50. 
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ORNL-DWG 93-16539 

CKJO 8,589 17.176 25.767 31.356 12.911 51.533 60.122 68.711 77.a 85 
TotaL ChemicaL ReLease [g/yearl 

389 
lo-’ 

fig- 4.11. Relative frequency distriiution of lWCs leaching from the Interim Waste 
Management Facility at year 200. 
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Table 427. Mode and maximum nuclide leaching (giyear) from two disposal units under average. and f 50% 
(enhanced and reduced, respectively) water flow conditions at So, 100, and 200 years 

(Relative frequencies of occurrence are shown in parentheses.) 

Reduced Enhanced 
Year Reduced mode maximum Average mode Average maxiurn Enhanced mode maximum 

50 

100 

200 

50 

100 

200 

50 

100 

200 

50 

100 

200 

~ 

3H from hGge sib (south) 

7.55 x 10-*(.02) 8.18 x 10-9(.78) 1.54 x 10-'(.02) 

2.09 x 10-8(.02) 4.13 x 10-15(.72) 7.85 x 10-'2(.04) 

5.07 x IO-l3(.O2) 1.01 x 10-12(.96) 3.93 x 10-11(.02) 

3H from Interim Waste Management Facility 

2.15 x 10-yO.2) 2.75 x 10-7(.94) 1.07 x lO-'(.O2) 

4.10 x lO-'(.O2) 4.14 x 10-11(.98) 1.62 x 10-9(.02) 

1.95 x lO-I4(.O2) 1.66 x 10-1'(.98) 6.46 x 10-ao(.02) 

m a  from Interim waste MaaagwKnt Facility 

1.05 x 10-3(.02) 1.35 x 10-4(.14) 8.55 x lO-'(.O8) 

1.33 x lO-'(.O2) 6.75 x 10-5(.34) 1.43 x 10-4(.0Z) 

7.07 x 10-6(.08) 4.29 x 10-7(.34) 8.16 x 10-q.02) 

B*U fmtn low-tange ail0 (south) 

6.83 x 10-'(.18) 3.38 x 10-2(.78) 1.32 x 10"(.22) 

3.41 x 101(,58) 5-75 x 1Qo(,64) 4.75 x 1@(.44) 

3.41 x lo'(.&$) 6.75 x 1O0(.W) 6.75 x 10"(.90) 

5.25 x 10-2(.82) 

1.01 x 101(.58) 

2.05 x 10"(.18) 

1.01 x 10'(.58) 

1.01 x 10'(.84) 1.01 x 101(.84) 

3.98 x 10-9(.82) 

1.10 x 10-9(.%) 

1.30 x 10-14(.%) 

5.50 x 10-7(.sq 

1.05 x 10-8(.98) 

5.00 x 10-16(.98) 

5.50 x 10-J(.32) 

7.70 x 103.22) 

2.97 x 10-y.16) 

1.75 x 10-*(.82) 

3.41 x 10'(.58) 

3.41 x lo'(.&$) 

1.00 x 10-*(.82) 

3.30 x 10-9(.98) 

1.90 x lO-'(.O2) 

6.27 x 10-0(.02) 

6.50 x i o - y . ~ )  2.54 x 10-14(.02) 

8.00 x 10-'(.96) 

1.00 x 10-9(.98) 

6.50 x 10-B(.98) 

3.12 x lO-'(.OZ) 

3.90 x 10-8(.Ct2) 

2.54 x 10-y.02) 

3.00 x 10-*(.22) 

9.00 x 10-5(.28) 

4.94 x 10-7(.50) 

1.14 x 10-y.02) 

1.90 x 10-4(.02) 

9.40 x 10-6(.02) 
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4.6.1.2 UTM and Shallow Subsurface Transport Sensitivity Analysis 

A number of sensitivity simulations were conducted with UTM during model 
development (Luxmoore, Stolzy, and Holdeman 1976, Begovich and Luxmoore 1979, 
Sharma and Luxmoore 1979) to evaluate the response of water budget components of 
soil-plant systems to variation of input variables. The heterogeneity of plant physiological 
variables and of soil physical properties have complex interacting effects that did not need 
to be re-evaluated for this performance assessment. Such hetcrogeneity causes the 
quantity of water interacting with disposal units to vary. This effect was represented by 
directly varying the water interacting with disposal units by multiplying the water flux value 
used in each simulation by the SOURCE1 and SOURCE2 models by & 50%. In addition, 
the sensitivity of chemical leaching to water flux in the SOURCE1 and SOURCE2 models 
was combined with the uncertainty analysis of subsurface chemical transport as calculated 
with the TUMSIM and WELSIM codes. Output from the SOURCE1 and SOURCE2 
models was used for three cases called reduced, average, and enhanced [not the same as 
the results for three sets of weather conditions (dry, average, and wet) shown earlier in 
Table 4.21 as outlined above (Sect. 4.6.1.1), and these three cases were run with the 
uncertainty analysis of shallow subsurface transport as explained in the next section. 

4.6.13 Uncertainty of Shallow Subsurface Chemical Transport 

Five variables used in the TUMSIM and WELSIM codes were selected for 
uncertainty analysis as follows: 

bulk density of soil 

disposal unit area 
0 distance from the disposal unit to groundwater, and 

distance from the disposal unit to nearest stream channel. 

chemical adsorption (Kd) 

The saprolite of the transport pathway to groundwater and in the lateral flow path were 
given the same mean bulk density of 1.35 g/cm3 measurements (Luxmoore 1982). A 
normal frequency distribution was assumed for bulk density with a standard deviation of 
0.15, and the maximum and minimum values for the distribution were set at 1.8 and 0.9, 
respectively. The frequency distributions for the nuclide Kd values (Table 4.28) were 
normal for all Kd values that were greater than 10; otherwise they were lognormal. The 
frequency distributions for the area and distance variables of the disposal units were all 
assumed normal (Tables 4.29-4.3 1). Variation in the distance variables reflects tortuosity 
of flow in porous media. The distance to groundwater also represents variability in mean 
annual water table elevation. 

values for the five variables listed above. The TUMSIM and WELSIM codes were run, as 
appropriate, for the 4350 (87 x 50) simulations. Each simulation was conducted for lo00 
years, and a vast amount of computer output was generated. All of these runs were 
conducted for the average precipitation and water flow conditions. 

The LHC sampling resulted in 50 input data sets, each containing randomly assigned 

4-80 



... 

Results of Analysis 

Table 428. Attriiutes of the frequency distriiutions seJected for 
chemicaI adsorption (Kd) that were used in Latin hsrpercube sampling 

Kd Standard 
Nuclide (mL/g) deviation Distribution Maximum Minimum 

0.2 
0.2 

0.2 
3Ooo 

3000 
2000 

30 

200 
3000 
3000 
3000 
3000 
3000 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

40 
40 
40 
40 
40 
40 
40 
40 
40 

0.2 

0.2 
0.2 

0.2 
600 

600 
400 

6 
8.2 

40 
600 
600 
600 
600 
600 

8 
8 
8 
8 
8 
8 

8 
8 
8 
8 
8 

8 

8 
8 

8 
8 

8 
8 
8 

lognormal 
lognormal 

normal 
lognormal 

normal 
normal 
normal 

lognormal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 

10 
10 

5000 
10 

5000 
3500 

54 
18 
350 

SO00 

5000 
5000 
5000 
5000 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
78 
70 
70 
70 
70 
70 

70 
70 
70 

0 
0 

1000 
0 

1000 
500 

8 
0 

50 
1000 
1 0  
1000 
1000 
1000 

10 

10 
10 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

10 
10 
10 
10 
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Table 4.29. Attriiutes of the frequency distniutions selected for ds@ unit area 
that were used in Latin hypercube sampling 

Disposal unit area 

Standard 
Disposal unit Mean (m2) deviation Maximum Minimum 

Tumulus I 466 23 535 397 
Tumulus I1 356 18 410 302 
Interim Waste Managemcnt 356 18 410 303 

Low-range silos (north) 10 0.5 11.5 8.5 

High-range silos 10 0.5 11.5 8.5 

High-range wells and silos 10 0.5 11.5 8.5 
Fissile well 1 0.05 1.15 0.85 
Asbestos silos 10 0.5 11.5 8.5 
BioloEical trenches 47 2.4 54.2 39.8 

Facility 

Low-range silos (south) 10 0.5 11.5 8.5 

High-range wells 1 0.05 1.15 0.85 

Table 430. Attriiutes of the frequency distributions selected for distance 
to groundwater that were used in Latin hypercube sampling 

Distance to water table 

Mean Standard 
Disposal unit (m) deviation Maximum Minimum 

Tumulus I 2 0.4 4 0 
Tumulus I1 1 0.2 2 0 
Interim Waste Management 2 0.4 4 0 

Low-range silos (north) 1 0.2 2 0 
Low-range silos (south) 5 1 10 0 

Facility 

High-range silos 

High-range wells 
1 0.2 2 0 
6 1.2 12 0 

High-range wells and silos 6 1.2 12 0 
Fissile well 3 0.6 5 0 
Asbestos silos 1 0.2 2 0 
Biological trenches 1 0.2 2 0 
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Table 431. Attriiutes of the frequency distriiutions selected for distance 
to a sheam channel that were used in Latin hypercube sampling 

Distance to stream 

Standard Mean 
Disposal unit (4 deviation Maximum Minimum 

Tumulus I 

Tumulus I1 

Interim Waste Management 
Facility 

Low-range silos (north) 

Low-range silos (south) 

High-range silos 

High-range wells 

High-range wells and silos 

Fissile well 

Asbestos silos 

Biological trenches 

43 

40 

115 

8.6 

8 

23 

68.8 

64 

184 

17.2 

18 

46 

35 

200 

90 

100 

100 

70 

100 

65 

7 

40 

18 

20 

20 

14 

20 

13 

56 

320 

144 

160 

160 

112 

160 

104 

14 

80 

36 

40 

40 

28 

48 

26 

The flux of tritium to groundwater from IWMF at year 50 (Fig 4.12) showed a 

&ear), and a small amount of flow occurred at a much higher rate. The 
skewed frequency distribution. The majority of transport occurred at low rates 
(< 8 x 
transport of 238U to groundwater from the low-range silos (south) at year 200 (Fig. 4.13) 
showed a much more skewed distribution than shown for tritium. A high proportion of 
transport was at a level < 7 &ear, which was about 10-fold less than the maximum 
simulated flux In the lateral transport path, tritium Erom the low-range silos (south) at 
year 50 was skewed to the left with a factor of 10 between the mode and maximum 
transport rates (Fig. 4.14). In a fourth example, 137Cs transport from IWMF at year 200 in 
the shallow lateral flow path to a stream channel displayed a frequency distribution that 
may be normal (Fig. 4.15). 

water flow into the disposal units to provide a sensitivity analysis in combination with the 
uncertainty analysis as outlined in Sect. 4.6.1.1. Results are compared for a nuclide with 
low Kd and short half-life (3H) from two disposal units with shorter or longer transport 
path lengths [IWMF and low-range silos (south), respectively]; for a nuclide with a 
moderate Kd and long half-life from the low-range silos (south); and lastly for a 

Some additional simulations were made for reduced ( -50%) and enhanced (+SO%) 

_...... 
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ORNL-DWG 93-1 6540 

I I 1 I 

.ooo 2.452 1.904 7.357 9.809 12.261 i1.713 17.166 i 9 . m  22.070 24.522 
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Fig. 4.12 Relative frequency distniution of tritium transport to groundwater from 
the Interim Waste Management Facility at year 50. 
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Fig. 4.14. Relative frequency distriiution of tritium transport in shallow subsurface 
flow to a stream channel from the low-range silos (south) at year 50. 
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nuclide with a high Kd and moderate half-life ('"(3) from the IWMF. This provided a 
combination of four runs that were conducted for the average water flow and & 50% 
changc in flow for a total of 12 combinations. 

50% of water flow, 
and the results have been summarized in tables showing the most frequent class (mode) 
and the maximum transport rates in recharge to groundwater and in lateral flow to surface 
water (Tables 4.32 and 4.33). Under average water flow conditions, nuclide transport in 
recharge to groundwater for the most frcquent class (mode) was often about 20 times 
smaller than the maximum transport rate. This ratio was preserved at different times 
during transport. The relative frequency of the maximum transport rate was from 2 to 
10% of the distribution, whereas the major proportion of the transport was dominated by 
the modal class (2690% of the distribution, Table 4.32). There was very little effect of 
differing water flow conditions (reduced, average, enhanced) on transport to groundwater. 
The leachate concentration was higher as the quantity of water declined, and this largely 
caused lransport in recharge to be insensitive to water flow conditions. 

In contrast to the results for recharge, shallow subsurface transport was often higher 
with increases in water flow, and the maximum transport rate was up to 20-40 times 
higher than the modal case (Table 4.33). The implication of this uncertainty analysis to the 
surface water dose analysis is that there is a small possibility (usually in the 2-4 % range) 
of transport being higher by a factor of 20-40. This maximum transport is a result of 
heterogeneity in factors controlling leaching and shallow subsurface transport. 

The uncertainty in shallow subsurface chemical transport can also be represented as 
cumulative distribution functions (CDFs) to illustrate the probability that the 
concentration in shallow subsurface water is less than the compliance limit of 4 mremhear 
for drinking water. This probability is related to the uncertainty in thc model as discussed 
in Sect. 4.6.1.4. The CDFs for 3H, 14C, %C1, %Sr, 137Cs, and 
Figs. 4.16-4.21. These figures are for total concentrations in surface water as a result of 
shallow subsurface water transport. Comparison of Figs. 4.16-4.21 with the CDFs for 
groundwater (Sect. 4.6.1.4) and surface water (Sect. 4.6.1.5) provides insight into the 
evolution of uncertainty in environmental transport. 

Similar figures to the above were prepared for the cases with 

are presented in 

4.6.1.4 Uncertainty of Groundwater Transport 

The effects of parametric uncertainty on groundwater transport were evaluated in a 
manner consistent with methods used to quantify uncertainties associated with leaching 
from disposal units and transport through the shallow subsurface. In addition to the 50 
calculated groundwater flux time profiles for each disposal unit described in Sect. 4.6.1.3, 
model input for which signifigant uncertainties were assumed to exist included the four 
additional variables used by the USGS MOC code: 

saprolite bulk density 
hydraulic conductivity 
chemical adsorption 
saprolite porosity 
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Table 4 3 2  Mode and mlurimum nuclide transport to groundwater (g/year) fi-om twlo disposal units under average and 
rt!jO% (enhanced and reduced, respectively) water flow conditions at SO, 100, and 200  yea^ 

(Relative frequencies of Occurrence are shown in parentheses.) 
Reduced Average Enhanced Enhanced 

maximum Year Reduced mode maximum Average mode maximum mode 

SO 3.6 x (38) 67.5 x (.04) 9.2 x lo-* (64) 17.5 x lo-' (.02) 4.5 x lo-* (52) 85.5 x lo-* (.02) 

200 3.1 x (.82) 12.2 x lo-'' (.02) 4.8 x (.40) 90.5 x (.04) 2.2 x (.86) 85.1 x 10-l2 (.02) 

Tritium fmm tbc Interim Waste Maaagement F d t y  

Tritium fkm tbe h - g e  silod (south) 

100 1.5 x 109 ( ~ 2 )  28.3 x 10-9 (.02) 9.3 x 10-10 (.MI 17.8 x 10-9 (.MI 9.5 x 10-y.so) 18.0 x 10-9 (.oq 

so 2.9 x 10-7 ( ~ 2 )  54.8 x 10-7 (.a) 3.7 x io-' (a) 23.0 x 10-7 p2) 8.9 x io-* (.q 16.9 x 10-7 (.m) 
100 1.7 x 10-9 (.a) 32.7 x 10-9 (.m) 1.1 x 10-9 (.a) 20.5 x 10-9 (.io) 1.0 x 10-9 (AO) 19.4 x 10-9 (.a) 
220 2.1 x 10-l2 (54) 39.0 x (-02) 2.2 x lo-'' (.I%) 40.9 x (.m) 1.5 x (64) 28.5 x lo-'* (.M) 

Mum-137 from the Inttrim Waste bbagemmt Facility 
50 4.1 x (.78) 78.8 x (.02) 0.5 x (.78) 11.5 x lo-* (.02) 6.1 x (.82) 11.6 x lo-' (.m) 
100 3.6 x 10-9 (.7q 67.6 x 10-9 (.oq 4.8 x 10-9 (.7q 91.7 x 10-9 (.02) 4.5 x 10-9 (.7q 86.9 x 10-9 (.m) 
200 1.4 x 10-9 (.m) 26.0 x 10-9 (.m) 1.6 x 10-9 ( . a )  29.9 x 10-9 (.02) 1.5 x 10-9 (.EM) 27.8 x 10-9 (.oq 

Uranium-238 fkm the bwriang: siios (wtb) 

50 1.0 x 10-3 (.m) 19.0 x 10-3 (.02) 5.0 x 10-3 (.M) 95.0 x 10-3 (.a) 3.1 x io-' (.w) 58.9 x 10-3 (.mi 
100 1.0 x 10" (.94) 19.0 x IOo (.02) 1.3 x 100 (90) 24.7 x 10'' (.02) 15 x 100 (92) 28.5 x 100 (.02) 

200 2.8 x 10' (.Ssp 523 x 100 (.02) 3.6 x 10'' (.86) 68.4 x loo (.02) 4.1 x 10" (86) 77.9 x 10' (.02) 



Table 433. Mode and maximum nuclide transport in shallm subsurface flow to a stream channel (g/year) from two disposal units 
under average and f50% (enhancea and reduced, reqectkly) water &lar mnditions at 50,104 and 200 years 

(Relative frequencies of occurrence are shown in parentheses.) 

Reduced Reduced Average Average Enhanced Enhanced 
Year mode maximum mode maximum mode maximum 

50 

100 
200 

50 

100 
200 

50 

100 
200 

50 

100 

200 

Tritium from low-range s i b  (south) 
5.5 x (.32) 10.5 x lo-' (.04) 1.5 x lo-' (.30) 28.5 x lo-' (.04) 2.3 x lo-' (.26) 44.0 x lo-' (.a) 
4.1 x t.46) 160. x (.02) 1.1 x lo-' (.68) 19.1 x (.04) 1.0 x lo-$ (.72) 40.0 x lo-* (.02) 
9.1 x lo-'' (.64) 35.4 x lo-" (.02) 2.8 x lo-" (90) 52.3 x IO-" (.02) 2.6 x lo-'* (5%) 99.8 x lo-" (.02) 

Tritium from the Interim Waste Management Facility 
9.3 x 10-7 (AO) 58.9 x 10-7 (.MI 3.6 x 10-7 (.go) 68.9 x 10-7 (.02) 3.5 x 10-7 (.tu) 67.3 x 10-7 (.m) 
1.1 x lo-' (36) 4.1 x lo-' (.02) 4.5 x (.%) 1.8 x (.02) 1.2 x lo-' (.98) 48.6 x lo-' (.02) 
2.9 x 10-l2 (.98) 11.3 x (.02) 4.7 x (.98) 1.8 x lo-'* (.02) 1.5 x (.98) 58.1 x (.02) 

Cesium-137 from the Interim Waste Management Facility 
1.0 x lo-' (.32) 19.6 x lo-' (.40) 10.0 x lo-' (.20) 63.7 x lo-' (.04) 6.4 x (.22) 12.2 x (.02) 
3.8 x lo-' (.16) 14.5 x lo-" (.08) 20.3 x lo-' t.18) 42.8 x lo-' (.02) 26.1 x lo-' (.20) 70.8 x lo-' (.02) 

11.5 x (.24) 24.2 x (.02) 27.5 x (.24) 52.5 x (.02) 58.3 x (.22) 77.8 x (.02) 
Uranium-238 from low-mge silos (south) 

1.2 x 10-4 (.MI 21.9 x 10-4 (.02) 0.8 x 10-3 (.go) 15.2 x 10-3 (.02) 1.7 x 10-3 (.82) 31.4 x 10-3 (.02) 
3.0 x lo-' (.46) 5.7 x 100 (.02) 1.4 x 10' (.42) 25.7 x 100 (.06) 3.0 x 10' (.48) 57.0 x l@ (.06) 

1.0 x 10' (.20) 19.0 x 100 (.OS) 4.2 x 10' (.16) 79.8 x 100 (.08) 9.0 x 10' (.18) 1.71 x I d  (.lo) 
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Fig. 4.16. Latin hypercube sampled tritium surface water concentratbns arising from 

shallow subsurface transport (middle cum). Values are expressed relative to the 
compliance limit. Curves on either side are Koimogorov quantiles for a *68% confidence 
interval. 
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Fig. 4.17. Latin hypercube sampled “C surface water concentrations arising h r n  
shallow subsurface transport (middle curve). Values are expressed relative to the 
compliance limit. Curves on either side are Kolmogorov quantiles for a +68% confidence 
interval. 
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Fig. 4.18. Latin hypercube sampled %I surface water concentrations arking from 
shallow subsurface transport (middie cum). Values are expressed relative to the 
compliance limit. Curves on either side are Kolmogorov quantiies for a &68% confidence 
interval. 
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Fig. 4.19. Latin hypercube sampled ?3r surface water concentrations arising from 
shallow subsurface transport (middle cum)- Values are expressed relative to the 
compliance limit. Curves on either side are Kolmogorov quantiles for a +68% confidence 
interval. 
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Fig. 4.20. Latin hypercube sampled surface water concentrations arising from 

shallow subsurface transport (middle curve). Values are expressed relative to the 
compliance limit. Curves on either side are Kolmogorov quantiles for a &68% confidence 
interval. 
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Fig. 4.21. Latin hypercube sampled surface water concentrations arising horn 
shallow subsurface transport (middle curve). Values are expressed relative to the 
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Resuits of Analvsis 

Consistent with Sect. 4.6.1.1, saprolite bulk density was assumed to be normally distributed 
with a mean of 1.35 g/cm3, standard deviation of 0.15, and a minimum and maximum of 0.9 
and 1.8, respectively. Hydraulic conductivities were assumed to be lognormally distributed 
with a geometric mean of 1.20 x m/s (3.94 x loe6 ft/s) and standard deviation of 2.4. 
The range of hydraulic conductivities was selected to represent the uncertainty associated 
with using a porous-medium model for a heterogeneous fractured medium. The 
representation of the site as an effective porous medium is justified by the model 
validation work of Lee (1991); however, local variations in conductivity are to be expected. 
This concern is reflected in the subjective uncertainty analysis (Sect. 4.6.1.6). Distributions 
for Kd values were identical to those given in Table 4.28. Porosity was assumed to be 
uniformly distributed between 0.02 and 0.05. 

Using distributions for the parameters identified in the previous section, LHC 
sampling was performed using the PRISM (Gardner, Riijder, and Berstrom 1983) 
computer code to construct 50 random data sets per nuclide. With the exception of u% 
and 
using the USGS MOC model. Unlike the previous uncertainty analyses conducted on the 
SOURCE1, SOURCE2, TUMSIM, or WELSIM codes, in which seperate simulations 
were performed for each disposal unit, all units associated with a given nuclide were 
analyzed simultaneously in each of the 50 MOC runs- 

Due to the extremely long simulation times required to obtain “peak concentration 
values, use of the MOC computer code was deemed impractical for use in analyzing 23% 

and %U. For these nuclides, uncertainty analyses were performed using the analytical 
model described in Appendix E. Unlike the MOC runs, individual analyses were made for 
each disposal unit where these nuclides were present. 

50 values of maximum groundwater concentration per nuclide at each of the 334 modeled 
observation points. Distributions of total contaminant fluxes to surface water for each 
nuclide were also generated. Of all the distributions generated, special attention was paid 
to “C, ”(21, 3H, %Sr, 137Cs, and 238v at compliance points adjacent to IWMF- Nuclides 14C, 
%C1, and 3H are of interest based on results from the deterministic analysis outlined in 
Sect. 4.3, which indicated ”best estimate” groundwater concentrations predicted near the 
IWMF site exceeded compliance limits. Cesium-137 and 90Sr are of concern due to high 
initial inventories, while calculated 
were obtained using the analytical model outlined in Appendix E. CDFs showing 
calculated groundwater concentrations relative to compliance limits for the following 
representative nuclides, 14C, 3H, %C1, %Sr, 137Cs, and =U, were generated and are 
presented in Figs. 4.22-4.27. Additional CDFs showing the contributions from 
groundwater flux to total surface water concentration for the above nuclides are also 
shown in Figs. 4.28-4.33. 

points based on the best-case values of input parameters. However, with the inclusion of 
uncertainties associated with available input information, corresponding uncertainties 
associated with the calculated groundwater contaminant concentrations are introduced. 
One method of quantitjmg these uncertainties is to equate uncertainty with the amount of 
scatter associated with predicted groundwater concentrations. The CDFs shown in 
Figs. 4.22-4.27 can be used to illustrate this point. While the best case results presented in 

these data were then used as input for nuclide-specific simulations performed 

The results of the groundwater transport uncertainty analysis yielded distributions of 

concentrations are of special interest because they 

The results in Sect. 4.3.1 show calculated groundwater concentrations at observation 
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Table 4.5 indicate that the maximum groundwater concentrations for three nuclides, 3H, 
14C, and "CI, exceeded compliance limits during the 100-year insitutional control period, 
Figs. 4.22-4.24 show potential groundwater concentrations for these contaminants range 
from 0.0002 to 5.0 times the values reported in Table 4.5. The range of potential values is 
even greater for the nuclides ? 3 r  and 137Cs, the potential values of which span 10 and 8 
orders of magnitude, respectively. 

Associated with the CDFs in Figs. 4.22-4.27 are the corresponding probabilities that 
groundwater contaminant concentration at a given observation point complies with the 
4 mremiyear drinking water limit. These probabilities range from 0.19 for "CI; 0.3 for 14C; 
0.7 for 3H; and 1.0 for %r, 137Cs, and =U. Using these compliance probabilities, an 
alternate method for quantifylng uncertainty by viewing it as entropy (see Appendix H) 
can be used to assign an actual value to the uncertainty associated with the modelcd 
predictions. If a probability of compliance (POC) is 0.5, then no confident conclusion can 
be drawn as to whether a predicted concentration is less than the limit, or whether there 
is an even chance of compliance. If the POC is 0 or 1, then a strong statement can be 
made concerning compliance or the lack of compliance. A quantitative measure of this 
confidence is expressed by the uncertainty (U), which is maximized (U = 1.0) when 
P, = 0.5. In this entropy-based formula for uncertainty, U is given by: 

u = -[P, lO&(P,) f (1 - P,)lO&(l - P,)] , (4-1) 

where 

P, = probability that contaminant concentration is less than the allowable limit. 

In this case, the corresponding uncertainties are 0.88 for I4C and 3H; 0.68 for "Cl; and 
0.0 for ?3r, x37Cs, and 

4.6.15 Uncertainty of Surface Water Transport 

The effects of parametric uncertainty on surface water transport were determined 
using the results of the uncertainty analysis for groundwater and shallow subsurface water. 
Each of these analyses provided cumulative distribution functions of the transport of 
contamination from the respective models that were combined for the CDFs €or surface 
water transport. The resulting CDFs for surface water are presented in Figs. 4.34-4.39 for 
thc isotopes 3H, 14C, "Cl, %r, 137Cs, and The figures show the CDFs for combined 
discharge to White Oak Creek from the ephemeral creeks. Consequently, they provide 
insight into the concentrations of radionuclides in the ephemeral creeks in SWSA 6 that 
are not suitable for use as a surface water resource by an individual or a community. The 
CDFs for the combined shallow subsurface water and groundwater contaminant discharges 
provide a relative estimate of the uncertainty in the results presented in Sect. 4.4, 
Table 4.8. Figures 4.34-4.39 indicate that the ephemeral creeks within SWSA 6 are likely 
to exceed the 4 mremkear drinking water concentration limit prior to discharge to White 
Oak Creek for the nuclides "C, %C1, and %Sr. Similarly, the uncertainty results indicate 
that the concentrations in surface water for 3H, 137Cs, and are not likely to exceed the 
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Fig. 4.22. Latin hypercube sampled tritium maximum groundwater concentrations at 

100 m (328 ft), assumed to occur at node 168 (middle curve). Values are expressed 
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Fig. 4.23. Latin hypercube sampled 14C maximum groundwater concentrations at 
lo0 m (328 ft), assumed to occur at node 168 (middle curve). Values are expressed 
relative to the compliance limit. Curves on either side are Kolmogorov quantiles €or a 
+68% confidence interval. 
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Fig. 433. Latin hypercube sampled =U surface water concentrations arising from 
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Results of Analysis 

4 mrembear drinking water concentration limit. The overall acceptability of these results is 
considered in the following section, in which subjective estimates of the acceptability of 
the overall transport model using expert opinion is addressed. 

4.6.1.6 Subjective Uncertam 'ty 

Sections 4.6.1.1-4.6.1.6 describe how the effects of input parameter uncertainties 
can be propagated through a series of environmental transport models, hereafter referred 
to as the composite transport model (CTM), to form distributions of total flux to surface 
water or groundwater concentrations at observation points. From these distributions, the 
probability that the groundwater or surface water concentration at a given point complies 
with allowable limits can be estimated using the following equation: 

P(C c C*) = P ( e  < C')  , 

where 

= probability of event (), 
- - actual concentration of contaminant, 

PO 
C 
c - - modeled concentration of contaminant, 
c = limiting concentration corresponding to the 4 mrem/year drinking 

water standard. 

However, the uncertainty due to parameter variance is only one component of the total 
uncertainty associated with the transport modeling of contaminants at SWSA 6. The 
methodology detailed in Appendix H suggests that additional uncertainties exist because 
the models and assumptions used in such analyses are only approximations of an actual 
system. Quantitative values for these uncertainties are not explicitly calculated or 
measured but rather subjectively estimated by experts (i.e. those individuals who have 
extensive knowledge of the modeling process). By including the effects of this subjective 
uncertainty, the modified equation for the total probability that a predicted groundwater 
or surface water concentration complies with allowable limits becomes: 

P(C < C*)  = P(e < C*/A)P(A) + P(C < C*/A)P(A) , (43) 

where 

C - - actual concentration of contaminant, 

c = limiting concentration corresponding to the 4 mrendyear drinking 
- - modeled concentration of contaminant, 

water standard, 
= probability of event (), 

the event that the model is valid, 
the event that the model is not valid. 

- - PO 
A x - - 
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Note that in most conventional uncertainty analyses, the subjective probability that the 
model or modeling process may not accurately represent the physical scenario, P(A), is 
arbitrarily set equal to 0, and the subjective probability that the model is valid, P(A), is 
correspondingly set to 1.0 [Le., there is no subjective uncertainty; Eq. (4.3) reduces to 
Eq. (4.2)]. 

subjective uncertainty associated with each segment of CTM into the analysis, which 
required that experts on each component estimate the distribution of actual values relative 
to a predicted concentration (or flux) of value C. The nature of these distributions is 
summarized in Table 4.34. Using the computer code described in Appendix H, the 
subjective distributions associated with contarninant inventory, UTM model, SOURCE1 
and SOURCE2 models, and the TUMSIM and WELSIM models were convoluted with 
the output distributions obtained from the parametric uncertainty analysis (Sect. 4.6.1.3) to 
obtain modified distributions of total concentration in surface water due to flux from the 
shallow subsurface. Similarly, using the above subjective distributions plus those associated 
with the USGS MOC model, modified distributions, which reflected both subjective and 
parametric uncertainties, for contaminant concentration in groundwater and total 
contaminant concentration in surface water bodies due to flux from groundwater were also 
obtained. Finally, distributions for total concentration in surface water bodies were 
generated by convoluting the modified distributions of flux from shallow subsurface and 
groundwater described above. For the purposes of the uncertainty analysis, the surface 
waters evaluated were the ephemeral streams within SWSA 6 prior to dilution in White 
Oak Creek. 

The inclusion of Subjective uncertainty has a significant effect on the POCs (ie.? the 
probabilities that predicted contaminant concentrations in groundwater or surface water at 
SWSA 6 are less than allowable compliance limits). This effect is evident by the results 
given in Table 4.35, which lists POCs for six radionuclides in groundwater at node 166 
(see Fig. 4.3) determined by the parametric LHC uncertainty analysis and the 
corresponding POCs, which reflect the incorporation of subjective uncertainties. Similarly, 
Table 4.36 lists POCs for the six nuclides in surface waters within SWSA 6 for both the 
parametric and parametric plus subjective uncertainty analyses. In addition, Tables 4.35 
and 4.36 also list the entropy-based uncertainty values [see Eq. (4.3)] corresponding to 
each POC. 

with LHC results tends to drive the POC towards 0.5. Hence, from Eq. (4.1), the 
uncertainty associated with predicted concentrations increases. Furthermore, the effect of 
time on the uncertainty associated with model predictions is demonstrated by the changes 
in uncertainty shown in column 5 of Table 4.35. The calculated radionuclide 
concentrations that experience the greatest increase in uncertainty with the inclusion of 
subjective opinion are those that occur at large time values. For example, 14C, 3H, and %Cl 
groundwater concentrations reach maximum values within 50-100 years and experience 
only a small increase in uncertainty. This implies that CTM may be used to estimate 
groundwater concentrations within this time frame with a reasonable amount of 
confidence that the calculated values reflect the actual nuclide concentration. For 90Sr and 
137Cs, which reach peak groundwater concentrations at 200-300 years, the increase in 
uncertainty is significantly greater; therefore, the confidence that groundwater 

The methods detailed in Appendix H were used to incorporate the effects of the 

Results in Tables 4.35 and 4.36 indicate that the convolution of subjective opinion 
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Table 434- Description of subjective probability dktriiutions 
for each segment of the c o m p i t e  transport model 

Approximate type 
Nuclide of distribution Comments 

Inventory 

3H Uniform 

I 4 c  Uniform 

Uniform 

50% of actual values within f 50% of predicted 
value 
20% of actual values within & 50% of predicted 
value 
40% of actual values within approximately 30% of 
predicted value 

137Q Uniform 80% of actual values within approximately & 25% 
of predicted value 

90Sr Uniform 50% of actual values within .t 100% of predicted 
value 

238v Uniform 40% of actual values within 35% of predicted 
value 

Recharge calculations using UTM" 

All Uniform 90% of actual values within 4 20% of predicted 
value 

SOURCE1 and SOURCE2 ca€cdatisns 

14C, 3H, Lognormal Mean of e*, and standard 
%CI, 137cs, deviation of 0.9 
wSr 

238U Lognormal Mean oE e, and standard deviation of 1.5 

- 
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Table 434- (continued) 

Approximate type 
Nuclide of distribution Comments 

14C, 3H, Uniform 
"a, 137cs, 
90Sr 

90% of values within & 1 order of 
magnitude of predicted value 

Uniform 90% of values within & 2 orders of magnitude of 
predicted values 

USGS MOC calculations 

l4C, 3H, 
"c1 magnitude of predicted value 

Lognormal 90% of values within k 1 order of 

137Cs, %Sr Lognormal 90% of values within & 2 orders of magnitude of 
predicted value 

Loguniform Loguniform over & 5 orders of magnitude oE 
predicted value 

WlM = IJnified Transport Model. 
= Modeled concentration of contaminant; see F!.q. (4.2). 

concentrations predicted during this time period are representative of actual values is 
considerably lower. Finally, for Urn, which reaches maximum concentration in 
groundwater at times of 1,OOO-10,OOO,OOO years, the uncertainly is nearly 1.0; therefore, 
while CTM can be used to predict groundwater contaminant concentrations on a geologic 
time scale, little confidence exists that the predicted concentrations are representative of 
the actual groundwater concentrations that would occur. 

To a degree, the observation that uncertainty increases as the period of analysis is 
extended in time is to be expected because of the subjective probability distributions 
presented in Table 4.34 that show large distributions for isotopes with extended times for 
transport. The results presented in Table 4.35 quantify the uncertainty associated with 
thcse subjective probability distributions and provide insight as to when the uncertainties 
approach 1.0. 

that are the chief contributors to the total uncertainty in predicted values, thereby 
identifylng areas of CTM that would benefit most from further research. For example, 

The use of subjective uncertainty may also be used to identify the segments of CTM 
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.... 

Table 435. solid Waste Storage Area 6 probability of compliance (F'OC) and 
associated entropy-based uncertainty (U) at &roundwater colmpliance node 166 

Parametric? Parametric + subjectiveb 

(5) 
CF 

(4) 
U 

(3) 
POC 

(2) 
U 

(1) 
Nuclide POC 

3H -70 .88 

l4C 30 -88 

%c1 .I9 .a 
90Sr 1.00 .oo 
137a 1.00 .OO 

=U 1 .oo .oo 

-53 .99 +A1 

.46 -99 +.11 

.44 -99 +.31 

.710 -87 +-87 

.a2 .a +.a 

.62 .% +.96 

"Probabilities and uncertainties based on parametric uncertainly analyses. 
bProbabilities and uncertainties based on paramet.ric+subjectke uncertainty analyses. 

(4) - (2). 

Table 436. Solid Waste Storage Area 6 pmbab~ty of compliance (POC) and 
associated entropy-bed uncertainty (U) in sutface water 

ParametricQ Pararnetric+subjectiveb 

3H 1 .00 0.00 -44 .99 +.99 

l4C 0.00 0.00 .24 -79 c .79 

%c1 0.00 0.00 -24 .77 f -77  

90Sr 0.00 0.00 -22 .75 c.75 

1.00 0.00 .62 -96 +.% 

238U 1.00 0.00 -35 -93 +.93 

1 3 7 ~  

"Probabilities and uncertainties based on parametric uncertainty analyses. 
*Probabilities and uncertainties based on prametnci subjective uncertainty analyses. 
y4) - (2). 

... 
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consider the change in the POC (and, therefore, the change in overall uncertainty) that 
occurs when the subjective uncertainties associated with each segment of CTM are 
individually convoluted with initial parametric uncertainties associated with the 
concentration distributions obtained from the LHC analysis. The results presented in 
Tables 4.37 (groundwater) and 4.38 (surface water) show that the CTM segment used to 
determine radionuclide inventory contributed to the greatest overall increase in 
uncertainty associated with predicted radionuclide concentrations (in both groundwater 
and surface water) resulting from subjective uncertainty. This is consistent with data given 
in Appendix A that indicate that reported inventories for the six radionuclides identified 
above differed from the best-case values used in the LHC analysis by as much as three 
orders of magnitude. Therefore, the logical first step to reduce the overall uncertainty 
associated with radionuclide concentrations predicted by CTM would be to develop a 
more reliable method for estimating the inventory of disposed radioactive material. 

4.6.2 Analysis of Human Exposure Scenarios 

This section discusses the sensitivity and uncertainty analysis for the models used to 
estimate dose to off-site individuals or inadvertent intruders per unit concentration of 
radionuclides in the appropriate environmental medium (Le., water for off-site individuals 
and water or disposed waste for inadvertent intruders). Some aspects of uncertainty in the 
dose assessment models have been discussed previously in Sect. 4.5.2. 

In this analysis, uncertainties in the dose assessment models are evaluated only in a 
semi-quantitative fashion. This approach is justified on the grounds that these 
uncertainties undoubtedly are far less than the uncertainties in predicting concentrations 
of radionuclides in water or disposed waste at times far into the future; therefore, a 
rigorous, quantitative uncertainty analysis of the dose assessment models is not needed. 

4.621 Scenarios for Trqmport of Radionuclides in Water 

In this analysis, radionuclides are assumed to be transported from disposal units into 
the environment primarily by the groundwater and surface water pathways. For off-site 
individuals and inadvertent intruders, doses were estimated for the drinking water pathway 
only (in order to evaluate compliance with the performance objective for protection of 
groundwater and surface water resources) and for all exposure pathways involving use of 
contaminated water (in order to evaluate compliance with the performance objectives for 
off-site individuals and inadvertent intruders). 

As shown in Eq. G.l of Appendix G, the dose from the drinking water pathway per 
unit concentration of a radionuclide in groundwater or surface water depends only on the 
assumed intake of contaminated water and the ingestion dose conversion factor for the 
radionuclide. Although both of these parameters would be variable quantities in any 
exposed population, they are assumed in this analysis to be fixed values with no 
uncertainty that are prescribed by regulatory authorities and radiation protection experts. 
Therefore, the dose from the drinking water pathway, given estimated concentrations of 
radionuclides in water, essentially has no uncertainty. 
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Table 4.37. Resultant probability of compliance (POC) and d a t e d  entmpy-based uncertainty (U) for radionuclides in 
groundwater at node 166 from convolution of subjective uncertainties associated with each segment of the m m p i k  transport 

model (GFM) with groundwater concentration distriiutions obtained from the parametric, Latin hypercube analysis 

Parametric+ Parametric + Parametric+ Parametric+ Parametric+ 
Parametric? Inven to$ UTM"  SOURCE^ WELSIM' MO@' 

~ ~~ ~~ ~ ~ - 

Nuclide POC u POC ug POC U POC U POC U POC U 

3H 0.70 0.88 0.59 0.98 0.68 0.90 0.68 0.90 0.63 0.95 0.65 0.93 

14c 0.30 0.88 0.45 0.99 0.32 0.90 0.3 1 8.89 0.34 0.92 0.33 0.91 

%Cl 0.19 0.70 0.37 0.95 0.21 0.74 0.20 0.72 0.27 0.84 0.33 0.91 

%r 1.00 0.00 0.47 1 .oo 0.95 0.29 1.00 0.00 0.93 0.37 0.97 0.19 

1.00 0.00 0.79 0.74 0.95 0.29 1-00 0.00 0.95 0.29 1 .00 0.0 

Z8U 1.00 0.00 0.69 0.89 0.95 0.29 1.00 0.00 0.93 0.37 0.97 0.19 

1 3 7 ~  

'POC and U based on parametric uncertainties only. 
'POC and U for LHC results convoluted with subjective uncertainties associated with Inventory model segment. 
TOC and U €or LHC results convoluted with subjective uncertainties associated with UTM model segment. 
'POC arid U for LHC results convoluted with subjective uncertainties associated with SOURCE1 and SOURCE2 model segment. 
'POC and U for LHC results convoluted with subjective uncertainties associated with WELSlM and TUMSIM model segments. 
/POC and U €or LHC results convoluted with subjective uncertainties associated with MOC model segments. 
'CTM model segment whose subjective uncertainty results in the greatest change in total POC. 



Table 433. Resultant probability of compliance (POC) and assoCiated entropy-based uncertainty (U) for radionuclides in Solid Waste 
Storage Area 6 surface water from convolution of subjective uncertainties assoCiated with each segment of the composite vansport model 

(CTM) with surface water concentration distriintions obtained from the parametric, Latin hypercube (LHC) analysis 

Parametric+ Parametric+ Parametric+ Parametric+ Parametric+ 
Parametric" inven to$ UTM'  SOURCE^ WELSIM' Mod 

Nuclide POC U POC v POC U POC u POC U POC U 

3H 1.00 0.00 0.66 0.92 0.90 0.47 0.99 0.09 0.84 0.63 1.00 0.00 

I4c 0.00 0.00 0.20 0.72 0.01 0.04 0.0% 0.04 0.01 0.04 0.00 0.00 

%c1 0.00 0.00 0.2% 0.74 0.01 0.04 0.11 0.51 0.11 0.51 0.00 0.00 

*Sr 0.00 0.00 0.17 0.66 0.01 0.04 0.08 0.00 0.01 8.04 0.00 0.00 

1 3 7 ~  1.00 0.00 0.80 0.72 0.85 0.61 0.99 0.11 0.85 0.62 1.00 0.00 

1.00 0.00 0.47 1.00 0.90 0.48 0.96 0.27 0.66 0.93 0.97 0.21 

'POC and U based on parametric uncertainties only. 
'POC and U for LHC results convoluted with subjective uncertainties associated with Inventory model segment. 
T O C  and U for LHC results convoluted with subjective uncertainties associated with UTM model segment. 
'POC and U for LHC results convoluted with subjective uncertainties associated with SOURCE1 and SOURCE2 model segment. 
T O C  and U for LHC results convoluted with subjective uncertainties associated with WELSIM and TUMSIM model segments. 
/pOC and U for LHC results convoluted with subjective uncertainties associated with MOC mode! segments. 
bCTM model segment whose subjective uncertainty results in the greatest change in total POC. 



Results of Analysis 

... 

For releases to groundwater or surface water, the dose from all exposure pathways 
includes contributions from the milk and meat pathways and, for off-site individuals, from 
external exposure while swimming in contaminated water. However, the results in 
Tables 4.9, 4.10, and 4.11 show that, for most radionuclides, the dose from all exposure 
pathways is due almost entirely to the dose from the drinking water pathway only. The 
other exposure pathways are significant only for "C1, in which case the dose from the milk 
and meat pathways contributes about 40% of the dose from all pathways. External 
exposure while swimming is not significant for any radionuclides. Tiherefore, for most 
radionuclides, there is essentially no uncertainty in the dose per unit concentration in 
water from all exposure pathways, regardless of the uncertainty in the dose per unit 
concentration for the pathways other than drinking water. For %Cl, there is little 
information available to evaluate the uncertainty in the dose from the milk and meat 
pathways, which depends primarily on the intaketo-milk and intake-to-meat transfer 
coefficients for dairy and beef cattle, respectively [see Eqs. (G.2)-(G.5) of Appendix GI. 
However, the uncertainties in these parameters would not be significant unless they were 
quite large (i.e., well in excess of an order of magnitude) because the performance 
objective for the drinking water pathway of 4 mrerrdyear is considerably more restrictive 
than the performance objectives for all exposure pathways of 25 mrem/year for off-site 
individuals and lo0 mrem/year for inadvertent intruders. Therefore, allowable releases of 
radionuclides to groundwater or surface water will be determined almost entirely by the 
dose from the drinking water pathway alone, and the dose from the other exposure 
pathways involving use of contaminated water should not be important in determining 
compliance with the performance objectives. 

4.622 scenarios for Direct Intrusion into Disposal Units 

The results of the dose analysis for direct intrusion into disposal units according to 
the agriculture, resident, discovery, and postdrilling scenarios are discussed in Sect. 4.5.3.2. 
As indicated by these discussions, only two exposure pathways contribute essentially all of 
the dose for any of the assumed scenarios: (1) external exposure to photon-emitting 
radionuclides and (2) ingestion of contaminated vegetables. In considering an uncertainty 
analysis for these pathways, it should also be emphasized that the definitions of the 
different intruder scenarios are intended to provide reasonably conservative estimates of 
dose to individuals who might actually intrude onto the facility. 

environment depends on the exposure time, the external dose-rate conversion factor, and, 
for the agriculture scenario, the shielding factor during indoor residence [e.g., see 
Eq. (G.13) of Appendix GI. The external dose-rate conversion factor is treated as a fEed 
parameter with no uncertainty. The exposure time is subject to uncertainty, but the values 
selected for use in this analysis are intended to be reasonably conservative. In particular, 
the assumed exposure time during indoor residence for the agriculture scenario of 50% is 
reasonable for an average site occupant and cannot underestimate the actual value by 
more than a factor of two. The uncertainty in the shielding factor during indoor residence 
should be no more than about 50% for typical homes in the Oak Ridge area. 

dose are the plant-to-soil concentration ratios of radionuclides and the intake of 

The dose from external exposure per unit concentration of radionuclides in the 

For the vegetable pathway, the important parameters in the model for estimating 
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contaminated vegetables [see Eqs. (G.7) and (G.8) of Appendix GI. The latter parameter 
was selected to be somewhat conservative but could be uncertain by as much as a factor of 
two. Data obtained from sources listed in Table G.15 of Appendix G indicate that the 
plant-to-soil concentration ratio may be uncertain by an order of magnitude or more for 
some important radionuclides (e.g., %C1), but the uncertainty may only be about a factor 
of four for other important radionuclides (e.g., %Sr). It should also be emphasized that the 
uncertainty estimates for the plant-to-soil concentration ratio are based on generic data 
for a variety of vegetation and soil types. Therefore, these estimates may not be 
meaningful for application to the ORR (ie., they may not be representative of the 
variability in plant-to-soil concentration ratios that would be observed in different types of 
vegetation at the facility). 

4.7 INTERPRETATION OF RESULTS 

The results presented in Sects. 4.1-4.5 provide insight into the performance of the 
different types of disposal units in SWSA 6. However, the results have a significant degree 
of uncertainty, and this uncertainty is important in interpreting the results. The 
uncertainties in the inventories of radionuclides in disposed waste and the long-term 
performance of disposal units and the facility are not likely to be totally resolved in the 
near future. Continued work, discussed in Sect. 4.9, is directed towards reducing 
uncertainties; but the need for interpretation of results in the face of considerable and, in 
some cases, essentially unresolvable uncertainty will remain an important aspect of the 
performance assessment for SWSA 6. 

4.7.1 Surface Water and Groundwater Pathways 

In the present analysis, the results presented in Sects. 4.1-4.5 and the uncertainty 
analysis presented in Sect. 4.6 provide a complicated view of the performance of SWSA 6. 
In addition to the results presented, the underlying assumptions used in the analysis, 
discussed in Sect. 3.3, further complicate the interpretation of the results. A simple 
reliance on the numerical results presented in Sect. 4.5 does not provide a reasonable 
means for formulating conclusions or assessing the performance of the facility. The 
remainder of this section addresses the results presented and provides interpretation of 
these results for evaluating the performance of the facility. 

Table 4.18 shows that the groundwater performance objective established in Sect. 1 
is not satisficd at SWSA 6 outside the 100-m (328-ft) buffer zone around the IWMF. All 
other disposal units in SWSA 6 satisfy the groundwater performance objective. Tables 4.16 
and 4.17 show that the performance objectives related to surface water are satisfied for 
SWSA 6. These results are dependent on the assumptions invoked, the application of the 
performance objectives, and the uncertainties in the modeling methodology. Each of these 
factors needs to be considered for groundwater and surface water before evaluating the 
performance of SWSA 6. 
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4.7.1.1 Grwn<twater 

... 

The concentrations of radionuclides in groundwater are dependent on the assumed 
inventory, the assumptions in the source term, subsurface transport, and groundwater 
madels. As discussed in Sect. 4.6.1, the uncertainties associated with the inventory are 
large and dominate the uncertainties related to the modeling of contaminant transport. 
Appendix A includes the reported inventories of radionuclides in waste as well as the 
evaluation of the likely range of radionuclides in wastes. These inventories are 
extrapolated throughout the operating life of the facility. Assuming that the inventories of 
the past are representative of the future is the most reasonable assumption that can be 
made, but it is not weIi supported by historical trends in wastes generated at ORNL One 
of the isotopes shown to exceed the groundwater performance objective is %, which is 
associated with only one disposal event. Future disposals of %C1 are not anticipated. I4C is 
another isotope associated with exceeding the performance objective €or groundwater and 
is pervasive in ORNL waste streams. However, the difference between the reported 
inventories in Appendix A and the mean value in the analysis of the distribution of the 
radionuclides disposed of in SWSA 6 is a factor of 500. The mean value was used as the 
best case for developing Table 4.18. While this difference in the inventory estimate 
underscores the uncertainties in the waste inventories, it also suggests that the forecasted 
doses for I4C may not be accurate. 239Pu was commonly disposed of in the period from 
1988 to 1991 but is no longer typical of ORNL wastes streams; therefore, extrapolating 
historical disposals throughout the operating life of the IWMF may not be appropriate for 
%Fkl. 

The performance of SWSA 6 was assessed with the presumed presence of a 
geomembrane installed over the facility in 1998. This cover was given substantial credit 
from 1998-2027 in hydroiogically isolating the wastes. The plans for installing the 
geomembrane over SWSA 6 are currently being revised, and the likelihood of a 
geomembrane installed in 1998 is reduced. The effect of the geomembrane on the results 
has not been quantified; however, the lack of a geomembrane could hasten the transport 
of contamination. The consequences of quicker releases of contamination on the doses to 
inadvertent intruders and off-site individuals is uncertain. Once revised plans are 
formulated for the CERCLA remediation of SWSA 6, the need to h e v i s e  the performance 
assessment will be assessed. The absence of a geomembrane may not be significant 
because the head and velocity profiles presented in Sect. 4.3 were not significantly affected 
by the presence of the geomembrane and the geomembrane was not planned to extend as 
a cover over TWMF. Additionally, the large increase in advective releases of contaminants 
from disposal units from concrete degradation (Table F.2) occurs after credit for the 
geomembrane is removed. Consequently, the presence or absence of the geomembrane is 
not anticipated to have a significant effect on the results of the performance assessment. 

The SOURCE1 code used for analyzing the rwMF characterizes large increases in 
advection occurring in the IWMF after degradation of concrete has reduced the structural 
strength of the IWMF vaults. This assumed modeling sequence is reasonable but has the 
effect of estimating rapid releases from the IWMF at a relatively short time after closure. 
As shown in the release curves presented in Appendix F, the onset of advection results in 
a dramatic release rate that is especially pronounced for 3H. This modeling assumption has 
not been validated and cannot be validated with the existing data for vault performance. 
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While there is reason for concern that releases may be overly conservative, monitoring 
being performed as part of the Environmental Restoration Program has recorded the 
tritium releases from SWSA 5, which was the disposal facility used prior to SWSA 6. Over 
a 5-year time period, the monitoring data reveal an exponential reduction in the release 
rate of tritium. The elimination half-life of the release of tritium from SWSA 5 is 
approximately 3 years. The computational results in Appendix F show an elimination half- 
life for tritium at SWSA 6 of 4 to 5 years. This slight increase can be attributed to the 
engineered features present in SWSA 6 tumulus technology. The comparison of release 
data does not verify the SOURCEl results but provides evidence that the results are 
reasonable and not unrealistically conservative representations of disposal unit 
performance. 

identified that require modification or rewriting: 
The following programming steps in the SOURCEl and SOURCE2 codes were 

In the SOURCEl code, after cracking occurs, the inventory is not accounted for 
correctly in the cracked vaults. The inventory in intact vaults is adjusted properly at all 
times. However, when a vault is cracked, the current inventory is in essence reset 
erroneously to the original (zero leaching time) value. As a result, the inventory 
available for leaching after cracking occurs is too large. This leads to  predicted leach 
rates that are larger than they should be. The effect is particularly pronounced for 
short-lived, very soluble nuclides (e.g., tritium). 
In the SOURCEl code, the inventory is not updated correctly if the amount predicted 
to be leached by advection plus diffusion exceeds the solubility limit of a nuclide, In 
this case, the amount leached should be set equal to the solubility-limit value. 
However, the code incorrectly uses the higher advection-plus-diffusion value to update 
the inventory. For a sparingly soluble nuclide (e.g., Th, U, and Pu) in particular, this 
situation causes the inventory to be depleted at a rate much greater than it should be. 
For multiple isotopes of a given nuclide, the SOURCEl and SOURCE2 codes take 
only the isotope of concern into account in the evaluation of a solubility-limit value. If 
the nuclide (e.g., Pu) is present as several isotopes (e.g., ugPu, %OPu, etc.) in several 
oxidation states (e.g., Pu3+, Pu4+, etc.), a consideration of the solubility-limit value to 
assign becomes very complex. Rather detailed information on pore-water chemistry 
(e-g., pH, Eh, redox potential, etc.) is needed. Such information is generally not readily 
available and is not amenable to extrapolation in the SOURCEl and SOURCE2 
codes without considerable effort. 
In the case of tritium, the SOURCEl and SOURCE2 codes do not properly handle 
tritium concentration. The codes consider only the amount of tritium in a disposal unit 
to calculate a concentration for use in predicting its leach rate. The correct 
concentration of tritium with respect to leaching should be a concentration that also 
accounts for hydrogen (H) in the pore water. In other words, the tritium should be 
isotopically diluted with natural water present. Generally, when applied to disposal 
units saturated with water, this dilution will lower the leach rate for tritium by several 
thousand. 

The assumptions of critical concern to the analysis of groundwater concentrations 
relate to the partitioning of infiltrating water between the shallow subsurface transport 
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... ...... 

... 

zone and recharge to groundwater (sect. 3.3.2.1). Best efforts towards correctly 
establishing the partitioning have been made but are complicated by the multitude of 
excavations that have occurred at SWSA 6 over its operational lifetime. The effect of 
excavations on site performance cannot be rigorously determined with the available data 
and could lead to significant changes in arrival times of contaminants. While the effect of 
excavations cannot be quantified, some observations of site behavior influence many 
potential concerns. Most of the excavations considered in the performance assessment are 
in upper landscape positions, which are less likely to be inundated by rising water tables. 
The singular exception is the biological trenches, where inundation is possible in extreme 
conditions. Inundation could result in an increase in transport rates. However, increased 
recharge accompanying increased transport rates would tend to increase dilution. As a 
result, a slower buildup of the concentration peak with a broader but lower maximum is a 
likely result, The approach to modeling SWSA 6 taken in this performance assessment 
does not have sufficient resolution in time to quantitatively evaluate individual storm- 
related events and provide a meaningful estimate of long-term performance. 

The effect of retardation on the transport of radionuclides is significant to the 
accuracy of the calculated results, which are proportional to the distribution coefficient 
(ICd). Distribution coefficients for this analysis were selected using the recommendations of 
Friedman and Kelmers (1990). The suggested value for uranium was extended to Thy Np, 
Pu, Am, Cm, and Cf as a conservative representation of retardation. This selection is 
overly conservative for Th, Pu, Am, and Cm by a factor of 50 to 200. As a result, the 
transport calculations for these isotopes are at substantially higher velocities and 
concentrations than would result with more reasonable selections of Kd. Consequently, the 
calculated concentration of 239Pu at IWMF is certain to be too high and the arrival time 
too soon. Continued work in assessing the performance of IWMF is warranted (Sect. 4.9), 
and the calculated results for Pu and Am presented in Sect. 4.5.3.1 need to be appreciated 
as extreme upper bounds. 

Groundwater modeling assumptions of interest in interpreting the results are 
discussed in Sect. 3. The effect of these assumptions on the accuracy of the results is 
captured in the uncertainty analysis; they tend to broaden the range of uncertainty but not 
to the extent that significant changes in the results could be attributed to them alone. 

The performance objective of 4 mremhear for groundwater resource protection is 
not established as a federal, state, or local requirement. While 4 mremhear has been used 
in this performance assessment, regulatory developments are ongoing that could increase 
or decrease the limit. In addition to the lack of a promulgated requirement, the 
application of the 4 mremhear limit has been applied at the edge of a 100-m (328-Et) 
buffer zone around each disposal unit. As a result of the hydrogeologic behavicir of 
SWSA 6, where contarninants are released to ephemeral surface waters and do not 
underflow surface water outlets, the resulting areas of groundwater contamination are very 
small (Figs. 4.4-4.6). The zone of contaminated water is largest during the period of active 
institutional control when 3H, I4C, and contaminant plumes exceed the. 4 mremhear 
limit by a factor of 50. At the end of active institutional control, the contaminant plumes 
are less than the 4 mrembear limit for 3H and %C1, and 14C exceeds the limit by a factor 
of 1.7. The 14C plume diminishes after 250 years to less than the 4 rnrembear limit, The 
development of the 23?Pu zone of contamination occurs over 2000 years later, is somewhat 
smaller than the other contaminant plumes, and exceeds the 4 mrem/year limit by a factor 
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of about 3. For the purposes of groundwater resource protection, the zone of 
contamination is shown to exist but is small and not persistent over time. This conclusion 
is also subject to the uncertainties presented in Sect. 4.6. 

inventory estimates overshadow all modeling uncertainties. Figures 4.22-4.24 show that 
there is a POC of 0.7 for 3H, 0.3 for 14C, and 0.19 for "Cl. The ranges in concentrations 
for these three isotopes are over 4-5 orders of magnitudes. When expert opinion on the 
acceptability of the models is considered, the POC is increased for 3H and "Cl but is 
decreased for "C. The uncertainty in the calculations is increased for all isotopes. The 
consideration of uncertainties suggests that the values presented in Table 4.18 are very 
uncertain and may not actually occur. 

assessment using a very conservative approach while attempting to remain as reasonable as 
possible. In the absence of confirmatory data, conservative assumptions and interpretations 
have bcen used. Owing to the substantial uncertainties, the lack of promulgated 
regulations on groundwater resource protection, and the limited understanding of the 
existing and future inventory disposed of in SWSA 6, the contamination of the 
groundwater resource presented in Table 4.18 should be viewed with caution and not as a 
clear violation of the performance objectives for the protection of groundwater resources. 
Changes in operations (Sect. 4.8) and continued work on the performance assessment 
(Sect. 4.9) can reasonably be expected to resolve the apparent lack of compliance 
presented in this performance assessment for the protection of groundwater resources. 

The uncertainties in the modeling of groundwater transport are significant. The 

The modeling and inventory data have been developed for this performance 

4-7-12 Surface Water 

The concentrations of radionuclides in surface water are dependent on the assumed 
inventory of wastes, the assumptions in the source term, and subsurface and groundwater 
transport models. In addition, the uncertainties in the analysis are large. As noted in 
Sect. 4.6.1, the uncertainties in the inventory dominate the uncertainties in the modeling 
of the facility. Tables 4.16 and 4.17 note that the doses estimated for the best case for an 
off-site individual are less than the performance objectives. These doses are determined 
for the use of surface waters for an off-site individual using the discharge at White Oak 
Dam as a water supply. Doses from surface waters within the disposal facility would be 
larger, but the limited discharge of surface waters within the facility precludes them from 
being used as a water source by an individual. If the surface waters within SWSA 6 were 
subjected to a dose analysis, independent of the availability of the surface waters being 
suitable as a supply, the doses would exceed the performance objectives for 14C, "Cl, ?3r, 
and 239Pu. The interpretation of results related to the inventories and models presented in 
Sect. 4.7.1.1 are also applicable to surface water. However, the uncertainties in surface 
water could result in exceeding the performance objectives for model parameters more 
conservative than those used to calculate the best estimate. 

contaminants to the surface water bodies. In Sect. 4.5.4.1 and 4.4, the time of arrival of 
surface water contamination is discussed. The calculated maximum transport rate to 
surface water is the sum of the peak transport rates from the eleven different disposal 
units without regard for the year of occurrence. The peak transport rates for radionuclides 

The results from the surface water analysis are related to the time of arrival of 
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of interest span 64,OOO years such that the doses presented in Tables 4.16 and 4.17 are 
unquestionably conservative. When summed together, the total dose slightly exceeds 
4 m r e w e a r  but is substantially less than the 25 m r e w e a r  performance objective for off- 
site individuals. Given the conservative nature of the results presented, there is reasonable 
assurance that the doses in surface water will be less than 4 mremhear at any time in the 
future. As noted in Table 4.38, the subjective uncertainties related to the UTM, 
WEUIM, and TUMSIM calculations are significant €or isotopes with early amval times 
(3H, *‘C, and %Cl). This uncertainty could result in a change in estimated concentrations 
in surface waters located within the site boundary. Earlier arrivals would be at higher 
concentrations than estimated. Later arrivals would be at lower concentrations with 
additional reductions in concentrations from decay. In either case, doses in surface water 
at White Oak Dam for an off-site individual are not expected to exceed the performance 
objectives. 

The partitioning of precipitation between shallow subsurface water and groundwater 
has an additional effect on surface water concentrations. The results presented in the 
performance assessment are predicated on the partition of 90% of precipitation to shallow 
subsurface water and the remainder to recharge of groundwater. The shallow subsurface 
waters are transported to surface water relatively quickly in comparison to groundwater. 
For the heavily disturbed environment of SWSA 6, the validation of the partitioning of 
precipitation is difficult. As a result, there is substantial uncertainty attached to the 
analysis. More than likely, the effect of the extensive excavations over time in SWSA 6 
would tend to increase groundwater recharge. However, the cumulative effect in terms of 
the overall performance of SWSA 6 is not easily quantified. Longer transport times to 
surface water via the groundwater pathway will lead to lower concentrations in surface 
water as a result of decay and additional adsorption on soils. Shorter transport times via 
shallow subsurface waters will tend to elevate the estimated radionuclide concentrations in 
surface waters. 

The dynamics of the shallow subsurface can have a significant effect on the 
concentrations of radionuclides in surface waters. Transport of isotopes during significant 
storm events is quicker, and the isotopes are subjected to much larger dilution during 
runoff. The performance assessment results capture the effects of storms by using short 
time steps in UTM calculations that are integrated over long times for estimating the 
concentrations in surface waters. Small changes in climate that would alter the water 
budget or the fluxes of water transported in the shallow subsurface could result in changes 
in the estimated concentrations. The likelihood of changes in climate that would result in 
changes in the fluxes of shallow subsurface water over time is uncertain and is not 
amenable to analysis but is captured in the uncertainty analysis in Sect. 4.6.1.3 and 
Figs. 4.16-4.21. However, the potential effects need to be considered as part of evaluating 
the results of the performance assessment. 

In summary, the analysis of surface waters has been prepared using a conservative 
approach that is as reasonable a representation of site performance as the available data 
permit. Conservative assumptions and interpretations have been used throughout the 
analysis. The results indicate that estimated releases of contamination from SWSA 6 as a 
result of facility operations are in compliance with the performance objectives of DOE 
Order 5820.2A. Substantial uncertainties are associated with the analysis, but the 
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uncertainties that have been identified are expected to provide for compliance with the 
performance objectives in surface water. 

4.72 Direct Intrusion Scenarios 

In the present analysis, the assumptions regarding direct intrusion into disposal units 
result in estimated doses that exceed the performance objective for inadvertent intruders 
for Tumulus I, the IWMF, the low-range silos, high-range silos, high-range wells, and 
fissile wells. For Tumulus 11, the performance objective for inadvertent intruders would be 
exceeded only if the calculations are camed out for about lo6 years in the future, but the 
dose estimates in this case probably are highly conservative because mobilization and 
transport of uranium has not been taken into account. For the asbestos silos and biological 
trenches, the estimated doses are less than the performance objective. 

As emphasized in the discussion of uncertainties in Sect. 4.5.2, the results of the 
dose analyses for inadvertent intruders depend significantly on the assumptions used in 
defining the different exposure scenarios. In particular, the estimated doses depend on the 
assumption that particular scenarios will occur as postulated and, in many cases, on the 
particular times after disposal at which the scenarios are assumed to occur. 

each of the different types of disposal units in SWSA 6. The discussion, which focuses on 
the dose estimates at the times the various exposure scenarios are first assumed to occur, 
emphasizes whether the results are likely to be realistic and important factors that could 
significantly alter the results of the analysis. The dose estimates at far future times are not 
discussed further because mobilization and transport of uranium is the single most 
important factor in reducing the dose in all cases. 

The following paragraphs briefly discuss the results of the intruder dose analyses for 

4.721 TumulusI 

For Tumulus I, the agriculture scenario is the only exposure scenario of concern in 
regard to meeting the performance objective for protection of inadvertent intruders, but 
the performance objective is exceeded by only about 50%. The most important factor that 
could reduce the estimatcd dose below the performance objective is a proper accounting 
of mobilization and transport of I4C in infiltrating water over the first 300 years after 
disposal. On the other hand, the dose for the agriculture scenario could be 
underestimated, but only if 14C were not transported from the disposal units in significant 
quantities prior to 300 years after disposal and if the plant-to-soil concentration ratio for 
this radionuclide were underestimated. The vegetable pathway is the only important 
exposure pathway for I4C, and the plant-to-soil concentration ratio is the most important 
parameter in the model for estimating dose from the vegetable pathway. 

The dose estimates for the resident and postdrilling scenario are less than the 
performance objective by factors of about 2-4. For the resident scenario, the dose 
depcnds primarily on the exposure time, which is assumed to be 50% in this analysis. 
Thus, the dose cannot be underestimated by more than a factor of two, and the 
performance objective cannot reasonably be exceeded. As in the case of the agriculture 
scenario, the dose for the postdrilling scenario could be underestimated, but only if I4C 
and 90Sr were not transported from the disposal units in significant quantities prior to 
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100 years after disposal and if the plant-to-soil concentration ratios for these radionuclides 
were underestimated by substantial amounts. 

For Tumulus II, none of the exposure scenarios result in dose estimates that exceed 
the performance objective for protection of inadvertent intruders, although the estimates 
in all cases are within factors of 3-10 of the performance objective. 

For the agriculture scenario, the most important radionuclide is 14C. The dose for 
this scenario could be underestimated assuming that the inventory at disposal is correct, 
but only if 14C were not transported from the disposal units in significant quantities prior 
to 300 years after disposal and if the plant-to-soil concentration ratio for this radionuclide 
were underestimated by a substantial amount. 

For the resident scenario, the only important radionuclide is 137Cs. From the 
definition of this scenario, it is not possible that the dose could be increased by a factor of 
nearly 10, as would be required to give a dose exceeding the performance objective. 

For the postdrilling scenario, the most important radionuclides are "C and %Sr. The 
performance objective could be exceeded for this scenario, but only if mobilization and 
transport of these radionuclides for 100 years after disposal were unimportant and if the 
plant-to-soil concentration ratios for these radionuclides were underestimated by an order 
of magnitude or more. 

... 4.723 IWMF 

For the I W F ,  both the agriculture and postdrilling scenarios are of concern in 
regard to meeting the performance objective for protection of inadvertent intruders, and 
the performance objective is exceeded by factors of 16 for the agriculture scenario and 4 
for the postdrilling scenario. The most important radionuclides for both scenarios are 14C 
and %C1. For these presumably mobile radionuclides, the most important factor that could 
reduce the estimated dose below the performance objective is a proper accounting of 
mobilization and transport in infitrating water over the first 100 or 300 years after 
disposal. The doses for these scenarios could be underestimated, but only if I4C and "C1 
were not transported from the disposal units in significant quantities within the first 100 or 
300 years after disposal and if the plant-to-soil concentration ratios for these radionuclides 
were Underestimated. 

For the resident scenario, the most important radionuclide is 137Cs. From the 
defmition of this scenario, it is not possible that the dose could be increased by a factor of 
nearly 6, as would be required to give a dose exceeding the performance objective. 

4.724 Imv-Range Silos 

For the low-range silos, both the agriculture and postdrilling scenarios are of 
concern in regard to meeting the performance objective for protection of inadvertent 
intruders, and the performance objective is exceeded by factors of 8 for the agriculture 
scenario and 2 for the postdrilling scenario. The most important radionuclide far both 
scenarios is 14C, and 226Ra also is an important radionuclide for the agriculture scenario. 
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For 14C, the most important factor that could reduce the estimated dose below the 
performance objective is a proper accounting of mobilization and transport in infiltrating 
water over the first 100 or 300 years after disposal. This factor also could be important in 
reducing the dose from 226Ra at 300 years after disposal. The doses for these scenarios 
could be underestimated, but only if ''C were not transported from the disposal units in 
significant quantities within the first 100 or 300 years after disposal and if the plant-to-soil 
concentration ratio for this radionuclide were underestimated. The natural-analog model 
for estimating inhalation dose from =Rn during indoor residence on top of exposed 
waste, which is the most important exposure pathway for mRa in the agriculture scenario, 
probably does not underestimate the dose by a significant amount. 

For the resident scenario, the most important radionuclide is 137Cs. From the 
definition of this scenario, it is not possible that the dose could be increased by a factor of 
nearly 20, as would be required to give a dose exceeding the performance objective. 

4.725 High-Range Silos 

For the high-range silos, the postdrilling scenario is the only exposure scenario of 
concern in regard to meeting the performance objective for protection of inadvertent 
intruders, and the performance objective is exceeded by a factor of 20. The only important 
radionuclide for the pos tdrilling scenario is 90Sr. Consideration of mobilization and 
transport of this radionuclide for the first 100 years after disposal could reduce the 
estimated dose, but it seems unlikely that the resulting dose would be less than the 
performance objective. On the other hand, the dose for the postdrilling scenario could be 
underestimated, but only if ? S r  were not transported from the disposal units in significant 
amounts prior to 100 years after disposal and if the plant-to-soil concentration ratio for 
this radionuclide were underestimated. 

than the performance objective by factors of less than 2 for the agriculture and resident 
scenarios and about 60 for the discovery scenario. 

of 90Sr and 137Cs from the disposal units during the first 300 years after disposal were 
insignificant and if the plant-to-soil concentration ratio for 90Sr were underestimated. 
External exposure during indoor residence is the only important pathway for 137Cs, and the 
dose from this radionuclide in the agriculture scenario cannot be underestimated by more 
than a factor of 2, which would not increase the total dose from all radionuclides by a 
significant amount. 

The dose €or the resident scenario could be increased above the performance 
objective, but only if a residence time in the home at the disposal unit site of about 75% 
or greater is assumed. Such an exposure time is unlikely for an average resident at the 
disposal unit site. Similarly, the dose for the discovery scenario could be increased if the 
exposure time were increased, but the dose would be far less than the performance 
objective for any reasonable exposure time. 

The dose estimates for the agriculture, resident, and discovery scenarios are less 

The dose for the agriculture scenario could be underestimated, but only if transport 
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4.726 =@-Range W e b  

For the high-range wells, all four scenarios result in doses that exceed the 
performance objective for protection of inadvertent intruders. Furthermore, the 
performance objective is exceeded by large amounts, ranging from a factor of about 30 for 
the discovery scenario to a factor of nearly 8OOO for the postdrilling scenario. The most 
important radionuclides are "Sr and 137cS for the agriculture and postdrilling scenarios and 
137Cs and '%u for the resident and discovery scenarios. However, the dose estimates for 
the agriculture, resident, and discovery scenarios appear to be unreasonably pessimistic, 
and the postdrilling scenario may not be credible for these units. 

Mobilization and transport of radionuclides from disposal units prior to the time the 
various intrusion scenarios are assumed to occur could be important in reducing estimated 
doses for all scenarios, but it seems unlikely that the reductions would result in doses that 
are less than the performance objective for any scenario. However, there also are other 
factors that should reduce the dose for some scenarios by substantial amounts. 

pessimistic because disposal in the high-level wells is subject to the constraint that the 
dose rate at the ground surface following closure of a unit cannot exceed 2.5 mremh. 
Thus, the dose for the resident scenario at 100 years after disposal cannot exceed about 
0.8 rem/year and may be substantially less. The higher dose estimate obtained in this 
analysis clearly has not properly taken into account the thickness of engineered caps above 
the waste and, possibly, the distribution of activity with depth in the wells. 

For the discovery scenario, the dose estimate of 14 rem also is likely to be 
unreasonably pessimistic because many of the high-level wells have shielding at the sides 
of the units that is about twice as thick as assumed in this analysis, in which case the dose 
would be reduced to about 3 rem. However, because the proper distribution of activity 
between the wells in concrete silos, which provide the increased shielding, and the wells in 
auger holes, which provide the amount of shielding assumed in this analysis, is not known, 
the lower dose estimate cannot be supported for all wells, and the most conservative value 
is given. 

For the agriculture scenario, an additional factor that has not been taken into 
account that could substantially reduce the dose is the possibility that most of the activity 
is located near the bottom of the wells. This possibility is suggested by the unreasonably 
pessimistic dose estimate for the resident scenario, compared with the operating constraint 
on external dose rate, discussed above. If this were the case, the amount of waste 
exhumed during excavation at the site would be overestimated in this analysis, resulting in 
a corresponding overestimate of the dose from 5 r  due to the vegetable pathway and the 
external dose from 137Cs during indoor residence. The magnitude of the reduction in doses 
from these two radionuclides is difficult to estimate; however, it does not seem reasonable 
that the dose for the agriculture scenario could be reduced by a factor of 360, as would be 
required in order to meet the performance objective. The only other possibility for 
reducing the dose would be if the engineered barriers could be shown to maintain their 
integrity and prevent excavation into the waste for more than 300 years. The dose 
reduction in this case would be a factor of 10 €or every additional lo0 years that the 
barriers remained intact, 

For the resident scenario, the dose estimate of 100 remhear clearly is unreasonably 

.. . 
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For the postdrilling scenario, which results in a very high estimate of dose for the 
high-range wells, none of the factors discussed above that could reduce the dose for the 
agriculture, resident, or discovery scenarios would be relevant, except for mobilization and 
transport over the first 100 years after disposal. However, the high-range wells occupy only 
a relatively small area in SWSA 6 [about 14 m2 (150 ft2)J. Therefore, it should be 
relatively unlikely that drilling through any of the high-range wells could occur, particularly 
during the first few hundred years after loss of active institutional controls when the 
estimated doses exceed the performance objective, and the postdrilling scenario may not 
be credible for these disposal units. 

4.727 Fissile Wells 

For the fissile wells, all three relevant exposure Scenarios are of concern in regard 
to meeting the performance objective for protection of inadvertent intruders. The 
estimated dose for the agriculture scenario is the same as the performance objective, the 
estimated dose for the resident scenario exceeds the performance objective by a factor of 
3, and the estimated dose for the postdrilling scenario exceeds the performance objective 
by nearly a factor of 100. The only important radionuclide for these scenarios is 137Cs. 

For the agriculture and resident scenarios, external exposure during indoor 
residence is the only important pathway. Therefore, the dose for these scenarios cannot be 
overestimated by more than a few tens of percent and perhaps would be reduced if 
mobilization and transport from disposal units prior to the time the scenarios are assumed 
to occur were taken into account. The dose for the agriculture scenario would be reduced 
below the performance objective if the engineered barriers maintained their integrity for 
longer than 300 years. 

and transport from disposal units for 100 years after disposal were insignificant and the 
plant-to-soil concentration ratio for 137Cs were underestimated. On the other hand, it 
seems unlikely that the dose has been overestimated by as much as a factor of 100, as 
would be required to meet the performance objective. However, the fissile wells occupy 
only a very small area in SWSA 6 [about 0.45 m2 (4.8 ft2)]. Therefore, it is clearly quite 
unlikely that drilling through the single fissile well of concern to this performance 
assessment could occur, particularly during the first few hundred years after loss of active 
institutional controls when the estimated doses exceed the performance objective, and the 
postdrilling scenario probably is not credible for this disposal unit. 

For the postdrilling scenario, the dose would be underestimated only if mobilization 

4.7.28 Asbestos Silos 

For the asbestos silos, none of the exposure scenarios result in dose estimates that 
exceed the performance objective for protection of inadvertent intruders. The dose 
estimate is within a factor of 5 of the performance objective for the agriculture scenario 
and slightly more than a factor of 10 for the postdrilling scenario, but the dose estimates 
for the resident and discovery scenarios are far below the performance objective. 

For the agriculture and postdrilling scenarios, the only important radionuclide is 14C- 
The estimated dose for the agriculture scenario could exceed the performance objective 
only if mobilization and transport of 14C from thc disposal units prior to occurrence of the 
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scenario were insignificant and if the plant-to-soil concentration ratio for this radionuclide 
were underestimated by a factor of 5. Similar considerations apply to the postdrilling 
scenario, except the plant-to-soil concentration ratio would need to be underestimated by 
more than a factor of 10. 

4.729 Biological Trenches 

For the biological trenches, neither the agriculture nor the postdrilling scenario 
results in dose estimates that exceed the performance objective for protection of 
inadvertent intruders, and the resident and discovery scenarios are not relevant for these 
disposal units. The dose estimate is less than the performance objective by about a factor 
of 30 for the agriculture scenario and a factor of 100 for the postdrilling scenario. 

!%r. The estimated dose for the agriculture scenario could exceed the performance 
objective only if mobilization and transport of ?3 r  from the disposal units prior to 
occurrence of the scenario were insignificant and if the plant-to-soil concentration ratio 
for this radionuclide were underestimated by a factor of 30. Similar considerations apply to 
the postdrilling scenario, except the plant-to-soil concentration ratio would need to be 
underestimated by a factor of 100. 

For the agriculture and postdrilling scenarios, the only important radionuclide is 

4.7210 Summary 

Although the dose analyses for the direct intrusion scenarios for the different types 
of disposal units in SWSA 6 depend greatly on the assumptions used in defining the 
scenarios, thereby resulting in some uncertainty in the dose estimates, the results described 
above indicate the problematic nature of some of the present disposal practice$ in 
SWSA 6 in regard to protection of future inadvertent intruders. 

The most important problem area is disposal of high concentrations of 90Sr, 137cS, 
and '52Eu in the high-range wells. Although the calculations used in this analysis do not 
yet provide reasonably realistic estimates of dose for the agriculture, resident, and 
discovery scenarios, it appears unlikely that refind dose estimates would be less than the 
performance objective. In addition, the dose estimates for the postdrilling scenario 
probably can be dismissed only if the scenario is judged not to be credible, due to the 
relatively small area occupied by these disposal units. 

and mRa in the low-range silos, wSr in the high-range silos, and 137Cs in the fBsile wells 
also may be problematic. However, further refinements to the analysis may result in 
substantial reductions in dose estimates in some cases. In particular, consideration of 
mobilization and transport of 14C and %C1 from disposal units prior to occurrence of the 
exposure scenarios should be important for these presumably mobile radionuclides, and 
such considerations may be important for the other radionuclides as well. In addition, the 
dose from =Ra in the low-range silos would be, insignificant if the dose from =Rn were 
excluded from the performance objective. 

Disposal of high concentrations of 14C in Tumulus I, "C and "C1 in the HWMF, 14C 
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4.8 DESIGN CHANGES REQUIRED TO MEET PERFXIRMANCE OBJE(IIIvEs 

The results presented in Sects. 4.1-4.5 indicate that SWSA 6 as a whole will not be 
in compliance with the performance objectives of DOE Order 5820.2A if operations 
continue as currently conducted. January 1, 1994, has been established as the date of 
cessation of all below-grade disposal in SWSA 6. IWMF will continue to operate; 
however, concentration-based Waste Acceptance Criteria (WAC) will be imposed to bring 
the technology into compliance with the performance objectives of DOE Order 5820.2k 
The approach to be employed for all waste management planning in SWSA 6 will be to 
re-evaluate those disposal technologies that did not meet the performance objectives; 
analyze the impact of restricted disposal while addressing limitation or exclusion of 
radionuclides that were responsible for noncompliance; and determine whether, under 
those constraints, the technology can perform within the objectives. Those technologies 
that can be demonstrated to do so will then have revised WAC imposed upon them for 
future operation. Technologies that cannot be made to meet the performance objectives 
will be permanently discontinued. 

4.9 CONTINUED WORK 

The present performance assessment provides a comprehensive analysis of the 
performance of SWSA 6 from disposal of wastes from September 26, 1988, to the 
projected close of the facility in December 1997. The analysis examines the many 
uncertainties associated with the results. Recognizing the development of the performance 
assessment as a process, further improvements arc expected and appropriate for reducing 
uncertainty and improving the accuracy of the assessment. 

The performance assessment was prepared with the best available estimates of the 
inventory of wastes disposed of in SWSA 6. Large discrepancies exist between the 
reported disposals and the estimates of the range of concentrations disposed of. These 
large differences contribute to the uncertainties associated with the performance 
assessment, and continued work is warranted to reduce these differences to thc maximum 
extent possible. The WAC (ORNL 1993a) and Waste Certification Program (Smith 1991) 
currently being implemented will contribute towards reducing uncertainties in the future. 
A more rigorous attempt to provide reasonable forecasts of future disposals will be 
undertaken to remove the inherent weaknesses associated with a simple extrapolation into 
the future. 

In Sect. 4.7.1.1, several shortcomings of the SOURCE1 and SOURCE2 codes were 
identified that relate to the accounting within the code for the inventory after cracking, 
the inventoy accounting for solubility-limited isotopes, the leaching of multiple isotopes of 
a solubility-limited radionuclide, and the leaching of tritium. Improvements will be made to 
remove these weaknesses and improve the code’s accuracy. Additionally, the formal 
documentation and quality assurance procedures necessary to achieve acceptance of the 
code will be completed. 

undertaken. In addition to verifying the numerical accuracy of the models, efforts will be 
made to better characterize the nature of concrete degradation in environments similar to 

The verification of the SOURCE1 and SOURCE2 codes used in this analysis will be 
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those of SWSA 6. An improved understanding of the durability of concrete will allow for a 
reduction in the number of assumptions incorporated into the SOURCE1 and SOURCE2 
codes. At present, the codes model the onset of advection as a zero-order process. A more 
sophisticated approach to the onset of advection is warranted that considers the time 
dependence of advection. Additionally, the time dependence of diffusion of contaminants 
will be addressed in upgrading the SOURCE1 and SOURCE codes. 

Additional analysis is warranted to address the apparent noncompliance of SWSA 6 
operations with the protection of groundwater resources. Further analysis of the transport 
of Th, Pu, Am, and Cm, with more realistic selections for the distribution coefticient, will 
be undertaken. Distribution coefficients for these radionuclides will be based on Sheppard 
and Thibault (1990) and are expected to significantly reduce the calculated results below 
the performance objective €or groundwater resource protection. 

An evaluation of the effect of changes in the closure scenario for SWSA 6 will be 
undertaken. The present concept of closure is being reconsidered in response to the 
originally proposed remediation plan that was criticized in the public review of planned 
environmental restoration activities at SWSA 6. An initial evaluation of the revised plan 
for monitoring the facility and developing a better understanding of releases from the 
facility showed an increase in tritium transport rates prior to the initiation of remediation 
activities. The revised plan for site remediation is not expected to have an adverse effect 
on other less mobile radionuclides whose transport is associated with the degradation of 
concrete. Further coordination with the Environmental Restoration Program will be 
undertaken to reduce the uncertainties in the likely future of SWSA 6 after disposal 
operations are completed. 

4.10 QUALITYASSURANCE 

This performance assessment has been prepared in accordance with the Quality 
Assurance Program of ORNL (ORNL 1993b). The program is based on the requirements 
set forward in the ANSIIASME NQA-1 program requirements. Software developed for 
this performance assessment has been prepared in accordance with Martin Marietta 
Energy System, Policy, Standards, and P r d u r e s  for software quality assurance (Mynatt 
1992). The requirements set forward in software quality assurance have been adhered to; 
however, full documentation requirements specified for software have not been completed 
because some software development is associated with the continuing work discussed in 
Sect. 4.9. 

... 





5, PERFORMANCE EVALUATION 

The purpose of this site-specific performance assessment for Solid Waste Storage 
Area (SWSA) 6 is to provide the technical basis for demonstrating compliance of the 
facility with the performance objectives for low-level radioactive waste (LLW) disposal in 
U.S. Department of Energy (DOE) Order 5820.2A. This section presents the overall 
evaluation of the facility and its compliance with the performance abjectives. 

provides a comprehensive, site-specific analysis of the effects of LLW disposal over an 
extended period of time. The comparison of the results of this analysis with the 
performance objectives is presented in Table 5.1. The results, representing the best 
estimates presently available, are presented with respect to each type of disposal unit, 
although the protection of groundwater resources applies to the entire facility. The results 
provide direct comparisons with the performance objectives for off-site individuals and 
inadvertent intruders. For a meaningful evaluation of the facility, the quantitative results 
require interpretation with respect to the uncertainties involved in the analysis, the 
assumptions incorporated into the analysis, and actions taken in response to the analysis. 

The performance assessment of SWSA 6, as summarized in Table 5.1, indicates that 
the facility is not presently in compliance with the performance objectives of DOE Order 
S820.2A for all disposal operations. Modifications to the existing Waste Acceptance 
Criteria (WAC) for continuing operations at the Interim Waste Management Facility 
(IwhaF) are necessary and will be implemented to reduce potential exposures from 
inadvertent intrusion into the wastes and potential contamination of groundwater 
resources. In addition, continued development and refinement of the performance 
assessment are expected to reduce estimated doses to inadvertent intruders andl potential 
contamination of groundwater resources. The protection of surface waters to the same 
performance objective as groundwater also is expected to result from continued 
refinement of the performance assessment. Continuing disposal operations at I W  have 
been shown to be in compliance with the performance objective for protecting any 
member of the public from exposures greater than 25 mremhyear. Consequently, with 
modifications to operations as discussed above, continuing disposal operations at the 
IWMF at SWSA 6 are expected to be performed in a manner that will demonstrate 
compliance with the performance objectives of DOE Order 5820.2A This performance 
assessment will be revised when these improvements are completed to document 
compliance with the performance objectives. 

Disposal operations in all disposal units in SWSA 6 other than the I W  will be 
terminated as of January 1, 1994. All of these disposal units have been shown to comply 
with the performance objectives for protection of any member of the public and of 
groundwater. Environmental releases from these disposal units contribute to the potential 
contamination of surface water but to a lesser extent than the IWMF. Disposal operations 
performed at IWMF, Tumulus I, the low-range silos, high-range silos, high-range wells, 

The performance assessment for the continued and future operations of SWSA 6 

..... 
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Receptor 
Performance 

objective Maximum dose for disposal unit 

Public (off-site) (mremhear) 25 6 
~~ ~ 

Low-range High-range High-range Fissile Asbestos Biological Tumulus Tumulus 
silos silos wells well silo trenches 1 II  IWMF 

Inadvertent intrusion 
Chronic (mrembear) 
Chronic (>lo6 par s )b  (mrembear) 
Acute (mrem) 

Groundwater 
During active 

After active 
institutional control (mremhear) 

institutional control (mremhear) 

100 780 2000 780,000' lW 21 3 150 33 1600 
100 7100 1100 4' 1500 1400 - 4200 600 7400 
500 c1 9 14,000' - c1 - - - - 

4 

4 

e e e e e e e e 370 

z 0.4" e e e e e e 15 

"See Table 4.5. 
bRResults are conservative because transport of uranium from disposal units over long periods of time has not been taken into account. 
'Based on operational requirement that external dose rate above disposal units following waste emplacement not exceed 2.5 rnremh, resull is known lo be conservative. 
'Result based on agriculture scenario; postdrilling scenario not regarded as credible. 
'c0.4 mremhear. 



Performance Evaluation 

... ..... 

and the fissile well have been shown to exceed the performance objective for continuous 
exposure from inadvertent intrusion. The performance objective for a single acute 
exposure from inadvertent intrusion has been shown to be exceeded at the high-range 
wells. The asbestos silos and Tumulus I1 are shown to be in compliance with the 
performance objectives of DOE Order 582024 with the exception of doses attributable to 
radon (ZnRn) at long times (>lo6 years). The biological trenches have been shown to be 
in compliance with all of the performance objectives of DOE Order 5820.2k 

The estimated doses from inadvertent intrusion at all disposal units have been 
obtained using the best estimates of the radionuclide inventories in the wastes. Substantial 
uncertainties are associated with the estimated inventories used in preparing the 
performance assessment. Waste disposal records have been investigated to remove errors 
in data entry, and waste characterization and certification methods have been examined. 
The remaining uncertainties are large and cannot be reasonably expected to be resolved 
entirely by further analysis. The inventory estimates used in the analysis are probably 
conservative for most cases, as evidenced by the estimated external exposures at the high- 
range wells that significantly exceed measured doses resulting from waste disposal 
operations. 

The effect of the uncertainties in waste inventories on the dose estimates for 
inadvertent intrusion is especially significant for 14C, which is a major dose contributor for 
the TWMF, low-range silos, and Tumulus I. The divergence between the best estimate and 
the reported value on waste manifests is a factor of 500 for the IWMF and Tumulus I and 
a factor of loo0 for the low-range silos. Additionally, the estimated doses from inadvertent 
intrusion have been obtained using the assumption that the entire inventory of wastes 
remains in the disposal units. This assumption implies that no environmental releases of 
radionuclides occur after disposal, which is not supported by the analysis of environmental 
transport for this performance assessment or the available monitoring data at SWSA 6. 
This assumption was invoked for the analysis of inadvertent intrusion because reasonable, 
lower-bound estimates of environmental releases from the disposal units cannot be 
determined with the present state of knowledge regarding the long-term performance of 
engineered disposal units. Consequently, the estimated noncompliance with the 
performance objectives for inadvertent intrusion presented in Table 5.1 is likely to be an 
artifact of the assumptions invoked €or most disposal units. 

Doses to an inadvertent intruder at long times (> lo6 years) arise from the presence 
of uranium in the wastes disposed of in SWSA 6. At long times, 9 n  is produced as 
daughter buildup occurs in uranium-contaminated wastes, yielding the high dose estimates. 
The performance objectives for DOE Order 5820.2A do not exclude mRn, although other 
regulatory agencies have acted to exclude mRn from dose limits for the management of 
radioactive materials. The effect of environmental transport of uranium over long times 
may be incorporated into the remediation of SWSA 6 under the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) or the closure 
plans for the operating disposal units in SWSA 6; however, CERCLA remediation plans 
are currently being reconsidered, and current closure concepts do not provide a sufficient 
basis for excluding =Rn from the potential doses to an inadvertent intruder. Future 
closure and remediation plans may reduce potential exposures from mRn, or revisions to 
DOE Order 5820.2A may exclude 222Rn from the dose-based performance objectives for 
waste disposal. Additionally, any environmental transport of uranium and its daughters will 
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reduce the potential dose from mRn to an inadvertent intruder at far future times. The 
estimated doses to inadvertent intruders that exceed the performance objectives because 
of mRn are not considered clear violations of the performance objectives of DOE Order 
5820.2A but constitute one of the important issues facing waste management for SWSA 6. 

The combined effects of the uncertainties in waste inventories, the assumption of no 
environmental release of contamination for estimating doses to inadvertent intruders, and 
the long-term release of mRn from uranium disposals lead to high dose estimates from 
inadvertent intrusion at the IWMF, Tumulus I, low-range silos, high-range silos, high- 
range wells, and the fissile wells. The degree of conservatism incorporated into the 
estimated doses from inadvertent intrusion cannot be defined with the current analysis; 
however, reasonable representations of these three major areas of conservatism could 
reduce potential doses to values more consistent with the performance objectives for 
several different disposal units. All of the disposal units in SWSA 6 except the IWMF are 
to be included in the CERCLA remediation of SWSA 6. Consequently, the long-term 
risks to the public from disposal units to be addressed by CERCLA ultimately will be 
reduced to acceptable levels. At the conclusion of CERCLA remediation, the policy 
presented in DOE Order 5820.2A for protecting the public health and safety, preserving 
the environment, and ensuring no legacy requiring remedial action should be realized. 
Additional analysis effort towards reducing the uncertainty and estimated doses from 
inadvertent intrusion in this performance assessment will be incorporated into the 
CERCLA remediation of SWSA 6. 

inadvertent intrusion are largely attributed to %C1 and 14C. Both of these radionuclides will 
be restricted by changes in the current WAC to reduce potential doses. Chlorine-36 is not 
associated with routine waste disposals so that changes in the WAC will be effective in 
reducing potential doses. Carbon-14 is more commonly included in routine wastes, but 
much of the current inventory of I4C in wastes is associated with a few disposals with large 
inventories. Consequently, restrictions in the WAC are expected to be effective in 
reducing potential doses. Consideration of environmental transport of these radionuclides 
will further reduce the potential doses to an inadvertent intruder. This performance 
assessment also indicates that disposal of 14C and in the IWMF results in doses 
exceeding the performance objective for groundwater protection. Regulations prescribing 
the limits for groundwater protection are not promulgated, but a limit of 4 mrem/year 
outside a 100-m (3284) buffer zone has been used €or the purposes of this performance 
assessment. The limited area (less than 1 acre) of the groundwater resource shown to 
exceed the 4 mremhear performance objective is due to 14C, %CI, and to a minor extent 
q c  during and immediately following the period of active institutional control. 
Restrictions on disposals of these isotopes in the WAC will reduce the potential doses to 
less than the performance objective. Doses from the consumption of groundwater exceed 
the performance objective 2400 years after site closure from the combined effects of 233U, 
239Pu, and 2'13Am in a similarly sized small area of the groundwater resource. Improvements 
in the analysis, including additional credit €or retardation during transport, are expected to 
reduce the estimated doses to less than 4 mremtyear. Ongoing monitoring activities by the 
Active Sites Monitoring Program at SWSA 6 and the Environmental Restoration Program 
at SWSA 6 and other historical disposal facilities are anticipated to provide data to 
support the improvements in the analysis. 

For the continuing disposal operations at the IWMF, potential doses from 
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The performance assessment for SWSA 6 does not yet provide reasonable assurance 
that the facility is in full compliance with the performance objectives specified in DOE 
Order 5820.2k This performance assessment demonstrates compliance with the 
performance objective for protecting public health and safety in accordance with standards 
specified in Environmental Health orders and other DOE orders. Compliance with the 
performance objective for the protection of any member of the public has been 
demonstrated. Reasonable assurance has been provided to demonstrate compliance with 
the performance objective for the protection of groundwater resources for all disposal 
units, except continuing operations at the IWMF. Changes in operations at the IWMF and 
improvements in the analysis are expected to demonstrate compliance with the 
groundwater protection requirement. Compliance with the performance objective for 
protection of inadvertent intruders for disposal operations performed prior to January 1, 
1994, has not been demonstrated. Discontinuing disposal operations and remediating these 
disposal units under the provisions of CERCLA support the policy of DOE Order 
5320.2A for these disposal units. Compliance with the performance objective for 
protection of inadvertent intruders for continuing operations at the Ni'MF has not been 
demonstrated, but improvements in the performance assessment and restrictions on future 
waste disposals are expected to demonstrate compliance with the performance objectives 
of DOE Order 5820.244. 

.... 

... 
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APPENDIXA 

RADIONUCLIDE INVENTORY DATA AND EVALUATON OF UNCERTAINTY IN 
INVENTORY DATA IN SUPPORT OF THE U.S. DEPARTMENT OF ENERGY 
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CONTINUING OPERATIONS IN SOLID WA!?I'E SrORAGE AREA 6 

!kptember 1988 to December 19!97 
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Inventory Data and Uncertainty Analysis 

- .. . A1 RADIONU-E INVENTORY DATA FOR SOLID WA!STE SIDRAGE 
AREA6 

INslRucIToNs POR COMPIEIWG TME Urn-- #IRM 
W ~ F O R ~ R A G E  OR OFRAMoAciTvE SOLID 

W A s I E o R s P E c l A t M A ~  , 

Ihe following information is to assist you in tbe proper completion of the UCN.2822 Form. The 
fotm must be compktbd in ink. 

QQ& Date waste is being Sent to burial ground. 

Building where waste was generated. Atways use a building or area a d .  
Comment section may be used to further describt tbe origin of waste. 

G,cO. Leglbk sipaturc of -rator CertitiCatiOn Official. Also include G.C.O. Badge 
N u m b ,  Division Code, Phone Number, and MaiIing Add-. Must be Martin Marietta 
emplaY#r. 

W V -  Total volume of waste induding the outer package h cubic feet. 

@&WtMCVdrtlmr;: Amount in cubic feet of the total volume that is combustible. 

W&hg Total weight of waste aad coataim in pouwl, 

WCN Only applicable if waste has a UCN-2681,ORNL N d e u r  Mut&lS Iarrm-L,ubwnruty 
TtWU$ff. 

c3rdar & Active charge or work oKkr number. 

Choose only one of the following oodes that bcst describes the waste: 

a?& 
1 
2 -  
3 -  
4 
5 -  
6 -  
7 -  
9 -  
A -  
P -  

W o t e ~ c o Q k r  Chose only one of the following codes that b u t  describes the waste: 

!&I& 

CE - CuntaminatcdEquipmcnt 
DD - Ikontamination Debris 

SS - SoalidifiaiSludge 

B W  - B i o l o @ W ~ t e  

DS - DrySolids 

UCN-2822 InstNdion S h u i  (From) 

Fig, Al. Form UCN-2822, ‘‘Request for Storage or Disposal of Solid Radioactive 
Waste or Special Materials” and iostructiors 
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SWSA 6 Peqomance Assessment 

RCRA Prercnt? (YN : Indicate presencdabsence of RCRA materials (TRU waste packages only). 

Asbestar: For radioactively contaminated asbestos material. Enter preassigned number from the 
form UCN-13386, Request for the Disposal of Asbestos or Material Containing Asbestos. 

Packace T- code: Choose one code each that best d e s c n k  the inner and outer packages. If the 
containers listed do not provide adequate size or shielding, other containers may be used 
subject to the approval of Radioactive Solid Waste Operations supenisor: 

- Code 
1 
4 
5 
6 
8 
9 
11 
12 
13 
14 
15 

Code Descrimion 
55 Gallon Stainless Steel Drum (volume 7.5 ft? m a .  weight 400 Ibs) 
6 inch Concrete Cask (58 ft3 volume) 
12 inch Concrete Cask (23 ft3 volume) 
55 Gallon 17H drum (volume 7.5 ft3, max. weight 400 lbs) 
Wooden box: Provide dimensions in comment section. 
Other: Provide description in comment section. 
Plastic 
Dumpster: Provide dumpster number. 
None 
Lead Shielded Carrier 
Metal box: Provide dimensions in the comment section. Sizes other 
than 4’x 4’x 6’, (% ft3) require RSWO approval. 

PrinCiDal Isotoms Conbiiutinn Mort ’IEan 5% Total Paclrane Activity: List the principal isotopes 
and their quantity in Curies and/or gams in the appropriate columns as in the following 
examples: (3-137 or Sr-90, etc. 1.OE4 or  lx104 

List the quantity of Fissile isotopes and Uran iumor ium in gams, all other quantities in 
curies. Totals for the isotopes from the accompanying log-in data sheets (TX-5352 or  UCN- 
16114) should be represented in the appropriate column. Log-in data sheet(s) must be 
complete, approved, and attached to the UCN-2822 

Geaeral Waste D C Z C I ~ D ~ ~ O U & ~ ~ S :  Provide a brief description or general comments, as 
appropriate. 

Radiat iooProm . n Sedion: This section must be completed by Radiation Protection before the 
waste will be accepted by RSWO. Transferable contamination and dose rate data is for the 
exterior of the outer package. Dose rate for both the surface. and at one meter, must be 
provided for the exterior of the outer package. Provide survey instrument serial number(s). 

Radioactive solid Waste ODere tiorrr: Approval of RSWO Field Representative. Required before 
G.C.O. section (including Principle Xsotopes) and Radiation waste can be accepted. 

Protection Section of the UCN-2822 must be complete. 
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Inventory Data and Uncertainty Analysis 

... ..... 

.. . 

REQUEST FOR STORAGE OR DISPOSAL OF 

GCO Section 

RADIATION PROTECTION 

EXTERIOR TRANSFERABLE CONTAMINATION: 

Alpha dpmllOO cmp BciaKiarnma dpm/100 cm* 

DOSE RATE: BetdGamrna: Surface rnremhr @ one rneftr rnremhr 

Ncuimn: Surfacc mrcmhr @ one meter mremhr 

Suwcy lnsrrument Senal N u m k  

Radiation Proiection Signatu= Badge No. Date 

RADIOACTIVE SOLID WASTE OPERATIONS 
RSWO Signature Badge No Date 

Baric Drscnption (DOT) cost Symbol Adjustmcnl 

Cnmmenu 

!I 
LLN WSR Number: ATN 

DISTRJBVI’ION WHITE . 5W5A FOREMAN FORWARDS ’ID DMC . BLUE . RETAINEDBYSWSAFOREMAN 
W A R Y .  R F X A I N E D B Y G E N U U l D R  
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GENERATOR INST’RUCTIONS FOR FILLING OUT THE “LOGIN DATA SHEET FOR GENERATORS OF SLLW” 

LLW No. 

Column I 

Column 2 

Column 3 

Column 4 

Column 5 

Columns 6 1 I 

Column 12 

Column 13 

Column 14 

Column 15 

Column 16 

Enter the barcoded number affucd to the conhlner (box, drum, other). 

PACKET NUMBER: Enter p c k e t  number. The rust p c k d  p l a d  in u c h  conhincr should be lsbcled number one and each subsequent p c k d  labclcd 
and n u m b e d  sequentially thcrufler. Each artick placcd in the container (box, drum, other) must be bagged or scald. 

DATE: Enter the date that u c h  packd is placcd in the container. 

WEIGHT (LBS): Estimate (within IO!% accuracy) the weight of the p c k d  in pounds. 

PKT. ORlGIN BLDG./ROOM NO: Enter the building, mom number, or other information which identifies the location frum which the waste onginrtcd. 

DOSE RATE MREMIH: Monitor each packct for alpha, bda andfor gamma radiation using a survey instrument per RP rcquircmcnh and enter the result. 
If rpproprirtc, monitor for neutrons using a BF, counter, fast neutron survey meter, or a comparable instrument and enter the result. 

ISOTOPES: Lkt only I k p c  per column. List all mdionuclidcr present in packd that account for 5 %  ofactivily. sbrting with ihc dominant radionuclides 
first. include radionuclides that proccrs knowledge indicrtcr are present but arc undclcctablc at the ddcclion hmit of the analysis instrument. 

CURIES OR GRAMS: Use the procedure identified in your waste management plan for estimating curies. Rcporl in curies or grams as approprink. Report 
fissile matcriah in grams. 

PHYSICAL DESCRIPTION: Describe the physical form of the conlaminated material (plastic, paper, glass, mctal, soil, wood. rubber, cloth. dc . ) .  

CHEMICAL FORM (radionuclide): Describe the chemical form of the isotopes. Acccpcablccntrics for chemical form include: oxide, chloridc. nitrnk, m d i  
oxide, elemental. inorganic mlt, genenl chemical description. dc .  

RCRA ( W I N O ) :  Enter either YES or NO if waste packcl contains RCRA regulated rriatcrials 

GENERATOR’S SIGNATURE: The person placing cach rcaled or bagged efliclc in the container certifies that the waste was packaged in accordance with 
thc Waste Accepnce Cri~crin, SLLW QA Plan. and the ORNL Ccflihcation Program Plan (initials arc NOT acccprablcj. This person must be current in 
Waste Ccncrator Training for SLLW @MIS# 1365). 

BADGE NO.: Enter badge number of person signing in column IS. 

RSWOG PERSONNEL INSTRUCTIONS FOR CHECKING AND COMPLETING THE ’LOGIN DATA SHEET FOR GENERATORS OF SLLW’ 

I .  

2 .  

Check to scc that a LLW No. and UCN-2822 Doc. No. arc entered and that Columns il through 16 and Notes 1 through 3 ere filled out completely and legibly 

The RSWO rcprcscntativc must sign at !he boltom offtic page pnor to waste transfer lo the SWSA. 

Fig. A2 Form UCN-16114, “Log-in Data Sheet for Generators of Solid Low-Level 
Radioactive Waste” and instructions. 
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UCN-16114a Log-In Data Sheet for Generators of SLLW (Continuation) - 
Pane O f  

UCN 161 14A R e v  04 
1-14.YJ 

DISTRIBUTION WHITE SWSA FOREMAN FORWARDS T O  DMC 
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Inventoiv Data and Uncertaintv Analvsis 

.... 

Table Ad. s l i d  Waste Storage Area Waste 6 inventory data 
(9I88-31p2) 

Number of Volume Radioactivity 

Disposal Unit Units (m3> (Ci) 

Tumulus I vaults 197 535 29.4 

Tumulus I1 vaults 220 601 26.9 

Interim Waste Management 140 381 21.6 
Facility vaults" 

Low-range silos 75 594 23.6 

High-range silos 

Asbestos silos 

33 286 86.2 

11 108 0.109 

High-range wells 54 15.6 6734 

Fissile wells 1 0.6 42.5 

Biological trenches 

Suspect waste landfill 

5 208 0,016 

1 1756 0 

"Interim Waste Management Facility data includes waste disposed of from December 1991 
through June 1992. 

Table A2 Sotid Waste Storage Area 6 dk@ units 
Current Projected 
number number 

Disposal unit (9/88-3/92) (492-12/97) Total 

Tumulus I vaults 197 0 197 
Tumulus I1 vaults 220 0 220 
Interim Waste Management Facility 140" l84ob 1980 

Low-range silos (north) 23 0 23 
Low-range silos (south) 52 38 90 
High-range silos 33 17 50 
Asbestos silos 11 6 17 
High-range wells 12 0 12 
High-range wells in silos' 42 0 42 
Fissile wells 1 0 1 
Biological trenches 5 1 6 
Suspect landfill 1 0 1 

(IWMF) vaults 

"IWMF disposal from December 195)l through June 1992. 
bIWMF projected disposal from July 1992 through December 1997. 
There are a total of six silos, each containing seven high-range wells. 
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SWSA 6 Perfomance Assessment 

Table A.3. Reported radionuclide inventory for Tumulus I" 
Half-life Radioactivity Specific activity Mass 

Nuclide (days) (Ci) (Ci/g> (g> 
3H 

I4c 
22Na 

35s 
39Ar 
43K 

"Cr 

S4Mn 

"Fe 

"Fe 

V O  

63Ni 

W U  

68Ge 

s5Kr 

"'Sr 

wSr 

9oy 

9 5 ~ r  

Y C  

lmRu 

'03Pd 

'9 

s7c0 

1 1 9 1 ~ ~ ~  

1311 

4.50 x 103 

2.09 x lo6 
9.50 x 10' 

8.75 x 10' 

9.83 x 104 
9.29 x lo-' 
2.77 x 10' 

3.12 x 10' 

9.97 x 10' 

4.45 x 10' 

2.72 x lo2 

1.93 x Id 

5.29 x 10-1 

2.71 x 10' 

6.48 x 10' 

2.67 x 10' 

6.40 x 10' 

3.73 x 10' 

3.66 x 104 

3.92 x 103 

1.04 x 104 

7-78 x 107 

1.70 x 10' 

2.93 x lo2 

6.01 x 10' 

8.04 x 10' 

2.70 x 10' 9.65 x lo3 

1.95 x 4.46 x 10' 

1.70 x 6.25 x Id 
2.67 x 10-4 

1.30 x 10-3 

4.26 x 104 

3.41 x 101 

8.30 x 3.27 x lo6 

1.50 x 9.24 x lo4 

1.50 x 10-2 

5-00 x 10-2 

1.00 x 10-2 

1.10 x 10-2 

3-92 x io0  

7.74 x 103 

2.50 x 103 

4.92 x 104 

8.46 x 103 

1-13 x 103 

2.02 x lo-' 6.17 x lo1 

9.03 x 3.86 x lo6 

5.86 x lo-' 7.09 x lo3 

2.36 x lo-' 3.92 x lo2 

3.31 x 10' 1.36 x 10' 

3.00 x 10-3 

3-91 x 10-2 

5.50 x 10-5 

1.70 x 10-4 

1-25 x 10-3 

2.37 x 104 

5.44 x 105 

2.15 x 104 

3.35 x 103 

7.47 x 104 

2.34 x 1.70 x lo-' 

3.50 x 4.48 x lo3 

7.09 x 1.74 x lo4 

2.95 x 1.24 x lo5 

2.80 x 10-4 

4-38 x 10-3 

6.26 x 10-9 

3.81 x 10-5 

1.62 x 10-7 

2.00 x 10-5 

2-03 x 10-7 

3.47 x 10-3 

3.27 x 10-3 

2.34 x 10-9 

6.02 x 10-5 

1-27 x 10-7 

2.72 x 

2.54 x lo--'' 

1.94 x 

1.30 x 

8.27 x 

2.43 x lo-' 

7.19 x lo-' 

1.38 x lo-' 

5.08 x lo-' 

1.67 x lo-' 

7.82 x 
4.08 x 

2.56 x 10-9 

2.38 x 10-7 
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Inventory Data and Uncertainty Analysis 

Table A.3. (continued) 

Half-life Radioactivity Specific activity Mass 
Nuclide (days) (Ci> (CW (g) 

13Cs 7.53 x lo2 6.36 x lo-' 1.29 x lo3 4.91 x 10-4 

1.10 x 104 

4.87 x io3 
3.21 x 103 

9.58 x lo2 

2.42 x lo2 

1.15 x lo2 

6.94 x 10' 

1.54 x 10' 

7.38 x 10' 

1.38 x Id 

8.15 x I d  

5.84 x io5 
6.99 x lo2 
5.13 x 10l2 

2.52 x io4 
5-81 x io7 
2.57 x 10" 

1.63 x 10l2 

8.81 x lo6 

2.40 x to6 
1.58 x 10s 
2.70 x lo6 

3.20 x io4 

1.04 x 104 

6-61 x 103 

1.2s x io5 
9.66 x 10' 

1.40 x 10' 8.70 x 10' 

4.50 x lo-' 9.27 x 10' 

4.85 x 10-1 1.73 x 10' 

7.89 x lo-' 2.70 x 1d 
6.97 x 10-1 3-53 x I d  

1.53 x 6.25 x I d  

1-70 x 10-3 

6.44 x 10-2 

1.00 x i o 4  

4.44 x 104 

1.57 x 10' 9.21 x 16 

5.00 x 4.64 x lo2 
1.71 x 7.64 x 10' 

1.70 x 9.89 x lo-* 
9.01 x 8.20 x lo2 

1.60 x lo-' 2.14 x 10' 

1.51 x 2.16 x 
2.28 x loW3 3.36 x 
5.10 x 1.71 x 10' 

1.17 x 6.22 x 
6.80 x 2.28 x lo-' 

2.23 x lo-* 

1.66 x 10-4 

1.02 x io-2 9.68 x 

1.10 x 10-7 

3.43 x 10' 
2.21 x 10-3 

1-10 x 10-5 

1.11 x 10-4 

3.00 x 10-5 

1.99 x 10-1 

s.16 x 101 

4.10 x 100 

5.3s x 102 

2.45 x 8.09 x 10' 

1.61 x lo-' 
4-85 x 10-4 
2-81 x 10-3 

2.92 x 10-3 

1.98 x 10-4 

2.45 x 10-7 

1.70 x 10-7 

1-70 x 10-4 

2.24 x 10-4 
1.72 x 10-3 

1.51 x 103 

7.48 x 10-7 

1.45 x 

1-08 x lo-' 

1.10 x 

1.05 x 10' 

6.99 x 10' 

2.98 x 
1.88 x lo-' 
2.98 x 
6.50 x 
1.11 x 

6.78 x 103 

2.13 x 10-7 

3.03 x 10-4 

2-71 x 10-5 

5.5s x 
"Inventory based on 197 vaults. 

A-9 



SWSA 6 Performance Assessment 

Table A4. Reported radionucfide inventory for Tumulus 11' 
Half-life Radioactivity Specific activity Mass 

Nuclide (days) (Ci> (CiM (g> 
JH 4.50 x Id 1.51 x 10' 9.65 x lo-' 1.56 x 10-4 

2.09 x lo6 4.24 x 4.46 x 100 
9.50 x lo2 1.10 x 6.25 x I d  
8-75 x 101 7.00 x 10-4 4.26 x 104 
9.97 x io2 4.00 x 1 0 - ~  2.50 x id 
1.93 x Id 3.60 x 10' 1.13 x Id 
2.71 x lo2 2.80 x 7.09 x I d  
1.04 x lo4 7.96 x 10' 1.36 x 1d 
2.67 x 10' 2.68 x 5.44 x I d  
6.10 x 10' 1.00 x 2.25 x 104 
7.78 x lo7 1.62 x 1.70 x 
1.70 x 10' 1.70 x 7.47 x 104 
6.01 x 10' 1.24 x 1.74 x 104 
1.10 x lo4 1.29 x 10' 8.70 x 10' 
4.87 x Id 2.08 x lo-' 1.73 x I d  
3.21 x I d  1.08 x lo-' 2.70 x I d  
2.42 x lo2 1.41 x lo-' 3.53 x I d  
6.54 x lo2 3.40 x 1.12 x I d  
1.54 x 10' 6.84 x 4.44 x lo4 
2.19 x lo3 9.52 x 3.07 x I d  
7.38 x 10' 5.58 x 9.21 x I d  
1.38 x lo2 4.47 x lo-' 4.49 x Id 

2.52 x lo4 1.00 x 2.14 x 10' 
5.81 x lo7 4.15 x lo-* 9.68 x 
2.57 x 10" 7.00 x 2.16 x 
1.63 x 1OI2 1.14 x 3.36 x 

8.81 x lo6 1.06 x 6.22 x 
1.58 x lo5 1.25 x 3.43 x 100 
4.21 x lo-' 6.10 x 1.27 x lo6 
6.61 x lo3 1.94 x 8.09 x 10' 

5.13 x io12 5.02 x 1.10 x 1 0 - ~  

3.20 x 104 5.77 x 10-4 1.71 x 101 

9.51 x 10-4 
1.76 x 10-7 

3.18 x 10-3 
3.95 x 10-7 

4.44 x 10-9 

2.28 x 10-9 
7.14 x 10-7 

1.20 x 10-3 
4.00 x 10-4 
4.00 x 10-5 

3.10 x 10-4 

1.64 x 
1.60 x 

5.84 x 
4.93 x 

9.56 x lo-' 

1.48 x 10-1 

3.05 x 
1.54 x 

6.06 x 
9.95 x 
4.58 x Id 
4.67 x lo-* 
4.29 x 10' 
3.24 x 1$ 
3.39 x I d  
3.37 x 10-5 

3-64 x 10-3 

2.40 x 10-4 

1.71 x lo-' 

4.79 x 10-l0 

"Inventory based on 220 vaults. 
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Inventory Data and Uncertainty Analysis 

Table A5. Reported radionuclide inventory for Interim 
Waste Managment Facility0 

Specific 
Half-life Radioactivity activity Mass 

Nuclide (days) (Ci) ( C W  (g> 
3H 4.50 x 103 4.10 x lo-* 9.65 x Id 4.25 x 

.....-. 

"c 
26A1 
32p 

33P 

=CI 
4oK 
51Cr 
"Fe 
6oco 
63Ni 
64cu 
ssKr 
""Sr 

9oy 

99TC 

1311 

134cs 

147Pm 
1s2EU 

'54E~ 
ls3Gd 
"'Ta 

1 3 7 0  

1 9 1 a  

2.09 x lo6 3.10 x 

1.43 x 10' 1.60 x 
2-63 x 108 1-00 x 10-3 

2.53 x 101 1.50 x 10-3 

1.10 x log 8.50 x 10-3 

4.66 x 10'' 6.60 x lob4 
2.77 x 10' 8.30 x 

1.93 x Id 
3.66 x 104 

5.29 x lo-* 1.40 x 
3.92 x Id 4.03 x 
1.04 x le 
2.67 x 100 9.70 x 

6.01 x 10' 4.98 x 

9.97 x I&! 1.83 x 10-~  

9.90 x 10-1 

1.70 x lo-' 

3.50 x 10' 

7.78 x io7 3.40 x 10-~ 

8.04 x ioo 1.88 x 
'7.53 x io2 5.79 x 10-~  

1-10 x io4 8-50 x i o0  

9.58 x Id 
4.87 x I d  

2.42 x Id 

6.94 x lo1 

1.54 x 10' 3.23 x 

2.19 x l@ 

8.60 x 10-1 

4.49 x IO-' 

1.71 x 10-1 

3-21 x id 3.90 x 10-3 

1-15 x id 5.06 x 10-~ 

4.46 x 10' 6.96 x 
1.91 x lo-* 5.24 x 
2.85 x 16 5.61 x 
1.56 x 16 9.61 x 
3.30 x 2.58 x 10-1 

5.65 x 1.17 x lo2 

9.24 x 104 8.98 x 
2.50 x Id 7.32 x 
1.13 x I d  8.75 x 
6.17 x 10' 2.76 x 
3.86 x 106 
3.92 x Id- 1.03 x 

1.36 x 102 

5-44 x Id 1.78 x 
1.70 x lo-' 2.01 x 
1.74 x 104 2.87 x 
1.24 x 1 6  1.52 x 
1.29 x Id  4.47 x 
8.70 x lo1 
9.27 x I d  2.36 x 
1.73 x 102 4.97 x 
2.70 x Id 1.44 x 
3.53 x id 
6.25 x Id  8.09 x 
1.00 x 104 

4.44 x 104 

3.63 x 10-l' 

2.57 x lo-' 

9.77 x 10-2 

1.27 x 10-~ 

1.71 x 10-5 

7.28 x lo-' 
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Table A5. (continued) 

Specific 
Half-life Radioactivity activity Mass 

Nuclide (days) (Ci> ( C W  (g) 
192~r 7.38 x 10' 2.08 x 9.21 x Id 2.26 x 10-7 

210Pb 8.15 x I d  4.00 x 7.64 x 10' 5.24 x 
=Th 5.13 x 10l2 6.00 x lo-' 1.10 x 5.47 x lo2 

235u 2.57 x 10" 3.60 x lo-' 2.16 x 1.67 x 10' 

1.63 x 10l2 2.70 x 3.36 x 8.03 x lo3 

239Pu 8.81 x 106 6.00 x 6.22 x low2 9.65 x 
242Pu 1.37 x le 1-00 x 3.82 x 2.62 x 

243Aln 2.70 x 106 1.50 x 1.99 x lo-' 7.53 x 
*Wrn 6.61 x Id 2.40 x 8.09 x 10' 2.97 x 

B3u 5.81 x io7 1-10 x 1 0 - ~  9.68 x 1 0 - ~  1.14 x io-' 

1.58 x id 2.20 x 1 0 - ~  3.43 x ioo 6.41 x 10-~  2 4 1 b  

OInventory based on 140 vaults. 

Table A6. Reported radionuclide inventory far low-range silos" 

Atomic Half-life Radioactivity Specific activity Mass 
Nuclide number (days) (Ci) (CiM (I9 

3H 
l4C 

=Na 

40K 
59Fe 
6oco 
90Sr 

9 9 T C  

1311 

1 4.50 x I d  1.02 x 10' 9.65 x I d  1-06 x 10-3 

6 2.09 x lo', 7.23 x 4.46 x 10' 1.62 x lo-* 

11 9.50 x 102 1.70 x 10--4 6.25 x io3 2.72 x 
19 4.66 x 10'' 1.76 x lo--' 5.65 x 3.12 x 10' 

26 4.45 x 10' 1.37 x 10-3 4.92 x io4 2.79 x lo-' 

38 1.04 x 1@ 2.67 x 10' 1.36 x lo2 1.96 x 
39 2.67 x 10' 4.59 x loo 5.44 x 105 8.44 x lo-', 

43 7.78 x 107  7.59 x 1.70 x 4.48 x lo-' 
53 6.01 x 10' 1-74 x 1-74 x io4 1.00 x 
53 8.04 x 10' 1.05 x 10' 1-24 x ios 8.47 x 

27 1.93 x Id 1.03 x loo 1.13 x 103 9.11 x 10-4 
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. .. 

Table At5 (continued) 

Atomic Half-life Radioactivity Specific activity Mass 
Nuclide number (days) (Ci) (CW (g) 
w 53 

1 4 7 ~ m  
s2Eu 

'%Eu 

17Va 

192~r  

197P t 

=Ra 

% 
22prh 

w)rh 

u2Th 
233u 

235u 

278v 
%p 
mPu 

239Pu 

241fun 

"'Cm 

249cf 
252cf 

1S3c;d 

1910~ 

2 4 3 h  

61 

63 

63 

64 
73 

76 

77 

78 

88 

90 

90 
90 
90 

92 

92 

92 

92 
92 

93 

94 

94 

95 

95 

96 

98 

98 

1.10 x loj 

9.58 x 102 

4.87 x Id  

3.21 x I d  

2.42 x 102 
6.54 x Id 
1.54 x 10' 

7.38 x 10' 

7.63 x lo-' 

5.84 x 16 
6.99 x I d  

2.68 x 106 

5.13 x 10l2 

2-75 x 107 

5.81 x 107 

8.9ti x io7 

8.55 x 109 

2.57 x 10" 

1.63 x ld2 
7.82 x 108 

8.81 x lo6 

1.58 x 1 6  

2.70 x 106 

6.61 x Id  
1.28 x 16 
9-66 x I d  

3.20 x 104 

3.23 x 10' 

4.24 x 
1.38 x 10-3 

5.10 x 10-4 

7.82 x 10-3 

1-70 x 10-3 

1.70 x 
1.91 x 10-1 

1.70 x lo-' 

6.40 x 
6.00 x 

1.17 x lo-' 

1.14 x 
6.71 x 

1-70 x 10-4 

1.21 x 10-4 

1.90 x 10-5 

6.60 x 
1.12 x 
1.70 x 10-4 

9.81 x 10-4 

9.00 x 10-4 

7-84 x 10-3 

6.21 x 
2.70 x 

6.80 x 
1.10 x 10-4 

8.70 x 10' 

9.27 x lo2 

1.73 x lo2 
2.70 x lo2 

1.12 x 16 
3.53 x 103 

4.44 x 104 

9-21 x 103 

8-69 x 105 

9.89 x lo-' 

8.20 x lo2 

2.13 x 10-1 

2.11 x lo-* 
1.10 x 10-7 
9.68 x 10-3 

6.25 x 10-3 

2.16 x 
6.47 x IO-' 

3-36 x 10-7 

7.05 x 10-4 

1.71 x 10' 

6.22 x 
3.43 x 10' 

1.99 x lo-' 

8.09 x 10' 

4.10 x 10' 

5.38 x la2 

3.71 x 

7.98 x 
1.89 x 
2.22 x 
1.52 x 
3.83 x lo-'' 

2.07 x 
1.96 x lo-'' 
6.48 x 

4.57 x 10-5 

7.32 x 10-9 

7.99 x 10-4 

5.55 x 
1.04 x le 
6.93 x 10' 

1.94 x 
8.79 x 10' 

1-02 x 10'' 
3.33 x 104 

2.41 x 10-1 

1.45 x 
5.73 x 10-5 

2.28 x 10-3 

3.34 x 10-4 

1-26 x 10-5 

3.12 x 

2.68 x 

"Inventory based on 75 silos. 
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Table A7. Reported radionuclide inventory for high-range silos" 
Half-life Radioactivity Specific activity Mass 

Nuclide (days) ((-3 W g )  (8) 
3H 4.50 x 103 1.00 x 10' 9.65 x Id 1.04 x 10-3 

2.09 x lo6 
9.50 x 10' 

1.43 x 10' 
4.66 x 10" 
3.12 x 10' 
9.97 x 10' 
4.45 x 10' 
1.93 x I d  
3.66 x 104 
5.29 x lo-' 
1.04 x 104 
2.67 x 10' 
1.70 x 10' 
7.50 x 10-~ 

1.10 x 104 
9.58 x 10' 
4.87 x I d  

3.21 x 10' 

2.42 x 10' 
6.54 x lo2 

1.15 x lo2 

1.54 x 10' 
7.38 x 10' 

5.13 x lo'* 

2.57 x 10" 
1.63 x 10'' 

6.61 x Id 

1.81 x 103 

2.75 x 107 

8.81 x 104 

4.11 x lo-' 4.46 x l@ 

2.30 x 6.25 x l@ 

8.50 x lo-' 2.85 x 16 
1.70 x 5.65 x 
2.21 x 10-2 7.74 x 103 

1.70 x 2.50 x Id  
5.03 x lo-' 4.92 x 104 

1.31 x 10' 1.13 x Id 

8.30 x 6.17 x 10' 
6.65 x lo-' 3.86 x 106 

2.31 x 10' 1.36 x Id 
2.18 x 10' 5.44 x Id 

2.86 x 10' 7.47 x lo" 

1.56 x 109 1.00 x 10-1 

2.57 x 10' 8.70 x 10' 
2.38 x 9.27 x le 
1.24 x 10' 1.73 x Id 

5.55 x lo-' 2.70 x Id  
2.90 x lo-' 4.65 x Id 

7.87 x 10-l 3.53 x Id 

8.30 x lo-* 1.12 x Id 

2.11 x loo 6.25 x Id 
5.25 x lo-' 4.44 x lo" 

3.43 x 10' 9.21 x ld 
1.00 x 10-6 2.11 x 10-2 
1.36 x 1.10 x io-' 

9.96 x 10--3 3.36 x 10-7 
1.01 x 10-3 6.22 x 10-2 

1.00 x 2.16 x 

5.11 x lo-' 8.09 x 10' 

9.22 x 10-3 
3.68 x lo-* 
2.98 x lo-'' 

3.01 x lo2 
2.86 x 10-6 
6.80 x 10-7 
1.02 x 10-5 

1-35 x 10-3 
1.16 x 

1.72 x lo-' 

1.69 x lo-' 

4.01 x 

6.39 x lo-'' 
2.95 x lo-' 

3.83 x 10-5 

2.57 x 10-7 
7.17 x 10-3 
2.06 x 10-4 

2.23 x 10-4 

7.44 x 10-5 
3.37 x 10-4 
1.18 x 
3.72 x 10-4 
4.74 x 10-5 
1.24 x 103 
4.53 x 10-1 

1.62 x 

6.24 x lo-' 

2.96 x io4 

6.32 x 10-3 
"Inventory based on 33 silos. 

A-14 



Inventory Data and Uncertainty Analysis 

Table A8. Reported radionuclide inventory for asbestos silos' 
Half-life Radioactivity Specific activity Mass 

Nuclide (days) (Ci) W g )  (g) 
3H 4.50 x id 1.00 x 10-3 9.65 x 1 0 3  1.04 x 10-7 

2.09 x io6 5.79 x 10-4 4.46 x i o 0  

1.93 x ld 4.98 x 1.13 x I d  
1.04 x lo4 4.24 x 1.36 x lo2 

1.10 x lo4 5.67 x lo-' 8.70 x 10' 
4.87 x 103 1.00 x 1.73 x I d  
3.21 x 1d 1.00 x lo-' 2.70 x l@ 

4.38 x 10' 2.60 x 9.21 x 103 

5.13 x 10'2 4.30 x 10-5 1.10 x 10-7 
5.81 x 10' 1.02 x 1 0 - 4  9.a x 10-3 

7.78 x 107 1.20 x 10-3 1.70 x 10-2 

1.63 x lo'* 2.71 x 3.36 x IO-' 

6.61 X lo3 3.20 X 8-09 X 10' 

1.30 x 1 0 - 4  

3.11 x 10-4 

6.52 x 10-4 

4.40 x 

7.08 x 

5.78 x 
3.71 x 
2.82 x lo--* 

3.92 x lo2 
1.05 x 10-2 

8.06 x lo2 

3.96 x 10-7  

"Inventory based on 11 silos. 

Table k9. Reported radionuclide inventory for high-range weha 

Half-life Radioactivity Specific activity M a s  
Nuclide (days) (Ci> (CW (g) 

2.09 x lo6 1.00 x 4.46 x loD 2.24 x lo-' 
3.12 x lo2 3.32 x 10' 7.74 x 1d 4.29 x 10-3 
4.45 x 10' 2.80 x 10' 4.92 x 104 5.019 x 10-4 
7.09 x 10' 3-80 x 10' 3.18 x 104 1.19 x 10-3 
1.93 x lo3 2.15 x 1d 1.13 x Id 1.90 x 10' 
2.71 x lo2 5.00 x 7.09 x I d  7.05 x 10-7 

1.04 x lo4 1.36 x lo3 1.36 x lo" 9.97 x loo 
7.78 x lo7 4.00 x lo-' 1.70 x lo-* 2.36 x 10' 
5.00 x 103 1.30 x 10' 2.17 x Id. 6.80 x 

1.10 x lo4 1.40 x I d  8.70 x 10' 1.61 x 10' 
4.87 x Id 1.12 x lo3 1.73 x lo" 6.48 x 10' 
3.21 x I d  5.81 x 102 2.70 x 102 2.15 x l@ 

7.53 x lo2 1.22 x 10' 1.29 x Id 9.43 x 10--4 

1.15 x lo2 3.60 x 10' 6.25 x Id  5.76 x 10-4 
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Table A9 (continued) 

Half-life Radioactivity Specific activity Mass 
Nuclide (days) (Ci) (CW (g) 

mIr 7.38 x 10' 2.39 x 10' 9.21 x I d  2.59 x 10-3 

232Th 5.13 x io12 3-70 x 10-~ 1.10 x 10-~ 3.37 x io2 
% 2.68 x lo6 7.50 x 2.13 x lo-' 3.53 x 

23su 2.57 x 10" 1.00 x 2.16 x 4.63 x 10-1 
1.63 x 10l2 4.00 x 3.36 x 1.19 x 10' 

"Inventory based on 54 wells. 

Table A10. Reported radionuclide inventory for lissile waste" 

Half-life Radioactivity Specific activity Mass 

1.10 x lo4 4.25 x 10' 8.70 x 10' 4.89 x lo--' 
Nuclide (days) (Ci) ( C W  (g) 

1 3 7 a  

235u 2.57 x 10" 8.75 x 2.16 x 4.05 x Id  

1.63 x io1* 4.83 x io-' 3.36 x io-' 1-44 x io4 
"Inventory based on 1 well. 

Table All. Reported radionuclide invcntory for biological 
trenches" 

Half-life Radioactivity Specific activity Mass 
Nuclide (days) (Ci) (CiM (9) 

3H 4.50 x id 1.80 x 10-~  9.6s x id 1.87 x 
14C 2.09 x lo6 1.70 x 4.46 x 10' 3.81 x lo-' 

6 o c ~  1.93 x io3 2.20 x 1 0 - ~  1.13 x id 1.95 x 
%Sr 1.04 x lo4 1.04 x 1.36 x 102 7.62 x 10.' 

lZI 6.01 x 10' 2.37 x 1.74 x 10" 1.36 x 10--7 

1311 8.04 x 10' 6.90 x 1.24 x I d  5-56 x 10-4 

1.10 x 104 2.25 x 10-3 8-70 x 101 2-59 x 10-5 1 3 7 ~ ~  

"Inventory based on 5 trenches. 

A-16 



Inventory Data and Uncertainty Analysis 

A2 EWALUATION OF UNCERTAINTY IN THE INVENTORY DATA FOR SOLID 
WASTE STOIUGE AREA 6 

A21 Purpose 

The purpose of this task is to provide technical assistance to Oak Ridge National 
Laboratory's (ORNL's) Waste Management and Remedial Action Division in evaluating 
uncertainties in the radioactive inventory of low level radioactive waste (LLW) disposed of 
after September 26, 1988, in Solid Waste Storage Area (SWSA) 6. The results of this task 
have been used in the overall uncertainty analysis of the SWSA 6 radiological 
performance assessment. 

A.2.2 Background 

U.S. Department of Energy (DOE) Order 5820.2A, "Management of Low-Level 
Radioactive Waste," Chapter 111, requires field organizations with LLW disposal sites to 
prepare a site-specific performance assessment to demonstrate disposal site compliance 
with the performance objectives stated in the order. 

ORNL submitted a draft performance assessment in September I990 to DOE for 
review. In March 1991, DOE-Headquarters' LLW Peer Review Panel completed their 
preliminary review. Their comments and recommendations for the final performance 
assessment were issued to DOE-Headquarters in April 1991. One recommendation of the 
Peer Review Panel was to determine the potential radiological dose impact due to 
uncertainty in the SWSA 6 transport and dose models. The radionuclide inventory is one 
of seven major model components evaluated in the SWSA 6 performance assessment 
uncertainty analysis. 

The results of the draft performance assessment raised concerns regarding the 
concentration of several radionuclides disposed of at five of the seven SWSA 6 disposal 
units. Draft radionuclide concentration limits, developed in January 1991, were based upon 
the results of the draft performance assessment, which considers waste disposed of from 
September 1, 1988, until October 4, 1989, for estimating waste inventories over the 
projected period of facility operation. Based upon the total activity, volume, and 
concentration limit, key radionuclides were identified €or which the concentration is of 
significance relative to its concentration limit. The final performance assessment considers 
waste disposed of from September 26, 1988, to December 31, 1997, for estimating waste 
inventories over the projected period of facility operation. The start date was revised from 
September 1 to September 26 to reflect the effective date of DOE Order 582024.. Some 
of the key radionuclides identified in the draft Performance assessment were found to be 
relatively insignificant in the final performance assessment (e-g., "3 in low-range silos 
and 232.rh, u3U, and 237Np in tumulus vaults). This difference is due to errors found in the 
original inventory data for z2Th in low-range silos and tumulus vaults and lower average 
concentrations due to increases in total waste volume versus small or no increase in 
activity. Nevertheless, other key radionuclides are still of concern because oE the large 
inventory in disposal. The key radionuclides for the performance assessment are ?3r, V c ,  
137Cs, and 152Eu in high-range wells, 137Cs, 23sU , in fissife wells, and wSr in high-range 
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silos, low-range silos, tumulus vaults, and the Interim Waste Management Facility 

(IWMF). 
The list of key radionuclides was expanded further for the purpose of this 

uncertainty analysis to include any radionuclide of interest that represented even a small 
fraction (>0.1%) of the concentration limit developcd in the draft performance 
assessment (September 1990). This small fraction was chosen to ensure that a radionuclide 
reported with an apparently insignificant activity would not result in a significant dose 
impact due to a large error or uncertainty in this reported activity. This report will provide 
most probable values and associated uncertainty for all radionuclides of interest for each 
disposal unit. The radionuclides of interest are indicated in Table k12.  The disposal units 
include the asbestos silos, biological trenches, fissile wells, high-range silos, high-range 
wells, IWMF, low-range silos, Tumulus I, and Tumulus 11. 

A 2 3  Waste Generator Reporting Practices 

Inspection of the available data recorded on form UCN-16114, "Log-In Data Sheet 
for Generators of LLW" and form UCN-2822, "Request for Disposal or Storage of 
Radioactive Solid Waste or Special Materials" reveals several pieces of information 
related to radionuclide activity. This information, its validity, and its usefulness in terms of 
activity estimation are discussed below. 

A23.1 Principal Isotopes 

For most facilities, facility operations personnel inferred the listed isotopes based 
upon their knowledge of the facility operation or the material being processed. In general, 
it cannot be said with certainty that any specific package contained the specific 
radionuclide(s) reported. It also cannot be stated that a package did not contain additional 
radionuclides (other than the one(s) reported). On rare occasions, the waste was sampled 
and appropriate analyses were performed to specifically identify the radionuclides present. 
The identification of the principal isotope was straightforward for certain facilities that 
handled only specific isotopes and where the waste represented process waste. For many 
facilities, however, the waste form was contaminated components or irradiated materials 
that probably contained several different radionuclides. In these cases, the principal 
isotope identified in each waste package was the isotope or isotopes that were considered 
by the generator to be the most significant. This significance was typically based on an 
isotope's activity and radiological half-life. For example, the irradiated metal waste from 
Building 3525 (stainless-steel cladding hulls) containcd a variety of activation products 
shortly after irradiation; but @Co was reported as the only principal isotope because it was 
the most significant in terms of activity, half-life, and radiation energy. In the case of 
Building 3517, the principal isotopes were listed as 137Cs and %Sr. Operations personnel 
based this listing on the general operating history of the facility. Even though source 
production processes were operating in different hot cells, all packages of waste from the 
facility were considcred to be composed of equal activities of 137Cs and ?3r. 
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Table A12 (continued) 

Interim Waste 
Asbestos Biological Fissile High-range High-range Management Low-range 

silos trench wells silos wells Facility silos Tumulus 

2MTh 

233u 233u 233u 

usU 

23% 

23sU 

239Pu 

23% 238U 

239Pu 239Pu 239Pu 

2 4 1 h  2 4 1 h  2 4 1 h  

2 4 3 h  2 4 3 h  2 4 3 h  , 
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... .... 

A232 Radiation Survey Data for Waste Packages 

_ . .  

... 

Radiation survey data were obtained on waste packages using either in-cell probes 
or portable ion chambers. For the highly radioactive packages, in-cell probes were typically 
used whenever available. These measurements were made by facility operators and were 
normally taken in close proximity to the waste package. The distance was typically within 
0.3 m (1 ft) from the surface of the package, but in the case of the 5-gal metal 
can-normally used by most isotope facilities for highly radioactive in-cell waste-this 
distance was within 0.3 m (1 ft) from the center of the can. It should be noted that the in- 
cell probes have not been calibrated since installation, and most have been in place for 
many years. The portable survey meters are calibrated semi-annually by Radiation 
Standards and Calibration Laboratory staff to an accuracy oE f 10%. 

which portable ion chambers were used in the measurement of large activity packages. In 
these cases, each facility used a method unique to that facility to obtain the measurements. 
Due to limitations imposed by the facility design and the range of the available portable 
instruments, measurements were taken at distances typically ranging from 1 to 3 m 
(3 to 10 ft). The distance to the container within the package was also somewhat 
uncertain. In these cases, however, facility personnel corrected the dose rate to a 0.3 m 
(1 ft) reading using an inverse square relationship (based upon the assumed distance from 
the dose point to the surface of the package) prior to multiplying by the conversion factor 
to determine the curie content. 

For the low activity1 waste packages, most measurements were made by Radiation 
Protection staff using portable ion chambers. In the majority of these cases, dose rates 
were taken on small plastic bags of contaminated materials in very close proximity to (if 
not in contact with) the package surface. Particularly in these cases, the measurement was 
taken at several locations along the periphery of the bag, and the value recorded was the 
highest dose rate observed, not the average dose rate. 

Some facilities did not have in-cell probes and were forced to rely on methods by 

A233 Quantity of the Principal Isotope 

Most ORNE waste generators estimated the quantity of radioactive material in 
waste packages by multiplying the beta-gamma dose rate (as discussed above) for each 
waste packet by the conversion factors listed in the instructions for completing form 
UCN-16114, "Log-In Data Sheet for Generators of SLLW." If the waste was considered 
to be composed of a single radionudide, the activity so calculated would be assigned to 
the principal radionuclide. If the generator considered multiple radionuclides to be present 
(as discussed above), the activity was equally divided among the radionuclides. Facilities 
such as Building 3517 split the total activity equally between 137Cs and %Sr. As a general 
rule, facilities that reported both 137Cs and ?Sr assigned half of the total activity to each. 

The 1 MeV photon dose rate to curie conversion factor was typically used in 
assigning activity to packages thought to contain radionuclides that emit only alpha or beta 
particles or very low energy gamma or x-rays (e.g., 3H, I4G, 63Ni, 90Sr, ?c, 233U, 238U, 
239Pu, 241Am, and 2 4 3 ~  ). In certain cases, however (typically those involving disposal of 
fissile material), the activity values were based upon those found on form UCN-2681, 
"ORNL Nuclear Materials Intra-Laboratory Transfer." 
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k23.4 Radiation Survey Data for Waste Carriers 

Initially, radiation survey data for waste carriers were considered a tool to verify the 
estimated package activities, but the manner in which surveys were taken and recorded 
varied considerably from package to package and facility to facility. Radiation Protection 
staff typically located and recorded the “hot spot” dose rate on the carrier, even though 
the survey was not always identified as such. The hot spot was usually a streaming pathway 
of some sort, associated with a joint or seam in the transport cask. For these reasons, 
calculating source activity in a package from the carrier dose rates was judged to be of 
doubtful value, and this approach was not used in the uncertainty analysis. 

A315 Package Weight 

The weight of each package is also required on form UCN-16114, and the total 
weight is required for form UCN-2822. Facilities typically do not weigh each package of 
waste; instead, the package weight is usually estimated by facility personnel based on their 
knowledge of the package contents. 

k2-4 Shortcomings of the ORNL Dose Rate to Curie Conversion Factors 

The table of conversion factors listed on the back of form UCN-16114 are provided 
to facilitate determination of the package activity based upon the measured dose rate. This 
dose rate to curie conversion factor was calculated at a distance of 0.3 m (1 ft) for a 1-Ci 
point source emitting a single 1 MeV photon per disintegration. This is the familiar 
6 C E n formula, with E = 1-MeV per photon and n = 1 photon per disintegration. Thus, 
the dose rate at 0.3 m (1 Et) from a 1-Ci point source is approximately 6 R/h. Conversely, 
a dose rate of approximately 1 R k  at 0.3 m (1 ft) is attributed to a 0.17 Ci point source. 
Thus, to determine the activity (in curies) of a point source, a conversion factor of 
0.17 C i N h  (as used on form UCN-16114) is multiplied by the dose rate, in R k ,  measured 
at 0.3 m (1 ft), 

errors that could occur are provided in the following list. 
Using this conversion factor creates many potential sources of error. Some typical 

0 The radionuclide emits a gamma ray with an energy other than 1 MeV (E). 
The radionuclide emits a gamma ray with an abundance other than 1.0 (n). 
The exposure rate measurement was not taken at 0.3 m (1 ft). 
The waste package was not a point source. 

0 The radionuclide only emits alpha or beta particles or soft x-rays. 
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The first two factors are evident when considering the gamma factors or common 
radionuclides as listed in the Radiological Health Handbook (BRH 1970). The following 
table shows the dose rates at 0.3 m (1 ft) for a 1 Ci point source of each of the specified 
radionuclides. 

Dose Rate 
(-1 

Radionuclide 

1 3 7 ~  3.55 

6oCS 14.21 

"'Eu 6.24 

'%EU 6.67 

' q r  5.17 

The ORNL conversion factor is based upon a dose rate of 6 Rk. The above table 
indicates, for example, that a 1 Ci 6oCo point source gives a dose rate that is a factor of 
2.4 times greater than would be estimated from the ORNL factor. On the other hand, 
3.55 R/h would be observed for a 1 Ci source of 137Cs. This dose rate is only 59% of the 
6 Rk used to calculate the ORNL conversion factor. The inverse of the factors in the 
table above would be used to determine the curie content of the specific radionuclide 
associated with a measured dose rate [at 0.3 m (1 ft)]. Using the ORNL conversion factor 
(0.17 Ci/R/hr), the 6oCo activity would be overestimated by a factor of 2.4, while the 137Cs 
activity would be undereshzaled by a factor of 1.7. Activities of 152Eu, lS4Eu, and I9'Ir 
would be more accurately represented (within 15%) using the ORNL conversicin factor. 

The above factors are, as indicated, for a distance of 0.3 m (1 ft) from ayoint 
source. For a point source, measurements taken at other distances, if not corrected to a 
0.3-m (1-ft) reading, could introduce significant errors in the activity estimates, particularly 
for surveys taken in close proximity to the source. Measurements taken at distances less 
than 0.3 m (1 ft) from the source would lead to overestimates of source activity, while 
measurements at distances greater than 0.3 m (1 ft) would give an underestimate. These 
errors are in addition to those mentioned above for specific radionuclides. 

Unfortunately, true point sources are rarely encountered in the field. High-activity 
radioactive materials are often disposed of in 5-gal metal cans. The cans are normally 
wrapped in several layers oC plastic to avoid contamination of the carrier; consequently, 
measurements can be taken from no closer than a few inches from the wall of the can. 
Therefore, while the dose rate from a source such as the metal can will begin to approach 
that from a point source as the distance from the source increases, the use of a point 
source response dictates calculation of the dose rate using the distance to the center s f  the 
can, not the wall of the can- In the case of the metal can, measurements made with in-cell 
probes are typically made with the can near the detector, perhaps several inches from the 
surface of the can. With the can radius of 13 cm (5 in.), the probe could be placed 
perhaps 8-13 cm (3-5 in.) from the wall of the can, which would be 20-25 cm (8-10 in.) 
from the center of the can. T h i s  would result in a higher dose rate than would be 

.... 

- -  
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measured at 0.3 m (1 ft), which, for a point source, would overestimate the activity by 
factors ranging from 1.4 to 2.3. 

For those cases in which the dose rate to curie conversion factor was applied to a 
survey measurement taken at a distance of 0.3 m (1 ft) from the s u ~ a c e  of the can instead 
of the center of the can, the resulting activity would be underestimated. In the case of a 
measurement at 0.3 m (1 ft) from the surface of a metal can, the resulting activity would 
be underestimated by a factor of 2.0 because the distance to the center of the can would 
be 43 cm (17 in.). For larger waste containers, such as the 55-gal drum, this 
underestimation would be larger, depending on the particulars of the specific situation. 
For a SS-gal drum measured at 0.3 m (1 ft) from the drum surface, the curie content 
would be underestimated by a factor of 3.8. 

the definition of “small” depends upon the size of the particular container. A small 
distance for the metal can would be approximately 0.5 m (1.5 ft) measured from the center 
of the can. Surveys taken at points closer than this distance would result in higher dose 
rates per unit activity than would be observed for a point source at the same distance. At 
20 cm (8 in-) from the center of the can [8 cm (3 in.) from the wall], the effccts due to 
geometry give a dose rate higher than that for a point source by a factor of 1.2. In this 
case, thc geometry effect would result in an underestimation of the curie content by this 
factor. 

Anothcr impact of the non-point source geometry is that of self absorption of the 
source and attenuation by the walls of the container. These effects cause an 
underestimation of the package activity, the significance of which is dependent upon the 
density and material composition of the waste, the size of the package, and the energy of 
the photon. Most waste packages have a fairly low density, typically in the range of 
0.2-1.0 g/cm’. The impact is greater with increasing density and size and decreasing 
photon energy. For 137Cs in a metal can, for example, the underestimation varies from a 
factor of 1.1 to 1.3 as the density increases from 0.2 to 1.0 g/cm3. For the %-gal drum, the 
activity would be undcrestimated by a factor of 1.3-2.1. For lower energy photon emitters 
(including both low-energy gamma and x-rays) as well as bremsstrahlung photons, the 
degree of underestimation would be even greater. 

In most cases, the inventory of alpha-emitting radionuclides was determined by 
applying the 1 MeV photon conversion factor. Depending upon a number of factors, the 
extent of underestimation of the activity may be quite significant. In some cases, the alpha 
emitter may also emit gamma rays of relatively high energy. In other cascs, low energy 
gamma rays, x-rays, or beta particles are emitted. In most cases, the alpha-emitting 
radionuclides have radioactive daughters that may in turn decay by emission of measurable 
radiation. There is some level oE uncertainty in the degree of equilibrium that exists. If it 
can be assumed that a sufficient period of time has elapsed since production of the source 
to establish some degree of cquilibrium, the daughter’s photon emissions can bc used to 
estimate the source activity of the parent. If the daughter decays by beta emission, the 
ensuing bremsstrahlung photons can also be used. A significant limiting factor for the 
alpha emitters is the sensitivity of the portable survey instruments used to make the 
measurements as well as the background radiation present in many of the ORNL facilities. 
The typical ion chambcr has a sensitivity of 0.1 mRh. However, using this value along 
with the radionuclide’s true dose rate to curie conversion factor may result in calculated 

At small distances, waste containers do not behave like point sources; furthermore, 
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quantities of the radionuclide that are far from insignificant, given their relatively low 
concentration limits. In addition, the radiation background at many facilities is at the very 
least a few tenths of a millirad per hour, if not higher. At these values any waste package 
surveys taken within a facility may represent background levels, in which case there is not 
activity present in the package being surveyed. It is also quite possible that any low-level 
radiation measurements are not caused by the alpha emitter in the waste package but the 
insignificant levels of photon-emitting contaminants in the package. For all of these 
reasons, the actual activity of the alpha-emitting material calculated for this uncertainty 
analysis could then be significantly lower. The calculated most probable value assumes that 
the dose rate reported €or the package is entirely due to the alpha-emitting radionuclide; 
thus, the activity is quite conservative. 

Consideration of the significance of disposal of the calculated quantity of the 
radionuclide may also permit the application of some Yreasonableness” criterion to 
estimate the uncertainty of the calculated activity. The total activity of a transuranic 
(TRU) radionuclide calculated using its specific dose conversion factor may lead to an 
unreasonable activity (Le., one that is not physically possible). For the case of the TRU 
radionuclides, a limiting factor (ie., upper bound) was applied to the package such that, 
based upon the weight of the package contents, the total activity would not exceed 
10 nCi/g. This value is 10% of the limit of 100 nCi/g, above which waste must be classified 
as TRU waste and may not be disposed of in SWSA 6. The value of 10% was chosen 
instead of the limit itself because an evaluation of all wastes disposed of in SWSA 6 
showed that essentially all waste packages were well under the 100 nCi/g limit. In fact, 
almost all were under 10 nCi/g. The evaluation of wastes with TRU radionuclides disposed 
of after September 26, 1988, was performed using the data on forms UCN-2822 and 
UCN-16114 to calculate average concentrations of TRU radionuclides in waste packages 
containing TRU waste. All 32 waste packages containing TRU waste disposed of in 
IWMF were less than 10 nCi/g and only one package exceeded 1 nCi/g. All SO waste 
packages disposed of in Tumulus I and Tumulus I1 were less than 10 nCi/g with 10 
exceeding 1 nCi/g. All 14 waste packages disposed of in the high-range silos were less than 
10 nCi/g with 2 exceeding 1 nCi/g. Five of 81 packages in the low-range silos had TRU 
waste concentrations over 10 nCi/g with 64 packages less than 1 nCi/g. The use of 
10 nCi/g, then, is considered to be a conservative upper bound for TRU activities in 
ORNL LLW. 

For those cases in which the disposal activity of fissile materials is determined from 
form UCN-2681 the uncertainty would be rather low, especially relative to the other 
methods outlined above. In these cases, levels of activity are determined either directly or 
indirectly from analytical measurements of the source material and are known to be within 
the uncertainty of the measurement. 

Strontium-% (and its daughter 9) is a significant contributor to the SWSA 6 
inventory. This radionuclide emits only beta particles. However, the same 1 MeV photon 
conversion factor is used to determine its activity in waste packages, which significantly 
underestimates the activity of 90Sr. Fortuitously, ?Sr  (and its daughter q) does emit 
relatively high-energy beta particles so that enough bremsstrahlung photons are produced 
in many waste packages to allow a measurable dose rate from a package of pure ?3r. For 
the case of components contaminated with %Sr, the fraction of the incident beta energy 
converted into photons is only 2%. For other materials, the production of bremsstrahlung 
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photons in that material varies with the energy of the bcta particle and the atomic number 
of the absorber. The bremsstrahlung photons from %r will exhibit a continuous spectrum 
with the peak energy flux occurring around 0.15 MeV. A similar distribution but with a 
lower energy peak is produced for bremsstrahlung photons from radionuclides with lower 
energy beta particles. The dosc rate significance will vary as a function of the same 
parameters as mentioned in previous paragraphs with source and package playing an even 
greater role. Relative to a photon emitter such as 137Cs, the conversion factor for 90Sr in a 
metal can is 40 times lower, but it is some 50 times lower for ?3r  in a 55-gal drum. 
Compared to the 1 MeV photon emitter upon which the ORNL conversion factor is 
based, the 90Sr activity would be underestimated by even greater factors. A situation 
normally encountered is that in which the facility considers both 137Cs and 90Sr as the 
principal radionuclides and believes that each is present in equal quantities. Upon 
determining the curie content using the ORNL conversion factor, half of the total is  
assigned to each radionuclide. The error in this approach is that essentially all of the 
measured dose rate is due to the 137Cs, while little is due to the ?5r. The total activity 
calculated via the conversion factor should be attributed to 137Cs, but by dividing this 
activity in half, the facility introduces a factor of two undcrestirnation in both the 137Cs and 
%Sr activities. A fortuitous aspect of this assumption is that by assuming that 90Sr is 
present in equal quantities with 137Cs (as is assumed in almost all cases), the error in the 
90Sr activity is still much less than if 90Sr alone were present. 

In most cases, waste generators estimated the activity of certain very low energy, 
pure betaemitters (3H and 14C) by some means that they considered to be appropriate to 
the specific situation at hand (Le., they did not use the 1 MeV point source conversion 
factor). These estimates were taken as accurate but with some significant level of 
uncertainty. In some cases, however, activity for these radionuclides was calculated using 
the measured dose rates and the standard ORNL conversion factor. With the very low 
energy of the beta particle emitted, an appreciable quantity of the radionuclide is required 
to give any detectable dose rate due to bremsstrahlung. The degree of underestimation of 
the reported activity is certainly quite significant, but it is difficult to quantify. In these 
cases, the most probable value for the activity in this uncertainty analysis was estimated to 
be 50-1000 times greater than that reported. This order of magnitude correction was 
somewhat arbitrarily chosen but was empirically based upon the data available for the 
above-mentioned activities estimated for 3H and 14C. 

A25 Uncertainty Calculations for Activity Estimates 

A251 Dcteraninistic Model Calculations 

Calculations were performed using a deterministic model to compute the source 
activity and values for the low and high activity estimates. The results from the calculations 
were then used to check the reasonableness of the probabilistic model calculations, which 
are discussed in Sect. A2.5.2. The deterministic model is based upon the following 
equation: 
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where: 

A is the estimated source activity, 
D is the measured dose rate at distance x from the source, 
R is the expected dose rate per curie conversion factor for a material of density p at 
distance x from the source, and 
C is the distance correction factor for the error in the source-to-detector distance x. 

,... 

_... 

The parameter D is nothing more than the actual value of the dose rate 
measurement. R is the dose rate to curie conversion factor and is the most complex aspect 
of the calculation. It is radionuclide dependent and is a function of the type of radiation 
emitted in the decay; the source geometry, composition, and density; and the distance 
from the source to the point of the dose rate measurement. These dose rate to curie 
conversion factors have been used for all radionuclides of interest, including those that 
emit high or low energy gamma rays, x-rays, or beta particles (with the ensuing 
bremsstrahlung photons). This includes any radionuclides that have radioactive daughters 
that may emit such radiation, which is particularly important for some of the transuranics. 
The parameter C is one that has been added to account for the effect on the dose rate 
caused by an error in the source-to-detector distance. 

To describe the methodology used, a simple example calculation is provided. The 
basis for the assumptions made are pointed out as they appear in the calculation. The 
example calculation consists of a waste package (the 5-gal metal can) from Building 3525. 
The principal isotope is 6oCo. Although the dose rate used in the activity determination 
was 648 wh, the actual measured dose rate was 72 Rh, taken at approximately 1 m (3 ft) 
using a portable ion chamber. Facility personnel used an inverse square relationship to 
derive a 0.3-m (1-ft) dose rate of 648 R/h, which was used in the activity calculation with 
the standard 1 MeV photon conversion factor. Uncertainties are associated with the 
measured dose rate due to calibration tolerances and the energy dependence of the 
instrument response. The response of the standard ORNL ion chamber is fairly linear 
over a wide range of energies, hence the overall uncertainty attributed to the measured 
dose rate was assumed to be +lo%. 

For this example, shielding calculations were performed using a cylindrical source 
(for the metal can) of @Co with dimensions of 25 x 36 cm [lo x 14 in. (diameter x 
height)]. An iron shield of 0.06-cm (0.02-in.) thickness was included in the calculations to 
approximate the attenuation effects of the steel metal can wall. The source material 
density was varied from 0.5 g/cm3 to 2.0 g/cm3 in increments of 0.5 g/cm3. Since the density 
of iron is 7.86 g/cm3, a metal can filled completely with 2.0 g/cm3 density material 
corresponds to a metal can with 25% steel (iron) and 75% void space (this void space 
might contain a very small volume of low density material such as paper and plastic waste). 
The weight of such a can would be approximately 37 kg (100 lb). Since the reported 
weight for the waste packages ranged from 8 to 37 kg (20 to 100 lb), the use of 2.0 g/cm3 
as the upper bound for the average waste material density is appropriate. The lower 
bound for density of the waste material was 0.5 g/cm3, which translates to an 8-kg (20-lb) 
metal can completely filled with this material. This value is deemed to be reasonable in 
terms of a lower bound. The dose rate at a distance of 1 m (3 ft) was calculated for a 1 Ci 
source of mCo, which represents a dose rate to curie conversion factor for this distance as 
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a function of source density and geometry. At 1 m (3 ft), the dose rate for material 
densities of 0.5 g/cm3 and 2.0 g/cm3 ranged from approximately 1.4 to 1.0 R/h per curie, 
respectively . 

used above with a density of 1.0 glcm’. This calculation was done to examine the effect on 
the dose rate because of the uncertainty associated with the distance at which the 
measurement was obtained. For this example, an uncertainty of kO.3 m (1 ft) was 
considered to be reasonable, taking into consideration the manner in which the 
measurement was made. The calculations showed that the dose rate at a source-to- 
detector distance of 0.6 m (2 ft) was 2.5 times greater than the response obtained at 1 m 
(3 ft). Conversely, the dose rate response at 1.2 m (4 ft) was 0.6 times that obtained at 
1 m (3 ft). At these distances, the metal can approximates a point source reasonably well. 

While in the above example the dose rate was obtained with a portable ion 
chamber, many facilities use in-cell probes to obtain measurements of waste package dose 
rates. The uncertainty associated with these detectors is undoubtedly greater than that for 
the portable ion chamber, perhaps in the range of 525%. 

Dose rates as a function of distance were also calculated for the cylindrical source 

A25.1.1 Source Activity Estimate 

In the example above, a dose rate of 72 R/h was measured at a distance of 1 rn 
(3 ft). The source activity estimate is determined as follows: 

A = (72h.2) = 60 Ci , 

where: 

72 R/h is the measured dose rate at 1 m (3 ft), and 
1.2 R/h/Ci is the average dose rate per curie (for p = 0.5 and 2.0 g/cm3). 

Because the sourcc activity estimate is based upon the measurement at 1 m (3 Et), 
there is no distance correction factor (i.e.? C = 1.0). 

A2512 Low Activity Estimate 

In  order to estimate the lower bound of the activity, the values ofD and C should 
be minimized, while the activity should be maximized. Substituting into the above equation 
gives 

A = (64.W1.4) x 0.6 = 27.8 = 28 Ci , 

where: 

64.8 R/h is the lower bound of the measured dose rate at 1 m (3 ft) (72 - lo%), 
1.4 R/h/Ci is the dose rate per curie for p = 0.5 g/cm3, and 
0.6 is the distance correction factor for x = 1.2 m (4 ft). 
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k25.13 High Activity Estimate 

In order to estimate the upper bound of the activity, the values of D and C should 
be maximized, while the activity should be minimized. Substituting into the above equation 
gives : 

A = (79.2/1.0) x 2.5 = 198 = 200 Ci , 

where: 

79.2 Rk is the upper bound of the measured dose rate at 1 rn (3 ft) (72 f lo%), 
1.0 WhlCi is the dose rate per curie for p = 2.0 g/cm3, and 
2.5 is the distance correction factor forx = 0.6 m (2 ft). 

U . 1 . 4  Deterministic Model Conclusions 

As can be seen, this deterministic model gives an estimated activity of 60 Ci for 
in the waste package, with a range of 28-200 Ci. The activity as determined on form 
UCN-16114 for this package (using the ORNL 1 MeV photon conversion factor) was 
110 Ci. The activity estimate using the 6 C E n formula €or 6oCo (with a dose rate of 
648 R/h at 0.3 m (4 ft), 1.25 MeV energy and 2 photons per disintegration) is 43 Ci. 

source activity and range but do not allow for the independent variability of the 
uncertainties associated with the input parameters (e.g., the ion chamber dose rate 
response, the dose rate conversion factor associated with the waste material density, and 
the distance at which the measurement was taken). This approach gives the range of 
source activities that arepossible, but does not tell what is probable. 

The deterministic values for the calculated source activity provide the estimated 

A.2.5.2 Probabilistic Model Calculations 

The most probable source activity and its associated uncertainty for each 
radionuclide were calculated using Crystal Ball' by propagating the uncertain parameters 
through a model of the joint distribution to produce a distribution of activity predictions. 
Latin Hypercube Sampling was used as the numerical method for propagation. Normally, 
Crystal Ball uses Monte Carlo sampling, generating random numbers for a probability 
distribution over the entire range of possible values for that distribution. For this reason, a 
large number of trials is required to obtain results that approximate the true shape of the 
distribution. With Latin Hypercube sampling, an assumption's probability distribution is 
divided into intervals of equal probability. Crystal Ball then generates an assumption value 
for each interval according to the interval's probability distribution, Compared with 
conventional Monte Carlo sampling, Latin Hypercube sampling is more precise because 
the entire range of the distribution is sampled in a more even, consistent manner. 

'Decisioneering, Inc., Boulder, Cob. 
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To account for the uncertainties in the input parameters, a numerical method using 
Latin Hypercube Sampling was used to determine a probability distribution for the source 
activity. For the Building 3525 6oCo example, three input parameters [the measured dose 
rate at 1 m (3 ft), the dose rate per curie response at 1 m (3 ft), and the distance 
correction factor] were used. The uncertainties associated with these parameters were 
propagated. A normal distribution with a mean of 72 R k  and a standard deviation of 
2.4 R/h was used to describe the probability distribution for the measured dose rate. A 
uniform probability distribution with a range of 1.0-1.4 R/h/Ci was used for the dose rate 
per curie response. The distance probability distribution was described using a distance 
correction factor that was distributed normally with a mean of 0.914 m (3.00 ft) and a 
standard dcviation of 0.10 m (0.34 ft). 

A run with lo00 iterations was made for this example. This calculation allows for 
the determination of a 6oCo activity probability distribution with a most probable activity 
and an upper and lower bound value, each with an associated confidence interval. The 
most probable activity (Le., the mode of the calculated activity probability distribution) was 
54.4 Ci, with a range minimum at 95% confidence of 31.9 Ci and a range maximum at 
95% confidence of 92.1 Ci. The 495% confidence interval represents & 1.96 standard 
deviations about the mean of the calculated activity probability distribution. The 
deterministic model gave an estimated activity of @Co in the waste of 60 Ci with a range 
of 28-200 Ci. The activity as determined on form UCN-16114 for this package (using the 
ORNL 1 MeV photon conversion factor) was 110 Ci. 

Similar uncertainty analyses were performed for other radionuclides and source 
geometries. An additional uncertainty distribution was introduced into the calculation 
whenevcr it was assumed that a package contained equal quantities of two or more 
radionuclides. In most cases, this assumption was made for packages containing *37Cs and 
?3r. The uncertainty represents the extent to which the radionuclides are present in equal 
quantities. For most cases, the fraction of the total represcntcd by *37Cs was set equal to 
0.5, and was represented by a uniform probability fraction. The addition of this uncertainty 
results in a larger range in activity (from the minimum to the maximum activity estimates) 
than would be observed for each individual radionuclide. 

This probabilistic approach facilitates the estimation of source activity for packages 
of waste based upon the principal radionuclide(s) identified, the measured dose rate at the 
specified distance, the instrument used for the measurement, the dose rate pcr curie 
response for the specified distance (a function of source density and geometly), and, if 
present, the mixture of multiple radionuclides in a package. 

A 2 6  Shielding Calculations 

The dose rate response calculations were performed using MICROSHLD', a 
personal computer (PC) version of the ISOSHLD2 shielding code. The latter program 
uses point-kernel integration (with buildup) to calculate the radiation dose rate at a 
detector point for bremsstrahlung and decay gamma rays emitted by radioisotope sources. 

'Atlan-Tech, Inc., Roswell, Ga. 
*Radiation Shielding Information Center, CCC-79, Oak Ridge, Tenn. 
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For each waste package type considered, ISOSHLD uses information about the geometry 
of the problem, radioisotopes in the source, and the material composition of the source 
and shield regions to calculate the dose rate. The ISOSHLD code libraries contain the 
information used to calculate the dose rate and radiation spectra ( L e 7  attenuation 
coefficients, gamma ray decay energies and probabilities, maximum beta energies and 
probabilities, and buildup factor data). All the shielding calculations that were performed 
to determine the detector response to the waste packages in which the waste material was 
placed for disposal used a cylindrical source and, if appropriate, a cylindrical shield to 
account for the wall of the waste package. For the low activity waste, which was typically 
disposed of in small plastic bags, there would be no shield. 

A2.7 Results 

Tables k 1 3 - k 2 1  present the calculated radionuclide uncertainties for the asbestos 
silos, biological trenches, fissile wells, high-range silos, high-range wells, IWMF, low-range 
silos, Tumulus I, and Tumulus 11, respectively. These tables indicate the radionuclide of 
interest, inventory reported in the Solid Waste Information Management System (SWIMS) 
data base, most probable activity, minimum activity at the 95% confidence level, maximum 
activity at the 95% confidence level, and. an uncertainty weight. Information in Sect. k2.8 
is provided in order to supply information concerning particular details of the results of 
this uncertainty analysis for specific radionuclides in each disposal unit, including the basis 
for significant differences between the inventory reported in the SWIMS data base and 
the most probable activity. 

radionuclide of interest in each disposal unit. It represents an overall, subjective opinion 
that the "true" activity falls within the minimum and maximum activity values specified. A 
value near 1.0 indicates a high level of confidence, while a value near 0.0 represents a low 
level of confidence. This uncertainty weight has no statistical relationship to the actual 
uncertainty estimates provided in the table; as stated previously, the minimum and 
maximum activities are based upon an interval of f 1.96 standard deviations a b u t  the 
mean of the calculated activity probability distribution and thus represent a +95% 
confidence interval. The general criteria used to assign the uncertainty weights are as 
follows. For those radionuclides whose most probable activities are generally derived from 
an actual waste assay (e.g., fissile material accompanied by form UCN-2681) a weight of 
0.9 has been assigned. A weight of 0.8 has been allocated to those radionuclides that 
decay with emission of high energy gamma rays. For those radionuclides whose decay 
produces high energy beta particles or those whose dose rate to curie conversion factors 
are based upon a radioactive daughter that emits high energy gamma rays, a weight of 0.6 
is given. A weight of 0.4 has been allocated to those radionuclides that decay with 
emission of intermediate energy beta particles or those whose dose rate to curie 
conversion factors are based upon a radioactive daughter that emits low energy gamma 
rays or beta particles. Lastly, those radionucIides that emit very low energy beta particles 
have been given an uncertainty weight of 0.2. 

The uncertainty weight has been assigned to the most probable activity far each 

... 
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Talde A14. Radionuclide ~~certait3ty €or biological trenches 

Inventory reported Most probable Minimum activity Maximum activity Uncertainty 
in Table All activity 95% confidence limit 95% confidence limit weight 

Radionuclide Vi) (Ci) (Ci) (Ci> *1 

3H 1-80 x 10-4 9.00 x 10-3 9.00 x 10-4 9.00 x 0.2 

90Sr 1.04 x 1.81 x lo-' 1.31 x IO-' 2.32 x 10-1 0.6 

'37cs 2.25 x 10-3 2.2s x 10-3 1.78 x 2.98 x 10-3 0.8 



;P w 
P 

Table A15 Radionuclide uncertainty for k i l e  wells 

Inventory reported Most probable Minimum activity Maximum activity Uncertainty 
in Table A.10 activity 95% confidence limit 95% confidence limit weight 

Radionuclide (Ci) (Ci> (Ci> (a> W l  

'37cs 4.25 x 10' 3.85 x 10' 2.34 x 10' 5.38 x 10' 0.8 

9 J  8.75 x 10-4 8.75 x 10-4 7.88 x 10-4 9.63 x 10-4 0.9 

238U 4.83 x 10-3 4.83 x 4.35 x 10-3  5.31 x 10-3 0.9 



Table A16. Radionuclide uncertainty for high-range silos 

Inventory reported Most probable Minimum activity Maximum activity Uncertainty 
in Table A7 activity 95% confidence limit 95% confidence limit weight 

Radionuclide (Ci) (Ci) (Ci) (Ci) W l  

3H 1.00 x 10' 1.00 x 10' 5.00 x loo 1.50 x lo' 0.2 

l4C 4.11 x 4.00 x 2.00 x 6.00 x 0.2 

63Ni 830 x lo-' 2.74 x IO-' 2.63 x IO-' 5.64 x 0.6 

90Sr 2.31 x 10' 3.51 x 102 2.28 x lo2 6.03 x Id 0.6 

37cs 2.57 x 10' 2.34 x 10' 1.42 x 10' 3.27 x 10' 0.8 

ls2Eu 1.24 x 10' 5.94 x lo-' 3.73 x lo-' 8.78 x lo-' 0.8 

232Th 1.36 x 10-4 1.18 x 10-4 1.01 x 10-4 1.31 x 10-4 0.6 

u8U 9.96 x 1.10 x 9.71 x 1.24 x 0.4 

Z9Pu 1.01 x 10-3 1-50 x 1.50 x 6.57 x 0.4 



Table k17. Radionuclide uncertainty for high-range w e k  

Inventory reported Most probable Minimum activity Maximum activity Uncertainty 
in Table A.9 activity 95% confidence limit 95% confidence limit weight 

Radionuclide vi> (Ci> (Ci) (Ci) Wl 

@CO 2.15 x 103 5.59 x Id 4.45 x lo2 7.41 x ld 0.8 

90Sr 1.36 x 103 7.00 x Id 4.73 x Id 9.32 x ld 0.6 

99Tc 4.00 x lo-' 4.00 x IO-' 3.80 x 10-I 4.20 x lo-' 0.9 

137cs 1.40 x lo3 6.62 x Id 6.03 x 103 7.63 x ld 0.8 

"*ELI 1.12 x 103 5.36 x ld 3.37 x lo2 7.92 x ld 0.8 

IS4Eu 5.81 x lo2 1.90 x ld 1.19 x lo2 2.80 x Id 0.8 

22Th 7.50 x 10-3 7.50 x 6.75 x 10-3 8-25 x 10-3 0.6 

232n 3.70 x 10-5 3.70 x 10-5 3-33 x 10-5 4.07 x 10-5 0.6 



Table Al8. Radionuctide uncertainty for the Interim Waste Management Facility 
Inventory reported Most probable Minimum activity Maximum activity Uncertainty 

in Table A5 activity 95% confidence limit 95% confidence limit weight 
Radionuclide (Ci> ( a )  (Ci) w l  

'H 5.10 x 10" 5.10 x 10" 2.55 x 10" 7.65 x 10" 0.5 

3.07 x 

1.00 x 10-3 

8.50 x 10-3 

1.70 x 

3.48 x 10' 

3.40 x 10-4 

8.52 x 10' 

8.59 x lo-' 

6.00 x lo-' 

1.07 x 10-3 

2.71 x 10-3 

5.98 x 10-4 

2.21 x 10-4 

1.50 x 10-4 

1.54 x 10' 

1-66 x 10-4 

1.07 x 10' 

7.84 x 10-3 

3.13 x loo 

1.47 x 10-I 

5.39 x 10' 

2.92 x lo-' 

3.56 x 10-5 

9.26 x 

5.79 x 

4.65 x IO-' 

6.67 x 

2.61 x lo-' 

7.68 x 10' 

1.28 x 10-4 

8.25 x lo-* 

7.50 x 10-4 

8.28 x lo-' 

1.04 x lo-' 

4.28 x 10' 

2.32 x lo-' 

2.50 x 10-5 

9.26 x 10-3 

4.65 x 10-3 

4.30 x 

3.25 x 

7-87 x 10-4 

2.30 x 10' 

2.15 x lW4 

1.41 x 10' 

1.61 x lo-' 

6.82 x 10' 

1.98 x lo-' 

7.16 x 10' 

3.84 x lo-' 

4.13 x 10-5 

9.26 x 10-I 

7.95 x Io-2 

7.35 x 

2.48 x 

6.95 x 10-3 

0.2 

0.8 

0.4 

0.4 

0.6 

0.4 

0.8 

0.8 

0.6 

0.2 

0.4 

0.4 

0.4 

0.4 
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Table AB. RadionwLide uncertainty for Tumulus I 

Inventory reported Most probable Minimum activity Maximum activity Uncertainty 
in Table 113 activity 95% confidence limit 95% confidence limit weight 

Radionuclide (CO IC0 Vi) (a) W l  

'H 

l4C 

63Ni 

%r 

T C  

1 3 7 ~ ~  

''*ELI 

2 2 6 ~ ~  

252Th 

YJ 

238U 

"VU 

'4OpU 

Z 4 1 h  

2 4 3 h  

2.70 x 10' 

1.95 x 

2.02 x lo-' 

3.31 x 10' 

2.34 x 

1.40 x 10' 

4.85 x lo-' 

1.70 x IO-' 

1.66 x 10-4 

1.02 x 10-2 

2.28 x 10-3 

1.17 x 

6.88 x 

2.23 x 

2.21 x 10-3 

2.70 x 1@ 

9.76 x l@ 

9.68 x 

3.71 x 1@ 

3.69 x lo-' 

9.96 x l@ 

1.66 x lo-' 

4.19 x 10-4 

1.11 x lo-4 

9.81 x 

4.55 x 10-1 

9.03 x 

0 

8.27 x 

1.86 x 10-3 

1.35 x 100 

4.88 x 10' 

9.26 x 10-3 

9.82 x lo-' 

2.61 x lo-' 

7.90 x loo 

1.32 x lo-* 

3.28 x 10-4 

7.16 x 

9.81 x 10-3 

3.38 x lo-? 

9.03 x 10-3 

0 

8.27 x 

2.36 x 10-4 

4.05 x l@ 

1.46 x 10' 

1.99 x lo-* 

8.09 x 100 

5.00 x lo-' 

1.32 x lo1 

2.18 x lo-' 

5.57 x 10-4 

1.39 x 10-4 

9.81 x lo-* 

6.25 x 

8.70 x lo-' 

8 

8.27 x IO-' 

1.01 x 10-2 

0.2 

0.2 

0.6 

0.6 

0.6 

0.7 

0.9 

0.6 

0.6 

0.2 

0.4 

0.3 

8 

0.5 

0.5 
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Table A21. Radionuclide uncertaintv for Tumulus kI 

Inventory reported Most probable Minimum activity Maximum activity Uncertainty 
in Table A 4  activity 95% confidence limit 95% confidence limit weight 

Radionuclide (Ci> (Ci> (Ci) (Ci> 01 

3H 1.51 x 10' 1.61 x 10' 8.04 x lo-' 2.41 x 100 0.2 

l4c 4.24 x 10-3 2.12 x loo 1.06 x 10' 3.18 x 10' 0.2 

?+ 7.96 x 10' 3.29 x 10' 8.71 x lo-' 7.17 x 10' 0.6 

99TC 1.62 x 2.35 x 10-I 1.67 x 10-1 3.17 x lo-* 0.4 

137cs 1.29 x 10' 5.20 x 10' 4.12 x 10' 6.89 x 10' 0.8 

lS2Eu 2.08 x lo-' 7.08 x 5.62 x 9.30 x 0.7 

232Th 5.02 x 10-4 3.97 x 10-4 2.78 x 10-4  4.60 x 0.6 

233u 4.15 x 5.19 x 5.19 x 10-3 5.19 x lo-' 0.2 

u8U 1.14 x 10-3 7.33 x 10-3 5.56 x 10-3 9.90 x 10-3 0.4 

239Pu 1.06 x 5.21 x 5.21 x 10-3 5.21 x lo-' 0.4 

1.25 x 1.05 x 10-1 1.05 x 1.05 x 10' 0.4 2 4 1 h  



Inventow Data and Uncertaintv Analvsis 

A28 Radionuclide Uncertainty Details 

For each radionuclide of interest in each disposal unit, the general methodology 
used to determine the total most probable activity and associated uncertainty involved a 
two-phased approach. The first consisted of evaluating the source inventory of each 
disposai unit and selecting records for a sufficient number of waste packages to comprise a 
relatively large percentage of the total activity for each radionuclide of interest. Interviews 
with waste generators and evaluation of the data sheets (forms UCN-2822 and 16114) for 
these significant packages were conducted to ascertain (1) the method used by the 
generator to determine the activity for the package (e.g., 6 C E n, estimation, calculation, 
assay, etc.); (2) the physical form of thepackets within the package (e.g., 5-gal metal cans, 
small plastic bags, 55-gal drums, etc.); (3) the instrument used to perform the survey 
(portable ion chamber or in-cell probe); (4) the dose rate measured for the packets within 
the package; (5) the distance from the instrument to the packet; and (6) the generator's 
assumptions concerning packet contents (Le., whether or not the packet contained 
multiple radionuclides). Based upon the above information, the activity probability 
distribution was calculated and the most probable activity and associated minimum and 
maximvm activity (at the 95% confidence interval) were determined for each radionuclide 
of interest in these significant packages. 

For those packages for which the waste generators used the standard ORNL dose 
rate to curie conversion factor to estimate the activity of the principal isotope, the proper 
conversion factor was multiplied by the dose rate for the package to determine the most 
probable activity. The proper conversion factor is dependent upon items (Z), (3),  (51, and 
(6) and is obviously a function of the specific radionuclide. The conversion factors were 
normally calculated for a unit dose rate (1 Rh), and this had units of curiesl(R,/h). Similar 
factors were determined for the minimum and maximum activities so that, once the dose 
rate was ascertained, the three activity values were readily calculated. It should be noted 
that in the case of multiple radionuclides in the same packet, the dose factor of each was 
considered in the determination of the most probable activity. For the case of the 
significant radionuclides 137Cs and !%r, the dose rate measured for the package is 
essentially due only to the 137Cs. The 90Sr activity is then given by multiplying the 
measured dose rate by the 137Cs conversion factor. The same situation was also 
encountered for *921r and 99Tc, '=Ir and 63Ni, and 137Cs and 9qc. In each of these cases, 
the conversion factor €or the gamma emitter was used to estimate the activity of the beta 
emitters, In the case of high-range waste from Building 3517 (all 137@s and 90Sr), the dose 
factors were calculated specifically €or each waste package because the %-gal drums were 
surveyed at varying distances. In general, high-range waste was handled (and surveyed) in 
5-gal metal cans while low-range waste was placed in small plastic bags. 

For the case of TRU waste for which the standard ORNL dose factor had been 
used to calculate the activity, an upper limit was set to the package activity based upon the 
specific activity limit of 10 nCi/g for TRU waste in the disposal units. The calculation was 
made for each package based upon the net weight of the waste. Activity in the package 
was calculated using both the specific activity limit and the proper dose factor. The lower 
of the two calculated values was considered to be the most probable activity. In the 
specific activity calculation, minimum and maximum activities were calculated using values 
of 1 and 100 nCi/g, respectively. The upper bound of 100 nCi/g represents a quite 
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acceptable value for the maximum activity of a package. However, 1 nCi/g represents a 
conservative lower bound and was used primarily for expediency. It is quite likely that a 
large fraction (much greater than 5%) of the TRU waste packages contain less activity 
than this value. 

In most cases in which the generator assigned the package activity by some type of 
estimation other than the standard dose rate to curie conversion, the activity estimated by 
the generator was assumed to be the most probable activity and the minimum and 
maximum activities were calculated as &50% of the most probable activity. In most cases 
in which the ORNL conversion factor had been used to calculate thc activity of 3H or 14C, 
a significant correction was applied to estimate the most probable activity of these very 
low energy beta emitters. These correction values ranged from 50 to 500 depending upon 
the particular circumstances. In these cases, the minimum and maximum activity were 
again calculated as &50% of the most probable activity. If the activity reported by the 
generator was based upon an assay, the activity calculated by the generator was assumed 
to be the most probable activity with a minimum and maximum activity calculated at 
+_ 10% of the most probable activity. 

The end result for the first phase was the calculation of most probable activity and 
associated minimum and maximum activity for each package evaluated. The second phase 
to the approach accounted for the remaining activity. The total radionuclide activity 
reported in the packages that were evaluated in the first phase was subtracted from the 
total activity reported for the radionuclide in the disposal unit, giving the portion of the 
total reported activity yet unevaluated. For those radionuclides whose activity 
determination by the waste generator was likely to have been based upon the standard 
ORNL dose rate to curie conversion factor, the dose rate that was used in the calculation 
of activity was estimated by dividing the unevaluated activity by the standard dose rate to 
curie conversion factor. The resulting dose rate was then multiplied by the proper 
conversion factors for the radionuclide to determine the most probable activity, minimum 
activity, and maximum activity. A n  additional adjustment to the dose rate determination 
was necessary in those cases in which the generator assumed that multiple radionuclides 
were present in the package. This additional adjustment is an important consideration, 
particularly for the significant radionuclides 137Cs and %Sr. If the generator assumed that 
equal quantities of both radionuclides were present, he or  she would have divided the 
total activity (as determined by multiplying the measured dose rate by the ORNL dose 
rate to curie conversion factor) in half, assigning 50% to each radionuclide. To account €or 
this practice, the dose rate calculated by dividing the unevaluated activity by the standard 
dose rate to curie conversion factor was normally multiplied by a factor of 2. This 
correction was modified slightly in the case of the 137Cs activity. Based upon rcview of the 
reported disposal activities, %Sr was normally reported together with 137Cs. However, the 
converse was not true. 137Cs was just as likely to have been reported alone as it was 
together with %Sr. Therefore, for 137Cs, the activity reported with ?3r and without ?Sr  
were both determined. The additional correction factor of 2 was applied for that fraction 
of the 137Cs activity that was reported with "Sr. No additional correction factor was used 
for that fraction of the 137Cs activity that was not reported without %Sr. As an example of 
this correction, consider the case of the low-range silos. Here, 45% of the 137Cs activity is 
reported in conjunction with 9oSr, while 55% is not. The dose rate to be uscd in the 

A-42 



Inventorv Data and Uncertain@ Analvsis 

. 

calculation of the most probable activity for the radionuclide in question in “other 
packages” is then given by the following: 

Dose Rate = {Total Activity - Activity in Packages} x (0.45 x 2 + 0.55 x 1}/{0.17} ~ 

The determination of the proper methodology to be used in the most probable 
activity calculation (6 C E FZ, estimation, calculation, assay, etc.) was based upon that 
assumed to be appropriate for the unevaluated activity, as inferred through interviews with 
waste generators and the review of selected data sheets. This determination was specific to 
each radionuclide in each disposal unit. The methodology used for the remaining activity 
was, in some cases, different than that used in the calculation for the significant 
package(s). Once the proper method was selected, the assignment of uncertainties used to 
determine the minimum and maximum activity was identical to  those used for the selected 
packages in phase one. 

The total activity for each radionuclide in the disposal unit is given by the sum of 
the most probable activities for the significant package(s) and the remaining acrivity. A 
similar summation gives the minimum and maximum activity for each radionuclide in each 
disposal unit. 

radionuclide inventory reported in Tables k3-All and the calculated most probable 
activity, including the basis for significant differences. 

Table A22 provides specific information concerning the differences between the 

BRH (Bureau of Radiological Health) 1970. Radiological HeaIth Handbook, U.S. 
Department of Health Education, and Welfare; Rockville, Md., January. 
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Table A.22 Information concerning the differences between 
the reported radionuclide inventory and the calculated 

most probable activity 

Nuclide Pertinent information 

3H 
l4C 

63Ni 

%r 

99TC 

1 3 7 ~  

lS2EU 

226Ra 

239Pu 

240Pu 

"lAm 

2 4 3 h  

Tumulus I 
Assumed correct. Original activity had been estimated. 
Very significant error. Original activity was calculated with standard 
conversion factor. 

Good results. Although the nuclide is a beta emitter, it was 
assumed to be present with '"Ir. 
Good results. Although the nuclide is a beta emitter, it was 
assumed to be present with 137Cs. 
Significant error. Original activity was calculated with standard 
conversion factor. Proper conversion factor is high because the 
nuclide is a low energy beta emitter. 
Good results. Most 137Cs activity was reported without ?3r. 
Original results ovcrestimated activity. Nuclide is a high energy 
gamma emitter. 
Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 

Original results slightly overestimated activity. Daughters are high 
energy gamma emitters. 
Original results underestimated activity. Relatively minimal 
beta/gamma emission by daughters. Activity is bounded by 10 nCi/g. 
Original results underestimated activity. Relatively minimal 
beta/gamma emission by daughters. 
Original results underestimated activity. Low yield photon emission. 
Activity is bounded by 10 nCi/g. 
Activity in package 64624 was originally reported as 240Pu. Actual 
nuclide is assumed to be u9Pu; activity is included in that 
radionuclide's totals. 

Original results underestimated activity. Low yield photon emission. 
Activity is bounded by 10 nCi/g. 

Original results Overestimated activity due to bounding by 10 nCi/g. 
(Note: The mass of 241Am waste is much greater than that of 
243Am.) 
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Nuclide 

... 

Table k22 (continued) 

Pertinent information 

3H 
I 4 c  

g p r C  

3H 
l4C 

63Ni 

Tumulus ll 
Original activity had been estimated and is assumed to be correct. 
Very significant error. Original activity was calculated with 
standard conversion factor. 
Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with 137Cs. Package 900092 erroneously reported 
5.00 Ci. 
Significant error. Original activity was calculated with standard 
conversion factor. Proper conversion factor is high because the 
nuclide is a low energy beta emitter. 
Good results. Most 137Cs was reported without wSr. Package 
900092 erroneously reported 5.10 Ci. 
Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
Original results overestimated activity- Nuclide is a high energy 
gamma emitter. 

Original results slightly overestimated activity. Daughters are high 
energy gamma emitters. 
Original results underestimated activity. Relatively minimal 
beta/gamma emission by daughters. Activity is bounded by 10 
nCi/g. 
Original results underestimated activity. Relatively minimal 
beta/gamma emission by daughters. 

Original results underestimated activity. Low yield photon 
emission. Activity is bounded by f O  nCi/g. 

Original results underestimated activity. Low yield photon 
emission. Activity is bounded by 10 nCi/g. 

Original activity had been estimated and is assumed to be correct. 
Very significant error. Original was activity calculated with 
standard conversion factor. 

Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
Large error. Original activity calculated with standard conversion 
factor. Proper conversion factor is high because the nuclide is a 
pure beta (medium energy) emitter. 
Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with 19*Ir. 

Interim Waste Management Facility 
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Table A22 (continued) 

Nuclide Pertinent information 

90Sr Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with 137Cs. 

99TC 

1 3 7 ~  

lS2Eu 

232Th 
233u 

239Pu 

2 4 1 h  

243Am 

3H 

l4C 

g p r C  

1 3 7 ~  

3H 

90Sr 

1 3 7 ~  

Significant error. Original activity was calculated with standard 
conversion factor. Proper conversion factor is high because the 
nuclide is low energy beta emitter. 

Good results. Most 137Cs reported without gDSr. 
Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
Original results slightly overestimated activity. Daughters are high 
energy gamma emitters. 
Original results underestimated activity. Rclatively minimal 
beta/gamma emission by daughters. Activity is bounded by 10 
nCi/g. 
Original results underestimated activity. Relatively minimal 
beta/gamma emission by daughters. 
Original results underestimated activity. Low yield photon 
emission. Activity is bounded by 10 nCi/g. 
Original results underestimated activity. Low yield photon 
emission. 
Original results overestimated activity. Low yield photon emission. 

Very significant error. Original activity was calculated with 
standard conversion factor. 

Very significant error. Original activity was calculated with 
standard conversion factor. 
Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with 137Cs. 
Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with 137Cs. 
Good results. Most 137Cs was reported without %r. 

Original results Underestimated activity. Relatively minimal 
beta/gamma emission by daughters. 

Very significant error. Original activity was calculated with 
standard conversion factor. 
Significant error. Original activity was calculated with standard 
conversion factor. 90Sr was reported alone, not with 137Cs. 
Excellent results. Most 137Cs was reported with %Sr. 

Asbestos silos 

Biological trenches 
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... 

Table A22 (continued) 

Nuclide 

1 3 7 ~  

9 J  

3H 
l4C 
63Ni 

90Sr 

1 3 7 ~  

152Eu 

233u 

mPu 

239Pu 

6oco 

90Sr 

99TC 
1 3 7 ~  

Pertinent information 

Fmile we& 

Good results. Ail 137Cs was reported without %r. 
Original activity had been assayed and is assumed to be correct. 
Original activity had been assayed and is assumed to be correct. 

Original activity had been estimated and is assumed to be correct. 
Original activity had been estimated and is assumed to be correct. 
Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with Ig2Ir. 
Significant error. Original activity was calculated with standard 
conversion factor. A large fraction of 90Sr was reported alone, not 
with 137Cs. 
Good results. 
Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
Original results slightly overestimated activity. Daughters are high 
energy gamma emitters. 
Original results slightly underestimated activity. Relatively minimal 
betdgamma emission by daughters. 
Original results slightly underestimated activity. Relatively minimal 
beta/gamma emission by daughters. 
Original results underestimated activity. Low yield photon 
emission. Activity is bounded by 10 nCi/g. 

Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
Original results underestimated activity. Almost all waste came 
from Building 3517 and was surveyed in 55-gal drums. Although 
the nuclide is a beta emitter, it is assumed to be present with 

High-range silos 

High-range wells 

1 3 7 ~  

Original activity had been assayed and is assumed to be correct. 
Original results underestimated activity. Almost all waste came 
from Building 3517 and was surveyed in %-gal drums. Activity was 
split 5050 with ?3r. 
Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
Original results overestimated activity. Nuclide is a high energy 
gamma emitter. 
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Table A22 (continued) 

Nuclide Pertinent information 

22prh Original activity had been assayed and is assumed to be correct. 

Dm 

3H 
'"Be 

Original activity had been assayed and is assumed to be correct. 

Original activity had been estimated and is assumed to be correct. 
Error. Package 65288 contained a Ra-Be neutron source, which is 
composed of stable 9Be, not radioactive "Be. 

Low-range silos 

l4C Very significant error. Original activity was calculated with 
standard conversion factor. 

90Sr 

g p r C  

Good results. Although the nuclide is a beta emitter, it is assumed 
to be present with 137Cs. 
Significant error. Original activity was calculated with standard 
conversion factor. Proper conversion factor is high because the 
nuclide is a low energy beta emitter. 
Good results. 
Package 76028 contained natural thorium-contaminated soil. % 
is a uranium series daughter. Nuclide is assumed to be 232Th. 
Most of the original activity had been assayed and is assumed to 
be correct. Remaining results slightly overestimated activity. 
Daughters are high energy gamma emitters. 
Fortuitously good results due to bounding by 10 nCi/g. 
Original results underestimated activity. Relatively minimal 
beta/gamma emission by daughters. 
Original results underestimated activity. Low yield photon 
emission. Activity is bounded by 10 nCi/g. 
Original results underestimated activity. Low yield photon 
emission. 
Original results underestimated activity. Low yield photon 
emission. Activity is bounded by 10 nCi/g. 

D3u 

239Pu 

2 4 1 b  

2 4 3 b  
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B. DESCRIPTION OF THE SOUR(X1, !3OURCE2, AND 
FLO'WTHRUCOMPUTERPROGRAMS 

B.1 SOURCE1 AND SOURCE2 

The modeling methodology used in simulating the long-term performance of 
disposal units at SWSA 6 has been incorporated into two separate computer codes 
(Shuman, Chau, and Jennrich 1992). The SOURCE1 code models the performance of the 
tumulus disposal technology employed in the Tumulus I and Il facilities and the Interim 
Waste Management Facility. The SOURCE2 computer code models the performance of 
disposal silos, wells, multiple containment wells, and biological trenches. 

B-1-1 code Objectives 

The objective of developing the SOURCE computer codes is to provide a 
mechanism for modeling radionuclide release rates from the disposal units employed at the 
SWSA 6 low-level waste disposal facility. The disposal units incorporate a variety of 
engineered barriers in an attempt to better isolate the waste from the environment. 
Consequently, projecting patterns and rates of radionuclide release requires an 
understanding of the manner in which these engineered barriers perform over extended 
periods of time. 

Radionuclide release rates from the tumulus, silo, and well disposal units are largely 
a function of the integrity of the engineered barriers used in the construction of each. 
When intact, these barriers minimize contact of water with the waste, thereby minimizing 
releases of radionuclides from the disposal unit. As the barriers deteriorate over time and 
fail, water can more readily contact the waste, thereby accelerating releases to the 
environment. 

The SOURCE computer codes model the long-term performance of the engineered 
barriers used in the tumulus, silo, and well disposal units. Changes in the material 
properties of the barriers due to chemical and physical attack are modeled. The projected 
material properties are considered in structural and cracking analyses of the disposal units, 
performed to assess the ability of the disposal units to bear the loads placed upon them. 
As the ability to bear design Ioads is compromised and the structures fail, rates of 
percolation of water through the waste are adjusted. 

due to advection. Releases due to diffusion are also calculated by the SOURCE computer 
codes using the FLOWTHRU computer code (see Appendix B.2). Releases from the 
disposal units are partitioned into the quantity of contamination that migrates with the 

Rates of percolation of water through the waste are used to calculate release rates 
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lateral flow component of unsaturated flow at the site and that which is transported to, 
and discharged into, the site aquifer. 

B.13 System Requirements 

The SOURCE computer codes were written using the Microsoft FORTRAN 
Version 5.0 compiler. This software conforms to the American National Standard 
Programming Language FORTRAN 77, as described in the American National Standards 
Institute (ANSI) X3.9-1978 standard. 

disposal silos and wells to maximize flexibility while minimizing computing equipment 
requirements. Each code is designed to be used on an IBM-compatible personal computer. 
It is recommended that the codes be used on an 80386-grade computer equipped with a 
math coprocessor. 

Separate codes were developed for the tumulus technology and those employing 

B.1-4 Computer Code Design 

Each SOURCE computer code consists of the main program, 17 to 19 subroutines, 
and three functions. The code hierarchy of the SOURCE1 and SOURCE2 code is 
illustrated in Figs. B.1 and B.2, respectively. A brief description of the function(s) 
performed by the program modules is provided in Table B.1. The logic flow of the two 
computer codes is similar and is summarized in Fig. B.3. Input data describing the disposal 
site and features of the disposal unit under consideration are read in and used to calculate 
additional quantities necessary to conduct a simulation. A structural analysis of the 
disposal unit is conducted to establish the moments and forces placed on the various 
structural components. 

Following the structural analysis, the computer codes enter an annual loop in which 
chemical and physical deterioration of the concrete and steel barriers used in the disposal 
unit are modeled. Properties of the structural members of the facility are updated to 
reflect this degradation and are used in cracking analyses of the roof, wall(s), and floor of 
the disposal unit to assess the structure’s ability to bear the loads placed upon it. As the 
engineercd structure is weakcned by chemical and physical attack, a point is reached at 
which the structure is no longer able to bear the loads placed upon it. Under these 
conditions, the engineered barriers will crack or otherwise fail. As failure occurs, the 
amount of water contacting the wastes, and leaching radionuclides from these wastes, 
increases. Rates of water percolation through the waste and increased rates of release are 
updated to reflect this phenomenon. 

simulation. Rates of corrosion of metal engineered components are provided at the same 
user-specified intervals for disposal units incorporating these barriers. Crack characteristics 
of the concrete structural components are provided as these components deteriorate and 
fail with time. Separate output files containing annual radionuclide release rates are 
generated for the lateral and vertical components of unsaturated flow. A detailed 
illustration of the logic flow used in the SOURCE computer codes to model the 
degradation of engineered barriers and their eventual failure is provided in Fig. B.4. The 
simulation begins with the structural analysis of the disposal unit. Shear forces, bending 

Rates of concrete deterioration are provided at user-specified intervals during the 
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Fig. B.1.. SOURCE1 d e  hierarchy for modeling tumults disposal units. 
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I SOURCE2) 

ORNL-DWG 94-5972 
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I I 1 
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Fig. B 2  SOURCE2 code hierarchy for modcling disposal silos and wells. 
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Table B.1. SOURCE pr9gram d u l e  description 

Module Purpose 

... 

SOURCE 

CAOH 

CONCRETE 

CORRODE 

CCRACK 

INPUT 

FCRACK 

FLOOR 

FLOTHRU 

LEACH 

MAXLCH 

OUTPUT 

ROOF 

SARl 
sAR2 

SFE 

SRF 

SULFATE 

SWL, 

WALL 

WFL 

WRF 

WWL 

Main program; coordinates subroutine calls 

Calculates changes in concrete member strength and pH due 
to leaching of calcium hydroxide 

Coordinates calls to concrete degradation subroutines 

Calculates initiation and propagation of corrosion of steel 
reinforcement 

Performs cracking analysis for cracking due to corrosion 

Reads input data file and performs preliminary calculations 

Calculates number of casks that have undergone cracking 

Performs cracking analysis for cask floor 

Calculates radionuclide releases due to diffusion 

Coordinates leaching calculations and calculates radionuclide 
releases due to advection 

Calculates solubility limits on radionuclide leaching 

Prints summary of concrete degradation and cracking analyses 
and radionuclide release rates 

Performs cracking analysis for cask roof 

Performs structural analysis for cask roof, walls, and floor 

Performs structural analysis for silo and well roof, wall, and 
floor 

Performs cracking analysis for silo floor 

Performs cracking analysis for silo roof 

Calculates change in concrete member thickness due to 
sulfate attack 

Performs cracking analysis for silo wall 

Performs cracking analysis for cask walls 

Performs cracking analysis for well fluor 

Performs cracking analysis for well roof 

Performs cracking analysis for well wall 
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Fig. B.3. Logic flow in the SOURCE computer d e s .  
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Fig. B.4- Logic flow in concrete degradation and cracking subroutines. 
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moments, axial forces, and compressive forces are calculated, as appropriate, for each 
structural component of the disposal unit. 

The deterioration of the concrete barriers is modeled with respect to the removal of 
calcium hydroxide from the cement matrix, surface attack from sulfate ions, and corrosion 
of steel reinforcement. Concrete component properties-including strength, thickness, and 
pH-are updated to reflect projected rates of deterioration by these mechanisms. Failure 
rates of iron and steel liners and boxes are determined as appropriate. 

occurred. The cracking moment, cracking shear, ultimate strength, and stability force are 
calculated for the roof, wall(s), and floor and compared to the moments and forces 
calculated in the structural analysis. If the calculated moments and shears exceed the 
cracking moments and shear forces, the structural member is projected to crack. Fracture 
charaeteristics-including depth, spacing, and width-are calculated with the onset of 
cracking. Cracking or spalling of concrete members of the disposal unit may result because 
of corrosion of the steel reinforcement. In the event of cracking, fracture characteristics 
are calculated. In the event that spalling of the concrete surface occurs, concrete member 
thicknesses are updated. 

while the cracking analysis is conducted until the disposal unit has failed. Failure is judged 
in terms of the disposal unit’s ability to isolate the waste from water percolating through 
the disposal site. When the disposal unit is no longer hydraulically intact, the engineered 
barriers are assumed to confer no benefit. 

The cracking analysis is performed if hydraulic failure of the disposal unit has not 

The concrete deterioration analysis is performed for each year of the simulation, 

B.15 Conceptual and Mathematical Modeling Methodology 

The conceptual and mathematical modeling methodology used in the SOURCE 
computer codes is discussed below. This discussion considers the approaches taken in 
(1) modeling concrete degradation, (2) performing the structural and cracking analyses for 
the disposal units, (3) partitioning water through the disposal facility, and (4) modeling 
advective and diffusive releases of waste radionuclides. 

B. 15.1 Concrete Deg;radation Modeling 

Modes of concrete degradation are considered in terms of surface and bulk attack 
mechanisms. Surface attack mechanisms are initiated at the surface of the concrete 
component and progress inward over time. Bulk attack mechanisms modify the properties 
of the entire concrete component uniformly. Sulfate attack is generally considered the 
most significant surface attack mechanism in the context of waste repositories (Atkinson 
and Hearne 1984). In areas characterized by cold winters, freeze-thaw cycling may also 
represent a serious threat to concrete in disposal facilities. In terms of bulk attack 
processes, the most notable degradation processes are likely to be calcium hydroxide 
leaching and alkali-aggregate attack. Corrosion of reinforced steel may also undermine the 
ability of engineered disposal units to isolate waste therein from the environment. This 
process differs from the surface and bulk attack processes noted above in that it does not 
directly alter the properties of the concrete. The models used in simulating the 
degradation oE concrete due to chemical and physical attack are discussed below. The 
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deterioration processes considered in the SOURCE computer codes include sulfate attack, 
calcium hydroxide leaching, and corrosion of steel reinforcement. 

B.15.1.1 Sulfate Attack 

Sulfate attack generally manifests itself in the form of expansion and, ultimately, 
cracking of concrete. It may also result in a progressive loss of strength and mass due to 
deterioration in the cohesiveness of the cement hydration products. 

(Atkinson and Hearne 1990): 
Three steps are recognized in the deterioration of concrete due to sulfate attack 

1. 
2. 

3. 

Sulfate ions from the environment penetrate the concrete, usually by diffusion. 
Sulfate ions react expansively with certain aluminum-containing phases in the 
concrete. 
The resulting internal expansion causes stress, cracking, and exfoliation of the 
concrete surface. 

These aspects of the degradation process are incorporated into the sulfate attack model 
used in the SOURCE computer codes. 

The sulfate attack model is based on the work of Atkinson and Hearne (1990). In 
this model, the reaction zone is assumed to spa11 out when it reaches a critical thickness, 
given by 

reaction zone thickness at which spalling occurs (m), 

roughness factor for fracture path, 

fracture surface energy of concrete (J/m2), 

Poisson’s ratio for concrete, 

Young’s modulus (Pa), 

linear strain caused by a mole of sulfate reacted in 1 m3, 

concentration of sulfate as ettringite (moI/m3). 
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This critical thickness is achieved at a time 

Basec 

time at which spalling occurs (s), 

intrinsic diffusivity (m2/s), 

groundwater sulfate concentration (mol/m3). 

) and (B.2), the rate of degradation is defined as 

EO2 co Ce Di 
R =  

a-Y (1-CL,) 
7 

where R is the degradation rate (m/s). As sulfate attack progresses into the concrete 
member, it is assumed that the affected layers spa11 off, effectively reducing the thickness 
of the concrete member. 

It is necessary to use an iterative method to determine the concentration of sulfate 
as ettringite, C,, and the degradation rate due to sulfate attack. The starting approximation 
for C, is calculated assuming complete reaction in the reacted zone (Atkinson and Hearne 
1990). Zero-order values of the Xspall, tspal,, and R are calculated on this basis; and fspal, is 
compared to the time required for the reaction to go to completion. If tspal, is not great 
enough to permit complete reaction, tspa,). and C, are iterated to self-consistency. 

B.1.5.12 Calcium Hydroxide Leaching 

Leaching of calcium hydroxide [Ca(OH)d results in a loss of strength in the 
concrete as well as a lowering of the pH of the material. A loss of strength will affect the 
ability of the concrete structure to withstand the loads placed upon it. Declines in the pH 
of the concrete may lead to depassivation of the steel reinforcement, thereby promoting 
corrosion of the steel. 

Ca(OH), may be leached from the concrete through diffusion and advection. The 
loss of Ca(OH), from concrete members due to diffusion is calculated by solving the 
following equation: 
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where 

fi = fraction of Ca(OH), remaining in concrete member, 

f = time (s), 

DY = effective di€€usivity of Ca(OH), in concrete (m2/s), 

Y = distance to edge of concrete member from centerline (m). 

The boundary conditions that apply are 

W = 0 for lyl  > - 
2 ’  

where Wis the width in meters of the concrete member. 

The equation forf, is given by 

. .... . 

(y - W/2)Rf 
+ - 0.5 erf J = 0.5 erf 

2(Dy tr5 2(DY t)”.’ 9 

(13.4) 

(13.5) 

(13.6) 

where Rf is the retardation factor. 

upon the nature of the groundwater. 11: the groundwater is saturated or supersaturated 
with calcium carbonate, no dissolution of Ca(OH), will occur. Groundwater that is not 
saturated with calcium carbonate may leach Ca(OH), as it passes through the concrete. 

Langelier (1936) has developed the calcium carbonate saturation, or Langelier, 
index as a means of characterizing the degree of calcium carbonate saturation of 
groundwater. The index takes into account the effect of temperature, total dissolved solids, 
total alkalinity, pH, and calcium content on the saturation characteristics of the 
groundwater. A negative value for the Langelier index denotes a groundwater that is not 
saturated with calcium carbonate @e., one capable of leaching Ca(OH), from concrete]. 
Index values equal to or greater than zero indicate calcium carbonate saturation. 

The potential for leaching of Ca(OH), through advective mechanisms will depend 
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Data taken from Langelier (1936) are used in a regression to estimate the 
saturation index as a function of the total dissolved solids and temperature of the 
groundwater. When predicted values of the index are positive, losses of Ca(OH), are 
modeled to occur as a result oE diffusion alone. When the groundwater is not saturated 
with calcium carbonate (i.eo, the Langelier index is negative), advective leaching of 
Ca(OH), is calculated using the following formula based on Atkinson (1985): 

where 

CUI = groundwater release rate of Ca(OH), (year-'), 

I = percolation rate through cask (*ear), 

c a p  = Ca(OH), concentration in concrete pore solution (mol/L), 

c, = concrete member thickness (m), 

Cac = Ca(OH), concentration in concrete (mol/L). 

The presence of other ions in the groundwater may influence the rate at which 
Ca(OH), is leached from the concrete. Atkinson (1985) reports that magnesium and 
carbonate are among the species most likely to speed the loss of Ca(OH),. The effect of 
thcsc species is modeled using Eq. (B.7), replacing the pore solution concentration of 
Ca(OH), Cup, with the sum of this concentration and the groundwater concentrations of 
magnesium and carbonates. 

advection are summed to determine the total amount of the constituent leached from the 
concrctc. The concentration of Ca(OH), in the concrete is adjusted downward to reflect 
these losses. All Ca(OH), leached from the concrete is assumed to be drawn from the 
calcium-silicate-hydrate (C-S-H) system of the concrete. The calcium incorporated into the 
relatively less soluble phases of the concrete is not considered. 

Changes in the pH of concrete as a result of the loss of Ca(OH), have been well 
documented (Atkinson 1985). The pH of the concrete is maintained at levels greater than 
approximately 12.5 in the presence of alkalis, NaOH and KOH. As these highly soluble 
species are lost due to leaching, the pH declines until it reaches 12.5, at which point the 
pH of the concrete is controlled primarily by the Ca(OH), content of the concrete. 

Changes in the pH of the concrete are modeled as alkalis and Ca(OH), are leached 
from the concrete. Based on the data of Greenberg and Chang (1965), the pH is modeled 
to decline linearly from the initial pH of the concrete, as specified by the user, to 12.5 in 
direct proportion to the reduction in NaOH and KOH in the concrete. The rates of loss 

The quantities of Ca(OH), lost from the concrete member due to diffusion and 
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___.. 

of these species due to leaching by diffusion and advection are calculated using Eqs. (B.6) 
and (B.7), respectively. 

Following the complete loss of NaOH and KOH from the concrete, changes in the 
pH of the concrete are modeled as a function of the Ca(OH), content. Using data from 
the work of Greenberg and Chang (1%5), concrete pH was regressed on the Ca: Si ratio 
of the material. As Ca(OH), is leached from the concrete, the Ca:Si ratio is updated, and 
the pH of the concrete is estimated using this regression. 

In addition to the pH effects noted, the loss of Ca(OH), will also result in a 
reduction in the strength of the concrete. The loss in strength has been estimated to be 
approximately 1.5% for every 1.0% of the Ca(OH), leached from the concrete (Lea 
1970). On the basis of this relationship, the compressive strengths of the concrete 
members are updated to reflect losses of Ca(OH), 

B.15.13 Corrosion of Steel Reinforcement 

The damage to concrete resulting from the corrosion of steel reinforcement 
manifests itself in expansion, cracking, and spalling of the concrete member. The 
reinforced concrete member may suffer structural damage due to loss of the bond between 
the steel and concrete, as well as the loss of reinforcement cross-sectional area 

Steel reinforcement is generally made passive because of the alkalinity of the liquid 
phase in the concrete pores and, hence, does not undergo corrosion. This passive layer 
may be destroyed through a direct lowering of the pH of the concrete via carbonation or 
chloride ion penetration to the steel. Both mechanisms of depassivation are considered in 
the SOURCE computer codes. 

Carbonation of the concrete occurs because of the diffusion of carbon dioxide into 
the material. The depth of carbonation is given by 

X = k , 

where 

X = depth of carbonation (m), 

k = carbonation coefficient (m2/s), 

t = time (s). 

Upon solving for k, the depth of penetration of the carbonation front into the concrete 
can be determined for any specified time. 

Tuutti (1982): 
The carbonation coefficient is calculated using the following formula based on 
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where 
c x  

= 

= 

= 

= 

concentration of CO, bound in concrete (molb), 

CO, concentration at surface of concrete (mol,%), 

CO, concentration ahead of carbonation front (mol/L), 

diffusion coefficient of CO, in concrete (m2/s), 

function. - - 

The function g - DCo2 is given by [ ; 0.5 J 

Eqs. (B.9) and (B.lO) are combined to arrive at a solution for k, the carbonation 
coefficient. If it is assumed that the concentration of carbon dioxide ahead of the 
carbonation front is zero, this solution can be simplified to yield 

A portion of the carbon dioxide diffusing into the concrete is bound by concrete 
constituents and does not penctrate to the steel reinforcement. This bound carbon dioxide 
plays no role in depassivation. The amount of carbon dioxide bound in the concrete is set 
equal to amount ol hydrated lime in the concrete (Tuutti 1982). The quantity oE hydrated 
lime is calculated as the product of the CaO content in the concrete and the degree of 
hydration. The degree of hydration, estimated on the basis of the water-cement ratio for 
Portland cements (Tuutti 1982), is given by 
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where Hf is the fraction of hydrated CaO and WCR is the water-cement ratio. 
Given the carbonation coefficient, k, the depth of carbonation is calculated using 

Eq. (B.8). This solution assumes that the carbonation front is discontinuous. At that time 
when the front has penetrated to the depth of the steel reinforcement, depassivation of 
the steel is assumed to occur, and corrosion is initiated. 

Steel reinforcement may also be depassivated as a result of the penetration of 
chloride ions to the steel surface. Using a standard solution to FicYs first law of diffusion, 
the chloride ion concentration at the steel is calculated as 

where 
CLS = chloride ion concentration at steel reinforcement (mom,), 

CL; = initial chloride ion concentration in concrete (mol/L), 

CL*, = chloride ion concentration in groundwater (mol/L), 

c c  = concrete cover thickness (m), 

Da = effective diffusivity of chloride in concrete (m2/s), 

t = time (s). 

The concentration of chloride ions at the steel reinforcement required to 
depassivate the steel has been considered by numerous investigators. Hausmann (1967) 
found that the pH of the concrete had an effect on the level of chloride ions required to 
initiate corrosion. In studies carried out using NaOH and Ca(OH), solutions, it was found 
that a chloride ion to hydroxide ion concentration ratio of 0.61 was sufficient to 
depassivate the steel. 

assumed to result in depassivation of the steel. The hydroxide ion concentration used in 
calculating this ratio is determined using the modeled concrete pH. As discussed in 
Sect. B.1.5.1.2, the pH of the concrete changes with time as NaOH, KOH, and Ca(OH), 
are leached from the material. 

penetration, corrosion is modeled to occur at a rate determined by the rate of diffusion of 

Using the results of Hausmann, a chloride ion to hydroxide ion ratio of 0.61 is 

Upon depassivation of the steel reinforcement by either carbonation or chloride 
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oxygen to the steel. The molar flow of oxygen to the surface of the steel reinforcement is 
modeled using Fick’s first law of diffusion, 

where 
Jo = oxygen flux at the steel reinforcement (g/s), 

DO = effective diffusivity of oxygen through concrete (cm2/s), 

A = surface area over which oxygen diffuses to the reinforcement (cm2), 

4 0 2 1  = dissolved oxygen concentration gradient (g/cm4). 
dx 

The rate of oxygen consumption by the corrosion reaction is assumed to be greater than 
the rate of oxygen diffusion to the reaction surface. Under these conditions, the corrosion 
rate is limited by the flux of oxygen at the steel reinforcement. 

The use of epoxy-coated steel reinforcement may delay the onset of corrosion by 
isolating the steel from aggressive ions and oxygen. The coating is not assumed to delay 
the time of depassivation of the reinforcement. Upon depassivation, however, the coating 
is assumed to prevent corrosion as long as it remains intact. The effectiveness of epoxy 
coating on steel reinforcement is modeled using a linear failure function. Using the time at 
which failure of the coating begins and the time required for all epoxy coating to fail, a 
fraction of the reinforcement coating that has failed is calculated. This failure fraction is 
used to adjust the projected rate of corrosion downward. 

Corrosion of components other than steel reinforcement will also affect the 
long-term performance of the disposal units at SWSA 6. Specifically, the metal boxes 
placed inside disposal casks, the corrugated steel liners used in the construction of disposal 
silos, and the cast iron pipes used in well construction will all eventually fail due to 
corrosion. Corrosion of steel and iron barriers used in the tumulus, silo, and well disposal 
technologics is considered in the SOURCE computer coda. Failure rates of these barriers 
are modeled using linear failure functions. The user specifies the time at which corrosion 
of the metal component begins and the number of years required, following this time, for 
the member to fail completely. Using these data, a failure fraction is calculated for each 
year of thc simulation. 

B.1.5.2 Concrete Structural and Cracking Analyses 

The structural and cracking analyses serve two distinct purposes in modeling the 
long-term performance of the SWSA 6 disposal units. The structural analysis considers the 
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loads placed on the disposal unit to determine the bending moments, shears, axial 
tensions, and compressive forces placed on the various structural components. Because 
these loads vary with the structural component under consideration, this analysis is carried 
out for the roof, wall(s), and floor of each disposal unit. 

loads placed upon it. Bending moments, shears, axial tensions, and compressive forces 
calculated as part of the structural analysis are compared to loads and forces at which 
structural failure will occur to determine the structural integrity of the disposal unit.. The 
cracking analysis must account for the changes in concrete properties projected to occur 
due to physical and chemical attack. Therefore, it is conducted for each year of the 
simulation or until hydraulic failure of the disposal unit is complete. 

disposal unit. While the disposal silos and wells share a number of common features, both 
of these technologies differ significantly from the tumulus technology. Consequently, the 
following discussion considers the tumulus technology separately from that of silos and 
wells. 

The models used in the structuraf and cracking analyses are generally applicable to 
performance analysis of concrete, steel, and iron structural components. However, the 
manner in which some of these models are applied is specific to the disposal technologies 
in use at SWSA 6. Consequently, general application of the SOURCE computer codes to 
other disposal configurations requires extreme caution. 

B.15.2.1 Tumutus Technology 

The cracking analysis is concerned with the ability of the disposal unit to bear the 

The structural and cracking analyses must address the structural features of each 

The long-term performance of the tumulus disposal unit is a function of the 
performance of the individual casks of which it is composed. The structural and cracking 
analyses performed to model the behavior oE these casks are discussed in Sects, B.1.5.2.1.1 
and B.l.5.2.1.2, respectively. 

B.1521.1 Structural analysis 

Each structural component of the casks has unique loading conditions placed upon 
it. Thus, separate structural analyses are conducted for the roof or lid, walls, and floor of 
the casks. These analyses are described below. 

Cask roo€ The roof is analyzed structurally as a simply supported, or hinged, slab. 
The uniform load on the roof of a cask in layer i of the tumulus disposal unit is calculated 
as 

where 

q r  = uniform load on cask roof in layer i (1b/h2), 

(BSS) 
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S = soil cover thickness over tumulus (in.), 

P S  = density of soil cover (lb/in.3), 

hr = roof thickness (in.), 

= density of reinforced concrete (lb/in?), 
P C  

h w  = waste thickness (in.), 

P w  = density of waste (lb/in.3), 

5 = floor thickness (in.). 

Thermal loads on the casks are not considered because the insulating properties of the 
cover material minimize thermal gradients across the concrete structural components. 

given by 
The deflection of the simply supported rectangular roof due to the uniform load is 

where 

W(x,y) = deflection of roof at location (xy) (in.), 

a = width of waste cell (in.), 

b = length of waste cell (in.), 

m , n  = 1,3,5 , . . . )  

Dr = flexural rigidity of the roof ( b i n 2 ) ,  

Wr = width of roof in (xy) direction (in.). 
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The flexural rigidity of the roof is calculated using 

where E, is the modulus of elasticity of concrete (lb/h2) and pe is Poisson's ratio of 
concrete. Based on Eqs. (B.16) and (B.17), the bending moments due to uniform loading 
as a function of location on the roof are calculated as 

where 

M; = bending moment due to uniform loading in the x direction parallel 
to width of roof (b id in . ) ,  

= bending moment due to uniform loading in the y direction parallel 
to length of roof (lb-inhn.). 

MY 

Uniform loads on the cask roof result in shear forces upon that component as well. 
These forces are calculated as 
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c o c o  

16h3 cos(rnnx/u) * sin(n?ry/b) 
m = l  n-1 

Q, = 

where Q, and Q,, represent the shear force due to uniform loading in the x and y direction, 
respectively (lbb.). 

Cask walls. The cask walls are subject to vertical, or uniform, loads and hydrostatic 
pressures. The uniform loads are due to the weight of the roof and walls and are 
calculated for a cask in layer i of the tumulus disposal unit using 

where q, is the uniform load on the cask wall in layer i (lb/in.2) andf, is the friction angle 
of soil backfill around tumulus (deg.). 

soil backfill and the waste or grout inside the cask. This load is calculated as 
Hydrostatic pressures on the cask walls result from lateral soil pressures from the 

where P is the maximum hydrostatic pressure (lb/in?) andf, is the friction angle of waste 

Bending moment calculations for the cask walls must account for the uniform loads 
and hydrostatic pressures on the structural components. Bending moments due to the 
uniform load are calculated using Eqs. (B.18) and (B.19), substituting the uniform load on 
the wall for the uniform load on the roof and changing roof dimensions to those of the 
wall. Bending moments due to hydrostatic pressures are calculated using 

(de&)- 
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+ ( l - p c p m  [ F ]  ysinh [ F]} sin [ y] 

The quantities A,,, and 23, are given by 

(2 + a,,, tanh q,,)(-l)m+l 
d m 5  cosh am 

Am = - 

(-1)""l Bm = 
7r5m5 cash a,,, ' (s-27) 

where am = (mxb /b ) .  
Bending moments calculated for the uniform load and hydrostatic pressure on the 

wall are summed to arrive at the final bending moments for the wall as a function of 
location. The calculations of the bending moments are repeated for each wall geometry 
comprising the disposal cask. 

Shear forces due to hydrostatic pressures on the cask walls are calculated as 

m 

Q, = P a  E (mx)  
m-I 

CD 

rzy = -2P a ( m ~ y ) ~  Bmsinh 
m = l  

Shear forces due to uniform and hydrostatic loads are summed for each wall location. 
Calculations of shear forces are performed for each wall geometry comprising the cask. 
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The walls of the casks are subject to compressive forces due to the roof reaction 
and the weight of the walls. This force, calculated as a function of height on the wall, is 
given by 

where 

F W  
= compressive force on cask wall at height z (lbhn.), 

RtY = roof reaction in y direction at height z (Ibhn.), 

hwl = thickness of wall (in.). 

Cask floor. The floor of a given cask must bear loads from the walls, including the 
wall weight and loads transmitted to the walls from the roof, and loads from the waste 
within the cask. Based on the floor geometry illustrated in Fig. B.5, the bending moments 
in the region x (or y) 5 a of the beam subjected to a concentrated force and moment are 
calculated as 

where 

M x  

px 

Ilpr = trigonometric Iunction, 

Ax - - (Wf/4Dfi) o,z (in.-'), 

k = modulus of the subgrade reaction (Ib/h3), 

wf 

= 

= 

bending moment in x direction parallel to width of floor (lb-in./in.), 

applied concentrated load due to wall in x direction (Ibh.), 

= width of floor (in.), 
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= 

= 

= 

flexural rigidity of floor (ib-in.’), 

bending moment in y direction parallel to length of floor (lb-in./in.), 

applied concentrated load due to wall in y direction (lb), 

Dpc 

MY 

PY 

Ilf?Y = trigonometric function, 

s - - (kwf/4D,4 o.25 (in--’), 

= length of floor (in.). I ,  

Applied moments due to the wall are not considered in the bending moment calculations, 
as the assumption is that the floor and walls are hinged, 

ORNL-DWG 94-5975 

Fig. B.5, Schematic diagram of floor geometry used in the calculation of bending 
moments. 

... 
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The concentrated load on the floor, Px or Py, is calculated as a function of location 
using 

The flexural rigidity of the floor is calculated using Eq. (B.17). To calculate the quantity 
Dp the thickness and width of the floor are substituted for h, and w, respectively. The 
thickness and length of the floor are substituted for h, and w, respectively, to calculate 

The parameters Ilm are complex trigonometric functions of X, +,,, and the geometry 
Dfi 

of the structural member. They are given by 

I lp  = 2 sinh(Axx) sin(Axx) [sinh(Xxwf) cos(Ap) cosh(Axc) 

- sin(Axwf) cosh(Axa) cos(\c)] - [sinh(+) cos(A2) 

- cosh(Axu) sin(Axc)]) 

Ilpy = 2 sinh(Ay) sin@?) [sinh(\$) cos(\u) cosh(A,,c) 

- sin(Aif) cosh(A,,u) cos(A,,c)] - [sinh(hy) c o s ( l y )  

- cosh(Ay) s in (v ) ]  (sinh(\$) [sin(X,,u) cosh(\c) (B-w 
- cos(X,,u) sinh(v)] + sin(\$) [sinh(\u) cos(A,,c) 

- cosh(h,,a) sin(A,c)]) , 

where the parameters a and e are indicated in Fig. 8.5. 
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Shear forces on the floor of the cask are calculated as a function of location using 

px I* Q, = 1 

pY I2W Q, = 

The parameters 1% and 1% are functions of h, A,,, and the geometry of the structural 
member, and are given by 

I& = [cosh(Ay) sin(A,y) + sinh(r)SI) cos(A,y)] [sinh($$) 

 COS(\^) cmh(\c) - sin(\$) cd@, ,a )  COS(\C)] 

+ sinh(hy) s i n ( v )  Csinh($$) [sin(A,,u) cosh(5c) @-so) 

- cos(Aya) sinh(\c)J + sin(\$) [sinh(\a)cos (\c) 

- cosh(\u) sin(h,,c)]) . 

B.15-21.2 Cracking analysis 

The cracking analysis is performed to assess the ability of the structural components 
of each cask to bear the loads placed upon it. In the event that the roof, wail(s), or floor 
of a cask cannot bear these loads, cracking will occur. Cracking of these components may 
occur as a result of shear forces or bending; cracking of the cask walls may also result 
from compressive loads on the structure. The manner in which these modes of cracking 
are modeled is discussed below. 
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Shear cracking will occur if the shear force on a concrete member exceeds the 
cracking shear of the member. The cracking shears for the roof, floor, and wall in the 
horizontal direction are calculated as the minimum of 

V, = d, (1.9c: -+ 2 5 0 0 ~ ~  QJM) (B-41) 

where 

vc7 = shear force at which cracking occurs (lbhn.), 

d* = distance from steel reinforcement in tension to compression face of 
concrete (in.), 

SlJT = area of steel reinforcement in tension per unit width (in?/in.), 

c s t r  = compressive strength of concrete (lb/in.2). 

The cracking shear for the wall in the vertical direction is the minimum of Eqs. (B.41) and 
(B.43) where Eq. (B.43) is 

In the event of cracking due to shear failure, crack characteristics are determined. The 
depth of the single crack is the thickness of the concrete member, and the crack width is 
0.013 in. 

Cracking due to bending will be initiated if the bending moments calculated for a 
given concrcte member exceed the cracking moment for that structural component. The 
cracking moment is given by 

where 

Mu = cracking moment for unit width (lb-in.), 

= moment of inertia of concrete section (in."), 4 

B-26 



Description of SOURCE1, SOURCE2, and IFLOWTHRU 

Yt 
- - distance from the centroidal axis to the tensile face of the concrete 

(in.), 

= modulus of rupture (Ibhn?). f, 

For a rectangular slab 

where 

a, = unit width of concrete member (in.), 

h m  = concrete member thickness (in.)? 

- ' m  
Y, - - .  2 

Axial compression force is conservatively neglected in the roof and floor. 
If the bending moments exceed the cracking moment but do not exceed the 

ultimate strength of the concrete member, cracks will not propagate through the entire 
member. If, however, the bending moments exceed the ultimate strength of the structural 
component, cracks will span the thickness of the member. The usable flexural strength of 
a member without compressive steel is approximated using 

where 

MU = ultimate flexural strength (lb-in./in.)7 

r p  = strength reduction factor, 

$Y = yield strength of steel reinforcement (lb/in.2)9 

G = depth of the compression block (in.). 

... 

B-27 



SWSA 4 Peqorniance Assessment 

The depth of the compression block is calculated using 

In the case where all reinforcement has been lost due to corrosion, the ultimate strength 
is equal to the cracking moment. 

Crack characteristics are calculated as fractures due to loading form and propagate 
through a givcn structural component. The depth of cracking due to bending is calculated 
as the distance from the surface of the concrete to the neutral axis. Crack depth is 
computed using the strain compatibility relation, wherein the tensile crack dcpth is given 
bY 

where 

dcr = crack depth (in.), 

ESh = shrinkage strain of concrete ( inh.) ,  

dc = concrete cover thickness on tension face (in.), 

’tn = tensile stress in steel reinforcement (Ib/in.’), 

stil = maximum concrete compressive stress (lb/in.’), 

E S  = modulus of elasticity of steel reinforcement (lb/in.’). 

In modeling the water flow characteristics of failed concrete, it is assumed that 
cracks achieving a depth equal to three-fourths of the remaining slab thickness functionally 
penetrate the slab. Prior to this, flow through the concrete is the same as that through 
intact concrete. If the bending moment exceeds the ultimate strength of the concrete slab, 
cracks penetrate immediately through the slab. 

width in flexural members. Nawy (1966) developed a formula for calculating mean crack 
spacing for a two-way concrete slab, 

Numerous equations have been proposed for the prediction of crack spacing and 
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where 

S m l  = mean crack spacing in direction 1 (in.), 

'd  1 I - diameter of steel reinforcement in direction 1 closest to concrete 
outer tension face (in.), 

= spacing of steel reinforcement in direction 2, perpendicular to 
direction 1 (in.). 

SP2 

The variables & and Qd are given by 

K, = [ 1.6 -+ 2.4 [i - O S ] ]  0.29 

If the bending moment exceeds the cracking moment but not the ultimate strength 
of the concrete member, the mean crack width is given by 

where W ,  is the mean crack width (in.) and S, is the mean crack spacing (in.). 
The quantity 8, is given by 

If the bending moment exceeds the ultimate strength of the concrete member, the crack 
width is calculated as 

If the comprcssive forces on the wall exceed the ultimate strength of the wall in 
compression, cracking will occur. The ultimate strength of the wall in compression is 
calculated as 
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AI2] 32 h, , 

where h, is the height of cask wall {in.). Cracking due to compress,m results in a single 
crack extending through the concrete member; the crack width is one-tenth the height of 
the wall section under consideration. 

Cracking of a reinforced concrete member may also occur because of corrosion of 
the steel reinforcement. Since the concrete surrounding the reinforcement prevents free 
expansion, the products of steel corrosion will exert pressure within the concrete. Based 
on the elasticity theory (Saada 1974), the magnitude of this internal pressure is 
approximated using 

internal pressure due to corrosion (lbhn.7, 

distance from concrete face to center of steel reinforcement (in.), 

original radius of steel reinforcement (in.), 

thickness of the free expansion layer (in.), 

Poisson's ratio of corrosion product, 

modulus of elasticity of corrosion product (lb/in.2). 

The thickness of the free expansion layer is given by 

A = r e + C t - r o  , 03-58) 

where re is the radius of remaining steel reinforcement (in.) and C, is the thickness of the 
corrosion layer under conditions of free expansion (in.). 

A general series form of stress function in bipolar coordinates was given by Jeffrey 
(1920). This function has been applied to the situation of a semi-infinite region with a 
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circular hole under a uniform radius pressure (Fig. €3.6). Based on this work, the stress on 
the surface of the concrete is given by 

ep- d,” + r:) 
u, = 4 P i  

+ d,” + r:r ’ 

where rr, is the stress at the surface of concrete (1b/h2), and x is the distance from point A 
(Fig. B.6) along the surface of the concrete (in.). The point of maximum stress occurs at 
point A (Fig. B.6), where x = 0, 

The tangent stress at any point, Q ar Q’? around the circular hole is given by 

where uee is the tangent stress at point Q (Ib/h2). This relationship exhibits a maximum 
tangent stress at point E and is calculated using 

where neE is the maximum tangent stress (lb/in.2>. 
The magnitude of the maximum stress around the circular hole is a function of the 

ratio of the concrete cover thickness and the radius of the remaining steel reinforcement. 
The following dependencies are noted: 

These relationships provide a simple method for determining where cracking due to 
corrosion will begin. 
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Fig. B.6. Schematic diagram of steeUconcrete geometry used in calculating stresses 
due to corrosion of steel reinforcing. 

When the concrete cover thickness is greater than three times the diameter of the 
reinforcing steel, the tensile stresses around the circular boundaq will approach the 
applied pressure a,. Plain concrete has minimal tensile strength to resist these stresses, 
with only 6 to 8% of the specified compressive strength of concrete. Consequently, the 
maximum tension stress can readily exceed the tensile strength of concrete, at which point 
cracking begins. 
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Cracking due to corrosion is typically initiated internally, along the circular 
boundary, as the ratio of concrete cover thickness to the original radius of the steel is 
usually greater than 1.73 (Crank 1979). As corrosion progresses, accompanied by the 
deterioration of the concrete cover, cracking will propagate towards the surface of the 
concrete slab. When the tension stress at the concrete surface equals or exceeds the 
tensile strength of the concrete, the cracking will penetrate the concrete cover. This 
cracking will occur along the length of the steel reinforcement. 

Spalling out of the concrete will occur if the concrete cover over the steel 
reinforcement is small (dN 5 1.73t-J. Under these conditions, the stresses at the concrete 
surface exceed both the stresses at the steel surface and the tensile; strength of concrete, 
and spalling along the reinforcement occurs. 

B.1.522 Disposal Silo and Well Technology 

The structural and cracking analyses of the disposal silos, wells, and mulriple 
containment wells (wells placed within a silo) are discussed below. While these analyses 
are similar in many respects to the analyses conducted for the tumulus disposal technology, 
features unique to these disposal units require additional modeling considerations. 

B,15221 Structural analysis 

... 
The structural analysis of the silo and well disposal technologies considers the three 

structural components of each, loosely referred to as the roof, wall, and floor, These 
analyses differ depending upon whether the silo or well configuration is being considered. 
In the event of the multiple containment wells, structural analyses of both the silo and 
well are performed. 

Silo or well roo€ A polar coordinate system is used in the structural analysis of the 
roof of the silo or well disposal unit. The roof is modeled as a simply supported circular 
plate under uniform loading. The load upon the roof is calculated as 

4, = hp, + SP, 9 @JW 

where qr is the uniform load on the silo or well roof (lb/in.2). 

and tangential components, which are given by 
The final bending moments on the roof due to the uniform load consist of radial 

Mr = 4. (3 + pJ (R.' - 3) 
16 

.... 
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where 

Mr = radial component of bending moment (lb-idin.), 

MI = tangential component of bending moment (lb-in./in.), 

R d  = radius of silo or well (in.), 

r = distance from center of silo or well roof (in.). 

These components are summed to arrive at the total bending moment at location (8, r): 

M, = Mr ms28 + M, sin28 P-W 

My = M, sin28 + M, cos28 . (B-67) 

The shear force on the roof at distance d, from the interior face of the wall is calculated 
using 

Silo or well walL The wall of the silo or well is subject to uniform and hydrostatic 
pressures. Setting the origin of the coordinate system at the midheight of the wall, the 
uniform pressure or load is calculated as 

where 

q w  = uniform load on silo or well wall (lb/in?), 

h s  = silo or well height (in.), 

B-34 



Description of SOURCE1, SOuRCE2, and FLOWTHRU 

f, 

f w  

= 

= 

friction angle of soil bacHil1 around silo or well (deg), 

friction angle of waste inside silo or well (deg). 

The corresponding maximum antisymmetrical hydrostatic pressure on the wall is calculated 
using 

Bending moments and shear forces due to uniform pressure are calculated for the 
silo or well wall using 

cos fly cosh @ sin CY sinh a 
cos 2a + cosh 2a 

1 I cos O1 ‘Osh sin By sinh &I 
cos 2cf + cosh 201 

(cos @ sinh @ - sin @y cosh By) g,,,h, [ sin a sinh CY 

cos 2a + cosh 2a 

ey = 2ar cos 2a + cosh 2a 

‘0s CY CY (cos r ~ y  sinh + sin ~y cosh , 1 - 

where 

= bending moment due to uniform loading (Ib-in./in.), 4 
= shear force due to uniform loading (lbhn.). 

QY 

The quantities CY and @ are given by 
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The silo and well walls are also subject to axial and ring compression forces. The 
axial compressive force on the silo wall is calculated using Eq. (B.30). This same equation 
is used for the well wall calculation by substituting the density of the cast iron €or pa the 
density of concrete. The ring compression force due to a uniform load is calculated as 

P-75) 
cos @cash@] . 2 cos  a cosh cy 

cos 2a + cosh 2 a  
- 

The bending moments and shear forces due to antisymmetrical hydrostatic pressure 
are calculated using 

sina cosha cosm sinhm- coscy sinha sin@ coshfly 
~ s h 2 ~ ~  - COS& My=- : [ cosh2CY - cos2a 

Qy = 

- 

Phs - sina cosha (cos& coshm - sinSy sinh@) 
2a sinh2a - cos2a 

P-77) 

(cos@ coshpy + sin& sinhm) . COSCY sinhcr 
c0sh2a - C O S ~ C Y  

The ring compression force due to hydrostatic pressure is calculated using 

sin /3y cosh m sin CY cosh cy Ne = 2PR, - [ls - cosh 2 a  - cos 2a 

cos @y sinh &I . 1 cos CY sinh cr - 
cash  CY - COS 2a 

Bending moments, shear forces, and ring compression forces calculated for the uniform 
and antisymmetrical hydrostatic pressures are summed at each location on the wall to 
arrive at the final values. 

Silo or well floor. The circular floor plate is subjected to a distributed line load, or 
concentrated force, along its perimeter. This concentrated force is calculated as 
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The radial and tangential components of the bending moments for the circular floor 
are given by 

The final bending moments are calculated using Eqs. (B.66) and (B.67). 

The maximum shear force on the floor is calculated using 

The quantities D, C,, C, and E are calculated as 

D =  Ec h; 

12( 1 - jL2) 

I -  [;I“” . 

03-83) 

The quantities Zlr, 2, Zb’9 and 2,’ are calculated using the following equations: 

.... 
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m 

z, = (-1Y 
n-1 [(2n -1)!]2 

z = 

m 

where n is 1, 2, 3 . . . The variable $, used in Eqs. (B.84) and (B.85), is calculated as 

The quantities Z,, Z,, Zm’, and 2,’ are calculated using Eqs. (B.87) through (B.90), 
substituting the silo or well radius, R,, for the parameter r. 

B.15-222 Cracking analysis 

Cracking or failure of the disposal silos, wells, and multiple containment wells will 
occur at that point when the structural components can no longer bear the loads placed 
upon them. Cracking of the roof, wall, and floor of the silo or well may occur as a result 
of shear forces or bending; the wall may also crack because of compressive forces on the 
structure. 

The cracking analysis for the disposal silos is similar to that performed for the 
tumulus in that it models the initiation and propagation of cracks in concrete barriers and 
calculates fracture characteristics. By contrast, the cracking analysis for the wells simply 
determines when the roof, wall, or floor will undergo initial failure and does not calculate 
fracture characteristics. 

Shear cracking of a silo or a well will occur if the shear force on the structural 
member exceeds the cracking shear of the member. The cracking shears for the roof and 
floor in the silo and the well are calculated using Eqs. (B.41) and (B.42). 

The cracking shear for the silo wall in the vertical direction is the minimum of 
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The modified moment, MmY, is given by 

A single fracture will extend through the entire concrete member due to shear cracking. 
The width of the fracture is 0.013 in. The shear force at which failure of the cast iron wall 
of the well occurs is given by 

Vf = 0.7h,fw , 

where fw# is the yield strength of cast iron (lb/in.2). 
The roof and floor of the silos and wells will crack if the bending moment at a given 

location exceeds the cracking moment. The cracking moment is calculated using 
Eq. (B.44). Cracks will not extend through the entire member unless the bending moments 
exceed the ultimate strength of the member. The usable flexural strength of the roof and 
floor is calculated using Eq. (B.47). The ultimate strength for the silo wall is calculated 
using 

where L, and L, are the thickness (in.) of the corrugated steel liner on the tension face 
and compression face, respectively. The depth of the compression block is given by 

Fracture depth, spacing, and width are calculated as cracks initiate and propagate in 
concrete members comprising the silos and wells. These characteristics are calculated using 
the approach discussed for the tumulus (Sect. B.1.5.2.1.2). 

The wall of the silo or well may fail due to axial or ring compression. In terms of 
axial compression, the silo wall will crack if the axial compression force on the member 
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exceeds the ultimate strength of the wall in compression or critical buckling strength. The 
strength of the wall in axial compression is calculated as the minimum of 

where 

Nac = ultimate strength or critical buckling strength under axial 
compression ( l b h ) ,  

D w  = flexural rigidity of wall (Ib-in?), 

1, 2, 3 . .  . - - m 

The flexural rigidity of the wall is calculated using ]Es- (B.17), substituting the thickness 
and unit width of the wall for h, and w,, respectively. 

of the disposal unit, cracking will occur. The strength of the wall subject to ring 
compression is given by the minimum value, calculated using 

If the ring compression force on the silo exceeds the ultimate or buckling strength 

Ehs (B-100) 
(n2 - 1)(1 + A)2 ’ 

2n2 - 1 - pc 
N, = 5 In2 - 1 + 

1 + A  R: 

wherc N, is the ultimate strength or critical buckling strength under ring compression 
(Win.), and n is 2, 3, 4 . . . The parameterA is calculated using 

2 

A =  [:I. (B.101) 

Compressive forces and bending moments on the wall of the disposal well may 
result in failure of that unit. If the combined stresses on the wall exceed the yield strength 
of the cast iron, failure will occur. The combined stresses are calculated as 
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. .-.._ ~ ... 

The wall will also fail if the ring compression force on the well wall exceeds the buckling 

... 

strength of the wall. The ultimate strength of tt 
minimum of 

wa 

I 

subject to 

hd 

4 
1-33.3 - 

ng compression is t he  

(€3.103) I 

(B-104) 

Cracking of reinforced concrete due to the corrosion of the steel reinforwment is 
modeled by the same methodology developed for the tumulus disposal unit. This portion 
of the cracking analysis is performed for the roof and floor of the disposal silo only. The 
walls of the silo and the roof and floor of the well lack steel reinforcement. 

B.153 Elow Partitioning 

A benefit of the concrete engineered barriers used in the tumulus, silo, and well 
disposal units is the low hydraulic conductivity of the material. When intact, concrete will 
usually prevent water in the disposal trenches from contact with the disposed waste. As 
the concrete members deteriorate with time, however, cracks will form, and greater 
amounts of water may seep into the waste. Eventually, the conductivity of the concrete 
will be no better than that of the soil backfill around the disposal units. 

In order to calculate radionuclide releases due to advection, one must estimate the 
amount of water percolating through the waste. The water entering a disposal trench is 
divided into two components, a component which flows around the disposal unit(s) and a 
component which contacts the waste. 

The flow partitioning scheme used in the SOURCE computer codes is based on the 
assumption of a saturated steady-state system under a unit hydraulic gradient. Under these 
conditions, the amount of water percolating through the intact casks, silos, and swells is 
equal to the saturated hydraulic conductivity of the concrete. As the concrete members 
deteriorate and crack, preferential flow of water through the fractures occurs at much 
greater rates. 

that much of a disposal unit’s ability to exclude water is lost when fractures penetrate 
through one or more concrete members. Based on these observations, the amount of 
water percolating through the waste is set equal to the amount of water entering the 
disposal trench when fractures first penetrate the disposal unit. From this point on, the 
amount of water contacting thc waste is solely a function of the hydraulic characteristics of 
the site soils and soil backfill. 

Preliminary analyses conducted with the SOURCE computer codes have indicated 

... 
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B.15.4 Radionuclide Release Modeling 

The SOURCE computer codes consider two mechanisms through which waste 
radionuclides are released to the environment, diffusive leaching and advective leaching. 
Rates of release from disposal facilities that have not undergone structural failure will 
generally be low and largely the result of diffusive processes. As the facility deteriorates 
and undergoes cracking, water may more easily percolate through the waste. Under these 
conditions, leaching of radionuclides due to advection will be accelerated and tend to 
overshadow rates of release due to diffusion. 

B.15.4.1 Leaching Due to Difision 

Leaching of radionuclides from the disposal units due to diffusion is modeled using 
the FLOWTIIRU computer code (see Sect. B.2). This code represents the diffusion of 
contamination from grouted waste materials to the outside surface of the disposal unit. 
The disposal unit is modeled as a two-slab system. The inner slab, representing the 
grouted waste, is initially contaminated; the outer slab-representing the concrete 
components of the casks, silos, and wells-is initially uncontaminated. 

The steel boxes placed within the casks will play a role in dctermining the rates of 
release of waste radionuclides. When the boxes are intact, no releases are considered 
possible. As failure of the steel boxes due to corrosion becomes more prevalent, greater 
rates of rclease are possible. As discussed in Sect. B.1.5.1, a container failure fraction is 
calculated for the steel boxes for each year of the simulation. This failure fraction is 
multiplied by the total tumulus inventoty to determine the portion of the inventory that is 
subject to diffusive and advective leaching. 

advectivc leaching. Neither of these disposal units is equipped with steel barriers to 
completely isolate the waste from the environment when the barriers are intact. 

All waste placed in disposal silos or wells is assumed to be subject to diffusive and 

B.15.4.2 Leaching Due to Advection 

Leaching of radionuclides due to advection will be proportional to the amount of 
water contacting the waste and the degree to which radionuclides are sorbed by the waste 
matrix. Under these conditions, releases can be quantified using 

where 

ha = radionuclide release rate due to advection in year a (&ear), 

- *  - radionuclide inventory available for leaching at beginning of year a 

(g), 
Q a  

- 
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___. ... 

4 = water percolation rate through the waste during month i 
(admonth), 

h W  = waste thickness (m), 

H W  = relative saturation of waste (H20 volumebaste volume), 

K d  = radionuclide distribution coefficient (mug), 

t ,  = half-life of radionuclide (years), 

P W  = density of waste (g/cm3), 

t, = duration of leaching interval (I year). 

The radionuclide inventory available for leaching in the tumulus is the product of 
the total tumulus inventory and the container failure fraction for the steel boxes. All waste 
in the disposal silos and wells is assumed to be available for leaching. 

Advective leach rates are calculated for each year of the simulation. Radionuclides 
leached from the waste are assumed to be immediately available for transport away from 
the disposal unit with the infiltrating groundwater. Rates of release due to advection and 
diffusion are summed to arrive at the total radionuclide release. 

unit with the water percolating through the disposal "trench." Two flow components are 
observed at SWSA 6. A vertical component represents recharge to the underlying aquifer 
at the site, while a lateral subsurface component discharges to surface waters. 

Radionuclide releases from the disposal units at SWSA 6 are partitioned between 
the recharge and lateral flow components in proportion to the vertical and lateral fluxes. 
The amount of water flowing vertically to the aquifer is calculated as the minimum of the 
amount of water percolating through the waste trench and the saturated hydraulic 
conductivity of the soils on the site. Water in excess of the saturated hydraulic conductivity 
is modeled as lateral subsurface flow. 

amount of material entering the recharge camponent in a given month is given by 

Radionuclides leached from the waste will be transported away from the disposal 

Assuming that radionuclide concentrations are equal in each flow component, the 

5 Q, = Q, - I 

where 

el. = radionuclide release entering recharge flow component (glmonth), 

e* = total. radionuclide release from disposal unit (@month), 

.... 
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4 = vertical water percolation rate (mdmonth), 

I = total water percolation rate (mm/month). 

The mass of material entering the lateral flow component is simply the difference of the 
total release and the mass of material transported to the aquifer. Annual releases for each 
flow component are calculated by summing the monthly releases. 

This code represents the diffusion of contamination from grouted waste materials to 
the outside surface of the disposal unit. The disposal unit is modeled as a two-slab system. 
The inner slab, representing the grouted waste, is initially contaminated; the outer 
slab-representing the concrete components of the casks, silos, and wells-is initially 
uncontaminated. 

Assume that we have a two-layer slab with the inner layer of half-thickness a, 
initially containing a contaminant with concentration C, and decay constant A, and with 
the outer layer of thickness b - a, initially uncontaminated. We will write C, for the 
concentration in the inner layer, and C, for the concentration in the outer layer. The 
diffusion equations for the contaminant are then 

and 

with initial conditions 

and 

and boundary conditions 

a2c, ac, 
at Dl au2 - = - 

c, (x, 0) = c, 0 5 x < a 

(B-107) 

(B.110) 

(B.111) 
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___. ... 

Taking the Laplace transform of the differential equations, we obtain 

and 

Solutions to the ordinary differential equations are 

and 

Note that these solutions satisfy the transformed boundary conditions 

and 

- 
c, (b) = 0 . 

..... 

(B.112) 

(B-113) 

(B.114) 

(B. 118) 

(B.119) 
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Applying the transformed boundary conditions at x = u, we obtain 

(3.121) 

Since we wish to find the transform of the release rate at x = b, we solve the second 
equation for A,($) in terms of A2(s), and substitute the result in the first equation to solve 
forA,(s). Let 

and 

p 2 = 4 y  . 

We obtain 

The transformed release rate at x = b is 
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_:_- ... . 

... 

so that 

with 

where 1c = ,/= 

The zeroes of the denominator are all on the imaginaty axis; we write 

a d r n ' =  kn 9 

(b - a)hm = iax, 

so that 

(B. 132) 

We then need to solve the transcendental equation 

.... 
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where 

C, = a 3 ~  + 3a2 + 3 a ~  + 1 

and 

We have plottedf(x) for a few values of a, b, D,, and D, in Figs. B.7. through B.9. We 
note that the first part of the curves is similar to a cosine curve; we approximate 

(€4.141) 

and, for a starting estimate for the first root, we use x, = x p y .  We show a few values of 
the first root and the number of Newton-Raphson iterations needed to reduce the relative 
error to 5 x 10 - in Table B.2. Between successive higher roots, the curves resemble sine 
curves. We approximate 

and 

f i x )  .r A sin yx , 

f”’(~) -y3 A COS Y X  . 

(B.142) 

(B.143) 

B-48 



D
escription of S

O
U

R
C

E
1, S

O
U

R
C

E
Z

 and F
L

O
W

T
H

R
U

 

.... ... 

Q
 

c! 

f! (0
 

X
 

(0
 

v
 

N
 

0
 

B
-49 



SW
SA

 6 P
erform

ance A
ssessm

ent 

x 

B-50 



5 

4 

J 

2 

1 

x o  

- 1  

-2  

- 3  

- 4  

-5 

ORNL-DWG 94-5979 

0 = 1.0 b = 2.0 D1 = 1.0 02 = 10.0 

I I 1 1 I I I 
2 4 6 8 to 12 14 

X 

Fig. B.9. Roots of the transccndcntal cquation (dots) for DADl = 10. 



SWSA 6 Perfomtance Assessment 

Table B.2 Fmt mot of m x  cos arx sin auP 

CY -05 

K 

.1 1.076583 

.2 1.264272s 

-5 1.428653 

1.0 1.495997 

2.0 1.532429 

5.0 1.555214 

10.0 1.562966 

-10 

3 -859559 

3 1.075710 

3 1.312642 

1 1.427997 

2 1.4955% 

3 1.539765 

3 1.555120 

.15 

4 .734800 

3 .949012 

3 1.21 7087 

1 1.365910 

3 1.459970 

3 1.524287 

3 1.547167 

20 

4 .651694 4 

4 .857237 4 

3 1.137256 3 

1 1.308997 1 

3 1.425310 3 

3 1.508631 3 

3 1.539016 3 

“The integer to the right of each root entry is the number of Newton-Raphson iterations required. 

If x, is a root, we evaluate 

and for a starting estimate of the next root, we use 

R 
xn+l = X” + - 

Y 
. 

(B.145) 

(B-146) 

Typically, three or four Newton-Raphson iterations are sufficient to obtain convergence to 
a relative error of 10.~. 

The function g(s) is of the form 
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. ...._ . ... 

. ... 

with 

sinh Q/s/D, 
P(s) = 

and 

(B.149 
Q(s) = sinh[(b - a)&] sinh ( a m )  + K ms{(b - a ) K ]  cash (a&) -1 

The inverse transform is then 

Carrying out the differentiation of Q(s) and substituting the values for s,, we obtain 

The cumulative amount released remaining at time f is 

~ ( t )  = 1' q(r) e-A(g - %ir ; 
0 

since q ( ~ )  = Co C ~ ' ~ ( T )  

(B.152) 
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R(*) When X = 0, lim - = 1, so that 
t-rm uC, 

X, 
1 

(B-155) - - I *  1 
1 "11 

At small i, the above expression has two serious computational defects. 'The series is slowly 
convergent, and the sum is nearly equal to 1/(2~), so that serious loss of significant figures 
will occur in the subtraction. To develop an alternative expression for small time, we note 
that 

and 

where 
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If we express all hyperbolic functions in terms of exponential and multiply numerator and 
denominator by 

... 

we obtain, to first order, 

so that 

(33.159) 

(B. 161) 

where ierfc n is the integrated complementary error function (Crank 1979). To compare 
the two solutions, we show in Table B.3 the first 19 roots of the transcendental equation 
with the calculated values of f (x )  and f’(x); the column headed IT slhows the number of 
Newton-Raphson iterations required. In the second part of the table, we have listed the 
sum of the first 19 terms of the series at t = 0, which should have the value 1/(2K). The 
time T makes the argument of the integrated complementary error function equal to unity. 

the terms involving DI7 the series is of the form 
In some cases, we will need more than the first term. Assuming that we can neglect 

so that 

(B.162) 

(B.163) 

Since ierfc(l0) o or until the 
argument of the integrated complementary error function is greater than 10. If more than 
three terms are required, we use the Aitken delta-squared process to accelerate the 
convergence. 

we sum the series until the relative e m r  is 5 x 
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Table B3. Comparison of series and alternate solutions 
a = 121.92 cm, b - a = 15.24 cm, D1 = D2 = 1.(10**-6) 

N IT x ( N )  f (4 f (XI 

1 2 4.18879 x 10' 2.47794 x 1.12500 x 10' 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

2 
2 
1 
0 
1 
1 
2 
2 
2 
2 
1 
1 
0 
1 
1 
2 
2 
2 

6.98132 x 10' 
9.77384 x 10' 
1.25664 x 10' 
1.53589 x 10' 
1.81514 x 10' 
2.09440 x 10' 
2.37365 x 10' 
2.65290 x 10' 
2.93215 x 10' 
3.21141 x 10' 
3.49066 x 10' 
3.76991 x 10' 
4.04916 x 10' 
4.32842 x 10' 
4.60767 x 10' 
4.88692 x 10' 
5.16617 x 10' 
5.44543 x 10' 

-5.54298 x 
6.49762 x 
2.74089 x lo-' 

-2.74089 x 

-1.21669 x 
2.74088 x 10-9 

1.36664 x 
1.63999 x 10-l6 

- 4 . 8 0 ~  x 10-17 
3.93766 x 10-15 

-2.74040 x 10-9 

-2.74088 x 10-9 

1.21669 x 

2.74040 x lo-' 

1.21669 x 
-2.13521 x 10-15 
-2.18182 x 10-15 
-2.33385 x lo-'' 

-1.12500 x 1OO 
1.12500 x loo 

-1.12500 x 1OO 
1.12500 x 10' 

-1.12500 X 1$ 
1.12500 x 10' 

-1.12500 X 1OO 
1.12500 x 10' 

-1.12500 x lOO 
1.12500 x 10' 

-1.12500 x 1OO 
1.12500 x 10' 

-1.12500 x 1$ 
1.12500 x 10' 

-1.12500 x lOO 
1.12500 x loo 

-1.12500 x 1OO 
1.12500 x 10' 

Sum of series at t = 0: 

Sum of series at t = T 
Last term retained: 2.42018 x 
Release (series): 6.28182 x 
Release (ierfc): 6.28182 x 

5.00330 x lo-' 

4.96859 x lo-' 
1/(2*kappa) : 5.00000 x lo-' 

T = (b x a) **2/(4.*D2). 
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C. WA!SIE PROPERTIES AND TRANSPORT PROPERTIES OF 
RADlONUCLTDES AT THE S O D  WA!3TE 

STORAGE AREA 6 DISPOSAL UNfIs 

C1 WASTEPROPERTIES 

The solubilities in water for various compounds, oxides, and metals of the identfied 
key nuclides used for screening in the Solid Waste Storage Area (SWSA) 6 disposal units 
(as described in Sect. 3) are presented in Tables C.l through C-10. The solubilities of the 
radionuclides determine whether pore water concentrations exceed solubility limits. If the 
pore water concentration of a species exceeds the solubility limit concentration in the 
pores, the transport process is said to have a solubility-limit constraint. If the pore water 
concentration of a species is less than the solubility limit concentration in the pores, the 
process is taken to have a partition or distribution coefficient (K or Kd) constraint. Values 
for these coefficients are given in Table C.ll. The inventory of nuclides reported to be in 
the SWSA 6 disposal units are presented in Tables A3 through All of Appendix k 

under a hydraulic gradient @e., advection), (2) flow under a cancentration gradient 
(i-e., diffusion), and (3) radioactive decay of the source. The input data to SOURCE1 and 
SOURCE2 for key nuclides used for screening are listed in Tables C.1 through C.10. 

Depletion of the source in this study occurs in three ways: (I) bulk or mass flow 

C2 WASTE TRANSPORT PROPERTIES 

In this analysis the waste and concrete are considered to be unconsolidated and 
consolidated porous media, respectively- The transport of various species through such 
media can usually be analyzed and explained in terms of advection and diffusion. 

Release of radionuclides due to advection can be modeled as a zero-order leaching 
process accounting for both sorption and decay. Advective leaching is proportional to the 
amount of water contacting the waste and concrete, and is inversely proportional to the 
degree to which the radionuclides are retained by the waste and concrete matrices. For 
this model, the radionuclide inventory is assumed to be homogeneously mixed within a 
finite waste volume that is contacted by a constant infiltration rate of water. The inventory 
is assumed constant during a given time period and is updated at the end of the time 
period to reflect losses (see Ref. 1 in App. B). If these assumptions are applied, the 
advective release rate can be quantified as 

.-...._ 
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where 

A* 

Qo 

radionuclide release rate due to advection in year a, &ear; 

radionuclide inventory available for leaching at the beginning 
of year u, g; 
water percolation rate through the waste during month i, cm/month; 

waste thickness, cm; 

relative saturation of waste, volume H,O/volume waste; 

radionuclide distribution coefficient, mL/g; 
density of waste, g/cm3; 

half-life of radionuclide, year; and 

duration of leaching interval, 1 year. 

The rclease of radionuclides due to diffusion can be modeled as a two-slab system. 
The inner slab, representing the grouted waste, is initially contaminated; the outer slab, 
representing the concrete components of the vaults, silos, and wells, is initially 
uncontaminated (see Sect. B.2 in App. B). The diffusion coefficient for a given species can 
be expressed as 

where 
D = apparent (effective) diffusion coefficient for the species in the 

porous body [e.g., concrete (De), waste (DJ, etc.], cm2/s; 
self-diffusion coefficient of the species in an infinite or free volume 
of pore liquid, cm2/s; and 

= Da 

R - - retardation factor, dimensionless. 

As generally treated, the evaluation of R depends upon the concentration of a 
species in the pore liquid. If the pore liquid concentration (C,) of a species is below its 
solubility limit concentration (C,), R is expressed as 

c-2 
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.... . I  

R = G(1 + K)(H-') , 

where 
G = geometry or matrix factor, dimensionless; 
K = partition coefficient, dimensionless; and 
H = fraction of pore capacity to hold liquid that is filled, dimensionless. 

Thus, for the case where Cp C C, the apparent (effective or retarded) diffusion 
coefficient is given by 

4 D =  
G(l + K)(H-') 

The geometry factor, G, is defined as ?/y, where 7 is tortuosity and y is constrictivity. 
Tortuosity is a measure of the diffusion path length in a porous body, and constricitivity is 
a measure of the choking effect of the pores. Both factors have sound physical meaning, 
and independent methods to determine them are available. Tortuosity (like porosity) is a 
parameter characterizing the pore space, while constrictivity depends on the types of 
transport phenomena taking place. Thus, G generally represents a physical containment or 
retardation factor of the matrix. The expression (1 + K )  can account for phenomena such 
as sorptiorddesorption and ion exchange; thus, it represents a chemical containment or 
retardation Eactor. The relationship of the dimensionless partition coefficient K to other 
commonly measured partition or distribution coefficients is shown in the following table. 

ITLpe of 
partition 

roefficient Units of partition cOcfticient Relationship to K 

r*\ e 
1. - amount of species/volume of liquid 

Mixed, Km 
amount of specia#volume of porous body 

amount of species/volume of liquid 

... 
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Volume, K, 
K = (y)Kw amount of species/volume of pore-free solid 

amount of species/volume of liquid 

Geometly, 
KGV amount of species/vohme of porous body 

amount of species/volume of liquid 

In the relationship equations, pp is the density of the pore-free solid @e., m a s  of 
pore-free solid/volume of pore-free solid), E is the void fraction (Le., volume of 
pores/volume of porous body), and pb is the density of the porous body (mass of porous 
bodyholume of porous body). 

saturated-the leachate concentration is set equal to the solubility limit. In other words, 
the program compares Cpw (concentration due to advection plus diffusion) to C, 
(concentration at the solubility limit), and if Cp excecds C,, the leachate concentration is 
set at C,. 

(0) were taken from available literature values or estimated by interpolation or 
extrapolation of known values for other ions (of the same oxidation state) in the same 
chemical family (e.g., actinides). The self-diffusion coefficients and the retarded diffusion 
coefficients are presented in Table C.12. 

estimated from a known value using the relationship 

If there is a solubility constraint for a species-that is, the pore liquid is 

The self-diffusion coefficients (0,) needed to estimate retarded diffusion coefficients 

The geometry factors (G) needed were taken from available literature values or 

G, = G l [ g  ¶ 

where G and r are the geometry factor and hydrated ionic radius, respectively. Values of 
hydrated ionic radii are listed in standard chemical handbooks. The values of G used in 
this study are given in Table C.12. 
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The distribution coefficients, K, were taken from available literature values or 
estimated from a known value using a relationship of the form 

K2 = q;) ’ 

where K and 2 are the distribution coefficient and atomic number, respectively. The 
values of K used are presented in Table C.12. 

Q. (C.4) are listed in Table C.12. 
The diffusion coefficients calculated for waste (DJ and concrete (D,) using 

As described in Sect. 3, the SOURCE1 and SOURCE2 models were used to screen 
the radionuclides disposed of in SWSA 6 for the purposes of limiting the scope of the 
transport of contamination in the environment. The reduced list of radionuclides used in 
the environmental transport of contamination is presented in Tables C.13-C.22. These 
tables also provide low and high estimates of the modeling parameters that were used in 
the uncertainty analysis presented in Sect. 4.6. 

... .... 
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Table C.1. Input data to SOURCE1 for key nuclides in Tumults I 
~ 

~~ - 

Diffusion coefficientd 
Half- I i fe" Formula Solubilityb Waste K i  Inventory (m2/s) 

Nuclide (Year) Formula weight (mol/L) (mL/g) (ghrault) Waste Concrete 

1.23 x lo1 

5.73 x I d  

5.27 x 10' 

1.00 x Id 
2.85 x 10' 

2.13 x Id 

3.00 x 10' 

1.33 x 10' 

8.80 x 10' 

1.60 x Id 
1.41 x 10'' 

6.89 x 10' 

1.59 x 1 6  

7.04 x le 
4.47 x 109 

8.77 x 10' 

a20 

BaCO, 

co 

NiCO, 

SrCO, 

NH,TcO, 

cs2co ,  

Eu203 

Eu203 

RaSO, 

Tho2 

uo2 

uo2 
uo2 
uo2 
PUO, 

22 

3 9 9  

60 

123 

150 

181 

334 

352 

356 

322 

264 

264 

265 

267 

270 

270 

1.11 x lo2 

1.11 x 10" 

3.46 x 10' 

7.83 x 10-4 

7.45 x 10-5 

9.11 x 

1.60 x 10' 

2.84 x 

2.84 x 10" 

6.21 x 

7.57 x l o 8  

1.46 x 10" 

1.46 x 10" 

1.46 x IO4 

1.46 x 10" 

1.71 x 

1.99 x lo-' 

1.09 x 10' 

3.97 x lo6 

6.36 x 10' 

8.74 x 10' 

1.29 x lo* 

1.99 x 10' 

3.78 x 10' 

3.78 x 10' 

1.99 X 10' 

5.36 x 10' 

5.56 x 10' 

5.56 x 10' 

5.56 x 10' 

5.56 x 10' 

5.76 x 10' 

1.42 x 10" 3.88 x lo9 1.86 x 

2.22 x 10-5 1.44 x 10-11 2.18 x 10-12 

1.76 x 1.66 x 10-l~ 6.77 x 10-l~ 

1-66 x 10-5 1-01 x 1 0 1 1  1.21 x 10-12 

1.23 x lo4 1.17 x 10." 1.34 x 

7.01 x 10' 1.25 x lo-" 1.82 x 10'' 

8.17 x lo4 6.80 x 10" 5.12 x l O I 3  

1.42 x 1 0 5  7.95 x 10-13 9.17 x 10-14 

1.48 x 1 0 5  7.95 x 10-13 9.17 x 10-14 

8.73 x 10" 4.10 x 10-13 4.74 x 10-14 

7.68 x I@ 3.24 x 10-l~ 3.73 x 10-l~ 

5.35 x io3  3.11 x 10-l~ 3.50 x ioi5 

3.55 x 101 3.11 x 10-14 3-50 x 1 0 1 5  

1.51 x 10-7 3.00 x 1 0 ' 4  3.41 x 1 0 1 5  

3.80 x lo9 3.11 x 3.50 x 10'' 

3.44 x 10' 3.11 x 3.50 x 



Table Cl (continued) 

Diffusion coefficientd 
Half-life" Formula Solubilityb Waste Kt Inventory (m2/s) 

Nuclide (year) Formula weight (mol/L) ( m u 9  (givault) Waste Concrete 

239Pu 2.41 x 104 PUO, 27 1 1.71 x 5.76 x 10' 9.55 x 10' 3.00 x 10'' 3.41 x 
240Pu 6.56 x I d  PUO, 272 1.71 x 10' 5.76 x 10' 1.51 x lo4 3.00 x 10'' 3.41 x 10" 

4.33 x Id Am@, 530 3.27 x 10" 5.76 x 10' 3.30 x IO-' 5.46 x la'' 6.26 x 10"' 

7.38 x Id A m 2 0 3  534 3.27 x lo4 5.76 x 10' 5.63 x 10' 5.46 x 10"' 6.26 x lo-'' 

243Cm 2.85 x 10' Cm*O, 534 2.84 x 5.76 x 10' 1.08 x 5.46 x l O I 4  6.26 x lo-'' 

244Cm 1.86 x lo* - 2 0 ,  536 2.84 x 5.76 x 10' 1.54 x lo4 5.46 x lO" 6.26 x 10" 

249Cf 3.51 x Id CfWO,), 435 3.49 x 10' 5.96 x 10' 1.37 x 10' 5.28 x 10'' 6.10 x 1 0 "  

2 4 1 h  

2 1 3 h  

~ ~ ~ ~ ~~ ~ ~~ ~ 

Note: Inventory based on 197 vaults and the inventories for these radionuclides given in Table A3 of Appendix k 
"Sources: General Electric Company, Charr of the Nuclides, Knolls Atomic Power Laboratory, Schenectady, N.Y., 1983; E. Browne and R. B. Firestone, 

bSoitrces: D. R. Lide, ed., CRC Handbook of Chemistry and Physics, 73rd ed., 1992; Freie Universitil Berlin and Institut fiir Anorganische und Analytische 
Table of Radioactive Isotopes, ed. V. S. Shirley, John Wiley and Sons, Inc., New York, 1986. 

Chernie, Sohcbility and Speciation of Actinides in Salt Solutions and Migration Experiments of Intermediate Level Waste in Salt Formatiom, FUB/FI 53132415185, 
1986; M. Schweingruber, Actinide Solubility in Deep Groimdwaters-Estimates for Upper Limits Based on Chemical Equilibrium Calculations, EIR-Bericht Nr. 507, 
December 1983; Agence Internationale de I'Energie Atomique, Seminuire sur les Techniques d'Etude et les Methodes d'Evaluarion des Sites en vue du Stockage 
Definitif Souterrain des Dechets Radioactifs, IAEA-SR-104, February 1984. 

'Sources: 11. A. Friedman and A. D. Kelmers, Laboratov Measurement of Radioniiclide Sorption in Solid Waste Storage Area 6 SoilfGroundwater Systems, 
ORNL-TM-10561, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., June 1990; I. Neretnieks, 'Diffusivities of Some Constituents in Compacted Wet 
Bentonite Clay and the Impact on Radionuclide Migration in the Buffer," Nucl. Tech. 71, 458-70 (1985). 

T h e  apparent (effective or retarded) diffusion coefficient, D, is calculated using the self-diffusion coefficient, D,, and the relationship D = DjR where the 
retardation factor R = G( 1 +K)(H-'). The G factor represents physical retardation effects. The factor K is a partition coefficient. The factor H represents the 
fraction of water saturation. 



Table C-2 Input data to SOURCE1 for k q  nuclides in Tumulus 11 

Half-life 
Nuclide (Year) Formula 

Formula Solubility 
weight (mol/L) 

Diffusion coefficient ( m2/s)" 
Waste Concrete 

'H 
I4c 
60co 

mSr 

99TC 

137cs 

Is2Eu 
lS4Eu 

232Th 
232U 
233u 
235 U 
='U 

USPu 

Z9Pu 

244Cm 

2 4 1 h  

1.23 x 10' 

5.73 x 103 

5.27 x 10' 

2.85 x 10' 

2.13 x IOS 

3.00 x 10' 

1.33 x lo* 

8.80 x 10' 

1.41 x 10" 

4.89 x 10' 

7.04 x 10' 

8.77 x 10' 

1.59 x io5 

4.47 x io9 

2.41 x io4 
4.33 x lo2 
1.81 x 10' 

TZO 
BaCO, 

c o  
SrCO, 

NH4Tc04 
cs ,co3 

EuZ03 

Tho2 
uo2 
uo2 
uo2 
UOZ 
PUO, 

PUO, 

A m 2 0 3  

Cm@, 

22 

199 

60 

150 

181 

334 

352 

356 

264 

264 

265 

267 

270 

270 

27 1 

530 
536 

1.11 x lo2 
1.11 x 10-4 

3.44 x loo 

7.45 x 
9.11 x 
1.60 x 10' 

2.84 x 10" 

2.84 x 
7.57 x 10" 

1.46 x 10" 

1.46 x 10" 

1.46 x 10'6 

1.46 x 10" 

1.71 x los8 

1.71 x 10' 

3.27 x lo4 
2.84 x 10" 

1.99 x 10-l 

3.97 x IO6 
1.09 x 10' 

8.74 x 10' 

1.29 x 10' 
1.99 x 10' 

3.78 x 10' 

3.78 x 10' 

5.36 x 10' 

5.56 x 10' 

5.56 x 10' 

5.56 x IO1 

5.56 x 10' 

5.76 x 10' 

5.76 x 10' 

5.76 x 10' 

5.76 x 10' 

7.11 x 
4.32 x 10" 

1.45 x 10' 

2.65 x 10" 

6.74 x 10" 

5.47 x lo6 

1.82 x 10" 

2.08 x 10' 

2.12 x 
1.95 x 
1.47 x lo2  

1.54 x 10' 

4.34 x 10-3 

1.53 x 10-7 

7.75 x 10" 

1.66 x los 

1.09 x 10' 

3-88 x 10.~  1.86 x io9 

1.44 x lo-" 2.18 x 
1.66 x l O I 7  

1.17 x lo-" 

1.25 x lo-'' 

6.80 x lo-'' 5.12 x 

6.77 x lo-'' 

1.34 x lo-'' 

1.82 x lo-'' 

7.95 x 10-13 9.17 x 10-l4 

7.95 x 1 0 1 3  9.17 x 10-14 

3.24 x 1 0 - l ~  3.73 x io-'* 

3.11 x 10-*4 3.50 x 10-15 

3.11 x 10- l~  3.50 x 10- l~  

3.11 x 10- l~  3.50 x 
3.11 x 10-14 3.50 x 10-15 

3.00 x 10-14 3.41 x 1 0 - 1 5  

3.00 x 10-l~ 3.41 x 
5.46 x 10-l~ 6.26 x 10-l~ 

5.46 x l O I 4  6.26 x 10''5 

Note: Inventory based on 220 vaults and the inventories for these radionuclides given in Table A4 of Appendix A. 
For sources, see notes a-c, Table C.l. 
'See note d, Table C.1. 



Table C3. Input data to SOURCE1 for key nuclides in the Intermediate Waste Management Facility 
Half-life Formula Solubility Waste Kd Inventory Diffusion coefficient (rn2/s), 

Waste Concrete Nuclide (year) Formula weight (mol,%) (mL/g) (!$vault) 
3H 1.23 x 10' T20 22 1.11 x lo2 1.99 x 10' 3.03 x 1W8 3.88 x 1.86 x lo9 
l4c 

26A1 
36c1 
40K 

63Ni 
%r 
99TC 

137cs 
ls2Eu 
1 5 4 E ~  
2 9 %  

u3u 
BSU 

D9Pu 
24aPU 
2 4 1 h  

2 4 3 h  

244Cm 

5.73 x I d  

3.01 x I d  
1.28 x io9 

1.00 x I d  

7.20 x 105 

5.27 x 10' 

2.85 x 10' 
2.13 x ld 
3.00 x 10' 
1.33 x 10' 
8.80 x 10' 
1.41 x 10" 
1.59 x 1 6  
7.04 x l@ 
4.47 x io9 
2.41 x 104 
3.76 x 1 6  
4.33 x lo" 
7.38 x I d  
1.81 x 10' 

BaCO, 
AI 
KCI 
KCI 
co 
NiCO, 
SrCO, 
NH4Tc04 
cs,co, 
Eu203 

Eu203 

no2 

uo2 
uo2 
uo2 
PUO, 
PUO, 

A m 2 0 3  

Cm203 

199 
26 
75 
75 
60 

123 
150 
181 
334 
352 
356 
264 
265 
267 
270 
27 1 
274 
530 
534 
536 

1.11 x lo4 
5.24 x 10' 
4.61 x 10' 
4.61 x l@ 
3.46 x 10' 
7.83 x 10" 

9.11 x 10'' 
1.60 x 10' 
2.84 x 10" 
2.84 x 10" 
7.57 x 10" 
1.46 x lo6 
1.46 x 10" 
1.46 x 10" 
1.71 x 10' 
1.71 x lo'* 
3.27 x 10" 
3.27 x IO4 
2.84 x 10" 

1.09 x 10' 
1.99 x 1$ 
1.99 x 10' 
3.98 x 10' 
3.97 x lo6 
6.36 x 10' 

1.29 x 10' 
1.99 x 10' 
3.78 x 10' 
3.78 x 10' 
5.36 x 10' 
5.56 x 10' 
5.56 x 10' 
5.56 x 10' 
5.76 x 10' 
5.76 x 10' 
5.76 x 10' 
5.76 x 10' 
5.76 x 10' 

7.45 x 10-5 8.74 x i o0  

4.97 x 10-5 

1-84 x 103 
3.74 x 10' 

8.36 X lo-' 
6.25 x 10" 
1.97 x 10" 
1.83 X 10" 
1.43 x 10' 
6.98 x 10" 
3.55 x los 
1-03 x 107 
3.91 x 10' 
8.12 X 10" 
1.19 x 10-1 
5.74 x 10' 
6.89 x lo5 
'1.87 x 10" 
4.58 X lo7 
5.38 x 10" 
2.12 x lo4 

1.44 x lo-" 
1.24 x 10'l6 
3.38 x 10" 
1.26 x lo-'' 
1.66 x 1047 
1.01 x 10." 
1.17 X lo*" 
1.25 x lo-" 
6.80 x 
7.9s x 1043 
7.95 x 1043 
3.24 x 1044 
3.11 x 1044 
3.11 x 1 0 1 4  

3.11 X 1014 
3.00 x 10-14 
3.00 x 10'4 
5.46 x 10-14 

5.46 x 10-l~ 
5.46 x 1014 

2.18 x 1 O I 2  

7.23 x 10-13 
5.08 x lo-" 
9.66 x 10-13 

6.77 x l O I 3  

1.21 x lo-', 
1.34 x 10-l2 
1.82 x 

9.17 x l O I 4  

5.12 x 10-13 

9.17 x 10-14 
3.73 x 1 0 1 5  
3.50 x 1015 

3.50 x 1045 

3.41 x 10-15 
6.26 x 10-l~ 

6.26 x 10-15 

3.50 x 

3.41 x 

6.26 x 
- -  

Note: Inventory based on 140 vaults and the inventories for these radionuclides given in Table AS of Appendix A. 
For sources, see notes a-c, Table C.l. 
"See note d, Table C.1. 



Table C.4. Input data to SOURCE2 for key nuclides in low-range silos 

Half-life Fo rmu I a Solubility Waste Kd Inventory Diffusion coefficient (m2/s>. 

Concrete Nuclide (Year) Formula weight (mol/L) ( m u d  (g/unit) Waste 

1.23 x 10' 

5.73 x 103 

1.28 x 109 

5.27 x 10' 

2.85 x 10* 

2.13 x 105 

3.00 x 10' 

1.33 x 10' 

8.80 x loo 

1.60 x 103 

7.34 x 103 

7.54 x 104 

1-59 x 105 

2.45 x io5 

1.41E+10 

7.04 x 10' 

2.34 x io7 

22 

199 

75 

60 

150 

181 

334 

352 

356 

322 

26 1 

262 

264 

265 

266 

267 

268 

1.11 x 10' 

1.11 x 10-4 

1.99 x 10-1 

1.09 x 104 

4.61 x 10' 

3.46 x 10' 

3.98 x 10' 

3.97 x lo6 

7.45 x 10-5 8.74 x ioo 

9.11 x 1.29 x 10' 

1.60 x 10' 1.99 x 10' 

2.84 x 10" 3.78 x 10' 

2.84 x 10" 3.78 x 10' 

6.21 x 10" 3.99 x 10' 

7.57 x 10'' 5.36 x 10' 

7.57 x 5.36 x 10' 

7.57 x 10'' 5.36 x 10' 

1.46 x 5.56 x 10' 

1.46 x 10" 5.56 x 10' 

1.46 x 10" 5.56 x 10' 

1.46 x 10" 5.56 x 10' 

1.41 x lo5 3.88 x 1.86 x 

2.16 x lo4 1.44 x lo-'' 2.18 x 

4.16 x lo-' 1.26 x 10"' 9.66 x 

1.21 x 10'' 1.66 x 6.77 x 

2.61 x lo4 1.17 x lo-'' 1.34 x 

5.97 x lo3 1.25 x lo-'* 1.82 x 

4.95 x 10' 6.80 x 5.12 x 

1.06 x lo7 7.95 x 9.17 x 

2.52 x lo-' 7.95 x 1013 9.17 x 

8.64 x 4.10 x 4.74 x lo-', 

1.07 x 10-5 3.24 x 10-14 3.73 x 10-15 

7.40 x 10-4 3.24 x 10.14 3.73 x 1015 

1.39 x i o 2  3.24 x 1 0 1 4  3.73 x 10-15 

9.24 x lo-* 3.11 x 3.50 x 

2.58 x lo4 3-11 x 3-50 10-15 

1.17 x 10-1 3.11 x 10-14 3.50 x 10-15 

1.36 x 3.11 x 3.50 x 



Table C 4  (amtinued) 
~~ ~~~~ 

Half-life Formula Solubility Waste Kd Inventory Diffusion coefficient (m2/ss)ll 
Nuclide (Yea0 Formula weight (mol/L) (mLM (@unit) Waste Concrete 

238U 4.47 x 109 uo2 270 1.46 x 10" 5.56 x 10' 4.44 x 10' 3.11 x 1@14 3.50 x lo-'' 

237Np 2.14 x lo6 Np,O, 522 4.05 x lo5 5.56 x 10' 3.22 x lo3 3.11 x 1014 3.50 x lo-" 

mPu 8.77 x 10' PUO, 270 1.71 x 10' 5.76 x 10' 7.64 x lom7 3.00 x 3.41 x 10" 

239Pu 2.41 x 104 PUO, 27 1 1.71 x 10" 5.76 x 18' 1.93 x lo4 3.00 x 1 0 1 4  3.41 x lo-'' 

4.33 x lo2 A m 2 0 3  530 3.27 x IO4 5.76 x lo1 3.05 x lo5 5.46 x 6.26 x lo-'' 

7.38 x lo3 Am203 534 3.27 x 10" 5.76 x 10' 4.15 x 10" 5.46 x 6.26 x lo-'' 

244Cm 1.81 x 10' Cm203 536 2.84 x 10' 5.76 x 10' 4.45 x 10" 5.46 x l@14 6.26 x lo-'' 

3.51 x lo2 Cf(NO,), 435 3.49 x 10' 5.96 x 10' 3.58 x 10" 5.28 x 6.10 x lo-'' 
249Cf 

2 4 1 b  

2 4 3 h  

Nore: Inventory based on 75 silos and the inventories for these radionuclides given in Table A6 of Appendix A. 
For sources, see notes a-c, Table C.l. 
"See note d, Table C.1. 



Table C5. Input data to SOURCE2 for key nuclides in high-range silos 
Half-life Formula Solubility Waste Kd Inventory Diffusion coefficient (m2/s)(l 

Concrete Waste Nuclide (Year) Formula weight (mol/L) (mu!> ( d u n  i t) 

3H 1.23 x 10' T20 22 1.11 x lo2 

5.73 x 103 

1.28 x 1 0 9  

5.27 x 10' 

1.00 x lo2 
2.85 x 10' 

3.00 x 10' 

1.33 x 10' 

8.80 x 10' 

4.96 x 10' 

1.41 x 10'' 

7.04 x 10' 

7.54 x lo4 

4.47 x 109 

2-41 x io4 
1.81 x 10' 

BaCO, 
KCI 
co 
NiCO, 

SrCO, 

cs,co3 

%O3 

Eu203 

Tho2 

7 3 0 2  
uo2 
uo2 

PUO, 

Cm*O, 

199 
75 

60 

123 

150 

334 

352 
356 

358 
262 

264 
267 

270 
27 1 
536 

1.11 x 10-4 

4.61 x 10' 

3.46 x 10' 

7.83 x lo4 

1.60 x 10' 

2.84 x 10" 

2.84 x 10" 

2.84 x 10" 

7.57 x 
7.57 x 
1.46 x 10" 

1.46 x lo4 

1.71 x 

7.45 x 10-5 

2.84 x 10" 

1.99 X 10" 
1.09 X 10' 

3.98 x 10' 
3.97 x lo6 

6.36 x 10' 
8.74 x loo 

1.99 x 10' 

3.78 x 10' 

3.78 x 10' 

5.36 x 10' 
5.36 x 10' 
5.56 x 10' 

5.56 x 10' 

5.76 x 10' 

5.76 x 10* 

3.78 x 10' 

3.14 x 10-5 
2.79 x lo4 
2.74 x 10' 
3.51 x lo4 

4.08 x 1 0 - ~  
5.13 x 10-3 

8.95 x 10-3 

2.17 x lo4 
6.23 x 10" 
1.89 x 
1.44 x 10" 
3.76 x 10' 

1.40 x lo-, 
8.98 x lo2 
4.92 x lo4 
1.91 x 10" 

3.8s x 1 0 9  1.86 x 

1.26 x 10-11 9.66 x 10-13 

1.66 x 10-17 6.77 x 1013 
1.01 x lo-" 1.21 x 

1.44 x lo-" 2.18 x lo'* 

1.17 x 10-l' 

6.80 x 10'" 

1.34 x lo-'* 

5.12 x lOI3 

7.95 x 10-l~ 9.17 x 10-l~ 

7.95 x 1043 9.17 x 10-14 
7.95 x 10-13 9.17 x 10-14 

3.24 x 10-l~ 3.73 x 10-l~ 
3.24 x io i4  3.73 x 10-l~ 

3.11 x io14 3.50 x 10-l~ 

3.11 x 10-14 3.50 x 10-15 

3.m x 1044  3.41 x 1045  

5.46 x losi4 6.26 x lo-'' 
- .  

Note: lnventory based on 33 silos and the inventories for these radionuclides given in Table A7 of Appendix k 
For sources, see notes a-c, Table C.l. 
"See note d. Table C.1. 



Table G6. Input data to SQIJRCE2 for key nuclides in high-range wells in auger holes 

Half-life Formula Solubility Waste Kd Inventory Diffusion coefficient (m2/s), 
Nuclide (Year) Formula weight (mol/L) ( m W  (glunit) Waste Concrete 

l4C 5.73 x 103  BaCO, 199  1.11 x 10" 1.09 x 1@ 4.15 x 1.44 x 10" 2.18 x lo-'' 

%o 5.27 x 10' co 60 3.46 x 10' 3.97 x 106 3.52 x lo2 1.66 x 6.77 x 
wSr 2.85 x 10' SrCO, 150 7.45 x lo" 8.74 x 10' 1.85 x lo'* 1.17 x lo-'' 1.34 x 
9 - C  2.13 x 105 NH4Tc04 181 9.11 x lo-' 1.29 x 100 4.37 x 10' 1.25 x 10" 1.82 x 1 O I 2  

1.37 x 10' Cd 113 7.64 x ioo 3.97 x 16 1.11 x 10" 2.33 x iOl6  9.09 x lo i3  Il3mcd 

137cs 3.00 x 10' cs*co, 334 1.60 X 10' 1.99 x 10' 2.98 x 10' 6.80 x 1@l2 5.12 x 

1.33 x 10' Eu203 352 2.84 x 10" 3.78 x ioo 1.20 x io-' 7.95 x 10-l~ 9.17 x 10-14 
IS?EU 

lS4Eu 8.80 x 10' Eu203 356 2.84 X 10' 3.78 x 10' 3.99 x 7.95 x loi3 9.17 x 
*% 7.34 x 103 no2 261 7.57 x 10" 5.36 x 10' 6.53 x 10" 3.24 x 3.73 x 
272Th 1.41 X 10" 7 3 0 2  264 7.57 X 5.36 x 10' 6.25 x loo 3.24 x lOI4 3.73 x 1 O I 5  

235u 7.04 x 10' uo2 267 1.46 X 10' 5.56 x 10' 8.57 x l o 3  3.11 x 3.50 x 
238u 4.47 x 109 uo* 270 1.46 X 10' 5.56 x 10' 2.20 x lo-' 3.11 x 3.50 x 

Nore: Inventory based on 12 wells and the total inventory for these radionuclides given in Table A9 of Appendix A. 
For sources, see notes a-c, Table C.1. 
"See note d, Table C.1. 



Table C'7. Input data to SOURCE2 for key nuclides in high-range wells in silos 

Half-life Formula Solubility Waste Kd Inventory Diffusion coefficient (m2/s). 

Concrete Nuclide (Year> Formula weight (mol/L) (mLk) (duni t) Waste 
~ 

l4C 

6oco 

3 r  

9 9 T C  

Il3rnCd 

137cs 

15*Eu 

154EU 

% 
u2Th 
235u 

u8U 

~ 

5.73 x 103 

5.27 x 10' 

2.85 x 10' 

2.13 x 105 

1.37 x 10' 

3.00 x 10' 

11.33 x 10' 

8.80 x 10' 

7.34 x 103 

1.41 x 10" 

7.04 x lo8 

4.47 x 109 

~~ 

BaCO, 

c o  

SrCO, 

NH,TcO, 

Cd 

(32c0, 

Eu203 

Eu203 

no2 

no2 

uo2 
uo, 

199 

60 

150 

181 

113 

334 

352 

356 

26 1 

264 

267 

270 

~~~ 

1.11 x lo4 1.09 x 10' 2.91 x 1.44 x lo-" 2.18 x 1012 

3.46 x 10' 3.97 x 106 2.46 x 10-1 1.66 x lO-I7 6.77 x 
7.45 x IO" 8.74 x 10' 1.29 x 10' 1.17 x 10" 1.34 x 

9.11 x 1.29 x 10' 3.06 x 10' 1.25 x lo-" 1.82 x 

7.64 x ioo 3.97 x I@ 7.77 x 10" 2.33 x 1 0 - l ~  9.09 x 10-l~ 

1.60 x 10' 1.99 x 10' 2.09 x 10' 6.80 x lo-'* 5.12 x 
2.84 x 10" 3.78 x 10' 8.40 x 10-1 7.95 x 9.17 x 
2.84 x 10" 3.78 x 10' 2.79 x lo-' 7.95 x 9.17 x 

7.57 x 5.36 x io1 4.57 x 103 3.24 x 10- l~  3.73 x 1 0 - l ~  

7.57 x 10-8 5.36 x 101 4.37 x 10' 3.24 x 1 0 1 4  3.73 x 10-15 

1.46 X 5.56 X 10' 6.00 x 3.11 x 3.50 x lO-" 

1.46 x 10' 5.56 x 10' 1.54 x 10' 3.11 x 3.50 x lo-'' 
~~~~~ ~ ~~ 

Note: Inventory based on 6 silos with 7 wells in each silo for a total of 42 wells, and &be total inventory for these radionuclides (54 wells) given in Table A9 

For sources, see notes a-c, Table C.l. 
"See note d, Table C.l. 

of Appendix k 



Table C.8 Input data to SOURCE2 for key nuclides in fissile wells 

Inventory Diffusion coefficient (m2/s), Half-life Formula Solubility Waste Kd 
Nuclide (Year) Formula weight (mol/L) ( m u 9  (@unit) Waste Concrete 

37cs 3.00 x 10' CS,CO, 334 1.60 x 10' 1.99 x 10' 4.89 x lo-' 6.80 x 1@12 5.12 x 1013 

?.J 7.04 x lo8 UO, 267 1.46 x 10" 5.56 x 10' 4.05 x 10, 3.11 x 1014 3.50 x lo-'' 

238U 4.47 x 109 uo, 270 1.46 x 10" 5.56 x 10' 1.44 x lo4 3.11 x 3.50 x lo-'' 
~~ ~ ~ ~~ ~- ~ 

~ ~~ ~~ 

Note: lnventory based on one well and the total inventory for these radionuclides given in Table A10 of Appendix A. 
For sources, see notes a-c, Table C.1. 
"See note d, Table C.1. 



Table C.9. Input data to SOURCE2 for key nuclides in asbestos silos 

Half-life Formula Solubility Waste Kd Inventory Diffusion coefficient (m2/s), 
(dunit)  Waste Concrete Nuclide (Year) Formula weight (mol/L) (mLM 

~~ ~~ ~~ ~ ~ 
~ 

'H 1.23 x 10' T20 22 1.11 x io2 1.99 x io" 9.42 x 3.88 x 10 '~  1.86 x 10'~ 

l4C 5.73 x 103  BaCO, 199 1.11 x 1.09 x 10' 1.18 x l o 5  1.44 x lo-" 2.18 x 
6oco 5.27 x 10" co  60 3.46 x 10" 3.97 x lo6 4.00 x lo'? 1.66 x lo-'? 6.77 x lo-" 

wSr 2.85 x 10' SrCO, 150 7.45 x IO-' 8.74 x 10' 2.83 x lo-' 1.17 x lo-" 1.34 x 
9 p r C  2.13 x 10s NH,Tc04 181 9.11 x 1.29 x 10' 6.44 x lo" 1.25 x 10-I' 1.82 x 

3.00 x 10' f32co3 334 1.60 x 10' 1.99 x 10' 5.93 x lo' 6.80 x 5.12 x 1 3 7 ~  

lS2Eu 1.33 x 10' Eu203 352 2.84 x 3.78 x 10' 5.26 x 7.95 x l O I 3  9.17 x l O I 4  

"'Eu 8.80 x IO' EuZO, 356 2.84 x 10' 3.78 x 10" 3.37 x 7.95 x l O - I 3  9.17 x 
u2Th 1.41 x 10" 3 3 0 2  264 7.57 x lo-' 5.36 x 10' 3.56 x 10' 3.24 x 3.73 x lo-'' 

233u 1.59 x 10' uo2 265 1.46 x 5.56 x 10' 9.58 x 3.11 x 3.50 x lo-'' 

u8U 4.47 x 109 uo2 270 1.46 x 5.56 x 10' 7.33 x 10' 3.11 x 3.50 x lQ1' 

2 4 4 ~ m  1.81 x 10' Cm203 536 2.84 x lo4 5.76 x 10' 3.60 x IO'* 5.46 x 6.26 x lo-'' 

Note: Inventory based on 11 silos and the inventories for these radionuclides given in Table A8 of Appendix k 
For sources, see notes a-c, Table C.l. 
"See note d, Table C.l. 



Table C.10- input data to SOURCE2 for key nuclides in biological trenches 

Hal€-life Formula %lubility Waste Kd Inventory Diffusion coefficient (m2/ss). 
Nuclide (Year> Formula weight (mol/L) (mL/g) (dunit) Waste Concreteb 

~ ~ ~ ~ _ _ _  ~~ ~ 

3H 1.23 x 10' T20 22 1.11 x io2 1 . 9  x 1 0 - ~  3.73 x io9 3.88 x io9 NA 

I4c 5.73 x 103 BaCO, 199 1.11 x lo4 1.09 x 1@ 7.63 x lo4 1.44 x 10'' NA 

5.27 x 10' co 60 3.46 x 10' 3.97 x 106 3.89 x l o 9  1.66 x 1 0 1 7  NA 

%Sr 2.85 x 10' SrCO, 150 7.45 X lo-' 8.74 x 10' 1.52 x lo-' 1.17 x 10" NA 

3.00 x 10' CSZCO, 334 1.60 x 10' 1.99 x 10' 5.17 x 10' 6.80 x 1 0 l 2  NA 1 3 7 ~  
~ ~ ~ ~~ ~~ ~~~ ~ 

Note: Inventory based on 5 trenches and the inventories for these radionuclides given in Table All of Appendix A. 
For sources, see notes a-e, Table C.1. 
"See note d, Table C.l. 
bNA = not applicable. Biological trenches are not lined. 



Table C.11. Distniution coefficients and solubility limits of key nuclides in SWSA 6 

Waste distribution coefficientb Concrete distribution coefficientb 

Solubility" K K d  K K d  

Nuclide For mu la (mol/L) (dimensionless) ( m u 9  (dimensionless) ( m W  

T20 

BaCO, 

Al 

KC1 

KC1 

c o  

NiCO, 

NaSeO, 

SrCO, 

NbOF3-2KF 

NH,TcO, 

Cd 

SnCI, 

SnCI, 

KI 

1.11 x lo2 

1.11 x lo4 

5.24 x 10' 

4.61 x 10' 

4.61 x 10' 

3.46 x IO' 

7.83 x io-, 

2.88 x loo 

7.45 x 10-5 

2.60 x 10.' 

9.11 x 

7.64 x loo 

1.37 x 10' 

1.37 x 10' 

7.68 x 10' 

1.00 x 10' 

5.50 x loo 

1.00 x lo6 

1.00 x 100 

3.50 x 10' 

2.00 x 107 

3.20 x 10' 

1.00 x 10' 

4.40 x 10' 

1.20 x Id 

6.50 x 10' 

2.00 x 106 

5.80 x 10' 

5.80 x 10' 

4.00 x 1$ 

1.99 x 10.' 

1.09 x loo 

1.99 x 105 

1.99 x 10-l 

3.98 x 10' 

3.97 x lo6 

6.36 x 10" 

1.99 x 10-l 

8.74 x 10' 

2.38 x 10' 

1.29 x 10' 

3.97 x 105 

1.15 x 10' 

1.15 x 10' 

1.99 x 10-1 

1.00 x 100 

5.50 x 100 

2.50 x 10' 

1.00 x 100 

6.90 x 10' 

7.60 x 10' 

4.20 x 10' 

1.00 x loo 

5.80 x 10' 

1.60 x le 

6.50 x l@ 

7.60 x 10' 

7.60 x 10' 

7.60 x 10' 

1.00 x 10' 

6.51 x 

3.58 x 10-' 

1.63 x 10' 

4.51 x 

5.07 x 10' 

4.95 x 10' 

2.73 x 10' 

6.51 x 

3.78 x 10' 

1.04 x 10' 

4.23 x lo-' 

4.95 x loo 

4.95 x 10' 

4.95 x 10' 

6.51 x 
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Table Cll (continued) 

Waste distribution coefficien tb Concrete distribution coefficient' 

Solubility" K K d  K K d  

Nuclide For mu la (mol/L) (dimensionless) ( m u )  (dimensionless) ( m u 3  
4.05 x 10-5 2.80 x Id 5.56 x 10' 3.70 x Id 2.41 x 10' 

238Pu PUO, 1.71 x 10.' 2.90 x Id 5.76 x 10' 3.80 x Id 2.47 x 10' 

2.47 x 10' 239Pu PUO, 1.71 x 2.90 x Id 5.76 x 10' 

2.47 x 10' 2 4 0 ~ "  PUO, 1.71 x lo-' 2.90 x lo' 5.76 x 10' 

2.47 x 10' 241Pu PUO, 1.71 x lo-' 2.90 x Id 5.76 x 10' 

2.47 x 10' 242Pu PUO, 1.71 x loe8 2.90 x Id 5.76 x 10' 

2 4 1 h  3.27 x 2.90 x lo' 5.76 x 10' 3.80 x Id 2.47 x 10' 

2.47 x 10' 2 4 3 b  A m 2 0 3  3.27 x 10" 2.90 x I d  5.76 x 10' 

2.47 x 10' 242Cm Cm203 2.84 x 10" 2.90 x Id 5.76 x 10' 

2.47 x 10' 243Cm Cm203 2.84 x 10" 2-90 x 102 5.76 x 10' 

244Cm Cm203 2.84 x 2.90 x Id 5.76 x 10' 3.80 x lo' 2.47 x 10' 

249Cf WNOA 3.49 x loo 3.00 x Id 5.96 x 10' 3.90 x Id 2.54 x 10' 

237Np Np2°3 

3.80 x lo' 

3.80 x Id 

3.80 x Id 

3.80 x 102 

3.80 x Id 

3.80 x Id 
3.80 x Id 

"For sources, see note b, Table C.1. 
bFor sources, see note c, Table C.l. 



Tabie C.12 Transport Dararneters used to calculate dithsion coefficients for waste fDA and concrete f D A  

Transport parameters (dimensionless) for D, Transport parameters (dimensionless) for D, 
Concrete 

Selfdiffusion Geometry Distribution Retardat ion Waste diffusion Geometry Distribution Retardation diffusion 
coefficient factor cceflicient factor coefficient factor coefficient factor coefficient 

Nuclide 0, (m2/ss). G K R D, (m2/s) G K R D, (m2/s) 
9-31 x 10-9 1.20 x 105 1.00 x l o o  2.40 x 10' 3.88 x 109 2.50 x loo 1.00 x loo 5.00 x io5 1.86 x 10-9 
9.20 x 10'O 
6.20 x 1 O t 0  
2.03 x 
1.96 x 10-9 
7.30 x 
7.30 x 
7.30 x 10.'' 

7.90 x 10-10 
4.84 x 10" 

1.06 x 10-9 

1.50 x 10-9 
7.00 x 1015 
7.05 x 10'' 
7.05 x IO-'' 
2.05 x 10-9 
2.06 x 10-9 
6.20 x 10'' 
6.20 x 
6.20 x 
6.20 x 10" 
8.70 x 10.'' 
5.10 x 

9.80 x 100 

5.00 x loo 
3.00 x too 
4.30 x 10' 
2.20 x 100 
2.20 x 100 
2.20 x 100 
7.70 x 100 
1.50 y 100 
5.80 x 10' 
1.60 x 10' 
1.50 x 10' 
2.20 x 100 
2.20 x loo 

3.00 x loo 
3.00 x loo 

3.90 x 10' 
3.90 x 10' 
3.90 x 10' 
3.90 x 10' 

2.10 x 10' 

5.80 x 10' 

5-50 x 100 
1-00 x le 
1.00 x loo 
3.50 x 10' 

3.20 x 10' 
3.20 x 10' 
1.00 x loo 
4.40 x 10' 
1.20 x 102 
6.50 x IO' 
2.00 x IO6 
5.80 x 10' 
5.80 x 10' 
1.00 x loo 
1.00 x 102 
1.90 x 10' 
1.90 x 10' 
1.90 x 18' 
1.90 x 10' 
1.00 x 102 
2.70 x lo2 

2.00 x 107 

6.37 x 10' 
5.00 x 106 
6.00 x 10' 
1.s5 x lo2 

7.26 x 10' 
7.26 x 10' 
1.54 x 10' 
6.75 x 10' 

1.20 x 102 
3.00 x lP 
1.30 x 102 
1.30 x 102 
6.00 x 109 
3.03 x 10' 
7.80 x 102 
7.80 x lo2 
7.80 x 10' 
7.80 x lo2 
2.12 x lV 
1.57 x 104 

4.40 x 107 

7.02 x 103 

1.44 x 10-11 
1.24 x 
3.38 5 i . i  

1.26 x IO-'' 
1.66 x 10 
1.01 x 10" 
1.01 x 10" 

6.88 x 10" 

1.17 x 10" 
6.90 x lo"' 

1.25 x 10" 
2.33 x lot6 
5.43 x 10'2 
5.43 x IO l2 

3.42 x 
6.80 x 1012 
7.95 x 1043 
7.9s x 1013 
7.95 x 1043 
7.95 x 1013 

3.24 x 1044 
4.10 x lo-'' 

6.50 x 10' 

3.30 x 10' 
2.00 x 10' 
2.90 x 10' 
1.40 x 10' 
1.40 x 10' 
1.40 x 10' 
5.20 x 10' 
r;00 x IO' 
3.w x 102 
1.10 x loz 
1-00 x 10' 
1.40 x 10' 
1.40 x 10' 
2.00 x 10' 
2.00 x 10' 
2.60 x 102 
2.60 x 102 

2.60 x 102 
2.60 x 102 

1.40 x IO2 
3.90 x 102 

5.50 x 10' 
250 x 101 
1.00 x 100 

6.90 x 10' 
7.60 x 10' 
4.20 x 10' 
4.20 x 10' 
1.00 x too 
5.80 x 10' 
1.60 x 102 
6.50 x IOo 

7.60 x 10' 
7.60 x 10' 
7.60 x 10' 
1.00 x 100 
2.00 x 102 
2.50 x 10' 
2.50 x 10' 
2.50 x 90' 
2.50 x 10' 
1.30 x lo2 

3.50 x IO2 

I - -  

4.23 x 102 
8.58 x l@ 
4.00 x 10' 
2.03 x 10' 

6.02 x 10' 
6.02 x 10' 
1.04 X IO2 

5.90 x 102 
6.28 x 10' 
8.25 x lo2 
7.70 x 10' 
1.08 x lo) 

4.00 x 10' 
4.02 x le 
6.76 x l@ 

6.76 x io3 

6.76 x lo3 

1.37 x 10' 

1.08 x 103 

1.08 x 103 

6.76 x 103 

1.83 x 104 

2.18 x I O i 2  

7.23 x 1043 
5.08 x 10.1' 
9.46 x 10-13 

6-77 x 1043 

1.21 x l0l1 
1.21 x 1 0 1 2  

1.02 x lo-" 

1.34 x lo-'' 

7.71 x 10 
1.82 x 10" 
9.09 x 10-13 

6.54 x 1043 

6.54 x 1 0 1 3  

5.12 x 10-1~ 

5.13 x 10" 

9.17 x lo-'' 
9.17 x 10'" 
9.11 x lo-'' 

4.74 x 10-1' 

3.73 x 1O"J 

9.17 x 10-14 



Table C12 Icontinued) 

Transport parameters (dimensionless) for D, Transport parameters (dimensionless) for D,  

Concrete 
Selfdiffusion Geometry Distribution Retardation Waste diffusion Geometry Distribution Retardation diffusion 

coefficient factor coefficient factor coefficient factor coefficient factor coefficient 
D, (m2/s>. G K R D, (m2/s) G K R D, (m2/s) 

5.10 x 1O”O 5.80 x 10’ 2.70 x 10’ 1.57 x 104 3.24 x 10-14 3.90 x 102 3.50 x lo2 

Nuclide 

5.10 x 10’O 
5.07 x 10’’ 
5.07 x 10’’ 
5.07 x 10 lo 

5.07 x 10 lo 

5.07 x 10” 
5.07 x 10 lo 

5.07 x 10 

5.07 x 10 Io 

5.07 x 10 lo  

5.07 x 10 l o  

5.07 x l oTo  

5.07 x 10 lo 

6.20 x 10 ’’ 
6.20 x 10 lo 

6.20 x 10 lo 

6.20 x 10 lo 

6.20 x 10 lo 

6.20 x 10 lo 

5.80 x 10’ 
5.80 x 10’ 
5.80 x 10’ 
5.80 x 10’ 
5.80 x lo1 

5.80 x 10’ 
5.80 x IO1 

5.80 x 10’ 
5.80 x 10’ 
5.80 x 10’ 
5.80 x lo1 

5.80 x 10’ 
5.80 x 10’ 

3.90 x 10’ 

3.90 x 10’ 

3.90 x 10’ 
3.90 x 101 

3.90 x 10’ 
3.90 x 101 

2.70 x 10’ 

2.80 x 102 
2.80 x lo2 

2.80 x IO2 
2.80 x IO2 

2.80 x lo2 
2.80 x lo2 

2.80 x lo2 

2.90 x 102 
2.90 x 102 
2.90 x 102 
2.90 x I02 

290 x 102 

2.90 x 102 

2.90 x 102 

2.90 x 102 

2.90 x 102 

2.90 x 102 
3.00 x 102 

1.57 x 104 

1.63 x 10‘ 
1.63 x 104 

1.63 x 104 
1.63 x 104 
1.63 x 104 

1.63 x 104 

1.69 x 104 

1.69 x 104 

1.63 x lo4 

1.69 x lo4 

1.69 x IO4 

1.69 x 104 

1.13 x 104 

1.13 x 104 

1.13 x io4 

1.17 x 104 

1.13 x lo4 

1.13 x lo4 

3.24 x 10-14 

3.11 x 10-14 

3.11 x 10-14 

3.11 x 10-14 

3.11 x 10.14 

3.11 x 10-14 

3.11 x 10-14 

3.00 x 10-14 

3.00 x 10-14 
3.00 x 10-14 

3.00 x 10~14 
3.00 x 1 0 1 4  

5.46 x 10-14 

5.46 x 10-14 

5.46 x 10-14 

5.46 x 10~14 

5.46 x 10-l4 
5.28 x 1014 

3.1 1 x 

3.90 x 102 

3.90 x 102 
3.90 x 102 

3.90 x 102 
3.90 x 102 
3.90 x 102 
3.90 x 10’ 

3.90 x 102 

3.90 x 102 

3.90 x 10’ 

3.90 x 102 
3.90 x 102 

3.90 x 10’ 
2.60 x 102 
2.60 x 102 

2.60 x lo2 

2.60 x 102 

2.60 x 102 
2.60 x lo2 

3.50 x 102 

3.70 x 10’ 
3.70 x lo2 

3.70 x lo2 

3.70 x lo2 
3.70 x lo2 

3.70 x IO2 
3.70 x IO2 

3.80 x lo2 

3.80 x 10’ 
3.80 x IO2 

3.80 x io2 

3.80 x lo2 

3.80 x lo2 

3.80 x lo2 

3.80 x 102 

3.80 x lo2 

3.80 x lo2 

3.90 x 102 

1.37 x la‘ 

1.37 x la‘ 

1.45 x 10’ 
1.45 x 10’ 
1.45 x 10’ 
1.45 x 10’ 
1.45 x 105 

1.45 x I d  

1.49 x 10’ 
1.49 x 10’ 
1.49 x 10’ 

1.49 x 10’ 

1.49 x 10’ 

1.45 x 105 

9.91 x 104 
9.91 x 104 

9.91 x 104 
9.91 x 104 

9.91 x 10‘ 

1.02 x 10s 

3.73 x 10 IJ 

3.73 x lOIS 

3.50 x 10” 
3.50 x 10 lJ 

3.50 x 10 I s  

3.50 x 1015 

3.50 x 101’ 
3.50 x 10” 

3.50 x 10” 
3.41 x 10 I’ 

3.41 x 10” 
3.41 x 10” 
3.41 x 10” 

3.41 x 10 ” 

6.26 x 10” 

6.26 x 10” 

6.26 x l oJ5  

6.26 x 10 ” 

6.26 x 10 Is 

6.10 x 10” 

Nore: D ,  (or D,) = D/R where R = G(l + Kyl-’. The term H is defined as the relative saturation of the pores with water. The pores are assumed to be full in the calculations 

“Sources: D. 6. Miller, Estimation of Tracer DiffiLsion Coeflcien~s of Ions in Aqueous Solulion, UCRL-5331, Sept. 7, 1982; C. J. Geankoplis, Mass Transport Phenomena, Holt, 
shown in this table; that is, H = 1.0. 

Rinehart and Winston, New York, 1972; F. Kepak, ’Adsorption and Colloidal Properties of Radioactive Elements in Trace Concentrations,” Chemical Review 71(4), 1972; 
E. L. Cussler, Difusion-Mass Transfer in Fluid Systems, Cambridge University Press, New York, 1984. 



Table C13. Inventory and uncertainty analysis data for key nuclides in Tumulus I 

Diffusion coefficient" 

Concrete Expected extent Molecular Half-life" Solubilityb Waste K; Inventoryd Waste 
Nuclide Formula weight (Year) (mol/L) (mL/g) (gfvault) (m2/s) (m2/s) of values 

'H a20 

BaCO, 

SrCO, 

NH4Tc04 

QCO, 

RaSO, 

Tho2 

UO, 

22 

199 

150 

181 

334 

322 

264 

265 

1.23 x 10' 

5.73 x 103 

2.85 x 10' 

2.13 x 10' 

3.00 x 10' 

1.60 x le 

1.41 x 10" 

1.59 x 10' 

1.11 x lo2 

1.11 x 10-4 

7.45 x los 

9.11 x 

1.60 x 10' 

6.21 x 10" 

7.57 x lo8 

1.46 x 10" 

1.99 x 10.' 1.42 x loa 3.88 x lo9 

1.99 x lo2 7.10 x 10' 7.76 x lo-'' 

1.99 x 10' 2.13 x 10" 7.76 x 
1.09 x 10' 1.11 x 10' 1.44 x 10'' 

1.09 x 10' 5.56 x I O 3  2.89 x 10" 

1.09 x 10' 1.66 x l o 2  2.89 x 10" 

8.74 x 10' 1.38 x 1.17 x 10" 
8.74 x lo" 3.65 x IO-' 2.34 x 10"' 

8.74 x 10' 3.01 x 2.34 x 10" 

1.29 x 10" 1.11 x 10' 1.25 x lo-'' 

1.29 x 10' 7.82 x 2.50 x lo-'* 

1.29 x 10' 1.50 x lo-' 2.50 x lo-" 

1.99 x 10' 5.81 x 6.80 x lo-'* 

1.99 x 10' 4.61 x 1.36 x 
1.99 x 10' 7.70 x 1.36 x 10" 
1.99 x 10' 2.15 x 10" 4.10 x lot3 

1.99 x io0 1.68 x 104 8.20 x 1014 

1.99 x 102 2.86 x iod 8.20 x 1013 

5.36 x 10' 5.14 x le 3.24 x 1014 

5.36 x loo 3.31 x 10' 6.49 x 10'' 

5.36 x 10' 6.43 x 10' 6.49 x l O I 4  

5.56 x 10' 5.14 x lo2 3.11 x 
5.56 x 10" 5.14 x 6.22 x lo-'' 

5.56 x lo2 5.14 x 10' 6.22 x 

1.86 x 109 

3.72 x lo-'' 

3.72 x lo9 

2.18 x 1012 

4.36 x lo'* 

1.34 x lo-'* 
2.68 x 10-l~ 

2.68 x 1012 

1.82 x 

4.36 x 10-13 

3.64 x 1013 

3.64 x 10l2 

5.12 X 

1.02 x 1013 

4.74 x 1014 
9.49 x 1015 

9.49 x 1 0 1 4  

1.02 x 1012 

3.73 x 1QlS 

7.45 x 1Ql6 

3.50 x 10" 

7.01 x 

7.45 x 1015 

7.01 x 10-15 

Probable 
LOW 

High 
Probable 
LOW 
High 
Probable 
LOW 

High 
Probable 
LOW 

High 
Probable 
LOW 
High 
Probable 
LOW 

High 
Probable 
LOW 

High 
Probable 
L O W  

High 



Table C13 (continued) 

Diffusion coefficient‘ 

Molecular Half-life“ Solubilityb Waste K; Inventoryd Waste Concrete Expected extent 
Nuclide Formula weight (Year) (mol/L) (mJJg1 (gEvaW (m‘/s) (m’/s) of values 

UO‘ 270 4.47 x 109 1.46 x 10‘ 5.56 x 10’ 6.87 x 10’ 3.11 x 1014 3.50 x 10” Probable 

5.56 x 10’ 5.10 x IO2 6.22 x 10” 7.01 x Low 

5.56 x 10’ 9.44 x 10’ 6.22 x 7.01 x lo“’ High 

5.76 x 10’ 7.37 x 6.01 x 10” 6.82 x Low 
5.76 x 10’ 7.10 x lo’* 6.01 x 6.82 x lo-” High 

5.76 x 10’ 1.22 x 10’ 1.09 x 1014 1.25 x 10.’’ Low 
5.76 x 10‘ 1.22 x 1.09 x l O I 3  1.25 x High 

5.76 x 10” 6.01 x 10‘ 1.09 x l O I 4  1.25 x lo-’’ Low 

5.76 x lo* 2.57 x 1.09 x loi3 1.25 x High 

21pPu PUO, 27 1 2.41 x io4 1.71 x lo-* 5.76 x 10’ 7.37 x 10” 3.00 x 1014 3.41 x lois Probable 

530 4.33 x 10’ 3.27 x 10“ 5.76 x 10’ 1.22 x LO-‘ 5.46 x 1 0 1 4  6.26 x Probable 241- 

534 7.38 x IO3 3.27 x 10‘ 5.76 x 10’ 4.74 x lo’ 5.46 x 6.26 x Probable 2 4 3 h  

Note: Inventory based on 197 vaults. 
”Sources: General Electric Company, Chan ofthe Nuclides, Knolls Atomic Power Laboratory, Schenectady, N.Y., 1983; E. Browne and R. B. Firestone, Table of 

Radioactive Isotopes, ed. V. S. Shirley, John Wiley and Sons, Inc., New York, 1986. 
*Sources: D.  R.  Lide, ed., CRC Handbook of Chembny and Physics, 73rd ed., 19992; Freie Universitit Berlin and Institut fiir Anorganische und Analytische Chemie, 

Sohtbiliry and Speciation of Actinides in Salt Solutions and Migration Erperitnents of Intermediate Level Waste in Salt Formariom, FUB/FI 53132415/85, 1986; M. 
Schweingruber, Actinide Solubiliry in Deep Groundwaters-Estimates for Upper Limits Based on Chemical Equilibn’um Calculations, EIR-Bericht Nr. 507, December 1983; 
Agence Internationale de I’Energie Atomique, Seminaire siu les Techniques d’Erude et les Methodes d’Evaluarion des Sites en vue du Stockage Defmitif Souterrain des 
Dechets Radioactifs, IAEA-SR-104, February 1984. 

TM-10561, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., June 1990; I. Neretnieks, “Diffusivities of Some Constituents in Compacted Wet Bentonite Clay 
and the Impact on Radionuclide Migration in the Buffer,” Nucf. Tech. 71, 458-70 (1985). 

‘Sources: H. A. Friedman and A. D. Kelmers, Laboratory Measurement of Radionuclide Sopion in Solid Waste Storage Area 6 SoilJGrowtdwater Systems, ORNL- 

dSoiirce: R. Kenning, and L. Yong, Evaluation of Uncenainty in the SWSA 6 Inventory Data, Atlan-Tech, Inc., Roswell, Ga., February 1993. 
The  apparent (effective or retarded) diffusion coefficient, D, is calculated using the selfdiffusion coefficient, D,, and the relationship D = BjR where the retardation 

factor R = G(l+K)(H-*).  The G factor represents physical retardation effects. The factor K is a partition coefficient. The factor H represents the fraction of water 
saturation. 



Table C14. Inventory and uncertainty analysis data for key nuclides in Turnulus I1 

Diffusion coefficienta 

3H 

l4c 

%r 

9 - C  

137~s 

=zTh 

w 

22 

199 

150 

181 

334 

264 

265 

Probable 
LOW 

High 
Probable 

LOW 

High 
Probable 
L O W  

High 

Probable 

L O W  

High 
Probable 

L O W  

High 
Probable 

L O W  

High 

Probable 
L O W  

High 

Molecular Half-life Solubility Waste K,, Inventory Waste Concrete Expected extent 
Nuclide Formula weight (Year) (mol/L) ( m u 9  (g/vault) (m2/s) (m'/s) of values 

1.23 x 101 1.11 x id 1.99 x 10-1 7.54 x 107 3.88 x 109 1.86 x 10'9 
1.99 x 10* 3.79 x lo7 7.76 x 10" 
1.99 x 10'' 1.14 x 106 7.76 x lo9 

5.73 x l@ 1.11 x lo4 1.09 x 1$ 2.16 x lo3 1.44 x 1O1' 

1.09 x 10' 1.08 x lo3 2.89 x lo** 
1.09 x 10' 3.24 x 10" 2.89 x 10'' 

2.85 x 10' 7.45 x 10' 8.74 x l@ 1.10 x IO-" 1.17 x 10" 

8.74 x lo1 2.90 x 10' 2.34 x 10" 

8.74 x 10' 2.39 x 2.34 x 10" 

2.13 x I d  9.11 x 10' 1.29 x 100 6.30 x 10* 1.25 x 10" 
1.29 x 10' 4.48 x 10' 2.50 x 1@l2 
1.29 x 10' 8.50 x lo2 2.50 x 10" 

3.00 x 10' 1.60 x 10' 1.99 x 10' 2.72 x 6.80 x 10" 
1.99 x 100 2.15 x lU4 1.36 x 
1.99 x 102 3.60 x 104 1.36 x 10'' 

1.41 x 10" 7.57 x 108 5.36 x 10' 1.64 x 10' 3.24 x 10''' 

5.36 x 100 1.15 x 10' 6.49 x 10'' 

5.36 x I d  1.91 x 10' 6.49 x 10" 

1.59 x le 1.46 x lo-6 5.56 x 10' 2.44 x 18, 3.11 x 1814 
5.56 x 100 2.44 x lo3 6.22 x 
5.56 x I d  2.44 x 10' 6.22 x 10'14 

3.72 x 10" 
3.72 x lo9 

2.18 x lo1* 
4.36 x 10'' 
4.36 x 10" 
1.34 x 
2.68 x 10" 

2.68 x 1012 
1.82 x 10l2 

3.64 x 10" 

5.12 x lU13 

1.02 x 1012 

7.45 x 
7.45 x 10lS 
3.50 x 
7.01 x 
7.01 x 10'' 

3.64 x 1013 

1.02 x 10'13 

3.73 x 1 0 ' 5  



Table C14 (continued) 

Diffusion coefficient’ 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
Nuclide Formula weight (Year) (mol/L) ( m a )  (dvault) (m%) (m2/s) of values 

u8U UOZ 270 4.47 x lo9 1.46 x 10-6 5.56 x 10’ 9.91 x 10’ 3.11 x lOI4 3.50 x l U ”  Probable 

5.56 x 100 7.52 x 10’ 6.22 x 10”  7.01 x 1016 Low 

5.56 x I d  1.34 x I d  6.22 x 7.01 x 10”  High 

5.76 x l@ 3.81 x lo4 6.01 x 10’’ 6.82 x 1016 Low 
5.76 x I d  3.81 x lo2 6.01 x lOI4 6.82 x lo1’ High 

5.76 x l@ 1.39 x l o s  1.09 x 1014 1.25 x 10”  Low 
5.76 x I d  1.39 x lo3 1.09 x IOt3 1.25 x 1014 High 

9 U  PUO, 27 1 2.41 x IO4 1.71 x 10’ 5.76 x 10’ 3.81 x lP3 3.00 x 1014 3.41 x IO” Probable 

A m 2 0 3  530 4.33 x Id 3.27 x 106 5.76 x 10’ 1.39 x lo4 5.46 x lUI4 6.26 x 10’’ Probable ? 4 1 h  

Note: Inventory based on 220 vaults. 
For sources, see notes a-d, Table C.13. 
‘See note e, Table C.13. 



Table C15. Invenlory and uncertainty analysis data for key nuclides in the Intermediate Waste Management Facility 

Diffusion coefficient" 

Nuclide Formula weight (Year) (molfL) (mug) (dvault) (m*/s> (m'/s) 
Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 

of values 

TP 

BaCO, 

KCl 

SrCO, 

NM,TcO, 

cs2c03 

Tho, 

22 

199 

75 

150 

181 

334 

264 

1.23 x 10' 1.11 x I d  1.99 x 10' 3.77 x 10" 

1.99 x 10' 1.89 x 

1.99 x 100 5.66 x 

1.09 x lo-' 

1.09 x 10' 

1.99 x 10' 
1.99 x 10" 

8.74 x 10' 
8.74 x 10' 

1.29 x 10' 

1.29 x 10' 

1.59 x l@ 

5.73 x Id 1.11 x lo4 1.09 x 100 2.47 x 10.' 

1.23 x lo-' 

3.69 x lo-* 
3.01 x 16 4.61 x l@ 1.99 x 10' 2.32 x 10.' 

1.79 x 10'' 
3.05 x 10.' 

2.85 x 10' 7.45 x los 8.74 x 10" 1.64 x lo4 

4.34 x 10'' 

3.57 x lo4 

2.13 x lo' 9.11 x 10' 1.29 x le 6.19 x lo-* 

4.38 x lo-* 

8.34 x l o 2  

3.51 x lo4 

1.41 x 10" 7.57 x 10' 5.36 x 10' 2.32 x 10' 
1.63 x 10' 
2.69 x 100 

3.00 x 101 1.60 x 101 1.99 x 101 4.43 x 10-4 

1.59 x id 5 . a  x 104 

5.36 x 1@ 

5.36 x Id 

3.88 x 109 

7.76 x 10-9 
7.76 x 10'' 

1.44 x 10" 

2.89 x 10-l2 
2.89 x 10" 
3.38 x 10" 
6.77 x 10" 
6.77 x lo-'' 

1.17 x 10" 
2.34 x 10" 
2.34 x 10" 
1.25 x 10" 
2.50 x lo-'' 

2.50 x 10" 
6.80 x 10'' 
1.36 x lo-'' 

1.36 x lo-" 

3.24 x loi4 

6.49 x 10-l' 

6.49 x 

1.86 x 10-9 

3.72 x 
3.72 x lo-'* 

2.18 x 
4.36 x lo" 

4.36 x 
5.08 x lo-" 

1.02 x lo-" 

1.02 x 10'O 

1.34 x lo"* 

2.68 x 
2.68 x lo-'' 

1.82 x 
3.64 x 10.'' 

3.64 x 
5.12 x l O I 3  

1.02 x 10" 

7.45 x 1016 

1.02 x 1013 

3.73 x 10'5 

7.45 x 10-15 

Probable 

L O W  

High 
Probable 

LOW 

High 

Probable 
L O W  

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 



Table C15 (continued) 

Diffusion coefficient" 

Molecular Half-life Solubility Waste Kd Inventoly Waste Concrete Expected extent 
Nuclide Formula weight (Year) ( m o l b )  ( m W  (g/vault) (m2/s) (m2/s) of values 

u3u UO2 265 1.59 x 1 6  1.46 x 106 5.56 x 10' 6.83 x lo-* 3.11 x 1 O I 4  
5.56 x l@ 6.83 x 10'' 6.22 x IO-" 

5.56 x I d  6.83 x lo-' 6.22 x 
uo2 270 4.47 x lo9 1.46 x 10-6 5.56 x 10' 1.23 x lo3 3.11 x 

5.56 x 10" 9.14 x 102 6.22 x 10''' 
5.56 x Id 1.69 x lo3 6.22 x 1014 

upPU PUO, 27 1 2.41 x 104 1.71 x 10' 5.76 x 10' 5.34 x 10'' 3.00 x 
5.76 x 10" 5.34 x 6.01 x 10'' 

5.76 x I d  8.45 x lo3 6.01 x 
A m 2 0 3  530 4.33 x I d  3.27 x 106 5.76 x 10' 1.39 x 10.' 5.46 x 1014 

5.76 x 10' 6.76 x 10" 1.09 x 10-14 

5.76 x I d  5.16 x 10.' 1.09 x 1 0 1 3  

534 7.38 x I@ 3.27 x 106 5.76 x 10' 9.35 x lo-' 5.46 x 1014 

2 4 1 h  

2 4 3 h  

5.76 x 100 2.82 x 10-5 1.09 x 10-14 
5.76 x id 2.49 x 1.09 x 10-l~ 

3.50 x lo-'' 

7.01 x 
7.01 x 10'' 

7.01 x loi6 
7.01 x 10'' 

6.82 x 1016 

6.82 x lo-'' 

1.25 x 10"' 
1.25 x 1014 
6.26 x lo-'' 

1.25 x 10i5 
1.25 x 1014 

3.50 x 1045 

3.41 x 10-15 

6.26 x 10-15 

Probable 

LOW 
High 
Probable 

LOW 
High 
Probable 

LOW 

High 
Probable 

L O W  

High 
Probable 

LOW 

High - 

Note: Inventory based on 140 vaults. 
For sources, see notes a-d, Table C.13. 
'See note e, Table C.13. 



Table C16. Inventory and uncertainty analysis data for key nuclides in law-range silos 
Diffusion coefficient' 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
Nuclide Formula weight (year) (mol/L) (mug) (@si lo) (m2/s) (m2/s) of values 

22 

199 

150 

181 

334 

264 

1.23 x 10' 1.11 x I d  

5.73 x id 1.11 x 104 

2.85 x 10' 7.45 x 10s 

2.13 x I d  9.11 x lo2 

3.00 x IO' 1.60 x 10' 

1.41 x 10'' 7.57 x 10B 

1.99 x lo-' 

1.99 x 1c2 

1.99 x I d  

1.09 x loo 

1.09 x 10' 
1.09 x 10' 

8.74 x 10" 
8.74 x 10' 

8.74 x 10' 
1.29 x 10' 
1.29 x 10' 

1.29 x 10' 
1.99 x 10' 

1.99 x loo 

1.99 x lo2 

5.36 x 10' 

5.36 x lo3 

5.36 x 1Q' 

1.41 x 105 

2.02 x 105 

3.88 x 109 

7.76 x 10-9 
7.85 x lo6 

2.16 x 10' 

1.08 x 10' 
3.23 x 10' 
5.22 x lo4 
1.08 x lo4 
1.27 x lo3 
2.56 x 10'' 
1.82 x 10'' 

3.45 x 100 

6.88 x lo4 
4.18 x lo4 
9.61 x 104 
1.31 x Id 

1.15 x 102 

1.45 x I d  6.49 x 

7.76 x 10" 

1.44 x 10'' 

2.89 x lou 
2.89 x 10" 
1.17 x lo-'* 

2.34 x 10.'' 

2.34 x 10" 
1.25 x lo-'' 

2.50 x 10" 
2.50 x 10" 

6.80 x 1012 

1.36 x lo-" 

1.36 x 10'' 
3.24 x 10"' 

6.49 x 10l5 

1.86 x lo9 

3.72 x 10.'' 

3.72 x lo9 
2.18 x 10'2 

4.36 x 
1.34 x 1012 
2.68 x 

1.82 x 

4.36 x 10-13 

2.68 x lo-'* 

3 . a  x 1013 

3.64 x 
5.12 x 
1.02 x 10-13 
1.02 x 1012 
3.73 x 10-15 

7.45 x 
7.45 x 1015 

Probable 

LOW 

High 

Probable 

L O W  

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 
High 

Probable 

LOW 

High 
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Table C16 (mntinued) 

Diffusion coefficient' 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
Nuclide Formula weight (Year) (mol/L) (mL/g) (@silo) (m'/s) (m'/s) of values 

u3u uo2 265 1.59 x I d  1.46 x 106 

"*U UOZ 270 4.47 x 10' 1.46 x 106 

"PPU PuQz 27 1 2.41 x 104 1.71 x 10s 

h Z Q ,  530 4.33 x Id 3.27 x 106 2 4 1 h  

243Am A m 2 0 3  534 7.38 x Id 3.27 x 106 

5.56 x 10' 
5.56 x 10' 
5.56 x 10' 

5.56 x 10' 

5.56 x 10' 
5.56 x lo2 

5.76 x 10' 
5.76 x 10' 
5.76 x lo2 

5.76 x 10' 
5.76 x 10' 

5.76 x 10' 
5.76 x 10' 
5.76 x 10' 
5.76 x 10' 

3.79 x 10' 3.11 x 
3.79 x 103  

3.79 x 10' 
6.22 x 1015 
6.22 x 10-14 

5.43 x Id 
4.08 x I d  

7.42 x Id 6.22 x 

3.11 x l O I 4  

6.22 x lo-'' 

7.44 x 1 0 3  3.00 x 1014 
7.44 x 104 6.01 x 1015 

1.58 x 10' 
1.07 x 104 5.46 x 

6.01 x l O I 4  

1.63 x 105 
3.38 x io4 

7.23 x 10s 
5.54 x 103 

1.09 x 1014 
1.09 x 1043 

1.09 x 1 0 4 4  
1.09 x 10~3 

7.23 x lo4 5.46 x 1014 

3.50 x 10-15 

7.01 x 
7.01 x lo-" 

3.50 x lo1' 

7.01 x 10-l6 
7.01 x lo-'' 

3.41 x 10i5 
6.82 x 1016 

6.26 x 10"' 

1.25 x 10" 

6.26 x 10'' 

1.25 x l O I 4  

6.82 x 10-15 

1.25 x 1 0 4 4  

1.25 x 1045 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High - 

Nore: Inventory based on  75 silos. 
For sources, see notes a-d, Table C.13. 
"See note e, Table C.13. 



Table C17. Inventory end uncertainty analysis data for key nuclides in high-range silos 

Diffusion coefficient" 

Concrete Expected extent Molecular Half-life Solubility Waste K, Inventory Waste 
w a r )  ( m o w  (mug) (@silo) (m2/s) (m2/s) of values Nuclide Formula weight 

22 

199 

150 

334 

264 

240 

1.23 x 10' 1.11 x 10' 1.99 x l@* 3.14 x lo" 3.88 x 10' 

1.99 x 10' 1.57 x LO-' 7.76 x lUt0 

1.99 x 100 4.71 x los 7.76 x lo9 
5.73 x ld 1.11 x lo4 1.09 x 100 272 x lo4 1.44 x 10'' 

1.09 x 10' 1.36 x lo4 2.89 x 10" 

1.09 x 10' 4.08 x 104 2.89 x 10" 

2.85 x 10' 7.45 x la5 8.74 x loa 7.80 x 10' 1.17 x 10" 

8.74 x 10' 5.07 x 102 2.34 x 1012 

8.74 x 10' 1.34 x 10' 2.34 x 10'' 

3.00 x 10' 1.60 x 10' 1.99 x 10' 8.15 x lU3 6.80 x 10l2 

1.99 x IC+ 4.95 x 10" 1.36 x IO'* 

1.99 x I d  1.14 x 10" 1.36 x 10" 

1.41 x lo3@ 7.57 x 10" 5.36 x 10' 3.26 x 10' 3.24 x 10'' 

5.36 x I d  2.79 x 10' 6.49 x 10'' 

5.36 x le 3.62 x 10' 6.49 x 10" 

4.44 x lo9 1.46 x 106 5.56 x 10' 9.91 x I d  3.11 x loy4 
5.56 x le 8.75 x I d  6.22 x 10" 

5.56 x lot 1.12 x Id 6.22 x 

1.86 x 10-9 

3.72 x 10'' 

3.72 x io9 
2.18 x lo1* 
4.36 x lW3 

4.36 x 10l2 

1.34 x 1012 

2.68 x 1013 

268 x 

5.12 x 

1.02 x 
1.02 x l0l2 

3.73 x 1015 

7.45 x 1016 

7.45 x 10" 

3.50 x 10'' 

7.01 x lOI6 

7.01 x 10" 

Probable 

L O W  

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 
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Table C17 (continued) 

Diffusion coefficient' 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
Nuclide Formula weight tYw ( m o w  ( m u )  (glsilo) (m2/s) (m'/s) of values 

P g P U  PUO, 27 1 2.41 x 104 1.71 x 108 5.76 x 10' 7.31 x 3.00 x 10'' 3.41 x lO" Probable 

5.76 x lob 7.31 x lo4 6.01 x 10'' 6.82 x loz6 Low 

5.76 x Id 3.20 x 10' 6.01 x 10'' 6.82 x High 

Note: Inventory based on 33 silos. 
For sources, see notes a-d, Table C.13. 
"See note e, Table C.13. 



Table C18. Inventory aa8 uxertainty adysis dam for key nuclides in high-mge wells 

Diffusion coefficient" 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
Nuclide Formula weight (Year) (moa)  ( m u )  (*ell) (m%) (m'/s) of values 

9$r 

T C  

' v s  

Eu 

lUEu 

SrCO, 

NH,Tc04 

cS*co, 

Eu203 

150 

181 

334 

352 

356 

2.85 x 10' 7.45 x 10' 8.74 x 100 9.50 x 10' 

6.42 x 10' 

1.27 x 10" 

2.13 x I d  9.11 x 10' 1.29 x 10" 4.37 x 10' 

4.15 x 10' 

4.59 x 10' 

3.00 x 10' 1.60 x 10' 1.99 x 10' 1.41 x Id 
1.28 x l@ 

1.62 x I d  

1.33 x 10' 284 x lo' 3.78 x 10" 5.74 x lo2 
3.61 x lo2 
8.48 x lo2 

8.80 x 100 284 x l@ 3.78 x ld 1.30 x lo2 
8.16 x 10' 

1.92 x lo2 

8.74 x 10' 
8.74 x 10' 

1.29 x lo-' 

1.29 x Id  

1.99 x loe 

1.99 x Id 

3.78 x 10' 

3.78 x Id 

3.78 x 10' 

3.78 x 10* 

1.17 x 10" 

234 x lU'* 

234 x lo-" 

1.2s x 10'l 

250 x 1012 

2.50 x lo'* 
6.80 x 1012 

1.36 x 

1.36 x 10" 
7.95 x 10'3 

159 x 1 0 1 3  

1.59 x lou 
7.95 x lou 
159 x loD 
159 x loa 

1.34 x 111'* 

2.68 x 1013 
2.68 x 10l2 

1.82 x 1012 

3.64 x 1Q" 

3.64 x lo-'* 

5.12 x 10" 

1.02 x 10'' 

1.02 x 1ol2 
9.17 x 10" 

1.83 x 1 0 1 4  

1.83 x 1013 

1.83 x 10'4 

1.83 x 1013 

9.17 x 10'' 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

Low 

High 
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Table C18 (continued) 

Diffusion coefficient' 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
Nuclide Formula weight (year) ( m o w  ( m u )  (g/WelU ( m2/s) (m2/s) of values 

% Tho* 261 7.34 x Id 7.57 x loa 5.36 x 10' 6.53 x 104 3.24 x 3.73 x 10'' Probable 

5.36 x 10'' 5.88 x 104 6.49 x lou 7.45 x 1OI6 Low 

5.36 x Id 7.18 x 104 6.49 x lo1' 7.45 x 10" High 

23% Tho* 264 1.41 X 10" 7.57 X 10% 5.36 X 10' 6.25 x 100 3.24 x l@' 3.73 x 10'' Probable 

5.36 x 10'' 5.62 x 10" 6.49 x l@' 7.45 x 10l6 Low 

5.36 x Id 6.87 x 100 6.49 x loy4 7.45 x 10" High 

Note: Inventory based on 12 wells. 
For sources, see notes a-d, Table C.13. 
'See note e, Table C.13. 



Table C19. Uncertainty analysis data for key nuclides in high-range wells in silo6 

Diffusion coefficient" 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 
of values Nuclide Formula weight (Yew ( m o m  ( m u )  (@silo) (m2/s) (m2N 

150 

181 

334 

352 

356 

261 

264 

285 x 10' 7.45 x 10' 8.74 x 1$ 6.65 x lob 

4.50 x lob 
8.86 x 1$ 

2.13 x le 9.11 x IO2 1.29 x 1$ 3.06 x 10'' 
291 x lob 
3.21 x 100 

3.00 x 10' 1.60 x 10' 1.99 x 10' 9.87 x 100 
8.99 x lob 

1.114 x 10' 
1.33 x 10' 2.84 x lo4 3.78 x I$ 4.02 x 10" 

2.53 x lo" 

5.94 x 10' 
8.80 x I d  2.84 x 104 3.78 x 1$ 9.13 x 102 

5.72 x lo2 
1.34 x 10' 

4.11 x 1U3 

5.03 x lo3 
1.41 x 10" 7.57 x 10' 5.36 x 10' 4.37 x 10' 

3.93 x 10' 
4.81 x PO' 

8.74 x 10' 
8.74 x 10' 

1.29 x 10' 
1.29 x 10' 

1.99 x 10') 
1.99 x Id 

3.78 x 10' 

3.78 x 10' 

3.78 x IO-' 
3.78 x 10' 

5.36 x 100 

5.36 x I d  

5.36 x lob 
5.36 x I d  

7.34 x id 7.57 x 10" 5.36 x 10' 4.57 x 103 

1.17 x 10" 
234 x lau 
2.34 x 10" 

1.25 x 10" 
2.50 x 1012 

2.50 x 10" 

6.80 x loi2 
1.36 x 10" 
1.36 x 10" 

1.59 x 10" 
1.59 x 10" 

7.95 x 1013 

7.95 x lou 
1.59 X 10'' 
1.59 x 
3.24 x 10'' 
6.49 x 10'' 
6.49 x 10" 
3.24 x 
6.49 x 10'' 

6.49 x 1 0 ' 4  

1.34 x lo'* 
2.68 x 1013 
2.68 x lo'* 
1.82 x 1OU 

3.64 x mu 
5.12 x 10l3 

1.02 x 1012 
9.17 X 

1.83 x 10" 
1.83 x 10" 

9.17 X lDt4 
1.83 x 
1.83 X 

3.73 x 10's 

7.45 x lot6 

3.73 x 
7.45 x 
7.45 x io1s 

3.64 x 10'3 

1.02 x 10-13 

7.45 x 1015  

Probable 
LOW 

High 
Probable 
Lwv 
High 
Probable 
LOW 
High 
Probable 
LOW 
High 
Probable 
LOW 
High 
Probable 
LOW 
High 
Probable 
LOW 

High 
I 

Nore: Inventory based on 6 silos wilh 7 wefb in each silo for a total of 42 wells. 
For sources, see notes a-d, Table C.13. 
"See note e, Table C.13. 



Table C20. Inventory and uncertainty analysis data for key nuclides in fissile wells 

Diffusion coefficient" 

Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent. 
Nuclide Formula weight O W  (mom) (mu) (gnkre4 (m2/s) (m'/s) of values 

Q2C03 334 3.00 x 10' 1.60 x 10' 1.99 x 10' 4.43 x 10' 6.80 x l@" 5.12 x l0" Probable 1370 

1.99 x 10'' 2.69 x le1 1.36 x loi2 1.02 x Low 

1 9  x Id 6.19 x lo-' 1.36 x 10" 1.02 x 10'' High 

"'u UOZ 267 7.04 x 108 1.46 x lo4 5.56 x 10' 4.05 x Id 3.11 x 3.50 x 10'' Probable 

5.56 x l@ 3.65 x Id 6.22 x 10" 7.01 x 10'' Low 

5.56 x Id 4.46 x Id 6.22 x loi4 7.01 x 10" High 

UO, 270 4.47 x lo9 1.46 x lod 5.56 x 10' 1.44 x lo4 3.11 x 3.50 x 10'' Probable 

5.56 x 100 1.29 x 104 6.22 x 10'' 7.01 x 1016 Low 

5.56 x Id 1.58 x 104 6.22 x 7.01 x High 

Nore: Inventory based on one well. 
For sources, see notes a-d, Table C.13. 
"See note e, Table C.13. 



Table C21. lmtentory uncertainty -is data for kqr rides in asbestos silos 

Diffusion coefficient" 

Waste Concrete Expected extent Formula Half-life Solubility Waste Kd Inventory 
of values Nuclide Formula weight (year) ( m o w  ( m u )  (g/silo) (m2/s) (m2N 

3M TZO 22 1.23 x 10' 1.11 x Id 1.99 x 10' 

1.99 x lo2 
1.99 x loo 

l4c Bac03 199 5.73 x Id 1.11 x 104 1.09 x loo 

1.09 x 10' 

1.09 x 10' 

90sr SrCO, 150 2.85 x 10' 7.45 x lo-' 8.74 x 100 

8.74 x 10" 

8.74 x 10' 
99TC NH,TcO, 181 2.13 x Id 9.11 x 1Q2 1.29 x 1@ 

1.29 x 1IY' 

1.29 x 10' 

UOZ 270 4.47 x 109 1.46 x io* 5.56 x 10' 

5.56 x l@ 

5.56 x 102 

4.71 x 10-7 3.88 x 109 
4.71 x 10' 

4.71 x la6 
1.18 x 10' 

7.76 x 10'' 

7.76 x la9 
1.44 x 10'' 

5.92 x 10" 2.89 x 

1.77 x lo2 
3.14 x IO' 

8.33 x 104 
6.86 x 10' 

2.89 x 10" 

1.17 x 10" 

234 x 1DU 

2.34 x 10" 
5.47 x 103 1.25 x 1011 

2.95 x 10-4 2.50 x 

1.47 x 102 

1.37 x Id 
1.02 x Id 6.22 x 

1.89 X Id 

2.50 x 10" 

3.11 x 10" 

6.22 X 10" 

1.86 x 109 

3.72 x 109 

4.36 x 1013 

3.72 x 10'O 

2.18 x 10' 

4.36 x lou 
1.34 x 10" 

2-68 x 1013 
2.68 x 1CP 
1.82 x 10" 
3.64 x l0I3 

3.64 x 

3.50 x 10" 

7.01 x 1016 

7.01 X 10'' 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Probable 

LOW 

High 

Note: Inventory based on 11 silos. 
For sources, see ntoes a-d, Table C.13. 
'See note e, Table C13. 



Table C22 Inventory and uncertainty analysis data for key nuclides in biological trenches 

Diffusion coefficient4 

Nuclide Formula weight (Year) (mol/L) (mWg) (ghrench) (m2/s) (m‘/s) 
Molecular Half-life Solubility Waste Kd Inventory Waste Concrete Expected extent 

of values 

’H T20 22 1.23 x 10’ 1.11 x 10’ 1.99 x 10’ 1.87 x lo-’ 3.88 x lo9 1.86 x lQ9 Probable 

1.99 x lo2 1.87 x 7.76 x 10”  3.72 x 1 0 ”  Low 

1.99 x 10’ 1.87 x 7.76 x lo9 3.72 x lo9 High 

wSr SrCO, 150 2.85 x 10’ 7.45 x lo” 8.74 x 10’ 2.65 x 1.17 x 10” 1.34 x lot2 Probable 

8.74 x 10’ 1.92 x 2.34 x 10’* 2.68 x 1013 Low 

8.74 x 10’ 3.40 x lU4 2.34 x 1N’’ 2.68 x 1 0 ”  High 

Note: Inventory based on  5 trenches. 
For sources, see notes a-d, Table C.13. 
“See note e, Table (2.13. 
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APPLICATION OF THE UNIFIED TRANSPORT MODEL, TUMSIM, AM[) WELSIM 
TOTHESOLIDWAsTEsroRAGEAREA6PERFORMAN~ASS~MENT 

D.1 UNIFIED TRANSPORT MODEL 

The Unified Transport Model (UTM) is a water budget simulator that includes 
algorithms for interception storage, interception evaporation, infiltration, soil water 
drainage, soil evaporation, transpiration, and subsurface lateral flow (Fig. D.l). The code 
is documented in Patterson et al. (1974) and Huff et  al. (1977b), and hydrologic 
simulations have been tested with data from Walker Branch watershed on the Oak Ridge 
Reservation (Huff et  al. 1977a; Luxmoore and Huff 1989). The d e  operates with 15-min 
time steps during rainfall and otherwise hourly, to generate the water dynamics for up to 
seven soil-plant segments of a watershed. The lateral flow and drainage from each land 
segment can be assembled to generate streamflow simulations, but this option was not 
used in the present application. 

daily maximum and minimum air temperature, daily total solar radiation, daily average dew 
point temperature, and daily average wind speed. Records from Walker Branch Watershed 
and from the meteorological station at Oak Ridge Townsite have been compiled into the 
model format for application at sites in the vicinity of Oak Ridge National Laboratory. An 
evaluation of the data for the 1968-89 period showed that 1971 was a year with average 
precipitation (1372 mmbear), with 1968 being a dry year (933 mndyear) and 1973 a wet 
year (1895 mmbear). These three contrasting sets of data were selected for simulation to 
provide a range of hydrologic transport regimes. The data for the average year were used 
in most of the simulations. It was assumed that all chemicals leached from disposal unit 
sites are transported in drainage water, even if the volume was small. Limitations due to 
chemical solubility were determined in the SOURCE1 and SOURCE2 models. 

data for a second year, with the simulated soil water values at the end of the first year 
being used to initiate the second simulation. The monthly water budget values from the 
end of the second year were used as the initial status of the landscape. Change in annual 
soil water storage was close to zero with this initialization procedure; thus, there was little 
or no influence of initial conditions on the simulated water budgets for the various stages 
of SWSA 6 operations. 

The soils of SWSA 6 have been described and classified by Davis et  al. (1987). 
Many of the profiles are shallow, being formed on weathered, interbedded shale and 
limestone (saprolite). Some alluvial soils occur along drainage ways in lower landscape 
positions of the burial ground. The hydraulic properties selected to represent these soils 

The meteorological data needed for simulation with UTM are hourly precipitation, 

Model applications were initialized by repeating simulations using the same weather 
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GROUNDWATER 
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Fig. D.1. Hydrologic storage and flow components OC the Unified Transport Model. 
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-. ..... 

were derived from published sources reporting investigations conducted on SWSA 6 or 
from soils of the same geologic formation. A representative set of water retention data for 
SWSA 6 soil (Table D.l) showed total porosity varying in the upper 2 m (7 ft> of the 
profile from 0.390 to 0.476 m3/m3. Saturated hydraulic conductivity measurements showed 
a decrease with depth; values are about three orders of magnitude smaller at 3 to 4 m 
(10 to 13 ft) depth than at the surface. The water retention data were obtained from 
Luxmoore (1982) and Davis et al. (1987). Saturated conductivity data for the upper five 
soil layers shown in Table D.1 were obtained from Rothschild et al. (1984). The saturated 
hydraulic conductivity values for the bottom two layers were decreased from the values 
given by Rothschild et al. (1984) in an approximately exponential decrease such that the 
conductivity of the lowest layer was 5.8 x m/s ( O S  mdday). Simulations using the 
hydraulic properties listed in Table D.l gave lateral flow and drainage results that agreed 
with the hydrologic framework outlined in Sect. 3.22. This framework projects that about 
10% of subsurface flow will become recharge to aquifers, with the remainder generating 
lateral subsurface flow through a stormflow zone located in the upper 2 m (7 ft) of the 
soil profile. 

In simulations involving a clay cap, the saturated conductivity of the second layer 
was reduced from 2.14 x 
macropores were included in the cap to represent the influence of cracks and channels 
through the material; this essentially negated any hydrologic impedance by the cap during 
the last 50 years of the closure period. Spatial variability of hydraulic properties in soil 
profiles similar to SWSA 6 have been determined for the surface soil (Wilson and 
Luxmoore 1988) and for the subsoil (Luxmoore et al. 1981; Wilson e t  al. 1989). These 
three studies showed lognormal frequency distributions for soil water flow rates and little 
or no spatial correlation between the measurement sites. For performance assessment 
purposes, spatial variability of soil properties in SWSA 6 was not included in the analysis. 
The one set of soil properties in Table D.l was used. In the uncertainty analysis, however, 
the frequency distributions used for the hydraulic conductivity controlling recharge to 
groundwater were lognormal. 

to 2.3 x lo-’ m/s. At a later stage in the simulations, soil 

The TUMSIM and WELSIM codes provided annual time step calculations for the 
leaching of radionuclides from disposal units through the vadose zone to groundwater 
(recharge) and to surface water via lateral subsurface transport through the stormflow 
zone. The codes were an essential link between the leachate output from the SOURCE1 
and SOURCE2 models and the input of radionuclide to groundwater needed in the USGS 
MOC aquifer simulations. The sequence of calculations used in both codes involved five 
main steps. 
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Table D.1. Volumetric soil water content at selected matric pressures and the 
saturated hydraulic conductivity of soil layers formed on sapmite 

~ ~~ 

Soil layer (cm) 

Matric 
pressure (-Ha) 0-30 30-60 60-100 100-150 150-200 200-300 300-400 400-500 

0 

1 

2 

3 

4 

5 

10 

15 

18 

33 

100 

200 

400 

800 

4500 

Saturated 
conductivitv fm/sl 

0.467 0.419 

0.472 0.410 

0.468 0.403 

0.466 0.397 

0.463 0.392 

0.462 0.388 

0.452 0.369 

0.439 0.352 

0.430 0.346 

0.370 0.310 

0.355 0.300 

0.340 0.285 

0.310 0.270 

0.250 0.250 

0.140 0.230 

3.5 x 2.14 x lo-’ 

0.455 0.456 0.390 0.390 0.390 0.390 

0.432 0.448 0.384 0.384 0.384 0.384 

0.418 0.440 0.378 0.378 0.378 0.378 

0.410 0.433 0.373 0.373 0.373 0.373 

0.402 0.429 0.369 0.369 0.369 0.369 

0.3% 0.425 0.346 0.366 0.366 0.366 

0.372 0.406 0.352 0.352 0.352 0.352 

0.354 0.389 0.342 0.342 0.342 0.342 

0.347 0.380 0.336 0.336 0.366 0.366 

0.330 0.350 0.330 0.330 0.330 0.330 

0.305 0.325 0.305 0.305 0.305 0.305 

0.295 0.315 0.295 0.295 0.295 0.295 

0.275 0.295 0.275 0.275 0.275 0.275 

0.250 0.270 0.250 0.250 0.250 0.250 

0.230 0.250 0,230 0.230 0.230 0.230 

1.5 x IO-$ 9.8 x 2.3 x 5.8 x lo-’ 3.5 x lo-’ 5.8 x 
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1. Calculation of radioactive decay for the total nuclide in the adsorbed and 
dissolved phases of the two vadose zone flow paths. The equation used has the form 

Nuclide (t + 1) = Nuclide (f) , 

which caused the nuclide quantity at time (t + 1) to be diminished from the value at time 
(t) by a negative exponential that depended on the half-life (hl) of the particular nuclide 
(Table 3.7). 

2. The annual chemical leachate flux from disposal units to the recharge and lateral 
flow paths (calculated by the SOURCE1 and SOURCE2 codes) was added to resident 
radionuclide in the two flow paths. 

3. A new chemical equilibrium between the adsorbed and dissolved nuclide phases 
was calculated. The dissolved phase concentration (g/mL) was calculated by 

Total Chemical (g) 
Volume Term (mL) ’ Dissolved Nuclide Concentration = 

where Total Chemical was the sum of the adsorbed, dissolved, and added leachate 
components, and the Volume Term was given by [water content at field capacity -t annual 
flow volume + (Kd x Soil Volume x Bulk Density)]. 

These calculations accounted for chemical adsorption through the Kd (mL/g) term 
(Table 3.7). The soil volume used in the calculations was given by the area of the disposal 
unit site (increased as the number of disposal units increased) and the distance between 
the disposal unit site and the water table (recharge path) or the nearest receiving stream 
(lateral flow path). In the latter case, soil volume was arbitrarily reduced to 25% of its full 
value to account for convergence of subsurface lateral flow through the landscape 
(Table 35). This was a conservative assumption since reduced soil was available for 
adsorption, increasing the nuclide available for transport. 

4. Chemical transport ( h e a r )  was calculated as the product of the pathway water 
flux (mL/year, provided by the SOURCE1 and SOURCE2 models) and the dissolved 
nuclide concentration (g/mL) determined in step 3. 

5. Following removal of dissolved nuclide in transport to groundwater and through 
the lateral flow path, a chemical mass budget was determined and a test for conservation 
of mass conducted. 

The TUMSIM code was used for calculations for the Tumulus I, Tumulus 11, and 
the Interim Waste Management Facility pads. Calculations were conducted on a per pad 
basis and not on a per cask basis in these cases. The WEUIM code was applicable to all 
other disposal units (silos, wells, trenches), and calculations were conducted on a disposal 
unit basis. The number of disposal units increased linearly with time, and the differing ages 
and numbers of disposal units were accounted for in the calculation procedure. 
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Simulations were conducted independently for 87 combinations of disposal unit sites and 
radionuclides. The essential aspects of the two codes are represented by steps 1 and 3 with 
appropriate bookkeeping for the various soil compartments and chemical fluxes. 

D3 REFERENCES 

Davis, E. C., D. K Solomon, R. B. Dreier, S. Y. Lee, P. M. Craig, A. D. Kelmers, and 
D. A. Lietzke 1987. Summary of Environmental Characterization Activities at the 
Oak Ridge National Laboratory Solid Waste Storage Area Six, FY 1986 through 1987, 
ORNL/RA.P/LTR-87/68, Oak Ridge National Laboratory, Oak Ridge, Tenn. 

Huff, D. D., G. S. Henderson, C. L. Begovich, R. J. Luxmoore, and J. R. Jones 1977a. 
“The Application of Analytic and Mechanistic Hydrologic Models to the Study of 
Walker Branch Watershed,” pp. 741-63 in Watershed Research in Eastern North 
America, ed. D. L. Correll, Chesapeake Bay Center for Environmental Studies, 
Smithsonian Institution, Edgewater, Md. 

Huff, D. D., R. J. Luxmoore, J. B. Mankin, and C. L. Begovich 1977b. TEHM: A 
Terrestrial Ecosystem Hydrology Model, ORNLJNSFEATC-27, Oak Ridge National 
Laboratory, Oak Ridge, Tenn. 

Luxmoore, R. J. 1982. Physical Characteristics of Soils of the Southern Region: Fullerton 
and Sequoia Series, ORNL-5868, Oak Ridge National Laboratory, Oak Ridge, Tenn. 

Luxmoore, R. J., and D. D. Huff 1989. “Water,” pp. 164-% in AnaZysis of Biogeochemical 
Cycling pz.oCesses in WaZker Branch Watetxhed, ed. D. W. Johnson and R. J. Van 
Hook, Springer-Verlag, New York. 

Luxmoore, R. J., B. P. Spalding, and I. M. Munro 1981. “Areal Variation and Chemical 
Modification of Weathered Shale Infiltration Characteristics,” Soil Sci. SQC. Am. J 
45, 687-91. 

Patterson, M. R., J. K. Munro, D. E. Fields, R. D. Ellison, k A. Brooks, and D. D. Huff 
1974. A User’s Manual for the Fortran N Verxion of the Wuconsin Hydrologic 
Transport Model, ORNLNSF-EATC-7, Oak Ridge National Laboratory, Oak Ridge, 
Tenn. 

Rothschild, E. R., D. D. Huff, B. P. Spalding, S. Y. Lee, R. B. Clapp, D. A. Lietzke, R. G. 
Stansfield, N. D. Farrow, C. D. Farmer, and I. L. Munro 1984. Characterization of 
SoiZs at Proposed Solid Waste Storage Area (SWSA) 7, ORNLfIM-9326, Oak Ridge 
National Laboratory, Oak Ridge, Tenn, 

Wilson, G. V., and R. J. Luxmoore 1988. “Infiltration, Macroporosity, and Mesoporosity 
Distributions on Two Forested Watersheds,” Soil Sci. Soc. Am. J. 52, 329-35. 

D-6 



UTM, TUMSIM, and WELSIM Applications 

Wilson, G. V., J. M. Alfonsi, and P. M. Jardine 1989. "Spatial Variability of Saturated 
Hydraulic Conductivity of the Subsoil of Two Forested Watersheds," Soil Sci. Soc. 
Am. J.  53,679-85. 

. -. ..... 

D-7 





.... .. . 

APPENDIX E 

THl3OREllCAL DEscRlpTION OF GROUNDWATER FLOW 
AND CONTAMINANT TRANSPORT ASSUMPTIONS IN 
THE MAT€IEMAmCAL MODEL OF RLUIIONUCUJ)E 
TRANSPORT AT SOLID WASTE SrOlRAGE AREA 6 

M. W. Yambert 

September 1993 





... . .  

APPEWDIXE 

- ..... 

THEORJZIXCAL DESCRIPTION OF GROUNDWATER FLOW AND 
CONTAMIN~TRANSPORT: -0NS IN 

THE MATHEMATICAL MODEL OF RADIONUCLIDE 
TRANSPORT AT SOLID WASTE STORAGE aREA 6 

El INTRODUCTION 

One of the central issues in modeling contaminant transport at SWSA 6 is the 
description of the velocity field. By using hydrogeological principles together with basic 
notions of fluid flow, one can theoretically determine the hydraulic head in an aquifer as 
the solution of the head equation (Bear 19791, 

together with appropriate initial and boundary conditions. Here & and K;I are aquifer 
conductivities, and S, is the specific storage. The solution of this equation may be 
constrained in several ways, principally by adjusting flow in and out of the system. In the 
best case, the computed head replicates the data-determined head shown in Fig. 4.3. 
These computations form the basis of the simulation of contaminated groundwater flow 
and provide our best estimates of radionuclide concentrations at compliance points. The 
actual concentration levels are simulated by numerically solving the usual contaminant 
transport equation, 

with appropriate initial and boundary conditions. The terms 0, D,,, and Dw are dispersion 
coefficients, and V, 5 are velocity components. The MOC code integrates this equation 
by way of a particle-tracking method along characteristic curves. This step can be 
completed only after the velocity field has been determined. The parameters that must be 
supplied are independent of those used in solving the head equation. Unfortunately, the 
lack of definitive data on contamination levels associated with the individual disposal sites 
precludes the possibility of tuning these parameters to such data. 

The assumptions underlying this simulation are numerous; the principal ones are as 
follows. In the saturated groundwater domain at the SWSA 6 site (Fig. 4.2): 

1. Darcy’s Law is valid at all points in that the groundwater flow can be modeled as a 
single porous medium; unstressed flow is determined solely by hydraulic gradient, 
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2. 

3. 

4. 
5. 
6. 
7. 

8. 

9. 

10. 

11. 
12. 

13. 

14. 

and natural stresses such as recharge and discharge may be described as driving 
terms which are consistent with Darcy’s Law. 
The groundwater flow may be simulated as an areal flow (two-dimensional) of a 
given depth at each point in the domain. 
Porosity and hydraulic conductivity are constant in time, and both are uniform over 
the entire site. 
Transmissivities do not vary appreciably with changing aquifer depth. 
The velocity field is not influenced by temperature, viscosity, or fluid density. 
Ionic and molecular diffusions do not effectively influence dispersive flux. 
Vertical variations in head and concentration are negligible; hence, a solute is 
uniformly distributed with respect to depth at any point in the simulation. (These 
are the consequences of assuming two-dimensional flow and transport.) 
The hydraulic stresses on the aquifer are given solely by recharge and discharge to 
streams, drains, and White Oak Lake. 
The aquifer at SWSA 6 may be modeled as homogeneous and anisotropic with 
respect to hydraulic conductivity and homogeneous and isotropic with respect to 
dispersivity. 
The movement of each radionuclide is retarded in the porous medium by 
equilibrium-controlled sorption or ion exchange; the sorption-concen tration may be 
described by a linear isotherm. 
The mass decay of each radionuclide is exponential. 
The major component of transport is advection (convection) due to the 
groundwater flow field, but existing, albeit unknown, heterogeneities in the aquifer 
may be modeled by the inclusion of a probabilistically based dispersion parameter. 
The radionuclide solutes are independent in the sense that the concentration of one 
is not coupled to the concentration of another. Thus, the superposition of 
concentrations is valid. 
The fractured, weather subsurface media can be modeled using an effective porous 
media model (Lee 1991). 

The required velocities are obtained by solving the head equation subject to the 
constraint that the root-mean-square of the residuals between the computed and data- 
derived heads are minimal. This is an iterative process wherein the parameters and forcing 
terms are adjusted within reasonable limits. The USGS MOC code is used to solve the 
differential equation for head on a 40 x 52 set of block-centered nodes that covers all of 
the disposal units in question at SWSA 6. Given the yearly recharge rates supplicd by the 
surface and shallow subsurface analysis in Sects. 4.2, a numerical solution for head was 
found by the code, and Darcy’s Law provided the bulk velocities from which the seepage 
velocity vectors were deduced, assuming fured porosity. The near steady-state groundwater 
velocity field for the area, shown in Fig. 4.4, implies that groundwater starting at any point 
in the simulation area evidently reaches a stream, drain, or White Oak Lake. (Thus, the 
simulation does not provide for excursion of contaminated groundwater under White Oak 
Lake or otherwise off-site.) 

The maximum seepage velocity was computed to be approximately 0.7 m/day (3.0 x 
ft/s). The actual solute transport rate is simulated at less than this maximum because 

of nominal retardation discussed below. The simulated transport of solutes was 
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accomplished following the velocity determination, and the groundwater concentration of 
each radionuclide from each respective disposal unit was simulated in accordance with the 
above description. No systematic effort was made to adjust the parameters in the 
contaminant transport runs. This was due solely to the absence of data mentioned above. 
Hence, the flow was adjusted with some care to the head distribution and recharge/ 
discharge data, while the contaminant equation was simply supplied with values given in 
Tables E.l and E.2. 

E2 CAIJBl€ATION OF SWSA 6 FLOW MODEL 

As previously described in Sect. 4.3, the modeled SWSA 6 water table surfaces were 
obtained via an iterative calibration process. Initially, measured head values taken from 
EBASCO (1992) were obtained. Kriging algorithms (Surfer 1990) were used to extrapolate 
the data to cover the area represented by the rectangular 40 x 52 grid used in the 
modeling analysis. The resultant initial water elevation surface and a calculated surface 
reflecting the proposed CERCLA caps (EBAsCO 1992) were used as targets for the 
numerical solution of the flow equation. Velocity fields (EBASCO 1992) were also used as 
an aid in calibrating the initial and capped water tables. By adjusting various modeled 
parameters (see below) and rechargefieakance rates, and performing multiple model runs, 
we obtained solutions to the head equation that closely matched the initial (Fig. E.1) and 
capped (Fig. E.2) head surfaces. Figures E.3 and E.4 show the corresponding groundwater 
velocity fields for the initial and capped scenarios. 

E3 MODEL INPUT PARAMETER VALUES 

Many of the parameter values used for the simulations were determined by simply 
using those calibrated at the Bear Creek test site. Others were adjusted by the iterative 
process, as described above. The essential parameters used in the SWSA 6 groundwater 
flow and transport simulations are given in Tables E.1 and E2. 

Table El. General model input parameters; 

Effective porosity 0.02 

Specific storage 

Aquifer thickness 9.0 ft 

Longitudinal dispersivity 3.0 ft 

1.0 x lod 

Anisotropy (KJKJ 3.0 

Sail bulk density 1.35 g/mL 

Simulation period 1000-4000 years 
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Table E 2  Distriiution coefficients 
(Kd) and half-lives of isotopes 

K d  Half-life 
Isotope ( m u 9  (Years) 

l4C 

=c1 
3H 

"'Eu 

lS4Eu 

1 3 7 ~  

%r 

99TC 

?rh 

z?9Th 

233u 
% 

"'Am 
2 4 3 h  

239Pu 

226R~ 

0.2 

0.2 

0.2 

3000.0 

3000.0 

3000.0 

30.0 

0.2 

40.0 

40.0 

40.0 

40.0 

40.0 

40.0 

40.0 

40.0 

5.73 x 16 
3.01 x I d  

1.23 x 10' 

1.33 x 10' 

8.80 x loo 
3.00 x lo' 
2.86 x 10 

2.13 x I d  

1.41 x 10" 

'7.34 x 1 6  

1.59 x I d  

7.04 x 108 

4.47 x lo8 

4.33 x I d  

7.38 x Id 
2.41 x 104 

3o00.0 1.m x 16 

E4 MODELING ASSUMPTIONS 

The assumptions made in the SWSA 6 analysis of groundwater flow and 
contaminant transport are as follows. 

E4.1 Recharge Values 

Diffuse recharge rates used in the MOC analysis were assumed to be dependent on 
the type of ground cover and surface conditions. Each unique combination of these was 
modeled in MOC as a recharge class. Recharge rates for all classes were based on UTM 
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ORNL-DWG 94-5980 

23185.8823545.8823905.0024265.0024625.0024985.0825345.00 

1 7960.00 

1 76 10.00 

17260.00 

1691 0.00 

1 6568.00 

1 62 1 0.00 

1 5860 00 

9 551 0.00 

Fig. El. Calculatcd groundwatcr head clcvalions, 1 = 1.0 year, based on most 
probable input parameters. 
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ORNL-DWG 94-5981 

231 85.00 23545.00 23905.00 24265.00 24625.00 24985.00 25345.00 

7960 I 00 

761 0.00 

7260.00 

6910.00 

6560 - 00 

621 0.00 

5860.00 

5510.00 

Fig. E 2  Calculated goundwalcr hcad elevations, t = 10.0 years, based on most 
probable input parameters- 

E-6 



Theoretical Description of Groundwater Flow and Contaminant Transport 

ORNL-DWG 94-5982 

231 85.00 23545.00 23905.00 24265.00 24625.00 24985.00 25345.08 
- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
- - 17960.00 
i- 

.~ 

1551 0.00 ' I/nt ' *' ' I 
\ / ' I ' I I I ' I I ' ' ' I I I I I I ' I I I' 

23185.0023545.0023905.0024265.0024625.0024985.0025345.08 

17960.00 

1 761 0.00 

17260.00 

16910.00 

1 6560.00 

1621 0.00 

1 5868.00 

1551 0.00 

Fig. E.3. Calculated groundwater velocities, f = 1.0 year, based on most probable 
input parameters. ... 
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ORNL-DWG 94-5983 

23185.0023545.0023905.0024265.0024625.0024985.0025345.00 
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1691 0.00 

1 1 6560 a 00 

0.00 

0.00 

\ 1 

15510.00 ki bTd TmTA I ' ' I I I ' I I ' ' I I I I I I I I I I I' 1551 0.00 
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Fig. E.4. Calculated groundwatcr vclocities, 1 = 10.0 years, based on most probable 
input parameters. 
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- .... , 

predictions (Sect. 4.2.1) From 1988 to 1996, three different classes-grassy, undisturbed, 
and forested surfaces; disturbed areas; and gravel areas-were assumed to be present. 
From 1997 to 2036 a fourth class was added to simulate the proposed CERCLA cap. In 
year 2037, it is assumed that the CERCLA caps will begin to deteriorate. This process is 
assumed to be a linear process over the next 10 years. After year 2047, all areas are 
modeled as mown grass with a leaking cap to year 2097 and undisturbed/forested for all 
years 2098 and beyond. Figure E.5 depicts the locations of the three original recharge 
classes and cap boundaries used in the MOC analysis. Recharge values corresponding to 
each of these class and time period combinations are listed in Table E.3. 

E42 E1Bects of Proposed CERCLA Remdation on Model Boundary conditions 

A number of physical features are addressed in the USGS MOC model through the 
used of specialized boundary conditions. These include water table divides (modeled using 
inactive or no-flow boundaries) and creeks and other surface water bodies (treated as 
constant head nodes by assigning large leakance values). Figure E 6  shows the locations at 
which specialized boundary conditions were initially applied. It is assumed that inclusion of 
CERCLA caps will cause most of the creek near the eastern edge of the model to run 
dry. Therefore, the constant head boundary conditions are removed during the time period 
in which the caps are in effect, 1997-2036 (Fig. E.7). 

Table €3. Diffuse recharge rates (mm/month) used in 
Solid Waste Storage Area 6 groundwater analysis 

Undisturbed/ 

Recharge class 

forested Disturbed Gravel Capped Time 

1988-1996 14.5 10.7 15.2 NA 
1997-2036 

2037-2038 

2038-2039 
2039-2040 

2040-2041 
2041-2042 

2042-2043 

2043-2044 
2044-2045 
2045-2046 
2046-2047 
2047- 

14.5 
14.5 

14.5 

14.5 
14.5 
14.5 

14.5 

14.5 
14.5 
14.5 

14.5 

14.5 

10.7 
11.1 

11.5 

11.8 
12.2 
12.6 

13.0 

13.4 
13.7 
14.1 

14.5 
14.5 

15.2 
15.1 
15.1 
15.0 
14.9 
14.9 

14.8 

14.7 
14.6 
14.6 

14.5 
14.5 

2.5 
3.7 

4.9 
6.1 
7.3 
8.5 

9.7 

10.9 

12.1 
13.3 

14.5 
24.5 

... 
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ORNL-DWG 94-5984 

Fig. E5. Locations OC the three original recharge classes and cap boundaries used 
in the MOC analysis. 
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ORNB-DWG 94-5985 

CONSTANT HEAD 
X N O  FLOW 
A DRAIN 
= ROAD 

Fig. E.6. Initial locations for specialkd boundary conditions. 
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ORNL-DWG 94-5986 

0 CONSTANT HEAD 
X N O  FLOW 
A DRAIN 
= ROAD 

Fig. E.7. Locations Sor specialized boundary conditions for 1977-2036. 
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E5 ANAL.YlTCALMODEL, 

As stated in Sect. 4.3, the use of the USGS MOC code was not feasible because of 
the extremely long simulation times required to model the transport of long-lived nuclides 
(?l% and 
model was developed to estimate transport of these nuclides. The one-dimensional forms 
of the equations for steady-state groundwater flow and contaminant transport used in the 
model are, respectively, 

through groundwater. Consequently, a simple, one-dimensional analytic 

and 

where 

K 
h 

V 
C 
D 

x 
t 

X 

v, 

d2h 
dx? 

K- = 0 

ac ac a2c D- = 
ax2 at 

y - - + + + x c ,  

hydraulic conductivity (ft/s), 
hydraulic head (ft), 
distance (ft), 
Darcy velocity (ft/s), 
groundwater concentration (g/ft3), 
dispersion coefficient (ft2/s), 
retarded Darcy velocity (ft/s), 
decay constant ( l / ~ ) ~  
time (s). 

The solution to Eq. (E.3), used by the analytical model, gives 

dh 
dr 

V = K - .  

The solution to Eq. (E.4) from a source of strength C,(t) is as foll0ws: 

(E-3) 

03-41 
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with 

where 

Kd = soihater  partitioning coefficient (ft3/g), 
P = soil density (g/ft3), 
E = soil porosity. 

The steps taken by the analytical code to determine contaminant concentration are 
as follows: 

step 1 

Velocity values were calculated from Eq. (E.5) using head values at contaminant 
sources and compliance points, and distances based on the flow solutions generated by the 
USGS MOC code. Corresponding "retarded" velocities for use in Eq- (E.6) were then 
determined from Eq. (E.7). 

step 2 

The source term function CJf) in Eq. (E.6) was based on output from the 
TUMSIM and WELSIM codes (see Sect. 4.2.2). The TUMSIM and WELSIM runs 
generally covered simulation periods from lo00 years. In most cases, however, these 
simulations failed to show peak fluxes of the contaminants 232Th and 
groundwater. Furthermore, due to retardation effects [Eq- (E.7)], peak groundwater 
concentrations often occur at times much later than that of peak input. Since longer 
simulation periods were not practical with the TUMSIM and WELSIM codes, it was 
necessary to approximate the source term function for times greater than lo00 years and 
less than f p  the time at which the disposal units' inventory was depleted. Assuming 
depletion due to radioactive decay and contaminant leaching, the following two cases were 
considered. 

entering the 

Case 1. For disposal units in which the T U M S I W L S I M  leachate rates were 
constant or decreasing at f = lo00 years, a source of constant stength was assumed for 
f > 1OOO years until the initial inventory was depleted. The remaining mass in a disposal 
unit was approximated by 

E-14 
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Example plots of M(r) and M'(t) for a unit with decreasing leachate rate at r = lo00 years 
are given in Figs. E.8 and E.9. 

increasing at f = lo00 years, a linearly increasing source was assumed €or t > IO00 years 
until the initial inventory was depleted. The approximations for the: remaining mass in a 
disposal unit in this case were given by the following equations: 

Case 2. For disposal units in which the TUMSIM/WEUUI leachate r a t a  were 

(E. 10) 
- R( t  - 1ooO) - So + Mo 

where 

M 
MO = initial mass in disposal unit (g), 
SO 
R = leachate rate €or t > lo00 years (&ear), 

bl 

= 

= 

= 

mass remaining at the disposal unit at time t (g), 

mass removed by leaching from 0 to lo00 years (g), 

slope of leachate rate vs time for t > lo00 years (gEyea3). 

Sample plots of M(t) and M'(r) for a unit with an increasing leachate rate at t = loo0 
years are given in Figs. E. 10 and E. 11. The time at which the disposal unit's inventory was 
depleted, 9 ,  was estimated by applying Gaussian quadrature to Eqs. (E.8)-(E.11). 

Contaminant groundwater concentrations were calculated using the retarded 
velocities obtained from Step 1 and the modified source terms obtained from Step 2 as 
input to Eq. (EA). The convolution interval from this equation was evaluated numerically 
using the trapezoidal rule. Concentrations were evaluated for a wide range of times, from 
which the peak groundwater concentration and associated time were obtained. 

E6 MODIFICATIONS TO THE USGS MOC (VERSION 3.0) CODE 

The modeling of contaminant transport in groundwater for the SWSA 6 site was a 
complicated process involving long-term simulations with expansive multiple plumes as well 
as incorporation of site-specific details such as the effects of the proposed CERCLA caps 
on recharge rates and site geometry. Furthermore, the Latin hypercube (LHC) analysis 
(Sect. 4.6.1.4) required that multiple simulations be conducted for each radionuclide 
analyzed. Since the ability to perform these functions was beyond that of the USGS MOC 
Version 3.0 code, in-house modifications were necessary. The ORNL modifications are 
described in the following sections. 
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SW
SA

 6 P
erform

ance A
ssessm

en
t 

0
 

0
 

0
 

.;$
. 

0
 

0
 

0
 

rn 
v-- 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

t- 

E
-18 



T
heoretical D

escription of G
roundw

ater F
low

 and C
ontam

inant T
ransport 

.... . 

_.. 
... 

, 

r! 
0
 

. .. .. . 

w
 
0
 

T- 

o
 

0
 
0
 

E
-19 



SWSA 6 Performance Assessment 

E6.1 Description of code Modifications 

The chief modifications made at ORNL to the USGS MOC 3.0 computer code can 
be summarized as follows: 

Many of the array dimensions found in the original code were increased. This was 
done primarily to allow larger model grids (the grid size of the original MOC code 
was only 40 x 40) and more observation nodes (used for computing concentrations 
and fluxes at compliance points). 
All floating-point and integer model inputs were converted to free format. 
In order to simulate the effects of the proposed CERCLA caps, the ability to 
specify time-dependent locations for specialized model nodes and recharge values 
was added. 
The LHC analyses described in Sect. 4.4 required modifications to enable runs using 
multiple parameter sets as input. Additional modifications were made for storing 
and summarizing the LHC results. 
In addition to the original MOC input file, incorporation of items 3 and 4 above 
required the creation the following four additional input files: 

(a) a base recharge file, used to input time-dependent recharge values at model 
nodes; 

(b) a node ID input file, used to specify time-dependent locations of specialized 
model nodes such as no-flow boundaries, constant head locations, or 
contaminant sources; 

(c) source injection files, associated with each modeled disposal unit and containing 
time-dependent source strength values; and 

(d) the LHC parameter file, containing information required for performing LHC 
analyses, such as multiple sets of input parameters and associated control 
variables. 

All of the above modifications were written in FORTRAN. The ORNL version of MOC 
USGS MOC/ORNL code was compiled and run on an HP 9o00, series 730 workstation. 

E62 code Verification 

A number of checks were made to verify that the code modifications described in 
the previous section were performing as expected. The most significant of these are 
described briefly as follows. 

and special node locations was acceptable, calculated head surfaces and corresponding 
velocity fields for the “before” and “after” CERCLA cap scenarios were plotted. In the 
“after” cap scenario, head surfaces beneath the cap were expected to drop because of 
reduced recharge, and the creek located near the eastern edge of the model was assumed 
to run dry. Figures E.l and E.2 show that the modeled results are consistant with these 
assumptions. Furthermore, velocity vectors in the area near the eastern creek (Figs. E.3 
and E.4) also differ between the two scenarios. 

First, to determine whether the code’s treatment of time-dependent recharge values 
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The modifications made to enable MOC to perform LHC analyses were verified 
from deterministic model runs made using representative sets of input parameters from 
the LHC analysis. In all cases, results from the deterministic analysis matched those from 
the corresponding LHC sample. 

E63 Input Data Requirements for OE?NUUSGS MOC Code 

Detailed descriptions of the input information required by the modified MOC code 
are given in the following section. These descriptions identify the locations where 
additional records are needed relative to records found in the original USGS MOC main 
input file. For the purpose of reference, a listing of the input information required by the 
unmodified USGS MOC code is included as an attachment to this appendix. 

Input Files Required: 

Main Input File: =.in 

LHC Parameter Input File: m . p r m  

Base Recharge Input File: xxxxxck 

Node ID Input File: xxxxnod 

Site Injection Files: sitenamehj 

Input File Requirements: 

Main Input File: m . i n  

Unless otherwise noted, all input cards for the main input files have been converted to 
free format. The following section lists the other modifications that have been made to the 
main input file. 

- Card 

1.1 

Parameters 

MX 

M Y  

MMX 

First X node of transport 
subgrid. 

Erst  Y node of transport 
subgrid. 

Ending X node of transport 
subgrid. 

E-2 1 
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1.2 

2 

3 

3.1 

Data Set 

2 

3.a.l 

MMY 

XORIG 

YORIG 

Ending Y node of transport 
subgrid. 

X coordinate corresponding to 
the lower left model node. 

Y coordinate corresponding to 
the lower left model node. 

The following parameters have been added to card 2: 

IREACT The reaction type specifier. 

NPNTPMP Output scaling factor. If the 
current pumping period is a 
divisible by NPNTPMP, output 
for the pumping period is 
generated. 

TINIT 

See Attachment. 

ICONCLASS 

INPUT 

TINIT is now read in months. 

Parameters 

ICONCLASS inserted between 
REC and CNRECH. If 
ICONCLASS is other than 0, 
injection node concentrations 
are read from the corresponding 
site’s a.inj” file (see description 
for the ”.prm” file). If 
ICONCLASS = 0, injection 
node concentrations are set = 
CNRECM. 

If INPUT = 0, all blocks are set 
active. If INPUT = 1, the 
temporary array, VPRM, is read. 
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3.b 

Data Set 

5 

6 

7 

10.b 

NY records of NX columns are read if the value for INPUT 
from 3.a above = 1. 

VPRM 

INPUT 

FCTR 

The temporary array, VPRM, 
used to indicate active and 
inactive blocks is read. 

Parameters 

If INPUT = 0, set all values in 
the base recharge array, 
BASERECH, = 1.0. If INPUT 
= 1, read values for the base 
recharge array from the “.rch” 
file. 

Values for each elenient in the 
recharge array, RECH(i,j), are 
set equal to 
FCTR*BASERECH(i,j). 

Data set 6 is no longer read. 

Data set 7 is now read from the “.nod” input file. 

Added the following parameters: 

ITEMP 
0: No changes to base recharge array, RECH, for the 

1: Read new base recharge array from the “.rch” file. §et 

2: Set RECH(i,j) = current value in 

3: Set BASERECH(i,j) = 1.0. Set RECH(i,j) = 

pumping period. 

RECH(i,j) = BASERECH(i,j) *FCTR. 

BASERECH( ij)  *FCTR. 

BASERECH(i,j)*FCTR. 

FCTR New base recharge array factor. 

INEWNODE Flag indicating whether new 
node ID information should be 
read for the current pumping 
period. If = 1, read new node 
ID information. 
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1o.c 

ICONCLASS 

Added the following parameter: 

If ICONCLASS is other than 0, injection node 
concentrations are read from the corresponding site's u.injw 
file (see description for the u.prm" file). If ICONCLASS = 
0, injection node concentrations are set = CNRECH. 

LHC Parameter Input File: xxxx.pm 

Unless otherwise noted, all input cards are free format. 

Card 

1 NSAMPLES 

2 

3 

4 

5 

NSIMXEARS 

NSENSOUT 

ISENS OUT( i) 

SENSFCTR (i) 

Parameters 

The number of LHC iterations 
to perform. Set = 0 for 
deterministic case only. 

The number of simulation years 
run for each site's ".inj" file. 
This parameter should equal 
NPMP. 

Number of intermediate 
iterations for which output is 
generated. 

For i = 1, NSENSOUT 
intermediate iteration values for 
which standard MOC output 
files (.ddn, .hed, .sol, etc.) are 
written. 

For i = 1, 4: coefficients used to 
convert values for the LHC 
input parameters to units of 
ft/sec (conductivity), mL/g (&), 
percentage (porosity), and g/mL 
(density). 
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6 

7 

8 

9 

NRECHSITES The number of locations for 
which csncentration vs time 
".inj" files are to be read. 

NRECHSAMPLES(i) For i = 1, NRECHSITES: The 
number of previous LHC 
samples used to generate each 
site's (*.inj") concentration 
input file. 

NRECHSITES records are read 

SITE(i) For i = 1, NRECHSITES: The 
alphanumeric name 
corresponding to the prefix of 
the LHC concentration input 
file (".inj") for each site. 

Parameter values for the current LHC iteration, a total of 
i = 1, NSAMPLES records are read. 

SENSCOND(i) Mean (deterministic) 
conductivity value. 

SENSDK(i) Mean (deterministic) Kd value. 

SENSPOROS(i) Mean (deterministic) porosity 
value. 

SENSRHOB(i) Mean (deterministic) soil density 
value. 

Parameters 

For j = 1, NRECHSITES, FCTR(i,j) is a value between 0 
and 1 used by the code to determine which ".injn file to use 
for the current LHC sample set. Concentrations at recharge 
nodes and injection wells are read from the ".in.j'' fife for 
each pumping period. The code uses FCTR(i,j) and the 
value of NRECHSAMPLESU) to calculate an integer value 
that determines which previous LHC concentration set to 
use for the current LHC simulation step. 
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LHC Base Recharge Input File: xxm.rch 

This file contains NP base recharge arrays. 

Unless otherwise noted, all input cards are free format. 

Card Set Parameters 

1 TITLE 

2 

Alphanumeric identifier for the 
current base recharge array. 

N Y  records are read 

BASERECH(i,j) For i = 1,NX, new values for 
the base recharge array, 
BASERECH(i,j), are read. 

Card sets 1 and 2 are repeated for each pumping period in which a new base recharge 
array is required. (See data sets 5 and lob from the previous section describing the revised 
".in" file.) 

Node Input File: xzm.nod 

This file contains NP base recharge arrays. 

Unless otherwise noted, all input cards are free format. 

Card Set Parameters 

1 INPUT If 0 All values in the node 
identification matrix are set 
equal to FCTR. Card set 2 is 
not read for the current 
pumping period. 

If 1: Values for the node 
identification matrix are read for 
the current pumping period and 
multiplied by the value of 
FCTR. 
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If INPUT = 1, values for the 
node identification matrix are 
multiplied by FCTR. 

.-..... . 

2 

3 

4 

For j = 1, NY records are read if INPUT from card set 1 
above = 1. 

NODE(ij) 

NCODES 

NCODES records are read 

ICODE 

FCTRl 

For i = I, NX, values for the 
node identification matrix, 
NODE(ij) are read. 

The number of node 
identification codes to be 
specified for the current 
pumping period. (ICODE is not 
read for the initial pumping 
period.) 

For node IDS equal to ICODE, 
leakance is set equal to FCTR1. 

Leakance: value at nodes whose 
IDS correspond to ICODE 
above. 

ICODESITE If ICODESITE > 0, recharge 
concentration, CNRECH, at 
nodes whose IDS correspond to 
ICODE are set equal to the 
concentration read from the 
corresponding @.injm file for the 
current pumping period. 

FCTR2 If ICODESITE = 0, recharge 
concentration, CNRECH(i,j), at 
nodes whose IDS correspond to 
ICODE are set equal to 
FCTR2. 

Card sets 1-4 are repeated for each pumping period in which a new node ID matrix is 
needed (as determined by the value of INEWNODE in data set lob of the model “.in” 
file- 
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Site Injection Files: sitename. inj 

These files contain time-dependent values of mass flux for each modeled disposal site. 
For consistency, the time period on which these fluxes are based should match the value 
for pumping period, PINT. 

Card Parameters 

1 SENSCONC Mass flux of pollutant from the 
disposal site (masshime) €or the 
current pumping period. 

Card 1 is repeated for each pumping period. 
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Attachment I I I 
Data Input Formats 

t 1- 4 

c a  

1LM 

8740 

U 4  

(Lw( 

14 

I4 

14 

14 

14 

I4 

14 

14 

I4 

I4 

u 
I4 

I4 

14 

14 

14 

14 

N n M  

NPYP 

WX 

NY 

W Y A X  

NINT 

NIT? 

wuxons 

ITMAX 

WBZC 

NItpNP 

WCODW 

E-29 
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ADDITIOSAL ISPCT FORMATS FOR DECAY, SORPTION, AND 
1 0 5 - E X C H A S G E  REACTIONS 

w 
-1 
0 

DK 
EKF 
XSF 
EKL 
CEC 
EK 

Ft3;r:rtn -on.tard?infrecfonrnat 

decay only THALF 
no reaction do nos insen card 3.1 
linear sorption DK, MOB, THALF 
Frrmd!ich sorption MOB. E W ,  XNF, TtEALF 
Langmuir s o y  ion RHOB. E U ,  CEC, THALF 
monovalcnr exchange RHOB, EK, QC. CTOT, THALF 

EK, CEC, CK)T, THALF 
EK, CEC, cx)'H, THALF 
EK, QC, O f ,  THALF 

di\.anlent exchange 
mono-divalent exchange 
di m o n  ovalent e xchan gc 

M O B  
RHOB 
RHOB 

QczalKa 
t l r ,  - Decay half-life, in  seconds, f (if no decay, specify THALF=O.O) 
Pb - aquifer bulk density, mass of solid per unit volume of aquifer, 

&j - linear sorption distribution coefficient, L3M-1 
Kr - Freundlich sorption caffkienr. units depend on XhT 
n - Fmndlich sorption exponent, dimensionless 
Kt - h g m u i r  sorption coefficient, L3M-1 
Q - Maximum soaption capacity or ion-exchmge capacity, h4M-1 

Km - Ton-exchange selectivity coeficienr, dimensionless 
Co - Total solution concentmion of two exchanging ions, 

ha-3 

e q u i v a ~ e n t s / ~ ~  

m. b C n ~ r r - ~  I ? .  1 r r 4  C:!hr- t* '  . I .  1 

E-3 1 



SWSA 6 Performance Assessment 

I r l  11. ClO.0 INPUT, Fc"R 
k Valor of NY tOC4.O WT 

( I h i t d O )  

# a1 Il.GlO.0 INPUT, FCTR 
b. VJuo of NY 20C4.0 CONC 

( h i t = Z O )  
10 

r l  I1 ICHX 

h l  lO1UGl.V NTIY, NPNT. MTP. 
ITYAX. NREC, 
WINTXV, NPNTVL, 
NPNTD. NIDLLC. 
NINCBV, ?I?dT. TXMX, 
TWIT 

L V.hr d NSZC ill, t G U  IX. IV. U C .  CNIECB 
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.,_ . . 

Table E4. Groundwater concentration of nuclide- 
3H at observation & 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCiL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

7.8E-15 

.OE+OO 

9.6E-14 

7.5E-14 

7.6E-14 

1.8E-13 

1.8E-10 

1.5E-06 

6.2E-09 

1.4E-06 

2.4E-04 

4.3E-04 

4.1 E-05 

3.7E-05 

1.9E-05 

9.4E-06 

8.5E-06 

3.2E-06 

7.8E-06 

3.3E-(Xi 

1 .OE-O6 

2.8E-08 

1.4E-08 

1.8E-08 

87.0 

1Ooo.o 

78.0 

88.0 

$4.0 

66.0 

66.0 

64.0 

81.0 

77.0 

58.0 

60.0 

39.0 

47.0 

45.0 

70.0 

70.0 

60.0 

57.0 

58.0 

60.0 

67.0 

70.0 

68.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

.OE+OO 

.OE+OO 

8.3E-14 

2.8E- 12 

1.2E-11 

1 .OE- 13 

3.6E- 12 

8.2E-11 

2.5E-08 

432-05 

7.9E-05 

l.lE-04 

6.2E-05 

3.9E-05 

6.7E-06 

3.7E-06 

4.8E-07 

2.6E-07 

1 .OE-07 

3.OE-08 

1.9E-07 

4.4E-05 

3.9E-05 

3.3E-05 

1Ooo.o 

1Ooo.o 

62.0 

51.0 

43.0 

78.0 

77.0 

61.0 

75.0 

61.0 

58.0 

60.0 

63.0 

58.0 

61.0 

61.0 

62.0 

63.0 

65.0 

64.0 

15.0 

10.0 

25.0 

33.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

3.1E-14 

2.3E-16 

2.5E- 13 

9.4E-13 

1.6E-12 

3.2E-110 

3.OE-10 

6.8E-09 

1.5E-07 

2.OE-06 

23E-04 

6.8E-04 

3.2E-05 

9.8E-05 

2.5E-05 

2.8E-05 

1.9E-05 

7.OE-07 

7.4E-07 

2.8E-07 

9.OE-08 

4.OE-0.8 

6SE- 10 

5.OE-11 

90.0 

81.0 

72.0 

75.0 

75.0 

43.0 

64.0 

57.0 

70.0 

75.0 

58.0 

61.0 

65.0 

64.0 

68.0 

17.0 

70.0 

75.0 

75.0 

76.0 

78.0 

56.0 

62.0 

37.0 

... 
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Table E4 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

73 

76 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

5.OE-09 

5.4E-10 

4.5E-12 

5.7E-08 

2.2E-09 

l.lE-04 

4.4E-06 

9.3E-11 

1.1E-05 

9.9E-02 

3.5E-01 

6.1E-06 

1.6E-09 

ROE-08 

3.5E-02 

1.OE-13 

3.OE-08 

1.9E-08 

4.OE-03 

1.2E- 10 

4.OE-05 

3.5E-11 

4.9E-08 

6.4E-11 

4.6E- 12 

72.0 

33.0 

29.0 

29.0 

8.0 

25.0 

29.0 

41.0 

18.0 

23.0 

28.0 

14.0 

57.0 

30.0 

36.0 

94.0 

57.0 

54.0 

44.0 

44.0 

47.0 

45.0 

73.0 

94.0 

65.0 

74 

77 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

1.7E-05 

8.4E-10 

5.4E-09 

3.8E-10 

2.2E-08 

5.1E-09 

1.2E-02 

1.1 E-03 

3.6E-08 

2.6E-06 

6.1E-02 

1.2E-05 

2.1E-01 

1.7E-08 

3.6E-03 

3.5E-02 

2.6E-02 

1.4E-03 

5.2E-10 

1.OE-03 

4.4E-11 

6.4E-08 

3.2E-09 

6.1E-09 

1 -9E- 10 

30.0 

74.0 

38.0 

24.0 

31.0 

25.0 

21.0 

24.0 

33.0 

17.0 

25.0 

14.0 

29.0 

31.0 

33.0 

36.0 

36.0 

45.0 

70.0 

45.0 

78.0 

34.0 

71.0 

78.0 

84.0 

75 

78 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

5.7E-14 

9.4E-06 

2.5E-10 

1 .8E-06 

WE-09 

4.OE-09 

4.7E-07 

3.6E-02 

4.1E-01 

3.8E-07 

235-07 

7.2E-07 

1.7E-03 

6.5E-12 

1.3E-08 

1.8E-05 

4.5E-06 

2.2E-08 

3.3E-03 

1.9E- 10 

2.9E-06 

1.OE-08 

5.6E-09 

4.4E-11 

5.OE-09 

18.0 

27.0 

75.0 

25.0 

33.0 

37.0 

13.0 

24.0 

23 .O 

25.0 

9.0 

21.0 

33.0 

71.0 

71.0 

34.0 

35.0 

72.0 

43.0 

71.0 

45.0 

47.0 

87.0 

65.0 

84.0 
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.-..... . 

Table E4 (amtinued) 

Oh Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (UCZ)  (Year) 

... 

148 

151 

154 

157 

160 

163 

166 

169 

1 72 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

211 

214 

217 

220 

223 

6.3E-09 

1.5E-10 

1.4E-12 

2.0E- 12 

1.5E-11 

2.4E- 12 

1.1E-01 

1.2E-01 

2.5E-06 

l.lE-04 

1.6E-07 

4.5E-08 

1.2E-09 

6.OE-07 

4.3E-07 

2.9E-08 

4.3E-08 

5.8E-07 

2.1E-06 

9.8E-06 

l.lE-03 

8.OE-03 

3.4E-05 

4.8E-05 

2.5E-03 

2.4E-14 

84.0 

63.0 

91.0 

97.0 

63.0 

119.0 

29.0 

31.0 

47.0 

52.0 

74.0 

71.0 

69.0 

49.0 

13.0 

53.0 

81.0 

61.0 

59.0 

79.0 

57.0 

39.0 

55.0 

67.0 

45.0 

17.0 

1 49 

152 

155 

158 

161 

164 

167 

170 

143 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

4.2E-09 

3.8E-12 

l.lE-12 

27E-15 

6.8E-12 

2.3E-12 

1.9E-01 

1.8E-05 

1.3E-06 

3.4E-06 

4.2E-08 

2.8E-10 

8.2E-08 

6.1E-07 

1 SE-04 

1.8E-08 

2.1E-08 

8.4E-08 

1.2E-05 

1.2E-05 

4.9E-03 

3.7E-03 

1.3E-04 

1.9E-05 

4.9E-03 

5.5E-14 

78.0 

65.0 

97.0 

159.0 

81.0 

i20.0 

30.0 

34.0 

69.0 

62.0 

85.0 

72.0 

69.0 

62.0 

6.0 

54.0 

82.0 

56.0 

57.0 

73.0 

42.0 

42.0 

51.0 

42.0 

47.0 

38.0 

150 

153 

156 

159 

162 

165 

168 

171 

1 74 

177 

180 

183 

186 

189 

192 

1 95 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

5.OE-10 91.0 

3.OE-12 66.0 

22E-12 84.0 

2.OE-14 145.0 

1.6E-11 62.0 

2.4E-12 117.0 

1SE-01 30.0 

5.5E-06 37.0 

1.OE-04 520 

9.3E-07 69.0 

2.8E-08 86.0 

5.2E-10 38.0 

2.E-08 69.0 

2.4E-08 620 

8.6E-08 60.0 

4.7E-OS 80.0 

4.OE-06 62.0 

2.OE-07 60.0 

4.7E-05 54.0 

2.9E-04 56.0 

2.4E-03 53.0 

9.3E-05 25.0 

6.9E-05 59.0 

1.2E-04 44.0 

5.8E-03 49.0 

1.OE-13 38.0 

... 
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Table E4 (Continued) 

Obs Conc Time Obs Conc Time Obs C o i l C  Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

226 

229 

232 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

1.OE-11 

8.OE-08 

6.6E-08 

7.OE-05 

2.1E-02 

5.OE-05 

4.2E-09 

1.2E-07 

1.4E-03 

2.3E-09 

5.2E-09 

2.3E-09 

1.8E- 10 

4.4E-09 

2.OE-04 

5.5E-05 

6.1E-06 

4.1E-05 

2.OE-06 

9.7E-09 

1.8E-09 

1.3E-05 

2.5E-06 

1.7E-04 

1.7E-03 

1.3E-05 

30.0 

24.0 

28.0 

26.0 

25.0 

43.0 

49.0 

43.0 

37.0 

75.0 

61.0 

30.0 

19.0 

37.0 

23.0 

33.0 

32.0 

53.0 

50.0 

66.0 

22.0 

24.0 

8.0 

13.0 

35.0 

57.0 

227 

230 

233 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

296 

299 

302 

1.2E-09 

2.0E-07 

6.OE-07 

2.1 E-03 

7.8E-03 

1.4E-06 

1 SE-09 

7.8E-08 

9.5E-03 

2.8E-09 

5.7E-10 

8.2E-10 

1.9E-11 

9.9E-07 

2.OE-04 

4.3E-03 

5.OE-05 

1.8E-05 

1.3E-07 

4.7E-08 

5.3E-08 

8.7E-06 

2.3E-06 

2.OE-05 

3.9E-03 

1.9E-04 

25.0 

25.0 

28.0 

22.0 

27.0 

59.0 

76.0 

30.0 

37.0 

60.0 

66.0 

35.0 

19.0 

29.0 

26.0 

30.0 

39.0 

53.0 

66.0 

67.0 

26.0 

9.0 

9.0 

67.0 

30.0 

48.0 

228 

23 1 

234 

237 

240 

243 

246 

249 

252 

255 

258 

261 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

297 

300 

303 

3.6E-08 

5.7E-09 

65E-06 

3.1E-02 

7.4E-04 

5.OE-08 

1.6E-08 

2.6E-05 

3.2E-02 

2.4E-09 

1.3E-10 

5.4E-10 

8.4E-10 

2.5E-04 

1.8E- 15 

4.6E-03 

1.6E-06 

6.1 E-06 

6.4E-08 

5.4E-08 

1.5E-06 

1.5E-06 

3.3E-04 

9.5E-04 

2.8E-03 

25.0 

28.0 

25.0 

22.0 

35.0 

74.0 

45.0 

37.0 

38.0 

59.0 

29.0 

34.0 

37.0 

26.0 

393.0 

37.0 

39.0 

51.0 

73.0 

66.0 

23.0 

5.0 

6.0 

35.0 

31.0 

6.4E-04 52.0 
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Table E4 (continuedl 

Obs Conc Time Obs Cone Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCiL) (Year) 

304 2.6E-03 43.0 305 1.3E-02 38.0 306 7.1E-02 30.0 

307 4.3E-02 32.0 308 4.1E-02 30.0 309 2.OE-04 29.0 

310 6.5E-05 36.0 311 4.3E-05 45.0 312 6.8E-02 26.0 

313 1.2E-02 35.0 314 7.8E-04 58.0 315 8.OE-03 14.0 

316 4.E-02 23.0 317 9.8E-06 79.0 318 2.4E-12 53.0 

319 1.8E-12 59.0 320 1.6E-12 61.0 321 2.9E-12 67.0 

322 2.OE-12 73.0 323 5.1E-06 62.0 324 1.6E-05 53.0 

325 1.9E-03 52.0 326 1.5E-03 53.0 327 1.2E-03 52.0 

328 8.8E-04 54.0 329 5.4E-04 56.0 330 2.4E-04 53.0 

331 1.4E-04 55.0 332 1.2E-04 55.0 333 2.7E-05 58.0 

334 2.2E-06 58.0 
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SWU 6 Performance Assessment 

Table E5. Groundwater concentration of nuclide: 
“C at observation nodes 

ObS Cone Time Obs Conc Time Obs Cone Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

3.3E-16 269.0 

.OE+OO 1000.O 

1.6E-15 902.0 

1.6E-15 149.0 

1.6E-15 260.0 

1.6E-15 278.0 

1.5E-12 261.0 

1.5E-08 259.0 

6.7E-11 283.0 

2.6E-06 272.0 

9.3E-08 75.0 

2.0E-05 257.0 

4.8E-07 259.0 

3.5E-07 261.0 

2.5E-07 272.0 

5.7E-07 272.0 

5.1E-07 274.0 

2.6E-07 275.0 

1.9E-07 279.0 

1.OE-07 279.0 

2.4E-08 282.0 

4.1E-09 283.0 

3.2E-09 65.0 

1.6E-09 81.0 

1.4E-09 87.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

.OE+OO 

.OE+OO 

1.6E-15 

1.6E- 15 

1.2E- 14 

1.1 E- 15 

1.8E- 14 

3.2E-13 

3.8E-08 

5.OE-08 

1.2E-05 

2.1E-08 

1.6E-08 

9.8E-09 

2.4E-09 

l.lE-09 

1.OE-09 

7.2E-10 

2.6E-10 

3.7E-10 

9.6E-08 

1.9E-05 

2.7E-03 

2.5E-03 

1.6E-03 

1 o00.0 

1 OOO.0 

937.0 

981.0 

263.0 

280.0 

279.0 

296.0 

257.0 

73.0 

265.0 

76.0 

70.0 

72.0 

74.0 

286.0 

284.0 

286.0 

286.0 

248.0 

254.0 

252.0 

249.0 

252.0 

252.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

1.4E- 15 

6.4E-16 

1.3E- 15 

1 SE- 15 

2.3E-15 

3.4E-13 

3.7E-11 

1 BE-09 

2.1E-10 

1.7E-06 

2.9E-08 

1.9E-06 

2.9E-05 

6.2E-03 

2.8E-02 

2.5E-02 

1.7E-02 

1.8E-03 

1.8E-03 

1.1 E-03 

3.8E-04 

7.lE-05 

1.5E-06 

3.3E-08 

2.2E-12 

999.0 

1Ooo.o 

999.0 

996.0 

260.0 

261.0 

256.0 

255.0 

285.0 

270.0 

65.0 

256.0 

260.0 

253.0 

250.0 

257.0 

252.0 

257.0 

257.0 

264.0 

265.0 

268.0 

289.0 

300.0 

121.0 
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Table E5 (continued) 

.... 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCfi) (Year) 

76 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

1.2E-08 304.0 

1.OE-11 123.0 

1.2E-05 249.0 

1.9E-09 256.0 

1.2E-04 111.0 

1.5E-06 65.0 

2.2E-08 259.0 

3.1E-11 280.0 

1.4E-01 113.0 

2.9E-01 59.0 

2.lE-06 266.0 

6.8E-IO 289.0 

1.5E-05 275.0 

4.3E-02 70.0 

4.1E-11 287.0 

6.m-06 279.0 

5.7E-06 270.0 

7.6E-03 80.0 

3.3E-08 272.0 

2.8E-U4 88.0 

9.7E-10 289.0 

5.7E-06 286.0 

3.lE-OS 100.0 

4.3E-12 %.O 

2.2E-06 292.0 

1.3E-11 255.0 

77 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

2.8E-10 

2.4E-08 

2.4E-10 

3.6E-06 

1.2E-08 

1.3E-02 

9.1E-04 

l.lE-08 

3.4E-09 

2.2E-0 1 

2.7E-06 

2.1E-01 

7.4E-09 

5.1E-03 

5.4E-02 

3.2E-02 

2.9E-03 

9.6E-08 

1.9E-03 

1.7E-08 

1.1E-05 

5.28-07 

6.1 E-06 

1.6E-08 

1.8E-06 

1.3E-11 

89.0 

121.0 

70.0 

250.0 

249.0 

109.0 

64.0 

260.0 

2780 

109.0 

266.0 

63.0 

63.0 

126.0 

70.0 

70.0 

82.8 

265.0 

81 .O 

279.0 

84.0 

269.0 

286.0 

292.0 

292.0 

91.0 

78 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

6.3E-04 249.0 

1.OE-11) 260.0 

2.3E-0a 116.0 

2.OE-W 73.0 

8.3E-07 256.0 

7.2E-05, 251.0 

3.2E-02 109.0 

3.1E-01 57.0 

1.8E-10 267.0 

2.OE-08 267.0 

1.8E-08 279.0 

2.2E-02 121.0 

2.5E-09 292.0 

6.5E-0g 279.0 

7.5E-07 142.0 

1SE-Otii 130.0 

5.1E-06 267.0 

6.4E-03 79.0 

4.3E-08 272.0 

1.OE-04 87.0 

2.8E-07 97.0 

1.4E-06 87.0 

1.lE-09 104.0 

3.9E-07 299.0 

4.4E-07 299.0 

1.7E-12 85.0 

... 
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Table E5 (continued 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L,) (Year) 

154 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

3.9E-12 

7.9E-11 

2.4E-11 

2.OE-10 

9.2E-02 

1.3E-01 

1.OE-06 

5.8E-04 

3.1E-05 

2.0E-05 

1.8E-07 

1.3E-04 

1.7E-07 

4.OE-05 

1.9E-05 

7.8E-08 

1.5E-07 

1.5E-05 

8.9E-05 

1.4E-03 

2.7B-05 

3.2E-06 

4.4E-07 

3.8E-14 

8.4E-12 

5.3E-08 

299.0 

305.0 

87.0 

103.0 

67.0 

68.0 

145.0 

277.0 

282.0 

280.0 

264.0 

269.0 

253.0 

274.0 

282.0 

75.0 

269.0 

261.0 

257.0 

247.0 

25 1 .O 

268.0 

55.0 

59.0 

65.0 

60.0 

155 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

5.OE- 12 

1.2E-15 

8.OE- 10 

9.3E-13 

1.2E-01 

7.5 E - 0 7 

6.7E-05 

4.4E-05 

3.2E-05 

5.9E-08 

1.5E-05 

1.3E-09 

5.2E-05 

2.8E-05 

7.7E-06 

3.1E-08 

2.3E-07 

8.8E-06 

5.3E-06 

1.3E-02 

l.lE-06 

1.OE-06 

9.3E-07 

1.6E-14 

7.7E-10 

1.2E-07 

305.0 

1o00.0 

101.0 

266.0 

67.0 

142.0 

277.0 

277.0 

280.0 

269.0 

264.0 

286.0 

249.0 

281.0 

277.0 

60.0 

257.0 

268.0 

254.0 

245.0 

272.0 

270.0 

63.0 

57.0 

61.0 

57.0 

156 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

3.5E- 1 1 

1.7E-14 

5.6E-10 

1.3E-12 

1.4E-01 

8.1 E-07 

1.2E-03 

3.3E-05 

2.3E-05 

9.5E-08 

1.6E-08 

7.0E- 10 

2.9E-04 

2.1E-05 

1.4E-06 

4.6B-08 

4.3E-07 

2.5E-05 

9.3E-04 

3.5E-03 

1.1E-06 

2.8E-07 

1.7E-06 

2.9E-14 

2.4E-08 

4.4E-09 

305.0 

281.0 

102.0 

91 .O 

67.0 

144.0 

270.0 

283.0 

281.0 

263.0 

296.0 

246.0 

268.0 

281 .o 
69.0 

276.0 

275.0 

264.0 

249.0 

246.0 

272.0 

259.0 

61.0 

74.0 

57.0 

64.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Tabk E5 (continued) 

...-. 

..... 

~~ ~ ~~~ ~ 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L,) (Year) 

232 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

4.8E-08 

4.1 E-05 

1.6E-02 

4.5E-05 

3.7E-08 

3.7E-07 

4.1E-03 

2.2E-06 

3.4E-06 

4.SE-09 

2.3E-11 

7.4E-10 

7.OE-03 

4.1E-05 

2.5E-05 

7SE-05 

3.3E-04 

3.OE-09 

1.4E-07 

5.6E-04 

5.4E-07 

7.X-02 

2.1 E-02 

9.OE-06 

2.68-05 

2.9E-05 

66.0 

62.0 

59.0 

79.0 

93.0 

86.0 

74.0 

288.0 

288.0 

300.0 

319.0 

52.0 

253.0 

58.0 

273.0 

53.0 

267.0 

86.0 

247.0 

245.0 

248.0 

248.0 

256.0 

256.0 

258.0 

55.0 

233 

236 

239 

242 

245 

248 

251 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

3.7E-07 

1.6E-03 

5.6E-03 

5.1E-06 

2.5E-08 

l.lE-06 

1.3E-02 

2.9E-06 

3.5E-07 

7.4E-10 

3.2E-12 

1.3E-06 

7.7E-03 

5.6E-03 

2.1E-06 

26E-03 

5.1 E-05 

1.OE-OS 

5.1E-06 

5.5E-05 

5.6E3-07 

3.1E-02 

4.OE-02 

3.4E-06 

1.2E-04 

3.5E-05 

64.0 

61.0 

65.0 

100.0 

74.0 

75.0 

73.0 

288.0 

287.0 

313.0 

326.0 

263.0 

250.0 

54.0 

144-0 

257.0 

267.0 

82.0 

246.0 

245.0 

249.0 

249.0 

253.0 

268.0 

251.0 

257,O 

234 

237 

240 

243 

246 

249 

252 

255 

258 

2 6 6  

264 

267 

270 

273 

276 

279 

282 

28s 

288 

291 

294 

297 

300 

303 

306 

309 

3.9E-M 

2.0E-02 

3.8E-84 

1.9E-08 

7.4E-08 

3.OE-04 

4.2E-02 

3.6E-06 

5.OE-08 

1.3E-10 

1.6E-15 

3SE-04 

1.6E-15 

1.4E-01 

1.4E-06 

9.OE-04 

4.3E-08 

5.5E-09 

7-9E-05 

6.1E-07 

8.2E-05 

2.9E-02 

1.2E-03 

l.lE-05 

8.7E-04 

2.1E-06 

61.0 

60.0 

73.0 

243.0 

75.0 

81.0 

73.0 

287.0 

300.0 

319.0 

764.0 

253.0 

705.0 

250.0 

138.0 

262.0 

80.0 

85.0 

244.0 

246.0 

247.0 

254.0 

53.0 

262.0 

245.0 

253.0 

E-41 



SWSA 6 Perfomzance Assessment 

Table E5 (continued) 

Obs Conc Time Obs Conc Time Obs Gmc Time 
Node (uCi/L,) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

310 1.5E-06 266.0 311 2.1E-06 267.0 312 9.7E-04 246.0 

313 3.2E-04 255.0 314 1.5E-04 254.0 315 6.8E-04 247.0 

316 9.4E-04 247.0 317 1SE-05 261.0 318 4.OE-16 74.0 

319 1.5E-15 999.0 320 1SE-15 988.0 321 l.lE-14 264.0 

322 7.4E-15 259.0 323 4.OE-08 264.0 324 3.2E-08 261.0 

325 2.6E-07 58.0 326 1.9E-07 61.0 327 1.6E-07 69.0 

328 1.1E-07 70.0 329 8.1E-08 72.0 330 3.9E-08 73.0 

331 3.2E-08 69.0 332 2.8E-08 69.0 333 6.2E-09 72.0 

334 2.9E-09 283.0 

E-42 



Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E6. Gmundwater concentration of nuclide 
3Bc1 at observation nodes 

..... 

.... 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCiL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

2.3E-30 

.OE+OO 

3.7530 

1.2E-29 

1.2E-29 

1.1 E-29 

.OE+OO 

.OE+OO 

.OE+OO 

4.4E-28 

1.7E-33 

2.4E-40 

4.9E-35 

l.lE-28 

4.3E-27 

3.5E-26 

2.0E-24 

3.2E-32 

5.1E-31 

3.8E-30 

5.9E-28 

8.6E-27 

6.2E-25 

1.5E-23 

8.2E-21 

2.8E-15 

4000.0 

4OOO.O 

4000.0 

4OOO.O 

3997.0 

3997.0 

3313.0 

3008.0 

303 1 .O 

3994.0 

2583.0 

519.0 

1447.0 

2841.0 

2837.0 

2866.0 

3763.0 

292.0 

271.0 

207.0 

247.0 

129.0 

110.0 

103.0 

2268.0 

56.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

6.4E-30 

6.7E-30 

3.0E-35 

1.6E-3 1 

9.9E-33 

1.7E-25 

5.9E-36 

1.4E-35 

1.OE-36 

9.OE-29 

2.5E-27 

3.1E-26 

65E-24 

9.3E-23 

1.7E-21 

3.6E-20 

1.6E-19 

2.5E-26 

7.4E-26 

3.1E-25 

5.OE-23 

4ooo.O 

4OOO.O 

4OOO.O 

4OOO.O 

4000.0 

4000.0 

3995.0 

3 160.0 

3676.0 

3115.0 

3w.O 

1829.0 

1496.0 

1208.0 

2454.0 

2849.0 

3710.0 

2869.0 

3773.0 

2861.0 

3752.0 

3901.0 

176.0 

185,o 

125.0 

113.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

4.3E-30 

.OE+OO 

5.6E-30 

1.48-32 

.OE+W 

2.9E-34 

1.8E-32 

3.8E-3 1 

8.3E-35 

5.8E-26 

3.6E-33 

6.1E-35 

1.3E-32 

1.3E-27 

2.2E-26 

7.1 E-26 

1.6E-25 

2.5E-20 

4.8E-19 

27E-18 

6-38-18 

8.4E- 18 

7.5E-18 

2.6E-16 

2.6E-14 

1 .OE-24 

3990.0 

4OOO.O 

3990.0 

3997.0 

3483.0 

3999.0 

3999.0 

3990.0 

303 1 .O 

3997.0 

2575.0 

431.0 

702.0 

2168.0 

1814.0 

1315.0 

1063.0 

3951.0 

3998.0 

3998.0 

3963.0 

4ooo.0 

2777.0 

61.0 

29.0 

97.0 
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SWSA 6 Performance Assessment 

Table E6 (continued) 
~ ~ ~~ ~- - ~ ~ 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uci/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

1.2E- 12 

3.7E-24 

4.9E-20 

3.8E-11 

1.2E-06 

1.6E-20 

2.OE- 19 

6.OE-08 

l.lE-01 

1 .OE-17 

2.3E-19 

1.2E-17 

2.1E-02 

1.7E-26 

1.2E-17 

1.2E-17 

3.2E-03 

1.2E-17 

1.9E-OS 

1.2E-17 

1.2E- 17 

2.5E-09 

7.3E-12 

28.0 

102.0 

473.0 

43.0 

29.0 

496.0 

1577.0 

75.0 

28.0 

3244.0 

555.0 

1978.0 

36.0 

97.0 

2219.0 

3192.0 

44.0 

3860.0 

83.0 

2333.0 

3795.0 

94.0 

65.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

2.5E-14 

1.OE-10 

9.6E-24 

7.4E-20 

l.lE-09 

2.4E-04 

5.3E-18 

3.2E-19 

2.1 E-08 

7.8E- 18 

7.1E-02 

1.2E-20 

1 .OE-06 

2.OE-02 

1.6E-02 

1.2E-03 

1.2E- 17 

5.4E-04 

1.2E- 17 

1.OE-06 

1.2E- 17 

1.2E- 17 

5.2E-17 

52.0 

24.0 

98.0 

493.0 

44.0 

24.0 

1341.0 

2830.0 

77.0 

2217.0 

29.0 

252.0 

44.0 

36.0 

37.0 

45.0 

2971.0 

45.0 

1231.0 

84.0 

3568.0 

1540.0 

60.0 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

2.3E-20 

8.3E-13 

3.7E-09 

1.5E-21 

1.8E-19 

4.8E-09 

9.3E-02 

9.4E- 18 

1.2E-17 

2.9E-19 

3.4E-09 

9.6E-28 

1.2E-17 

1.4E-08 

3.4E-06 

1.2E- 17 

2.OE-03 

1.2E-17 

7.6E-06 

1.7E-08 

1SE-07 

1.3E-10 

1.2E-17 

448.0 

52.0 

39.0 

483.0 

1294.0 

77.0 

23.0 

1380.0 

2215.0 

5 14.0 

86.0 

69.0 

1093.0 

48.0 

55.0 

271 1.0 

51.0 

1255.0 

87.0 

91.0 

87.0 

110.0 

2922.0 
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Theoretical DescriDtion of Groundwater Flow and Contaminant Tranmort 

Table E6 (continued) 

Conc Time Obs Conc Time Obs Conc Time Obs 
Node (uCiL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

148 

151 

154 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

211 

214 

1.2E-17 

3.3E-10 

6.1E-13 

5.1E-18 

l.lE-10 

2.6E-11 

4.OE-02 

5.4E-02 

7.9E-09 

2.7E-14 

1.2E- 17 

1.2E-17 

1 -2E-17 

1.2E-17 

4.3E-20 

1.8E-20 

2.6E-20 

1.8E-24 

2.6E-30 

1.8E-32 

.OE+OO 

1.1E-26 

6.5E-30 

2500.0 

125.0 

65.0 

61.0 

133.0 

132.0 

37.0 

33.0 

58.0 

65.0 

1832.0 

3319.0 

2591.0 

1534.0 

3899.0 

3988.0 

3769.0 

93.0 

135.0 

2924.0 

621.0 

3993.0 

616.0 

149 

152 

155 

158 

161 

164 

167 

170 

1 73 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

1.2E-17 

3.OE-11 

9.OE-14 

1.OE-14 

7.2E-11 

2.4E-11 

6.6E-02 

1.4E-08 

1.7E-11 

7.9E-15 

1.2E-17 

1.2E- 17 

1.2E- 17 

5.OE-27 

l.6E-19 

8.1E-21 

2.1 E-20 

2.2E-26 

6.7E-32 

2.2E-40 

.OE+OO 

1.OE-30 

1.2E-34 

2610.0 

135.0 

91.0 

136.0 

136.0 

136.0 

30.0 

48.0 

65.0 

69.0 

2721.0 

3202.0 

2868.0 

2848.0 

3930.0 

3692.0 

3771.0 

112.0 

79.0 

1422.0 

519.0 

2459.0 

88.0 

150 

153 

156 

159 

162 

165 

168 

171 

174 

177 

180 

183 

1% 

189 

192 

1 95 

198 

201 

204 

207 

210 

213 

216 

1.2E-17 

4.OE-12 

3.1E-14 

7.OE-13 

6.4E- 1 1 

24E-11 

6.8E-02 

7.2E-08 

2.9E-14 

1.3E-17 

1.2E-17 

1.2E-17 

1.2E- 17 

4.2E-21 

4.6E-19 

2.9E-20 

3.2E-21 

3.5E-28 

2.4E-33 

.OE+00 

3.3E-33 

9.4E-30 

8-58-35 

2515.0 

66.0 

69.0 

138.0 

130.0 

130.0 

34.0 

52.0 

62.0 

55.0 

3461.0 

23 17.0 

1563.0 

37650 

3963.0 

3758.0 

3806.0 

137.0 

87.0 

1029.0 

1060.0 

540.0 

85.0 
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SWSA 6 Performance Assessment 

Table E6 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

217 

220 

223 

226 

229 

232 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

271 

274 

277 

280 

283 

286 

289 

292 

8.1E-34 

6.5E-33 

6.9E- 1 5 

3.1E-12 

1.7E-08 

1.9E-08 

1 BE-05 

5.9E-03 

3.1E-05 

6.OE-09 

1.4E-07 

3.3E-04 

6.3E- 19 

5.4E- 19 

1.2E- 1 7 

1.2E-17 

1.2E-17 

1.2E-17 

8.3E-17 

1.5E-15 

1.2E-17 

1 -2E-17 

5.9E-22 

3SE-25 

4.9E-26 

8.8E-20 

460.0 

2575.0 

26.0 

30.0 

24.0 

28.0 

26.0 

28.0 

43.0 

57.0 

69.0 

74.0 

2519.0 

3 134.0 

3091.0 

1315.0 

625.0 

2768.0 

81.0 

51.0 

974.0 

1138.0 

78.0 

405.0 

328.0 

3890.0 

218 

221 

224 

227 

230 

233 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

3.1E-28 

1.7E-35 

3.5E-15 

3.1E-10 

4.5E-08 

1.7E-07 

5.4E-04 

2.2E-03 

2.2E-06 

7.9E-09 

3.OE-07 

3.6E-03 

3.7E-19 

9.1 E- 18 

1.1E-17 

1.2E- 17 

1.2E-17 

1.2E- 17 

3.OE-17 

2.OE- 13 

1.2E-17 

1.2E-17 

3.9E-23 

1.4E-25 

1.6E-19 

8.9E-20 

2739.0 

2740.0 

38.0 

30.0 

25.0 

28.0 

26.0 

27.0 

61.0 

104.0 

75.0 

42.0 

3764.0 

3062.0 

3244.0 

3409.0 

1673.0 

2071 .O 

86.0 

55.0 

3314.0 

3839.0 

92.0 

357.0 

3560.0 

3 149.0 

219 

222 

22s 

228 

23 1 

234 

237 

240 

243 

246 

249 

252 

255 

258 

2 6 2  

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

3.1E-3 1 

l.lE-32 

1.4E- 14 

8.7E-09 

1 SE-09 

1.8E-06 

7.7E-03 

2.9E-04 

3.6E-07 

1.5E-08 

2.3E-05 

2.OE-02 

5.8E- 19 

1 .OE- 17 

1.2E-17 

1.2E-17 

1.2E-17 

2.OE-16 

1.2E-17 

6.2E-11 

1.2E-17 

3.7E-19 

3.2E-23 

6.9E-26 

9.2E-20 

1.7E-19 

2579.0 

3125.0 

38.0 

25.0 

28.0 

28.0 

26.0 

35.0 

113.0 

88.0 

75.0 

38.0 

3 129.0 

3 107.0 

3020.0 

822.0 

3193.0 

78.0 

3682.0 

62.0 

2907.0 

3108.0 

94.0 

343.0 

3 145.0 

3893.0 

E-46 



Theoretical Description of Groundwater Flow and Contaminant Transport 

... 

Table E6 (continued) 

Obs Conc 
Node (uCi/L) 

Time Obs Conc Time Obs Conc Time 
(Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

295 1.8E-25 

298 26E-26 

301 l.lE-28 

304 .OE+OO 

307 .OE+OO 

310 .OE+OO 

313 .OE+OO 

316 .OE+OO 

319 .OE+OO 

322 .OE+OO 

325 4.6E-33 

328 3.1E-33 

331 3.6E-34 

334 1.6E-28 

1082.0 

500.0 

705.0 

375.0 

1194.0 

434.0 

1733.0 

2212.0 

4OoO.O 

3600.0 

2555.0 

2577.0 

2458.0 

2459.0 

2% 

299 

302 

305 

308 

311 

314 

3 17 

320 

323 

326 

329 

332 

2.5E-23 

1.3E-26 

.OE+OO 

.OE+OO 

.OE+OO 

3.3E-35 

.OE+OO 

1.8E-32 

.OE+OO 

.OE+OO 

3.2E-33 

3.2E-33 

4.2E-35 

3212.0 

506.0 

145.0 

1189.0 

1190.0 

451.0 

2063.0 

2924.0 

4000.0 

3006.0 

2576.0 

2565.0 

1488.0 

297 

300 

303 

306 

3w 

312 

315 

318 

321 

324 

327 

330 

333 

4.OE-26 

7.3E-27 

.OE+UO 

.OE+W 

.OE+BO 

.OE+W 

.OE+CM) 

.OE+OIO 

.OE+O 

.OE+(PO 

2.9E-33 

5.9E-35 

5.2E-35 

494.0 

558.0 

215.0 

1679.0 

1189.0 

1551.0 

243 1 .O 

4OOO.O 

3815.0 

3008.0 

2576.0 

2359.0 

1 187.0 

.... 
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SWSA 6 Performance Assessment 

Table E7. Groundwater concentration of nuclide: 
90sr at observation nodes 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

3.1E-30 630.0 

.OE+OO 2000.0 

2.OE-29 721.0 

5.2E-30 605.0 

3.7E-31 809.0 

2.4E-31 1023.0 

3.6E-19 361.0 

1.9E-14 327.0 

5.3E-31 472.0 

1.OE-16 846.0 

5.5E-23 371.0 

6.7E-14 591.0 

1.OE-13 423.0 

4.2E-10 199.0 

4.OE-10 215.0 

5.E-11 548.0 

6.3E-08 285.0 

1.9E-08 356.0 

2.OE-12 468.0 

9.8E-14 581.0 

1.8E-14 573.0 

3.4E-15 582.0 

2.4E-19 3 17.0 

5.6E-20 343.0 

1.9E-22 400.0 

.OE+OO 4.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+00 2000.0 

.OE+OO 2000.0 

3.9E-26 478.0 

4.2E-23 439.0 

1.2E-21 215.0 

4.8E-32 973.0 

7.7E-31 499.0 

1.OE-31 1223.0 

4.3E-14 478.0 

2.3E-25 645.0 

5.5E-13 558.0 

9.7E-17 289.0 

l.lE-18 919.0 

1.2E-13 441.0 

.OE+OO 6.0 

1.9E-12 361.0 

1.8E-10 362.0 

3.8E-11 361.0 

2.2E-12 385.0 

1.7E-13 468.0 

7.2E-15 909.0 

2.6E-11 177.0 

2.9E-12 174.0 

3.3E-14 228.0 

2.4E-15 621.0 

1.9E-18 220.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

1.9E-29 436.0 

8.8E-31 517.0 

l.lE-27 633.0 

1.8E-26 459.0 

3.6E-26 914.0 

8.6E-19 206.0 

2.3E-24 1396.0 

1.3E-15 135.0 

1.OE-28 684.0 

9.4E-13 235.0 

3.6E-19 289.0 

6.7E-09 141.0 

7.2E-12 240.0 

5.9E-18 1055.0 

7.5E- 12 378.0 

6.4E-13 417.0 

3-48-14 311.0 

2.7E-17 456.0 

1 SE- 18 236.0 

2.3E-19 380.0 

7.3E-20 659.0 

5.4E-22 607.0 

1.5E-24 394.0 

7.8E-27 80.0 

7.4E-23 379.0 

3.7E-15 389.0 
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Theoretical Description of Groundwater Row and Contaminant Transport 

Table E7 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

1.1E-2 1 

3.2E-17 

5.E-13 

9.1E-17 

6.33-12 

8.3E-23 

4.2E-14 

2.OE-08 

6.2E-09 

2.5E- 12 

1.9E-20 

2.3E-18 

3.2E-14 

5.5E-28 

2.3E-22 

2.m-24 

1.2E- 17 

L E - 2 5  

5.9E-21 

7.5E-21 

1.7E-24 

.OE+OO 

1 SE-32 

1.4E-25 

174.0 

553.0 

173.0 

994.0 

146.0 

794.0 

347.0 

187.0 

99.0 

135.0 

1036.0 

759.0 

287.0 

1029.0 

661.0 

339.0 

347.0 

1013.0 

736.0 

220.0 

193.0 

238.0 

652.0 

826.0 

6.OE-27 849.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

13 1 

134 

137 

140 

143 

146 

149 

152 

3.4E-15 

1 -4E- 18 

4.9E-18 

8,OE- 15 

1.OE-08 

2.4E- 14 

l.lE-20 

3.2E- 14 

1.6E-08 

3.9E-13 

2.6E-10 

3.0E-24 

2.OE-14 

1.4E-14 

9.m-16 

2.3E-19 

2.lE-22 

4.8E-19 

1.2E- 18 

1.2E-22 

2.5E-21 

2.8E-23 

1.8E-28 

1-58-24 

6.8E-29 

234.0 

357.0 

619.0 

498.0 

208.0 

675.0 

299.0 

410.0 

217.0 

278.0 

224.0 

1126.0 

175.0 

3 18.0 

648.0 

555.0 
349.0 

702.0 

222.0 

716.0 

527.0 

520.0 

737.0 

788.0 

697.0 

81 

84 

87 

90 

93 

96 

99 

102 

105 

lo8 

111 

114 

117 

120 

123 

126 

1 29 

132 

135 

138 

141 

144 

147 

150 

153 

1.5E-15 209.0 

1.OE-12 157.0 

4.9E-15 245.0 

5.OE-20 617.0 

4.5E-14 260.0 

1.4E-08 188.0 

4SE-08 184.0 

1.4E-18 620.0 

2.2E-12 156.0 

5.2E-16 393.0 

6.9E-12 244.0 

3.5E-24 1062.0 

4.3E-20 205.0 

2.6E- 17 269.0 

3.8E-19 454.0 

2.9E-22 735.0 

6.6E-18 421.0 

6.3E-21 264.0 

1.8E-21 616.0 

.OE+OO 153.0 

2.1E-23 619.0 

2.7E-27 685.0 

4.6E-27 569.0 

9.7E-26 580.0 

.OE+OO 1238.0 

... 
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Table E7 (continued) 

O h  Gmc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

154 

157 

160 

163 

166 

169 

172 

175 

1 78 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

211 

214 

217 

220 

1.2E-37 1957.0 

1.3E-32 730.0 

2.3E-29 798.0 

1.8E-32 1009.0 

1.OE-11 290.0 

6.3E-12 291.0 

1.1E-26 1438.0 

5.2E-18 662.0 

8.7E-21 666.0 

6.3E-22 437.0 

7.9E-21 430.0 

6.8E-18 385.0 

l.lE-14 774.0 

2.0E-23 309.0 

8.OE-20 649.0 

2.OE-2 1 627.0 

1.7E-17 312.0 

1.2E-17 58.0 

2.1E-11 383.0 

1.4E-09 125.0 

2.6E-20 11 16.0 

1.4E-14 310.0 

1.5E-15 419.0 

155 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

1 94 

197 

200 

203 

206 

209 

212 

215 

218 

221 

7.1E-36 1110.0 

.OE+OO 799.0 

5.2E-30 7%.0 

1.2E-3 1 636.0 

8.7E-12 263.0 

2.6s-17 269.0 

1.9E-21 885.0 

1.7E-19 496.0 

4.5E-19 498.0 

3.5E-18 207.0 

2.5s-19 689.0 

1.4E-10 377.0 

1.3508 102.0 

1.6E-22 348.0 

3.4E-21 733.0 

5.8E-21 433.0 

8.6E-17 391.0 

4.8E-12 195.0 

1.6E-06 158.0 

8SE-10 162.0 

7.4E-17 181.0 

1.4E-12 253.0 

5.4E-15 411.0 

1 56 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

3-48-33 853.0 

2.4E-3 1 635.0 

1.7E-30 851.0 

5.4E-32 713.0 

6.6E-12 281.0 

2.4E-20 269.0 

7.9E-17 604.0 

2.7E-21 585.0 

3.OE-21 338.0 

3.5E-21 538.0 

1.3E-21 225.0 

1.3E-11 223.0 

1.OE-19 668.0 

9.9E-20 482.0 

1.9E-30 68.0 

1.1E-19 243.0 

2.9E-19 528.0 

1.9E-14 691.0 

1.7E-09 124.0 

7.9E-11 176.0 

5.OE-16 372.0 

2.3E-14 431.0 

3.3E-15 423.0 
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Table E7 (continued) 

ObS C o l l C  Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

- .... .. . 

223 

226 

229 

232 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

2.0E-24 627.0 

3.3E-26 11 18.0 

9.7E-15 223.0 

2.5E-15 193.0 

1.4E- 11 185.0 

3-38-08 146.0 

.OE+00 3.0 

2.4E-21 677.0 

6.6E- 18 763 .O 

6.8E-15 531.0 

4.3E-24 393.0 

5.9E-22 482.0 

5.7E-19 239.0 

8.1E-17 333.0 

7.OE-17 394.0 

7.4E-11 173.0 

5.6E-15 50.0 

8.7E-15 214.0 

.OE+OO 1.0 

1.OE-15 491.0 

1.4E-20 285.0 

8.8E-17 311.0 

8.6E-10 289.0 

2.8E-09 117.0 

1.1E-11 286.0 

224 

227 

230 

233 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

3.8E-23 434.0 

6.9E-18 290.0 

l.lE-14 200.0 

2.3E-14 223.0 

4.OE-09 147.0 

1.2E-09 325.0 

.OE+00 4.0 

1.9E-20 407.0 

4.1E-18 745.0 

l.lE-14 520.0 

2.3E-28 1693.0 

1.OE-20 330.0 

7.3E-16 197.0 

.OE+OO 3.0 

2.5E-17 51.0 

1.1E-10 173.0 

5.4E-11 173.0 

.OE+OO 3.0 

3.8E-12 431.0 

4.8E-21 835.0 

4.3E-23 514.0 

5.8E-14 316.0 

2.3E-OS 141.0 

6.8E-11 333.0 

1.5E-12 491.0 

225 

228 

23 B 

234 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 I 

294 

297 

1.lE-22 

1.3E- 14 

4.6E-17 

1.6E-12 

5.7E-08 

.OE+OO 

.OE+OO 

3.8E-20 

1.9E- 16 

4.7E-13 

6.9E-23 

4.8E-19 

8.3E-16 

6.1E-15 

3.8E-12 

.OE+OO 

4.OE-11 

1.m-25 

2.1E-14 

2.3E-21 

2.6E-22 

1.2E-11 

3.5E-W 

3.1E-06 

1.4E-11 

330.0 

2.33.0 

217.0 

186.0 

146.0 

2.0 

9.0 

622.0 

65 1 .O 

306.0 

583.0 

279.0 

54.0 

200.0 

167.0 

1 .o 
173 .O 

1378.0 

224.0 

279.0 

654.0 

276.0 

138.0 

80.0 

388.0 
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Table E7 (continued) 

Obs 
Node 

Conc 
(uCi/L) 

Time 
m a r >  

Obs 
Node 

Conc 
(UCi/L) 

Time Obs G m c  Time 
(Year) Node (uCi/L) (Year) 

298 

301 

304 

307 

310 

3 13 

316 

319 

322 

325 

328 

33 1 

334 

2.5E- 1 1 

5.OE- 15 

2.3E-21 

2.8E-08 

2.OE-12 

4.4E-08 

1SE-05 

2.2E-23 

2.0E-22 

1.6E-17 

4.5E-20 

2.8E-16 

1.2E-19 

325.0 

145.0 

1686.0 

169.0 

343.0 

251.0 

345.0 

371.0 

407.0 

636.0 

486.0 

246.0 

74.0 

299 

302 

305 

308 

311 

3 14 

317 

320 

323 

326 

329 

332 

8.1E-11 

1.1E-16 

4.3 E- 12 

1.4E-08 

2.5E-15 

2.8E-08 

1.2E- 17 

4.9E-24 

4.2E- 14 

6.7E-18 

1.5E-19 

6.2E- 17 

248.0 

181.0 

785.0 

169.0 

705.0 

315.0 

58.0 

365.0 

307.0 

278.0 

173.0 

766.0 

300 

303 

306 

309 

312 

3 15 

318 

321 

324 

327 

330 

333 

5.5E-16 

2.7E-14 

1.6E-07 

4.1E-11 

2.7E-05 

1.OE-05 

.OE+OO 

4.1 E-22 

6.9E-16 

1.6E-18 

3.1E-16 

3.OE-12 

57.0 

815.0 

169.0 

208.0 

215.0 

363.0 

21.0 

279.0 

458.0 

240.0 

173.0 

328.0 
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... 

Ob Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCiL) (Year) Node (uCi/L'l (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

- 

1.OE-18 

.OE+OO 

6.OE-18 

3.2E-22 

3.1E-22 

3.6E-22 

6.2E-18 

6.2E-18 

6.2E-18 

15E-16 

1.6E- 15 

3.1E-10 

1.6E- 11 

2.4E-08 

5.8E-08 

5.6E-07 

2.9E-06 

9.6E-07 

6.3E-08 

3.2E-08 

7.7E-09 

1.8E- 10 

8.E-11 

4.7E-11 

3.8E-11 

5.8E- 10 

1953.0 

2000.0 

1721.0 

311.0 

3 12.0 

344.0 

1979.0 

1577.0 

1044.0 

254.0 

94.0 

248.0 

84.0 

85.0 

89.0 

90.0 

84.0 

92.0 

104.0 

103.0 

107.0 

113.0 

65.0 

81.0 

87.0 

304.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+00 

.OE+OO 

6.OE-18 

6.0E- 18 

3.3E-18 

3.28-22 

2.6E-19 

5.4E-18 

4.5E-18 

6.4E- 18 

1.7E-12 

2.OE- 12 

2.8E-10 

1.1E-OS 

6.8E-11 

7.OE-09 

1.3E-04 

2.9E-04. 

1.8E-04 

l.lE-04 

4.5E-06 

1.8E-07 

4.6E-06 

4.3E-06 

2.8E-06 

7.9E-12 

2000.0 

2000.0 

1887.0 

16%.0 

1639.0 

363.0 

656.0 

741.0 

259.0 

1244.0 

248.0 

89.0 

87.0 

84.0 

54.0 

80.0 

87.0 

90.0 

97.0 

100.0 

97.0 

100.0 

249.0 

252.0 

252.0 

89.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

5.2E-18 

2.6E-18 

5.4E-18 

6.1E-18 

6.2E-18 

5.4E- 18 

1.4E- 1 8 

4.1E-18 

6.2E-18 

1.9E-14 

2.2514 

5.3E-08: 

1.4E-06 

2.8E-04 

1.3E-03 

1 -28-03 

7.4E-04 

5.6E-05 

6.8E-05 

4.7E-05 

1.6E-05 

2.8E-06 

6.4E-08 

1.5E-09 

2.33-13 

1.1E-06 

1948.0 

2000.0 

1571.0 

1484.0 

1547.0 

1650.0 

1617.0 

1587.0 

1476.0 

250.0 

95.0 

258.0 

260.0 

253.0 

250.0 

257.0 

252.0 

257.0 

264.0 

264.0 

265.0 

268.0 

289.0 

300.0 

121.0 

249.0 
...i. 
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Table E8 (amtinued) 

Obs Conc Time Obs ColK Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) Fear)  

79 

82 

85 

88 

91 

94 

97 

100 

1 03 

106 

109 

112 

115 

118 

121 

1 24 

127 

130 

133 

136 

139 

142 

145 

148 

151 

1.2E- 12 

2.OE-08 

3.3E- 12 

1.3E-05 

1.2E-08 

3.7E-11 

1.4E-12 

6.5E-03 

2.6E-03 

9.4E-08 

3.2E-11 

7.OE-07 

4.7E-04 

1.9E-12 

3.2E-07 

2.6E-07 

ROE-05 

1 SE-09 

2.9E-06 

1.3E-11 

2.3E-07 

3.2E-10 

1 .OE- 13 

6.3E-08 

3.3E-13 

123.0 

249.0 

256.0 

111.0 

65.0 

259.0 

280.0 

117.0 

59.0 

266.0 

289.0 

275.0 

70.0 

288.0 

279.0 

283.0 

80.0 

272.0 

88.0 

292.0 

268.0 

94.0 

305.0 

292.0 

255.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

13 1 

134 

137 

140 

143 

146 

149 

152 

2.5E-09 

2,6E- 1 1 

6.1E-09 

2.1E-11 

1.4E-03 

8.6E-06 

1.8E-11 

1.6E-10 

8.4E-03 

1.2E-07 

2.2E-03 

2.OE-10 

2.1E-04 

5.9E-04 

3.4E-04 

3.1E-05 

4.4E-09 

2.OE-05 

5.8E- 10 

l.lE-07 

2.4E-08 

2.1 E-07 

4.9E- 10 

5.7E-08 

1.4E-13 

121.0 

120.0 

250.0 

249.0 

109.0 

64.0 

260.0 

278.0 

116.0 

266.0 

63.0 

63.0 

126.0 

70.0 

70.0 

82.0 

265.0 

81.0 

279.0 

84.0 

269.0 

292.0 

305.0 

299.0 

91.0 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

1.9E-12 

2.5E-07 

1 BE-1 0 

1.4E-09 

1.2E-11 

3.4E-03 

2.8E-03 

9.2E- 14 

9.2E-10 

8.6E-10 

8.3E-04 

1.2E-10 

3.1 E-07 

2.88-08 

6.3E-08 

2.4E-07 

6.7E-05 

2.OE-09 

l.lE-06 

2.8E-09 

1.4E-08 

7.9E- 12 

1.5E-08 

1.5E-08 

4.8E-14 

88.0 

116.0 

73.0 

256.0 

251.0 

109.0 

57.0 

255.0 

267.0 

279.0 

121.0 

292.0 

279.0 

142.0 

130.0 

267.0 

79.0 

272.0 

87.0 

97.0 

87.0 

104.0 

305.0 

299.0 

306.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (IC&) (Year) 

154 

157 

160 

163 

166 

169 

172 

175 

1 78 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

1 SE- 13 

2.8E-12 

2.1E-13 

1 -9E- 12 

1.OE-03 

1.4E-03 

4.1 E-08 

2.2E-05 

8.E-07 

5.6E-07 

8.4E-09 

6.OE-06 

8.4E-07 

1.3E-06 

9.1E-07 

2.3E-09 

6.7E-09 

5.7E-17 

4.4E-10 

6.5E-05 

1.2E-06 

1 .4E-09 

3.2E-13 

1.6E-15 

7.5E-14 

3 12.0 

305.0 

87.0 

103.0 

67.0 

68.0 

145.0 

277.0 

282.0 

280.0 

264.0 

269.0 

88.0 

274.0 

282.0 

270.0 

269.0 

268.0 

257.0 

247.0 

251.0 

257.0 

92.0 

115.0 

65.0 

155 

158 

161 

164 

167 

170 

1 73 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

2 18 

221 

224 

227 

2.OE-13 

8.8E- 18 

7.8E-12 

2.4E-14 

1.3E-03 

28E-08 

2.8E-06 

1.5E-06 

9.8E-07 

2.7E-09 

6.9E-07 

ME-05 

3.2E-07 

1.2E-06 

3.5E-07 

8.2E-10 

1.OE-08 

1.4E- 14 

1.3E-07 

5.9E-04 

1.5E-08 

4.OE-09 

1 .OE- 15 

1.4E-16 

7.OE-12 

305.0 

273.0 

101.0 

266.0 

67.0 

142.0 

277.0 

284.0 

280.0 

269.0 

264.0 

86.0 

105.0 

281.0 

277.0 

60.0 

257.0 

264.0 

254.0 

245.0 

250.0 

91.0 

107.0 

57.0 

62.0 

656 

159 

162 

165 

168 

171 

174 

177 

180 

183 

1% 

189 

192 

1 95 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

1.4E-12 

4.3E-16 

5.4E-12 

2.4E-14 

1.6E-03 

3.2E-QB 

4.8E-05 

9.7E-07 

8.OE-07 

4.4E-09 

4.5E-10 

1.1E-04 

9.7E-06 

9.9E-07 

3.7E-08 

2.1E-09 

5.9E-0!9 

1.8E- 12 

4.2E-05 

1.6E-04 

5.5E-09 

5.7E- 1 R 

6.1E-18 

2.5E-16 

2.2E- 10 

305.0 

281.0 

102.0 

260.0 

67.0 

144.0 

270.0 

290.0 

286.0 

263.0 

309.0 

97.0 

268.0 

281.0 

69.0 

276.0 

256.0 

259.0 

249.0 

246.0 

250.0 

89.0 

1047.0 

74.0 

57.0 
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SWSA 6 Performance Assessment 

Table E8 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

229 

232 

235 

238 

24 1 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

30 1 

304 

5.7E-10 

4.9E-10 

4.4E-07 

1.8E-04 

4.OE-07 

3.7E- 10 

3.1E-09 

4.2E-05 

1 .OE-07 

1.6E-07 

2.OE-10 

1.OE-12 

2.7E-11 

3.3E-04 

1 -2E-06 

1.4E-06 

2.1 E-06 

1 SE-05 

8.4E- 1 1 

2.3E-10 

9.6E-07 

2.1 E-06 

2.4E-03 

9.9E-04 

4.2E-07 

3.7E-09 

60.0 

66.0 

62.0 

59.0 

79.0 

93.0 

86.0 

74.0 

288.0 

288.0 

300.0 

3 19.0 

289.0 

253.0 

58.0 

254.0 

53.0 

267.0 

79.0 

247.0 

245.0 

95.0 

255.0 

256.0 

259.0 

249.0 

230 l.lE-09 

233 3.9E-09 

236 1.7E-05 

239 5-88-05 

242 4.3E-08 

245 2.5E-10 

248 1.lE-08 

252 1.3E-04 

254 1.3E-07 

257 1SE-08 

260 3.5E-11 

263 1.5E-13 

266 6.6E-08 

269 3SE-04 

272 1.6E-04 

275 8.7E-08 

278 1.2E-04 

281 2.3E-06 

284 2.7E-10 

287 8.7E-09 

290 9.5E-08 

293 l.lE-06 

2% 1.3E-03 

299 1.9E-03 

302 8.7E-09 

305 1.6E-09 

57.0 

64.0 

61.0 

65.0 

100.0 

74.0 

69.0 

73.0 

288.0 

287.0 

313.0 

332.0 

276.0 

250.0 

63.0 

144.0 

257.0 

274.0 

82.0 

246.0 

245.0 

%.0 

255.0 

253.0 

248.0 

249.0 

23 1 

234 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

291 

294 

297 

300 

303 

306 

4.8E-11 

4.3E-08 

2.1E-04 

3.6E-06 

4.8E- 10 

7.1E- 10 

3.1E-06 

4.3E-04 

1.6E-07 

2.3E-09 

6.1E-12 

.OE+OO 

1.6E-05 

.OE+00 

6.1E-03 

5.6E-08 

4.2E-05 

1.2E-09 

1 SE- 10 

1.4E-07 

3.1E-07 

1.5E-07 

1.4E-03 

3.2E-05 

1.1E-10 

64.0 

60.0 

60.0 

'73.0 

243.0 

75.0 

81.0 

73.0 

287.0 

300.0 

319.0 

2.0 

254.0 

.o 
250.0 

138.0 

262.0 

80.0 

85.0 

245.0 

89.0 

104.0 

254.0 

53.0 

262.0 

4.2E-11 250.0 
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Theoretical Description of Groundwater Row and Contaminant Transport 

. .-.. 

Table E8 (continued) 
~- ~~~ 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

307 9.5E-08 247.0 308 1.4E-08 247.0 309 6.6E-12 254.0 

310 5.7E-10 253.0 311 7.6E-10 255.0 312 5.5E-10 249.0 

313 2.5E-12 254.0 314 1.4E-14 259.0 315 8.6E-15 256.0 

316 1.6E-12 253.0 317 5.7E-17 268.0 318 6.1E-18 1590.0 

319 6.2E-18 1398.0 320 6.2E-18 1654.0 321 6.2E-18 1655.0 

322 6.4E-18 1707.0 323 6.2E-18 1811.0 324 6.lE-18 1256.0 

325 2.9B-14 98.0 326 3.OE-15 81.0 327 2.OE-14 85.0 

328 2.3E-14 87.0 329 3.8E-14 92.0 330 4.9E-12 85.0 

331 3.2E-12 88.0 332 3.6E-10 84.0 333 2.3E-M 84.0 

334 1.5E-07 87.0 

... 

... 

E-57 



SWSA 6 Performance Assessment 

Table E9. Groundwater concentration of nuclide: 
'Tk at okwation nodes 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCiL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE + 00 

.OE+OO 

.OE+OO 

2.8E-3 1 

.OE + 00 

.OE + 00 

.OE + 00 

4.8E-28 

5.2E-24 

1.6E-17 

1.2E- 17 

1.5E-19 

8.7E-17 

.OE+OO 

4.6E-26 

3.9E-33 

.OE+OO 

.0E+OO 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

296.0 

462.0 

2000.0 

8.0 

2000.0 

422.0 

153.0 

216.0 

216.0 

78.0 

216.0 

2.0 

72.0 

10.0 

15.0 

123.0 

2000.0 

2000.0 

2000.0 

74.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+00 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

4.1E-30 

.OE+OO 

.OE+OO 

1.6E-34 

.OE+00 

2.6E-32 

.OE+OO 

6SE-32 

8SE-28 

1.8E-28 

2. IE-29 

5.7E-31 

2.8E-3 1 

.OE+OO 

.OE+OO 

.OE + 00 

.OE+OO 

.OE+OO 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

462.0 

2000.0 

25.0 

4%.0 

153.0 

392.0 

120.0 

391.0 

347.0 

347.0 

347.0 

348.0 

348.0 

2000.0 

2000.Q 

2000.0 

2000.0 

2000.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 87.0 

.OE+OO 59.0 

3.5E-32 57.0 

.OE+OO 2000.0 

4.2E-29 462.0 

.OE+OO 130.0 

1.2E-26 51.0 

.OE+OO 2.0 

.OE+OO 2.0 

1.3E-25 422.0 

1.2E-25 422.0 

5.0E-26 422.0 

5.1E-32 464.0 

3.OE-32 465.0 

5.2E-33 465.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E9 (continued) 

... 

Obs Conc Time Obs C o D C  Time O h  Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uciL) p e a )  

79 

82 

$5 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

1 45 

148 

15 1 

154 

4.1E-34 383.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2 0  

2.OE-19 210.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

5.5E-18 265.0 

1.3E-21 253.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

3.8E-28 296.0 

.OE+QO 2OOO.O 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

1 10 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

155 

2.3E-24 299.0 

.OE+OO 45.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.3E-18 256.0 

.OE+OO 2.0 

.OE+OO 2000.0 

.QE+OO 2OOO.O 

4.7E-18 266.0 

.OE+OO 2000.0 

2.3E-22 253.0 

.OE+OO 2O00.0 

1.3E-25 309.0 

3.1E-29 296.0 

8.4E-31 297.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2OOO.O 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

81 

84 

87 

90 

93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

1 29 

132 

135 

138 

141 

144 

147 

150 

153 

156 

.OE+aO 2000.0 

5.9E-2(0 256.0 

.0E+O 6.0 

.OE+O 2000.0 

.OE+OO 2000.0 

2.6E-1S 252.0 

3.6E-17 210.0 

.OE+OO 2OOO.0 

.OE+OI) 297.0 

.OE+OO 2OOO.O 

.OE + 00 4.0 

.OE+(M3 2000.0 

.OE+OR) 2OOO.O 

3.2E-27 309.0 

1.6E-32 353.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2OOO.O 

.OE+OO 2000.0 

-0E3-00 2000.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

. . i 
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SWSA 6 Perfomance Assessment 

Table E9 (continued) 
~ ~~ - 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCilL) (Year) Node (uCi/L) (Year) 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

196 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.6E-23 253.0 

2.3E-24 253.0 

.OE+OO 2000.0 

1.7E-32 464.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.6E-30 347.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 101.0 

1.9E-29 60.0 

5.0E-28 462.0 

3.1E-17 339.0 

.OE+OO 2.0 

9.3E-14 161.0 

.OE+OO 95.0 

.OE+OO 2000.0 

.OE+OO 135.0 

2.4E-24 253.0 

4.8E-25 253.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

1 85 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.8E-23 253.0 

3.2E-27 309.0 

.OE+OO 205.0 

6.4E-34 495.0 

.OE+OO 2000.0 

2.lE-35 119.0 

.OE+OO 2000.0 

8.7E-28 347.0 

l.lE-31 347.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.OE-31 73.0 

6.0E-25 420.0 

.OE+OO 2.0 

4.9E-16 339.0 

.OE+OO 2.0 

2.8E-18 205.0 

4SE-34 558.0 

.OE+00 2000.0 

.OE+OO 44.0 

2.4E-24 253.0 

4.3E-24 253.0 

159 

162 

165 

168 

171 

174 

177 

180 

183 

1 86 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.9E-23 253.0 

6.6E-32 352.0 

2.1E-28 422.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2OOO.O 

.OE+OO 2000.0 

7.88-27 304.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 157.0 

2.2E-23 249.0 

.OE+OO 3.0 

.OE+OO 1 .o 

.OE+OO 1 .o 
2.9E-18 205.0 

6.3E-26 304.0 

1.6E-34 580.0 

.OE+OO 2000.0 

2.9E-24 253.0 

1.3E-28 2%.0 

2.7E-20 210.0 

E-60 



Theoretical Description of Groundwater Flow and Contaminant Transport 

..-.... 

Table E9 (continued) 

Obs Conc Time O h  Conc Time Obs Gmc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node ( u C i )  (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

271 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

2.4E-19 210.0 

5.1E-14 167.0 

.OE+OO 4.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

8.7E-29 2%.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.6E-31 342.0 

.OE+OO 2000.0 

.OE+OO 10.0 

3.6E-17 339.0 

6.7E-22 50.0 

4.3E-23 380.0 

.OE+OO 1.0 

2.6E-31 464.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

5.3E-27 304.0 

8.9E-22 380.0 

.OE+OO 2.0 

4.8E-23 379.0 

2.9E-14 161.0 

l.lE-15 337.0 

.OE+OO 1.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

31 1 

6.1E-15 167.0 

.OE+00 1 .o 

.OE+OO 43.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.lE-28 296.0 

.OE+OO 2000.0 

3.2E-34 439.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

4.3E-26 51.0 

5.6E-17 339.0 

2.6E-17 339.0 

.OE+OO 18.0 

3.3E-22 380.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 97.0 

1.9E-26 304.0 

2.3E-22 380.0 

8.9E-21 380.0 

.OE+OO 1 .o 

.OE+OO 1.0 

5.6E-16 337.0 

1.4E-13 161.0 

237 

240 

243 

246 

249 

252 

255 

258 

261 

264 

267 

270 

273 

276 

279 

282 

285 

288 

291 

294 

297 

300 

303 

306 

309 

312 

8.9E-14 167.0 

.OE+OO 2.0 

.OE+O 147.0 

.OE+W 2000.0 

2.3E-30 296.0 

4.8E-25 253.0 

.OE+OIO 2000.0 

13E-31 342.0 

.OE+OO 2000.0 

.OE+OO 118.0 

1.8E-18 339.0 

.OE+OO 1 .o 
1.9E-17 339.0 

.OE+OO 223.0 

7.7E-27’ 422.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 10.0 

7.6E-32 347.0 

5.8E-23 380.0 

7.1E-25 57.0 

7.6E-14 161.0 

6.4E-15 337.0 

1.6E-18 205.0 

9.8E-15 337.0 

... 
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SWM 6 Performance Assessment 

Table E9  (continued) 
~~ 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 .OE+00 1.0 314 5.8E-20 378.0 315 5.OE-15 337.0 

316 7.7E-15 337.0 317 1.9E-29 60.0 318 .OE+OO 2000.0 

319 .OE+OO 2000.0 320 .OE+OO 2000.0 321 .OE+00 2000.0 

322 .OE+OO 2000.0 323 l.lE-30 462.0 324 1.4E-34 506.0 

325 4.3E-31 347.0 326 3.5E-31 348.0 327 .OE+00 102.0 

328 .OE+00 105.0 329 5.5E-32 347.0 330 4.7E-27 304.0 

331 1.6E-30 347.0 332 .OE+00 67.0 333 2.6E-28 347.0 

334 .OE+OO 34.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E10. Groundwater concentration of nuclide: 
"2Eu at observation nodes 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

2.9E-27 

1.6E-20 

L3E-20 

7.4E-21 

9.1E-20 

.OE+OO 

2.7E-27 

1.2E-33 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

,OE+OO 

,OE+OO 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

58.0 

135.0 

133.0 

66.0 

135.0 

2.0 

64.0 

10.0 

21.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE +00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE +OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

7.6E-32 

1.6E-32 

1.9E-33 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

2000.0 

2000.0 

2000.0 

2OOO.O 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2008.0 

2000.0 

2000.0 

2000.0 

2000.0 

194.0 

194.0 

191.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+OO 

.OE + OD 

.OE+OIO 

.OE+O 

.OE+OIO 

,OE+OIO 

.OE+OIO 

.OE+OO 

.OE+OQ 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OQ 

.OE+OO 

.OE+OO 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

E43 



SWS.4 6 Performance Assessment 

Table E10 (continued) 

Obs Conc Time Obs Cone Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE-tOO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

155 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2OOO.O 

.OE+OO 2000.0 

81 

84 

87 

m 
93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 
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Table E10 (Continued) 

ObS Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L,) (Year) Node (uC2L) (Year) Node (uCi/L) (Year) 

... 

157 

160 

163 

166 

169 

1 72 

175 

178 

181 

184 

187 

190 

693 

1% 

199 

202 

205 

2oa 

21 1 

214 

217 

220 

223 

226 

229 

232 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

2.8E-34 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

2.7E-30 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+00 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

200.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2OOO.O 

2000.0 

2000.0 

100.0 

2000.0 

2000.0 

2OOO.O 

2000.0 

2000.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE +OO 

.OE+OO 

.OE+OO 

7.8E-32 

.OE+OO 

.OE+00 

.OE+OO 

.OE+00 

.OE+OO 

.OE+00 

.OE+OO 

.OE+M) 

.OE+OO 

1.4E-25 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

194.0 

2000.0 

2000.0 

2000.0 

2000.0 

2 0 . 0  

2000.0 

2000.0 

2000.0 

2000.0 

83.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

.OE+OO 

.OE+OO 

.OE+M) 

.OE+OO 

.OE+OO 

.OE+OO 

.OE + 00 

.OE+O 

.OE+OO 

.OE+OIO 

1.6E-30 

.OE+OID 

.OE+OID 

.OE+o8 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.QE+OT) 

3.OE-34 

1.3E-29 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

.OE+OO 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

174.0 

2000.0 

2000.0 

2000.0 

2000.0 

129.0 

2000.0 

2000.0 

2000.0 

242.0 

174.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.8 

... 
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Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCiL) (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2008.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

l.lE-30 174.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OEtOO 2000.0 

1.2E-29 173.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

311 

.OE+00 

.OE+00 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE + 00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE +OO 

.OE + 00 

3.9E-30 

.OE+OO 

.OE+OO 

.OE + 00 

.OE+OO 

.OE+00 

2.8E-30 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

174.0 

2000.0 

2000.0 

2000.0 

2000.0 

2000.0 

96.0 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

297 

300 

303 

306 

309 

312 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+oo 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2OOO.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 14.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 
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Table E10 (amtinued) 

ObS Conc Time Obs Conc Time Obs Cone Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 
313 .OE+OO 2000.0 314 .OE+OO 2000.0 315 .OE+OQ 2000.0 

316 .OE+OO 2000.0 317 .OE+OO 2000.0 318 .OE+OO 2000.0 

319 .OE+OO 2000.0 320 .OE+OO 2000.0 321 .OE+OO 2000.0 

322 .OE+OO 2000.0 323 .OE+OO 2000.0 324 .6E+00 2000.0 

325 .OE+OO 2000.0 326 .OE+OO 2000.0 327 .OE+OO 2000.0 

328 .OE+OO 2000.0 329 .OE+00 2000.0 330 9.4E-31 174.0 

331 .OE+00 20oO.O 332 .OE+OO 103.0 333 2.4E-32 195.0 

334 .OE+OO 64.0 

..... 

.... 

,- 
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SWSA 6 Perfomtance Assessment 

Tabk Ell. Groundwater concentration of nuclide: 
ISEu at observation nodes 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.6E-29 58.0 

6.7E-23 116.0 

5.6E-23 115.0 

6.9E-23 62.0 

3.8E-22 116.0 

.OE+OO 2.0 

2.2E-29 60.0 

.OE+OO 10.0 

.OE+OO 97.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.4E-34 164.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 
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. ..... . 

Table Ell (Continued) 

ObS Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (ucfi) (Year) Node (uci/L) n e a r )  

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

155 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

.OE+OO 2000.0 

.OE+O 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+W 2000.0 

.OE+OO 2000.0 

.OE+OD 2000.0 

.0E+(FD 2000.0 

.OE+OID 2000.0 

.OE+OO 2000.0 

.OE+olD 2000.0 

.OE+OO 2000.0 

.OE+OIO 2000.0 

.OE+CM1 2000.0 

.OE+OO 2000.0 

.OE+W 2000.0 

.OE+OID 2000.0 

.OE+W 2000.0 

,OE+o8 2000.0 

.OE+OI[) 2000.0 
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Table Ell (continued) 

Obs Cone Time Obs Conc Time Obs Cone Time 
Node (uCi/L,) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

157 

160 

163 

166 

169 

172 

1 75 

1 78 

181 

184 

1 87 

190 

193 

196 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.2E-32 90.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+00 2000.0 

.OE+OO 2000.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.5E-34 173.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

8.9E-28 72.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

159 

162 

165 

168 

171 

174 

177 

1 so 
183 

186 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.8E-33 142.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.4E-32 142.0 

.OE+00 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 
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Table Ell (mntinued) 
~ ~ - 

Qbs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

-259 

262 

265 

268 

271 

274 

277 

280 

283 

2% 

289 

292 

295 

298 

301 

304 

307 

3 10 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

,OE+OO 2000.0 

.OE+OO 2000.8 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+DO 2000.0 

.OE+OO 2000.0 

2.OE-33 144.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.28-32 140.0 

236 

239 

242 

245 

248 

251 

254 

257 

260 

263 

2% 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

31 1 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+o8 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.8 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

7.2E-33 141.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

1.3E-32 86.0 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

297 

300 

303 

306 

309 

312 

.OE+OIO 2000.0 

.OE+OID 2OOO.O 

.OE+OO 2000.0 

.OE+rn 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+oo 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OQ 2000.0 

.OE+OC) 2000.0 

.OE+W 2000.0 

,OE+OC, 2OOO.O 

.OE+OO 2000.0 

.OE+OO 38.0 

.OE+001 2000.0 

.OE+OOi 2000.0 

.OE+O(P 2000.0 

.OE+oo1 2000.0 

.OE+OO 20o0.0 

.OE+OO 2000.0 

.OE+OO 2000.0 
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Table Ell (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 .OE+OO 2000.0 314 .OE+OO 2000.0 315 .OE+OO 2000.0 

316 .OE+OO 2000.0 317 .OE+OO 2000.0 318 .OE+OO 2000.0 

319 .OE+OO 2000.0 320 .OE+OO 2000.0 321 .OE+OO 2000.0 

322 .OE+OO 2000.0 323 .OE+OO 2000.0 324 .OE+OO 2000.0 

325 .OE+OO 2000.0 326 .OE+OO 2000.0 327 .OE+OO 2000.0 

328 .OE+OO 2000.0 329 .OE+OO 2000.0 330 1.7E-33 143.0 

331 .OE+OO 2000.0 332 .OE+OO 2000.0 333 .OE+OO 2000.0 

334 .OE+OO 134.0 
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Table E12 Groundwater cOllGentfatiOn of nuclide: 
mh at observation  lodes 

... 

~ -~ 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node ( u C i )  (Year) Node (uCiL) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

-0E-t-00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE-tOO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

1.6E-32 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

48 

71 

74 

77 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5OOO.O 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

-OE+OO 5000.0 

.OE+OO 5000.0 

.OE+00 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+00 5000.0 

.OE+OO 5000.0 

.OE+OC9 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+CK) 5000.0 

.OE+W 5000.0 

.OE+IK) 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5OOO.O 

.OE+OO 5000.0 

.OE+IX) 5000.0 

.OE+W 5000.0 

.OE+OI[) 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OC) 5000.0 

.OE+OO 5000.0 

.OE+W 5000.0 

.OE+OO 5000.0 

.OE+W 5000.0 
.... 
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Table E12 (amtinued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

.OE+OO 

.OE+OO 

.OE+OO 

1.8E-20 

.OE +OO 

.OE+OO 

.OE+OO 

1.OE-15 

5.OE-33 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

3 0 . 0  

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

569.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

1 43 

146 

149 

152 

155 

2.0E-27 

.OE+OO 

.OE+OO 

.OE+OO 

1.4E-17 

.OE+OO 

.OE +OO 

.OE+OO 

9.6E-16 

.OE+OO 

3.2E-34 

.OE+OO 

7.7E-22 

2.2E-3 1 

2.4E-33 

1.2E-31 

.OE +00 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE +OO 

5000.0 

4128.0 

5000.0 

5000.0 

5000.0 

5Ooo.o 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

81 

84 

a7 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

.OE+OO 5000.0 

8.9E-24 5000.0 

6.8E-34 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 2.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 9.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

1.9E-23 5000.0 

2.2E-27 5000,O 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 
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-. ..... 

Table E12 (Continued) 

Obs C o I l C  Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uciflL) (Year) 

157 

160 

163 

166 

169 

172 

175 

178 

181 

I84 

187 

190 

193 

1% 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 1877.0 

.OE+OO 412.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+W 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+W 5000.0 

.OE+OO SO00.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

1 97 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

1.9E-23 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE +OO 

.OE+OO 

.OE+OO 

.OE+OO 

5000.0 

5000.0 

5000.0 

5000.0 

5OOO.O 

1445.0 

5000.0 

so00.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

so00.0 

5000.0 

5000.0 

5000.0 

5000.0 

159 

162 

165 

lfj8 

171 

174 

177 

180 

183 

186 

189 

192 

195 

198 

20 1 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

.OE+OIO 

.OE+O 

.OE+OID 

.OE+W 

9.1E-27 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.QE+OO 

.QE+OO 

.OE+OCl 

.OE+OIO 

.OE+OO 

.OE+OCI 

.OE+OCI 

.OE+OO, 

.OE +W 

5000.0 

5000.0 

5000.0 

5000.0 

5OOO.O 

5000.0 

5000.0 

5000,O 

5000.0 

5000.0 

5000.0 

5Ooo.o 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 
5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5ooo.o 

5080.0 

5000.0 

... 

E-75 



S WSA 6 Perfomtance Assessment 

Table E12 (cootinued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

235 

238 

24 1 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+00 

.OE+OO 

2.1E-29 

.OE+OO 

1.3E-29 

1.OE-26 

1.8E-21 

.OE+OO 

5.3E-34 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

649.0 

5000.0 

5000.0 

5000.0 

287.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5o00.0 

5000.0 

5000.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

311 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+00 

.OE+OO 

.OE+00 

.OE+OO 

.OE+OO 

3.4E-30 

1.2E-29 

6.8E-22 

6.3E-25 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

3866.0 

599.0 

5000.0 

5Ooo.o 

5000.0 

5000.0 

292.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

5000.0 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

297 

300 

303 

306 

309 

312 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+00 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+00 5000.0 

5.7E-32 5000.0 

.OE+OO 670.0 

.OE+OO 396.0 

2.lE-30 5000.0 

4.OE-18 5000.0 

1.6E-28 5000.0 

.OE+OO 353.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 5000.0 
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Table E12 (continued) 

Obs Conc Time Obs Conc Time Ob C o l l C  Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 .OE+M) 5OOO.O 314 .OE+OO 5000.0 315 .OE+OI) 5000.0 

316 .OE+OO 5000.0 317 .OE+OO 5000.0 318 .OE+O 5000.0 

319 .OE+OO 5000.0 320 .OE+OO 5000.0 321 .OE+IMI 5000.0 

322 .OE+OO 5000.0 323 .OE+OO 5000.0 324 .OE+OIO 5000.0 

325 .OE+OO 5000.0 326 .OE+OO 5000.0 327 .OE+OID 5000.0 

328 .OE+oO 5000.0 329 .OE+OO 5000.0 330 .OE+OO 5000.0 

331 .OE+OO 5000.0 332 .OE+OO 5000.0 333 .OE+OO 5000.0 

334 .OE+OO 5000.0 

.... 

.. . 
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Table E13. Groundwater concentration of nuclide: 
% at observation nodes 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L,) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

1.4E-33 2600.0 

5.OE-30 2481.0 

1.3E-25 2459.0 

3.OE-27 2318.0 

1.8E-26 2835.0 

7.1E-19 1970.0 

2.8E-31 972.0 

3.4E-15 1419.0 

2.5E-12 1434.0 

3.2E-11 625.0 

9.9E-11 2497.0 

4.2E-10 2551.0 

1.5E-10 2734.0 

3.8E-12 2608.0 

8.6E-13 2518.0 

9.OE-35 10.0 

1.5E-17 643.0 

5.9E-17 2366.0 

2.1E-18 1571.0 

3.1E-19 2650.0 

.OE+OO 3000.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

7.0E-33 2887.0 

2.6E-31 2895.0 

2.5E-29 2502.0 

1.7E-30 2056.0 

4SE-22 2884.0 

2.2E-24 3000.0 

4.2E-16 2758.0 

2.8E-14 1986.0 

1.3E-12 1533.0 

l.lE-24 96.0 

8.9E-11 1602.0 

2.2E-08 2324.0 

2.4E-08 2883.0 

l.lE-08 2744.0 

6.5E-09 2858.0 

3.OE-10 2509.0 

4.4B-13 2004.0 

2.1E-14 2046.0 

5.OE-17 2320.0 

4.7E-18 1955.0 

9.4E-20 2950.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+OO 3000.0 

.OE+OO 3000.0 

2.3E-35 2904.0 

.OE+OO 3000.0 

.OE+OO 1804.0 

6.5E-34 246 1.0 

1.3E-32 2391.0 

l.lE-34 1020.0 

1.OE-24 2806.0 

1.8E-25 3000.0 

1.2E-17 2889.0 

8.4E-24 2861.0 

1.2E-26 2556.0 

.OE+OO 692.0 

.OE+OO 808.0 

.OE+OO 992.0 

.OE+OO 1046.0 

3.7E-32 2416.0 

.OE+OO 1912.0 

.OE+M) 1960.0 

8.9E-33 3000.0 

l.lE-32 2999.0 

2.4E-33 3000.0 

2.6E-35 285 1.0 

.OE+OO 3000.0 

1.8E-21 1434.0 
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Table E13 (continued) 
~ ___ ~~ 

Obs Conc Time Obs Conc Time Obs Conc T i e  
Node (uC&) (Year) Node (uCi/L) (Year) Node (ILYL) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

lo6 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

.OE+OO 3000.0 

8.1E-20 3000.0 

1.5E-21 2877.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

4.4E-25 3000.0 

1.OE-25 2883.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 1024.0 

2.2E-29 3000.0 

1.6E-3 1 2758.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 30oO.O 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

3122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

155 

.OE+OO 3000.0 

.OE+OO 3000.0 

2.3E-21 3000.0 

4.6E-22 2885.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

1.2E-27 2437.0 

2.3E-26 2961.0 

.OE+OO 3000.0 

2.6E-29 2645.0 

.OE+OO 3000.0 

5.2E-31 3000.0 

.OE+00 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+00 3000.0 

81 

84 

87 

90 

93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

1 26 

129 

132 

135 

138 

141 

144 

147 

150 

1 53 

156 

3.8E-22 2176.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

4.OE-22 3000.0 

.OE+OO 438.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

3.2E-28 2444.0 

1.3E-25, 2900.0 

2.2E-2.8 3000.0 

.OE+OIO 3000.0 

5.8E-32 3000.0 

8.5E-37 2507.0 

.OE+OIO 3000.0 

.OE+OIO 3000.0 

.OE+OID 3000.0 

.OE+OIO 3000.0 

.OE+W 3OOO.O 

.OE+OO 3000.0 

.OE+o8 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+00 3000.0 

.OE+OO 3000.0 

..... 
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Table E13 (Continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

196 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

1.4E-10 

1.4E-30 

3.OE-30 

1.1E-22 

2.2E-18 

3.1E-25 

7.7E-30 

3SE-22 

5.5E-20 

6.5E-14 

6.SE-17 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

2916.0 

3000.0 

1447.0 

1841.0 

920.0 

3000.0 

884.0 

3000.0 

3000.0 

2928.0 

2793.0 

3000.0 

3000.0 

3000.0 

3000.0 

158 

161 

164 

167 

1 70 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

22 1 

224 

227 

230 

233 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3OOO.0 

4.OE-09 1971.0 

3.7E-13 1695.0 

3.2E-30 3000.0 

5.7E-27 3000.0 

5.6E-19 2861.0 

3.8E-16 2965.0 

4.8E-24 3000.0 

8.OE-23 3000.0 

2.2E-21 3000.0 

1.8E-17 3000.0 

3.5E-13 2719.0 

8.OE-20 2781 .O 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

189 

192 

195 

1 98 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+00 3000.0 

.OE+OO 3000.0 

.OE+00 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

9.OE-09 2691.0 

5-98-31 2960.0 

7.3E-29 2861.0 

2.8E-24 3000.0 

l.lE-17 1557.0 

4.9E-16 2928.0 

2.2E-24 2933.0 

3.5E-28 927.0 

2.3E-20 2945.0 

8.9E-16 3000.0 

6.OE-15 2436.0 

5.9E-24 1282.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 
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Table E13 (continued) 

Obs Conc Time Obs COIIC Time Ob Conc Time 
Node (uCiL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

.... 

235 

238 

241 

244 

247 

250 

253 

256 

-- 259 

262 

265 

268 

271 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

.OE+OO 

,OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

2.6E-32 

3.4E-30 

.OE+OO 

1.6E-30 

1.7E-33 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

2.3E-23 

4.lE-15 

LOE-13 

4.OE-11 

.OE+OO 

3.3E-28 

2.6E-21 

2.9E-18 

8.OE-20 

3.9E-15 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

2860.0 

673.0 

3000.0 

3000.0 

3000.0 

3OOO.O 

3m.o 

3000.0 

3000.0 

2815.0 

3000.0 

2960.0 

1516.0 

910.0 

1451.0 

2850.0 

3000.0 

3000.0 

20320 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

28 1 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

311 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+M) 

7.9E-32 

9.3E-30 

1.7E-28 

3.2E-3 1 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

.OE+OO 

2.2E-33 

1.8E-20 

2.3E-13 

2.6E-13 

ME-10 

4.8E-28 

1.7E-23 

1.5E-17 

4.3E-19 

2.OE-19 

1.7E-14 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

283 1 .O 

2724.0 

2711.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

3000.0 

2906.0 

2812.0 

2178.0 

2667.0 

2907.0 

2559.0 

2888.0 

3000.0 

293 1 .O 

3000.0 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

297 

300 

303 

306 

309 

3 12 

.OE+IM) 3000.0 

.OE+OO 3000.0 

.OE+OD 3000.0 

.OE+OID 3000.0 

.OE+oa) 3000.0 

.OE+OQ 3000.0 

3.7E-30 2957.0 

4.OE-28 3000.0 

7.7E-29 26920 

1.3E-32 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

.OE+OO 3000.0 

2.4E-25 2876.0 

3.4E-19 3000.0 

2.9E-13 2729.0 

7.3E-13 1990.0 

1.2B13 1584.0 

9.1E-29 2103.0 

5.7E-22 3000.0 

9.3E-18 3000.0 

1.4E-23 704.0 

6.2E-17 3000.0 

4.OE-25 960.0 
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SWSA 6 Peflomance Assessment 

Table E13 (continued 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 1.OE-32 297.0 314 1-98-23 2556.0 315 8.4E-24 3000.0 

316 1.4E-36 120.0 317 3.1E-25 3000.0 318 .OE+OO 3000.0 

319 .OE+OO 3000.0 320 .OE+OO 3000.0 321 9.3E-33 2913.0 

322 9.7B-33 2834.0 323 2.8E-25 2232.0 324 2.2E-26 1601.0 

325 1.7E-20 503.0 326 5.6E-19 1028.0 327 1.8E-18 1560.0 

328 4.1E-18 2015.0 329 8.4E-18 2308.0 330 5.8E-16 2308.0 

331 6.7E-16 2610.0 332 4.6E-14 1518.0 333 1.8E-12 1081.0 

334 1.3E-11 2002.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E14. Groundwater ConCentratiOn of nuclide 
% at otseivation nodes 

Obs Conc Time Oh Conc Time Ob Conc Time 
Node (uCVL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

1.5E-22 

.OE+OO 

3.4E-21 

5.5E-21 

2.9E-21 

7.4E-21 

4.OE-17 

3.9E- 13 

2.OE-15 

6.OE-11 

1.2E-13 

3.6E-10 

1.2E-11 

7.6E-12 

5.OE-12 

1.7E-11 

1.5E-11 

5.6E-12 

2.3E-12 

1 .OE- 12 

3.1E-13 

8.4E- 14 

3.3E- 15 

1.3E- 15 

1.4E-16 

5.9E- 15 

9717.0 

25000.0 

7621.0 

8155.0 

8290.0 

6877.0 

5802.0 

4670.0 

8683.0 

5733.0 

7589.0 

3014.0 

4004.0 

3904.0 

3950.0 

5643.0 

5872.0 

6349.0 

7742.0 

7495.0 

8585.0 

8588.0 

11489.0 

11534.0 

7459.0 

15653.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 250oO.O 

.OE+OO 25000.0 

6.7E-23 4130.0 

8.8E-21 3774.0 

1.6E-19 4120.0 

8.6E-21 709Oa0 

3.lE-19 6972.0 

2.OE-23 2598.0 

5.OE-13 2850-0 

6.8E-14 7312.0 

3.1E-10 4577.0 

8.2E-14 7842.0 

8.1E-14 7846.0 

6.3E-14 8495.0 

4.4E-27 %.O 

1.5E-12 1602.0 

4.7E-10 3038.0 

5.4E-10 3439.0 

3.5E-10 4958.0 

2.6E-10 5310.0 

1.2E-11 5830.0 

4.9E- 15 2624.0 

2.6E-15 4674.0 

3.4E-16 6275.0 

2.5E-16 6488.0 

2.OE-17 8447.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

1.3E-21 

5SE-27 

2.OE-20 

1.7E-2 1 

1.OE-19 

7.3E-18 

6.7E- 16 

4.1E-14 

5.2E-15 

6.7E-11 

1 .OE- 13 

1.E-11 

1.9E-12 

8.6E-10 

2.OE-09 

3.5E-09 

3.28-09 

3.OE-10 

3.1E-10 

1.4E- 10 

6.1E-11 

1.5E-11 

4.1 E-13 

P.8E-14 

1 SE- 18 

7.3E-17 

91 10.0 

2862.0 

6941.0 

4812.0 

5500.0 

2016.0 

2969.0 

2824.0 

8285.0 

5465.0 

7318.0 

57 17.0 

3215.0 

2492.0 

3166.0 

3494.0 

4608.0 

6846.0 

7706.0 

7944.0 

8647.0 

9691 .O 

13138.0 

15028-0 

3251.0 

7078.0 
... 
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Table E14 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

1 42 

145 

148 

151 

154 

2.9E-18 1602.0 

3.4E-19 16245.0 

2.9E-19 9583.0 

2.OE-10 1356.0 

7.9E-14 1488.0 

1 .OE-20 18537.0 

6.5E-19 22883.0 

3.1 E-08 1254.0 

5.6E-09 1675.0 

7.9E-14 3620.0 

9.1 E- 17 24225.0 

1 SE- 12 24055.0 

1.2E-09 2983.0 

5.4E-18 22867.0 

2.OE-12 23460.0 

1.6E-12 23127.0 

2-2E-10 5133.0 

4.3E-15 9078.0 

9.6E-12 5429.0 

4.3E-17 2134.0 

1.3E-12 11301.0 

1.1E-15 7483.0 

6.3E-19 24644.0 

6.8E-13 24686.0 

1.3E-17 9142.0 

1.6E-19 24778.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

155 

9.3E-15 

2.2E-16 

1.7E-19 

6.4E-20 

1.8E-08 

2.2E-11 

9.9E-21 

1 .OE- 16 

3.6E-08 

7.5E-14 

4.6E-09 

1.6E-25 

6.4E-10 

1.OE-09 

6.OE-10 

6.8E-11 

1.6E-14 

6.6E- 11 

5.5E- 17 

2.5E-13 

8.4E-14 

1.9E-12 

5.8E-15 

5.6E- 13 

3.8E-18 

1.3E-19 

3275.0 

4234.0 

16344.0 

9505.0 

1263.0 

1350.0 

20708.0 

23407.0 

2399.0 

3669.0 

1646.0 

807.0 

4182.0 

3454.0 

3457.0 

5396.0 

6804.0 

5307.0 

1373.0 

5873.0 

5305.0 

24702.0 

23571.0 

24705.0 

7666.0 

23598.0 

81 

84 

87 

90 

93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

1 26 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

3.1E-18 

1.2E-12 

2.9E-16 

8.8E-20 

2.6E-20 

3.6E-OS 

7.5E-09 

4.OE-18 

5.OE-16 

1.7E-15 

3.2E-09 

4.1E-16 

7.9E-13 

3.1E-13 

2.3E- 13 

8.8E-13 

1.8E-10 

8.6E-15 

3.1E- 12 

1.1E-14 

3 .OE- 14 

5.OE-17 

1.6E-13 

1.7E- 13 

2.2E-19 

2.8E-18 

8851.0 

2460.0 

1044.0 

16888.0 

9938.0 

1250.0 

835.0 

21263.0 

3726.0 

22466.0 

3527.0 

23536.0 

24647.0 

13496.0 

3693.0 

8225.0 

5008.0 

6906.0 

6373.0 

6970.0 

5269.0 

6949.0 

24672.0 

21499.0 

24877.0 

23595.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E14 (continued) 

Obs Conc Time Obs Conc Time O b  Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

157 

168 

163 

166 

169 

172 

1 75 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

211 

214 

217 

220 

223 

226 

229 

232 

1.4E-17 

3.3E-17 

2.3E-20 

2.6E-09 

3.3E-09 

3.1E-13 

1.3E-10 

8.7E-12 

5.1E-12 

3.OE-14 

2.8E- 1 1 

2.8E-12 

9.4E-12 

5.7E-12 

l.lE-14 

7.4E-13 

2.3E-10 

1.4E-09 

1.8E-10 

2.5E- 1 1 

7.2E-11 

3.OE- 12 

8.7E-21 

1.4E-19 

8.6E- 16 

1 .OE- 15 

24725.0 

10857.0 

6074.0 

3153.0 

2098.0 

12965.0 

24342.0 

23022.0 

1488 1 .o 
5545.0 

24141.0 

3265.0 

10580.0 

10832.0 

5388.0 

8208.0 

3942.0 

3283.0 

169’7.0 

6213.0 

5101.0 

4952.0 

1731.0 

2598.0 

1353.0 

1753.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

1.9E-22 

5.3E-17 

8SE-19 

2.9E-09 

3.1E-13 

8.8E-16 

1-1E-11 

8.9E-12 

8.7E-15 

2.9E-12 

7.3E-11 

3.3E-14 

8.7E-12 

1.5E-12 

1.6E- 1 4 

2.6E-12 

3 .OE- 10 

4.4E- 11 

1.5E-09 

2.2E-11 

9.7E- 12 

3.5E-12 

6.5E-22 

1.4E-17 

2.5E-15 

8.3E-15 

10624.0 

10936.0 

8051.0 

3067.0 

134%.0 

1527.0 

21019.0 

22682.0 

6955.0 

7643.0 

1971.0 

7603.0 

10596.0 

13178.0 

10722.0 

7oO1 .O 

4830.0 

5326.0 

1346.0 

6137.0 

3702.0 

4934.0 

1234.0 

1439.0 

1421.0 

1990.0 

159 

162 

165 

168 

171 

1 74 

177 

180 

183 

186 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

3.3E-20 

1.4E-23 

l.lE-18 

3.5E-09 

3.OE-13 

2.E-10 

9.1E-12, 

7.5E-12, 

1.8E- 14. 

2.2B-16 

2.9E- 10 

6.6E-I1 

6.6E-12 

1.2E-14 

1.2E-13 

7.OE-12 

7.8E-10 

9.3E-11 

4.3E-10 

2.1E-11 

6.3E-12 

2.5E-12 

2.0E-22 

5.lE-16 

8.7E-17 

1 .OE-13 

10452.0 

2579.0 

8183.0 

2366.0 

1 163 1 .O 

2 4 ~ 8 0  

22120.0 

19275.0 

7594.0 

Wt.0 

4905.0 

8393.0 

10610.0 

3335.0 

9672.0 

6887.0 

4388.0 

6464.0 

2474.0 

6182.0 

4683.0 

4923.0 

2594.0 

927.0 

1926.0 

2039.0 
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SWSA 6 Performance Assessment 

Table E14 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCiL) (Year) Node (uCi/L) (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

8.4E-13 

2.7E-10 

.OE+OO 

8.5E-16 

8.1E- 15 

1.2E-10 

7.2E- 13 

1.2E-12 

2.8E- 15 

1.6E- 17 

.OE+OO 

1.2E-09 

3.4E-20 

6.8E-12 

.OE+OO 

7.3E-11 

1.3E-16 

5.2E-16 

1 BE- 14 

5.7E-13 

1.OE-08 

4.3E-09 

7.2E-12 

6.7E-10 

3.6E-10 

2.3E-11 

1741.0 

1668.0 

3.0 

7503.0 

3938.0 

4206.0 

12973.0 

11813.0 

17 170.0 

23746.0 

3.0 

20709.0 

50.0 

23729.0 

1 .0 

21546.0 

6 172.0 

11618.0 

4392.0 

1516.0 

3906.0 

5189.0 

693 1 .O 

3322.0 

3951.0 

3235.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

296 

299 

302 

305 

308 

31 1 

2.8E-11 2016.0 

1.2E-10 2661.0 

.OE+OO 4.0 

7.4E-16 4287.0 

1.7E-13 3227.0 

4.3E-10 4032.0 

1.OE-12 12894.0 

1SE-13 13895.0 

5.2E-16 19412.0 

1.6E-22 1001.0 

5.5E-13 20847.0 

1.OE-09 3133.0 

5.4E-10 9486.0 

2.4E-13 11690.0 

5.4E-10 22010.0 

6.6E-12 23771.0 

1.3E-15 6506.0 

6.4E-15 3919.0 

6.9E-15 3176.0 

2.7E-12 2667.0 

5.2E-09 5121.0 

7.8E-09 2559.0 

7.6E-11 5103.0 

3.OE-09 2173.0 

9.OE-10 3122.0 

4.6E-11 4%9.0 

237 

240 

243.0 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

291 

294 

297 

300 

303 

306 

309 

3 12 

3.2E-10 2016.0 

1.4E-12 4882.0 

E+OO 5.0 

1.4E-15 4374.0 

1.lE-11 4400.0 

1.4E-09 2891.0 

1.2E-12 12785.0 

2.2E-14 15019.0 

8.8E-17 22618.0 

.OE+OO 4.0 

6.4E-11 23553.0 

2.OE-16 243.0 

2.4E-08 21958.0 

4.3E-13 12885.0 

2.1E-10 22824.0 

1.9E-24 555.0 

6.2E-16 7089.0 

1.3E-14 4447.0 

4.2E-14 3097.0 

8.8E-15 7273.0 

5.9E-09 5039.0 

2.8E-12 4125.0 

2.5E-10 4108.0 

2.OE-08 1128.0 

4.OE-11 1959.0 

2.6E-08 896.0 
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Theoretical Description of Groundwater Flow and Contaminant Transuort 

.. . 

Table E14 (Continued) 

Obs Conc Time Obs Conc Time O h  Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 6.9E-09 2897.0 314 4.7E-09 2593.0 315 1.6E-OW 1562.0 

316 2.OE-08 1562.0 317 2.3E-10 3942.0 318 .OE+O(D 19.0 

319 3.6E-21 3594.0 320 8.9E-21 3974.0 321 3.8E-19 4852.0 

322 2.8E-19 5291.0 323 1.2E-12 4374.0 324 8.9E-13 4680.0 

325 1.6E-12 5520.0 326 ME-12 5872.0 327 7.2E-13 6200.0 

328 5.OE-13 6501.0 329 3.OE-13 6883.0 330 2.1E-13 7184.0 

331 1.5E-13 7478.0 332 1.4E-13 7521.0 333 l.lE-13 7611.0 

334 1.6E-14 2002.0 

... 

.... .. . 



SWSA 6 Performance Assessment 

Table E15. Groundwater mncentration of nuclide: 
at observation nodes 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+OO 4165.0 

.OE+00 5000.0 

1.6E-36 3193.0 

.OE+00 3674.0 

.OE+OO 3861.0 

4.7E-34 5000.0 

2.9E-30 4714.0 

4.5E-27 4854.0 

8.7E-29 4539.0 

2.OE-20 2812.0 

4.3E-25 3675.0 

1.3E-14 1228.0 

2.7E-18 2161.0 

6.3E-17 2338.0 

1.7E-15 3969.0 

9.5E-15 3429.0 

9.7E-15 4310.0 

9.1E-15 3526.0 

7.OE-14 3490.0 

6.9E-14 3795.0 

5.4E-15 2700.0 

7.4E-16 3053.0 

3.6E-16 3490.0 

5.2E-16 4573.0 

2.8E-16 4864.0 

1.6E-14 4189.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

644 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+00 5000.0 

.OE+00 5000.0 

.OE+00 2973.0 

4.3E-34 2738.0 

4.1E-3 1 3893.0 

3.8E-35 4991.0 

2.0E-32 4390.0 

5.7E-30 4899.0 

5-78-22 3629.0 

6.7E-24 5000.0 

8.5E-17 1748.0 

2.lE-21 5000.0 

7.2E-21 5000.0 

9.4E-21 4861.0 

1.lE-20 5000.0 

5.1E-20 4925.0 

3.8E-19 4926.0 

3.8E-19 5000.0 

2.5E-19 5000.0 

2.OE-19 5000.0 

2.9E-19 4971.0 

8.9E-21 5000.0 

9.1E-35 11 16.0 

6.4E-34 1234.0 

1.3E-34 1384.0 

9.4E-18 4019.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+00 3509.0 

.OE+OO 5000.0 

8.3E-34 5000.0 

6.6E-33 5000.0 

2.7E-3 1 4963.0 

3.5E-28 5000.0 

9.5526 4950.0 

3.8E-24 4727.0 

6.7E-27 5000.0 

2.1E-18 2143.0 

.OE+00 813.0 

2.1E-13 3336.0 

5.1E-11 3215.0 

2.OE-08 2492.0 

3.8E-08 3166.0 

7.9E-08 2387.0 

7.1E-08 2394.0 

5.7E-09 4632.0 

5.8E-09 4385.0 

2.6E-09 4623.0 

1.OE-09 4908.0 

1SE-10 4156.0 

1.2E-13 4251.0 

5.6E-15 4189.0 

2.7E-16 3251.0 

4.1E-34 1427.0 



Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E15 (amtinued) 

ObS Conc Time ObS Conc Time ObS Conc Time 
Node (uCi/L) (Year) Node (uCiL) (Year) Node (uCi/L) (Year) 

... 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

I33 

136 

139 

142 

145 

148 

151 

154 

6.5E-16 1602.0 

7.8E-32 1694.0 

7.4E-22 2941.0 

3.7E-08 1356.0 

2.OE-10 1488.0 

2.23328 1359.0 

ROE-18 4913.0 

1.8E-05 1937.0 

1.4E-05 1675.0 

2.1E-12 3620.0 

5.1E-18 4299.0 

8.6E-12 4429.0 

3.2E-06 2983.0 

1.lE-17 5000.0 

8.3B-12 4641.0 

8.OE-12 4899.0 

5.1E-07 4910.0 

6.4E-14 4650.0 

l.lE-08 4558.0 

1.1E- 15 2020.0 

2.2E- 1 1 3980.0 

.OE+OO 207.0 

7.5E-18 4718.0 

5.4E-14 4760.0 

4.4E-17 4824.0 

5.5E-20 4852.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

13 1 

134 

137 

140 

143 

146 

149 

152 

155 

1.m-12 3275.0 

3.5E-14 4234.0 

.OE+OO 623.0 

4.7E-23 2885.0 

3.1E-06 1263.0 

5.7E-08 1350.0 

1.4E-19 4838.0 

2.0E- 15 4588.0 

3.1E-05 2399.0 

2.OE-12 3669.0 

1.2E-05 1646.0 

4.6E-22 1019.0 

5.7E-07 4182.0 

2.6E-06 3454.0 

1.5E-06 3457.0 

1.3E-07 4289.0 

3.4E-13 4908.0 

1.2E-07 4200.0 

1.9E-15 1373.0 

5.3E-10 4843.0 

1.4E-12 4198.0 

3.8E-12 4776.0 

1.3E-15 4752.0 

4.3E-14 4860.0 

8.7E-17 4576.0 

5.7E-21 4737.0 

81 

84 

87 

90 

93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

1 56 

1.4E-18 5000.0 

2.2E-IO 1980.0 

9.5E-13 2765.0 

1.2E-22 5000.0 

4.2E-20 4199.0 

6.5E-06 1250.0 

1.9E-05 835.0 

1.3E-23 1489.0 

1.2E-I 4 3726.0 

1.lE-14 4754.0 

2.8E-M 3527.0 

3.7E-16 4717.0 

3.5E-I 2 4721.0 

5.4511 5000.0 

2.4E-10 3693.0 

1.E-11 4904.0 

4.4E-07 4828.0 

1.6E-13 4692.0 

P.2E-09 4361.0 

7.OE-13 4447.0 

3.3E-11 4162.0 

9.4E-15 4535.0 

1.OE-14 4746.0 

5.1E-14 4894.0 

4.5E- 1 8 495 1 .O 

7.5E-19 5000.0 

... .... 

E-89 



*c83EcUE&jiirmance Assessment 

Table E15 (continued) 
~~ 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

6.2E-22 

8.1 E-17 

2.2E-17 

6.E-06 

8.5E-06 

5SE-13 

1.1E-09 

5.7E-12 

2.2E- 11 

6.E-13 

3.6E-10 

8.2E-19 

1.3E-I 1 

5.3E-13 

2.OE-13 

3.8E-13 

3.2E-21 

7.7E-16 

3.1E-09 

1 .OE- 10 

7.4E- 1 4 

2.3E- 19 

4.9E-18 

3.7E- 16 

2.2E-12 

2.7E-12 

2865.0 

4215.0 

4%7.0 

3153.0 

2098.0 

3002.0 

4414.0 

4203.0 

4918.0 

4438.0 

4215.0 

5OOO.O 

4854.0 

3083.0 

4281.0 

4887.0 

4732.0 

3283.0 

1299.0 

2892.0 

2887.0 

5000.0 

1651.0 

2598.0 

1353.0 

1753.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

1 85 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

2.1E-23 2192.0 

1.5E-16 4294.0 

2.6E-17 4730.0 

7SE-06 3067.0 

5.4E-11 5ooO.O 

3.OE-14 1527.0 

2.9E-11 4414.0 

4.OE-11 4970.0 

1.7E-13 4741.0 

6.2E-11 4322.0 

1 SE- 19 4747.0 

2.9E-19 5000.0 

1.lE-11 4944.0 

2.6E-13 5000.0 

5.3E-15 1866.0 

5.8E-13 3241.0 

1.3E-19 4830.0 

3.4E-12 2412.0 

3.5E-08 984.0 

1.OE-12 2226.0 

6.5E-15 2435.0 

1.6E-20 5000.0 

2.OE-18 1234.0 

3.7E-14 1439.0 

6.4E-12 1421.0 

2.1E-11 1990.0 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

1 89 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

1.3E-21 2325.0 

3.OE-19 2586.0 

3.2E-17 4862.0 

8.9E-06 2366.0 

3.3E-11 4264.0 

3.6E-09 4332.0 

2.OE-11 4408.0 

4.3E-11 4884.0 

3.3E-13 4273.0 

1.2E-14 992.0 

5.1E-19 5000.0 

9.6E-10 4869.0 

6.6E-14 2861.0 

1.2E-13 3335.0 

1SE-19 526.0 

6.1E-13 3190.0 

1SE-17 3130.0 

2.2E-09 1876.0 

l.lE-08 1367.0 

4.7E-13 1943.0 

2.2E-18 4857.0 

1.4E-24 2700.0 

2.8E-18 3701.0 

1.3E-12 927.0 

2.2E-13 1926.0 

2.6E-10 2039.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

. .. 

Table E15 (Continued) 
~ 

Obs Conc Time Obs Conc Time Ob Cone Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uC&) (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

2.2E-09 

7.1 E-07 

.OE+OO 

1 .OE- 12 

2.2E-11 

3.1E-07 

3.4E-14 

4.7E-15 

2.1E-18 

6.1E- 18 

.OE+OO 

2.7E-08 

1.9E- 18 

5.4E-11 

.OE+OO 

1.4E-09 

3.4E-16 

2.3E-17 

2.1E-19 

2.2E-18 

2.3E-07 

8SE-OS 

3.2E-11 

2.6E-13 

5.OE-12 

2.0E- 15 

1741.0 

1668.0 

3 .0 

5000.0 

3938.0 

4206.0 

4743.0 

2957.0 

441.0 

2601.0 

3.0 

5000.0 

50.0 

1654.0 

1.0 

4941.0 

3958.0 

4221.0 

5000.0 

4930.0 

1692.0 

2975.0 

3610.0 

1671.0 

1729.0 

2685.0 

236 

239 

242 

245 

248 

251 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

311 

7.2E-08 2016.0 

3.OE-07 2661.0 

.OE+OO 4.0 

1.9E- 12 4287.0 

4.4E-10 3227.0 

1.1E-06 4032.0 

4.OE-14 4395.0 

3.6E-16 1617.0 

1.6E-29 %.O 

4.6E-18 2150.0 

7.9E-12 4242.0 

2.5E-08 4240.0 

1.3E-08 3951.0 

.OE+OO 3.0 

1.2E-08 4298.0 

9.OE-11 4952.0 

7.4E-15 42920 

3.9E-18 4955.0 

1.4E-18 4282.0 

1.9E-18 5OOO.O 

1.OE-07 1800.0 

1.6E-07 2559.0 

5.7E-13 1368.0 

l.lE-13 1801.0 

1.OE-12 1676.0 

2.7E-14 2502.0 

237 

240 

243 

246 

249 

252 

255 

258 

261 

264 

267 

270 

273 

276 

279 

282 

2% 

288 

291 

294 

297 

300 

303 

306 

309 

312 

8.3B-07 2016.0 

3.3E-09 4882.0 

.OE+OO 6.0 

3.8E-12 4374.0 

2-88-08 4400.0 

3.5E-06 2891.0 

2.OE-15 3090.0 

4.7E-15 2108.0 

5.5E-17 1116.0 

.OE+OO 4.0 

1.4E-09 5000.0 

5.7E-13 250.0 

5.6E-07 4246.0 

5.4E-13 1815.0 

4.2E-09 4763.0 

4.5E-22 559.0 

3.9E-15 4875.0 

1.5E-17 4943.0 

2.OE-18 4834.0 

8.5E-19 5000.0 

1.2E-07 2825.0 

9.6E-11 3464.0 

7.OE-15 2215.0 

2.6E-15 2015.0 

.OE+OO 4.0 

2.8E-14 2007.0 

.... 
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SWSA 6 PetjCormance Assessment 

Table E15 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 1.3E-16 2858.0 314 2.OE-18 4770.0 315 1.5E-18 4870.0 

316 8.1E-17 2655.0 317 3.2E-21 4732.0 318 .OE+OO 1740.0 

319 7.2E-33 4701.0 320 l.lE-32 5000.0 321 5.5E-31 5000.0 

322 4.3E-31 4944.0 323 9.5E-27 4853.0 324 5.3E-28 2435.0 

325 1.3E-19 5OOO.0 326 6.9E-20 5000.0 327 2.6E-20 5000.0 

328 9.3E-22 5000.0 329 .OE+OO 555.0 330 1.5E-20 5000.0 

331 6.OE-21 5000.0 332 1.8E-20 4926.0 333 3.lE-20 5000.0 

334 4.OE-20 5000.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E16. Groundwater OonCentratiOn of nu&k 
at observation ILodeg 

Obs Conc Time ObS Conc Time ObS Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uci/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

3.9E-36 

.OE+OO 

2.2E-32 

6.7E-33 

1.4E-33 

8.3E-3 1 

1.5E-27 

9.5E-24 

1.OE-25 

3.5E-24 

4.6E-20 

7.6E-17 

9.4E-13 

6.m-11 

5.7E-09 

1.4E-08 

1.3E-08 

4.2E-09 

9.2E- 10 

4.3E-10 

1.m-10 

2BE-11 

5.6E-14 

1.7E- 14 

1.4E-16 

l.lE-25 

3223.0 

4OOO.O 

3897.0 

4OOO.O 

3862.0 

4000.0 

3979.0 

3566.0 

3432.0 

1301.0 

3825.0 

3014.0 

1213.0 

2024.0 

1755.0 

1690.0 

2096.0 

1921.0 

2876.0 

3067.0 

3050.0 

3053.0 

3694.0 

3785.0 

4OOO.O 

3799.0 

2 

5 

8 

11 

14 

s7 

20 

23 

26 

29 

32 

35 
38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

7s 

74 

77 

.OE+OO 

.OE+OO 

S.4E-35 

1.2E-32 

9.1E-32 

5.1E-31 

2.9E-29 

4.2E-27 

7.7E-25 

2.OE-21 

1.1E- 17 

8.1E-29 

6.9E-20 

4.1E-S 7 

3.4E-16 

2.7E-15 

2.6E- 14 

3.4E- 14 

1.9E- 14 

1.8E-14 

6.9E- 14 

5.9E-16 

ROE-17 

5.1E-19 

4.OE-20 

7.OE- 19 

4OOO.O 

4OOO.O 

4O00.0 

4OOO.O 

3598.0 

4000.0 

3783.0 

3792.0 

2424.0 

3843.0 

2954.0 

644.0 

2137.0 

3747.0 

3818.0 

3816.0 

3979.0 

3990.0 

3851.0 

3978.0 

3898.0 

4000.0 

3762.0 

4000.0 

3855.0 

2912.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

7s 

78 

2.2E-33 

1.9E-39 

1 SE-3 1 

6.OE-33 

l.lE-34 

9.1E-30 

4.8E-28 

2.SE-26 

2.2E-25 

1.1 E-19 

1.5E-20 

9.8E-16 

1.9E-16 

3.OE-16 

2.2E- 1'7 

1.7E-17 

1.6E- 17 

3.7E-20 

4.7E-21 

2.5E-21 

l.lE-21 

3.4E-22 

1.4E-24 

6.6E-26 

l.lE-34 

1.8E- 19 

3968.0 

4OOO.O 

3986.0 

3868.0 

1504.0 

3568.0 

3521.0 

3489.0 

2641.0 

3551.0 

2092.0 

2739.0 

367 1 .O 

3599.0 

63166.0 

3494.0 

3501.0 

3683.0 

353 1.0 

3846.0 

3938.0 

4OOO.O 

3240.0 

3676.0 

2881.0 

3851.0 



SWSA 6 Pq5ormance Assessment 

Table E16 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) v e a r )  Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

2SE-35 3203.0 

2.OE-21 4000.0 

3.9B-21 3599.0 

8.2E-29 3992.0 

9.3E-38 4ooo.0 

4.0E-24 4000.0 

2.7E-25 4000.0 

3.5E-33 4000.0 

.OE+00 3539.0 

.OE+OI) 1024.0 

7.3E-28 3880.0 

3.5E-30 3240.0 

.OE+OO 3724.0 

1.OE-33 4OOO.O 

1.7E-35 4000.0 

9.1E-36 3844.0 

.OE+00 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OC) 4OOO.O 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4OOO.O 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

13 1 

134 

137 

1 40 

143 

146 

149 

152 

155 

2.2E-27 4000.0 

8.1E-39 2906.0 

7.6E-22 3957.0 

6SE-22 3767.0 

4.8E-29 4OOO.O 

1.OE-38 3836.0 

2.0E-24 4000.0 

1.2E-25 4000.0 

9.7E-36 3951.0 

8.5E-28 3668.0 

.OE+OO 4000.0 

7.5E-30 4ooo.O 

.OE+OO 3033.0 

.OE+OO 3755.0 

.OE+00 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

81 

84 

87 

90 

93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

3.2E-28 931.0 

1.2E-27 4000.0 

2.7E-40 2607.0 

3-58-22 3746.0 

1.OE-22 3895.0 

1.2E-30 3755.0 

.OE+OO 4000.0 

1.2E-25 4000.0 

6.6E-29 4000.0 

1.5E-27 4000.0 

.OE+OO 2822.0 

2.7E-30 4000.0 

8.8E-33 3906.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

2.8E-39 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4OOO.O 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 
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Table E16 (continued) 

Obs Conc Time Obs Conc Time Ob Conc Time 
Node (uCiL) (Year) Node (uCilL) (Year) Node (uCjL) (Year) 

- ..... 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

211 

214 

217 

220 

223 

226 

229 

232 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4OOO.O 

,OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+OO 4000.0 

.OE+OO 4000.0 

3.2E-35 4OOO.O 

8.3E-14 3715.Q 

9.OE-22 3938.0 

1.8E-20 3083.0 

4.3E-18 2067.0 

3SE-14 1566.0 

4.3E-21 3942.0 

2.7E-16 2751.0 

4.3E-14 3934.0 

1.4E-11 2850.0 

7.E-08 1122.0 

2.9E-16 2793.0 

2.0E-36 3071.0 

.OE+OO 3731.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

1 58 

161 

164 

167 

170 

173 

1 76 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

270 

233 

.OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+OO 4OOO.O 

.OE+W .9ooo.O 

.OE+OO 4OOO.O 

.OE+00 4000.0 

l.lE-14 3618.0 

1.OE-13 3968.0 

1.8E-21 3954.0 

6.4E-20 3858.0 

4.7E- 15 2973.0 

6.E-12 1352.0 

2.E-19 3723.0 

6.5E-18 905.0 

7.4E-13 2472.0 

6.2E-11 2445.0 

25E-08 132.8.0 

3.6E-18 3143.0 

7.6B-38 3341.0 

.OE+OO 4000.0 

.OE+OO 4OOO.O 

.OE+OO 4000.0 

159 

162 

165 

168 

171 

1 74 

177 

180 

183 

186 

1 89 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

.OE+OO 4OOO.O 

.OE+OO 4000.0 

.OE+W 4000.0 

.OE+00 4000.0 

.OE+oO 4OOO.O 

.OE+O(D 4000.0 

.OE+W 4OOO.O 

.01E+m m . 0  

.OE+OIO 4000.0 

2.0E-38 3988.0 

1.4513 3996.0 

7.9E-22 3597.0 

2.E-20 3968.0 

1.9E-17 3335.0 

9.3E-13 3035.0 

6.3E-11 1059.0 

2.1E-17 3104.0 

7.4B-15 3934.0 

1.2E-11 2945.0 

7.9E-09 1341.0 

2.8E-14 1536.0 

1.9E-20 3901.0 

4.9E-4D 3444.0 

.OE+CUO 4000.0 

.OE+CW) 4000.0 

.OE+QO 40oO.O 
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Table E16 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCilL) (Year) 

235 

238 

24 1 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

3 10 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 4O00.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

2.0E-24 3 174.0 

4.3E-23 2860.0 

8.6E-36 583.0 

5.6E-27 4OOO.O 

7.4E-36 2638.0 

8.6E-38 3561.0 

5.8E-38 4000.0 

.OE+OO 4000.0 

8.6E-38 3852.0 

8.8E-36 3973.0 

9.3E-23 2012.0 

2.6E-14 3539.0 

5.3E-15 3835.0 

2.9E-13 3312.0 

7.OE-17 3906.0 

4.3E-20 978.0 

3.7E-12 3610.0 

2.2E-10 1671.0 

3.8E-13 3951.0 

1.2E-09 1578.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

296 

299 

302 

305 

308 

311 

.OE+OO 40oO.O 

.OE+OO 40oO.O 

.OE+OO 4000.0 

.OE+OO 4OOO.O 

.OE+OO 4000.0 

.OE+OO 4000.0 

8.7E-25 3089.0 

1.4E-23 2947.0 

7.7E-24 4000.0 

1.4E-28 4OOO.O 

7.7E-34 3950.0 

l.lE-35 4OOO.O 

2.8E-38 4000.0 

.OE+OO 4000.0 

.OE+OO 2454.0 

2.7E-32 400.0 

5.6E-18 3768.0 

4.OE-14 3919.0 

3.4E-14 3734.0 

2.OE-13 3601.0 

2.6E-18 2907.0 

1.OE-13 3666.0 

6.OE-10 1894.0 

4.4E-12 2172.0 

1.6E-12 3122.0 

5.7E-08 950.0 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

291 

294 

297 

300 

303 

306 

309 

312 

.OE+OO 4OOO.O 

.OE+OO 4000.0 

.OE+OO .4ooo.O 

.OE+00 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

1.58-22 3929.0 

3.8E-34 623.0 

1.2E-25 4000.0 

1.5E-37 1496.0 

9.3E-36 400.0 

1.6E-36 4000.0 

.OE+OO 4000.0 

.OE+OO 4000.0 

.OE+OO 2352.0 

6.5E-20 3984.0 

3.6E-16 4000.0 

3.3E-14 3836.0 

9.3E-14 3176.0 

5.8E-14 3806.0 

2.7E-17 3665.0 

l.lE-12 3632.0 

7.OE-10 1406.0 

4.4E-15 3280.0 

2.1E-11 1958.0 

6.OE-17 548.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

- 

Table E16 Icontindl 
~ 

Obs Conc Time Obs Conc Time Obs Cone Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L,) (Year) 

313 6.9E-18 1751.0 314 9.9E-19 3342.0 315 4.5E-19 2656.0 

316 2.4E-28 84.0 317 4.3E-21 3942.0 318 .OE+QO 864.0 

319 9.4E-34 3594.0 320 3.4E-33 3987.0 321 2.8E-31 3711.0 

322 9.1E-31 40.0 323 4.7E-23 3173.0 324 7.5E-23 4ooo.O 

325 1.8E-16 2654.0 326 5.2E-17 3064.0 327 2.E-17 3986.0 

328 1.5E-17 3894.0 329 2.lE-19 2787.0 330 3.8E-19 2161.0 

331 .OE+OO 163.0 332 3.OE-19 2111.0 333 2.8516 3939.0 

334 l.lE-15 3968.0 
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SWSA 6 Perfonnunee Assessment 

Table Ed7- Maximum groundwater concentration of nuclide: 
TJ at 100 m from dis~osal units 

Disposal Concentration Time 

IWMF 2.1E-08 5920.0 

Tumulus I 5.2E-07 6940.0 

Tumulus I1 7.4E-09 578.0 

Low-activity silos (N) 5.9E-08 5980.0 

Low-activity silos (S) 2.3E-07 6940.0 

Fissile wells 8.9E-09 31500.0 

Unit (UCi/L) Pear> 

Asbestos silos 6.2E-09 678.0 

High-activiw silos 8.9E-09 726.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table El& Groundwater Concentration of UI.ICWX 
239pu at obsenration nodes 

. .... . 

Obs Conc Time Obs Conc Time Ob Conc Time 
Node (uCi/L) (Year) Node (uC&) (Year) Node (uCi/L) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

- 

1.6E-24 

.OE+OO 

5.4E-21 

2.5E-21 

9.5E-22 

1,1E-21 

7.5E-16 

7.7E-12 

3.OE-31 

1-1E-11 

1.2E- 1 5 

3.1E-08 

l.lE-09 

7.0E- 10 

3.7E-10 

1.9E-10 

9.5E-12 

1.4E-12 

2.1E-13 

8.9E- 14 

6.5E-15 

6.9E- 17 

5.5E-17 

1.2E-17 

6.2E-18 

3.6E-15 

1968.0 

3000.0 

2790.0 

3000.0 

3000.0 

2906.0 

3000.0 

2456.0 

640.0 

1119.0 

2997.0 

2957.0 

2897.0 

2797.0 

2843.0 

2972.0 

2641.0 

2676.0 

2462.0 

2980.0 

2700-0 

1946.0 

2383.0 

2650.0 

2990.0 

3000.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 

.OE+OO 

1.9E-20 

1.9E- 18 

1.2E-17 

5.4E-22 

8.7E-25 

2.OE-20 

5.8E-11 

2.1E-15 

6.7E-09 

7.2s 17 

4.5E-17 

2.7E-17 

9.5E- 18 

5.8E-18 

1.4E- 17 

4.1E-18 

8.2E-19 

2.6E-19 

2.4E-21 

6.9E-26 

5.3E-29 

8.4E-34 

1.4E-34 

1.4E-18 

30o0.0 

3000.0 

3000.0 

3000.0 

2491.0 

3000.0 

1569.0 

2783.0 

2850.0 

2884.0 

2954.0 

2902.0 

2940.0 

2960.0 

3000.0 

3000.0 

3000.0 

2899.0 

2926.0 

2870.0 

2602.0 

1831.0 

1548.0 

1234.0 

1358.0 

2950.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

6.8E-22 3000.0 

l.lE-24 2895.0 

3.9E-20 2879.0 

1.2E-19 2987.0 

6.8E-18 3000.0 

8.8E-16 2016.0 

7.8E- 14 2%9.0 

4BE-12 2824.0 

3.OE-18 2944.0 

3.1E-10 2941.0 

3.4E-16 2890.0 

1.2E-09 2396.0 

6.9E-11 3000.0 

2.4E-08 24920 

3.2E-08 2059.0 

9.4E-08 2387.0 

8.4E-08 2394.0 

1.1E-W 2818.0 

5.OE-18 2424.0 

25E-10 2984.0 

8.2E-11 283 1 .O 

1.5E-13 1942.0 

2.5E-16 3000.0 

1.6E-28; 106.0 

1.3E-16 2310.0 

3.6E-34 1404.0 



SWSA 6 Peflonnance Assessment 

Table E18 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

5.7E-16 

9.5E-32 

1.2E-2 1 

3.6E-08 

9.6E-11 

2.8E-28 

4.4E-20 

1.6E-05 

6.9E-06 

2.1E- 13 

2.OE-21 

2.1E-13 

1.5E-06 

6.6E-20 

6.OE-14 

4.3E-15 

3.3 E-08 

2.0E- 15 

2.4E-11 

1.4E- 15 

1.2E-11 

.OE+OO 

2.5E-21 

7.1E-17 

4.2E-36 

3.0E-32 

1602.0 

1694.0 

2941.0 

1356.0 

1488.0 

1359.0 

2645.0 

1937.0 

1675.0 

2513.0 

2093.0 

3000.0 

2983.0 

3000.0 

3000.0 

1886.0 

2919.0 

3000.0 

2804.0 

1436.0 

2423.0 

25 1 .O 

2504.0 

3000.0 

262.0 

793.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

1 40 

143 

146 

1 49 

152 

155 

1.2E- 12 

1 .OE- 14 

.OE +00 

4.6E-23 

3.OE-06 

2.8E-08 

1.8E-21 

1.4E- 18 

2.8E-05 

1.8E-13 

5.7E-06 

5.8E-22 

1.1E-07 

l.lE-06 

3.2E-07 

2.9E-10 

6.7E-14 

2.9E-10 

2.3E-15 

2.7E-12 

4.4E-13 

8.3E-14 

2.4E-18 

3.6E-17 

5.9E-19 

5.8E-23 

2645.0 

1215.0 

916.0 

2885.0 

1263.0 

1350.0 

2995.0 

2565.0 

2399.0 

2562.0 

1646.0 

1022.0 

1968.0 

2832.0 

2875.0 

2567.0 

2932.0 

3000.0 

1373.0 

2728.0 

2942.0 

2502.0 

2575.0 

3000.0 

3000.0 

3000.0 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

7.5E-21 

2.OE-10 

3.9E- 13 

2.7E-25 

4.5E-21 

6.3E-06 

9.4E-06 

1.6E-23 

8.1E- 15 

3.1E-22 

2.2E-06 

8.2E-19 

1 SE- 14 

3.9E-11 

3.6E-11 

9.OE-13 

1.2E-08 

2.OE-14 

1 BE-12 

.OE+00 

1.E-14 

3.5E-17 

2.9E-17 

4.6E- 16 

2.78-2 1 

2.4E-22 

3000.0 

1978.0 

1044.0 

2908.0 

2994.0 

1250.0 

835.0 

1489.0 

26 17.0 

1017,O 

2420.0 

3000.0 

3000.0 

1787.0 

2892.0 

2923.0 

2794.0 

2838.0 

3000.0 

134.0 

1948.0 

2720.0 

3000.0 

2680.0 

3000.0 

3000.0 
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Table E18 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uci/L) (Year) 

157 

660 

163 

166 

169 

172 

175 

178 

181 

184 

187 

198 

193 

1% 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

8.6E-22 

3.8E-21 

2.8E-20 

3.1E-06 

4.1 E-06 

13E-13 

6.0E- 1 1 

3.1E-13 

4.8E-13 

1.8E- 13 

1.7E-11 

1.5E-22 

6.7E- 15 

2.3E-14 

1.2E- 14 

9.6E-17 

1.8E-09 

1.4E-07 

6.OE-09 

3.OE-10 

5.3E-11 

4.9E-11 

3.3B-18 

1.8E- 16 

1.1E- 12 

1.3E-12 

2376.0 

1409.0 

3000.0 

2930.0 

2098.0 

2159.0 

3000.0 

2961.0 

2222.0 

2932.0 

2001.0 

2158.0 

2858.0 

2108.0 

2067-0 

921.0 

2835.0 

2751.0 

2015.0 

2892.0 

1822.0 

2884.0 

1651.0 

2598.0 

1353.0 

1753.0 

158 

161 

164 

147 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

9.6E-24 

1.6E- 19 

1.3E- 19 

3.5E-06 

3.9E-11 

3.6E-14 

1.8E-12 

8.OE-13 

1.3E-14 

3.8E-12 

2.2E-17 

1.4E-31 

9.OE-15 

2.3E- 15 

6.4E-15 

1.8E- 13 

3.9E-09 

4.7E-09 

4.4E-08 

%7E-11 

8.3E- 10 

6.5E-11 

1 .OE- 18 

1.8E-14 

3.1E-12 

1.OE-11 

2192.0 

2534.0 

2516.0 

2210.0 

1787.0 

1527.0 

3OOO.O 

2865.0 

2527.0 

2581.0 

3000.0 

984.0 

1740.0 

2995.0 

1866.0 

2966.0 

294 1.0 

2739.0 

984.0 

2889.0 

291 1.0 

2781.0 

1234.0 

1439.0 

1421.0 

1990.0 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

189 

192 

195 

1 98 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

5.2E-22 

1.7E-19 

2.2E-19 

4.2E-06 

l.lE-12 

25E-10 

6.7E-13 

6.9E-13 

1.2E-13 

1.5E-14 

l.6E-19 

1.2E-11 

7.5E-14 

5.OE-15 

1.7E-19 

1 .OE- 12 

1.4E-08 

3.4E-0'3 

1.3E-08 

6.8E-11 

3 .OE- 1 Cj 

4.2E- 1 1 

7.OE-19 

6.5E-13 

1.1E- 13 

1.3E-10 

2307.0 

2579.0 

2669.0 

2366.0 

3000.0 

2118.0 

2194.0 

3000.0 

2934.0 

992-0 

2982.0 

2918.0 

2861.0 

1128.0 

526.0 

3000.0 

2402.0 

2088.0 

1367.0 

2889.0 

2469.0 

2709.0 

2594.0 

927.0 

1926.0 

2039.0 

_. .... 
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Table E18 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L,) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

l.lE-09 

3.4E-07 

.OE+OO 

2.9E-14 

7.2E-12 

2.4E-08 

4.6E- 17 

5.4E-15 

2.1E-18 

7.OE-18 

.OE+OO 

2.9E-08 

2.3E-18 

6.5E-11 

.OE+OO 

4.OE- 10 

3.2E-18 

5.1E-20 

8.0E-29 

1.9E-28 

2.8E-07 

1.OE-07 

3.8E-11 

7.4E-08 

9.OE-09 

2.4E-09 

1741.0 

1668.0 

3.0 

3000.0 

2146.0 

2974.0 

2233.0 

2957.0 

441.0 

2602.0 

3.0 

3000.0 

50.0 

1654.0 

1.0 

2727.0 

1744.0 

2012.0 

879.0 

836.0 

1692.0 

2975.0 

2991.0 

2853.0 

1382.0 

2688.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

311 

3.5E-08 

1.4E-07 

.OE+OO 

1.1E- 13 

2.3E-11 

3.1E-07 

1.3E-15 

3 SE- 16 

1.6E-29 

2.OE- 18 

1.1E-20 

2.7E-08 

1.5E-08 

.OE+OO 

1 .OE-08 

5.5E-12 

2.4E-16 

1.1E-24 

9.6E-32 

5.6E-29 

1.3E-07 

1.9E-07 

1.5E-10 

3.5E-07 

6.8E-08 

1.3E-09 

20 16.0 

2661.0 

4.0 

2073.0 

2120.0 

2925.0 

293 1.0 

1617.0 

96.0 

2150.0 

52.0 

2105.0 

2844.0 

3.0 

2777.0 

2738.0 

2906.0 

1457.0 

558.0 

966.0 

1800.0 

2559.0 

1894.0 

2173.0 

2931.0 

2929.0 

237 

240 

243 

246 

249 

252 

255 

258 

26 1 

264 

267 

270 

273 

276 

279 

282 

285 

288 

291 

294 

297 

300 

303 

306 

309 

312 

4.OE-07 1570.0 

.OE+OO 2.0 

.OE+OO 9.0 

3.8E-13 2160.0 

1.OE-09 2203.0 

1.7E-06 2891.0 

1.8E-15 2822.0 

4SE-15 2108.0 

5.2E-17 11 16.0 

.OE+OO 5.0 

1.5E-09 3000.0 

4.8E-13 249.0 

5.4E-07 2032.0 

4.8E-13 1815.0 

3.2E-09 2898.0 

3.1E-22 557.0 

2.4E-16 2816.0 

6.1E-28 814.0 

4.0E-22 1990.0 

2.9E-31 844.0 

1.4E-07 1718.0 

7.3E-15 279.0 

1.4E-09 2861.0 

2.5E-06 1128.0 

4.9E-09 1959.0 

3.2E-06 896.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

, .-. 

Table E18 ~continued\ 
~ 

Obs Conc Time Obs Conc T h e  Obs Cone Time 
Node (uCi/L) (Year) Node (uCiL) (Year) Node (uCi/L) (Year) 

313 8.1E-07 2897.0 314 5.5E-07 2593.0 315 1.9E-06 1562.0 

316 25E-06 1562.0 317 1.8E-09 2835.0 318 .OE+W 34.0 

319 4.2E-19 2487.0 320 9.5E-19 3000.0 321 2.6E-17 2528.0 

322 2.4E-17 2834.0 323 2.3E-11 2232.0 324 1.8E-11 2841.0 

325 3.3E-12 2654.0 326 1.7E-12 2956.0 32’7 3.1E-13 2879.0 

328 2.8E-14 3000.0 329 1.5E-14 2968.0 330 1.6E-15 12908.0 

331 5.4E-16 2902.0 332 2.5E-16 2940.0 333 1.3E-16 2992.0 

334 2.4E-17 2908.0 

.. . 
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SWSA 6 Perfomtance Assessment 

Table E19. Groundwater concenfratioll of nuclide: 
='Am at observation nodes 

~ ~~ 

Conc Time Time Obs Conc Time Obs Obs Conc 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uci/L) pear )  

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

7.5E-32 1805.0 

.OE+OO 2000.0 

7.1E-23 2000.0 

3.5E-30 1902.0 

2.OE-15 1228.0 

.OE+OO 96.0 

5.2E-18 1690.0 

9.6E-18 1755.0 

7.2E-18 1865.0 

5.1E-18 1797.0 

3.OE-18 1921.0 

4.5E-17 1769.0 

1.4E-17 1975.0 

3.OE-20 777.0 

6.8E-21 787.0 

4.5E-20 1276.0 

3.2E-21 1531.0 

4.7E-21 1924.0 

.OE+OO 4.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2OOO.O 

2.2E-33 1844.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

7.8E-27 826.0 

.OE+OO 1466.0 

9.3E-18 1523.0 

5.4E-30 2000.0 

2.1E-30 1985.0 

2.4E-35 1054.0 

3.9E-29 2000.0 

7.2E-29 2000.0 

3.5E-28 1944.0 

6.0E-29 1972.0 

2.5E-29 2000.0 

2.1E-29 1989.0 

.OE+OO 944.0 

.OE+OO 1066.0 

.OE+OO 1194.0 

.OE+OO 1395.0 

.OE+OO 1640.0 

2.0E-22 1805.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

57 

60 

63 

66 

69 

72 

75 

78 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

.OE+OO 2000.0 

2.OE-31 1739.0 

6.2E-29 1839.0 

2.1E-27 1651.0 

'7.8E-35 1838.0 

1.3E-19 1406.0 

.OE+OO 969.0 

2.4E-21 52.0 

.OE+OO 2.0 

1.5E-10 1385.0 

6.7E-10 962.0 

5.8E-10 1280.0 

4.2E-10 1287.0 

1.3E-12 1950.0 

6.OE-13 2000.0 

3.1E-13 1962.0 

4.2E-14 1960.0 

5.7E-15 1942.0 

3.3E-18 2000.0 

2.7E-28 106.0 

4.8E-18 1729.0 

.OE+OO 1469.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table E19 foontinued) 

Obs Conc Time ObS Conc Time ObS Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCVL) (Year) 

79 

\ 82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

4.5E-18 965.0 

ROE-33 1672.0 

3.7E-25 1834.0 

8.4E-09 1356.0 

1.3E-12 1488.0 

4.9E-29 1304.0 

3.5E-22 1714.0 

2.2E-06 1254.0 

1.3E-07 1254.0 

3.6E-16 1511.0 

2.7E-23 1359.0 

5.2E-16 1915.0 

1.6E-09 1876.0 

6.lE-23 2000.0 

4.3E-17 1677.0 

2.5E-16 1886.0 

1.5E-12 1812.0 

6.1E-18 2000.0 

2.2E-15 2000.0 

1.8E-16 1418.0 

2.4E-26 257.0 

.OE+OO 307.0 

2.1E-25 1982.0 

1.E-19 2080.0 

.OE+OO 264.0 

7.3E-33 793.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

13 1 

134 

137 

140 

143 

146 

149 

152 

155 

4.1E-14 530.0 

2.OE-16 1064.0 

.OE+OO 1256.0 

3.8E-26 1890.0 

8.4E-07 1263.0 

5.2E-10 1194.0 

2.7E-25 2000.0 

5.5E-21 6267.0 

2.7E-06 1292.0 

2.6E- 16 1 498.0 

8.7E-08 1222.0 

1.8E-22 1045.0 

4.7E-09 1968.0 

4.7E-10 1725.0 

2.3E-10 1985.0 

1.2E-14 1460.0 

3.6E-16 1587.0 

3.4E-13 1986.0 

3.3E-16 1373.0 

4.6E-16 1621.0 

2.1E-15 1984.0 

65E-17 1455.0 

9.9E-24 1041.0 

2.OE-19 1458.0 

4.8E-23 2000.0 

8.8E-27 2000.0 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

1 56 

5.5E-24 2000.0 

1.m-11 1900.0 

1.3E-14 878.0 

3.5E-29 1947.0 

1.2E-23 1985.0 

1.8E-06 1250.0 

3.6E-07 835.0 

6.4E-24 1337.0 

1.6E-16 1757.0 

5.6E-22 1022.0 

1.3E-08 1716.0 

2.4E-22 1396.0 

20E-17 2000.0 

2.1E-12 1787.0 

3.3E-13 1785.0 

9-5E-16 1816.0 

l.lE-12 1687.0 

1.5E-16 1731.0 

1.2E-15 1945.0 

.OE-tOO 198.0 

1.7E-16 1948.0 

2.5E-28 2000.0 

3.2E-20 2000.0 

9.OE-19 1573.0 

2.1E-26 1630.0 

6.4B-26 1973.0 
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SWSA 6 Pflormance Assessment 

Table E19 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

211 

214 

217 

220 

223 

226 

229 

232 

2.1E-27 1146.0 

8.5E-23 1407.0 

LlE-23 1911.0 

1.5E-08 1982.0 

1.6E-08 1764.0 

7.6E-15 1895.0 

1.3E-13 2000.0 

6.6E-16 1989.0 

4.2E-16 2000.0 

9.8E-16 11 10.0 

4.4E-13 1998.0 

5.7E-31 1534.0 

4.3E-16 1724.0 

7.2E-16 861.0 

2.5E-16 1953.0 

1.OE-28 77.0 

6.2E-24 971.0 

4.6E-29 13.0 

6.2E-10 841.0 

3.2E-12 1785.0 

3.8E-16 1780.0 

1.4E-26 938.0 

5.OE-20 1220.0 

2.OE-18 2000.0 

3.6E-14 899.0 

1.7E-14 1387.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

6.9E-27 1725.0 

6.1E-23 2000.0 

1.2E-23 1985.0 

2.1E-08 1m.O 

2.1E-12 1787.0 

2.7E-15 1442.0 

5SE-15 2000.0 

5.OE-16 1988.0 

6.5E-19 356.0 

9.8E-15 1474.0 

1.7E-27 1995.0 

.OE+OO 805.0 

9.2E-16 1740.0 

2.OE-16 1084.0 

2.5E-16 1866.0 

4.8E-19 459.0 

1.OE-20 1064.0 

.OE+00 2.0 

7.7E-09 691.0 

5.1E-14 1782.0 

2.4E-17 1328.0 

2.4E-26 1305.0 

3.lE-20 1234.0 

4.7E-16 1248.0 

5.6E-14 852.0 

l.lE-13 1429.0 

159 

162 

165 

168 

171 

174 

177 

180 

183 

186 

189 

192 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

l.lE-27 

2.8E-23 

5.0E-24 

2SE-08 

4.8E-15 

1.OE-12 

2.6E- 16 

8.9E-16 

3.5E-16 

ME-15 

2.0E-28 

4.4E-14 

8.OE- 16 

6.7E-16 

6.4E-20 

8hE- 15 

1.2E-20 

1 .OE-10 

1.2E-09 

2.3E-14 

6.8E-21 

1.4E-26 

6.5E-21 

2.2E-14 

1.5E-15 

2.OE-12 

950.0 

2000.0 ’ 

1974.0 

1926.0 

1972.0 

1934.0 

2000.0 

2000.0 

1994.0 

992.0 

2000.0 

1999.0 

1754.0 

1128.0 

526.0 

1727.0 

503.0 

1404.0 

1367.0 

1781.0 

1536.0 

2000.0 

843.0 

927.0 

1399.0 

912.0 
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. ........ 

Table E19 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (IC&) (Year) 

.. . 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

271 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

310 

1.6E-11 1109.0 

8.9E-09 698.0 

.OE+OO 3.0 

3.7E-17 2000.0 

1.2E-13 1017.0 

6.7E-31 1992.0 

3.8E-20 1074.0 

1.7E-17 1850.0 

2.OE-18 441.0 

5.5E-19 1995.0 

.OE+OO 3.0 

1.6E-09 1081.0 

1.7E-18 50.0 

5.2E-12 1290.0 

.OE+00 1 .o 
1.8E-12 1620.0 

2.OE-19 1744.0 

1.4E-21 1655.0 

5.1E-24 1990.0 

1.7E-27 13%.0 

1.6E-08 1441.0 

6.1E-09 1559.0 

1.2E-13 584.0 

2.OE-14 1468.0 

9.6E-13 799.0 

1.4E- 16 1578.0 

236 

239 

242 

245 

248 

251 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

289 

290 

293 

2% 

299 

302 

305 

308 

311 

1.OE-09 885.0 

1.8E-09 471.0 

.OE+00 4.0 

4.6E-16 1997.0 

4.0514 993.0 

1.6E-10 1818.0 

2.5E-18 2000.0 

8.2B-17 1578.0 

2.8E-29 96.0 

1.2E-19 2000.0 

8.2E-21 52.0 

2.1E-09 832.0 

8.lE-10 1366.0 

.OE+OO 3.0 

3.9E-10 1670.0 

7.4E-15 1941.0 

1.2E-18 2000.0 

1.2E-21 1770.8 

4.4E-35 493.0 

1.8E-28 1406.0 

5.9E-09 1800.0 

1.OE-OS 1452.0 

6.6E-14 1334.0 

7.2E-15 1586.0 

8.1E-14 1406.0 

3.OE-16 1395.0 

237 

240 

243 

246 

249 

252 

255 

258 

261 

264 

267 

270 

273 

276 

279 

282 

285 

288 

291 

294 

297 

300 

303 

306 

309 

312 

1.3E-08 851.0 

.OE+OO 20 

.OE+OO 19.0 

1.8E-15 1958.0 

3.6E-12 1992.0 

3SE-09 1784.0 

7.4B-18 200.0 

7.8E-16 1513.0 

2.4E-17 11 16.0 

.OE+(BO 6.0 

7.Z-11 1087.0 

3.OE-13 249.0 

5.2E-08 897.0 

2.5E-14 1815.0 

5.5E-11 1442.0 

2.6E-19 1769.0 

2.OE-19 1709.0 

2.6E-23 2000.0 

2.2E-27 1233.0 

.OE+OO 660.0 

7.4E-09 1718.0 

3.7E-15 279.0 

.OE+OIO 3.0 

1.9E-16 1823.0 

.OE+O 6.0 

2.2B-15 1317.0 

- ..... 
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SWU 6 PHormance Assessment 

Table E19 (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

313 6.9E-18 1979.0 314 4.8E-32 52.0 315 1.7E-20 2000,O 

316 6.3E-18 1548.0 317 6.2E-24 971.0 318 .OE+OO 2000.0 

319 .OE+OO 2000.0 320 .OE+OO 2000.0 321 .OE+OO 2000.0 

322 .OE+OO 2000.0 323 2.1E-33 936.0 324 4.6E-30 2000.0 

325 .OE+OO 400.0 326 .OE+OO 405.0 327 .OE+OO 552.0 

328 .OE+OO 646.0 329 .OE+OO 736.0 330 9.5E-28 1973.0 

331 9.6E-23 1943.0 332 3.4E-29 2000.0 333 2SE-32 1219.0 

334 7.3E-28 1970.0 
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Theoretical Description of Groundwater Flow and Contaminant Transport 

Table Eu). Groundwater ooncentration of nuclide: 
wAm at obsenration la ode^ 

ObS Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (UCVL) (Year) 

1 

4 

7 

10 

13 

16 

19 

22 

25 

28 

31 

34 

37 

40 

43 

46 

49 

52 

5s 

58 

61 

64 

67 

70 

73 

76 

_- 

.OE+OO 5000.0 

.OE+00 5000.0 

.OE+OO 3736.0 

.OE+OO 4781.0 

.OE+OO 4968.0 

2.1E-34 5000.0 

1.7E-30 4714.0 

4.3E-3 1 1805.0 

3.5E-29 4437.0 

6.4E-21 2812.0 

2.OE-25 3538.0 

4.7E-15 1228.0 

.OE+OO 81.0 

3.5E-17 2567.0 

5.5E-16 3969.0 

2.7E-15 3429.0 

2.2E-15 4310.0 

2.6E-15 3526.0 

2.0E- 14 3490.0 

2.OE-14 3795.0 

1.E-15 2700.0 

2.1E-16 3053.0 

9.7E-17 3490.0 

1.5E-16 4573.0 

9.6E-17 4864.0 

8.7E-18 4906.0 

2 

5 

8 

11 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 

47 

50 

53 

56 

59 

62 

65 

68 

71 

74 

77 

.OE+OO 5000.0 

.OE+OO 5000.0 

.OE+OO 4104.0 

.OE+OO 2779.0 

1.m-31 3893.0 

1.3E-34 4991.0 

1.OE-32 4890.0 

2.3E-30 4899.0 

1.6E-22 3629.0 

3.1E-24 5000.0 

3.5E-17 1523.0 

1.6E-23 5000.0 

3.7E-21 5000.0 

3.8E-21 5000.0 

5.9E-21 5000.0 

5.OE-20 4925.0 

3.OE-19 5000.0 

2.3E-19 4926.0 

1.2E-19 5000.0 

9.4E-20 5000.0 

1.3E-19 4971.0 

1.9E-21 5000.0 

2.3E-35 1116.0 

2.5E-34 1225.0 

5.3E-36 1229.0 

7.9E-18 4019.0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 

48 

51 

54 

54 

60 

63 

66 

69 

72 

75 

78 

.OE+OO 4292.0 

.OE+aO 5000.0 

3.1E-34 5000.0 

2.1B-33 4991.0 

9.OE-32 4963.0 

1.4E-28 5000.0 

3.7E-26 4950.0 

1.5E-24 4727.0 

6.1E-27 5000.0 

7.1E-18 1833.0 

.OE+W 969.0 

1.OE-21 52.0 

ME-11 3215.0 

6.4E-09 24920 

1.2E-08 3166.0 

2.5E-08 2387.0 

2,2E-C)$ 2394.0 

1.6E-09 3525.0 

1.6E-09 4385.0 

6.8E-10 4623.0 

2.7E-10 4219.0 

4.1E-11 4156.0 

3.2E-14 4251.0 

2.OE-17 4006.0 

1.9E-19 2027.0 

1.2E-35 1404.0 
... 
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SWSA 6 Perjiomance Assessment 

Table E220 (continued) 

Obs Canc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

79 

82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 

133 

136 

139 

142 

145 

148 

151 

154 

1SE-17 4655.0 

2.7E-32 1679.0 

1.8E-19 5000.0 

1.3E-14 677.0 

4.9E-12 1488.0 

1.3E-22 4974.0 

1SE-17 5000.0 

2.6E-07 1937.0 

3.5E-07 1675.0 

6.OE-13 3620.0 

1.8E-18 4299.0 

2.3E-12 4429.0 

6.9E-08 2983.0 

4.1E-18 5ooO.O 

2.2E-12 4641.0 

2.OE-12 4899.0 

9.6E-09 4026.0 

1.7E-14 4650.0 

2.OE-10 4558.0 

4.OE-16 1435.0 

6.1E-12 3980.0 

.OE+OO 307.0 

4.2E-19 4718.0 

1.4E-14 4760.0 

.OE+OO 264.0 

9.6E-21 4852.0 

80 

83 

86 

89 

92 

95 

98 

101 

104 

107 

110 

113 

116 

119 

122 

125 

128 

131 

134 

137 

140 

143 

146 

149 

152 

155 

4.OE-18 1283.0 

5.7E-16 1215.0 

.OE+OO 916.0 

9.8E-21 4874.0 

l.lE-12 700.0 

1.4E-09 1350.0 

5.1E-20 4838.0 

5.2E-16 4588.0 

5.OE-07 2399.0 

5.7E-13 3669.0 

2.9E-07 1646.0 

2.4E-22 1054.0 

8.OE-09 3075.0 

5SE-08 3454.0 

3.2E-08 3457.0 

2.5E-09 4289.0 

9.3E-14 4590.0 

2.4E-09 4200.0 

6.5E-16 1373.0 

9.7E-12 4843.0 

3.9E-13 4198.0 

1.OE-12 4776.0 

3.4E-16 4752.0 

l.lE-14 4779.0 

1.6E-17 4762.0 

9.8E-21 5000.0 

81 

84 

87 

90 

93 

% 

99 

102 

105 

108 

111 

114 

117 

120 

123 

126 

129 

132 

135 

138 

141 

144 

147 

150 

153 

156 

1.5E-18 5000.0 

1.3E-16 1017.0 

2.3E-14 2765.0 

1.5E-23 4681.0 

1.7E-20 4199.0 

3.8E-10 2357.0 

5.OE-07 835.0 

5.3E-24 1489.0 

3.5E-15 3725.0 

2.9E-15 4754.0 

4.OE-08 3527.0 

l.lE-16 4717.0 

9.1E-13 4721.0 

7.3E-13 5000.0 

3.6E-12 3693.0 

4.6E-12 4904.0 

8.2E-09 4828.0 

4.3E-14 4692.0 

2.2E-11 4361.0 

1.3E-14 4447.0 

6.4E-13 4162.0 

1.9E-16 4535.0 

2.7E-15 4746.0 

1.3E-14 4894.0 

2.7E-19 4951.0 

2.OE-19 4828.0 
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Table E#) (continued) 

Obs Conc Time Obs Conc Time ObS Conc Time 
Node (uCiL) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

157 

160 

163 

166 

169 

172 

175 

178 

181 

184 

187 

190 

193 

1% 

199 

202 

205 

208 

21 1 

214 

217 

220 

223 

226 

229 

232 

4.9E-19 5000.0 

2.7E-22 1409.0 

4.8E-19 43220 

1SE-07 3153.0 

2.OE-07 2098.0 

6.8E-19 889.0 

3.OE-10 4414.0 

1.5E-12 4203.0 

5.6E-12 4918.0 

1.9E-13 4438.0 

1.OE-10 4215.0 

3.8E-19 5000.0 

3.3E-12 4854.0 

1.6E-13 3083.0 

5.4E-14 42.81.0 

8.8E-14 4887.0 

2.OE-21 4732.0 

1.8E-29 13.0 

l.lE-09 1299.0 

3.2E-11 2892.0 

2.2E- 14 2887.0 

1.m-19 5000.0 

1.4E-19 1647.0 

1.6E-17 2673.0 

5.6E-14 1353.0 

6.5E-14 1753.0 

158 

161 

164 

167 

170 

173 

176 

179 

182 

185 

188 

191 

194 

197 

200 

203 

206 

209 

212 

215 

218 

221 

224 

227 

230 

233 

4.48-25 2192.0 

7.5E-19 3641.0 

5.4E-18 4730.0 

1.7E-07 2210.0 

7.33513 5000.0 

1.OE-14 1527.0 

7.7E-12 4414.0 

1 .OE- 1 1 4970.0 

4.4E-14 4741.0 

1.7E-11 4322.0 

133-19 5000.0 

8.1E-20 5000.0 

2.7E-12 4944.0 

6.5E-14 5000.0 

1.8E-15 1866.0 

1.7E-13 3241.0 

2.8E-19 4830.0 

1.OE-12 2412.0 

1.3E-08 984.0 

3.3E-13 2135.0 

2.2E-15 3542.0 

8.7E-21 5OOO.O 

1.2E-19 3304.0 

9.2E-16 1439.0 

1.6E-13 1421.0 

5.lE-13 1990.0 

159 

162 

165 

168 

171 

1 74 

177 

180 

183 

1% 

189 

1 92 

195 

198 

201 

204 

207 

210 

213 

216 

219 

222 

225 

228 

23 1 

234 

1.4E-23 2325.0 

8.6E-19 3686.0 

7.2E-18 4862.0 

2.1 E-07 2366.0 

4.2E-13 4264.0 

9.9E-10 43320 

5.4E-12 4408.0 

1.1E-11 4884.0 

9.2E-14 4273.0 

4.4E-15 992.0 

2-4E-19 5000.0 

2.5E-10 4869.0 

2.OE-14 2861.0 

3.7E-14 3335.0 

5.1E-20 526.0 

1.8E-13 3190.0 

3.E-17 4237.0 

72E-10 1876.0 

3.8E-09 1367.0 

1.6E-13 1943.0 

3.5E-19 2804.0 

5.5E-25 2700.0 

2.OE-19 3701.0 

3.4E-14 927.0 

5.4E-15 1926.0 

Q3E-12 2039.0 
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SWSA 6 Peqonnance Assessment 

Table EU) (continued) 

Obs Conc Time Obs Conc Time Obs Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/L) (Year) 

235 

238 

241 

244 

247 

250 

253 

256 

259 

262 

265 

268 

27 1 

274 

277 

280 

283 

286 

289 

292 

295 

298 

301 

304 

307 

3 10 

5.3E-11 1741.0 

1.7E-08 1668.0 

.OE+00 3.0 

1.9E-14 5000.0 

5.2E-13 3938.0 

6.2E-09 4206.0 

8.9E-15 4743.0 

1.4E-15 2957.0 

5.8E-19 5000.0 

8.2E-20 1606.0 

.OE+00 3.0 

8.6E-09 5000.0 

7.2E-19 50.0 

1.8E-11 1654.0 

.OE+00 1.0 

3.8E-10 4941.0 

9.5E-17 3958.0 

1.8E-20 2007.0 

2.4E-29 879.0 

8.3E-19 5000.0 

7.9E-08 1692.0 

2.8E-08 1868.0 

9.OE-12 2974.0 

8.9E-14 1671.0 

1.7E-12 1729.0 

6.4E-16 2685.0 

236 

239 

242 

245 

248 

25 1 

254 

257 

260 

263 

266 

269 

272 

275 

278 

281 

284 

287 

290 

293 

2% 

299 

302 

305 

308 

311 

1.7E-09 2016.0 

7.OE-09 2661.0 

.OE+OO 4.0 

4.1E-14 4287.0 

9.3E-12 3227.0 

2.2E-08 4032.0 

l.lE-14 4395.0 

1.4E-16 4054.0 

5.8E-24 499.0 

6.6E-22 741.0 

2.2E-12 4242.0 

8.2E-09 4240.0 

4.2E-09 3951.0 

.OE + 00 3.0 

3.6E-09 4298-0 

2.3E-11 4952.0 

2.OE-15 4292.0 

2.2E-24 1457.0 

3.3E-19 4847.0 

8.1E-19 4887.0 

3.5E-08 1800.0 

5.1E-08 2559.0 

2.OE-13 1368.0 

3.8E-14 1801.0 

3.4E-13 1676.0 

8.5E-15 2502.0 

237 

240 

243 

246 

249 

252 

255 

258 

261 

264 

267 

270 

273 

276 

279 

282 

285 

288 

29 1 

294 

297 

300 

303 

306 

309 

312 

2.OE-08 1570.0 

.OE+OO 2.0 

.OE+00 15.0 

8.8E-14 4374.0 

5.5E-10 4400.0 

7.7E-08 2891.0 

6.1E-16 3090.0 

2.3E-17 4759.0 

2.OE-19 11 16.0 

.OE+00 6.0 

4.4E-10 5OOO.O 

.OE+OO 1.0 

1.8E-07 4246.0 

2.1E-15 1815.0 

1.2E-09 4763.0 

2.5E-23 1008.0 

1.OE-15 4875.0 

7.1E-19 4943.0 

8.2E-19 4933.0 

2.6E-19 5000.0 

3.9E-08 1718.0 

2.4E-11 3483.0 

2.OE-15 2215.0 

8.5E-16 2015.0 

.OE+OO 5.0 

9.4E-15 2007.0 
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Theoretioll Description of Groundwater Flow and Contaminant Transrmrt 

Obs Conc Time Obs Conc Time ObS Conc Time 
Node (uCi/L) (Year) Node (uCi/L) (Year) Node (uCi/r) (Year) 

313 7.4E-17 4273.0 314 LlE-18 5000.0 315 9.E-19 4870.0 

316 7.1E-17 4703.0 317 2.OE-21 4732.0 318 .OE+OO 2465.0 

319 2.2E-33 4390.0 320 2.9E-33 5000.0 321 1.8E-31 5000.0 

322 1.5E-31 4944.0 323 133-27 4195.0 324 2.6E-28 2435.0 

325 l.lE-19 5000.0 326 5.8E-20 5000.0 327 3.OE-20 5000.0 

328 1.1E-20 5000.0 329 1.5E-21 5000.0 330 9.1E-21 5000.0 

331 4.2E-21 5000.0 332 7.9E-21 4926.0 333 1.3E-20 5000.0 

334 2.4E-20 5000.0 
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Table El. Example of an input and output file for the 
leaching of % horn Tumutus II" 

Input data summary 

Grounchvater properties 

F l u  entering disposal unit 
(cm/mon t h) 

January: 9.58 x 10' February: 8.56 x 10' March: 8.30 x 10' 
April: 5.77 x 10' May 7.43 x 10' June: 6.70 x lo-* 
July: 2.00 x lo-' August: 2.50 x lo-' September: 1.60 x lo-* 
October: 1.00 x lo-' November: 7.00 x December: 5.86 x 10" 

Disposal unit area 
Total dissolved solids 
Groundwater temperature 
Groundwater pM 

3.56 x l@m3 
3.49 x IO2 ppm 
1.50 x lo1 "C 
6.75 x 10' 

Saturated hydraulic conductivity: 
Recharge 5-80 x 10-7 cm/s 

Concrete 1.00 x 10-'O c d s  
Soil backfill 3.50 x cm/s 

Groundwater constituent mncen tra tions: 
Ca2+ 2.10 x m o a  
c1- 2.04 x m o m  
c0;- 1.00 x moI/L 
Mg2+ 5.21 x molL 
sot- 2.62 x mol/L 
0 2  1.63 x molL 

Constituent solubilities: 
Ca(OW2 2-00 x ~ O - ~ r n o l L  
c0;- 1.20 x 10-~ m o a  
Mg2+ 1.20 x moIL 
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SWSA 6 Performance Assessment 

Table El (continued) 

Concrete constituent concentrations: 
Calcium concentration in C-S-H systeml.75 x 10' mol/L 
Calcium concentration in pore fluid 2.00 x mol/L 
CaO content in cement 2.11 x 10" moI/L 
Free C1- 1.00 x molL 
Silica concentration in C-S-H system 7.10 x lo-' m o l L  

Concrete design specifications: 
Compressive strength at 28 days 
Poisson's ratio of concrete 
Modulus of elasticity of steel 
Yield strength of steel 
Modulus of subgrade reaction 
Young's modulus of elasticity 
Concrete waterkement ratio 
Concrete density 
Concrete porosity 
Cemcnt content 
Initial pH 

3.52 x lo2 kg/cm2 
1.50 x 10-1 
2.04 x lo6 kg/cm2 
4.22 x Id  kg/cm2 
1.41 x lo2 kg/cm2 
2.04 x lo5 kg/cm2 
4.00 x lo-' 
2.40 x 10' g/cm3 
1.50 x lo-' 
3.85 x lo2 kg/m3 
1.25 x 10' 

Diffusion coefficients in concrete: 
NaOH, KOH 2.12 x IO-" m2/s 
Ca(OH)2 1.82 x lo-" m2/s 
c1- 5.08 x lo-" m2/s 

1.92 x lo-'' m2/s 
2.10 x IO-'' m2/s 

co2 
0 2  
so:- 1.06 x IO-" m2/s 

Tumulus design specifications: 

Layers of vaults 2 

Number of vaults long 11 
Number of vaults wide 10 

Vault dimensions: 
Width 
Length 
Height 

1.52 x l o o m  
2-13 x loom 
1.65 x l o o m  
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Radionuclide Leaching Predictions 

.. - 

Table El (continued) 

Concrete member thickness: 
Roof 1.78 x 10' cm 
Walls 1.78 x 10' cm 
Floor 1.78 x 10' cm 

Steel reinforcement radius: 
Roof 7.94 x IO-' cm 
Walls 6.35 x lo-' cm 
Floor 6.35 x lo-' cm 

Spacing of steel reinforcement: 
Roof 2.54 x 10' cm 
Walls 3.05 x 10' cm 
Floor 3.05 x 10' cm 

Concrete cover thickness on tension face: 
Roof: 

Xdi  rec t ion 7.77 x 10'cm 
Y-direction 9.37 x IO' cm 

Horizontal direction 8.26 x 10' cm 
Vertical direction 9.52 x 10'cm 

X-direction 5.08 x 10' cm 
Y-direction 6.35 x 10' cm 

Walls: 

Floor: 

Static load: 
Vault layer 1 
Vault layer 2 

3.65 x lo-' kg/cm2 
7.10 x lo-' kg/cm2 

Soil and waste properties: 
Earthen cover thickness 
Earthen cover density 
Friction angle of waste backfill 
Friction angle of soil backfill 
Density of waste backfill 
Density of soil backfill 
Waste density 
Average moisture content of waste 

1.83 x l o o m  
1.75 x 10' g/cm2 
4.00 x 1O'deg 
3.00 x lo* deg 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
9.90 x lo-' 
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Table El. (continued) 

Concrete and waste package failure rates: 
Waste container: 

Start of failure 0 years 
Time to complete failure 

Start of failure 0 years 
Time to complete failure 

6.00 x 10'years 
Epoxy coating: 

2.00 x IO' years 

Nwlide-speci6c parameters 

Nuclide 
Half-life 
Solubility 
Waste Kd 
Diffusion coefficient 

Waste 
Concrete 

Initial inventory 

232Th 
1.41 x 10'years 
7.57 x 10-8mol/L 
5.36 x 10' ml/g 

3.24 x m2/s 
3.73 x 10-l~ m2/s 
1.64 x 10' g 

Output summary (leaching of =2Th) 
Amount leachedCpd 

Inventoryb (€!hear> 
Year Vault 1 Vault 2 Advection Diffusion Total 

1 1.64 x 10' 1.64 x 10' 6.14 x lo-' 0 6.14 x 
10 1.64 x 10' 1.64 x 10' 6.14 x 10-7 0 6-14 x 10-7 
20 1.64 x 10' 1.64 x 10' 1.22 x 0 8-97 x 10-7 
30 1.64 x 10' 1.64 x 10' 1.84 x 0 8.97 x 10-7 
40 1.64 x 10' 1.64 x 10' 2.45 x 0 8.97 x 10-7 

50 1.64 x 10' 1.64 x 10' 3.08 x 0 8.97 x 10-7 
60 1-64 x 10' 1.64 x 10' 3.69 x 0 8-97 x 10-7 

70 1.64 x 10' 1.64 x 10' 3.69 x 0 8-97 x 10-7 
80 1.64 x 10' 1.64 x 10' 3.69 x 0 8-97 x 10-7 
90 1.64 x 10' 1.64 x 10' 3.69 x 0 8-97 x 10-7 

100 1.64 x 10' 1.64 x 10' 3.69 x 0 9.97 x 10-7 
110 1.64 x 10' 1.52 x 10' 1.30 x lo-' 0 6.81 x 
120 1.64 x 10' 1.40 x 10' 1.20 x lo-' 0 6.81 x 
130 1.64 x 10' 1.28 x 10' 1-10 x lo-' 0 6.81 x 
140 1.64 x 10' 1.17 x 10' 1.01 x lo-' 0 6.81 x 
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Radionuclide Leachine Predictions 

Table F.l (continued) 

Output summary: p% (continued) 

Amount 
InventoIyb (&ear) 

Year Vault 1 Vault 2 Advection Diffusion Total 
150 1.64 x 10' 1.08 x 10' 9.28 x 10-2 

160 
170 
180 
190 

200 
210 
220 
230 
240 
250 
260 
270 

280 
290 
300 

3 10 
320 

330 
340 

350 
360 

370 
380 

390 

400 
410 
420 

430 

440 
450 
460 

1.64 x 10' 9.89 x 10' 
1.64 x 10' 9.08 x 10' 

1.64 x 10' 7.64 x 10' 
1.64 x 10' 6.43 x 10' 
1.64 x 10' 5.42 x 10' 
1.64 x 10' 4.56 x le 
1.64 x 10' 3.84 x 10' 
1.64 x 10' 3.23 x 10' 
1.64 x lo* 272 x 10' 
1.64 x 10' 2.29 x 10' 

1.64 x 10' 1.93 x 10' 
6.64 x 10' 1.62 x 10' 
1.64 x 10' 1.37 x 10' 

1.64 x 10' 1.15 x 10' 
1.64 x 10' 9.68 x lo-' 
1.64 x lo1 8.15 x 10-1 

1.64 x 10' 6.86 x lo-' 
1.64 x PO' 5.77 x lo-' 
1.64 x 10' 4.86 x 10-l 
1.64 x 10' 4.09 x lo-' 
1.64 x 10' 3.45 x 10-1 
1.a x 10' 2.90 x 10-1 
1.64 x 10' 2.44 x lo-' 
1.64 x PO' 2.06 x 10-1 

1.64 x 10' 1.73 x 10-1 
1.64 x 10' 1.46 x IO-' 
1.64 x 10' 1.23 x 10-1 
1.64 x 10' 1.03 x lo-' 
1.64 x 10' 8.69 x 
1.64 x lo* 7.32 x 
1.64 x 10' 6-16 x 

8.51 x 
7.81 x 
1.32 x lo-' 
1.11 x lo-' 
9.40 x 10-2 
7.91 x 
6.67 x 
5.61 x 
4.72 x 
3.98 x 
3.34 x 
2.81 x 
2.38 x 
2.00 x 
1.69 x 
1.42 x 
1.19 x 
1.00 x 10-2 

8-44 x 10-3 

7.11 x 10-3 
5-98 x 10-3 
5.04 x 10-3 

4.24 x 10-3 
3.57 x 10-3 

3-00 x 10-3 

2-53 x 10-3 

2.13 x 10-3 
1-79 x 10-3 
1-51 x 10-3 
1.27 x 10-3 
1-07 x 10-3 

0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

0 
0 

0 

0 
0 

0 
0 
0 
0 

0 
0 
0 

0 

0 
0 

0 
0 
0 

0 
0 
0 

6.81 x 
6.81 x IO-* 
6.81 x 
6.81 x 
6.81 x 
6.81 x 
6-81 x 
6.67 x 
5.61 x 
4.72 x 
3.98 x 
3.34 x lo-2 

2.81 x 
2.38 x 
2.00 x 10-2 

1-69 x 
1.42 x 
1.19 x 
1.00 x 
8-44 x 10-3 
7.11 x 10-3 
5.98 x 10-3 

5.04 x 10-3 

4-24 x 10-3 

3.57 x 10-3 

2.53 x 10-3 

2-13 x 10-3 
1.79 x 10-3 
1.51 x 10-3 
1-27 x 10-3 
1.07 x 10-3 

3.00 x 10-2 
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SWSA 6 Perhormance Assessment 

Output summq. =?I3 (continued) 

Amount leacheed 
Inventoryb (&ear) 

Year Vault 1 Vault 2 Advection Diffusion Total 

470 1.64 x 10' 5.18 x 9.00 x 
480 

490 

500 
510 
520 
530 
540 
550 
560 

570 
580 

590 
600 
610 
620 

630 
640 
650 

660 
670 

680 
690 
700 

710 
720 
730 

740 
750 
760 
770 

780 
790 

1.64 x 10' 4.36 x 
1.64 x 10' 3.67 x 
1.64 x 10' 3.09 x 
1.64 x 10' 2.60 x 
1.64 x 10' 2.19 x 
1.64 x 10' 1-85 x 
1.64 x 10' 1.55 x 
1.64 x 10' 1.31 x 
1.64 x 10' 1-10 x 
1.64 x 101 9-27 x 10-3 

1.64 x 101 7-80 x 10-3 
1.64 x io1 6.57 x 10-3 
1.64 x 101 5.53 x 10-3 
1.64 x io* 4-65 x 10-3 

1.64 x 101 3-92 x 10-3 
1-64 x io1 3-30 x 10-3 
1-64 x 101 2.78 x 10-3 

1.64 x 101 1.97 x 10-3 

1.64 x 10' 1.66 x 10-3 
1.64 x 101 1.39 x 10-3 

1.64 x 101 1.17 x 10-3 

1.64 x 10' 9-88 x 10-4 
1.64 x 101 8.32 x 10-4 

1-64 x 101 7.00 x 10--4 
1-64 x 101 5-89 x 10-4 

1.64 x 101 4.96 x 10-4 
1.64 x 10' 4.18 x 10-~ 

1-64 x 101 3.52 x 10-4 
1-64 x 101 2.96 x 10-4 

1.64 x 101 2-49 x 10-4 
1.64 x 10' 2.10 x 10-~ 

1.64 x 10' 2.34 x 

7-58 x 10-4 

6.38 x 10-4 

5.37 x 10-4 

4.52 x 10-4 
3.81 x 10-4 
3.20 x 10-4 
2.70 x 10-4 
2-27 x 10-4 
1.91 x 10-4 

1.61 x 10-4 

1-35 x 10-4 
1-14 x 10-4 
9.60 x 
8.08 x IO-' 
6.80 x lo-' 
5.73 x 
4.82 x lo-' 

3.42 x lo-' 

2.88 x 
2.42 x lo-' 
2.04 x lo-' 
1.72 x lo-' 

4.06 x 10-5 

1.44 x 10-5 

1.22 x 10-5 
1.02 x 
8.62 x 
7.26 x 

6.11 x 
5.14 x 
4.33 x 
3.64 x 

0 

0 
0 

0 
0 

0 
0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 

0 
0 

0 
0 

0 

0 

0 

0 
0 
0 
0 

0 

0 

9.00 x 10-4 

7-58 x 10-4 

6.38 x 10-4 

5.37 x 10-4 
4.52 x 10-4 

3-81 x 10-4 
3.20 x 10-4 

2.70 x 10-4 
2.27 x 10-4 
1.91 x 10-4 

1.61 x 10-4 

1.35 x 10-4 
1.14 x 10-4 
9.60 x lo-' 
8.08 x lo-' 

5.73 x 
4.82 x 
4.06 x 
3.42 x lo-' 

2.42 x lo-' 
2.04 x 

6.80 x 10-5 

2.88 x 10-5 

1-72 x 10-5 

1.22 x 10-4 
1.02 x 10-5 

7.26 x 10-4 

1.44 x 

8.62 x 

6.11 x 
5.14 x 

1-40 x 4.33 x io-6 
4.20 x 10-45 3.64 x 10-6 
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Radionuclide Leaching Predictions 

Output summacy: ?Ih (continued) 

Amount 
Inventory!' (&?ear) 

Year Vault 1 Vault 2 Advection Diffusion Total 

800 1.64 x 10' 1.77 x 3.07 x 8.41 x lo-'' 3.07 x 
810 1.64 x 10' 149 x 2.58 x 2.24 x 2.58 x 
$20 1.64 x 101 1-25 x 10-4 2.17 x 5.18 x 2.17 x 
s o  1.64 x 101 1.05 x 10-4 1.83 x 1.19 x 1.83 x 
840 1.64 x io1 8.87 x 10-~ 1.54 x 2.66 x 1.54 x 
850 1.64 x 101 7.47 x 10-5 1.30 x 5.86 x 1.30 x 
860 1-64 x 101 6.29 x 10-5 1.09 x 10-6 1.26 x 10-42 1.09 x 10-6 

870 1.64 x 10' 5.29 x lo-' 9-19 x 10-7 2.64 x 10-42 9.19 x 10-7 
880 1.64 x lo1 4.45 x 7.74 x 10-7 5.43 x 10-42 7.74 x no-7 

$90 1.64 x io1 3.75 x 10-5 6-51 x 10-7 1.10 x 10-41 6.51 x 10-7 
900 1.64 x 10' 3.16 x lo-' 5.48 x 10-~ 2.17 x 5.48 x 1 0 - ~  
910 1-64 x 101 2 . 6  x 10-5 4.62 x W7 4.21 x 4.62 x 
920 1-64 x 10' 2.24 x io-' 3.89 x 8.04 x 3.89 x 
930 1-64 x 101 1.88 x 10-5 3.27 x 1.51 x 3.27 x 
940 1.64 x 10' 1.59 x 2.75 x 2.78 x 2.75 x 
950 1.64 x 10' 1.33 x 10-5 2-32 x 10-7 5.04 x 10-40 2.32 x 10-7 
%o 1.64 x io1 1.12 x 10-~ 1-95 x 10-7 9.00 x 10-40 1-95 x 10-7 
970 1-64 x 10' 9.46 x 1-64 x 10-~ 1-58 x 1-64 x 1 0 - ~  
980 1.64 x 10' 7.96 x 1-38 x 10-7 2-74 x 10-39  1-38 x 1 0 - 7  

990 1.64 x 10' 6.70 x IO-6 1.16 x 10-~ 4.68 x 1-16 x 10-~ 
lo00 1.64 x 10' 5.74 x 0 0 0 
The solubility constraints were exceeded. 

'1Oo(I-year simulation length, 50-year output edit frequency. 
the output summaly Vault 1 represents an intact storage vault, and Vault 2 represents a cracked storage 

vault. 
T e a r s  in which the sum of the advective and diffusive leaching exceeds the total presented are  constrained by 

the solubility limit (e+, years 20-210) (see Sect. C.2).  
'Disposal unit failure is predicted at year 102. As a result, more water flows through the unit causing a higher 

release.. The total release is constrained by the solubility limit (e.g., years 110-210) until the inventory is depleted 
to  a level that allows a K, controlled release. 
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S WSA 6 Performance Assessment 

Table F.2 Examples of an input and output file for the 
leaching of '37cs from high-range w e b  (7) in a silo" 

Input data summary 

Groundwater properties 

Flux entering disposal unit 
(cm/month) 

January: 9.58 x 10' February: 8.56 x 10' March: 8.30 x 100 
April: 5.77 x 10' May: 7.43 x 10' June: 6.70 x 10-1 
July: 2.00 x 10-1 August: 2.50 x 10-1 September: 1.60 x lo-' 
October: 1.00 x lo-' November: 7.00 x December: 6.86 x 100 

Disposal unit area 
Total dissolved solids 
Groundwater temperature 
Groundwater pH 

Saturated hydraulic conductivity: 
Recharge 
Soil baclcfd 
Concrete 

1.00 x IO' m2 
3.49 x IO2 ppm 
1.50 x 10' "C 
6.75 x 10' 

5.80 x cm/s 
3.50 x lov3 cm/s 
1.00 x IO-'' cm/s 

Groundwater constituent concentrations: 
Ca2+ 2.10 x md/L 
c1- 2-04 x molL 
c0;- 1.00 x 1 0 - ~  molL 
Mg2+ 5.21 x m o w  
SO:- (inside silo or well) 2.62 x lop4 molL 
SO:'- (outside silo or well) 2.62 x mol/L 
0 2  1.63 x mom 
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Radionuclide Leaching Predictions 

Table F.2 (continued) 

.- ...... 

Constituent solubilities: 
Ca(OH)2 
c0;- 
Mg2+ 

2.00 x molL 
1.20 x 1 0 - ~  molL 
1.20 x 1 0 - ~  molL 

Concrete constituent concentrations: 
Calcium concentration in C-S-H systeml.75 x 10' mol/L 
Calcium concentration in pore fluid 2.00 x lop2 mol/L 
CaO content in cement 2.11 x IO* m o a  
Free C1- 1.0O x 10-2moVL 
Silica concentration in C-S-H system 7.10 x lo-' mol/L 

Concrete design specifications: 
Compressive strength at 28 days 
Poisson's ratio of concrete 
Modulus of elasticity of steel 
Yield strength of steel 
Modulus of subgrade reaction 
Young's modulus of elasticity 
Concrete watedcement ratio 
Concrete density 
Concrete porosity 
Cement content 
Initial pH 

3.52 x 102 kg/crn2 
1.50 x lo-' 
2.04 x 106 kg/cm2 
4.22 x IO3 kg/cm2 
2.11 x 10' kg/cm2 
2.04 x 16 kg/cm2 
4.00 x 10-1 
2.40 x 10' g/cm3 
1.50 x lo-' 
3.85 x lo2 kg/m3 
1.26 x 10' 

Well steel properties: 
Steel density 7.80 x 1o0g/crn3 
Steel Poisson ratio 3.00 x lo-' 
Yield strength of steel wall 3.60 x lo4 Ib/in.2 

Diffusion coefficients in concrete: 
NaOH, KOH 2.12 x IO-'' m2/s 
Ca(OH), 1.82 x lo-'' m2/s 
Cl- 5-08 x IO-'' m2/s 
c02 1.92 x 10-l' m2/s 
0 2  2.10 x IO-'' m2/s 
so:- 1.06 x IO-'' m2/s 

Silo design specifications: 
Silo dimensions: 

Silo radius 
Silo height 

2.64 x 1O-'m 
6.10 x 10' m 

. i... . 
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SWSA 6 Performance Assessment 

Table F.2 (continued) 

Concrete member thickness: 
Roof 3.05 x 10' cm 
Walls 1.90 x 10°cm 
Floor 3.05 x 10' cm 

Steel reinforcement radius: 
Roof 4.76 x lo-' cm 
Walls 0 cm 
Floor 4.76 x lo-' cm 

Spacing of steel reinforcement: 
Roof 1.52 x 10' cm 
Walls 0 cm 
Floor 1.52 x 10' cm 

Corrugated steel thickness: 
Compression face 
Tension face 

1.52 x 10.' cm 
1.52 x lo-' cm 

Concrete cover thickness on tension face: 
Roof: 

X-direction 1.48 x 1O'cm 
Y-direction 1.48 x 10' cm 

Horizontal direction 0 cm 
Vertical direction 0 cm 

X-direction 1.48 x 10' cm 
Y-direction 1.48 x 10' cm 

Walls: 

Floor: 

Well design specifications: 

Well dimensions: 
Radius 
Well height 

2.92 x 10' cm 
6.10 x l d c m  

Structural member thickness: 
Roof 3.05 x 10' cm 
Wall 7.62 x 10°cm 
Floor 3.05 x 10' cm 
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Radionuclide Leaching Predictions 

Table F.2 (continued) 

... 

Concrete cover thickness on tension face: 
Roof: 

X-direc tion 0 cm 
Ydirection 0 cm 

X-direc tion 0 cm 
Y direc tion 0 cm 

Floor: 

Static load 3.95 x lo-' kg/cm2 

Soil and waste properties: 
Earthen cover thickness 
Earthen cover density 
Friction angle of waste backfill 
Friction angle of soil backfill 
Density of waste backfill 
Density of soil backfill 
Waste density 
Average moisture content of waste 

~ 

1.83 x 10" m 
1.76 x 10" g/cm2 
4.00 x 1O'deg 
3.00 x lo1 deg 
1.76 x 10" g/cm3 
1.76 x 10" g/cm3 
1.76 x 10" g/cm3 
9.90 x 10-1 

Concrete and steel failure rates: 
Epoxy coating: 

Start of failure 0 years 
Time to complete failure 

Start of failure 0 years 
Time to complete failure 

Start of failure 0 years 
Time to complete failure 

2-00 x IO1 years 
Steel liner: 

5-00 x lo1 years 
Well wall: 

7.50 x lo* years 

Nuclide 
Half-life 
Solubility 
Waste Kd 
Diffusion coefficient 

Waste 
Concrete 

Initial inventory 

6.80 x m2/s 
5.12 x m2/s 
1.41 x 10'6 
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SWSA 6 Performance Assessment 

Table F.2 (continued) 

Output summary (leaching of 137Cs) 

Annual amount leached 
(&ear) 

1 

10 
20 

30 

40 
50 
60 
70 
80 

90 
100 

110 

120 
130 
140 

150 
160 
170 
180 

190 

200 
210 
220 
230 

240 
250 
260 
270 

1.38 x 10' 
1.12 x 10' 

8.88 x lo-' 
7.05 x lo-' 
5.60 x 10-1 
4.44 x lo-' 
3.52 x lo-' 
2.80 x lo-' 
1.45 x 10-1 
5.70 x 
2.24 x 
8.76 x 10-3 

3.44 x 10-3 

1.35 x 10-3 
5.28 x 10-4 
2.07 x 10-4 
8.11 x 10-5 
3-18 x 10-5 

1.25 x 10-5 

4.90 x 
1.92 x 
7.52 x 10-7 

2-95 x 10-7 
1-16 x 10-7 
4.53 x 
1.78 x 
6-97 x 10-9 
2-73 x 10-9 

7.72 x 10-7 

1.23 x 
1.46 x 
1.54 x 
1.53 x 
1.22 x 

1.07 x 
9.65 x 10-7 

4.20 x 10-3 

1.65 x 10-3 
6-45 x 10-4 

2-53 x 10-4 
9.92 x 10-5 
3.89 x 10-5 

1.52 x 10-5 
5.98 x 
2.34 x 
9-19 x 10-7 
3.60 x 10-7 
1-41 x 10-7 
5.54 x 
2.17 x lo-' 

8.51 x 10-9 

3.33 x 10-9 
1-31 x 10-9 

2.01 x 1O-'O 

5.13 x lo-'' 

0 

0 

1.59 x lo-% 
7.31 x lo-% 
1.42 x 
1.92 x 10-17 
1.82 x 10-15 
4.31 x 10-14 
3.03 x 10-13 

8.42 x 10-13 
1.57 x 10-l2 

2.20 x 10-l2 
2.47 x 10-l2 
2.36 x 10-l2 

1.97 x 
1.49 x 10-l2 

1.03 x 10-l2 
6-69 x 10-13 
4.09 x 10-13 
2.38 x 10-13 

1-33 x 10-13 
7.18 x 10-14 

3-76 x 10-14 
1.91 x 10-14 
9.55 x 10-15 
4.67 x 10--15 
2.24 x 10-15 
1.06 x 10-15 

Inventory of wells 
Year (g> Advection Diffusion Total 

9.51 x 9.51 x 
7-72 x 10-7 

1.23 x 
1.46 x 
1.54 x 
1.53 x 
1.22 x 

1.07 x 
9-65 x 10-7 

4.20 x 10-3 

1-65 x 10-3 
6-45 x 10-4 

2.53 x 10-4 
9-92 x 10-5 

3-89 x 10-5 

1-52 x 10-5 
5.98 x 
2.34 x 
9-19 x 10-7 
3.60 x 10-7 

1-41 x 10-7 
5.54 x 
2.17 x 
8.51 x 10-9 
3.34 x 10-9 
1-31 x 10-9 

5.13 x lo-'' 
2.01 x lo-'' 
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Radionuclide Leaching Predictions 

Table F2 (continued) 

Annual amount leached 
(!&ear) 

Inventory of wells 
Year (e) Advection Diffusion Total 

280 
290 

300 
310 
320 
330 

340 

350 
360 
370 
380 

390 
400 
410 
420 

430 
440 
450 

460 
470 
480 

490 
500 
510 

520 
530 
540 

550 
560 

570 
580 

1.07 x 10-9 

4.20 x 10-l' 
1.65 x lo-'' 
6.45 x 
2.53 x lo-" 
9.92 x 10-l2 
3.89 x 
1.52 x 

2.34 x 
5.9s x 10-13 

~1.19 x 10-14 

3.60 x 10-14 

1-41 x 10-14 
5.54 x 10-15 
2.17 x 1O-l' 

8.51 x 
3.34 x 10-l6 
1.31 x 10-l6 

5-13 x 10-17 
2.01 x 10-17 
7.88 x 10-l8 

3.09 x 10-l8 
1.21 x lo-'* 
4.75 x 10-19 

1 . ~ 6  x 10-19 

7.30 x lo-" 
2.86 x 
1.12 x lo-" 
4.40 x 10-21 

1.72 x 
6.76 x 

7.89 x 
3.09 x lo-" 
1.21 x 10-11 
4.75 x 10-12 
1-86 x 10-12 
7.30 x 10-13 

2.86 x 10-13 
1.12 x 10-13 

4.40 x 10-14 
1-73 x 10-14 

6.76 x 
2.65 x 

4.08 x 1O-l6 

1.60 x 

1-04 x 10-15 

6-27 x 10-17 
2.46 x 10-17 
9.63 x 
3.78 x 1O-l8 
1.48 x 10-lS 
5-80 x 10-19 
2.28 x 10-19 

8.92 x IO-% 
3.50 x lo-% 

1.37 x 
5.37 x 10-2' 

2.11 x 
8.26 x 10-22 
3.24 x 
1.27 x lo-" 
4.98 x 10- 

4.93 x 10-16 

2.27 x 10-l6 
1.03 x 
4.65 x 10-17 
2.08 x 10-17 
9.18 x 10-18 

4.03 x 
1.76 x 
7.62 x 10-19 

3.29 x 10-19 

1-41 x 10-19 
6.01 x lo-% 
2.55 x lo-% 
1-08 x 10-20 
4.54 x 
1.91 x 10-2' 

7.97 x lo-" 
3.32 x lo-= 
1.38 x 
5.73 x lo-" 
2.37 x 

4.02 x lo-" 
9.77 x 10-24 

1-65 x 10-24 
6.77 x 10-24 

2.77 x lo-= 
1.13 x lo-= 
4.61 x lo-% 
1.88 x 10-26 
7.63 x 
3.10 x 

7.88 x lo-" 
3.09 x 10-ll 

1.21 x 
4.75 x 10-l2 
1.86 x 
7-30 x 10-13 

2.86 x 10-13 

4.40 x 10-14 
1.73 x 10-14 

6-76 x 10-15 

265 x 10-15 

1-12 x 

1.04 x 
4.08 x 10-l6 
1.60 x 
6.27 x 10-17 
2.46 x 10-17 
9.63 x 10-l8 

3.78 x 
1.48 x lo-'* 
5.80 x 10-19 

2.28 x 10-19 
8.92 x 10-19 
3.50 x 
1.37 x lo-% 
5.37 x 
2.11 x 
8.26 x 
3.24 x 
1.27 x 
4.98 x 
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SWSA 6 Peqonnance Assessment 

Table F.2 (continued) 

590 
600 
610 
620 
630 

640 

650 

660 
670 
680 

690 

700 
710 
720 
730 

740 

450 
760 

770 

780 
790 
800 

810 
820 

830 
840 
850 

860 

870 
880 
890 

900 

2.65 x lo-” 
1.04 x lo-” 
4.07 x lo-= 
1.60 x lo-” 

6.26 x lo-” 
2.45 x lo-” 
9.62 x 
3.77 x 
1.48 x 
5.80 x lo-% 
2.27 x 
8.91 x 

1.37 x 
5.37 x 
2.10 x 
8.25 x 
3.23 x 
1.27 x 
4.97 x 
1.95 x 

3.49 x 10-27 

7.64 x 10-31 
2.99 x 10-31 
1.17 x 10-31 
4.60 x 10-32 

1.80 x 10-32 
7.07 x 10-33 

2-77 x 10-33 
1-09 x 10-33 
4.26 x lo--% 

1.67 x lo-” 
6-55 x 10-3 

1.95 x lo-= 
7.65 x 10-24 
2-30 x 10-24 

1.18 x 10-24 

4.61 x lo-= 
1.81 x lo-= 
7.08 x 
2.78 x 
1-09 x lo-% 

1.67 x 
6.56 x 
2.57 x lo-*’ 
1.01 x 
3.95 x 
1.55 x 
6.08 x lo-% 
2.38 x lo-= 

4-27 x 10-27 

9.34 x 10-31 
3.66 x 10-31 
1-43 x 10-31 

5-63 x 10-32 

2.21 x 10-32 
8-65 x 10-33 
3.39 x 10-33 
1.33 x 10-33 

5.21 x 10-34 

8-01 x 10-35 
3.14 x 10-35 

1-23 x 10-35 
4.82 x 10-36 

2.04 x lo-= 

Annual amount leached 
(&ear) 

Inventory of wells 
Year (g) Advect ion Diffusion Total 

1-26 x 10-27 1.95 x 
5.09 x lo-28 
2.06 x lo-% 
8.31 x 
3.35 x 
1.35 x 
5.44 x lo-= 
2.19 x 
8.80 x 10-31 

3.54 x 10-31 
1.42 x 10-31 
5.69 x 10-32 
2.28 x 10-32 

9-13 x 10-33 
3-65 x 10-33 

1.46 x 10-33 
5.84 x 10-34 

9-31 x 10-35 

3-71 x 10-35 
1-48 x 10-35 

2.33 x 

5.90 x lo-% 

2.35 x lo-% 
9-36 x 10-37 
3.73 x 10-37 
1-48 x 10-37 

9-31 x 10-39 
3.70 x 10-39 
1-47 x 10-39 

5-83 x 10-40 

5.89 x 
2.34 x lo-% 

7-65 x 10-24 

2.30 x 10-24 
1.18 x lo-” 

4.61 x lo-= 
1.81 x 
7.09 x lo-% 
2.78 x 
1.09 x lo-% 
4.27 x 10-27 

1.67 x 10-27 
6.56 x lo-% 
2.57 x 
1.01 x 
3.95 x 10- 

1.55 x 
6.08 x 
2.38 x 
9.34 x 10-31 
3.66 x 10-31 
1-43 x 10-31 

5.63 x 10-32 

2.21 x 10-32 
8.65 x 10-33 
3.39 x 10-33 
1-33 x 10-33 

2-04 x 10-34 
8.01 x 10-35 
3-14 x 10-35 

1.23 x 10-35 

5.21 x 

4.82 x lo-” 
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Radionuclide Leaching Predictions 

Table F.2 (continued) 

Annual amount leached 
( h e a r )  

Inventory of wells 
Year (g) Advection Diffusion Total 

910 2-57 x 10-35 1.89 x lo-% 2.31 x 1.89 x lo-% 

920 1.01 x 10-35 7-41 x 10-37 9-17 x 10-41 7.41 x 10-37 
930 3.95 x lo-% 2.91 x 10-37 3.64 x 10-41 2.91 x 10-37 
940 1.55 x IO-% 1-14 x 10-37 1.44 x 10-41 1.14 x 10-37 
950 6.06 x 4.47 x 10-3 5.71 x 10-42 4.47 x lo-% 
WI 2.38 x 10-37 1.75 x lo-% 2-26 x 10-42 1.75 x 
970 9.32 x lo-% 6.86 x 8.95 x 10-43 6.86 x 
980 3.65 x lo-= 2.69 x 10-39 3.56 x 10-43 2.69 x 10-39 

990 1.43 x lo-% 1.05 x 10-39 1.37 x 10-43 1.05 x 10-39 
io00 5.61 x 10-39 4.13 x 10-40 5.04 x lo-" 4.13 x lo-@ 

The solubility constraints were not exceeded. 
"1000-year simulation length, SO-year output edit frequency. 

... 
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SWSA 6 Perfiormance Assessment 

Table F3. Examples of an input and output file for the 
leaching of 238v from a high-range siloa 

Input data summary 

Groundwater propertics 

Flux entering disposal unit 
(cm/mon th) 

January: 9.58 x 10' February: 8.56 x 10' March 8.30 x 10' 
April: 5.77 x 10' May: 7.43 x loo June: 6.70 x 10-1 
July: 2.00 x lo-' August: 2.50 x lo-' September: 1.60 x lo-' 
October: 1.00 x lo-' November: 7.00 x December: 6.86 x 1$ 

Disposal unit area 
Total dissolved solids 
Groundwater temperature 
Groundwater pH 
Saturated hydraulic conductivity: 
Recharge 
Soil backfill 
Concrete 

Groundwater constituent concentrations: 
Ca2 
c1- 

Mg2+ 
SO:- (inside silo or well) 
SO:- (outside silo or well) 

co;-- 

0 2  

Constituent solubilities: 
C a ( W 2  cop 
Mg2+ 

1.00 x 10' m2 
3.49 x lo2 ppm 
1.50 x 10' "C 
6.75 x 10' 

2.10 x 1 0 - ~  m o m  
2.04 x mol/L 
1.00 x 10-~ molL 
5.21 x mol/L 
2.62 x molL 
2.62 x lop4 mol/L 
1.63 x mol/L 

2.00 x lop2 moI/L 
1.20 x 10-~  mol/L 
1.20 x mol/L 
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Radionuclide Leaching Predictions 

.-. '... .. 
Table F3 (continued) 

..... 

Concrete constituent concentrations: 
Calcium concentration in C-S-H system 
Calcium concentration in pore fluid 
CaO content in cement 
Free C1-- 
Silica concentration in C-S-H system 

Concrete design specifications: 
Compressive strength at 28 days 
Poisson's ratio of concrete 
Modulus of elasticity of steel 
Yield strength of steel 
Modulus of subgrade reaction 
Young's modulus of elasticity 
Concrete water/cement rat io 
Concrete density 
Concrete porosity 
Cement content 
Initial pH 

Diffusion coefficients in concrete: 
NaOH, KOH 

C1- 
Ca(OH12 

eo2 
0 2  sop 

Silo design specifications: 
Silo dimensions: 
Radius 
Height 

Concrete member thickness: 
Roof 
Walls 
Floor 

Steel reinforcement radius: 
Roof 
Walls 
Floor 

1.75 x 10°mol/L 
2.00 x 10-2moVL 
2.11 x 10' mom 
1.00 x 1 0 - ~ m o t / ~  
7.10 x lo-' molL 

3.52 x Id kg/cm2 
1.50 x lo-' 
2.04 x lo6 kg/cm2 
4.22 x I d  kg/cm2 
2.11 x 10' kg/cm2 
2.04 x lo5 kg/cm2 
4.00 x 10-1 
2.40 x 10' g/cm3 
1.50 x 10-1 
3.85 x lo2 ks/m3 
1.26 x 10' 

2.12 x IO-'' m2/s 
1.82 x m2/s 
5.08 x 10-l' m2/s 
1.92 x lo-'' m2/s 
2.10 x 1 0 - l ~  m2/s 
1-06 x m21s 

1.30 x 10' m 
6.10 x 10' m 

3.05 x lo1 cm 
1.52 x 10' cm 
3.05 x 10' cm 

4.76 x lo-' cm 
0 cm 
4.76 x lo-' cm 

,- 
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SWSA 6 Performance Assessment 

Table F3 (continued) 

Spacing of steel reinforcement: 
Roof 1.52 x 10' cm 
Walls 0 cm 
Floor 1.52 x 10' cm 

Corrugated steel thickness: 
Compression face 
Tension face 

Concrete cover thickness on tension face: 
Roof: 
X-direction 
Y-direction 

Horizontal direction 
Vertical direction 

X-direction 
Y -direction 

Walls: 

Floor: 

Static load 

Soil and waste properties: 
Earthen cover thickness 
Earthen cover density 
Friction angle of waste backfdl 
Friction angle of soil backfill 
Density of waste backfill 
Density of soil backfill 
Waste density 
Average moisture content of waste 

Concrete and steel failure rates: 
Epoxy coating: 

Start of failure 
Time to complete failure 

Start of failure 
Time to complete failure 

Steel liner: 

1.52 x lo-' cm 
1.52 x lo-' cm 

1.48 x 10' cm 
1.48 x 10' cm 

0 cm 
0 cm 

1.48 x 10' cm 
1-48 x 10'cm 

3.95 x lo-' kg/cm2 

1.83 x l oom 
1.76 x 10' g/cm2 
4.00 x 1O'deg 
3.00 x 10' deg 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
9.90 x lo-' 

0 years 
2.00 x IO' years 

0 years 
5-00 x IO1 years 
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Radionuclide Leaching Predictions 

Table IF3 (continued) 

..... 

.... 

Nuclide 
Half-life 
Solubility 
Waste Kd 
Diffusion coefficient 
Waste 
Concrete 

Initial inventory 

Ndde-spedic parameters 

a3sv 
4.47 x io9years 
1.46 x 10-6mol/L 
5.56 x 10' ml/g 

3.11 x m2/s 
3-50 x 104 m2/s 
9.91 x 102g 

Output summary (leaching of 

Annual amount leachedb.' 
(&ear) 

Inventory of silo 
Year (9) Advection Diffusion Total 

1 9.91 x 16 
10 9.91 x lo2 
20 9.91 x lo2 
30 9.91 x lo2 
40 9.91 x 1 6  

50 9.91 x I d  

60 9.91 x lo* 
70 9.91 x 1d 
80 9.91 x IO2 
90 9.91 x lo2 

100 9.91 x I d  
110 9.91 x lo2 
120 9.91 x lo2 
130 9.91 x lo2 
140 9.91 x 1d 
150 9.91 x lo2 
160 9.91 x lo2 
170 9.91 x lo2 
180 9.91 X lo2 

5.19 x 
5.19 x 10-5 
1-04 x 10-4 
1-56 x 10-4 

2-08 x 10-4 
2.m x 10-4 

2.60 x 10-4 

2.60 x 10-4 
2.60 x 10-4 
2.60 x 10-4 

2.60 x 10-4 
2.60 x 10-4 
2.60 x 10-4 

2.60 x 10-4 
2.60 x 10-4 
2.60 x 10-4 
2-60 x 10-4 

2.60 x 10-4 
2.60 x 10-4 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 

0 

5.19 x 
5-19 x 10--5 

1.04 x 10-4 

1.10 x 10-4 
1.10 x 10-4 
1.10 x 10-4 

1.10 x 10-4 

1.10 x 10-4 

1.10 x 10-4 
1.10 x 10-4 
1-10 x 10-4 

1.10 x 10-4 
1.10 x 10-4 
1-10 x 10-4 

1-10 x 10-4 
1-10 x 10-4 

1-10 x 10-4 
1-10 x 10-4 
1-10 x 10-4 
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SWSA 6 Pe@xmance Assessment 

Table F3 (continued) 

Annual amount leachedb,' 
(&ear) 

Inventory of silo 
Year (g) Advection Diffusion Total 
190 9.91 x lo2 2.60 x 10-4 0 
200 9.91 x I d  
210 9.91 x I d  

220 9.91 x I d  

230 9.91 x lo2 
240 9.75 x I d  
250 8.95 x 102 

260 8.15 x 1d 
270 7.35 x lo2 
280 6.54 x I d  

290 5.74 x I d  
300 4.94 x I d  
310 4.14 x lo2 
320 3.41 x 1d 
330 2.81 x lo2 
340 2.32 x lo2 
350 1.91 x 10' 
360 1.58 x lo2 

370 1.30 x lo2 
380 1.07 x I d  
390 8.82 x 10' 

400 7.27 x 10' 
410 5.99 x 10' 
420 4.94 x 10' 
430 4.07 x 10' 
440 3.36 x 10' 
450 2.77 x 10' 

460 2.28 x 10' 
470 1.88 x 10' 
480 1.55 x 10' 
490 1-28 x 10' 

2.60 x 10-4 

2-60 x 10-4 

2.60 x 10-4 
2.60 x 10-4 
1.88 x 10' 

1.73 x 10' 
1.57 x 10' 
1.42 x 10' 
1.27 x 10' 

1.11 x 10' 
9.61 x 10' 
8.08 x 10' 
6.66 x 10' 

5.49 x 10' 

4.52 x 10' 

3.73 x 10' 
3.07 x 10' 

2.53 x 10' 
2.09 x 10' 

1.72 x 10' 
1.42 x 10' 
1.17 x 10' 
9.64 x lo-' 
7.95 x lo-' 

6.55 x lo--' 

5.40 x lo-' 
4.45 x lo-' 
3.67 x lo-' 
3.02 x lo-' 
2.49 x 10-1 

0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 
0 
0 
0 

0 
0 
0 

0 
0 

0 

0 
0 

0 

0 

0 
0 

0 

1.10 x 10-4 

1.10 x 10-4 
1-10 x 10-4 

1.10 x 10-4 
1-10 x 10-4 

8.01 x 10' 
8.01 x 10' 

8.01 x 10' 
8.01 x 10' 
8.01 x 10' 

8.01 x 10' 
8-01 x 10' 
8-01 x 10' 
6.66 x 10' 

5.49 x 10' 

4.52 x 10' 

3.73 x 10' 

3.07 x 10' 

2.53 x 10' 

2.09 x 10' 
1.72 x 10' 
1.42 x 10' 

1.16 x 10' 
9.64 x lo-' 
7.95 x lo-' 
6.55 x 10-1 

5.40 x lo-' 

4.45 x lo-' 
3.67 x 10-1 
3.02 x lo--' 
2.49 x lo-' 
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Radionuclide Leaching Predictions 

..... . .  

Table F3 (continued) 

Annual amount leachedb," 
(g/year> 

Inventory of silo 
Year (g) Advection Diffusion Total 

500 
510 

520 

530 
540 
550 
560 

570 
580 

- 590 
600 
610 

620 
630 

640 

650 

660 
670 

680 
690 

700 

710 

720 

730 
740 
750 
760 
770 
780 
790 
800 

1.05 x 10' 

8.68 x 10' 
7.15 x 10' 
5-90 x 10' 

4.86 x 10' 
4.01 x 10' 
3.30 x 10' 
272 x 10' 
2.24 x 10' 
1.85 x 10' 

1.52 x 10' 
1.26 x 10' 
1.04 x 10' 
8.54 x lo-' 
7.04 x lo-' 
5-80 x lo-' 
4.78 x lo-' 
3.94 x lo-' 
3.25 x lo-* 
2.68 x lo-' 
2.21 x lo-' 
1.82 x lo-' 
1.50 x 10-1 
1.24 x 10-1 

1.02 x lo-' 
8.40 x 
6.93 x 
5.71 x 
4.71 x 
3.88 x 
3.20 x 10-2 

205 x 10-1 

1.69 x lo-' 
1.40 x lo-' 
1.15 x 10-1 

9.48 x 
7.82 x 
6.44 x 
5.31 x 
4.38 x 
3.61 x 
2.98 x 
2.45 x 
2.02 x 10-2 
1-67 x 
1.37 x 
1.13 x 
9.33 x 10-3 
7.69 x 10-3 

6.34 x 10-3 
5.23 x 10-3 

4-31 x 10-3 

3.55 x 10-3 

2.93 x 10-3 

2-41 x 10-3 
1-99 x 10-3 
1-64 x 10-3 

1.35 x 10-3 
1.11 x 10-3 
9.18 x 10-4 
7.57 x 10-4 

6-24 x 10-4 

0 
0 
0 
0 
0 
0 
0 
0 

1.26 x 
3.36 x 
1.21 x 10-43 
4.15 x 10-43 
1.37 x 10-42  

4-31 x 10-42 

1.30 x 10-41 

3.77 x 10-41 

1.05 x 10-40 
2.83 x 
7.36 x 
1.85 x 

1.06 x lo-% 
2.44 x lo-% 
5.43 x 10- 

4.50 x 10-39 

1.18 x 10-37 
2.50 x 10-37 

5-14 x 10-37 
1.03 x lo-% 
2.03 x lo-% 
3.91 x lo-% 
7.37 x 10- 

2.05 x 10-1 
1.69 x lo-' 
1.40 x 10-1 

1.15 x 10-1 
9.49 x 
7.82 x 
6.44 x 
5.31 x 
4.38 x 
3.61 x 
2.98 x 
2.45 x 
2.02 x 
1.67 x 
1.37 x 
1.13 x 
9-33 x 10-3 
7-69 x 10-3 

6-34 x 10-3 

5-23 x 10-3 
4-31 x 10-3 

3.55 x 10-3 

2.93 x 10-3 
2.41 x 10-3 

1-64 x 10-3 

1-35 x 10--3 

9.18 x 10-4 

7.57 x 10-4 
6.24 x 10-4 

1.99 x 

1.11 x 

.... .. .. 
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SWSA 6 Perfomance Assessment 

Table F3 (continued) 

Annual amount leachedbb*“ 
(&ear> 

Inventory of silo 
Year (g) Advection Diffusion Total 

810 2.64 x 5.14 x 10-4 1.36 x 10-35 5.14 x 10-4 

820 2.17 x 
830 1.79 x 
840 1.48 x 
850 1.22 x 
860 1.00 x 
870 8.27 x 

890 5.62 x 

910 3.82 x 
920 3.15 x 
930 2.59 x 
940 2.14 x 
950 1.76 x 

BO 6.81 x 10-3 

900 4.63 x 10-3 

960 1.45 x 10-3 
970 1.20 x 10-3 

990 8.13 x 10-4 

io00 6.70 x 10-4 

980 9.87 x 

4.24 x 10-4 
3.49 x 10-4 

2.133 x 10-4 
2.37 x 10-4 

1.96 x 10-4 
1.61 x 10-4 
1-33 x 10-4 

1-10 x 10-4 
9.03 x 
7.45 x 
6.14 x lo-’ 

5.06 x lo-’ 
4.17 x lo-’ 
3.44 x lo-’ 

2.83 x lo-’ 
2.34 x 
1.93 x 
1.59 x lo-’ 
1.31 x 

2.46 x 10-35 
4.37 x 10-35 

7.62 x 10-35 
1.31 x lo-” 
2.20 x lo-” 
3.64 x 10- 
5.93 x lo-” 

9.52 x 
1-50 x 10-33 

2-35 x 10-33 
3.61 x 10-33 
5.47 x 10-33 
8-19 x 10-33 

1.21 x 10--.32 
1.77 x 10-32 

2-55 x 10--32 

3.64 x 10-32 

5.13 x 10-32 

7.16 x 10-32 

4.24 x 10-4 
3.49 x 10-4 

2.88 x 10-4 
2.37 x 10-4 
1-96 x 10-4 
1-61 x 10-4 

1-33 x 10-4 

1-10 x 10-4 
9.03 x 
7.45 x 
6.14 x 
5.06 x 
4.17 x 
3.44 x 
2.83 x 
2.34 x 
1.93 x 

1.31 x 
1-59 x 10-5 

The solubility constraints were exceeded. 
“1000-year simulation length, 50-year output edit frequency. 
byears in which the sum of advective and difhsive leaching exceeds the total presented are 

constrained by the solubility limit (e& years 30-310) (see Sect. C.2). 
‘Disposal unit failure is predicted at year 239. As a result, more water flows through the unit 

causing a higher release. The total release is constrained by the solubility limit (e.g., years 
240-310) until the inventory is depleted to a level that allows a Kd controlled release. 
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Radionuclide Leaching Predictions 

.- ...... 

Table F.4. Example of an input and output file for the 
leaching of lnCk from Tumulus I 

InDut data summarv 

Groundwater pmperites 

Flux entering disposal unit 
(crn/mon t h) 

January: 9.58 x 10' February: 8.56 x 10' 

July: 2.00 x lo-' August: 2.50 x lo-' 
October: 1.00 x lo-' November: 7.00 x lo-* 

April: 5.77 x 10' May: 7.43 x 10' 

Disposal unit area 
Total dissolved solids 
G-roundwa ter temperature 

4 . a  x 102m2 

1.50 x 10' "C 
3.49 x l d p p r n  

Groundwater pH 6.75 x loo 

Saturated hydraulic conductivity: 
Recharge 5.80 x cmls 
Soil backfill 3.50 x cm/s 
Concrete 1.00 x IO-'' cm/s 

Groundwater cons tit uen t concentrations: 
Ca2+ 2.10 x molL 
Cl- 2.04 x m o a  
GO?- 1-00 x molL 
Mg2' 5.21 x m o a  
sot- 2.62 x molL 
0 2  1.63 x mol/L 

Constituent solubilities: 
2.00 x 10-~moUL 
1.20 x moIL 
1.20 x 1 0 - ~  mom 

March 8.30 x 100 
June: 6.70 x lo-' 
September: 1.60 x IO-' 
December: 6.86 x 100 

Concrete constituent concentrations: 
Calcium concentration in C-S-H system 1.75 x 10' mol/L 
Calcium concentration in pore fluid 2-00 x IO-' mol/L 
CaO content in cement 2.11 x 10' molL 
Free C1- 1.00 x 10-2rnol/L 
Silica concentration in C-S-H system 7.10 x lo-' m o l L  

... . 
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Table E4 (continual) 

Concrete design specifications 
Compressive strength at 28 Days 
Poisson's ratio of concrete 
Modulus of elasticity of steel 
Yield strength of steel 
Modulus of subgrade reaction 
Young's modulus of elasticity 
Concrete water/cement ratio 
Concrete density 
Concrete porosity 
Cemcnt content 
Initial pH 

Diffusion coefficients in concrete: 
NaOH, KOH 

CI- 
Ca(OW2 

co* 
0 2  
so:- 

Tumulus design specifications: 
Layers of vaults 
Number of vaults wide 
Number of vaults long 

Vault dimensions: 
Width 
Length 
Height 

Concrete member thickness: 
Roof 
Walls 
Floor 

Steel reinforcement radius: 
Roof 
Walls 
Floor 

3.52 x lo2 kg/cm2 
1.50 x lo-' 
2.04 x lo6 kg/cm2 
4.22 x Id kg/cm2 
1.41 x lo2 kg/cm2 
2.04 x lo5 kg/cm2 
4.00 x lo-' 
2.40 x 10' g/cm' 
1.50 x lo-' 
3.85 x lo2 kg/m3 
1.25 x 10' 

2.12 x IO-" m2/s 
1.82 x lo-" m2/s 
5.08 x lo--" m2/s 
1.92 x lo-'' m2/s 
2.10 x IO-'' m2/s 
1.06 x IO-" m2/s 

2 
8 

18 

1.52 x 10' m 
2.13 x l o o m  
1.65 x l o o m  

1.78 x 10' cm 
1.78 x 10' cm 
1.78 x 10' cm 

7.94 x lo-' cm 
6.35 x lo-' cm 
6.35 x lo-' cm 
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Table E4 (continued) 

Spacing of steel reinforcement: 
Roof 2.54 x 10' cm 
Walls 3.05 x 10' cm 
Floor 3.05 x 10' cm 

Concrete Cover Thickness on Tension Face 
Roof 
Xdirection 7.77 x 10' cm 
Y-direction 9.37 x IO' cm 

Walls 
Horizontal direction 
Vertical direction 

Xdirec tion 
Y -8irec tion 

Floor 

Static load 
Vault layer 1 
Vault layer 2 

8.26 x 10'cm 
9.52 x 10' cm 

5.08 x 1O'cm 
6-35 x l0'cm 

3.65 x 10-1 kg/cm2 
7.10 x lo-' kg/cm2 

Soil and waste properties: 
Earthen cover thickness 
Earthen cover density 
Friction angle of waste backfill 
Friction angle of soil back€dl 
Density of waste backfill 
Density of soil backfill 
Waste density 
Average moisture content of waste 

1.83 x loom 
1.76 x 10' g/cm3 
4.00 x 10' deg 
3.00 x 10' deg 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
9.90 x 10-1 

Concrete and waste package failure rates: 
Waste container : 
Start of failure 
Time to complete failure 

Start of failure 
Time to complete failure 

0.80 x IO' years 
6.00 x 10' years 

0.00 x 100 years 
2-00 x IO' years 

Epoxy coating: 

.... 
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SWSA 6 Pe$ormance Assessment 

Table E4 (continued) 

Nuclide 
Half-life 
Solubility 
Waste Kd 
Diffusion coefficient 

Waste 
Concrete 

Initial inventory 

1 3 7 ~  

3.00 x IO' years 
1-60 x lo1 mom 
1-99 x lo1 mI/g 

6.80 x 10-l2 m2/s 
5.12 x m2/s 
5-81 x 10-4 g 

Output summary (leaching of 137Cs) 

Inventoqf' Annual amount leached 
(@aW (&ear) 

Year Vault 1 Vault 2 Advection Diffusion Total 

1 5-68 x 10-4 5.68 x 10-4 

io  4-61 x 10-4 4.61 x 10-4 

20 3.66 x 10-4 3-66 x 10-4 

30 2.90 x 10-4 2.91 x 10-4 

40 2.31 x 2.31 x 

50 1.83 x 1.83 x 

60 1.45 x 1.45 x lo-' 
70 1.15 x 1.15 x 

80 9.15 x 10-5 9.15 x 10-5 

90 7-26 x 10-5 7.26 x 10-5 

io0 5.76 x 10-5 5.76 x 10-5 

110 4.57 x 10-5 4.14 x 10-5 

120 3.62 x 10-5 2.94 x 10-5 

130 2.87 x 10-5 2.09 x 10-5 

140 2.28 x 10-5 1.48 x 10-5 

150 1.80 x lo-' 1.05 x lo-' 

160 1.43 x lo-' 7.42 x 

170 1.13 x lo-' 5.24 x 

5.63 x 10-l2 

4.57 x lo-" 

7.26 x lo-" 

8.64 x lo-" 
9.14 x lo-" 
9.07 x lo-" 
8.64 x lo-" 
6.86 x lo-" 

5.44 x lo-" 

4.32 x lo-" 

3.43 x lo-" 

4.63 x 10-7 

3.29 x 10-7 

2.33 x 10-7 

1.65 x 10-7 

1.17 x 10-7 

8.30 x 

5.86 x 

0.00 x 10' 5.63 x 10-l2 

1.46 x 4.57 x lo-" 
2.66 x 10-ls 7.26 x lo-" 

1.97 x 10-14 8.64 x 10-11 

1.84 x IO-'* 

2.88 x lo-" 
1.80 x 10-lo 

5.65 x lo-'' 

9.33 x lo-" 

1.20 x 1O-'O 

2.66 x 10-lo 

6.33 x lo-'' 

1-28 x 10-9 

2.35 x 10-9 

3.69 x 10-9 

4.95 x 10-9 

6.05 x 10-9 

6-93 x 10-9 

7.54 x 10-9 

7.88 x 10-9 

7.97 x 10-9 

7.83 x 10-9 

1-34 x 10-9 

2.39 x 10-9 

3-72 x 10-9 

4.68 x 10-7 

3.35 x 10-07 

2-40 x 10-07 

1.73 x 10-07 

1-25 x 10-07 

9.09 x 10-8 

6.64 x 10-8 
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Radionuclide Leaching Predictions 

Table F.4 (continued) 

Inventov Annual amaunt leached 
(gh.au't) (&ear) 

Year Vault 1 Vault 2 Advect ion Diffusion Total 

180 8.97 x 3.30 x 

190 7.12 x 2.07 x 

200 5-65 x 1.29 x 

210 4.48 x 10-6 8.06 x 10-7 

220 3.56 x 10-6 5.00 x 10-7 

240 2.24 x 10-6 1.91 x 10-7 

230 2.82 x 3-09 x 

250 1.78 x 1.17 x 
260 1.41 x 7.13 x 

270 1.12 x 433 x 

280 8.90 x 2.61 x lo-' 
290 7.06 x 10-7 1.57 x 10-8 

300 5.61 x 10-7 9.35 x 10-9 

310 4.45 x 10-7 5.55 x 10-9 

320 3.53 x 10-7 3.27 x 10-9 

340 2.22 x 10-7 1-11 x 10-9 

360 1.40 x 10-7 3-68 x 10-10 

370 1.11 x 10-7 2.10 x 10-10 

330 2.80 x 1.91 x 

350 1.77 x 6.42 x lo-'' 

380 8.83 x lo-' 1.18 x lo-'' 
390 7-01 x 6.63 x lo-'' 

7.46 x 
4.68 x 
2.93 x 1WS 

1.82 x 
1.13 x 

7.01 x 10-9 

2-65 x 10-9 

1-62 x 10-9 

4.32 x 

9.82 x 10-l' 

5.93 x lo-'' 
3.56 x 
2.13 x lo-*' 
1.26 x lo-'' 

7.44 x lo-'' 
4.36 x 10-l' 

2.54 x 

1.47 x lo-" 

8.41 x lo-'' 
4.79 x 10-'2 

2.71 x 10-I2 

1.52 x 10-l2 

4.01 x 10-9 

3.10 x 10-9 

2-35 x 10-9 

1-74 x 10-9 

1.27 x 10-9 

9.15 x 10-l' 

6.48 x 10-l' 

4.52 x 10-l' 

3.12 x 
2.12 x 10-l' 

1.43 x 10-l' 

9.47 x 10-lX 

6.22 x 

4.04 x lo-" 
2.59 x lo-'' 
1.65 x IO-" 

1.04 x 
6.44 x 

3.96 x 

2.41 x lo-'' 

1.46 x 

8.68 x 

7.86 x 
4.99 x 
3.16 x lo-' 
2.00 x 

1.26 x lo-' 
7.93 x 10-9 

4.97 x 10-9 

3.10 x 10-9  

1-93 x 10-9 

1.19 x 10-9 
7.36 x 10-l' 

4-51 x lo-'' 
2.75 x 10-lo 

1.67 x 10-l' 

1.00 x lo-'' 
6.01 x lo-'' 

3.57 x 10-l1 

2.11 x lo-" 
1.24 x 

7.20 x lo-'' 

4.16 x 

2.39 x lo-'' 

n... -. 
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SWM 6 Perlbnnance Assessment 

Table E4 (continued) 

Inventory" Annual amount leached 
(dvault) (&ear> 

Year Vault 1 Vault 2 Advection Diffusion Total 

400 

410 

420 

430 

440 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570 

580 

590 

600 

6 10 

5.56 x 3.69 x 10-l' 

4.41 x 2.03 x lo-" 

3.50 x 1.11 x lo-" 

2.78 x lo-* 6.03 x 

2.21 x 3.24 x 

1.75 x lo-' 1.73 x 

1.39 x 9.14 x 10-13 

1.10 x 10-8 4.79 x 10-13 

8.76 x 10-.9 2-49 x 10-13 

6-95 x 10-9 1.28 x 10-13 

5.52 x 10-9 6.52 x 10-14 

4-38 x 10-9 3.30 x 10-14 

3.48 x 10-9 1.65 x 10-14 

2.76 x 10-9 8.18 x 10-15 

2-19 x 10-9 4.01 x 10-15 

1-74 x 10-9 1.95 x 10-15 

1-09 x 10-9 4.48 x 10-16 

1.38 x 9.40 x 10l6 

8.69 x 10-lo 2.12 x 10-l6 

6.90 x 10-lo 9.90 x 10-17 

5.47 x 10-10 4-58 x 10-17 

4.34 x 10-10 2.10 x 10-17 

8-41 x 10-13 

4-66 x 10-13 

2-55 x 10-13 

1-38 x 10-13 

7.45 x 10-14 

3.98 x 10-14 

2.10 x 10-14 

1-10 x 10-14 

5.74 x 10-15 

2-95 x 10-15 

1.51 x 10-15 

7.62 x 10--l6 

3.82 x 10-l6 

1.89 x 10-l6 

9.31 x 10-17 

4.53 x 10-17 

2.18 x 10-17 

1.04 x 10-17 

4.93 x 10-l8 

2.31 x 

1.07 x 

4.90 x 10-19 

5.12 x 10-13 

2.99 x 10-13 

1-73 x 10-13 

9-91 x 10-14 

5.61 x 10-14 

3.14 x 10-14 

1-74 x 10-14 

9.57 x 10-15 

5-20 x 10-15 

2.80 x 10-15 

1.49 x 10-15 

7.83 x 10-l6 

4.08 x 10-l6 

2.10 x 10-l6 

1.07 x 
5-40 x 10-17 

2.70 x 10-17 

1-33 x 10-17 

6.50 x lo-'* 
3.14 x 
1.50 x lo-'* 

7.10 x 10-19 

1.36 x 10-l2 

7.65 x 10-13 

4-28 x 10-13 

2-38 x 10-13 

1.31 x 10-13 

7-12 x 10-14 

3.85 x 10-14 

2.06 x 10-14 

1.09 x 10-14 

5.75 x 10-15 

2.99 x 10-15 

1.54 x 10-15 

4.89 x 

3.99 x 10-l6 

2.00 x 10-l6 

9.93 x 10-17 

4-88 x 10-17 

2.37 x 10-17 

1.14 x 10--17 

5.45 x 10-l8 

2.57 x 10-lg 

1.20 x 10-18 



Radionucfide Leachine Predictions 

Table F.4 (continued) 

Inventow Annual amount leached 
(g/vault) (&ear) 

Year Vault 1 Vault 2 Advection Diffusion Total 

620 

630 

640 

650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 

770 

780 

790 

800 

810 

820 

830 

840 

3.45 x 10-l0 

2.74 x 10-lo 

2.17 x lo-'' 

1.72 x lo-'' 
1.37 x 10-lo 

1.09 x 10-'O 

8.62 x 10-l' 

6.84 x 1O-l1 

5.43 x lo-" 

4.31 x 

3.42 x lo-'' 

2.72 x lo-" 

2.16 x lo-" 
1.71 x lo-" 

1.36 x lo-" 
Lo8 x 10-I' 

8.55 x 1O-l2 

6.79 x 10-l2 

5.39 x f0-12 

4.28 x 

3.39 x 10-l2 

2.69 x 

2.14 x 

9.52 x 10-l8 

4.27 x 10-l8 

1.90 x 10-18 

8-36 x 10-19 

3.64 x 10-19 

1.57 x 

6.68 x 

2.82 x 

1.18 x 
4.86 x 

1.99 x 10-21 

8.03 x 

3.21 x lo-= 
1.27 x IO-= 

4.98 x LO-% 

1.93 x 

7.39 x lo-% 
2.80 x lo-% 

1.05 x 10-24 

3.89 x lo-= 
1.43 x 

5.18 x lo-% 

1.86 x lo-% 

2.23 x 10-19 

1.00 x 10-19 

4.45 x lo-2o 
1.96 x 

8.54 x 
3.68 x 
1.57 x 

6.64 x lo-= 

2.77 x 
1.15 x 10-22 

4.69 x lo-= 

1-90 x 10-23 

7.61 x 10-24  

1.18 x 10-24 

3.01 x lo-" 

4.58 x 

1.16 x 
6.67 x lo-% 
2.50 x IO-% 

9.28 x 

3-41 x 10-27 

1.24 x 10-27 

4.45 x lo-% 

3.32 x 10-19 

1.54 x 10-19 

7.03 x 

3.18 x lo-*' 
1.42 x 
6.31 x 

2.76 x 
1.20 x 10-21 

5.12 x 

2.17 x 

9.09 x 
3.77 x 10-23 

1.54 x lo-% 
6.25 x lo-" 
2.50 x 10-24 

9.92 x lo-= 
3.88 x 10-3 

1.50 x 

5.76 x lo-% 
2.18 x 
8.16 x 

3.02 x 10-27 

1.11 x 

5.55 x 10-19 

2.54 x 10-19 

1.15 x 10-19 

5.14 x 
228 x 

9.99 x 10-21 

4.33 x 

1.86 x 

7.90 x 
3.32 x lo-= 
1.38 x 

5.67 x 

2.30 x lo-= 

9.26 x lo-% 

3.69 x lo-% 
1.45 x 10-24 

5.64 x lo-z 
2.17 x 

8.26 x 18-26 

3.11 x lo-% 
1.16 x 10-26 

4.26 x 

1.55 x 10-27 

.... 
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SWSA 6 Perfbmtance Assessment 

Table F.4 (continued) 

Invent o v  Annual amount leached 
(g/vault) (&ear> 

Year Vault 1 Vault 2 Advection Diffusion Total 

850 

860 

870 

880 

890 

900 

910 

920 

930 

940 

950 

960 

970 

980 

990 

1000 

1.70 x 10-l2 

1.35 x lo--’* 

1.07 x 

8-49 x 10--13 

6.74 x 10-13 

5.35 x 10-13 

4.24 x 10--13 

3.37 x 10--13 

2.67 x 10-13 

2.12 x 10-13 

1.68 x 10-13 

1-34 x 10-13 

1.06 x 10-13 

8.42 x 10-14 

5-30 x 10-14 

6.68 x 

6.59 x 10-27 

2.31 x 10-27 

8.03 x 

2.76 x lo-% 

9.35 x 

3.14 x 10-29 

1.04 x 10-29 

1.11 x 10-30 

1.13 x 10-31 

3.55 x 10-32 

1.10 x 10--32 

3.38 x 10-33 

1.02 x 10--33 

3.42 x 

3.56 x 

3.07 x lo-” 

1.58 x 

5.55 x ~ 2 9  

6.62 x 10-30 

7.56 x 10-31 

2-51 x 10-31 

8-26 x 10-32 

2.68 x 10-32 

8.62 x 10--33 

2.74 x 10-33 

8-60 x 10-34 

2-67 x 10-34 

8.21 x 10-35 

2.49 x 10-35 

7-48 x 10-36 

1.93 x 

2.25 x lo-” 

4.00 x 

1.43 x lo-= 

5.06 x 10-29 

1.77 x 10-29 

6.12 x 10-30 

2.09 x 10-30 

7.07 x 10-31 

2.36 x 10-31 

7.79 x 10-32 

2.54 x 10-32 

8.21 x 10-33 

2.62 x 10-33 

8-26 x 10-34 

2.58 x 10-34 

7.94 x 10-35 

2.42 x 

5.58 x 

1.99 x 

6.99 x lo-” 

2.43 x 

8.37 x 10-30 

2.85 x 10-30 

9-58 x 10-31 

1.05 x 10-31 

3-41 x 10-32 

1.09 x 10.-32 

3.48 x 10-33 

1.09 x 10-33 

3.19 x 

3.40 x lo--% 

1.04 x lo-” 
3-17 x 10-35 

The solubility constraints were not exceeded. 

cracked waste storage vault. 
“In the output summary, Vault 1 represents an intact waste storage vault, and Vault 2 represents a 
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Table FS. Input data summary for a biological trench 
at Solid Waste Storage Area 6" 

Input Datad Summary 

Groundwater properties 

Flow entering trench 
(cmhonth) 

January: 9.58 x 10' February: 8.56 x loo March: 8.30 x 10' 
April: 5.77 x IOo May: 7.43 x 10' June: 6.70 x lo-' 

July: 2.00 x lo-' August: 2.50 x lo-' September: 1.60 x lo-' 
October: 1.00 x lo-' November: 7.00 x December 6.86 x 10' 

Disposal unit area 
Total dissolved solids 
Groundwater temperature 
Groundwater pH 

4.70 x 10' m3 
3.49 x lo2 mg/L 
1.50 x lo1 "C 
6.75 x 10' 

..... 

Saturated hydraulic conductivity 
Recharge 5.80 x cm/s 
Soil backfill 3.50 x 10" cm/s 
Concrete 3.50 x 10-3 cmis 

Groundwater constituent concentrations 
Ca2+ 2-10 x 10" rnol/L 
C1- 2.04 x lo4 mol/L 
c0;- 1.00 x mol& 
Mg2+ 5.21 x moI/L 
SO:- (inside) 2.62 x molL 
SO:- (outside) 2.62 x mol/L 
0 2  1.63 x mol/L 

Constituent solubilities 
Ca(OH), 2.00 x mol/L 
c0:- 1.20 x mol& 
Mg2+ 1.20 x 10" mol/L 

.... 
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Table F5 (continued) 

Properties of concrete 

Concrete constituent concentrations 
Calcium concentration in C-S-H system 
Calcium concentration in pore fluid 
CaO content in cement 
Free C1- 
Silica concentration in C-SLH system 

Concrete design specifications 
Compressive strength at 28 days 
Poisson's ratio of concrete 
Modulus of elasticity of steel 
Yield strength of steel 
Modulus of subgrade reaction 
Young's modulus of elasticity 
Concrete waterkement ratio 
Concrete density 
Concrete porosity 
Cement content 
Initial pH 

Diffusion coefficients in concrete 

Trench dimensions 
Trench radius 
Trench height 

Concrete member thickness 
Roof 
Walls 
Floor 

1.75 x lO'mol/L 
2.00 x 102moI/L 
2.11 x IO' mol/L 
1.00 x mol/L 
7.10 x lo-' mol/L 

3.52 x IO2 kg/cm2 
1-50 x lo-' 
0.00 x 10' kg/cm2 
0.00 x 10' kg/cm2 
2.11 x 10' kg/cm2 
0.00 x 10' kg/cm2 
4.00 x 10-1 
2.40 x 10' g/cm3 
1.50 x 10-1 
3.85 x lo2 kg/m3 
1.26 x 10' 

2.12 x IO-" m2/s 
1.82 x 10." m2/s 
5.08 x IO-" m2/s 
1.92 x lo-'' m2/s 
2.10 x IO"' m2/s 
1.06 x IO-'' m2/s 

Trench design speciscation8 

4.98 x 10' m 
5.20 x IO' m 

3.05 x 10' cm 
1.52 x 10' cm 
3.05 x 10' cm 
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Table F5 (continued) 

.... 

Steel reinforcement radius 
Roof 
Walls 
Floor 

0.00 x 10°cm 
0.00 x loo cm 
0.00 x loo cm 

Spacing of steel reinforcement 
Roof 0.00 x loo cm 
Walls 0.00 x 10"crn 
Floor 0.00 x 10°cm 

Corrugated steel thickness 
Compression face 
Tension face 

0.00 x 10'cm 
O.OO x 10'cm 

Concrete cover thickness on tension face 
Roof 

X-direc t ion 1.48 x lo1 cm 
Y direction 1.48 x 1O'cm 

Horizontal direction 0.00 x 10'cm 
Vertical direction 0.00 x 10'cm 

1.48 x lo1 cm 
1.48 x 1O'cm 

Walls 

Floor 
Xdirec tion 
Y -direc t ion 

Soil and waste properties 

Earthen cover thickness 
Earthen cover density 
Friction angle of waste backfill 
Friction angle of soil backfill 
Density of waste backfill 
Density of soil backtill 
Waste density 
Average moisture content of waste 

1.83 x l o o m  
1.76 x 10' g/cm3 
4.00 x lo1 deg 
3.00 x lo1 deg 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
1.76 x 10' g/cm3 
9.90 x 10-l 

.... 
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Table F5 (continued) 

Concrete and steel failure rates 

Epoxy coating 
Start of failure 
Time to complete failure 

Start of failure 
Time to complete failure 

Steel liner 

Nuclide 
Half-life 
Solubility 
Waste Kd 
Diffusion coefficient 

Waste 
Concrete 

Initial inventory 

0.00 x IO' years 
0.00 x 10' years 

0.00 x 10'years 
0.00 x 10' years 

Nuclide-specific parameters 

"Sr 
2.85 x lo1 years 
7.45 x 10-~  moI/L 
8.74 x 10' mL/g 

1.17 x lo-" m2/s 
1.34 x lo-'' m'/s 
2.65 x 10-4 g 

Output summary 

Annual amount leached 
W Y W  

Inventory 
Year (g) Advection Diffusion Total 

1 2.41 x 10-4 1-80 x 10-5 4.94 x 10-15 1.80 x 10--5 

10 1.17 x 10-4 4.33 x lo-' 1.61 x lo-' 5.94 x lo-' 

20 9.15 x 10-5 3.38 x lo-' 2.05 x lo-' 5.42 x lo-' 

30 7.13 x 10-5 2.63 x lo-' 1.70 x lo-' 4.34 x lo-' 

40 5.56 x 10-5 2.05 x lo-' 1.31 x lo-' 3.37 x lo-' 

GO 2.42 x 10-5 1.20 x 5.59 x 10-9 1.21 x 
50 4.28 x 10-5 3-85 x 10-7 9.88 x 10-9 3.95 x 10-7 

70 1-17 x 10-5 5.82 x 10-7 2.60 x lo-' 5-84 x 10-7 
80 5.64 x 2.81 x 10-7 1.21 x 1WY 2.82 x 10-7 

90 2.73 x 1-36 x 10-7 5.61 x lo-'' 1-36 x 10-7 

100 1.32 x 6.55 x 2.62 x lo-'' 6.58 x lo-' 
110 6.36 x 3.17 x lo-' 1.22 x lo-'' 3.18 x lo-' 
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Table F5 (continued) 

Annual amount leached 
(&ear) 

Inventory 
Year (g) Advection Diffusion Total 

120 

130 

140 

150 

160 

170 

180 

I90 
200 

210 

220 

230 

240 
250 

260 

270 
280 

290 

300 
3 10 

320 

330 
340 

350 

360 

370 

380 

390 
400 
410 
420 
430 

3.07 x 10-7 

1.4 x 10-7 

7.17 x lo-* 
3.47 x 
1.67 x lo-' 
8.09 x 
3-91 x 10-9 

1.89 x 10-9 

9.13 x lo-'' 
4.41 x lo-'' 
2.13 x lo-'' 
1.03 x lo-'' 
4.98 x 10-l' 

2.41 x lo-" 
1.16 x lo-'' 
5.63 x 10-l2 

2.72 x 10-l2 

1.32 x lo-'* 
6-36 x 10-13 

3.07 x 10-13 

1-49 x 10-13 

7-18 x 10-14 

3.47 x 10-14 

1.a x 10-14 

8.12 x 10-15 

1-90 x 10-*5 

3.92 x 10-l6 

9.17 x 
4.43 x 
2.14 x 
1.04 x 
5-01 x 10-17 

1.53 x 
7.39 x 10-9 

3.57 x 10-9 

1.72 x 10-9 

8.33 x lo-'* 
4.03 x lo-'' 
1.95 x lo-'' 
9.41 x lo-" 
4.55 x 10-l1 

2.20 x 10-l1 

1.06 x 10-l1 
5.13 x 
2.48 x lo-*' 
1.20 x 1o-l2 

5-80 x 10-13 

2.80 x 10-13 

1.35 x 10-13 

6.55 x 10-14 

3.16 x 10-14 
1-53 x 10-14 

7.39 x 10-15 

3.57 x 10-15 
1.73 x 10-15 

8.35 x 10-l6 

4.04 x 10-l6 

1.95 x 
9.44 x 10-17 

4-56 x 10-17 

2.21 x 10-17 

1-07 x 1 0 4 7  

5.16 x 10-l8 

2.50 x 

5.72 x lo-" 
2.68 x 1o-l1 
1.26 x 10-l1 

5.93 x 10-l2 
2.79 x 10-l' 

1.32 x 10-l2 

6.21 x 10-13 

2.93 x 10-13 

1.39 x 10-13 

6.57 x 10-14 

3-11 x 10-14 
1-48 x 10-14 

7.00 x 10-15 

1.58 x 10-15 

3.33 x 10-15 

7.51 x 
3.57 x 
1.70 x 
8.10 x 10-17 

3-86 x io-*'/ 
1-84 x 10-17 

8.76 x 
4.18 x lo-" 
1.99 x 10-I' 

9.51 x 10-19 

4.54 x 10-19 

2.17 x 10-19 

1-04 x 1049 

4.95 x 
2.37 x 
1.13 x 
5.41 x 

1.54 x lo-' 
7.42 x 10-9 

3-58 x 10-9 

1-73 x 10-9 
8.36 x 1O-I' 
4.04 x 10-'O 

1.95 x 
9.44 x lo-" 

4.56 x 10-l1 
2.20 x 10-11 
1-06 x lo-" 
5.15 x 10-l2 

2.49 x 
1.20 x 10-l2 

2.81 x 
5.81 x 10-13 

1.36 x 10-13 

6.56 x 10-14 

3.17 x 10-14 

1.53 x 10-14 

7.41 x 10-15 

3-58 x 10-15 

1-73 x 10-15 
8.37 x 10-l6 

4.05 x 10-l6 

1.96 x 
9.46 x 10-17 

4.57 x 10-17 

2.21 x 10-17 

1.07 x 
5.17 x 10-l8 
2.50 x lo-'' 

F-35 



SWSA 6 Performance Assessment 

Table F5 (continued) 

Annual amount leached 
W Y = 4  

Inventory 
Year (g )  Advection Diffusion Total 

440 

450 

460 
470 

480 

490 
500 

510 

520 

530 

540 

550 

560 

570 

580 

590 

600 

610 

620 

630 

640 

650 
660 
670 

680 
690 

700 
710 
720 

730 

740 

750 

2-42 x 10-17 

1-17 x 10-17 

5.67 x 10-l8 

2.74 x 10-l8 

1.32 x lo-’’ 
6.40 x 1O-l’ 

3.10 x 10-19 

1.50 x 10-19 

7.24 x 
3.50 x 
1.69 x 
8.19 x 
3.96 x 
1.91 x 
9.26 x lo-” 

4.48 x lo-” 
2.16 x lo-” 
1.05 x 
5.06 x 
2.45 x 
1.18 x lo-” 

5-72 x 10-24 

2-77 x 10-24 

1-34 x 10-24 

6.47 x lo-= 

3.13 x 
1.51 x 
7.32 x 

1.71 x 
8.29 x 
4.00 x lo-“ 

3.54 x 10-26 

1.21 x 10-l8 

5-83 x 10-19 

2.82 x 10-19 

1.36 x 10-19 

6.59 x 
3.19 x 
1.54 x 
7.45 x 
3.60 x 
1.74 x 
8.42 x lo-” 

4.07 x lo-” 

1.97 x 
9.53 x lo-” 

4.61 x lo-” 
2.23 x lo-= 
1.08 x lo-” 
5.21 x lo-” 

1.22 x lo-” 
5.89 x lo-= 

2.85 x lo-= 
1.38 x 
6.66 x 
3.22 x lo-% 
1.56 x lo-% 

7.53 x 
3.64 x 
1.77 x 
8.52 x 
4.12 x lo-% 
2.00 x 10-28 

2.52 x 10-24 

2.59 x 
1.24 x 
5.93 x 
2.84 x lo-” 
1.36 x lo-” 
6.51 x 
3.12 x lo-” 
1.49 x 
7.16 x 10-24 

3.43 x 10-24 

1.64 x lo-” 
7.88 x 
3.78 x lo-= 

1.81 x lo-= 

8.69 x 
4.17 x 
2.00 x 10-26 

9.59 x 
4.60 x 
2.21 x 10-27 

1.06 x 
5.09 x 
2.44 x lo-% 
1.17 x 
5.63 x 
2.71 x 
1.30 x 
6.24 x 
3.00 x 
1.44 x 
6-92 x 10-31 
3.32 x 10-3’ 

1.21 x lo-’* 
5.84 x 10-19 

2-82 x 10-19 

1-37 x 10-19 
6.60 x 
3.19 x 
1.54 x 
7.47 x 
3.61 x 
1.75 x 
8.44 x lo-” 
4.08 x lo-= 
1.97 x lo-= 
9.54 x lo-= 

4.62 x lo-= 
2.23 x lo-” 

1.08 x lo-” 
5.22 x 10-24 

2-52 x 10-24 

1.22 x lo-” 
5.90 x lo-= 
2.85 x 
1.38 x 
6.67 x 
3.23 x lo-% 
1.56 x 
7.55 x 
3.65 x lo-” 
1.77 x lo-% 
8.53 x 
4.12 x lo-= 
2.00 x 
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. . .. ... . 

Table F.5 (continued) 

Annual amount leached 
(g/year> 

Inventory 
Year (g> Advection Diff usisn Total 

760 

770 

780 

790 

800 

810 
820 

830 

840 

850 

860 

870 

880 

890 

900 

910 

920 
930 

940 

950 

960 

970 

980 

990 

1000 

1.94 x 10-27 

9.37 x lo-= 
4.53 x lo-= 
2.20 x lo-= 
1.06 x lo-% 
5.12 x 
2.48 x 
1.20 x 10-29 

5.80 x 10-30 

2-80 x 10-30 

1.36 x 10-30 

6.56 x 10-31 

1.53 x 10-31 

7.41 x 10-32 

3.59 x 10-32 

1-73 x 10-32 
8.40 x 10-33 

4.07 x 10-33 

1.97 x 10-33 

4.60 x 10-34 

1.07 x 10-34 

5.20 10-35 

3.18 x 

9.50 x 

2.22 x lo-% 

9.64 x 

2.26 x 
4-67 x 10-29 

1.10 x 10-29 

5-28 x 10-30 

2.56 x 10-30 
1.23 x 10-30 

5.97 x 10-31 
2.89 x 10-31 

6.75 x 10-32 

3.27 x 10-32 

7.63 x 10-33 

3.70 x 10-33 

1-79 x 10-33 

4-18 x 10-34 

2.02 x 10-34 
9.78 x 10-35 

4.72 x 10-35 

2.29 x 10-35 

1.10 x 10-35 

1.40 x 

1.58 x 

8.63 x 

5.34 x 
2-59 x lo-% 

1-60 x 10-31 

7.69 x 10-32 

3.70 x 10-32 

1.78 x 10-32 

8.53 x 10-33 

4-10 x 10-33 
1-98 x 10-33 

4-56 x 10-34 

2.20 x 10-34 

1-06 x 10-34 

5-08 x 10-35 

2.44 x 10-35 

1.18 x 10-35 

5-64 x 10-36 

2-72 x 10-36 

6.29 x 10-37 

3.02 x 10-37 

1-46 x 10-37 

3-38 x 10-38 

1.62 x 10-38 

7-80 x 10-39 

3.76 x 10-39 

9.49 x lo-= 

1-30 x lo-” 

7.00 x lo--% 

9-66 x 10-29 

4.67 x 
2.26 x 
1.10 x 10- 

5-29 x 10-30 

2.56 x 10-30 

1.23 x 10-30 
5.98 x 10-31 

1.40 x 10-31 

6-76 x 10-32 

3-27 x 10-32 

1-59 x 10-32 

7.64 x 10-33 

3-70 x 10-33 

1-79 x 10-33 
8.66 x 10-34 

4.19 x 10-34 

2.02 x lo-% 
9.79 x 10-35 

4.73 x 10-35 

2.29 x 10-35 

1.10 x 10-35 

5.36 x 10-36 

2.89 x 

2.60 x 
The solubility constraints were not exceeded. 

“1000-year simulation length, 50-year output edit frequency. 
”Trench modeled as a right circular cylinder with equivalent surface area. 
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fig. E12 Calculated release rates of u'Am from SWSA 6 disposal sites. 
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APPENDIXG 

DOSE ANALYSIS FOR OFFSITE INDIVIDUALS 
ANDrNADvERmINTRuDERs 

G.1 INTRODUCTION 

This appendix presents the models and data bases used to estimate radiation doses 
to members of the public per unit concentration of radionuclides in the environment 
following disposal of low-level waste in the different types of disposal units at the SWSA 6 
facility. The dose analysis considers two groups of exposed individuals: 

0 off-site individuak (i.e., members of the public who reside outside the boundary of the 

inadvertent intruders @e., individuals who come onto the disposal site following loss of 
disposal facility); and 

active institutional control). 

Off-site individuals may receive exposures from radionuclides that are transported beyond 
the facility boundary at any time after disposal. However, according to current 
Department of Energy (DOE) policy (DOE 1988a), inadvertent intrusion onto the 
disposal site is assumed to be precluded by active institutional controls for 1001 years after 
disposal. 

The performance assessment for low-level waste disposal units in the SWSA 6 
facility assumes that transport of radionuclides in surface water and groundwater is the 
principal mechanism for removal of radionuclides from disposal units (see Sects. 4.2 
and 4.3). Thus, off-site individuals are assumed to receive radiation doses primarily as a 
result of exposure to contaminated water. 

The dose analysis for inadvertent intruders considers two types of exposure 
scenarios. The first involves direct intrusion into disposal units, and four different 
exposure scenarios involving direct intrusion are evaluated. The second type of scenario 
involves exposure to contaminated water obtained from a source within the facility 
boundary. 

are assumed for off-site individuals or inadvertent intruders and the models and parameter 
values that are used in calculating effective dose equivalents to off-site individuals or 
inadvertent intruders for each exposure pathway. For exposures of off-site individuals or 
inadvertent intruders to contaminated water, the results of the dose analyses are 
summarized in the form of effective dose equivalents per unit concentration of 
radionuclides in water. For exposures of inadvertent intruders resulting from direct 
intrusion into disposal units, the results are summarized in the form of effective dose 

The following sections discuss the exposure scenarios and exposure pathways that 
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equivalents per unit concentration of radionuclides in disposal units at the time intrusion is 
assumed to occur. 

G.2 RADIONUCLIDES OF IMPORTANCE To DOSE ANALYSIS 

As indicated in Appendix A, low-level waste intended for disposal in SWSA 6 
contains a large number of radionuclides. However, not all of the radionuclides are 
potentially important in a dose analysis for off-site individuals or inadvertent intruders. 
Many radionuclides occur only in very low concentrations, and other radionuclides are 
sufficiently short-lived that they would decay to low levels either before off-site transport 
via water pathways could occur or before inadvertent intrusion onto the disposal site could 
occur at 100 years after disposal. 

The radionuclides initially considered in the dose analysis for off-site individuals or 
inadvertent intruders are listed in Table G.l. The choice of radionuclides was based on 
those listed in Tables A3-All of Appendix A. However, only radionuclides in disposed 
waste with half-lives greater than about 5 years are potentially important because 
radionuclides with shorter half-lives could not possibly result in significant doses for either 
group of exposed individuals, due to the performance of engineered barriers in 
conjunction with radionuclide travel times in the environment and the imposition of active 
institutional controls for 100 years after disposal. 

G3 ASSUMED EXPOSURE SCENARIOS AND EXPOSURE PATHWAYS 

This section describes the exposure scenarios and exposure pathways assumed in the 
dose analyses for off-site individuals and inadvertent intruders. The model equations and 
parameter values for each exposure pathway are presented in the following section. 

G3.1 Exposure Scenarios and Exposure Pathways €or OfE-Site Individuals 

The performance assessment for disposal units at the SWSA 6 facility assumes that 
radionuclides are transported to locations beyond the facility boundary primarily via the 
surface water pathway and that all contaminated groundwater is discharged to the surface 
within the facility boundary (see Sects. 4.2 and 4.3). Off-site transport via the atmospheric 
pathway following suspension into the air of radionuclides in solid waste is believed to be 
relatively unimportant. 

contaminated water for domestic and recreational purposes. The following pathways 
involving exposure to contaminated water are assumed to occur: 

An individual residing outside the boundary of the disposal facility is assumed to use 

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

external exposure while swimming in contaminated water. 
and 
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Table G.1. Radionlaclides CMtlijdered in doere analysis for 
Oflsite ixdividuals and imdvemm t intludeTs 

Nuclide" Half-lifeb>' Nuclide" Half-lifeb~' 
3H 
"c 
%Al 
"c1 
4oK 
6oco 
63Ni 

"Sr 

gprC 
llha 

D7cs 

"Eu 
154Eu 
* 5 E ~  

'l"Pb 

226Ra 

9oy (1.0) 

U7mBa (0.946) 

210Po (1.0) 

2aRn (1.0) 
21?b (1.0) 
214Bi (1.0) 

22SRa (1.0) 

mAc (1.0) 
"'Fr (1.0) 
'13Bi (1.0) 
"n (0.0216) 

zz&1 

p&1 

12.28 y 
5730 y 
7.2 x 10s y 
3.01 x le y 
1.277 x lo9 y 
5.271 y 

28.6 y 
64.1 h 
2.13 x Id y 
13.7 y 
30.17 y 
2.552 m 
13.6 y 

100.1 y 

8.8 y 
4.% y 
22.26 y 
138378 d 

1600 Y 
3.8235 d 
26.8 m 
19.9 m 
7.34 x Id y 
14.8 d 
10.0 d 
4.8 n 
45.65 m 
2.20 m 
7.7 x 104 y 

=Ra (1.0) 

% (1.0) 
(1.0) 

taoRn (1.0) 
"zPb (1.0) 
%i (1.0) 

*Ac (1.0) 

"n (0.3593) 
232ud 

"U 

W 

2J6v 
238v 

olTh (1.0) 

2347n (1.0) 
%pa (1.0) 
mPa (0.0016) 

n 3 ~ a  (1.0) 
07Np 

mPu 
"99pU 

T U  

242Pu 

2A3Am 

2d3cm 
244Cm 
249cf 

2 4 1 ~  

W P  (1.0) 

1.405 x lol*y 
5.75 y 
6.13 h 
1.9132 y 
3.62 d 
55.61 s 
10.643 h 
60.55 m 
3.053 m 

1.5952 x l e y  

7.038 x l @ y  
25.52 h 
2.3415 x lo7 y 

24.10 d 
1.17 m 
6.70 h 
2.14 x ls6y 
27.0 d 

72 Y 

244s x ldy 

4.468 x 109y 

87.75 y 
24131 y 
6569 y 

432.2 y 
7.38 x Id y 
2.355 d 
28.5 y 

350.6 y 

3.758 x 16 y 

98.11 y 

"Indented entries are radiologically significant decay products of parent radionuclide listed. For each 

bvalues from Kocher (1981). 
'y = year; m = month; d = day. 
dEntries for %, p*Ra, Wn, "Vb, "%i, and 

demy product, the branching fraction in the decay of the parent radionuclide is  given in parenthesea 

decay produ~s  are listed following TI. 
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Use of contaminated water by off-site individuals (as well as inadvertent intruders) for 
irrigation of food crops or pasture land is not considered, because rainfall is usually 
abundant in Oak Ridge and irrigation is not widely practiced at the present time. 

G32 Exposure Scenarios and Exposure Pathways for Inadvertent Intruders 

In estimating doses to an inadvertent intruder following loss of active institutional control 
over the disposal facility, an intruder is assumed to establish a permanent homestead on 
the site at any time beyond 100 years after disposal. Furthermore, the intruder is assumed 
to have no prior knowledge of waste disposal activities at the facility. Inadvertent 
intruders are assumed to receive radiation exposures from use of contaminated water 
obtained from sources within the facility boundary and from direct intrusion into waste 
disposal units. 

Exposure of inadvertent intruders to radionuclides in contaminated water is assumed to 
occur in conjunction with any of the scenarios involving direct intrusion into waste 
disposal units described below. For inadvertent intruders, the following exposure pathways 
involving use of contaminated water are assumed to occur: 

direct ingestion of contaminated drinking water; and 
Q ingestion of milk and meat from dairy and beef cattle that drink contaminated water. 

Thus, inadvertent intruders are assumed to use contaminated water within the facility 
boundary for domestic purposes only. The two exposure pathways are the same as those 
for off-site individuals, and the dose analyses for inadvertent intruders and off-site 
individuals for each pathway would differ only in regard to the assumed concentrations of 
radionuclides in the source of water used by those individuals. The pathway involving 
external exposure while swimming in contaminated water, which was included in the dose 
analysis for off-site individuals, is not included in the dose analysis for inadvertent 
intruders because surface waters suitable for swimming are not found within the boundary 
of the disposal site. 

For direct intrusion into the various disposal units after loss of institutional control, 
cxposures are assumed to occur according to one of four different scenarios-the 
agriculture, resident, discovery, and post-drilling scenarios. In all scenarios, an intruder is 
assumed to establish a permanent homestead on the disposal site and to establish on-site 
sources of foodstuffs. The four exposure scenarios and their associated exposure pathways 
are described as follows. 

directly on top of disposal units, and the foundation is assumed to extend into the units 
themselves. Radioactive wastes are assumed to be exhumed during construction of the 
foundation, and all wastes remaining in the disposal units at the time direct intrusion 
occurs are assumed to be indistinguishable from native soil. Some of the exhumed waste 
is assumed to be mixed with native soil in the intruder’s vegetable garden, and the 

In the agriculture scenario, an inadvertent intruder is assumed to construct a home 
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... . 

following pathways invohing exposure to radionuclides in the solid waste are assumed to 
occur: 

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

&&mal exposure to contaminated soil while working in the garden or residing in the 

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

intakes; 

home on top of the disposal units; and 

in the garden or residing in the home. 

..-.-.._ 

In the resident scenario, an intruder also is assumed to dig a foundation for a home 
at the location of disposal units, as in the agriculture scenario described above, but is 
assumed to encounter an intact and impenetrable engineered barrier (e.g., reinforced 
concrete) on top of the disposal units. The intruder then is assumed to construct a home 
directly on top of the intact engineered barrier above the waste. Since the engineered 
barrier is assumed not to be breached during excavation, the only exposure pathway of 
concern for the resident scenario is external exposure to photon-emitting radionuclides in 
the waste during the time the intruder resides in the home on top of the disposal units. 
Because of the presence of an engineered barrier in the resident scenario, which provides 
considerable shielding, the external dose per unit concentration of radionuclides in 
disposed waste while residing in the home on top of disposal units will always be greater in 
the agriculture scenario than in the resident scenario. Therefore, the resident scenario is 
intended to be applied only when inadvertent intrusion onto the disposal site first occurs 
at 100 years after disposal and the engineered barriers presumably are intact, at which 
time the external dose from shorter-lived radionuclides in the waste could be considerably 
higher than the dose at later times when the engineered barrier has degraded and 
residence on top of exposed waste could occur but the concentrations of these 
radionuclides would be greatly reduced by radioactive decay. 

home at the location of disposal units and is assumed to encounter an intact and 
impenetrable engineered barrier (e.g., reinforced concrete) used in constructing the units, 
as in the resident scenario described above. However, shortty aFter encountering the 
engineered barrier, the intruder decides to abandon digging at that location and moves 
elsewhere. Since waste in the disposal units is not directly accessed during the excavation 
activities, due to the assumed impenetrability of the engineered barrier, the only exposure 
pathway for this scenario is external exposure to photon-emitting radionuclides in the 
disposal units during the time the intruder digs at that location. For a given thickness of 
an engineered barrier, the external dose per unit concentration of radionuclides will always 
be greater in the resident scenario than in the discovery scenario, due to the much longer 
exposure time for the resident scenario. However, some disposal units in the SWSA 6 
facility are constructed with engineered barriers at the top which are considerably thicker 
than the engineered barriers at the sides. Therefore, the discovery scenario is intended to 
take into account that, in excavating at a disposal site, an intruder could approach disposal 
units from the side, rather than from the top, and the lesser exposure time in the 
discovery scenario could be compensated for by the reduced shielding at the side of 

In the discovery scenario, an intruder again is assumed to dig a foundation for a 
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disposal units. The discovery scenario presumes that an intruder would not construct a 
home immediately beside engineered disposal units. 

In the post-drilling scenario, direct intrusion into disposal units is assumed not to 
occur during construction of a home. Direct intrusion into disposal units during 
construction could be precluded by the presence of impenetrable engineered barriers, by 
burial of waste at depths greater than the normal depth of a foundation for a home, or by 
construction of a home at a location other than the location of disposal units. However, 
an intruder is assumed to access solid waste by drilling through a disposal unit (e.g., for 
the purpose of constructing a well for the intruder’s domestic water supply). During 
drilling, a small volume of radioactive waste, which is assumed to be indistinguishable from 
native soil, is brought to the surface. All of the drilling waste is assumed to be mixed with 
native soil in the intruder’s vegetable garden, and the following pathways involving 
exposure to radionuclides in the solid waste are assumed to occur: 

* ingestion of vegetables grown in the contaminated garden soil; 
* direct ingestion of contaminated soil from the garden in conjunction with vegetable 

* external exposure to contaminated soil while working in the garden; and 
0 inhalation of radionuclides suspended into air from contaminated soil while working in 

intakes; 

the garden. 

These pathways correspond to some of the pathways assumed for the agriculture scenario. 
However, in the pos t-drilling scenario, external and inhalation exposures while residing in 
the home are not considered, because all of the drilling waste is assumed to be mixed with 
soil in the vegetable garden. 

G.4 DOSE CONVERSION FAC;TORS FOR INTERNAL AND EXIERNAL 
EXPOSURE 

From the descriptions of the assumed exposure scenarios given above, doses to 
off-site individuals and inadvertent intruders are assumed to result from ingestion and 
inhalation of radionuclides and from external exposure to photons emitted by 
radionuclides in contaminated water, contaminated soil, or in the disposal units themselves. 
This section presents the factors that are used in the dose analysis to convert intakes of 
radionuclides via ingestion and inhalation to internal doses and to convert concentrations 
of radionuclides in water, soil, or disposal units to external dose rates. 

are given in Tables G.2 and G.3, respectively. These dose conversion factors give 50-year 
committed effective dose equivalents per unit activity intake of each radionuclide. These 
values were developed by the International Commission on Radiological Protection and 
have been adopted by DOE in assessing radiation doses to the public (DOE 1988b). 

The internal dose conversion factors for ingestion and inhalation of radionuclides 
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Table GLL Internal dose oonvembu factors for hgatbn of radionucW 

Nuclide' f i '  ingested Nuclideb fl" ingested 
Rem per pCi Rem per pCi 

... 

1.0 
1.0 
0.0 1 
1.0 
1.0 
0-3 
0.05 
0.3 
0.0001 
0.8 
0.05 
1-0 
0.001 
0.001 
0.001 
0.2 
0.1 
0.2 
0.0002 
0.2 
0.001 
0.0002 

6.3 x 10-5 
2.1 x 10-3 

3.0 x 10-3 

5.4 x 10-4 

1.3 x 10-3 

6.0 x 10-3 
9.1 x 10-3 
1.3 x 10-3 

1.3 x 

1.9 x 
2.6 x 

1.3 x lo-' 
1.0 x 

1.5 x lo-' 
5.0 x 

5.1 
1.6 
1.1 
3.5 
3.1 x lo-' 
9.5 x 
5.3 x lo-' 

232Th 
=Ra 
228Th 
224Ra 
212Pb 

232ud 

"3u 

235u 
236v 
278v 

237Np 
238Pu 
239pU 
24ofU 

"%I 

"'Am 
2 4 3 h  

3 3 ~ m  
244Cm 
X9Cf 

234Th 

0.0002 
0.2 
0.00132 
0.2 
0.2 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.0002 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 

2.8 
1.2 
3.8 x lo-' 
3.3 x lo-' 
4.1 x 
1.3 
2.7 x lo-* 
2 6  x lo-' 
2.5 x 10-1 
2.5 x 10-1 
2.3 x 10-1 
1.3 x 
3.9 
3.8 
4.3 
4.3 
4.1 
4.5 
4.5 
2.9 
2.3 
4.6 

Values from DOE (1988b) give 50-year committed effective dose equivalent per unit activity 

%dented entries are radiologically significant decay products of the parent radionuclide listed. 
'Fraction of ingested radionuclide absorbed into Mood from gastrointestinal tract. 
values for %, p4Ra, and '''Pb decay products are listed following B%. 

ingested. 

.... ..... 
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Table G3. Internal dose conversion factors €or inhalation of radionuclides" 
Clearance Rem per pCi Clearance Rem per pCi 

Nuclideb class" inhaled Nuclide' class' inhaled 

6.3 x 10-5 23% Y 1.1 x I d  

D 
W 
D 
Y 
D 
Y 
W 

D 
D 
W 
W 
W 

D 
W 
W 

Y 
Y 

2.1 x 10-3 
7.9 x 
2.0 x 
1.2 x 
1.5 x lo-' 

1.3 
3.0 x 10-3 

7.5 x 10-.3 
1.4 
3.2 x 
2.2 x lo-' 
2.6 x 10-1 
3.9 x 
1.3 x 10' 
8.1 
7.9 

1.7 x 103 
2.6 x I d  

Y 

Y 
Y 
Y 
Y 
Y 
Y 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 

3.1 x Id 

6.7 x Id 
1.3 x 10' 
1.3 x Id 
1.2 x I d  
1.2 x I d  
1.2 x IO2 
4.9 x I d  
4.6 x ld 
5.1 x Id 
5.1 x I d  
4.8 x lo2 
5.2 x lo2 
5.2 x I d  
3.5 x lo2 
2.7 x Id 
5.5 x I d  

Values from DOE (1988b) give 50-year committed effective dose equivalent per unit activity 

%dented entries are radiologically significant decay products of the parent radionuclide listed. 
=Clearance from respiratoty passages for radionuclides in particulate form in a matter of days (D), 

dRadionuclide is assumed to be in organic form. 
'Radionuclide is assumed to be in inorganic form. 
/inhalation doses from isotopes of radon and their short-lived decay products are estimated using 

Walues for 228Th and PDRn decay products are listed following 231Th. 

inhaled. 

weeks (W), or years (Y). 

the model described in Sect. G.5.2.1. 
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For some radionuclides, more than one dose conversion hctor for ingestion or 
inhalation is given in the DOE compilation (DOE 1988b). If ingestion dose conversion 
factors are given for two GI-tract absorption fractions, the value for the higher absorption 
fraction is adopted in Table G.2, because radionuclides that are transported in water or 
through terrestrial food chains should be in relatively soluble form and more easily 
absorbed in the GI tract. In all cases, this choice gives the higher dose conversion factor 
(DOE 1988b). If inhalation dose conversion factors are given for more than one lung 
clearance class, the clearance class giving the highest dose conversion factor is adopted in 
Table G.3 for most radionuclides. The one exception is thorium, which is assumed to be 
Class Y because thorium in soil is expected to be highly insoluble (e.g., in oxide or 
hydroxide form). However, for the isotopes of thorium listed in the table, the dose 
conversion factors for the two clearance classes differ only by 30% or less (DOE 198%). 

The dose conversion factors for external exposure give external dose rates per unit 
concentration of radionuclides. These factors depend on the distribution of radionuclides 
in the source region, the amount of self-shielding provided by the source region, and the 
amount of shielding between the source region and the location of the exposed individual. 
Therefore, separate sets of dose conversion Factors for external exposure are required for 
the assumed exposure pathways involving immersion in contaminated water while 
swimming, exposure to activity in contaminated soil while gardening, and exposure to 
activity in disposal units during indoor residence or during excavation at the site. 

For external exposure to radionuclides while swimming in contaminated water, the 
radionuclides are assumed to be uniformly distributed throughout a source region of 
infinite extent (DOE 19%). The external dose-rate convenion factors for immersion in 
contaminated water, which have been adopted by the DOE in assessing radiation doses to 
the public (DOE 198&), are given in Table G.4. For radioactive decay chains, the 
dose-rate factor for each short-lived decay product takes into account the branching 
fraction in the decay of its parent radionuclide (Kocher 1981). 

disposal units, either during indoor residence or during excavation near the units, the 
source region is assumed to be a uniformly contaminated slab of infinite lateral extent. 
Depending upon the exposure scenario, the slab is assumed to have either finite or infinite 
thickness, and the shielding provided by uncontaminated material between the source and 
receptor locations is taken into account. The idealized distributions of radionuclides in 
the source region assumed in the dose analysis probably are reasonabte, because only 
about 1 m of soil-equivalent material between a source and a receptor location provides 
nearly complete shielding (Kocher and Sjoreen 1985). 

in disposal units, an exposed individual is assumed to be located at a distance of 1 m from 
the source region (DOE 1988c). In all cases, the shielding provided by 1 m of air is 
negligible compared with the shielding provided by the soil in the source region itself or 
by an engineered barrier. 

For external exposure while working in the vegetable garden, the source region is 
assumed to be a slab extending from the ground surface to a depth of 15 cm, which is a 
typical thickness of a plowed layer. The external dose-rate conversion factors €or this case 
are given in Table G.5. For external exposures while residing in the home on top of 
exposed waste, the source region is assumed to be a slab of essentially infinite thickness 

For external exposure to radionuclides in contaminated soil while gardening or in 

In all calculations of external dose from radionuclides in contaminated garden soil or 
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Table G.4. External dosemite CoIlVerson factors for immersion 
in mntaminated wakf 

Dose-rate factor Dose-rate factor 
Nuclide' (rem& per pCi/L) Nuclideb (rem& per pCi/L) 

3.1 x 10' 
1.8 
2.8 x lo' 

6.2 
1.3 x 10' 
1.4 x 10' 
6.7 x lo-' 

2.7 
1.8 x 10' 
9.9 x lo-' 
8.6 x 
1.6 x lo-' 
3.5 x lo-' 
1.5 
5.2 x lo-' 

- 

- 

- 
1.1 x 10' 
1.7 
2.1 
1.5 x 10' 

1.7 
1.4 x lo-' 

- 

- 
9.1 x 
1.3 x lo-' 
3.5 x 
2.7 x 10'' 
2.4 
2.3 x lo-' 
6.1 x lo-' 
1.9 
1.4 
3.6 

Values from Appendix A2 of DOE (198&), and assuming branching fractions for 
radioactive decay chains from Kocher (1981), give the external effective daseequivalent rate per 
unit activity concentration in water. 

listed. 
%dented entries are radiologically significant decay products of the parent radionuclide 

Values for 21?b, 2'2Bi, and decay products are listed following p ~ .  

G- 10 



Dose Analysis 

.___, ..... 

. .-.... 

1.1 x lo-2 

1.0 x 
6.1 x 10-4 

2.4 x 10-3 

4.6 x 10-3 
5.0 x 10-3 

1.1 x 10-4 

9.7 x 10-4 

6.0 x 10-3 
2.0 x 10-4 
1.1 x 10-5 
3.4 x 10-5 
1.0 x 10-4 

5.8 x 10-4 :. 

1.8 x 10-4 

I 

- 

Table G5. External dae-rate eoITyersion factors for radionuclides 

Dose-rate factor Dose-rate factor 

uniformly distriiuted in 15 cm of surf'ace SOP 

Nuclideb (rem& per pCi/m3) Nuclide' (rem& per pCirm3) 

232Th 
3.8 x 10-3 
4.7 x 10-4 
7.5 x 10-4 
4.5 x 

- 
4.6 x 10-4 

2.6 x 

1.4 x 10-5 

4.7 x 10-5 
1.3 x 10-5 

7.9 x 10-4 

5.0 x 10-4 

3.9 x 10-4 
1.4 x 10-3 

5.0 x 

2.7 x lo-' 
7.8 x 

Values based on calculations for monoenergetic photon sources in Kocher and Sjoreen 
(1985) and radioactive decay data and branching fractions for radioactive decay chains in 
Kocher (1981) give the external effective dose-equivalent rate per unit activity concentration in 
soil at a distance of 1 m fiom the source region. 

bIndented entries are radiologically significant decay products of the parent radionuclide 
listed. 

'Values for 212pb, z'zBi, and zc%n decay products are listed fdlowing 

. . ... 
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beginning at the ground surface, with no shielding assumed between the source region and 
the receptor location other than that provided by the soil in the source region (shielding 
provided by the walls of the home during indoor residence is taken into account by a 
parameter in the dose analysis itself). The external dose-rate conversion factors for this 
case are given in the column in Table G.6 labeled 'No shielding." 

is assumed to be a slab of infinite thickness; but a thickness of uncontaminated shielding 
material between the source and receptor locations, equivalent to either 15 cm or 30 cm 
of soil depending upon the disposal unit, is assumed to be provided by the impenetrable 

b engineered barrier in the disposal units. The external dose-rate conversion factors for the 
two thicknesses of shielding are given in the last two columns in Table G.6. 

calculations of absorbed dose rates in air for monoenergetic photon sources in soil 
(Kocher and Sjoreen 1985), the spectrum of photons emitted by each radionuclide 
(Kocher 198l), and the branching fractions in radioactive decay chains (Kocher 1981) 
assuming that all short-lived decay products are in secular equilibrium with the parent 
radionuclide. For all radionuclides, absorbed dose in air is converted to effective dose 
equivalent in an exposed individual by multiplying by a factor of 0.8. This is an excellent 
approximation for all photon energies above 0.1 MeV and provides a conservative 
overestimate of dose equivalent for lower photon energies. 

For external exposure in the resident and discovery scenarios, the source region also 

The external dose-rate conversion factors in Tables G.5 and G.6 are obtained from 

G5 MODELS AND PARANEER VALUES FOR EXPOSURE PATHWAYS 

This section presents the models used to calculate doses to off-site individuals and 
inadvertent intruders for the various exposure pathways involving use of contaminated 
water and direct intrusion into disposal units. In each case, the parameter values assumed 
in implementing the models also are presented. For each exposure pathway, the results 
are presented in summary tables which give effective dose equivalents per unit 
concentration of radionuclides in water or in the disposal units at the time the exposures 
are assumed to occur. 

The parameter values selected for use in the models usually are intended to 
represent reasonable best estimates rather than worst-case values. This approach is 
reasonable when one considers the hypothetical nature of the assumed exposure scenarios, 
including the assumptions that exposures occur at the locations of greatest radionuclide 
concentrations. 

G5.1 EKposure Pathways for Radionuclides in Contaminated Water 

Intakes of contaminated water by off-site individuals or inadvertent intruders are 
assumed to result from use of a contaminated source as a drinking water supply and from 
ingestion of milk and meat from dairy and beef cattle that drink the contaminated water. 
Off-site individuals also are assumed to receive external exposure from immersion in 
contaminated water while swimming, but this exposure pathway is not credible for 
inadvertent intruders on the disposal site. 
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.... - ..., 

Table G.6. Extend CEOrse-rate conversion bctors for t ~ ~ i i ~ ~ ~ ~ d i d t ~  
uniformly distributed in infinite thickaess of Soip 

.-...._ 

Dose-rate factor (re& per uCi/m3) 

Nuclide' No shielding 1Scm shieiding 30-can shielding 

1.4 x 

1.3 x lo-' 
8.0 x 10-4 

2.9 x 10-3 
5.6 x 10-3 
6.3 x 10-3 
1.1 x 10-4 

1.1 x 10-3 
7.7 x 10-3 
2.0 x 10-4 
1.1 x 10-5 
3.5 x 10-5 
1.1 x 10-4 

2.3 x 10-4 

4.7 x 10-3 
5.0 x 10-4 
9.4 x 10-4 
6.1 x 10-3 

4.8 x 10-4 

2.6 x 10-5 

1.4 x 10-5 

1.5 x 10-5 
5.1 x 10-5 
8.7 x 10-4 
2.7 x 10-5 
7.9 x 10-5 

- 

- 

6.6 x lo-' 

- 

- 

- 

5.7 x 

5.3 x 

3.0 x 10-3 

1.9 x 10-4 
2 9  x 10-3 

4.5 x 10-4 
1.1 x 10-3 
1.2 x 10-3 

1.1 x 10-4 
1.7 x 10-3 

- 

2.0 x 
I 

6.6 x 

1.5 x 
6.3 x 

- 

8.3 x 10-5 
4.9 x 10-5 

8.7 x 10-4 

1.8 x 10-4 

2.5 x 10-5 

- 

- 

1.6 x 
- 

- 
- 
- 

1.1 x 10-5 

8.0 x 10-5 

6.0 x 10-7 
3,3 x 10-5 

2.8 x 
1.1 x 

3.6 x 

9.4 x 10-4 

5.9 x 10-5 

8.2 x 10-4 

9.0 x 10-5 
2.8 x 10-4 
3.2 x 10-4 
5.7 x lo-* 

1.6 x 10-5 
5.2 x 10-4 
3.7 x 10-7 

1.1 x 10-7 
4.9 x 10-7 
1.4 x 10-5 
1.5 x 10-5 

2.2 x 10-4 

4.8 x 10-5 
6.0 x 10-4 

- 

- 

- 

- 
- 

- 
1.6 x 
- 
- 
- 

2 7  x 
6.8 x 
5.1 x 
9.9 x 
- 
- 

3.0 x 
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Table G.6 (continued) 

Dose-rate factor (rem& per pCi/m3) 

Nuclideb No shielding 15-cm shielding 30-cm shielding 

243Cm 4.1 x 1 0 - 4  2.5 x 2.2 x 
249cf 1.5 x 10-3 1.7 x 10-4 2.3 x 10-5 

"values based on calculations for monoenergetic photon sources in Kocher 
and Sjoreen (1985) and radioactive decay data and branching fractions for 
radioactive decay chains in Kocher (1981) give the external effective dose- 
equivalent rate per unit activity concentration in soil at a distance of 1 m from 
the source region and assumed thicknesses of shielding by soilequivalent 
material between source and receptor locations. 

radionuclide listed. 
Yndented entries are radiologically significant decay products of the parent 

Values for 2'2Pb, ? 3 i ,  and decay products are listed following "%. 

Drinking Water Pathway. The annual committed effective dose equivalent 
(remhear) from direct ingestion of radionuclide i in drinking water (w)  is given by 

where 

C i W  = concentration of radionuclide i in drinking water (pCi/L), 
u w  = annual consumption of drinking water (wea r ) ,  and 

Di = dose conversion factor for ingestion of radionuclide i (rem/pCf 
ingested). 

In implementing the model, a daily consumption of contaminated drinking water of 2 L 
@es, an annual consumption of 730 L) is assumed. 

in Table G.7. The annual dose per unit concentration of a radionuclide in water is 
obtained by multiplying the assumed annual consumption of drinking water by the 
ingestion dose conversion factor given in Table G.2. 

Milk and Meat Pathways. The annual committed effective dose equivalents 
( reMear)  from ingestion of radionuclide i in milk (m) and meat 

The model for estimating the dose from the drinking water pathway is summarized 

are given by 

Hh = C , U f l i ,  
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Table G.7. Annual effective dotie equivalents horn drinking water pathway 
per unit GoELoentfation of radionuclides in waW 

Annual dose Annual dose 
Nuclideb (rem& per pCi/L) Nuclideb (re* per ctcm 

. ... . 

4.6 x 

1.5 

9.5 

2.2 

1.4 x 10' 

1.9 x 10' 

3.9 x 10-1 

9.5 x 10' 

7.3 

9.5 x lo-' 
1.1 x Id 
3.7 x lo1 

4.4 

6.6 

9.5 x IO-' 

3.7 x 103 

1.2 x 103 
8.0 x 102 

2.6 x 16 

2.3 x 102 
7.0 x 10' 

3.9 x 102 

z% 

mRa 

22&1 
mRa 

2'2Pb 

"zue 
233u 

23sU 

238v 
?Ill 

237Np 

=PU 

239Pu 

26opU 

"2Pu 

%lAIIl 

243Am 

"Cm 

2Q4Cm 

249Cf 

2.0 x Id 
8.8 x 1012 
28 x lck2 
2.4 x 16 
3.0 x 101' 
9.5 x lrp2 

2.0 x Id 
1.9 x lo2 

1.8 x Id 
1.8 x I d  
1.7 x I@ 

9.5 

2.8 x 1 6  

2.8 x Id 
3.1 x le 
3.1 x Id 
3.0 x 103 

3.3 x I d  

3.3 x 103 

2 1  x 103 

1.7 x 103 
3.4 x Id 

Walues give 50-year committed effective dose equivalent from one year's intakes of 

'Indented entries are radiologically significant decay products of the parent radionuclide 

Values for %, WRa, and "*Pb decay products are listed fobwing q. 

drinking water. 

listed. 

.... 
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respectively, where 

CiJn = concentration of radionuclide i in milk (pCi/L), 
Cif = concentration of radionuclide i in meat ($fig), 
u* = annual consumption of milk (Lkear), 

= 
= 

annual consumption of meat (kg/year), and 
dose conversion factor for ingestion of radionuclide i (rem/pCi 
ingested). 

Uf 
Di 

The dairy and beef cattle are assumed to drink only contaminated water, and the 
radionuclide concentrations in milk and meat are given by 

respectively, where 

c i w  = concentration of radionuclide i in drinking water (pCVL), 
Q, = daily consumption of drinking water by dairy cattle (L/d), 

= daily consumption of drinking water by beef cattle (Wd), 
= ratio of equilibrium concentration of radionuclide i in milk to daily 

intake by dairy cattle (pCi/L in milk per pCVd intake), and 
= ratio of equilibrium concentration of radionuclide i in meat to daily 

intake by beef cattle (pCi/kg in meat per pCi/d intake). 

Q4 
FA 

Fif 

In implementing the model, the assumed intake-to-milk transfer coefficients for 
dairy cattlc and intake-to-meat transfer coefficients for beef cattle are given in Tables G.8 
and G.9, respectively. The other parameter values assumed in the model are as follows: a 
daily consumption of water for dairy and beef cattle of 60 L and 50 L, respectively, and an 
annual consumption of milk and meat by an individual of 110 L and 9Q kg, respectively 
(NRC 1977). 

Tables G.10 and (3.11, respectively. The annual dose per unit concentration of a 
radionuclide in water for each pathway is based on the models and parameter values 
described above and the ingestion dose conversion factor given in Table G.2. 

The models for estimating dose from the milk and meat pathways are summarized in 
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Element F?n(dK)” Element Kn(dLY 
H 1.4 x lo-% Eu 2.0 x 10-5  
C 1.5 x lo-% Pb 2 5  x 10-4 
Al 2.0 x 10-4 PO 3.5 x 10-4 
c1 1.5 x Ra 4.5 x 10-4 
K 7.0 x 10-3 Ac 2.0 x 10-5 
co 2.0 x 10-3 Th 5.0 x 
Ni 1.0 x 10-3 U 6.8 x lo-‘ 
Sr 1.5 x 10-3 NP 5.8 x 
Y 2.0 x 10-5 Pu 1.0 x 10-7 
Tc 1.0 x Am 4.0 x 10-7 
cd 1.0 x 10-3 Cm 2.0 x 10-5 
cs 7.0 x 10-3 Cf 2.0 x 10-k 
“Values from Fig. 2.24 of B a a  et al. (19&4), unless othenvise noted. 
Walue from Table 4 of Ng (1982). 
Walue from Table 7 of Ng et al. (1977). 

.-..... . 

Table G.9. Elemental intake-to-meat transfer 
Goefficiencs for beef cattle 

Element FXdlkg)” Element F X d b ) ”  

H 1.2 x Eu 5.0 x 10-3 
C 3.1 x lo-% Pb 3.0 x 10-4 

Al 1.5 x 10-3 Po 9.5 x 10-5 
c1 8.0 x Ra 2.5 x 10-4 
K 2.0 x 10-2 Ac 2.5 x 10-5 

Ni 6.0 x 10-3 u 2.0 x 10-4 
Sr 3.0 x 10-4 NP 5.5 x 10-5 
Y 3.0 x 10-4 Pu 5.0 x 10-7 
Tc 8.5 x 10-3 Am 3.5 x 
cd 5.5 x 10-4 Cm 3.5 x 
cs 2.0 x Cf 3.6 x IO-& 

co 2.0 x Tfi 6.0 x 

“values from Fig. 225 of B a a  et al. (1984), unless otherwise noted. 
bValue from Table E-1 of NRC (1977). 
“Value from Table 5.37 of Peterson (1983). 
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Table G.10. Annual effective dose equivalents from milk pathway 
per unit concentration of radionuclides in watef 

Annual dose Annual dose 
Nuclideb  re^ per pCi/L) Nuclideb (rem& per pCi/L) 

5.8 x 10-3 

2.1 x lo-' 

1.7 x lo-' 
3.0 x 10-1 

8.8 x lo-' 
3.4 x lo-' 

3.6 x 10-3 

1.3 

8.6 x 

9.9 x lo-' 
2.3 

7.9 x 10-4  

1.2 x 10-3 

1.7 x 10-4 

8.4 

3.7 

3.3 

1.2 x lo-' 

9.2 x lo-' 

1.3 x lo-' 

1.7 x 

9.2 x 
3.6 

9.8 x 10-1 

6.8 x lo-' 

5.1 

1.1 

1 .o 
9.9 x lo-' 

9.9 x 10-l 

9.1 x lo-' 

1.3 x lo-' 
2.5 x 10-3 

2.8 x 10-3 

2.8 x 10-3 

2.7 x 10-3 

1.2 x lo-* 

1.2 x lo-* 
3.8 x 10-1 

3.0 x lo-' 
6.1 x 10-1 

"values give 50-year committed effective dose equivalents from one year's intakes of 

'Indented entries are radiologically significant decay products of parent radionuclide 

'Values for 224Ra and 2'?b decay products are listed following "m. 

milk. 

listed. 
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...... . 

Annual dose Annual dose 
Nuclide' (rem& per pCi/L) Nuclideb (rem& per p%) - 

3.4 x 10-3 

29  x 10-x 

8.8 x 
1.1 

1.7 

2.3 

1.5 x 

1.8 x 10-1 

1.4 x 
4.9 x 
3.7 x lo-' 

4.5 

1.4 x IO-X 

2.0 x lo-' 

2.9 x 
6.9 

6.8 x lo-' 

1.2 

9.5 x 

3.5 x lo-' 

1.1 x 

=% 
23?rh 

mRa 

"Ra 

'12Pb 
232uc 

233u 

235u 

%p 

=PU 

239Pu 
240PU 

242pU 

"'Am 

2 4 3 h  

"3Cm 

"em 

249Cf 

1.4 x 
'3.7 x 1w2 

1.4 

3.7 x lo-' 
5.5 x 

1.2 

2.4 x lo-' 

2.3 x lo-' 

2.3 x IO-' 

2.3 x lo-' 

2.1 x lo-' 

9.7 x 10-I 

8.6 x 10-3 

9.7 x 10-3 

9.7 x 10-3 
9.2 x 10-3 

7.1 x 

7.1 x 

4.6 x 
3.6 x lo-* 

7.5 x 
Values give 50-year committed effective dose equivalents from one year's intakes of 

bIndented entries are radiologically significant decay products of parent radionuclide 

Values for p4Ra and ***Pb decay products are listed following zi?h. 

milk. 

listed. 

.... ..... 
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External Exposure Pathway. For external exposure (e) to contaminated water while 
swimming, the annual effective dose equivalent (rem/year) from radionuclide i is given by 

where 

c i w  = concentration of radionuclide i in water (pC&), 
u w  

Diw 

= 

= 

fraction of the year during which external exposure to contaminated 
water while swimming occurs, and 
dose conversion factor for external exposure to radionuclide i in 
water (rem&ear per pCi/L)* 

In implementing the model, a fraction of the year during which exposure while swimming 
occurs of 0.01 (Le., an exposure time of about 100 hours per year) is assumed 
(DOE 1988~). 

The model for estimating dose from external exposure while swimming in 
contaminated water is summarized in Table G.12. The annual dose per unit concentration 
of a radionuclide in water is obtained by multiplying the assumed fraction of the year 
during which exposure occurs by the external dose-rate conversion factor given in 
Table G.4. 

All Pathways. The annual doses to off-site individuals and inadvertent intruders per 
unit concentration of radionuclides in water from all exposure pathways are summarized in 
Tables G.13 and G.14, respectively. The dose to an inadvertent intruder is the sum of the 
doses from the drinking water, milk, and meat pathways summarized in Tables G.7, G.lO, 
and G.ll, respectively, and the dose to an off-site individual is the sum of the doses from 
the three ingestion pathways and the external dose while swimming summarized in 
Table G.12. On the basis of the models and parameter values assumed in this analysis, the 
drinking water pathway is more important than the milk, meat, and external exposure 
pathways for all radionuclides, and the dose per unit concentration of radionuclides in 
water usually is essentially the same for off-site individuals and inadvertent intruders. 

G-5-2 Exposure Pathways for Direct Intrusion into Disposal Units 

Exposures of inadvertent intruders resulting from direct intrusion into disposal units 
after loss of active institutional control are assumed to occur according to the agriculture, 
resident, discovery, or post-drilling scenarios. This section presents the models and 
parameter values used to estimate effective dose equivalents per unit concentration of 
radionuclides in disposal units for the different exposure pathways assumed for each 
exposure scenario. 
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Table G.12 Annual effective dose equivalents from external txposure while 
swimming per unit cancentratinn of radicm- in water 

Nuclide" (rem& per pCi/L) Nuclide' (rem& per PIC&) 
Annual dose Annual dose 

3.1 x lo-' 

1.8 x 

2.8 x lo-* 

- 

6.2 x 

1.3 x 10-1 

1.4 x lo-' 
6.7 x 10-3 

I 

2.7 x 

1.8 x lo-' 
9.9 x 10-3 

8.6 x 
1.6 x 10-3 

3.5 x 10-3 

5.2 x 10-3 

1.5 x 

- 
1.1 x lo-' 
1.7 x 

2.1 x 
1.5 x 10-' 

- 
1.7 x 
1-4 x 10-3 

9.1 x 10-4 

1.3 x 10-3 

3.5 x 10-4 

2.7 x 10-3 

- 

2.4 x 
2.3 x 
6.1 x 10-3 

1.9 x 1W2 

1.4 x 1W2 

3.6 x 
"Indented entries are radiologically significant decay products of parent radionuclide listed. 
Walues for 212Pb, *'%i, and decay products are listed following 931. 
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Table G.13. Annual effective dose equivalents to off-site individuals per unit 
concentration of radionuclides in wafer h m  all exposure pathwaysf 

Annual dose Annual dose 
Nuclide' (re* per pCi/L) Nuclide' (re* per pCi/L) 

3H 

l4C 

=c1 

40K 

6oco 
63Ni 

?3r f d 

g p r C  

l l 3 m a  

137Cs + d 

lS2EU 

lS4Eu 

lssEu 

210Pb + d 

mRa + d' 

% + d  

WTn 

5.5 x 

2.0 

9.9 

3.6 

1.7 x 10' 

2.2 x 10' 

4.1 x IO-' 

1.0 x lo2 

1.1 

1.1 x lo2 
4.4 x 10' 

4.7 

6.9 

9.9 x lo-' 

4.9 x I d  

5.7 x io3 
2.9 x 1d 

3.9 x lo2 

= % + d  

232U + d 

233u 
"u 
% 

238U+d 

237Np 

usPu 

239pU 

240PU 

Z42PU 

"'Am 

"3Am 

243Cm 

261Cm 

249Cf 

3.4 x I d  

1.5 x 16 

2.0 x lo2 
1.9 x 102 

1.8 x 102 

1.8 x 10' 

1.8 x lo2 
2.8 x 16 
2.8 x Id 
3.1 X 16 

3.1 x 16 

3.0 x Id 
3.3 x I d  

3.3 x I d  

2.1 x I d  

1.7 x I d  

3.4 x I d  

Values give sum of 50-year committed effective dose equivalents per unit concentration from 
one year's intakes of drinking water, milk, and meat given in Tables G.7, G.10, and G.11, 
respectively, and effective dose equivalent per unit concentration from one year's external 
exposure given in Table G.12. 

*"d" denotes short-lived radioactive decay products that are acsumed to be in secular 
equilibrium with the parent. 

'Decay products include ''Vb and its decay product, which are assumed to be in secular 
equilibrium with the parent. 
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.... 

Table G.14. Annual effective duse equivalents to inadvertent intruders per unit 
cuncenixaticm of radionuclides in water from all exposure path-# 

~ - 

Annual dose Annual dose 
Nuclideb (remiy Per P C W  Nuclide' (re* per pCi/L) 

3H 5.5 x "%I + d 3.4 x I d  

l4c 2.0 = W + d  1.5 x lo3 

BAl 9.6 233u 2.0 x 102 

3.6 =u 1.9 x 102 

40K 1.7 x 10' =W 1.8 x lo2 

2.2 x lo1 =U 1.8 x lo2 

63Ni 

90Sr -t d 

9 9 T C  

1 1 3 m a  

1 3 7 ~ ~  

ls%U 

lS4Eu 

4.1 x lo-' + d 1.8 x 102 

1.0 x lo2 2f7Np 2.8 X 1 6  

1.1 238PU 28  x 1 6  

1.1 x lo2 239Pu 3.1 x Id 

4.4 x IO1 2"opU 3.1 x I d  

4.5 242PU 3.0 x 103 

6.8 =lAm 3.3 x 1 6  
lSSEU 9.8 x lo-' 2 4 3 h  

210Pb + d 4.9 x I d  " 3 ~ m  

%Ra -t d' 5.7 x 103 244Cm 

% + d  2.9 x ld "9Cf 

2MTh 3.9 x Id 

3.3 x 1 6  

2.1 x 103 

1.7 x 1 6  

3.4 x I d  

"values give sum of 50-year committed effective dose equivalents per unit concentration from one 

budn denotes short-lived radioactive decay products that are assumed to be in secular equilibrium 

"Decay producls include ?E" and its decay product, which are assumed to be in secular equilibrium 

year's intakes of drinking water, milk, and meat given in Tables G.7, G.lO, and G.11, respectively. 

with the parent. 

with the parent. 
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G52.1 Agriculturescenario 

In the agriculture scenario, an inadvertent intruder is assumed to exhume waste 
from disposal units in digging a foundation for a home on top of the units, and some of 
the waste is then mixed with native soil in the intruder’s Vegetable garden. The pathways 
for chronic exposure assumed for this scenario include (1) ingestion of vegetables grown in 
contaminated soil, (2) direct ingestion of contaminated soil in conjunction with vegetable 
intakes, (3) external exposure to contaminated soil while working in the garden and during 
indoor residence on top of the disposal units, and (4) inhalation of suspended activity 
while working in the garden and during indoor residence. 

from ingestion of radionuclide i in vegetables ( v )  is given by 
Vegetable Pathway. The annual committed effective dose equivalent ( r e w e a r )  

where 

Civ = concentration of radionuclide i in vegetables (pCi/kg), 
UV = annual consumption of vegetables (kg/year), and 
Di = dose conversion factor for ingestion of radionuclide i (remlpCi 

ingested). 

Radionuclides are assumed to bc transferred to vegetables via root uptake from the 
contaminated soil. Radionuclide concentrations in vegetables are given by 

where 

Biv = plant-to-soil concentration ratio for radionuclide i (pCi/kg wet 

cis 
P* = density of soil (kg/m3), 
Cit 
f, 

weight in vegetation per pCi/kg dry weight in soil), 
concentration of radionuclide i in sail in vegetable garden (pCi/m3), 

concentration of radionuclide i in disposal units (pCi/m3), and 
dilution factor for mixing of exhumed waste from disposal units into 
soil in vegetable garden. 

= 

= 
= 

In implementing the model, the assumed plant-to-soil concentration ratios in 
vegetables are given in Table G.15. Although some site-specific data for these 
concentration ratios are available [e-g., see Garten et al. (1987)], measurements for the 
variety of radionuclides of concern to low-level waste disposal and for a variety of food 
crops are lacking. Therefore, the values adopted for use in this analysis were based almost 
entirely on published compilations and evaluations that are generic in nature. The 
adopted values for almost all elements were obtained from the evaluation of published 
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Table G.15. F5kmental plant-to-d concentratkrn r a h  h VegetaMeS 

Element Be Element Be 

. .-... . 

H 

C 

Al 

c1 

K 

co 

Ni 

Sr 

Y 

Tc 

Cd 

cs 

4.86 

5.6 x lo-'" 

2.8 x 10-4 

3.0 x 10' 

2.4 x lo-' 

3.0 x 10-3 

2.6 x 

1.1 x 10-1 

2.6 x 10-3 

6.5 x 10-1 

6.5 x 

1.3 x 

Eu 

Pb 

Po 

Ra 

AC 

Th 

U 

NP 

Pu 

Am 

Cm 

Cf 

1.7 x 10-3 

3.9 x 10-3 

1.7 x 10-4 

1.5 x 10-4 

3.7 x 10-5 

1.7 x 10-3 

4.3 x 10-3 

1.1 x 10-4 

6.5 x lo-' 

1.9 x 

6.5 x 

6.5 x 

" p C i g  wet weight of vegetation per pCi/kg dry weight of soil; 
unless otherwise noted, values are based on concentration ratios on dry- 
wight basis of vegetation given in Fig, 2.2 of Baes et & (1984) 
mukipbed by factor of 0.43 to convert to fresh-weight basii of 
vegetation (Baes et a1 1984). 

Value from Table E-1 of NRC (1977). 
"Value from Sheppard et al. (1991) for carbonate form in acidic soil 

with low organic matter content; concentration ratio on dry-weight basis 
of vegetation is multiplied by factor of 0.43 to m v e r t  to fresh-weight 
basis of vegetation (Baes et a1 1984). 

Value is assumed to be the same as value for Cm. 

data by Baes et  al. (1984). Although this approach clearly is judgmental for application to 
the Oak Ridge Reservation, selection of the concentration ratios primarily from a single 
source at least ensures some degree of consistency among the values for the different 
elements, because similar procedures presumably were used by the compilers in obtaining 
the ratios from published data. 

Baes et  al. (1984) give two sets of data for concentration ratios in vegetation-one 
for vegetative portions of food crops, which would apply to leafy vegetables, and the other 
for nonvegetative (reproductive) portions, which would apply to nonleafy vegetables. The 
values for nonvegetative portions of food crops were adopted for use in this analysis, 
because consumption of nonleafy vegetables generaily is about an order of magnitude 
greater than consumption of leafy vegetables (Baa et al. 1984; Hamby 1992). The 
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reported concentration ratios on a dry-weight basis of nonleafy vegetation were converted 
to a fresh-weight basis by multiplying by a factor of 0.43, which represents the average 
conversion factor for all types of nonleafy vegetables (Baa  e t  al. 1984). Taking into 
account the concentration ratios for leafy vegetables would not significantly change the 
adopted values in Table G.15, due to the relatively low consumption of leafy vegetables 
and the much higher fresh-weight to dry-weight ratio for leafy vegetables than for nonleaEy 
vegetables (Peterson 1983). 

The other parameter values assumed in the model for the vegetable pathway are as 
follows: a dilution factor for mixing of exhumed waste from the disposal units into native 
soil in the vegetable garden of 0.2 (Oztunali et al. 1981; NRC 1982; Napier et al. 1984), a 
soil density of 1,400 kg/m3 (Baes and Sharp 1983), and an annual consumption of 
contaminated vegetables, including both leafy and nonleafy vegetables, by an individual of 
90 kg. The dilution factor for mixing of exhumed waste with native soil in a vegetable 
garden is based on the reasonable assumption that no more than a relatively small fraction 
of the soil in the garden could be exhumed waste in order for the garden to be fertile. 
The assumed annual consumption of leafy and nonleafy vegetables from the garden is 
consistent with data obtained near the Savannah River Site (Hamby 1992), which should 
be reasonably representative of data for the Oak Ridge Reservation, and the assumption 
that half of an intruder’s entire intakes of all vegetables would be obtained from the home 
garden. An assumption that an intruder’s entire intakes of all vegetables would be 
obtained from the home garden is unreasonably consewative. 

The model for estimating dose from the vegetable pathway is summarized in 
Table G.16. The annual dose per unit concentration of a radionuclide in exhumed waste 
from a disposal unit at the time intrusion occurs is based on the model and parameter 
values described above and the ingestion dose conversion factors given in Table G.2. 

year) from direct ingestion of radionuclide i in contaminated soil (s) is given by 
Soil Ingestion Pathway. The annual committed effective dose equivalent (rem per 

Hk = CkUpi ,  

where 

Ck 
us = annual consumption of contaminated soil (kg/year), and 
Di 

= 

=: 

concentration of radionuclide i in soil in vegetable garden (yCi/kg), 

dose conversion factor for ingestion of radionuclide i (redyci 
ingested). 

Ingestion of contaminated soil is assumed to occur as a result of incomplete washing of 
vegetables from the garden before consumption. At humid sites with extensive vegetation, 
such as the Oak Ridge Reservation, direct ingestion of contaminated soil from sources 
other than the garden should be relatively unimportant for an average adult. 
Radionuclide concentrations in soil in the vegetable garden are given by 

(G.lO) 
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Table G.16. Annual &edk  duse equivalents b m  vegetable pathway 
per unit concentration of radion- in exhumed 

waste for agriculture scenafioo 

Nuclide' (rem per pCi/rn3) Nuclide' (re* per pCi/m3> 

3H 3.9 x =?rh 1.3 x 

Annual dose Annual dose 

l4C 1.5 x 10-5 mRa 1.0 x 10-5 

"C1 1.2 x 10-3 2'2Pb 2.0 x 
40K 5.9 x 10-5  23w 2.9 x 10-5 

1.0 x 233u 5.9 x 

63Ni 1.8 x 10-7 24dv 5.7 x 
90sr 1.8 x 10-4 23su 5.5 x 
99TC 1.1 x 10-5 236v 5.5 x 

4.7 x *Ra 2.8 x 

l l 3 m c y  1.3 x 10-4 mu 
1 3 7 ~  8.4 x 'L37Np 

'52Eu 1.3 x =PU 

'54Eu 2.0 x 10-7 pgPU 

9% 2.9 x 24opU 

5.0 x 

2.2 x 

9.3 x 10-7 

1.1 x 

1.1 x 
21"Pb 2.6 x 10-4 %2PU 1.0 x 

mRa 9.2 x 24'Am 6.4 x 
22p1-h 1.7 x "3Am 6.4 x 

"Ra 2.6 x 243Cm 2.4 x 10-7 

"Ac 1.8 x 10-7 244Cm 1.9 x 10-7 

23pin. 2.5 x 10-7 249Cf 3.9 x 10-7 

Values give 50-year committed effective dose equivalents from one year's intakes of 

*Indented entries are radiologically significant decay products of parent radionuclide listed. 
'Values for ='Ra and Z12Fb decay products are listed fdluwing a%. 

vegetables. 

. ..... . 
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where 

Cil = concentration of radionuclide i in disposal units (pCi/m3), 
f, 

PS = density of soil (kg/m3). 

= dilution factor for mixing of exhumed waste from disposal units into 
soil in vegetable garden, and 

In implementing the model, a dilution factor for mixing of exhumed waste from the 
disposal units into native soil in the vegetable garden of 0.2 and a soil density of 
1,400 kg/m3 are assumed, as in the model for the vegetable pathway. A daily consumption 
of contaminated soil from the vegetable garden of 0.1 g @e., an annual consumption of 
0.037 kg) also is assumed (EPA 1989). 

The model for estimating dose from the soil ingestion pathway is summarized in 
Table G.17. The annual dose per unit concentration of a radionuclide in exhumed waste 
from a disposal unit at the time intrusion occurs is based on the model and parameter 
values described above and the ingestion dose conversion factors given in Table G.2. 

working in the vegetable garden, the annual effective dose equivalent (rembear) from 
radionuclide i is given by 

External Fhpomre Pathways. For external exposure (e) to contaminated soil while 

(G.ll) Hie = CJJJ,, 

where 

Ck 
us 

D, 

= 
= 

= 

concentration of radionuclide i in soil in vegetable garden (pCi/m3), 
fraction of the year during which external exposure to contaminated 
soil in vegetable garden occurs, and 
dose conversion factor for external exposure to radionuclide i in 
garden soil (remfyear per pCi/m3). 

As in the models for the vegetable and soil ingestion pathways, the radionuclide 
concentrations in soil in the vegetable garden are given by 

where 

(G.12) 

CiI 
f, 

= 
= 

concentration of radionuclide i in disposal units (pCi/m3), and 
dilution factor for mixing of exhumed waste from disposal units into 
soil in vegetable garden. 

In implementing the model, a dilution factor for mixing of exhumed waste from the 
disposal units into native soil in the vegetable garden of 0.2 is assumed, as in the models 
for the vegetable and soil ingestion pathways. The fraction of the year during which 
external exposure while working in the garden occurs is assumed to be 0.01 (Oztunali et 
al. 1981) (Le., the assumed exposure time is about 100 wear).  
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Table G-17. Annual && dose equivalents from soil hgestbn pathway 
per unit cOncentxatiOn of radbnucW in exhumed 

waste for agriculture axmuid' 

Nuclideb (re* per pCi/m3) Nuclideb (re* per pCi/m3) 
Annual dose Annual dose 

3.3 x 1O-'O 

1.1 x 10-8 

6.9 x 

1.6 x 

1.0 x 10-7 

1.4 x 10-7 

2.9 x 10-9 

6.9 x 10-7 

6.9 x 10-9 

7.9 x 10-7 

2.6 x 10-7 

5.3 x 

3.2 x 
4.8 x 

6.9 x 10-9 

2.7 x 10-5 

8.5 x 

5.8 x 

1.9 x 10-5 

5.0 x 10-7 

1.6 x 

2.8 x 

B;Sh 

=Ra 
22&rh 

224Ra 

'I2Pb 

B2uf 

233u 

234Th 
237Np 

=PU 

B%l 

" V U  

*42Pu 

"'Am 

2 4 3 h  

"3Crn 

246Cm 

"9Cf 

1s x 10-5 
6.3 x 

2.0 x 

1.7 x 
2.2 x 10-7 

6.9 x 
1.4 x 
1.4 x 1W6 

1.3 x 1CP 

1.3 x 
1.2 x 
6.9 x 1W8 
2.1 x 10-5 

2.0 x 10-5 

2.3 x 10-5 

2.3 x 10-5 

22 x 10-5 

2.4 x 101-5 

2.4 x 10-5 

1.5 x 10-5 

1.2 x 10-5 

2.4 x 10-5 
"values give SO-year committed effective dose equivalents from one year's intakes of soiL 
'Indented entries are radiologically significant decay products of parent radionuclide listed. 
Values for %, p4Ra, and *IZPb decay products are listed following 
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The model for estimating external dose while working in the garden is summarized 
in Table (3.18. The annual dose per unit concentration of a radionuclide in exhumed 
waste in a disposal unit at the time intrusion occurs is based on the model and parameter 
values described above and the external dose-rate conversion factors given in Table G.5. 

For external exposure to waste during indoor residence on top of the disposal units, 
the annual effective dose equivalent ( r e d e a r )  from radionuclide i is given by 

(G.13) 

where 

cil = concentration of radionuclide i in disposal units (pCi/m3), 

ut 

oil 

s = shielding factor for radionuclides during indoor residence. 

= 

= 

fraction of the year during which external exposure to waste in 
disposal units during indoor residence occurs, 
dose conversion factor for external exposure to radionuclide i in 
disposal units (rem& per pCi/m3), and 

The shielding factor takes into account the reduction in external dose provided by the 
walls and floor of the home. 

In implementing the model, the fraction of the year during which exposure in the 
home is assumed to occur is 0.5 (Oztunali et al. 1981) (i.e., the assumed exposure time is 
about 4000 h per year). The exposure time could be as much as a factor of two higher, 
but the assumed exposure time is more reasonable for an average individual residing on 
the disposal site. A shielding factor from indoor residence of 0.7 is assumed for all 
radionuclides (NRC 1977). 

Table G.19. The annual dose per unit concentration of a radionuclide in a disposal unit at 
the time intrusion occurs is based on the model and parameter values described above and 
the external dose-rate conversion factors given in the column in Table G.6 labeled “No 
shielding. 

residing in a home on top of disposal units, the annual committed effective dose 
equivalent (remhear) from inhalation of radionuclide i suspended into air (a) in 
particulate form is given by 

The model for estimating external dose during indoor residence is summarized in 

Inhalation Pathways. While working in the contaminated vegetable garden or 

where 

(G.14) 

cia = concentration of radionuclide i in air (pCi/m3), 
f a  

u* = annual air intake (m3/year), and 
Di 

= 

= 

fraction of the year during which inhalation exposure occurs, 

dose conversion factor for inhalation of radionuclide i (rerdpci 
inhaled). 
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Table G.18. Annd ef€& dose equivalents i h m  external eqosure 
while working in vegetable garden per unit concentration of 

radionladideinineahumedwasteforagriculturescenario 

Annual dose Annual dose 
Nuclide" ( r e w  per pCi/m3) Nuclide" (re* per  pciim') 

%A1 2.2 x 10-5 "3 
4% 1.2 x 228Ac 7.6 x 

2.0 x 10-5 212Pb 
- 212Bi 

4.8 x 208T1 

1.0 x 235u 
2.2 x 10-7 z31Th 

232ub 9.2 x 

-- 

1.9 x 

1.2 x 10-5 

4.0 x 10-7 

2.2 x 

6.8 x lo-* 

2.0 x 10-7 

3.6 x 10-7 

1.2 x 

=%l 

234mPa 

WPa 

"Np 

"3Pa 

"3Am 

239Np 

2 6 3 ~ m  

249cf 

2 4 l b  

9.4 x 10-7 

1.5 x 
9.0 x 10-6 
- 

9.2 x 10-7 

5.2 x 
I. 

2.8 x 
9.4 x 
2.6 x 

1.0 x 10-7 

1.6 x 
5.4 x 
1.6 x 
1.0 x 

7.8 x 10-7 

28 x 
"Indented entries are radiologically significant decay products of parent radionuclide listed. 
bValues for "Pb, 21%i, mTl desay products are listed following r5h. 

Concentrations of suspended radionuclides in particulate form in air are estimated using a 
mass-loading model (Anspaugh et al. 1975), which is based on observations of airborne 
concentrations of naturally occurring materials, such as uranium and thorium, relative to 
their concentrations in surface soils. In this modef, airborne concentrations of 
radionuclides are given by 

, ... . 
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Table G.19. Annual effective dose equivalents b m  external exposure 
during indoor residence per unit concentration of radionuclides 

in disposal units for agriculture sceua~50 

Annual dose 
~ 

Annual dose 
Nuclide" (re* per pCi/m3) Nuclide" (rem& per pCi/m3) 

4.9 x 10-3 

2.8 x 10-4 

4.6 x 10-3 

1.0 x 10-3 

2.0 x 10-3 

2.2 x 10-3 

3.9 x 10-5 

3.9 x 10-4 

2.7 x 10-3 

7.0 x 10-5 

1.2 x 10-5 

3.9 x 10-5 

2.3 x 10-4 

8.1 x 10-5 

- 

- 

3.9 x 

- 
1.6 x 10-3 

1.8 x 1 0 - 4  

3.3 x 10-4 

2.1 x 10-3 

1.7 x 10-4 

- 

9.1 x 
- 

4.9 x 

2.0 x 10-5 

1.8 x 10-5 

3.0 x 10-4 

2.8 x 10-5 

1.9 x 10-4 

1.4 x 10-4 

5.3 x 10-4 

5.3 x 

9.5 x 

%dented entries are radiologically significant decay products of parent radionuclide listed. 
bvalues for 2'?Pb, 2'%i, and 2o%n decay products are listed following 
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where 

cis = concentration of radionuclide i in surface mi1 (@Urn3), 
L* = atmospheric mass loading of surface soil (kg/m3), and 
Ps = density of soil (kg/m3). 

The mass-loading model described above is applied to all radionuclides except isotopes of 
radon and their short-lived decay products. The model for estimating inhalation doses due 
to radon released from contaminated soil or disposal units is described later in this section. 

For inhalation exposure while working in the vegetable garden, the concentration of 
radionuclide i in soil again is given by 

(G.16) 

where 

cil 
fs 

= 
= 

concentration of radionuclide i in disposal units (pCi/m3), and 
dilution factor for mixing of exhumed waste from disposal units into 
soil in vegetable garden. 

_... .... 

In implementing the model, a dilution factor for mixing of exhumed waste from the 
disposal units into native soil in the garden of 0.2, a soil density of 1,400 kg/m3, and a 
fraction of the year during which exposure while working in the garden occurs of 0.01 
(about 100 hours per year) again are assumed, as in the model for external exposure while 
working in the garden. The annual air intake (breathing rate) is assumed to be 8,000 m3 
(NRC 1977). Finally, the atmospheric mass loading of contaminated soil while working in 
the garden is assumed to be 

vegetable garden of 
loading for nonurban areas in the United States of about 4 x 
1975) and, furthermore, is in good agreement with an average dust loading of 
6 x lo-* kg/m3 measured above two agricultural fields at the Savannah River Site (Shinn 
et al. 1982), where meteorological conditions and soil moisture levels should be similar to 
those on the Oak Ridge Reservation. The choice of an atmospheric mass loading for this 
exposure pathway is based on these data and the following considerations. Although some 
gardening activities presumably would increase atmospheric concentrations of suspended 
soil well above background levels, it probably is unreasonable to assume that the average 
concentration during all gardening activities would be much greater than the average 
background level in the United States. First, the average background level of suspended 
soil originating from the Oak Ridge Reservation should be substantially lower than the 
average level in the United States, because of the high annual precipitation, extensive 
vegetation, and low average wind speed at the site. Second, at any location, airborne 
concentrations of suspended surface soil consist of material originating from a wide area, 
not just from the particular location where inhalation exposures occur. Finally, the model 
assumes that all suspended soil particles are respirable. However, particularly during more 
vigorous gardening activities that could result in higher-than-average atmospheric mass 

kg/m3. 
The assumed atmospheric mass loading of contaminated soil while working in the 

kg/m3 is somewhat greater than the average background dust 
kg/m3 (Anspaugh et  al. 
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loadings, such as hoeing and tilling, some particles are likely to be too large to be 
respirable. Taking all of these factors into account, the choice of low7 kg/m3 to represent 
the average mass loading during gardening activities on the Oak Ridge Reservation seems 
to be a reasonable assumption for this highly uncertain parameter. 

in Table G.20. The annual dose per unit concentration of a radionuclide in exhumed 
waste in a disposal unit at the time intrusion occurs is based on the model and parameter 
values described above and the inhalation dose conversion factors given in Table G.3. 
Again, the results for isotopes of radon are estimated using a model described later in this 
section. 

radionuclide i is given by 

The model for estimating inhalation dose while working in the garden is summarized 

For inhalation exposures while residing in the home, the airborne concentration of 

where 

CiI = concentration of radionuclide i in disposal units (&Urn3), 
L a  
P S  = density of soil (kg/m3). 

= mass loading of soil in the atmosphere (kg/m3), and 

In implementing the model, a soil density of 1,400 kg/m3, a fraction of the year during 
which exposure in the home occurs of 0.5 (Le., about 4,000 hours per year), and an annual 
air intake of 8,000 m3 again are assumed. The atmospheric mass loading of contaminated 
soil at the location of the home on top of disposal units is assumed to be lo4 kg/m3, which 
is approximately one-fourth of the average dust loading in the United States (Anspaugh 
et al. 1975). On the basis of the previous discussion of the atmospheric mass loading of 
contaminated soil while working in the vegetable garden, it seems unreasonable to assume 
that the mass loading of largely undisturbed surface soil on the Oak Ridge Reservation 
during indoor residence would be as high as the average dust loading in the United States. 
The assumption that the average mass loading at the disposal site is one-fourth of the 
average background level in the United State.. is intended to take into account the 
abundant precipitation, extensive vegetation, and low average wind speed at the disposal 
site, as well as the presence of uncontaminated soil suspended from other locations. In 
addition, the model for inhalation exposure indoors does not take into account the 
possibility that indoor concentrations of suspended soil particles may be somewhat less 
than the concentrations outdoors. 

The model for estimating inhalation dose during indoor residence is summarized in 
Table G.21. The annual dose per unit concentration of a radionuclide in disposal units at 
the time intrusion occurs is bascd on the model and parameter values described above and 
the inhalation dose conversion factors given in Table G.3. The results for isotopes of 
radon are estimated using the model describcd below. 

In this analysis, inhalation doses from isotopes of radon and their short-lived decay 
products while working in the vegetable garden containing contaminated soil or while 
residing in a home of top of exposed waste in disposal units are estimated using a natural 
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Tabk G20- Annual effective dae equivalents drom inhalation 
while working in vegetable garden per unit concentration o€ 

radionuclides inexhumedwaste fix amidium scenaria" 

Annual dose Annual dose 
Nuclide' (re* per &Urn3) Nuclide' (rem& per pCi/m3) 

7.2 x 10-14 

2.4 x 

9.0 x lo-'' 

2.3 x lo-" 

1.4 x lo-*' 

1.7 x lo-'' 

3.4 x lo-'2 

1.5 x 10-9 

1.6 x 10-9 

8.6 x 

3.7 x 

2.5 x lo-'' 

3.0 x IO-'' 
4.5 x lo-'' 

1.5 x lo-* 

9.3 x 10-9 

9.0 x 

1.3 x lo-& 

2.0 x lo-6 
3.0 x 10-7 

% 
22oRn 

232ud 

"3u 

238v 
u7Np 

psPu 

u9pU 

24opU 

"'Am 

B3Am 

"3Crn 

mCm 

%9Cf 

1.3 x 

3.5 x 10-7 

7.7 x 10-7 

1.5 x 10-7 

1.5 x 10-7 

1.4 x 10-7 

1.4 x 10-7 

1.4 x 10-7 

5.6 x 10-7 

5.8 x 10-7 

5.8 x 10-7 

5.9 x 10-7 

5.9 x 10-7 

4.0 x 10-7 

3.1 x 10-7 

6.3 x 10-7 

2.1 x lo+ 

5.3 x 

5.5 x 

Walues give 50-year committed effective dose equivalents from me year's intakes of air. 
%dented entries are radiologically significant decay products of parent radionuclide listed. 
Value is normalized to unit concentration of parent radionuclide. 
hvalues for f28Th and % decay products are listed following 

. ,.... 
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Table G21. Annual effective dose equivalents from inhalation 
during indoor residence per unit ConcentfatioIl of radionuclides 

in disposal units for agriculture scenario" 

Annual dose Annual dose 
Nuclide (rem& per pCi/m3) Nuclideb (rem& per pCi/m3) 

1.8 x lo-'* 

6.0 x lo-" 

2.3 x 10-9 

5.7 x 10-'O 

3.4 x 10-l0 

4.3 x 10-9 

8.6 x lo-" 

3.7 x 
2.1 x 

4.0 x 

9.2 x lo-'' 

6.3 x 10-9 

7.4 x 10-9 

1.1 x 10-9 

3.7 x 10-7 

2.3 x 10-7 

2.3 x 10-7 

4.9 x 10-5 

1.2 x lo-*= 

7.4 x 

?rh 
% 
220Rn 

Z32ud 

233u 

235u 

237Np 

%PU 

u9Pu 

"OPU 

"*PU 

"'Am 

"3h 

"3Cm 

244Cm 

"9Cf 

3.1 x 10-5 

8.9 x 

1.0 x 

1.9 x 10-5 

3.7 x 

3.7 x 

3.4 x 

3.4 x 

3.4 x 

1.4 x 10-5 

1.3 x 10-5 

1.5 x 10-5 

1.5 x 10-5 

1.4 x 10-5 

1.5 x 10-5 

1.5 x 10-5 

1.0 x 
7.7 x 

1.6 x 10-5 

'Values give SO-year committed effective dose equivalents from one, year's intakes of air. 
%dented entries are radiologically significant decay products of parent radionuclide listed. 
Value is normalized to unit concentration of parent radionuclide. 
dvalues for 23"rh and %n decay products are listed following ?Ih. 
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analog model. Specificaliy, known average doses from exposure to =Rn and %n both 
indoors and outdoors, which result from known average concentrations of their respective 
parent radionuclides =Ra and 2 3 ~  in surface soil, are used to estimate doses from the 
radon isotopes per unit concentration of the parent radionuclides in disposed waste for 
the inhalation pathways of concern for the agriculture scenario. The analysis based on the 
natural analog model proceeds as follows. 

The National Council on Radiation Protection and Measurements (NCRP 1987) has 
estimated that the average effective dose equivalent from exposum to radon in the 
United States is about 0.2 remfyear. This estimate evidently applies only to exposure to 
ZnRn and its short-lived decay products in homes and, furthermore, assumes continuous 
residence indoors (NCRP 1987). The estimated dose from =Rn indoors results from an 
average concentration of the parent radionuclide =Ra in surface soil of about 0.6 pCi/g 
(NCRP 1984), which, for an average bulk density of soil of 1.4 g/crn3 (Baa  and Sharp 
1983), corresponds to a concentration of 0.84 pCi/m3. Therefore, for continuous residence 
indoors, the annual effective dose equivalent from exposure to 
decay products per unit concentration of n6Ra in surface soil is estimated as: 

and its short-lived 

%n, continuous residence indoors - 

(0.2 rem/year)/(O.&l pCi/m3) = 0.24 rem/year per pCilm3. 

The dose from mRn during continuous residence indoors given above can be used 
to estimate the dose from inhalation during indoor residence in a home on top of exposed 
waste in disposal units containing =Ra by taking into account the fraction of the year 
during which residence in the home at the disposal site occurs. As described previously, 
this factor is assumed to be 0.5. Therefore, for inhalation exposure while residing in a 
home on top of exposed waste in disposal units, the annual effective dose equivalent from 
=Rn and its short-lived decay products per unit concentration of 2aaRa in the disposal 
units is estimated as: 

%n, indoor residence in agriculture scenario - 
(0.24 rem/year per pCi/m3)(0.S) = 0.12 rem/year per pCi/m3. 

This dose estimate is given in Table G.21, 

with 226Ra is estimated as follows. The United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR 1988) has estimated that, for continuous 
exposure, the average effective dose equivalent from outdoor %ra would be about 28% 
of the average dose From indoor mRn. Therefore, for continuous residence outdoors, the 
annual effective dose equivalent from exposure to mRn and its short-lived decay products 

The inhalation dose from ZZ2Rn while working in the vegetable garden contaminated 

. .. .. . 
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per unit concentration of 226Ra in surface soil is estimated from the previous result for 
continuous indoor residence as: 

mRn, continuous residence outdoors - 

(0.24 rem/year per pCi/m3)(0.28) = 0.067 rem/year per pCUm3* 

The dose from ?Ftn during continuous residence outdoors given above can be used 
to estimate the dose from inhalation while working in the vegetable garden containing 
mRa by applying two corrections. The first is the fraction of the year that an intruder 
spends working in the vegetable garden, which is assumed to be 0.01. The second is the 
dilution factor for mixing of radionuclides in exhumed waste from disposal units into soil 
in the garden, which is assumed to be 0.2. Therefore, for inhalation exposure while 
working in the vegetable garden, the annual effective dose equivalent from mRn and its 
short-lived decay products per unit concentration of =Ra in exhumed waste is estimated 
as: 

m R ~ ,  residence in vegetable garden in agriculture scenario - 

(0.067 remiyear per pCi/m3)(0.01)(0.2) = 1.3 x rem/year per &Urn3. 

This dose estimate is given in Table G.20. 
The dose estimates for inhalation exposure to %n and its short-lived decay 

products during indoor residence and while working in the vegetable garden are obtained 
from the data on average doses from mRn both indoors and outdoors presented above 
and the following information. First, for continuous residence, the average dose from 
indoor " R n  is estimated to be about 14% of the average dose from indoor mRn, and the 
average dose from outdoor mRn is estimated to be about 26% of the average dose from 
outdoor mRn (UNSCEAR 1988). Second, the estimated doses from %n result from an 
average concentration of the parent radionuclide 232Th in surface soil of about 1 pCi/g 
(NCRP 1984) which, for an average bulk density of soil of 1.4 g/cm3 (Baa and Sharp 
1983), corresponds to a concentration of 1.4 pCi/m3. 

Using the data on doses from mRn for continuous residence indoors and outdoors 
presented previously, the data on doses from %n relative to the doses from 2PRn and 
the average concentration of =2Th in surface soil given above, and the assumptions in the 
agriculture scenario for the indoor residence time, the residence time while working in the 
vegetable garden, and the dilution factor for mixing of exhumed waste in garden soil, the 
following dose estimates for %n are obtained. For inhalation exposure while residing in 
a home on top of exposed waste in disposal units, the annual effective dose equivalent 
from mRn and its short-lived decay products per unit concentration of ?l% in the 
disposal units is estimated as: 

mRn, indoor residence in agriculture scenario - 

(0.2 rem~ear)(0.14)(0.S)/(1.4 pCi/m3) = 0.010 rem/year per pci/rn3. 
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... 

This dose estimate is given in Table (3.21. For inhalation e 

products per unit concentration of ”% in exhumed waste is estimated as: 

sure while working in the 
vegetable garden, the annual effective dose equivalent from % n and its short-lived decay 

%n, residence in vegetable garden in agriculture scenario - 

(0.2 re~ear)(O.28)(0.26)(0.01)(0.2)/( 1.4 gCi/m3) = 2 1  x remJyear per pCi/m3. 

This dose estimate is given in Table G.20. The dose estimates for mRn during indoor residence 
and while working in the vegetable garden given above also apply to %n produced in the 
decay of 23w. 
from all exposure pathways per unit concentration of radionuclides in disposal units at the time 
intrusion is assumed to occur are summarized in Table G.22 The total dose For each 
radionuclide is the sum of the doses from the vegetable, soil ingestion, external exposure, and 
inhalation pathways summarized in Tables G.16-G.21. 

On the basis of the modeis and parameter values assumed in the dose analysis for the 
agriculture scenario, the most important exposure pathways depend on the particular 
radionuclide. For the fwion and activation products and 210Pb, the vegetable pathway is the 
most important, unless the radionuclide is a photon emitter in which case external exposure 
while residing in the home is the most important pathway. For mRa, =?I%, and 232U, inhalation 
of radon and its short-lived decay products while residing in the home is the most important 
pathway. However, if the inhalation dose from radon is excluded, external exyosure while 
residing in the home is the most important pathway for Z?6Ra and the actinide radioelements 
when the isotope emits significant intensities of high-energy photons, but the vegetable and soil 
ingestion pathways and inhalation exposure while residing in the home usually are significant 
contributors to the total dose when the isotope is not a high-energy photon emitter. For many 
of the actinide radioelements, the soil ingestion pathway is more important than the vegetable 
pathway, due to the low plant-to-soil concentration ratios in vegetables assumed for most of 
these elements. 

AU Pathways. For the agriculture scenario, the annual doses to an inadvertent intruder 

G5-2.2 ResidentscenariO 

In the resident scenario, an inadvertent intruder is assumed to construct a home on top of 
disposal units, as in the agriculture scenario described in Sect. G.5.2.1. However, in digging the 
foundation, an intruder is assumed to encounter an intact engineered barrier above the waste 
that cannot be penetrated by normal excavation procedures. The home then is assumed to be 
located on top of the intact barrier, rather than on top of exposed waste as in the agriculture 
scenario. An intruder is assumed to receive a chronic external exposure while residing in the 
home on top of the disposal units, but ingestion exposures and inhalation exposures to 
radionuclides in particulate form are precluded by the intact engineered barrier. Inhalation of 
radon and its short-lived decay products during indoor residence also is assumed to be mitigated 
by the presence of an intact engineered barrier above the waste. 

the model given in Eq. G.13. As in the agriculture scenario described previously, 
External exposure while residing in the home in the resident scenario is estimated using 
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Table G.22 Annual effective dose equivalents to inadvertent intruderrr 
per unit mncentration of radionuclides in disposal units from all 

eJrposure pathways for agriculture sumarid 

Nuclideb (re* per pCi/m3) Nuclideb (re* per pCi/m3) 
Annual dose Annual dose 

3H 

l4C 

%AI 
921 

% 

63Ni 

+ d 

99TC 

1 1 3 m a  

137Cs + d 

152Eu 

lHEu 

ls5Eu 

210Pb + d 

=Ra -I- dcid 

mRn 

% + d  

23oTh 

3.9 x 

1.5 x 10-5 

4.9 x 10-3 

1.2 x 10-3 

3.4 x 10-4 

4.6 x 10-3 

1.8 x 10-7 

1.8 x 10-4 

1.1 x 10-5 

1.3 x 10-4 

1.0 x 10-3 

2.0 x 10-3 

2.2 x 10-3 

3.9 x 10-5 

3.0 x 10-4 

3.4 x 10-3 

5.2 x 10-4 

1.1 x 10-5 

1.2 x 10-le 

27% + dd 

220Rn 

232U + dd 

%n 

233u 

23sU + d 

m U + d  

237Np + d 

=PU 

u9pU 

240Pu 

"2Pu 

%lAm 

243Am + d 

243Cm 

2Q4Cm 

249Cf 

4.3 x 10-3 

2.7 x 10-3 

1.1 x 10-5 

1.1 x 10-5 

1.9 x 10-4 

1.0 x 10-5 

4.0 x 10-5 

5.8 x 10-4 

3.4 x 10-5 

4.0 x 10-5 

4.0 x 10-5 

3.8 x 10-5 

5.6 x 10-5 

2.7 x 10-4 

1.7 x 10-4 

2.0 x 10-5 

5.7 x 10-4 

1.0 x lo-& 

1.0 x lo-% 

Values give sum of SO-year committed effective dose equivalents per unit concentration from one 
year's intakes of vegetables, soil, and air given in Tables G.16, G.17, and G.20, and G.21, respectively, 
and effective dose equivalents per unit concentration from one year's external exposure given in 
Tables G.18 and G.19. 

with the parent. 
denotes short-lived radioactive decay products that are assumed to be in secular equilibrium 

'Decay products include *I0Pb and its decay product. 
9 o s e  from radon decay product is listed separately. 
'Value is normalized to unit concentration of parent radionuclide. 
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the fraction of the year during which external exposure in the home occurs is assumed to 
be 0.5, and the shielding factor for all photon-emitting radionuclides during indoor 
residence is assumed to be 0.7. The dose conversion factor for each photon-emitting 
radionuclide is the external dose-equkalent rate per unit concentration in the disposal 
units taking into account the shielding provided by the source region and the engineered 
barrier on top of the disposal units. For the different types of disposal units in SWSA 6 
that are constructed with engineered barriers (see Sects. 2.3.5 and 23.6), the shielding 
provided by the intact bamer on top of the disposal units is assumed to be equivalent to 
the shielding provided by a layer of soil of thickness 30 cm. 

Table G.23. The annual dose per unit concentration of a radionuclide in the disposal 
units at the time intrusion occurs is obtained from the assumed exposure time and 
shielding factor during indoor residence given above and the external dose-rate conversion 
factors given in the column in Table G.6 labeled "30-cm shielding." 

The model for estimating external dose in the resident scenario is summarized in 

_i ..... 

.-.-.._ 

In the discovery scenario, an inadvertent intruder is assumed to encounter an intact 
and impenetrable engineered barrier in disposal units while digging a foundation for a 
home, as in the resident scenario described in Sect. G.S.2.2. However, the discovery 
scenario differs from the resident scenario in two respects. First, an intruder is assumed to 
receive an external exposure only for a short period of time while attempting to excavate 
at the disposal site @e., an intruder does not construct a home at the location of the 
disposal units). Second, an intruder is assumed to receive exposure while working at the 
side of disposal units, rather than on top of the units. As in the resident scenario, 
ingestion exposures and inhalation exposures to radionuclides in particulate form are 
precluded by the intact engineered barrier, and inhalation of radon and its short-lived 
decay products is assumed to be mitigated by the presence of an intact engineered barrier 
between the waste and the receptor location. 

estimated using a model of the form given by Eq. G.ll. The oniy parameters in the 
model are the time during which external exposure while excavating at the site occurs and 
the amount of shielding provided by the engineered barrier at the side of disposal units. 

The choice of an exposure time for the discovery scenario is highly subjective. The 
time spent excavating at the disposal site probably would be at least 10 hours (i.e., about 
0.1% of the time during a year) but is unlikely to exceed 100 h (about 1% of the time 
during a year) before an intruder would decide to abandon digging at the site and move 
elsewhere. In this analysis, an exposure time of 100 hours during a year is assumed, in 
order to provide a prudently conservative estimate of dose for this scenario. 

For the different types of disposal units in SWSA 6 that are constructed with 
engineered barriers (see Sects. 2.3.5 and 2.3.6), the shielding provided by the intact barrier 
at the sides of the disposal units is assumed to be equivalent to the shielding provided by a 
layer of soil of thickness either 15 or 30 cm. However, doses for the discovery scenario 
need to be estimated only for disposal units with shielding at the sides equivalent to 15 cm 
of soil. For units with shielding at the sides equivalent to 30 cm of soil, the thickness of 
the engineered bamer at the top and sides is the same, and the dose from the resident 

Externat exposure while digging next to disposal units in the discovery scenario is 
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Table G-23. Annual effective d w  equivalents to inadvertent intruders per unit 
concentration of radionuclides in dispclsal units for resident scenario" 

Annual dose Annual dose 
Nuclide' (re* per pCi/m3) Nuclideb (re* per pci/m3) 

26Al 3.3 x 10-4 23aTh+d 3.0 x 10-4 

% 2.1 x 10-5 = V + d  2.3 x 10-4 

2.9 x 10-4 ='U + d 

137Cs f d 3.2 x 10-5 = U + d  

5.6 x 10-7 

1.2 x 

"*Eu 9.8 x 10-5 237Np + d 3.5 x 

lS4Eu 1.1 x 10-4 243Am + d 1.1 x 

"'Eu 2.0 x 243Cm 7.7 x 10-7 

229Th-t-d 1.0 x 10-5 

=Ra + d 1.9 x 10-4 249Cf 8.1 x 

"values give effective dose equivalent per unit concentration from one year's external exposure, and are 

*"d" denotes short-lived radioactive decay products that are assumed to be in secular equilibrium with 
35% of corresponding external dose-rate conversion factors for 30sm shielding in Table 6.6. 

the parent. 

scenario involving exposure for 50% of the time during the year would always be much 
greater than the dose from the discovery scenario involving exposure only for about 1% of 
the time during a year. 

Table G.24. The annual dose pcr unit concentration of a radionuclide in the disposal 
units at the time intrusion occurs is obtained from the assumed exposure time given above 
and the external dose-rate conversion factors given in the column in Table G.6 labeled 
a 15-cm shielding." 

The model for estimating external dose in the discovery scenario is summarized in 

(3524 Post-Drilling Scenario 

In the post-drilling scenario, an inadvertent intruder is assumed to drill through a 
disposal unit (e.g., for the purpose of constructing a well for a domestic water supply), and 
the entire amount of drilling waste is assumed to be mixed with native soil in the 
intruder's vegetable garden. The pathways for chronic exposure assumed for this scenario 
include (1) ingestion of vegetables grown in contaminated soil, (2) direct ingestion of 
contaminated soil in conjunction with vegetable intakes, (3) external exposure to 
contaminated soil while working in the garden, and (4) inhalation of suspended activity 
while working in the garden. 

G-42 



Dose Analysis 

Table G24. Effective close equivalenca to inrsdvlertent m&lders per unit 

Dose Dose 

eoIlceatLation of radionuclides in dispaeial units for discovery scenafioa 

Nuclideb (rem per pCi/m3> Nuclideb (rem per pCi/m3) 

=AI 3.0 x + d 2.7 x 10-5 

40K 1.9 x % f d 1.8 x 10-5 

2.9 x lo-' B'U + d 2.5 x 10-7 

137Cs f d 4.5 x 2 3 8 U f d  1.4 x 10-7 

? E U  1.1 x lo-' 237Np + d 8.1 x 10-7 

IMEu 1.2 x 1 0 - ~  3.6 x 10-l0 

"'Eu 2.0 x "3Am + d 3.4 x 10-7 

226Ra + d 1.8 x lo-' 243Cm 7.7 x 10-7 

% + d  1.5 x 2d9Cf 1.7 x 

.... 

.-....... 

"values give effective dose equivalent per unit concentration from external exposure and are 1% of 

bud" denotes short-lived radioactive decay products that are assumed to be in secular equilibrium with 
corresponding external dose-rate conversion factors for 15-cm shielding in Table G.6. 

the parent. 

The exposure pathways for the post-drilling scenario are similar to those for the 
agriculture scenario described in Sect. GS.2.1. However, external and inhalation 
exposures during indoor residence do not occur in the post-drilling scenario, because all of 
the exhumed waste is assumed to be mixed with native soil in the vegetable garden and 
the intruder's home is not located on top of any disposal units. Therefore, the: models 
given by Eqs. G.7 and G.8 for the vegetable pathway, Eqs. G.9 and G.10 for the soil 
ingestion pathway, Eqs. G.11 and G.12 for external exposure while working in the garden, 
and Eqs. G.14, G.15, and G.16 for inhalation exposure while working in the garden, as 
well as the natural analog model for estimating inhalation dose from exposure to radon 
while working in the garden, also apply to the post-drilling scenario. 

In implementing the models for the different exposure pathways, most of the 
parameter values for the post-drilling scenario would be the same as the values assumed 
for the agriculture scenario. The only exception is the dilution factor for mixing of 
exhumed waste from a disposal unit with native soil in the vegetable garden, which is 
denoted byf, for all radionuclides. For all exposure pathways in the post-drilling scenario, 
the dose per unit concentration of a radionuclide in a disposal unit is directly proportional 
to this dilution factor. 

to be 0.5 m3 (Kennedy et  al. 1983), and this material is assumed to be uniformly mixed to 
a depth of 15 cm in a vegetable garden of area about 200 m2. A garden of this size 

In the post-drilling scenario, the volume of contaminated drilling waste is assumed 
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reasonably could provide half of' the entire yearly intake of all vegetables by an intruder, 
as assumed in this analysis. Therefore, the volume of soil in the garden into which the 
drilling waste is mixed is about 30 m3, and the resulting dilution factor is about 0.02. The 
assumed dilution factor for the post-drilling scenario thus is a factor of ten less than the 
value 0.2 assumed for the agriculture scenario. Therefore, for any exposure pathway in 
the post-drilling scenario, the dose per unit concentration of a radionuclide in a disposal 
unit is a factor of ten less than the corresponding value for the same pathway in the 
agriculture scenario. 

exposure pathways per unit concentration of radionuclides in disposal units at the time 
intrusion is assumed to occur, as obtained from the models and parameter values described 
above, is summarized in Table G.25. The total dose for each radionuclide is one-tenth of 
the sum of the doses from the vegetable, soil ingestion, external exposure, and inhalation 
pathways for the agriculture scenario given in Tables G.16, G.17, G.18, and G.20, 
respectively. 

For the post-drilling scenario, the annual doses to an inadvertent intruder from all 

G.6 SUMMARY 

This appendix has presented the models and data bases used in estimating effective 
dose equivalents to (1) of€-site individuals and inadvertent intruders resulting from 
exposure to radionuclides in contaminated water and (2) inadvertent intruders resulting 
from direct intrusion into waste disposal units. In each case, particular exposure scenarios 
and associated exposure pathways have been assumed. For each exposure pathway, simple 
models for estimating dose have been developed, and doses per unit concentration of 
radionuclides in water or in disposal units have been estimated on the basis of assumed 
parameter values for the particular pathway models. In the absence of site-specific data, 
the assumed parameter values were based on generic data available in the literature. 

For each exposure scenario, the doses per unit concentration of a radionuclide for 
each exposure pathway have been combined to obtain the total dose per unit 
concentration from all pathways. The following summary tables give the total dose per 
unit concentration of radionuclides at the time intrusion is assumed to occur for the 
different exposure scenarios: 

0 Table G.13, exposure of off-site individuals to radionuclides in contaminated water; 
Table G.14, exposure of inadvertent intruders to radionuclides in contaminated water; 

0 Table G.22, agriculture scenario for exposure of inadvertent intruders to radionuclides 

Table G.23, resident scenario for exposure of inadvertent intruders to radionuclides in 

Table G.24, discovery scenario for exposure of inadvertent intruders to radionuclides in 

Table G.25, post-drilling scenario for exposure of inadvertent intruders to radionuclides 

in disposal units; 

disposal units; 

disposal units; and 

in disposal units. 
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Table GZ. Annual effective dose equivalenb to inar;tVertent intnad;p;ts 
per unit concentration of rr#fionuclides, in tzxhumed waste from all 

errposute pathways for paetdriUing gcenariop 

Nuclideb ( r e d  per pCi/m3) Nuclideb (re* per pci/m3) 
Annual dose Annual dose 

3H 

l4C 

%AI 
"C1 

9s 

63Ni 
90Sr + d 

99TC 

l l f m a  

137Cs + d 

lSzEu 

'"Eu 

lssEu 

210Pb + d 

=Ra + dcd 

mRn 

% + d  

% 

3.9 x 10-7 

1.5 x 
2.2 x 
1.2 x 10-4 

6.0 x 
2.1 x 
1.8 x 
1.8 x 10-5 

1.3 x 10-5 

9.4 x 10-7 

1.1 x 

1.3 x 

1.0 x 
2.6 x lo-' 
3.0 x 10-5 
3.3 x 10-5 
1.3 x lo-% 

3.0 x 
3.4 x 10-7 

% + de 

ZZORn 

23% + de 

22aRn 
p3u 
"U 
23sU + d 

= U + d  

237Np + d 

=PU 

B9PU 

vu 

32PU 

241Am 
243Am + d 

2 4 3 ~ m  

244Cm 

"9Cf 

6 2  x 
2.1 x lo-& 

5.7 x 

2.1 x 
7.5 x 10-7 

7.3 x 10-7 

7.9 x 10-7 

6.9 x 10-7 

2.4 x 10-5 

6.6 x lo-' 

2.1 x 
2.5 x 
2.5 x 
2.4 x 
3.1 x 
3.2 x 
1.6 x 
1.3 x 
2.8 x 1W6 

'Values give sum of 50-year committed effective dose equivaients per unit concentration from 
one year's intakes of vegetables, soil, and air and effective dose equivalents per unit concentration 
from one year's external exposure; values for each exposure pathway are one-tenth of values for 
agriculture scenario given in Tables G.16, G.17, and G.18, and G.20, respectively. 

with the parent. 
**d" denotes short-lived radioactive decay products that are assumed to be in secular equilibrium 

'Decay products include ?€" and its decay product. 
dDose from radon decay product is listed separately. 
Value is normalized to unit concentration of parent radionuclide. 
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The dose analyses for each exposure scenario and exposure pathway were based on 
assumed model parameters, some of which are radionuclide- or element-specific and 
others of which are independent of radionuclide. The radionuclide- or element-specific 
parameter values are given in Tables G.2-G.6, G.8, G.9, and G.15. The parameter values 
that are independent of radionuclide are summarized in Table G.26. 

For the four scenarios involving direct intrusion into disposal units, the radionuclide 
concentrations in the disposal units to which the doses obtained in this analysis are 
normalized are the concentrations at the time intrusion is assumed to occur, rather than 
the concentrations at the time of disposal. That is, the dose analyses for these scenarios 
presented in this appendix do not include any assumptions about the time after disposal at 
which intrusion occurs. Such assumptions are applied when the results of the intruder 
dose analyses are combined with the results of the performance assessments for the 
various types of disposal units, which yield predictions of the concentrations of 
radionuclides remaining in disposal units as a function of time after disposal. 
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Table G.26. Summary of &nuclide-Mqeht parameter values used 
in dose analyses for off-site individd and inadvertent iuhders 

Parameter description Symbol Parameter value 

Consumption of contaminated drinking water - 
humans" 
dairy cattle" 
beef cattle" 

Consumption of contaminated vegetablesb 

Density of soilb 

Dilution factor for mixing of exhumed waste 
with native soil in vegetable garden 

Consumption of contaminated soilb 

Exposure times - 
1 SWiIlUlling 

working in gardenb 
residing in homef 
excavating at disposal sit& 

Shielding factor for external exposure during 
indoor residencd 

Air intake (breathing rate)b 

Atmospheric mass loading of contaminated 
surface soil - 
working in gardenb 
residing in home" 

73Q Lry 
60 Wd 
50 Wd 

90 kg/y (fresh weight) 

1,400 kg/m3 

0.2" 
omd 
0.037 kgEy 

1%& 
l%/y 
XI%& 
1 W h  

0.7 

8,000 m3& 

kg/m3 
ke;/m3 
I 

'Tammeter applies to exposure of off-site individuais and inadvertent intruders from use of contaminated 

'Parameter applies to agriculture and postdrilling scenarios for inadvertent intruders. 
Tarameter applies to agriculture scenario for inadvertent intruders. 
dParameter applies to postdrilling scenario for inadvertent intruders. 
'Parameter applies to exposure of off-site individuals from use of contaminated surface waters. 
Qarameter applies to agriculture and resident scenarias for inadvertent intruders, 
XPararneter applies to discovery scenario for inadvertent intruders. 

groundwater or surface waters. 

... 
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APPEBDIXH 

JX1 DEFINITIONS AND INTRODUCTION 

......._ 

.... 

_ -  

This performance assessment is based on a linkage of models constructed to 
approximate chemical transport along the water pathways at SWSA 6. In this assessment, 
the radionuclide inventories are estimated, followed by modeled release and transport of 
the contaminants. Each stage in the modeling uses simplifying assumptions involving 
inexact parameters and variables. The influence of the uncertainty in model parameters on 
the predicted contaminant concentrations is typically estimated by means of a parameter 
variance study. Such a study was carried out here by Latin hypercube (LHC) sampling of 
the parameters, whose variability is assumed to be represented by appropriate probability 
distributions. The uncertainty in the model parameters associated with each stage 
contributes to an overall uncertainty in the fmal projected contaminant concentration and 
dose. The analysis was performed so that a random output from one stage (or model 
segment) becomes input for the next stage, while parameter variance is “inserted” at each 
stage by LHC sampling. In what follows, it is convenient to use the term “objective 
uncertainty” to refer to the uncertainty associated solely with parameter variability. 
However, an attempt is also made here to assess the subjective uncertainty associated with 
the assumptions used in the modeling. As seen below, this subjective assessment amounts 
to a “smearing” of the objective probability distribution-that is, of the contaminant 
probability distribution derived from the LHC analysis-which leads to an increase in the 
overall uncertainty associated with the estimated probability of compliance. 

In assessing the performance of SWSA 6 far into the future, the approach here is to 
provide a ”best estimate“ of projected (or modeled) dose, accompanied by an estimate of 
the probability that the actual future dose is near the projected dose. More specifically, in 
terms of concentrations, if C denotes the (unknown) actual contaminant concentration, 
and 
analysis provides the probability of compliance, P, = Pr(C ,< c‘). This is in contrast to a 
more definitive statement that C I c‘. If P, is near 1, the results of the composite model 
suggest that C 5 c‘ and SWSA 6 is in compliance; a value of P, near 0 suggests 
noncompliance. 

here, is directly associated with the value of P, = Pr(C I e). If P, = 0.5 then no 
confident conclusion can be drawn as to whether or not C I C”; there is an “even 
chance” of compliance. If P, = 1 or P, = 0, then the analysis supplies a stronger 
statement as to whether C does or does not exceed c“. A quantitative measure of 
uncertainty, borrowed from information theory, is the computable quantity (the “entropy“) 

denotes the maximum allowable concentration associated with a dose limit, the 

The uncertainty associated with projected compliance or noncompliance, as used 
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u = -[P, 10g2(P,) 4- (1 -Pc) 10g2(l -P,)] . 

If P, = 0.5, the uncertainty is at its maximum: U = 1. If P, = 0 or P, = 1, then U = 0. 
Thus, any feature of the SWSA 6 analysis that has the effect of driving P, nearer to 0.5 is 
a feature which contributes to the uncertainty of the assertion that C 5 c' and that 
SWSA 6 is in compliance. (Recall that the dose is acceptable if and only if C 5 c'.) 
With this approach, the determination of compliance or noncompliance is judged on a 
probability scale, and the uncertainty in the judgment is also scaled between 0 and 1. If 
P, = Pr(C s; C') = 1, then the model predicts compliance, with no uncertainty (U = 0). 
If P, = Pr(C 5 6)  = 0, then the model predicts noncompliance, again with no 
uncertainty. Realistically, since it is not possible to predict the long-term fate of 
contaminants without some uncertainty, the ultimate objective of the uncertainty analysis 
is to obtain a probability distribution for possible doses at compliance points at SWSA 6. 
For doses due to water consumption, the maximum allowable dose of radiation from a 
given radionuclide in water corresponds directly to a maximum allowable concentration of 
that radionuclide. Hence, the probability of compliance and the uncertainty associated with 
it are related to concentrations predicted by the modeling, and for any given probability of 
compliance, there corresponds a computable uncertainty (entropy) given by the above 
equation for U. 

It is assumed that the actual concentration, C, of a given radionuclide at a given 
point in time and specified compliance point is a random-valued quantity. The maximum 
value of the (unknown) concentration over all time, starting at 1988, is assumed to be a 
random variable determined by a plethora of random and planned events, including 
inventory, weather and climate, concrete and steel durability, and future geologic and 
hydrologic events. Since some radionuclides (e.g., 
billions of years, some of the modeled predictions occur on a geological time scale. Hence, 
the random events that determine actual concentrations are virtually limitless in scope, and 
any model must be put in proper perspective with some evaluation of accompanying 
uncertainty beyond routine LHC analysis. 

In summary, it is recognized that the model is not likely to produce a computed 
concentration without errors. The uncertainty associated with asserting that the actual C is 
in compliance (C I c') is assumed to come from two basic sources: (1) given that the 
model is an accurate representation of the transport process, the physical parameters are 
never known exactly; (2) the composite model may be flawed in the sense that it is not 
sufficiently specific to adequately describe the site and its details and, at the same time, is 
not sufficiently robust to describe the site for tens of thousands of years. These two 
sources of uncertainty are considered separately and in combination below. 

and 232Th) have half-lives in the 

€I2 UNCERTAINTY DUE TO PARAMEER VARIANCE 

The composite transport model basically consists of six components (or stages): 
inventory, rainfall and infiltration, release, shallow subsurface, groundwater, and surface 
water. Thus, the uncertainty analysis involves the serial variation in concentrations from 
one stage to the next. The probability of compliance (POC) is computed at selected 
compliance points for each radionuclide using LHC sampling. The coupled sampling 
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procedure is illustrated in Fig. H.l. In each model component, 50 inputs from the 
preceding component are sampled simultaneously with all the relevant parameters in the 
given component. The result is a set of 50 time evolutions consisting of concentrations (or 
mass and volumetric flux) that serve as input to the next component. Thus, the output of 
the coupled system depicted in Fig. H.l yields a sample of 50 concentrations in 
groundwater and surface water. 

statistical error. A 90% confidence bandwidth due to sampling variability is given as 
follows: Defining d = 1 . W P  , where N is the sample size, then 

The finite number of samples used in LHC sampling is itself a source of some small 

.... 

where 

d = 1.22/@- = 0.17. Again, this assumes that the sample concentrations are taken from 
an actual population of possible outcomes. This would be the case if the model is indeed 
an accurate representation of all the physical processes that will yield a future population 
of concentrations. Hence, this determination of the POC in terms of the computed pc 
involves only variances in the input parameters and the combined (serial) effects 
propagating through the composite model. The more difficult determination of 
uncertainties due to perceived restrictive assumptions in the model is considered below. 
This component is subjective and cannot be defended beyond the fact that it is the 
opinion of an "expert-" 

is the POC derived from the composite model. With the sample size N = 50, 

The SWSA 6 analysis of potential dose to a future individual relies on the 
composite ("daisy chain") model, which effectively converts an initial mass of radionuclide 
into a dose of radioactivity under a plethora of assumed physical properties and consumer 
behavior. Each component of the model introduces additional uncertainties that should be 
accounted for. The composite uncertainty should be a measure of propagation of 
component uncertainties through the daisy chain. This overall uncertainty propagation can 
be expressed using standard probability rules, as shown later. The essential model 
components are 

0 

0 

0 

0 

determination of initial mass (inventory), 
determination of representative precipitation at SWSA 6 for tens of thousands of 
Yea=, 
prediction of release rates for each site and each radionuclide, 
prediction of transport through the saturated groundwater system, 
prediction of transport to surface water from the shallow subsurface and 
groundwater discharge, and 

... 
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Fig. H.1. Coupled sampling procedure. 
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.... 

prediction of doses based on future contaminant concentrations and presumed 
future consumer behavior. 

Aside from variances in results due to inexact input parameters, a basic source of 
uncertainty at any stage in the modeling is the inadequacy of the model for representing 
the site and making long-range predictions. The uncertainty in the adequacy of the model 
is determined subjectively, since it is based on experience and is not measurable. In 
attempting to factor into the analysis subjective assessments, an attempt is made to keep 
these perceived sources of uncertainty separate. That is to say, it is useful to draw a 
distinction between “objective uncertainty” and “subjective uncertainty” in deriving the 
probability of compliance, where the former is associated solely with the propagation of 
parameter variance through the composite model. The objective uncertainty is expressed 
by the cumulative probability distributions (CDFs) derived from the LHC simulations. 
CDFs do not account for uncertainty associated with a judgment about the actual 
“validity” of the model. This is a subjective assessment best made by the model developer, 
or expert, who can express his or her confidence (or lack thereof) in the fundamental 
validity of each model segment. If expressed appropriately, this subjective judgment of 
confidence can then be incorporated into the uncertainty analysis with the result of 
modifying the objective LHC CDFs. The effect of incorporating subjectivity in this fashion 
is to smear the objective distributions somewhat, and hence to increase the uncertainty of 
compliance, as defined by Eq. (H.1). 

To show where judgments of validity in a model may arise, it is useful to break 
down each component of the transport model into the elements listed in Table H.1. 
Sources of subjective uncertainty can occur for any of the reasons noted. All of‘ these 
hierarchical elements may contribute to a greater or lesser extent to an overall subjective 
judgment about the validity of the model. 

Table El- Sources of subjective uncertainty in the transport model 

Element of modeling process Course of uncertainty 

Conceptual model Incomplete understanding of all aspects of the transport 
process or uncertainty in underlying assumptions of the 
model 

Mathematics/physics Failure to adequately capture or express conceptual 
understanding in mathematical language 

Numerical Failure to formulate the mathematics in usable 
algorithms 

Computer model 

Interpretation of results 

Faiiure to eliminate errors in resulting computer codes 

Difficulty in interpreting results in terms of the 
conceptual model 
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Below we describe two possible approaches for incorporating the subjective expert’s 
opinion about whether a model (or model component) is “valid,” in a sense to be defined 
shortly. The first approach (Sect. H.3.1) employs a very simple, but crude weighting 
scheme that yields a lower bound on the probability of compliance. This approach requires 
a subjective assessment from each expert in the form of a single number between 0 and 1 
that attempts to assign a weight to the validity of his or her model component. The second 
approach (Sect. H.3.2) attempts to incorporate expert opinion in a more rigorous fashion 
but requires a more quantitative expression of the model’s validity from the expert, as 
explained below. This is the method used in the present analysis. 

H 3 . X  A h e r  Bound for the Probability of Compliance 

In the lower-bound approach, an expert assigned to a particular model segment is 
asked to provide a weight, w, with 0 I w 5 1, where the choice w = 1 means that his or 
her segment is (completely) valid in the sense that the expert has a significant degree of 
confidence in all elements of the model, as listed above. The weight w = 0 means that the 
expert has no confidence in one or more of the above elements. That is, w = 0 means 
that the model component is incapable of representing the physical system and is not 
suitable for prediction. Choosing w, with 0 I w I 1, amounts to a subjective estimate of 
how relevant the model is in representing the physical system and making predictions. Or, 
the subjective weight, w, relates to the degree with which a model component is valid. The 
goal will be to incorporate the choice for w into the more standard “objective” uncertainty 
analysis of parameter variance based on LHC sampling. To this end, it is convenient to 
define w as the probability of validity: 

w = Pr(mode1 segment is valid). 

Each component in the model may also be assigned a validity weight, as follows: 

w 1  = Pr(initia1 mass approximation is valid) 

w2 = Pr(hydro1ogic model is valid) 

wg = Pr(contaminant release model is valid) 

wq = Pr(transport to shallow subsurface and groundwater recharge model is valid) 

w5 = Pr(groundwater transport model is valid) 

w6 = Pr(consumer scenario is valid) 

w7 = Pr(dose calculation is valid) 

For the purpose of identifying the “weakest link” in the model, it is reasonable to take the 
overall validity as the minimum: 
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Tbis weight will now be combined with the computational uncertainty estimates derived 
from the LHC sampling simulations. 

Viewing C (contaminant concentration) as a random variable, the event C < c' 
occurs with a certain probability. This event can evidently happen in two ways: 

C < c" and (model is valid) 

or 

C I c' and (model is not valid). 

Let A and 3 be events de f i ed  as follows: 

A : Model segment is valid 

A : Model segment is not valid 

Note that the definition w = Pr(A) implies Pr(A) = 1 - w. Then the event can be 
related to the probability that the composite model actually predicts C s c* by the 
formula for total probability: 

As a simple, commonsense check, notice that if w = 1, then Pr(C s 6) = Pr(C 5 
C' IA), which is to say that the sought result Pr(C I 6) is given wholly by Pr(C I c" IA). 
That is, Pr(C s 6)  can be determined computationally from an analysis of the model. 
(This is precisely the assumption when parameter propagation studies are solely used to 
determine uncertainty, e.g., via LHC sampling simulations.) If w = 0, then Pr(C s; c') = 
Pr(C I C" IAJ, which is to say that the desired quantity should be determined somehow 
with no regard for the model. Finally, since it is always true that 0 I Pr(C ,< d lAf s 1, 
Eq. (H.2) implies 

Pr(C 5 C I A )  w I P ~ ( C  I c") 5 Pr(C I; C I A )  w + 1 (1 - w). 

The lower half of the inequality, namely Pr(C 5 c" IA) w s: Pr(C I c"), shows that a 
LHC sampling-derived value for Pr(C S c" IA) and a subjective weight w, chosen for 
model validity, yield a lower bound for the probability of compliance. 

. i ..... 

H-7 



SWSA 6 Perfomance Assessment 

E 3 2  An Alternative Approach to Uncertainty Biasing 

This section describes a more rigorous method of incorporating subjective expert 
opinion into the analysis, one that requires more detailed information from the expert. 
This was the approach chosen for the current study. 

To employ subjective information to modify the LHC CDFs using the rules of 
probability, an expert assigned to a particular model segment is queried as follows: “Under 
the assumption that the concentration predicted by the model is based on the true 
parameters, express your confidence in this value by drawing a confidence band about the 
predicted value.” Using 
contaminant concentrations associated with the model segment, one can then approximate 
the conditional probability distribution Ps*.(C IC?) from this confidence band. (Below, the 
symbol P will refer to a probability density function.) The modified distribution is then 
derived from the rule of total probability: 

and C to denote, respectively, the predicted and true 

where PMc( e) is the LHC sampling-derived distribution. The above integration has the 
effect of broadening the original P M c ( c ) ,  and hence, of increasing the uncertainty of 
compliance. Equation (H.3) shows how subjective information is used to modify the LHC 
sampling distribution in one model segment. In the propagation of probabilities through 
the daisy chain, subjective information can be incorporated at each stage. This process is 
described by the next three equations. Below, cln represents the contaminant 
concentration entering the i-th stage, and c:,, ,is the contaminant concentration predicted 
(or “output”) from the i-th stage. The term cAut denotes the LHC sampling-derived 
(“objective”) output probability from the i-th stage. Recall that the output concentration 
of one model component is used as the input for the next component, that is, ci;: = 
This implies 

P(Ct) = P(c:;:) - 

Now let PMc( 
model uncertainty as estimated by the LHC sampling simulations for component i. Then 
the following relation shows how the contaminant probability density function predicted by 
the previous model component, p(c1;:) [= p ( ~ / ~ ) ] ,  is affected by parameter variability in 
the present component: 

I CL) denote the conditional probability distribution that expresses 

The next step is to modify the “objective” distribution, P(Ck,), using the expert’s 
subjective assessment about the “validity” of model segment i. This information is 
expressed by the conditional probability density function, P subj(CLut I CL,,). This conditional 
distribution is constructed from the expert’s opinion as follows: given the model prediction 
of 
band) is drawn about this predicted value that expresses the expert’s confidence in this 
value, and hence in the validity of the model. When this is done, the following relation 

based on the LHC sampling simulation, a probability distribution (or confidence 
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shows how the output (LHC sampling) distribution for the i-th segment, P(cA), is 
modified by the subjective uncertainty to yield the new output distribution for the i-th 
segment P(C:~J : 

This is merely a restatement of E& (H.3) for segment i. 

derived from that of the previous segment. A sequence of such equations can then be 
linked together to obtain the probability distribution associated with the composite model, 
namely, the output distribution from the final segment, P(Ci t ) ,  where N is the total 
number of segments. The composite distribution is then used to compute the probability 
of compliance, P, where 

The above equations define how the probability distribution of the i-th segment is 

Pc = P,(C 5 C*) = 1"' P(c:,)dc:, , 

..... 

..... 

c' being the compliance concentration. From this result, one can compute the compliance 
uncertainty defined by the entropy relation p q .  (H.l)]. It can be shown that the effect of 
incorporating subjective information into the analysis in this way almost always results in 
an increase in uncertainty as defined by Eq. (H.1). (Exceptions can be found if the 
subjective probability distribution is significantly skewed in one direction-for example, to 
convey a judgment that the LHC sampling predictions are extremely conservative.) This 
can be seen by noting that subjective information tends to "smooth" the objective (LHC 
sampling) distribution function, with the result that the probability "density" is distributed 
more evenly above and below the compliance point C*; this drives Pc toward 0.5 and hence 
U toward 1. In other words, if the LHC sampling-predicted compliance probability is 
initially far from 0.5, subjective information will tend to force it closer to 0.5; as a 
consequence, the addition of subjective information can increase the probability of 
compliance if it is initially below 0.5. The more important case, however, occurs when the 
LHC sampling analysis predicts compliance between 0.5 and 1.0. Here, additional 
subjective information will tend to decrease the probability of compliance and again push 
the uncertainty, U, closer to 1. 

the overall (composite) objective and subjective probability distributions separately, and 
then to combine these composite distributions using a relation similar to E& (11.3). That 
is, one first performs the LHC sampling simulation on the composite model wiihout 
incorporating subjective information at each stage. The individual subjective distributions 
are combined separately to form an overall subjective distribution. This is then used to 
modify the composite LHC sampling distribution according to Eq. (H.3). The separate 
computation of the objective and subjective distributions can be justified if Eqs. (H.5) and 
(H.6) are approximately convolution integrals. The latter assumption holds if the transport 
models are linear in the contaminant concentration 
contaminant concentration implies a doubling of the "output" concentration). Although a 
particular model segment may be highly nonlinear in the total flow field (e.g., Foundwater 
transport), if the contaminant concentration itself represents a small perturbation of the 
total flow volume, it is reasonable to expect that the model will behave linearly in the 

Under certain conditions, it is possible, and computationally convenient, to compute 

given that doubling the "input" 
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contaminant concentration to first order. With this assumption and an appropriate 
normalkation of the concentration scales, Eqs. (H.5) and (H.6) can be expressed as 
convolution integrals. Then the composite probability distribution of an N-stage model 
may be written as 

1 9  
* [PflC * p,"" 

where * denotes convolution, and the subscript indicates model segment. Since the 
convolution operation is commutative, the order of the convolutions can be rearranged to 
yield 

where 

MC MC MC 

and 

(H.lO) 

(H.ll) 

Here, Eq. (H.lO) is computed by an LHC sampling simulation applied to the entire 
composite model, and E%q. (H.ll) shows that the total subjective distribution can be 
estimated by convolving the individual (properly normalized) subjective distributions of the 
separate model segments. 

H-4. COMPUTER PROGRAM 

The methods presented in Sect. H.3.2, above, for incorporating subjective 
uncertainties with parametric uncertainties associated with the LHC analyses of the 
composite transport model are implemented through the use of a computer program. The 
code consists of approximately 300 lines written in FORTRAN. It is compiled and run on 
an HP 9OO0, Series 700 workstation. The code uses the following approximation to Eq. 
(8.3) to combine subjective information with modeled, "objective" results: 
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. .-... 

(H. 12) 

where 

P(CJ = probability that the actual concentration is in interval i, 

P w ( C i  1 ej) = subjective probability for a given model segment that the 
actual concentration, C, is in interval i given the modeled 
concentration, e is in intervalj, 

probability that the modeled concentration, e, is in a given 
interval, j (originally this probability corresponds to the 
“objective”, LHC analysis results). 

P,””(6) = 

The following section briefly described the steps used by the computer code. 

... .... 

... ..... 

step 1 
A concentration (or flux) range that encompasses all values generated by the LHC 

analysis for a given nuclide, as well as the associated compliance. value, C’“, is determined. 
This range is then divided into n unit-width intervals. While the actual number of 
intervals, n, is nuclide-specific, the values used in this analysis ranged from 20 to 60. 

step 2 
For each of the five model segments, subjective probabilities are assigned for the n 

intervals, PsQ(Ci I e.). The code allows input of 11 subjective values, corresponding to 
Pw(CiIei-5) to P d ( C i l e i + 5 ) .  These probabilities are based on distributions provided by 
experts on the particular composite transport model segment. A “rest-of-the-world” 
probability, uniformly distributed over the remaining (n - 11) intervals, is also input. 

step 3 
Once the intervals and subjective probabilities have been stored, initial values for 

Py(e) based on the objective distributions obtained from the LHC! analysis, are 
generated. These probabilities are simply the ratio of the number of objective values 
which fall within each interval and the total number of objective values (ie., 50). 

step 4 

Using the estimates for P,i””(e), and the subjective probabilities for the first model 
segment, values for P(CJ are calculated for each interval using Eq. (H.12). 

step 5 

The previous probabilities, P,””(&), are then replaced by the corresponding values 
of P(Ci) calculated in Step 4. 
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Step 6 

Using the updated values for Py(e), and subjective probabilities P w ( C , l e , ) ,  for 
the next model segment, Steps 4 and 5 are repeated for each of the remaining model 
segments. 

Steps 4 and 5 are then repeated €or each of the remaining model segments. These values 
are then used with the subjective estimates for the next model segment and step 4 is 
repeated. 
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PERF0RMANcEAssEssMENTPEERREvIEw 
PANEL RECOMMENDATIONS 

On March 19 and 20, 1993, a preliminary review of this performance assessment 
(PA) was conducted for the U.S. Department of Energy (DOE) Performance Assessment 
Peer Review Panel. The Peer Review Panel provided 32 recommendations to be 
considered in preparing this PA based on its review of the initial draft of this document, a 
site visit, and prepared presentations. In this appendix each recommendation is iisted, and 
responses to the recommendations are provided. The responses identify how the 
recommendation was implemented in this performance assessment. 

R m m n d a t i o n  1 

ORNL for their courteous reception, generous hospitality, and opemess of discussion. 
The Panel is very appreciative to DOE Oak Ridge Operations Office (ORO) and 

Respormse: No action requested. 

Recommendation 2 
The Panel commends ORNL for the quality and detail of the draft report and for 

the effective multi-disciplinary team approach taken. The draft report will provide a very 
sound basis for finalizing the performance assessment. 

Response: No action requested. 

Recommendation 3 

results. 
ORNL is to be commended for the effort expended in interpretation of the PA 

Response: No action requested. 

Recommendation 4 

conform to the understanding of the disposal site’s hydrological behavior. 
The Panel commends ORNL for their efforts to calibrate groundwater models to 

Response: No action requested. 

...... 
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Recommendation 5 
The Panel also commends the waste management operations organization for 

beginning efforts to bring operations into compliance with the performance objectives of 
DOE Order 5820.2A. 

Response: No action requested. 

Rcummendation 6 
The Panel agrees that further analyses should be carried out beyond 500 years. The 

Panel suggests that, for technical completeness, the analysis be carried out to estimate the 
peak dose(s) and year(s) of occurrence. A tabulation of peak doses and years of 
occurrence would also be helpful. If the analysis is terminated at some arbitrary time, the 
trend in dose beyond that time should be discussed. 

Responsc: The analyses have been extended beyond 500 years to the point of peak 
dose for every radionuclide considered in detail. An analytical model was used for 238U to 
extend groundwater calculations to the point of peak dose because the computer code was 
not suited for extended computations in time without excessive roundoff error. Peak doses 
for uranium isotopes were also considered that included the effects of buildup of decay 
products at extraordinary long times. The tabulation of peak doses and years of 
occurrence is included in Sect. 4. 

Recommendation 7 

bc correct and appropriate. 
The Panel agrees that the conclusions drawn to date, from the draft PA, appear to 

Response: No action requested. 

Recommendation 8 
ORNL is encouraged to continue the critical examination of disposal records to 

develop an accurate inventory. This effort should be documented in the final PA report. 
The absence of significant quantities of potentially important radionuclides such as lBI and 
59Ni should be explained. 

Response: Critical examination of disposal records represent a significant effort in 
revising the PA. In 1990, ORNL conducted an internal review of approximately 17,000 
hard copy disposal records and their equivalent data base files in the ORNL Solid Waste 
Information Management System (SWIMS). The most common errors were data base 
entry errors including incorrect activity (Ci), volume, and weight. Approximately 10% of 
the data base files contained one or more of these errors. These data base files have been 
corrected, and monthly audits of newly generated data are now performed to ensure the 
validity of disposal information and avoid further discrepancies. 

In 1992, ORNL commissioned two independent reviews of the radiological source 
term data. The SWSA 6 Petfomiance Assessment Inventory Verification Study was designed 
to investigate the data records that contain high concentrations of radionuclides that 
resulted in high dose estimates to inadvertent intruders in the draft PA. SWIMS records 
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sorted by radionuclide for each disposal unit were used to identify the specific disposal 
records that contained high concentrations of radionuclides. The hard copy records 
(Request for Storage or Disposal of Radioactive Solid Waste or Special Materials, Form 
UCN-2822; Log-in Data Sheet for Generators of LLW, Form UCN-16114) were reviewed 
to determine if there were any data entry or transcription errors and if the reported values 
by waste generators were reasonable and consistent. Anomalous or suspicious records 
were thoroughly investigated. Waste generators were interviewed to determine the 
appropriateness of waste characterization methods. The study revealed widespread 
difficulties with the current method of characterizing radioactive wastes. The most 
prevalent concerns expressed by the waste generators were in the dose-rate-to-curie 
conversion method €or determining radioactivity in the waste and the practice of reporting 
multiple radionuclides in a 1:l ratio. The general feeling was that the standard ORNL 
conversion factor overestimated the activity by a factor of 2 to 10. 

performed as a follow-up to the first study to determine the impact of the concerns 
identified by the waste generators. The objective of this study was to estimate the most 
probable activity and associated uncertainty for the key radionuclides that were evaluated 
in the SWSA 6 PA. The study was divided into two phases. In most cases, the majority of 
activity for the key radionuclides (from a dose perspective) was reported in a few disposal 
records. In the first phase, a sufficient number of records to account for a large 
percentage of the total activity for each key radionuclide in each disposal unit were 
selected for review. Waste generators were interviewed, and the disposal records 
(UCN-2822 and UCN-16114) were reviewed to ascertain (1) the method used by 
generators to determine the package activity (e.g., dose conversion factor estimation, 
calculation, assay, etc.); (2) the physical form of the waste packets; (3) the instrument used 
to perform the radiological survey of the waste; (4) the dose rate measured for the 
packets within the package; (5) the distance from the instrument to the packef; and 
(6) whether the generator assumed the packet contained multiple radionuclides. Based 
upon the above information, the activity probability distribution was determined, and the 
most probable activity and associated minimum and maximum activity (at the 85% 
confidence level) were determined for each key radionuclide in significant activity 
packages. In the second phase of the study, the activity was calculated for each 
radionuclide in the remaining packages that were not evaluated in phase one. For most 
radionuclides, a large number of disposal records accounted for a small percentage of the 
total activity. Thus, a thorough investigation of these records was not practical. The 
information acquired from phase one of facility-specific waste characterization methods 
was used to select the most appropriate methods to calculate the remaining most probable 
activity, minimum activity, and maximum activity. This determination was specific to each 
radionuclide in each disposal unit. 

A final investigation examined some of the more exotic long half-lived fission and 
activation product radionuclides that were not evaluated during the development of the 
draft PA on SWSA 6. Primarily, these radionuclides are very low energy beta or x-ray 
emitters such as "Ni, %e, 93Zr, 94Nb, T c ,  "%d, '*lmSn, *%n, lBI ,  and "'Sm that would 
be difficult to quantify with the routine analytical techniques typicaliy used by generators 
for waste characterization. This required relying on engineering estimates for the 
quantities of these radionuclides relative to the quantities yielded for other, more common 

The Evaluation of Uncertainy in the SWSA 6 Inventory Data (see Appendix A) was 

1-3 



SWSA 6 Performance Assessment 

radionuclides, that were analyzed in the revised PA. The predominant sources for isotopes 
in this category result from reactor and fuelharget reprocessing operations that yield both 
activation products and mixed fission products and from accelerator operations that 
produce mostly activation products. ORNL reactor operations have decreased dramatically 
during the last several years. Reactor operations at ORNL have been limited to the High 
Flux Isotope Reactor (HFIR), which restarted and has operated since late 1990. Target 
reprocessing during the same period has occurred at the Radiochemical Engineering 
Development Center (REDC) (Building 7920/7930) with the reprocessing of one HHR 
target during 1991 and one Mark 42 target from Savannah River during 1992-1993. Large- 
scale accelerator operations are associated with activities in the Van De Graff accelerator 
facility, the Linear Electron Accelerator, the Solid State Accelerator Facility, and the 
Holifield Heavy Ion Accelerator. 

A review of the liquid, solid, and gaseous radioactive wastes from these locations 
was performed using process knowledge of the operations to evaluate the potential for 
significant quantities of long-lived fissiodactivation products in waste streams. The results 
indicate that the production of long-lived fission/activation products relative to the 
production of other morc common radionuclides appears to be very small. The impact of 
"Ni on the inadvertent intruder dose is less than half of that for 63Ni, which had the 
lowest dose/unit concentration by far of any isotope considered in the assessment analysis. 
Since the dose impact of 59Ni is much less than that of 63Ni and the reported inventories 
of the latter produced no dose consequences during the assessment, the missing inventory 
of 59Ni is considered to be nonproblematic. The fission yield of lBI is approximately 17% 
of that for 137Cs and would be produced in largest quantity, as indicated earlier, from 
reactor operation or EueVtarget reprocessing. The half-life of lBI, however, is such that the 
expected quantity of this isotope relative to 137Cs inventory in the same waste stream is 
small. ORIGEN calculations of REDC target reprocessing confirm lBI quantities to be on 
the order of lo6 to lo9 less than those for 137Cs. Since the contribution from these waste 
streams to the total SWSA 6 137Cs inventory is relatively small, the potential impact upon 
the dose analysis performed in the PA from this long-lived radionuclide is not believed to 
be significant. 

Recommendation 9 

consider advective transport as the PA is finalized. 
ORNL is encouraged to consider the degradation of concrete barriers and to 

Response: The conceptual and mathematical modeling methodology used in the 
SOURCE1 and SOURCE2 codes includes concrete degradation, cracking, structural 
failure, water flux partitioning, and advective and diffusive release of radionuclides. 
Concrcte degradation was considered in terms of surface and bulk attack mechanisms. 
Surface attack was primarily due to sulfate attack. Bulk attack was primarily due to 
calcium hydroxide leaching. Corrosion of reinforcing steel was included. The models are 
described in greater detail in Appendix B. 
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Recummendation 10 

certification programs to provide confidence in future disposal inventories. 
ORNL is encouraged to pursue development of waste acceptance criteria and waste 

Response: Waste Acceptance Criteria development and the waste certification 
program are discussed in Sect. 2.3. 

Recummendation 11 
O W L  is encouraged to frnalize the PA as soon as possible. 

Response: This PA represents the effort to respond to this recommendation. 

Recommendation 12 

Order 5820.2A requirements should be discussed. The closure expected to be implemented 
must be discussed in detail. Describe how the modeling accounts for the effects and 
performance of caps installed at SWSA 6 as part of the RCRA activities. 

In the final PA, the relationship between RCRA closure and closure to meet DOE 

Response: SWSA 6 is now being closed under the requirements of the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA). A 
discussion of the relationship between the CERCLA closure and closure to meet the 
requirements of DOE Order 5820.2A is included in Sects. 2 and 3. The approach to 
modeling the site with the concepts for closure that have been developed to date is 
included in Sect. 3. Closure plans for SWSA 6 are not complete at this time, and further 
development of the closure plan is expected. Should the closure plan represent a 
significant impact on the long-term performance of SWSA 6, the PA will be revised to 
address the impacts of closure. 

Recommendation 13 

by an outside agency such as the National Academy of Sciences) should be discussed in 
the final report. 

Any other reviews of the PA (such as an internally commissioned review group or 

Response: Reviews of the PA are discussed in Sect. 1. The PA has been reviewed 
internally and by Rogers and Associates Engineering Corporation. 

Recommendation 14 
A summary discussion of the various studies which have contributed to the 

understanding of the site, as well as referencing the studies, would strengthen the 
document. 

Response: Efforts towards understanding the geohydrologic characteristics of the 
Oak Ridge Reservation (ORR) including the Conasauga Group date back to 1951. The 
work over the intervening years has been evolutionary and led to the present level of 
understanding presented in this P A  A recent synthesis report (Solomon et al. 1992) 

.... 

, -1 
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provides a comprehensive review and evaluation of the hydrologic framework attributed to 
SWSA 6. The essential features of this synthesis are presented in Sect. 2.1 and 3.2. 

Recommendation 15 
The final PA should contain a discussion of verification and validation of the 

computer codes NEWBOX and FLOWTHRU. These codes have been used to derive the 
source terms but have not been published. 

Response: SOURCE1 and SOURCE2 are the codes that have been used for 
source term analyses in the PA. FI,OWTHRU has been incorporated into these codes. 
Verification and validation of SOURCE1 and SOURCE2 are discussed in Sect. 3.4.7. 
Continued work towards verification of SOURCE1 and SOURCE2 is discussed in 
Sect. 4.9. Validation of these codes will be limited as a result of limited available data. 

Recommendation 16 

impacts from the analysis of sensitivity. 
The Panel notes that it would be helpful to quantify and tabulate the potential dose 

Response: Additional analyses have been incorporated into the PA to further 
address the sensitivity and uncertainty of the results. These analyses are discussed in 
Sect. 4.7. Discussion of the dose impacts from the analysis of sensitivity and uncertainty is 
provided in Sect. 4.7.2. 

Recommendation 17 

this has on the PA effort. 
The panel recognizes the complexity of the hydrogeology at SWSA 6 and the effect 

Response: No action requested. 

Recommendation 18 

contamination problems near the SWSA 6 facility and the potential impact on the long- 
term performance of that facility. 

In the site description section, include a discussion of the pre-existing groundwater 

Response: As noted in Sects. 2.1 and 3, historical disposal operations in SWSA 6 
have resulted in the contamination of groundwater and surface waters. The extent of this 
contamination is being addressed by RCWCERCLA investigations at SWSA 6. 
Environmental monitoring of SWSA 6 from waste disposal operations addressed by DOE 
Order 5820.2A will be masked by the release of contaminants from historical disposal 
operations. Contaminants released from historical operations are not expected to adversely 
impact the performance of the disposal units addressed by DOE Order 5820.2A. 

Recommendation 19 

be discussed; data presented to the Panel appear to be from an undisturbed forest site, 
The effect of surface and subsurface disturbance at SWSA 6 on lateral flow should 
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..... 

which may not be representative of SWSA 6. Discuss why decay of radionuclides during 
transport through the shallow subsurlsce is not accounted for by the model. 

Kespnse: Disturbance of the land as a result of facility operations has been 
accounted for in the modeling of the shallow subsurface by considering two main land 
types within the SWSA 6 facility. Disturbed surfaces were accounted for either as a 
disturbed grass surface with a low leaf area index (LAI = 2) or a disturbed gravel surface 
(LAI = 0.001) during the active sites period. The consolidation of the disturbed areas was 
taken into account by allowing an increase in the LAI to mown grass during the period of 
active institutional control and ultimately to forest cover in the times that follow 
(LAI = 4.9). The estimates for the LAI from disturbed surfaces were determined from 
field inspections of SWSA 6 in September 1992, and the appropriate surface for each 
waste site and its upslope mini-watershed were defmed. 

incorporated into the TUMSIM and WELSIM codes. This addition to the modeling of site 
performance is described in Sect. 3.4.4. 

Decay of radionuclides during transport in the shallow subsurface has been 

Recommendation 20 
In the final PA, there should be a discussion of how the individual radionuclide 

disposal units were modeled as viewed from the point of compliance (e.g., multiple point 
sources, extended sources, etc.) and how overlapping plumes from these disposal units 
have been taken into account when calculating the dose. 

.... 

Response: Sect. 3.2 discusses how the disposal units were modeled, and further 
information is provided in Sect. 4.3 and Appendix E. Each disposal unit was considered as 
a point source within the model and was accounted for internally within the respective 
codes. Overlapping plumes from different types of disposal units were not encountered in 
the analysis because of the short transport distances between the disposal units and 
ephemeral streams where contaminants were discharged to surface water. Doses for 
groundwater were calculated using the maximum concentrations at the compliance points 
identified within the facility that were outside the 100-m (328-ft) buffer zone. Surface 
water doses were calculated based on the discharge of all contaminated waters over White 
Oak Dam. TUMSIM and WLSIM were prepared to ensure that mass of the 
contaminants discharged to surface water was conserved in the calculations. 

Recommendation 21 

the PA: source term, shallow subsurface flow, and groundwater transport. 
There appears to be inconsistency in the Kd values used among different sections of 

Response: Consistency in Kd values has been corrected in this version of the PA as 
described in Sect. 3. The variation of values for an individual radionuclide that is apparent 
in the PA is the consequence of the different materials being evaluated. To the extent 
possible, selections of Kd values are based on field or experimental data in preference to 
literature values. 
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Recommendation 22 

drinking water supplies be considered and discussed. Possible impacts from such use 
should be analyzed. 

The Panel recommends that the potential future use of on-site surface waters as 

Response: A discussion of on-site surface waters is provided in Sect. 2.1.4. The 
available data clearly demonstrate that on-site surface waters are not suitable as potential 
drinking water supplies, and they are consequently not considered in the dose analysis. 
The dose analysis is performed using the discharge at White Oak Dam, which is 
immediately off-site. 

Recommendation 23 

Reservoir area should be considered and discussed. 
The impacts of radioactive contaminant concentrations at or near Watts Bar 

Response: Watts Bar Reservoir has been contaminated from discharges from 
ORNL prior to the issuance of the Order and is presently part of the R C W C E R C L A  
investigations being conducted on the ORR as part of the Environmental Restoration 
Program. Contaminant releases from SWSA 6 have an incidental contribution to the 
existing contamination, and any releases from SWSA 6 are discharged to White Oak Lake 
prior to being discharged to Watts Bar Reservoir. Doses have been calculated based on 
discharges to White Oak Lake. Doses cannot be reasonably expected to increase as a 
result of discharges from White Oak Creek to Watts Bar Lake where substantial 
additional dilution is provided by the Clinch River. The discharge from White Oak Dam 
averages 0.38 m3/s (13.9 ft3/s) while the average discharge of the Clinch River at the 
confluence with White Oak Creek is 4500 ft3/s. This provides €or a dilution factor of 
0.0030 for all contaminants released from White Oak Creek. 

Recommendation 24 

more precision than is justified. 
In several of the appendices, too many significant figures were used. This implies 

Response: Excessive precision in calculations has been corrected in the PA. In 
some cases, extra digits are presented to illustrate results in the sensitivity and uncertainty 
analysis. 

Recommendation 25 
ORNL is encouraged to consider the use of intruder barriers and passive intruder 

controls to provide reasonable assurance that the performance objectives of DOE Order 
5820.2A will not be exceeded. The Panel agrees that development of restrictive waste 
acceptance criteria to limit disposed concentrations of long-lived radionuclides may be 
necessary for continued operations at SWSA 6. For those disposal units that cannot be 
brought into compliance with the performance objectives, operations should cease and 
closure proceed per DOE Ordcr 5820.2A, IIL3.j( 1). 
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Res-- As noted in Sect. 2.3, several types of disposal units are no longer being 
used for waste disposal in response to the findings of the draft P A  Sect. 4.8 discusses 
changes in operations made in response to the Fmdings of this PA Waste Acceptance 
Criteria and the waste certification program are discussed in Sect. 2.3. The implementation 
of the Waste Acceptance Criteria and waste certification program is ongoing as of the 
completion of this P A  

Recommendation 26 

White Oak Creek and White Oak Lake areas. Intruder agriculture and, perhaps, intruder 
construction scenarios should be considered. 

The Panel recommends that doses be calculated using intruder scenarios at the 

Response: White Oak Creek and White Oak Lake are outside of the 1100-m 
(328-ft) buffer zone around each disposal unit and the SWSA 6 facility boundary. Wastes 
from SWSA 6 have not been disposed of outside of the site boundary and will not be 
disposed of outside the facility boundary. Consequently, intruder scenarios do not apply to 
either the lake or the creek in that there is no waste present as a result of the use of 
SWSA 6 as a disposal facility. -sting contamination in White Oak Lake and White Oak 
Creek are the result of historical liquid discharges from the main plant area and are 
properly being considered as part of the Environmental Restoration Program. White Oak 
Lake and White Oak Creek are considered in the analysis of the off-site dose to 
individuals, and the results show compliance with the performance objective for off-site 
exposure. 

Recommendation 27 
It would be helpful to tabulate all parameters used in the intruder scenarios. 

Response: The requested table has been incorporated into Appendix G. 

Recommendation 28 

of the Environmental Protection Agency (“An Estimation of Daily Food Usage Factors 
for Assessing Radionuclide Intakes in the U.S. Population,” by Y. Y. Yang and 
C. B. Nelson, Health Physics, 50, 245-2571 rather than the 1977 Nuclear Regulatory 
Commission data. Site-specific diet values, if properly justified, would also be acceptable. 

The Panel suggests considering the use of diet values published by Yang and Nelson 

Respose: Dietary data published by Hamby (1992) have been used in the 
calculations for the PA These data were derived from studies near the Savannah River 
Site and were deemed to be more applicable to the southern United States. These data 
are largely consistent with the data provided by Yang and Nelson. 

Recommendation 29 

may be too high and that the ratio of indoor air to outdoor air that was used may be too 
low. ORNL is reminded that all parameters, assumptions, etc. should be justified. 

The Panel suggests that the mass loading coefficient that was used for inhalation 
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Response: Revisions to the text in Appendix G and in Sect. 4.5 have been made in 
response to this recommendation. 

Recommendation 30 
Direct ingestion of soil should be discussed in the intruder analysis. 

Response: Direct ingestion of soil is discussed in Appendix G and Sect. 4.5 in 
response to this recommendation. 

Recommendation 3 1 
Dismissal of pathways and/or scenarios should be justified. 

Response: Revisions to the text in Sect. 3 have been made in response to this 
recommendation. 

Recommendation 32 
The Panel notes that summary Table 5.1 (page 5-2) does not agree with the 

discussion in paragraph 4.5.2.5 (page 4-53) with respect to the acute dose from the 
Tumulus, I, 11, and XWMF. The table lists 4.6 mrembear, and the text refers to Man order 
of magnitude" exceedance of the performance objective. 

Response: Revisions to the text have been made to correct the typographical error 
noted in this recommendation. 
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