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EXECUTIVE SUMMARY 

This report documents the methods and results of a performance assessment conducted for 
the Area 5 Radioactive Waste Management Site (RWMS) at the Nevada Test Site (NTS). 
The Department of Energy (DOE) has established policies and guidelines for the disposal of 
radioactive waste in DOE Order 5820.2A, Radioactive Waste Management (DOE, 1988a), 
which requires that each disposal site prepare and maintain a site-specific performance 
assessment. A performance assessment is a systematic analysis of the potential risks posed by 
a waste management system to the public and to the environment and a comparison of those 
risks to established performance objectives. The performance objectives contained in DOE 
Order 5820.2A are: 

1 .  

2. 

3. 

4. 

Protect public health and safety in accordance with standards specified in applicable 
Environmental Health (EH) Orders and 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 that does not exceed 25 mrem yf' to any 
member of the public. Releases to the atmosphere shall meet the requirements of 
40 Code of Federal Regulations (CFR) 61. Reasonable effort shall be made to 
maintain releases of radioactivity in effluents to the general environment as low as 
reasonably achievable (ALARA). 

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

Protect groundwater resources consistent with federal, state, and local requirements, 

The purpose of this assessment is to provide reasonable assurance of compliance with the 
performance objectives for a period of 10,000 years after closure. 

FACILITY DESCRIPTION 

The NTS is a 3,500 km2 (1,35 lmi2) DOE facility in southern Nye County, Nevada, 
approximately 105 km (65 mi) north of Las Vegas. The NTS was used as the continental 
nuclear weapons testing site from 195 1 to 1992. The Area 5 RWMS is a low-level 
radioactive waste management site located within Frenchman Flat, in the southeastern comer 
of the NTS. The closest permanent settlement to the RWMS is Indian Springs, 42 km (26 mi) 
to the southeast. 

The Area 5 RWMS lies within a biogeographical region transitional between the Mojave 
Desert and the Great Basin Desert. The site is surrounded by desert shrub communities 
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characterized by low, but variable productivity and standing biomass. The climate is 
extremely arid. Frenchman Flat receives an average of only 12 cm (4.7 in) of precipitation per 
year. Potential evapotranspiration is estimated to be 14 times greater than precipitation. 

Frenchman Flat is an alluvium filled intermontane basin typical of the Basin and Range 
Physiographic Province. The uppermost stratigraphic unit beneath the Area 5 RWMS 
consists of 360 to 460 m (1,188 to 1,5 1 8 ft) of alluvium derived predominantly from Tertiary 
volcanic rocks and Paleozoic sedimentary rocks exposed in the nearby mountain ranges to the 
north. Beneath the alluvium lies a layer of interbedded ash-fall and ash-flow Wf, estimated to 
be more than 550 m (1,800 ft) thick. The ash-flow tuff is underlain by an undetermined 
thickness of Paleozoic carbonate rocks, which extend down to the Precambrian basement 
rocks. 

The natural occurrence of surface water in Frenchman Flat is limited to storm runoff in 
ephemeral channels and the occasional accumulation of runoff on a dry lake bed. The 
saturated zone beneath the RWMS lies within the valley fill alluvium, about 240 m (790 ft) 
below the surface. The water table is nearly flat, indicating that there is no significant 
horizontal flow beneath the RWMS in the saturated zone. 

Chloride and stable isotope profiles indicate that infiltrating precipitation is removed in the 
near-surface alluvium by evapotranspiration. The accumulation of chloride beneath the 
rooting zone indicates that recharge below this depth is negligible. Chloride ages indicate that 
infiltration below 10 m (33 fi) ceased 20,000 to 30,000 years ago. 

The alluvium within the unsaturated zone is very dry, having a volumetric water content of 
approximately 12 percent at depth. The dry conditions are the result of evapotranspiration 
greatly exceeding precipitation. The evaporative demand is so high at the surface that the 
tendency €or liquid flow in the top 35 m (1 15 ft) of alluvium is toward the surface, rather than 
downward to the aquifer. Below 35 m (1 15 fi) in the vadose zone, liquid will tend to move 
downward at extremely slow rates. In the unlikely event that leachate was to move below 
35 m (1 1 5 ft), the median travel time to the uppermost aquifei was estimated to be approxi- 
mately 51,000 years. Under current climatic and hydrologic conditions, there is a greater than 
99 percent probability that travel time exceeds 10,000 years. Retardation due to sorption 
reactions would greatly increase this transport time for most radionuclides. 

The alluvium above the waste disposal cells is normally near its residual water content of 
approximately 8 percent. Radionuclide transport by upward advection or upward diffusion is 
believed to be insignificant at these low ambient water contents because of the extremely small 
unsaturated hydraulic conductivities expected. Modeling of infequent infiltration events 
suggests that precipitation rarely travels deeper than 0.3 m (1 ft) beneath the surface, scarcely 
penetrating the alluvium. Therefore, the infrequent existence of wetter conditions in the near 
surface is not expected to enhance radionuclide transport. 
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The arid nature of the site also affects potential land use. The land surrounding the NTS 
remains mostly uninhabited because of limited water resources and government ownership. 
The population density of the surrounding counties is only 0.5 persons kmT2, much less than 
the 28 persons kmW2 reported for the continental United States. Agriculture in Nevada is 
limited by the arid climate, infertile soils, and mountainous topography. Only 2.1 percent of 
the total land area in southern Nevada is used for agriculture. Production of livestock is the 
most common agricultural activity, accounting for approximately 90 percent of the land in 
farms. No economically significant mineral resources are known to exist within the vicinity of 
the Area 5 RWMS. Future development of Frenchman Flat appears unlikely assuming current 
land use patterns continue. 

Disposal of low-level radioactive waste (LLW) began at the Area 5 RWMS in 196 1. Initially, 
only waste generated on the NTS was disposed. In 1978, operations were expanded to 
include disposal of waste fiom off-site generators. From 1983 to 1989, high-specific activity 
waste was disposed in deep augered shafts known as Greater Confinement Disposal (GCD). 
Mixed waste (MW) was disposed in a single unlined pit fiom 1987 to 1990. As of 1996, the 
site was open and accepting LLW fiom DOE generators around the nation. 

This performance assessment is limited to wastes disposed fiom the inception of DOE Order 
5820.2A on September 26, 1988, to the estimated date of closure. Since 1988, the Area 5 
RWMS has disposed of LLW and MW in shallow unlined trenches and pits. As of the end of 
Fiscal Year (FY) 1993, these disposals were estimated to amount to 1 x lo' Ci of long-lived 
activity in 4.7 x 1 O4 m3 of waste. High-specific activity waste containing 4 x 1 O3 Ci of activity 
has been disposed in a single GCD borehole during this same period. 

LONG-TERM SITE PERFORMANCE 

The performance assessment has evaluated the release of radionuclides from the intact and 
subsided site and from releases caused by inadvertent human intrusion. Exposing members of 
the general public to releases fiom the intact and subsided site has been evaluated for three 
pathway scenarios. Three intruder scenarios have been evaluated. Intruder scenarios are 
hypothetical events evaluated to set conservative waste concentration limits. 

Base Case Release and Pathway Scenarios for the General Public 

Three exposure scenarios for the general public were evaluated. Two scenarios were selected 
to represent current land use patterns in southern Nevada. The first scenario, the transient 
occupancy scenario, assumes that members of the general public visit the site for recreational 
or commercial activities, but do not permanently reside near the site. The second scenario, the 
open rangeland scenario, assumes that a ranch has been established at the nearest available site 
with water and that range-fed cattle have access to the closed disposal site. A third, much less 
probable scenario, assumes that a ranch has been established at the RWMS boundary. This 
scenario, referred to as the resident farmer scenario, represents an extreme bounding estimate 
of site performance. 
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The dose to the general public under the assumptions of the transient occupancy scenario was 
estimated for a screened list of nonvolatile radionuclides at 100 years, 10,000 years, and at the 
time of the maximum dose. In the first 10,000 years after closure, the total effective dose 
equivalent (TEDE) from all nonvolatile radionuclides would be less than 0.6 m e m  yr-' to a 
person spending up to 2,000 hours per year at the Area 5 RWMS. The dose is mostly due to 
external exposure from the short-Iived progeny of 226Ra and inhalation of 238U. Because 
estimated doses are linear in time of occupancy, it is possible to estimate the dose per hour 
spent at the site. Individuals visiting the site 10,000 years after closure are expected to 
receive a TEDE of approximately 3 x rnrern for each hour spent at the site. 

The release of volatile radionuclides was evaluated separately. These calculations were done 
under the extremely conservative assumption that gaseous radionuclides were released at a 
maximum rate, based on diffusion in the air-filled pores and diluted into a 2-m (749 atmo- 
spheric mixing zone. The TEDE from 3H, I4C, and "Kr combined was less than 0.01 mrem 
yr-I at 100 years. Doses from volatile and nonvolatile radionuclides released through the 
atmospheric pathway summed to 0.2 mrem yf ' at 10,000 years. 

Doses were evaluated under the assumptions of the open rangeland scenario for two off-site 
locations with water resources, Indian Springs and Cane Springs. The maximum TEDE 
within the 10,000-year compliance interval was less than 0.2 mrem yr-' and occurred at 
10,000 years. The doses at the two off-site Iocations are approximately equal because most of 
the dose is attributable to ingestion of beef and milk produced at the Area 5 RWMS. 
Approximately 85 percent of the dose at 10,000 years is attributable to the ingestion of 238U, 
234U, and 210Pb and its short-lived progeny in milk. 

Volatile radionuclides were again evaluated separately. Volatile radionuclides were assumed 
to be released fiom the site by diffusion and advected through the atmosphere to the off-site 
location. The TEDE from exposure to volatile radionuclides was less than 3 x 
yf'. The TEDE from exposure to volatile and nonvolatile radionuclides released through the 
atmospheric pathway was less than 4 x 1 0-4 mrern yr-'. 

mrem 

A resident fanner located 100 m (330 ft) fiom the site boundary was estimated to receive a 
TEDE fiom all pathways of 4 mrem yr-' at 10,000 years. The pathways in decreasing order 
of significance were external irradiation (5 1 percent), inhalation (2 1 percent), plant ingestion 
(1 8 percent), milk ingestion (4 percent), soil ingestion (4 percent), and beef ingestion 
(0.6 percent). The maximum dose from the release of volatile radionuclides occurred at 
closure and was attributable to the release of volatile 'H. The dose from 3H at closure, 
6 mrem yr- ', decreases to 0.03 rnrern yr-' by the end of active institutional control at 100 
years. 

The radon flux was estimated for two inventories, the average inventory disposed by shallow 
land burial and the estimated inventory for Pit 6. Pit 6 is expected to receive thorium wastes 
that have the potential to generate 222Rn as 230Th decays. The thorium is destined for a deeper 
or lower cell. Routine low-level waste will be disposed in the upper cell. 
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The flux of 222Rn released from the disposal site was assumed to be directly proportional to 
the activity concentration of 226Ra in the buried wastes. For the shallow land burial inventory, 
the activity concentration of 226Ra will increase very slowly over the next 10,000 years, not 
reaching a peak for several million years. The predicted flux remains below the perfonname 
objective of 20 pCi m-2 s-' throughout the 10,000-year compliance interval. The flux exceeds 
the performance objective in approximately 30,000 years and reaches a peak of 156 pCi m-2 
s-' in 3.5 x lo6 years. 

The 226Ra inventory in the lower cell of Pit 6 will increase and reach a maximum within 
10,000 years. The activity concentration in the upper cell was assumed to be equal to the 
average shallow land burial activity concentration. The increased depth of burial of the 
thorium waste effectively attenuates the radon flux. Consequently, the Pit 6 radon flux is 
predicted to be the same as for the shallow land burial inventory. 

Results for the base case release and pathway scenarios evaluated to estimate doses to 
members of the general public are summarized in Table 1. 

Table 1 Maximum Performance Assessment Results Within 10,000 Years for Members of the General 
Public Exposed to Releases From the Intact Site Under the Transient Occupancy and Open 
Rangeland Scenario 

I 25 mrem yr-' From All Pathways I 0.6 mremyr-' I 
I 10 mrem yr-' from Airborne Emissions Excluding Radon I 0.2 mrem yr-' I 

~ - 1  
- ~~~~~~~ ~~ ~ 

Average Annual 222Rn Flux Less Than 20 pCi m-2 s-' 
~ 1 6 pCi m-2 s-' 

Protect Groundwater Resources 
~~~ I Zero Release to-Aquifer in 10,000 Years I 

A sensitivity analysis of the release of nonvolatile radionuclides showed that estimates of 
performance were most sensitive to the biological release rate coefficients K,, and Kl, which 
account for transport from the waste to surface soil by burrowing animals and plant uptake. 
A sensitivity analysis of waste inventory found that performance was most sensitive to the 
inventory of 234U and 238U. A sensitivity analysis of radon transport showed that waste 
porosity was the most sensitive parameter. Uncertainty analyses indicate that there is 
reasonable assurance of compliance with the performance objectives. Health detriment costs, 
estimated as part of an ALARA analysis, are low compared to the cost of engineered barriers. 
Therefore, installation of any additional engineered barriers at the Area 5 RWMS is unlikely to 
be cost effective. 

Subsided Case Release and Pathway Scenarios for the General Public 
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Under the subsided case release scenario, the trenches at the Area 5 RWMS were assumed to 
undergo subsidence at the end of active institutional control, 100 years after closure. 
Subsidence was assumed to cause the formation of cracks in the cap that would persist for 
1,000 years. The slumping of cap soil into gaps between waste packages and into subsidence 
depressions was assumed to reduce cap thickness at 100 years. Decreased cap thickness was 
assumed to lead to increased plant rooting in buried waste. Subsidence depressions were 
assumed to collect water, causing enhanced infiltration. Plant productivity was assumed to 
increase with increasing infiltration. 

Subsidence was found to have three notable effects. First, cap thinning allowed plant roots to 
access a greater fraction of the disposed inventory and lead to a greater release of nuclides 
with high plant-soil concentration factors such as I4C. This effect had only minor conse- 
quences, however, because of the low concentration of bioavailable elements in the Area 5 
RWMS inventory. Subsidence caused the all-pathways TEDE, excluding the groundwater 
pathway, for the transient occupancy and resident farmer scenarios to increase approximately 
30 to 50 percent at 10,000 years. The greater I4C release caused the TEDE for the open 
rangeland scenario to increase to 0.3 mrem yr-' at 10,000 years. 

Second, cracks and figium in t,h,e c q  incresed the rdease of SGZE -:&hk rzh;-;;dides. 
The timing of cracking, however, ameliorated the effects. By the onset of cracking at 100 
years, volatile 3H releases have declined because of radioactive decay. The release of I4C and 
*'Kr was unaffected by subsidence because the base case assumes that the entire inventory is 
released in one year. The TEDE from release of gaseous radionuclides was unchanged by 
subsidence. Overall, increases in the dose fiom the atmospheric pathway were negligible. 
Cracking approximately doubled the release of 222Rn during the first 1,000 years after closure. 
The 222Rn flux limit was not exceeded for the subsided release scenario during the compliance 
period. Cracks are expected to fill naturally by erosion and collapse by the time 222Rn flux 
becomes significant, after 10,000 years. 

The third important effect was the potential to initiate a groundwater pathway if large 
amounts of run-on were assumed to pond in subsidence depressions and infiitrate. The 
estimated concentration of radionuclides transported to the uppermost aquifer was found to 
meet all state of Nevada drinking wafer standards. Transport of radionuclides to the aquifer 
may increase the all-pathways dose for the resident farmer. However, the all pathways TEDE 
including the groundwater pathway is still below the performance objectives. Although 
subsidence increased the release of radionuclides, reasonable assurance of compliance with the 
performance objectives can still be provided (Table 2). 
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Table 2 Maximum Performance Assessment Results Within 10,000 Years for Members of the General 
Public Exposed to Releases From the Subsided Site Under the Transient Occupancy and Open 
Rangeland Scenario 

10 mrem yr-' From Airborne Emissions Excluding Radon 

Average Annual Flux Less Than 20 pCi m-2 s-' 

0.2 mrem yr-' 

10 pCi mr2 s-' 

Protect Groundwater Resources 

Gross Alpha < 15 pCi L-' 
Dose from Man-made Beta-Gamma 

Emitters < 4 mrem yr-' 

226Ra -j- 22*Ra < 5 pCi L-' 0.3 pCi L-I 
9 pCi L-' 

I mremyr-' 

Intruder Scenarios 

Intruder scenarios are hypothetical events analyzed to set activity concentration limits for 
wastes suitable for disposal in the near surface. Three intruder analyses, one acute and two 
chronic scenarios, were analyzed. They were the drilling scenario (acute), the intruder- 
agriculture scenario (chronic), and postdrilling scenario (chronic). 

The drilling scenario is a short-term exposure scenario, where an intruder is exposed to 
contaminated drill cuttings while drilling a water well at the site. An inadvertent intruder 
drilling through a shallow land burial trench or pit is estimated to receive a TEDE of 
0.14 mrem at 100 years and 0.17 mrem at 10,000 yeas. The maximum TEDE occurs at 3.5 x 

1 O6 years and is approximately 1 .O mrem. 

The intruder-agriculture scenario is a chronic exposure scenario where an intruder is assumed 
to reside on a contaminated zone created during the excavation of a basement. The intruder is 
assumed to produce h i t ,  vegetables, meat, and milk within the contaminated zone. Twenty- 
five percent of the intruder's diet is assumed to be produced on site within the Contaminated 
zone. 

The TEDE received by an intruder under the assumptions of the intruder-agriculture scenario 
at 100 years was estimated to be 84 mrem yr-'. Inhalation and external irradiation are the 
most important pathways, contributing 8 1 percent of the dose. Ingestion doses from agri- 
cultural pathways were only a few percent of the total dose throughout the analysis interval. 
By 10,000 years, the estimated TEDE increases to 157 mrem yr-I as the activity concentration 
of progeny of 238U and 235U increases. The increasing dose is attributable largely to external 
irradiation from 226Ra and its short-lived progeny. Reasonable assurance of compliance with 
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the performance objective can be obtained by increasing the thickness of the closure cap fiorn 
2.4 to 4.0 m (7.9 to 13.0 ft), thereby eliminating the possibility of a construction excavation 
reaching the buried waste. 

The intruder postdrilling scenario assumes that an intruder builds a residence on an area 
contaminated with drill cuttings from the disposal site. As in the intruder-agriculture scenario, 
the intruder produces meat, milk, h i t ,  and vegetables within the contaminated zone. 

The estimated TEDE at 100 years was 0.53 mrem yr-' for a postdrilling intruder penetrating a 
shallow land burial trench. At 10,000 years the dose increases to 0.66 mrem yr-', again 
because of external irradiation from "'Ra and its short-lived progeny. 

Pit 6 has been modified to accept a thorium waste stream. The pit has been excavated to a 
greater depth to allow burial of the thorium waste in a deeper or lower cell. The greater depth 
of burial was required to attenuate radon fluxes and reduce the potential for intrusion. 
However, because the depth of burial does not eliminate the potential for drilling intrusion, the 
estimated Pit 6 inventory was analyzed in the postdrilling scenario as a special case. The 
estimated TEDE at 100 years was 162 mrem y f ' .  The thorium waste in the lower cell 
contributes 99 percent of the dose. By 10,000 years, the TEDE is predicted to increase to 
177 rnrem yr-' due to external irradiation from 226Ra and its short-lived progeny produced by 
the radioactive decay of 230Th. 

The assumed inventory for Pit 6 caused the performance objective to be exceeded when 
analyzed in the postdrilling scenario. The analysis did not meet the performance objective 
because of the concentration of 232Th assumed for the lower cell. This analysis used an 
estimated inventory based on the average concentration of wastes received through the end of 
FY 1993. A thorium inventory of 174 Ci for Pit 6 will assure compliance with the perfor- 
mance objective. Because less than 174 Ci have been received to date, imposition of an 
inventory limit for Pit 6 can assure compliance. The results of intruder scenario analyses are 
presented in Table 3. 

The results in TabZe 3 indicate that there is currently reasonable assurance of compliance with 
the performance objectives for intruders, except for the intruder-agriculture scenario and for 
the postdrilling scenario analyzed for the inventory assumed for Pit 6. Reasonable assurance 
of compliance for the intruder-agricultural scenario can be obtained by requiring a final 
closure cap of at least 4 rn (13 ft). Compliance in the fbture can be assured by developing 
waste acceptance criteria based on performance assessment results. Implementation of an 
inventory for waste disposed in Pit 6 can assure compliance with the postdrilling scenario for 
this waste disposal Unit. 
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Chronic Scenario: 100 mrem yr-' 
Agriculture 
Postdrilling 

Table 3 Performance Assessment Results for Intruder Scenarios. Results are based on current waste 
management practices or assumed inventories. 

157 mrem yr-l NA 
0.7 mrem yr-' 177 mrem yr-' 

Acute Scenario: 500 rnrern yr-' 
Drilling 0.2 mem yr-' 22 mrem yr-' 

NA - Scenario not applicable. 
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I .O INTRODUCTION 

The Nevada Test Site (NTS) is a U.S. Department of Energy (DOE) proving ground for 
defense-related technologies. It is located in the sparsely populated portion of southern Nye 
County, Nevada. The southern boundary ofthe NTS is approximately 105 km (65 mi) 
northwest of Las Vegas. 

Two permanent radioactive waste management sites (RWMSs) have been established on the 
NTS. The Area 5 RWMS was established in 1961 for the disposal of low-level waste (LLW) 
generated on the NTS. In 1978, the role of the Area 5 RWMS was expanded to include 
disposal of LLW from off-site DOE generators and classified LLW fiom U.S. government 
agencies. The Area 3 RWMS was established in 1979 for the consolidation and disposal of 
atmospheric testing debris. The Area 3 RWMS currently accepts LLW in bulk containers 
from on-site and off-site generators. The two sites, approximately 27 km (17 mi) apart, are 
considered separate disposal sites for the purpose of performance assessment. This report is 
limited to the performance of the Area 5 RWMS. 

1.q Purpose and Scope 

This report documents the method and results of a performance assessment conducted for the 
Area 5 RWMS. In DOE Order 5820.2A, Radioactive Waste Management (DOE, 1988a), 
which requires that each disposal site prepare and maintain a site-specific performance 
assessment, the DOE has established policies and guidelines for the disposal of radioactive 
waste. A performance assessment is a systematic analysis of potential risks posed by waste 
management systems to the public and to the environment, and the comparison of those risks 
to the established performance objectives. The current revision of the report, Revision 2.1, 
incorporates comments on Revision 2.0 received fiom the DOE Peer Review Panel. 

A performance assessment is conducted by modeling the transport of radionuclides fiom the 
disposal site to the accessible environment and determining the dose to human populations. 
Natural environmental processes and inadvertent human intrusion into disposal cells are 
considered potential transport mechanisms in the analysis. The risks posed by the disposal 
site are assessed by comparing the predicted radiation doses to humans with the dose limits 
contained in the performance objectives established in DOE Order 5820.2A. Performance 
assessment involves the prediction, through modeling, of the future behavior of complex 
environmental systems and human populations. Predicting the outcome of future events 
based on current or historical conditions is an uncertain task. 

Performance assessments are intended to be documents that are reviewed and revised as 
necessary. This assessment is based on the best information available at the time of prepara- 
tion. Additional analyses may be required if significant changes occur in waste management 
practices, the disposal site inventory, the conceptual understanding of how the waste disposal 
system fmctions, or the discovery of new information concerning natural processes. 
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The scope of the performance assessment has been limited in four specific areas: the waste 
inventory, the time period for compliance assessment, waste types and constituents, and 
waste management practices. The scope has been limited in these areas based on the 
requirements and policies of DOE Order 5820.2A and DOE guidance on performance 
assessment (Case and Otis, 1988; Dodge et al. 199 1 ; Wood et al. 1994). 

The performance assessment considers wastes disposed in Area 5 from 1988, when current 
DOE waste management orders were issued, to the estimated date of closure. The Area 5 
RWMS began accepting wastes from off-site generators in 1978. Assuming a 50-year opera- 
tional lifetime beginning in 1978, the closure date becomes 2028. Because the analysis has 
been limited to disposals occurring after 1988, the operational period evaluated becomes 40 
years. 

DOE Order 5820.2A does not specify an explicit period for compliance assessment. Existing 
federal regulations governing disposal of radioactive wastes have set compliance periods 
ranging from 1,000 to 10,000 years, depending on the waste type and transport pathway. 
This performance assessment evaluates compliance with the performance objectives for a 
period of 10,000 years. However, the performance of the undisturbed disposal site has been 
assessed for the period beginning with the start of the active institutional control period and 
ending when the maximum dose is predicted. In some instances, these analyses have been 
performed beyond 10,000 years. These analyses are provided to give the reader an indication 
of how doses are increasing or decreasing at the end of the 10,000-year compliance interval. 
Estimates of site performance at such great times in the fbture are uncertain. The time 
periods used in the analysis are defined in Table 1.1. 

Table 1.1 Time Periods for Analysis 

2029 - 2128 
Postinstitutional Control 2129 - 12129 

The performance assessment has been limited to radioactive and mixed wastes that have been 
permanently disposed at Area 5 since the inception of DOE Order 5820.2A on September 26, 
1988, plus those expected to be received by the closure date. Wastes currently in storage, 
such as transuranic (TRU) wastes and the Mound Strategic Materials, have not been con- 
sidered. In the past, wastes have been disposed by shallow land burial in unlined pits and 
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trenches, and by burial in 36-m- (1 1 S-ft)-deep augered shafts known as Greater Confinement 
Disposal (GCD) boreholes. This performance assessment considers wastes disposed in both 
units, 

Classes of wastes disposed in Area 5 include low-level radioactive wastes, mixed wastes 
(MWs), greater-than-Class-C wastes, and TRU wastes. Only low-level radioactive and 
mixed wastes have been disposed since 1988. Therefore, analyses have been limited to these 
two classes of waste. The assessment has been limited to toxicological and radiological 
hazards presented by the radioactive waste constituents. 

1.2 Overview of the NTS and the Area 5 RWMS 

The land within the boundary of the NTS was first used for defense purposes in 194 1, when 
the area was incorporated into the Las Vegas Army Air Field. In 195 1, Frenchman Flat and 
Yucca Flat were transferred to the Atomic Energy Commission, a predecessor of the DOE, 
for use as the primary continental nuclear weapons testing site. The NTS was selected as a 
nuclear weapons testing site because large tracts of government-owned land were available 
and the land immediately surrounding the site had some of the lowest population densities in 
the United States. Jackass Flats was added to the site in 1958 as part of the Nuclear Rocket 
Development Station (Beatley, 1976). In 1964, Pahute Mesa was added for underground 
nuclear weapons testing (Beatley, 1976). In its current configuration, the NTS encompasses 
3,500 km2 (1,35 1 m2>, an area larger than that of the state of mode  Island. It is surrounded 
and further isolated on the north, east, and west by the Nellis Air Force Range (NAFR) and 
the Tonopah Test Range (TTR). Both are restricted areas controlled by the Air Force. The 
entire complex, including the surrounding Air Force-controlled land, encompasses 
14,200 km2 (5,483 mi2). 

In addition to serving as a site for both above- and belowground nuclear weapons tests, the 
NTS has been used as a remote testing site for other defense-related nuclear and nonnuclear 
technologies. These activities include nonnuclear detonations of nuclear weapons compo- 
nents (safety shots), radiation interaction experiments with an unshielded reactor, open-air 
testing of nuclear rocket engines, studies on the dispersal of gaseous hazardous materials, and 
disposal of LLW and MW. 

The Area 5 RWMS is located in Frenchman Flat, approximately 130 km (8 1 mi) northwest of 
Las Vegas. Since 1978, the Area 5 RWMS has served as a LLW disposal facility for the 
NTS and off-site DOE and Department of Defense (DoD) generators. Disposal activities are 
currently limited to a 37-hectare (ha) (91-acre [ac]) site. An additional 259 ha (640 ac) are 
available for expansion. 

Frenchman Flat is an alluvia-filled closed basin, typical of the Great Basin Physiographic 
Province. The climate is extremely arid. Low precipitation, high temperatures, and low 
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humidities result in high evaporation rates. Approximately 240 m (790 ft) of dry unconsoli- 
dated alluvial sediments from the surrounding mountain ranges lie between the site and the 
uppennost aquifer. Recent hydrogeologic characterization studies suggest that recharge 
through the alluvial sediments is not occurring under the current climatic conditions. The 
arid climate, low or nonexistent recharge, and great distances t o  the water table make 
radionuclide transport through the vadose zone to the aquifer unlikely under the current 
climatic conditions. 

Radionuclide transport through terrestrial and atmospheric pathways is insignificant under 
the current institutional controls because of the integrity of the disposal site and the remote 
location. The nearest off-site residents are in Indian Springs, Nevada (population 1,500), 
42 km (26 mi) to the southeast. The arid climate, infertile soils, and lack of known mineral 
resources limit the potential fhture uses of the site. Land uses in the region include grazing, 
small-scale irrigation-based agriculture, mining, and recreational activities. Frenchman Flat 
is not an attractive site for any of these uses under current economic conditions. 

I .3 Performance Objectives 

Low-level radioactive waste disposal performance objectives establish the limits of risk 
acceptable for the permanent disposal of radioactive wastes. A performance assessment must 
identify each performance objective and conduct the appropriate analyses to assess compli- 
ance with the objective. 

Radiation protection standards and recommendations have used a variety of dosimetric 
quantities. The biological risks of exposure to ionizing radiation are believed or assumed to 
be proportional to the dosimetric quantity of dose equivalent or quantities derived from the 
dose equivalent (i .e., effective dose equivalent, committed dose equivalent, and committed 
effective dose equivalent [CEDE]). The International Commission on Radiological Protec- 
tion (ICRP) has used the tern “committed” to describe the dose equivalent and the effective 
dose equivalent received over a 50-year interval from a single year of intake. ICRP-recom- 
mended limits for internal exposures use 50-year committed dosimetric quantities. Histori- 
cally, some US. government regulatory agencies have used the quantities of dose equivalent 
and effective dose equivalent calculated for a single year. With the publication of the 
USROE Radiological Control Manual (DOE, 1992), the DOE adopted the use of committed 
dosimetric quantities. Committed dosimetric quantities are always greater than or equal to 
annual doses and their use is always conservative, assuming the same dosimetric model is 
used. Because the use of committed doses is consistent with ICRP recommendations and the 
guidance in the USDOE Radiological Control Manual, radiation standards used in this 
assessment will be assumed to be set in committed dosimetric quantities. The specific 
quantities used throughout this report are the CEDE and the total effective dose equivalent 
(TEDE), as defined by DOE (1992). 
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I .3.1 DOE Order 5820.2A, Radioactive Waste Management 

Performance objectives for the management of LLW are contained in DOE Order 5820.2A. 
The performance objectives are: 

1. Protect public health and safety in accordance with standards specified in applicable 
Environmental Health (EH) Orders and DOE Orders. 

2. Assue that external exposure to the waste and concentrations of radioactive material 
which may be released into surface water, groundwater, soil, plants, arid animals result in 
an effective dose equivalent that does not exceed 25 rnrern yr-' to any member of the 
public. Releases to the atmosphere shall meet the requirements of 40 Code of Federal 
Regulations (CFR) 41. Reasonable effort shall be made to maintain releases of radioac- 
tivity in effluents to the general environment as low as reasonably achievable (ALARA). 

3. Assure that the CEDES received by individuals who inadvertently may intrude into the 
facility after the loss of institutional control (I 00 years) will not exceed 100 mrem yr-I for 
continuous exposure or 500 mrem for a single acute exposure. 

4. Protect groundwater resources consistent with federal, state, and local requirements. 

The performance objectives above include additiona1 standards. The first performance 
objective invokes other EH Orders and DOE Orders applicable to the protection of public 
health and safety. DOE Order 5400.5, Radiation Protection of the Public and the Environ- 
ment (DOE, 1990), is the principal DOE radiation protection standard for the public. The 
second performance objective cites 40 CFR 6 I ,  the Nationd Emission Standards for 
Hazardous Air Pollutants (NESHAP). The limits contained in the second performance 
objective are assumed to be a TEDE. 

The third performance objective sets limits for inadvertent intruders, who are assumed to be 
individuals that enter the disposal site with no knowledge of its existence and expose buried 
waste. Individuals aware of buried radioactivity are assumed capable of identifying and 
managing radiological hazards. The limits for inadvertent intruders are 500 rnrem for a 
single event and 100 mrem yr-' for chronic exposures to individuals occupying the site for 
longer periods. The intruder limits are assumed to be a TEDE. 

The fourth performance objective requires that groundwaters are protected as required by all 
applicable regulations. Compliance with applicable regulations has been clarified to mean: 

1. Compliance with any legally applicable state or local law, regulation, or other legally 
applicable requirement for groundwater protection; or 

2. Compliance with any formal agreement with appropriate state or local officials applicable 
to groundwater protection. 
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If these considerations are not applicable, compliance should be based on criteria contained 
in the site-specific groundwater management plan and consistent with any formal land use 
p h .  There are no applicable federal, state, or local regulatory requirements for groundwater 
protection at the Area 5 RWMS. There are no formal agreements with the state of Nevada or 
local officials applicable to groundwater protection. The groundwater protection policy of 
D O E N  was developed to guide underground nuclear weapons testing and does not specif- 
ically address waste disposal. The DOE/NV groundwater protection policy is to prevent 
pollutants from reaching the groundwater (DOENV, 1993 b). 

The state of Nevada has promulgated standards for public drinking water supplies in Nevada 
Administrative Code 445. Characterization data for the uppennost aquifer indicates that the 
aquifer is a potential source of drinking water and preserving it as such is a conservative 
groundwater protection policy. Therefore, the adopted performance objective is that the 
uppermost aquifer is maintained to meet the state of Nevada drinking water standard. This 
standard includes by reference the maximum contaminant levels (MCLs) for radionuclides in 
the National Primary Drinking Water Regulations (40 CFR 14 1.15 and 14 1.16). 

I .3.2 DOE Order 5400.5, Radiation Protection of the Public and Environment 

DOE Order 5400.5 sets radiation protection standards for the public and environment. 
Standards applicable to LLW disposal are set for all DOE exposure modes, airborne emis- 
sions, and the drinking water pathway. Standards covering management and storage of spent 
nuclear fuel, high-level, and TRU wastes (paragraph c) are not applicable to LLW disposal. 
The applicable standards in DOE Order 5400.5 are: 

a. DOE Public Dose Limit-all exposure modes, all DOE sources of radiation. The 
exposure of members of the public to radiation sources as a consequence of all 
routine DOE activities shall not cause, in a year, an effective dose equivalent 
greater than 100 mrem. The dose limits also apply to doses to individuals who 
are exposed to radiation or contamination by radionuclides at properties subse- 
quent to remedial activities and release of the property. 

b. Airborne Emissions Only-all DOE sources of radionuclides. To the extent 
required by the Clean Air Act, the exposure of members of the public to radio- 
active materials released to the atmosphere as a consequence of routine DOE 
activities shall not cause members of the public to receive, in a year, an effective 
dose equivalent greater than 10 mrem. 

c. Not applicable. 

d. Drinking Water Pathway Only-all DOE sources of radionuclides. It is DOE’S 
policy to provide a level of protection for persons consuming water from a 
public drinking water supply operated by the DOE, either directly or through a 
DOE contractor, that is equivalent to that provided to the public by the public 

1-6 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

community drinking water standards of 40 CFR 141. The liquid effluents from 
DOE activities shall not cause private or public drinking water systems down- 
stream of the facility discharge to exceed the drinking water radiological limits 
in 40 CFR 141. 

The above requirements establish several performance objectives that must be considered in 
addition to those contained in DOE Order 5820.2A. Paragraph (a) of DOE Order 5400.5 sets 
a dose limit of 100 mrem yr-’ for all DOE exposures. Radionuclides attributable to NTS 
activities were not detected in the off-site monitoring network during 1992, the most recent 
year that nuclear testing was conducted ( D O E N ,  1993a). Off-site doses from NTS 
atmospheric emissions were estimated to be 0.01 mrern in the 1992 NESHAP compliance 
report (Reynolds Electrical & Engineering Co., Inc. [REECo], 1992). These data indicate 
that doses from NTS operations are currently negligible. Doses received by persons residing 
on the NTS after loss of institutional control are more difficult to predict. It has been 
assumed that all DOE exposures from the NTS, excluding LLW, will amount to less than 
75 mrem yr! Therefore, the M l 2 5  rnrem yr-* allowable for LLW disposal can be used as 
the performance objective. Paragraph (d) specifically requires that drinking water supplies 
impacted by DOE activities meet 40 CFR 141. As noted above, this standard has been 
adopted for the drinking water pathway. 

1.3.3 40 CFR 61, National Emission Standards for Hazardous Air Pollutants 

DOE Order 5820.2A requires that airborne emissions meet the requirements of 40 CFR 6 1. 
Subpart H applies to emission of all radionuclides, other than radon, from DOE facilities. 
This standard limits radionuclide emissions to levels that would cause any member of the 
public to receive an effective dose equivalent of 10 mrem in any year. The standard is 
interpreted to be a TEDE in this assessment. Subpart Q applies to radon emissions from 
DOE storage and disposal facilities for radium-bearing by-product material. This standard 
limits average annual 222Rn flux rates to 20 pCi m-2 s-I. 

Because DOE Order 5400.5 requires that the sum of all sources meet these standards, the 
performance objective for LLW disposal may have to be reduced to allow for other airborne 
sources at the NTS. For 1992, the last year nuclear testing was conducted at the NTS, the 
effective dose equivalent received by an individual at the nearest residence via the air 
transport pathway was estimated by the Environmental Protection Agency’s (EPA) CAP8 8- 
PC computer model to be 0.01 rnrem ( D O E N ,  1993a). Air monitoring results indicate that 
actual doses are much less. Because doses from all NTS airborne emissions appear to be 
insignificant, the full limit of 10 mrem yr-’ has been adopted as the performance objective for 
waste disposal. The Subpart Q radon flux standard has been adopted as the performance 
objective for radon emissions. 

- -- 
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1.3.4 40 CFR 141, National Interim Primary Drinking Water Regulations 

Drinking water supplies operated by the DOE or impacted by DOE effluents are to meet the 
radiological standards of the Safe Drinking Water Act (SDWA), 40 CFR 141. The relevant 
standards in 40 CFR 141 are: 

Standard 1 
Standard 2 

Standard 3 

$14 1. I5(a) - Combined 226Ra and 228Ra - 5 pCi L” ’ . 
5 1 4 1.1 5(b) - Gross alpha particle activity (including 226Ra, but excluding 
radon and uranium) - 15 pCi L- * . 
5 14 1.16(a) - The average annual concentration of beta particle and photon 
radioactivity f o m  man-made radionuclides in drinking water shall not pro- 
duce an annual dose equivalent to the total body or any internal organ greater 
than 4 mrem yr- ’. 
5 141.16(b) - Except for radionuclides listed in TabIe 1.2, the concentration of 
man-made radionuclides causing 4 rnrern yr-* total body or organ dose equiva- 
lents shall be calculated on a basis of a 2 L day-’ drinking-water intake using 
the 168-hour data listed in “Maximum Permissible Body Burdens and Maxi- 
mum Permissible Concentrations of Radionuclides in Air or Water for Occu- 
pational Exposure” (NBS Handbook 69), as amended August 1963, U.S. 
Department of Commerce (DOC). If two or more radionuclides are present, 
the sum of their annual dose equivalent to the total body or to any organ shall 
not exceed 4 mern y i ?  

Standard 4 

Table 1.2 Average Annual Concentrations Assumed to Produce a Total Body or Organ Dose of 
4 mrem yr-* 

Bone marrow 

The standard described above was designed for a comparison with laboratory measurements 
rather than model results. Therefore, several assumptions must be made. Standard 1 
($14 1. I5 [a]) is adopted with the assumption that laboratory measurements are equivalent to 
the transformation rate of 226Ra and 2281Za. Standard 2 ($14 1.1 5 [b]) is adopted assuming that 
gross alpha as measured in a laboratory sample is equivalent to the total alpha particle 
emission rate excluding 238U, 234U, 222Rn 9 218P 0, 214P0, 235U, 21yRn, 2‘5Po ? 21*B’ 1, 211Po, 220Rn, 
l16Po, 212Bi, and 212Po. Uranium is excluded based on the standard. Radon and its short-lived 
progeny are excluded, because it is unlikely that they will be present in laboratory samples 
prepared using standard methods. Standard $ 14 l.l6(a) and 9 14 1.16(b) are adopted without 
modifications or assumptions. The 1 68-hour maximum permissible concentration (MPC) 
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6oco 

values are the concentrations which if consumed at a continuous rate of 2.2 L day-' will cause 
the maximum permissible dose in a year to the critical organ when equilibrium is reached or 
after 50 years of continuous intake if equilibrium is not reached. For beta-gamma emitters in 
water, the maximum permissible doses are 5 rem for the total body, blood-forming organs, 
and gonads; 29 rem for bone-seeking elements; 30 fern for the thyroid; and 15 rem for all 
other organs. The drinking-water limits (DWL) were obtained from 

GI (LLI) 100 l3'CS Total Body 200 

Bone 300 133Ba 30 

0.004 rern 2.2 Ld- '  
DWL @CiL -') = 1E9 MPCw-16Bhr 

H L  2.0 L d - '  

the 168-hr maximum permissible concentration for water, 
pCi rn1-I; and 
the maximum permissible dose equivalent for the appropriate 
critical organ, rem. 

- - 

= 

When a MPC is not listed in NBS Handbook 69 for a specific radionuclide, the limit for 
unlisted beta emitters with half-lives greater than two hours will be adopted. The concentra- 
tion of long-lived beta-gamma emitting radionuclides yielding a dose equivalent of 4 mrern 
yr- to the whole body or any organ based on the I68-hour MPC are listed in Table 1.3. The 
limits for 3H and 'OSr are those listed in Tuble 1.2. The definition of man-made beta particle 
and photon-emitting radionuclide included in 40 CFR 141.1 is adopted. This definition 
excludes the beta-gamma emitting progeny of 232Th, 238U, and 235U. Compliance with 
standards 5 14 1.16(a) and 5 14 1.16(b) will be demonstrated by performing a surn of the 
fractions calculation using the concentrations in Table 1.3. 

. Table 1.3 Concentrations of Man-Made Beta Particle and Photon Emitters in Drinking Water 
Assumed to Cause a Dose Equivalent of 4 mrem yr-' to the Total Body or Any Organ at 
Equilibrium or After 50 Years of Intake 

~ 
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Table 1.3 (continued) 

1 

99Tc GI (LLI)+ 900 207~ji GI (ELI) 200 

lo7Pd 30 241pu 2,000 

?GI (LLI) - Gastrointestinal tract, lower large intestine. 

Uranium is an important nuclide in the Area 5 RWMS inventory. Uranium is not included in 
the current standard. A MCL of 20 pg L-' has been proposed for uranium (EPA, 1991). 
Because this MCL is not currently enforceable, comparison with ths proposed MCL will be 
provided for informational purposes only. 

I .3.5 Performance Objective Summary 

The previous sections have identified all the applicable performance objectives. Simplifying 
conservative assumptions have been made to minimize the number of performance objec- 
tives. The adopted performance objectives for each time interval are summarized in 
Tables 1.4 through 1.6. 

Table 1.4 Summary of Adopted Performance Objectives for the Period of Active Institutional 
Control 

Compliance Interval 

Period of Active 
Institutional Control 

All Pathways (excluding 
airborne emissions) 

Air Emissions 
(excluding radon) 

Air Emissions (radon 
only) 

Groundwater 

Indian Springs, NV 

Indian Springs, NV 

Waste Cell Cap 

Uppermost Alluvial 
Aquifer 

Performance Objective 

25 mrem yr* 

10 mrem yr-' 

20 pci s-' 

226Ra + 228Ra < 5 pCi L-I 
Gross Alpha 4 5  pCi L-' 
4 mrem yr-' man-made 
beta-gamma emitters 
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Table 1.5 Summary of Adopted Performance Objectives for the Postinstitutional Control Period 

Compliance Interval 

Postinstitutional Control All Pathways (excluding 
airborne emissions) 

Air Emissions 
(excluding radon) 

Air Emissions (radon 
only) 

Groundwater 

Compliance Point 

Cane Springs and Indian 
Springs, NV 

Cane Springs and Indian 
Springs, NV 

Waste Cell Cap 

Uppermost Alluvial 
Aquifer 

Performance Objective 

25 rnrem yr-' 

10 mrem yr-' 

226Ra + 228Ra < 5 pCi L-' 
Gross Alpha e l 5  pCi L-' 
4 mrem yr-] man-made 
beta-gamma emitters 

Table 1.6 Summary of Adopted Performance Objectives for Inadvertent Intruders 

Postinstitutional 
Control All Pathways 

500 mrem 
100 mrem yr-' I Acute (<5 years) 

Chronic (> 5 years) 

I .4 Performance Assessment Method 

The method employed for the preparation of the performance assessment follows a logical 
sequence of steps as described by Case and Otis (1 988). Performance assessment is an 
iterative process that proceeds sequentially fiom site characterization to conceptual model 
development, to outcome modeling and back to site characterization for the next cycle. The 
iteration or cycle follows the method of Revision 1 of the performance assessment 
(Magnuson et a!., 1992), but differs in the greater use of site-specific data for scenario 
development, modeling, and developing a refined conceptual model of the vadose zone. 

The initial step in performance assessment is to set the scope of the analyses and identify the 
performance objectives. These activities have been documented in Chapter 1. The next step 
is to document relevant site characterization data from the K W S .  This assessment 
describes and evaluates additional site characterization data as directed by the DOE Peer 
Review Panel. Site characterization data has been documented in Chapter 2. 
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Chapter 2 also discusses the site inventory. The inventory used in this assessment has been 
limited to wastes disposed since implementation of DOE Order 5820.2A. Raw inventory 
data obtained from the site database records have been critically evaluated and revised. 
However, the inventory data still contain significant uncertainties. A specific inventory has 
been analyzed to assure that there is a reasonable probability that past disposals can meet the 
performance objectives. Continuing assurance of compliance with 5820.2A will be provided 
by developing radiological waste acceptance criteria based on this assessment and applying 
these limits to future disposals. 

Chapter 3 describes the analyses conducted to assess compliance with the performance 
objectives. Performance analysis begins with developing and selecting scenarios for 
evaluation. Several deterministic site-specific scenarios have been developed. A scenario is 
defined here as a description of all the features, events, and processes influencing the waste 
disposal system performance. Each scenario consists of several scenario modules that have a 
corresponding conceptual model and mathematical model. Scenarios are developed by 
preparing a comprehensive list of features, events, and processes. This list is then screened to 
remove processes or events that will not influence performance, are deemed physically 
improbable for the NTS, are extremely rare or improbable events, or are outside the scope of 
the analysis. The remaining features, events, and processes are then assembled into scenarios 
for analysis. This approach may lead to the creation of more than one scenario. In this 
analysis of performance, the scenarios have been divided into release scenarios and pathway 
scenarios. Two release scenarios and three pathway scenarios were identified for analysis. 

Another scenario, the intruder scenario, was also used in the performance assessment. Rather 
than attempt to develop a small number of realistic site-specific intruder scenarios, it was 
decided to use scenarios that have been used widely in waste disposal risk assessments. 
There is tremendous uncertainty in any prediction of future human behavior. This is 
especially true for intrusion scenarios, where it has already been assumed that an extremely 
low probability event such as intrusion has occurred. Due to the uncertainties, there is little 
to be gained by developing site-specific intrusion scenarios. Therefore, intruder scenarios 
used in previous performance assessments were adopted and modified as deemed appropriate 
for site-specific physical limitations. 

The scenario lists were used to develop conceptual models by making assumptions about the 
magnitude, timing, consequences, and detailed mechanisms of the events and processes. The 
conceptual models were used to formulate the mathematic models ultimately used to simulate 
site performance. The approach used throughout the model development and parameter 
selection process was to make reasonable assumptions and select the best estimate parameter 
values. Conservative assumptions have been made in some instances when parameter values 
were poorly known or to limit model complexity. 

Chapters 4 and 5 present the results and interpretation of the analyses. Most importantly, 
these sections evaluate future data needs, changes in site operations, and implications for 
environmental monitoring programs. Performance assessment results can be used to develop 
performance assessment-based concentration limits. These limits can be used to develop 
waste acceptance criteria after other limitations such as operational safety and applicable 
federal regulations have been considered. 

~~~~ 
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2.0 FACILITY DESCRIPTION 

2.1 Geography 

The NTS is located in southern Nevada, approximately 105 km (65 mi) northwest of Las 
Vegas (Figure 2.1). Approximately 3,500 km2 (1,350 mi2) of land is encompassed by the 
current site boundary. The combined area of the NTS and the surrounding Air Force- 
controlled land, referred to as the NTS-NAFR complex, is approximately 14,200 km2 
(5,480 mi2). The NTS-NAFR complex is isolated further by US.  Department of Interior- 
controlled land that surrounds much of the complex. Counties falling within an 80-km (50- 
mi) radius of the Area 5 RWMS include portions of Nye, Lincoln, and Clark Counties in 
Nevada; and Inyo County, California. 

Las Vegas is the largest major metropolitan area near the NTS. Other population centers 
surrounding the NTS-NAFR complex and their distances from the Area 5 RWMS are: Indian 
Springs (42 km 126 mi]), Lathrop Wells (52 km [32 mi]), Pahrump (80 km [50 mi]), Beatty 
(82 km 15 1 mi]), A l m a  (96 km [60 mi]), Goldfield (165 km [ 103 mi]), Warm Springs 
(1 77 km [ 1 10 mi]), and Tonopah (1 95 km [ 12 1 mi]). The permanent settlement closest to the 
RWMS is Indian Springs. 

Mercury, a restricted access government facility that houses NTS administrative and support 
facilities, is located at the southeastern comer of the NTS. The Area 5 RWMS is located 
approximately 22 km (1  4 mi) north of Mercury, within the physiographic boundaries of 
Frenchman Flat. Frenchman Flat is an alluvium-filled closed basin in the southeast comer of 
the NTS (Figure 2.2). Frenchman Flat playa, a dry lake bed at the physiographic low of the 
basin (939 m [3,080 ft]) above mean sea level), occupies approximately 14 km2 (5 mi2) and is 
perhaps the most prominent feature of the basin. 

The Area 5 RWMS is located in the northern region of Frenchman Flat at the juncture of 
three coalescing alluvial fan systems (Snyder et al., 1995). The RWMS elevation ranges 
from 969 to 975 m (3,180 to 3,200 ft) above mean sea level. The RWMS is 3.8 km (2.4 mi) 
north of the playa and 30 to 36 m (98 to 11 8 ft) upslope of the playa. 

2.1 .I DOE Operations 

DOE operations on the NTS have been conducted in five major areas: Yucca Flat, Rainier 
Mesa, Pahute Mesa, Frenchman Flat, and Jackass Flats (Figure 2.2). Yucca Flat is a large 
alluvium-filled closed basin in the northeast corner of the NTS. It has been used for both 
above- and belowground nuclear tests. Plutonium Valley, a small, north-south trending 
valley draining into Yucca Flat from the east, has been used for nonnuclear detonations of 
nuclear weapon components called “safety tests.” Rainier Mesa and Pahute Mesa, located 
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Figure 2.1 Location of the NTS-NAFR Complex Within the State of Nevada 
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Figure 2.2 Location of the Area 5 RWMS and Major‘Operational Areas on the NTS 
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on the northwest region of the NTS, have been used for underground nuclear tests. The 
Jackass Fiats area in the southwest comer of the site has been previously used for testing of 
nuclear rockets. Frenchman Flat, on the southeast corner of the site, has been used for 
nuclear testing and is the site of the Area 5 RWMS. 

The other major facilities within Frenchman Flat are the Hazardous Materials (HAZMAT) 
Spill Center (formerly the Liquified Gaseous Fuels Spill Test Facility FGFSTF]), located to 
the south on the playa, and the Device Assembly Facility (DAF), located approximately 
10 km (6 mi) to the northwest. The HAZMAT Spill Center is used for research on the 
atmospheric dispersion of volatile or gaseous hazardous materials. 

Frenchman Flat has been the site of 19 nuclear tests and several safety tests. Five 
underground nuclear tests have been conducted approximately 3.5 km (2.1 mi) to the south 
and 2.4 km (1.4 mi) to the northeast of the RWMS (Figure 2.3). Fourteen atmospheric tests 
were conducted over or in the immediate vicinity of the Frenchman Flat playa. Several 
safety tests have been conducted at the Gadgets, Mechanics, and Explosives (GMX) site, 
1.8 lun (1.1 mi) to the southeast of the Area 5 RWMS. 

2.2 Meteorology 

Meteorology of the NTS and Frenchman Flat has been summarized previously by Winograd 
and Thordarson (1 9 7 9 ,  Case et al. (1 984), Magnuson et al. (1 992), and REECo (1 993a). 

2.2.1 Climatic Setting 

The NTS lies within a region of the southwestern United States known for its arid 
intermountain deserts. Orographic lifting of humid Pacific air masses by coastal mountain 
ranges to the west causes a majority of the moisture destined for the continent to fall on the 
intercoastal mountain ranges before reaching the interior. The NTS lies in a region that is 
transitional between the Nevadan Desert and the Mojave Desert. The climate is characterized 
by a large number o f  cloudless days, low precipitation, and high daily temperatures, 
especially in the summer. Death Valley, California, the driest region of the country, with 
summer temperatures greater than 49°C (120°F) and annual rainfall averaging 4.3 cm 
(I. .7 in) (Hunt el al. 1966), lies approximately 80 km (50 mi) to the southwest of the NTS. 

2.2.2 P reci pita t i on 

Annual precipitation over the NTS ranges from 8 to 25 cm (3 to 10 in), depending on the 
elevation (Figure 2.4). Valley floors such as Frenchman Flat tend to be arid, while higher 
mountains such as Pahute Mesa are subhumid. The average annual precipitation in 
Frenchman Flat is approximately 12 cm ( 5  in). Table 2.1 summarizes the monthly precipita- 
tion for a 30-year period from January 1963 through December 1993 at Well 513 in Area 5. 

~~~~~~ ~ ~ ~ 
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Figure 2.3 Location of the Area 5 RWMS in Frenchman Flat 
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Figure 2.4 Monthly Mean Precipitation at the NTS From 1957 to 1964 (Winograd and Thordarson, 
1975) 
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Rainfall varies markedly with the seasons as well as with elevation. The majority of rain 
falls during two seasons, with a larger peak in the winter and a smaller one occurring during 
the summer months. This bimodal precipitation pattern results from two distinctive global 
weather patterns that develop during the summer and winter (Figure 2.4). During the 
summer, the lower Great Basin experiences frequent intrusions of warm moist tropical air, 
due to the formation of a high-pressure ridge located over the southern United States and 
northern Mexico. It has been widely accepted that the clockwise rotation of the air mass 
brings warm moist air up from the Gulf of Mexico to create a "summer monsoon season," 
characterized by local high-intensity thunderstorm activity of relatively short duration 
(Bryson and Lowry, 1955; Green and Sellers, 1964; JurwitZ, 1953; French, 1985). Addi- 
tional investigation by Hales ( I  974) reveals that much of this summer moisture may be 
credited to moisture driven up from the Pacific Ocean by way of the Gulf of California. 
Precipitation during the winter months is governed by the formation of a high-pressure ridge 
in the Pacific and an accompanying low-pressure cell in the Gulf of Alaska, known as the 
Aleutian low. This combination often forces cold, wet air masses fiom the Pacific Northwest 
over the Great Basin and Rocky Mountains. 

Although these storms are often longer in duration and less intense than their swnmer 
counterparts, they account for most of the annual moisture at the NTS. Snowfall is 
frequently observed at elevations greater than approximately 1,675 m (5,495 ft), but is rarely 
observed at the RWMS. 

2.2.3 Te m pe ra tu re 

NTS air temperatures vary highly with the seasons. Average daily temperatures range from 
2°C (35 "F) in January to 24°C (75 OF) in August. Large daily fluctuations are common, 
especially on the playas and valley floors. Typical daily temperature ranges for the Area 5 
RWMS run from -3" to 12°C (27" to 54°F) in January, and from 17" to 36°C (63" to 97°F) 
in July (Magnuson et aZ., 1992). 

2.2.4 Evaporation 

Due to the exposure of the ground surface to high levels of incident solar radiation and wind, 
the pan evaporation rate at the NTS is very high. The estimated annual pan evaporation rate 
ranges from a minimum of93 cm (37 in) in January to a maximum of 595 cm (243 in.) in 
July, with an average of approximately 3 10 cm (1 22 in), as measured by REECo on 
Frenchman Flat (1 956- 195 8) and Jackass Flats (1 967- 1969) (Magnuson et aZ., 1992). Thus, 
there are no permanent naturally occurring lakes or ponds within Frenchman Flat. 

2.2.5 Wind 

Three major effects influence wind direction on the NTS: (1) large-scale movement of global 
pressure systems, (2) intermediate orographic effects due to regional mountain ranges, and 

2-8 Performance Assessment 



Area 5 Radioactive Waste ManaPement Site Nevada Test Site 

(3) localized small-scale convection currents due to nearby topography and terrain (Quiring, 
1968). Northern winds tend to dominate in the winter and southern winds in the summer. 
Localized differential heating of the land surface during the day, coupled with a topographic 
trend toward greater elevation in the northern section of the NTS, result in southern winds 
flowing upslope during the day and northern winds moving downslope at night. 

Wind speeds tend to be greater in the spring than in the fall. Because surface vegetation is 
sparse in the area, surface wind speed is categorized as calm only 2 percent of the time. 
Figure 2.5 summarizes the annual wind rose at Frenchman Flat for the years 1983 through 
1993. 

2.3 

2.3.1 

The g 

Geology 

Regional Geology 

ology of the NTS consists of a thil k section (more than 10,600 m 134,780 ft]) of 
Paleozoic and older sedimentary rocks, locally intrusive Cretaceous granitic rocks, a variable 
assemblage of Miocene volcanic rocks, and locally thick deposits of postvolcanic sands and 
gravels that fill the present-day valleys (Frizzell and Shulters, 1990). Figure 2.6 is a general- 
ized geologic map of the NTS. More detailed stratigraphic information is available from 
recently updated maps of the NTS (Frizzell and Shulters, 1990). A summary of the general 
stratigraphy beneath the NTS, including lithologies and mode of emplacement, appears in 
Appendix B. 

The NTS and surrounding areas are in the southern part of the Great Basin, the northernmost 
subprovince of the Basin and Range Physiographic Province (Figure 2.7). The Basin and 
Range Province is generally characterized by more or less regularly spaced, generally north- 
south trending mountain ranges separated by alluvial basins that were formed by faulting. 
The Great Basin subprovince is an internally drained basin; i.e., precipitation that falls over 
the basin has no outlet to the Pacific Ocean. 

The topography of the eastern and southern NTS is typical of the Great Basin, with nuxnerous 
north-south trending mountain ranges and intervening alluvial basins. In the northwest 
portion of the NTS, the physiography is dominated by the volcanic highlands of the Pahute 
and Rainier Mesas. There are three primary valleys on the NTS: Yucca Flat, Frenchman 
Flat, and Jackass Flats. Both Yucca and Frenchman Flats are topographically closed, with 
playas in the lowest portion of each basin. Jackass Flats is topographically open, with 
drainage via Fortymile Wash off the NTS. 

2.3.2 Geology of Frenchman Flat and the Area 5 RWMS 

Frenchman Flat is an intermontane basin typical of basin-and-range structure. The alluvium- 
and tuff-filled valley is rimmed mainly by Proterozoic and Paleozoic sedimentary rocks and 
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Figure 2.5 Annual Wind Rose for Well 5B in Frenchman Flat for I983 through 1993 
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Figure 2.6 Surficial Geology of the Frenchman Flat Basin in the Vicinity of the Area 5 RWMS 
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Cenozoic volcanic rocks. Frenchman Flat is bounded by the HalQint Range to the north, the 
Ranger Mountains and the Buried Hills to the east-southeast, Mount Salyer to the west, and 
Mercury Ridge and Red Mountain to the south (Figure 2.7). It ranges in elevation fiom 
approximately 1,600 m (5,250 ft) above mean sea level in the surrounding mountain ranges 
to 940 m (3,080 ft) at Frenchman Flat Lake, a playa lake at the lowest point of the basin. The 
basin drains a 1,200 km2 (460 mi2) watershed. 

Proterozoic and Paleozoic rocks are generally extensive and occur under Frenchman Flat as 
basement rocks. In the lowhnds areas of the basin, the basement rock units are overlain with 
alluvium, volcanic, and Tertiary sedimentary rocks. The infilling alluvium is 910 rn (3,000 fi) 
deep at its maximum thickness. On the alluvial fans, the alluvium comprises interbedded 
gravel, sand, and silt with varying degrees of cementation. These coarse-grained deposits 
grade to the predominantly clayey silt deposits of the playa. Limited areas of wind-blown 
sand and silt are also present in portions of the lowland areas. 

To the northwest and southeast, thrust faults have repeated sections of the Paleozoic and 
Precambrian rocks, and low-angle gravity faulting has created isolated blocks of the 
Paleozoic rocks out of stratigraphic order. Today, most prominent structures are related to 
basin-and-range extensional faulting that is younger than the volcanic rocks. In southern 
Frenchman Flat, fault strikes are mostly east-northeast with a significant strike-slip 
component of displacement. In northern Frenchman Flat, fault strikes are north-northeast 
with dominantly dip-slip normal faults. 

Outflow sheets of ash-flow tuffs from the volcanic centers west and northwest of the basin 
occurred during the Tertiary Period. The youngest sediments of the valley are sand and 
gravel, derived from the volcanic and sedimentary rocks in the surrounding highlands. 

2.3.2.1 Structural Features 

Can (1 974) outlined the early structural development of the northern portion of Frenchman 
Flat. The early structural development is attributed to movement along several major fault 
systems associated with the initiation of Basin and Range tectonics. These systems include 
the Cane Spring Fault and the Rock Valley Fault Systems (Figure 2.7). Later, during the 
early and middle Tertiary, the valley continued to widen as ash-flow and ash-fall tuffs were 
deposited. The Cane Spring Fault plays an active role in the continuing development of the 
basin (Can, 1974), although the rate of basin subsidence is unknown (Raytheon Services 
Nevada [RSN], 199 1 a). 

The RWMS lies between two northeast-trending Tertiary fault zones: (1) the Cane Spring 
Fault, a left-lateral strike-slip fault 6.4 km (4.0 mi) to the west-northwest of the RWMS; and 
(2) the Rock Valley Fault zone, a strike-slip fault with a minor dip-slip component 8.9 km 
(5.5 mi) south of the RWMS. 
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A number of lineaments are apparent within the northern portion of Frenchman Flat (Miller 
et al., 1993). However, no surface-cutting or Holocene faults have been identified within 
914 m (3,000 ft) of the RWMS, indicating that the RWMS is in compliance with surface- 
fault-related criteria set forth by the Resource Conservation Recovery Act (RCM), under 
40 CFR 264.18. 

Activities used to identify and evaluate any potential surface-cutting faults include: 
(1) detailed mapping of waste disposal trenches and pits at the RWMS, (2) video logging of 
one of the GCD boreholes, (3) lineament map preparation and associated field investigation, 
(4) trench excavation and mapping, (5) subsurface evaluation of previously drilled boreholes, 
and (6) large-scale (1 :6,000) air photo analysis and mapping of surficial deposits. Based on 
these activities, the only lineament confinned to be fault-related and associated with surficial 
deposits is located 3.5 km (2.2 mi) northwest of the RWMS in the longitudinal valley of the 
Massachusetts Mountains. The faulting is believed to be late Tertiary to early Quaternary in 
age, based on bed attitudes and faulting of conglomeritic alluvium presumably of this age 
(Snyder et al., 1993). 

2.3.2.2 Potential for Seismic Activity 

Rogers et al. (1 977), Campbell (1 980), Battis (1 978), and Hannon and McKague (1 975) have 
conducted seismic hazard studies of the NTS. They agree that the predicted maximum 
magnitude for an earthquake ranges fiom 5.8 to 7.0, with peak accelerations of 0.7 to 0.9 g. 
The estimated return period for the largest amplitude earthquakes expected (5.8 to 7.0) ranges 
from 12,700 to 15,000 years. These data suggest that there is the potential for a large 
earthquake somewhere within the NTS during the next 10,000 to 15,000 years. 

The probability of the occurrence of at least one earthquake greater than 6.8 on the Richter 
scale is estimated in Appendix B. These calculations suggest there is about it 54 percent 
chance of one or more earthquakes greater than 6.8 in the next 10,000 years. 

In August 197 1, an earthquake of magnitude 4.3 occurred along the Cane Spring fault zone 
approximately 7.2 km (4.5 mi) northwest of the RWMS. An earthquake of 4.5 magnitude 
occurred in February 1973 along the Rock Valley fault system, approximately 7.2 lun 
(4.5 mi) southwest of the RWMS. No surface displacement was associated with these two 
earthquakes. 

Despite the moderate risk of seismic activity, the limited use of engineered structures at 
Area 5 RWMS makes the site intrinsically less prone to significant earthquake damage than 
an aboveground facility or a facility using engineered belowground vaults. Unless a major 
earthquake centered on the Area 5 RWMS occurred, at worst only limited compaction- 
caused by the consolidation of dhvium-might be expected. Given the large return times 
associated with the largest events, coupled with the small likelihood that an event would be 
centered upon the Area 5 RWMS, it is unlikely that the integrity of the RWMS would be 
significantly compromised by seismic activity. 

~ ~~ 
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2.3.2.3 Evidence of Volcanism 

Studies of the NTS region are ongoing to assess the volcanic hazard at Yucca Mountain 
located approximately 45 km (28 mi) west of the RWMS. This information has been 
summarized with respect to applicability to the RWMS by RSN (1 994). Volcanic centers 
nearest the RWMS include the Wahmonie-Salyer Center of intermediate rhyodacite to dacite 
composition, approximately 20 krn (12 mi) to the west-southwest, and the Southern Nye 
County basalt ring dike in the Halfiint Range, Iocated approximately 10 km (6 mi) to the 
northeast of the RWMS (Figure 2.8). 

Several late Cenozoic, siIicic (rhyolitic) caldera complexes occur in an eastward-trending belt 
between 37 degrees and 38 degrees north latitude (Stewart, 1980). A part of this belt, which 
includes the mesas of the NTS, has been termed the southwestern Nevada volcanic field 
(Byers, 1989). The Stonewall Caldera is the youngest (7.5 million years ago [Ma]) major 
silicic center in the area. Silicic volcanism is characterized by large-volume explosive 
eruptions. The most recent basaltic volcanism near the NTS has been associated with the 
Death Valley-Pancake Range Volcanic Belt (Frizzell and Shulters, 1990), a 50-km- (3 1 -mi)- 
wide swath of activity transecting the NTS and trending north-south throughout southern 
Nevada. Basaltic volcanism is characterized by cinder cones and lava flows of limited 
extent. 

A transition from predominantly silicic volcanism to basaltic volcanism occurred 
approximately 10 Ma ago (Christiansen and Lipman, 1972). Since 7.3 Ma, only scattered, 
short-duration volcanic activity occurred in Nevada. The volcanic rocks are primarily 
basaltic cinder cones and lava flows (Sawyer et al., 1990; Stewart, 1980). The nearest 
examples of Quaternary volcanic cones and lava flows are located in Crater Flat, west of the 
NTS (Crowe, 1990). 

The youngest basalt exposed at the land surface nearest to the RWMS, an older postcaldera 
basalt, occurs in Nye Canyon (Crowe, 1990). The plateau age for the middle Nye Canyon 
center has been established at 7.35 Ma (RSN, 1994). There is evidence of basalt of similar 
lithology in two borehoIes near the RWMS, but the flows are believed to be of limited extent. 
A basalt flow was encountered 268 m (880 ft) below the surface in borehole WESi, and a 
basalt rubble was found about 275 m (900 ft) below the surface at borehole UESk 
(Figure 2.3). The location of the eastern edge of the flow was determined by geophysical 
means (Carr, 1974). The ages of the basalt in UESi and UE5k have been established at 8.6 
and 8.4 Ma, respectively (RSN, 1994). 

Data concerning the hazards of future volcanism in the NTS region have been acquired from 
ongoing assessments of the volcanic hazard at Yucca Mountain. These data have been used 
to assess the potential for renewed volcanic activity in Appendix B. This analysis indicates 
that volcanism is unlikely to have any impact on the integrity of the Area 5 RWMS over the 
next 10,000 years. 

~~ ~ ~ ~~~ ~ ~ 
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Figure 2.8 Post-Caldera Basalt of the Nevada Test Site Region. Shaded areas are the Older Post- 
Caldera Basalt. Stippled areas are the Younger Post-Caldera Basalt. Asterisks mark 
aeromagnetic anomalies identified as potential buried basalt centers or intrusions. Ages 
estimated in millions of years (modified from Crowe [1990]). 

2-16 Performance Assessment 



Area 5 Radioactive Waste ManaEement Site Nevada Test Site 

2.3.2.4 Local Stratigraphy 

The stratigraphy of rock units fiom the surface to the lower carbonate units directly beneath 
Frenchman Flat is known to a reasonable degree based on both surface and subsurface 
investigations. These include numerous borehole descriptions collected to support under- 
ground testing, published well logs collected near the Area 5 RWMS (RSN, 3 991 b), core 
cuttings from the Pilot Wells (REECo, 1993b), investigations of surficial geology (RSN, 
1 99 1 a; Frizzell and Shulters, 1990), Controlled Source Audiofrequency Magneto Telluric 
surveys (Zonge Engineering, 1990), and gravity data (Miller and Healey, 1965). 

SUBSURFACE OBSERVATIONS 

The Area 5 RWMS is built upon alluvium derived in part from the Tertiary volcanic rock 
exposed in the nearby Massachusetts Mountains and the Halfpint Range, as well as 
carbonates, quartzites, and other sedimentary rocks from the Nye Canyon area (Snyder er al., 
1994a). The thickness of the alluvium varies from zero at the edges of the basin to approxi- 
mately 910 rn (3,000 ft) in the center just north of the Frenchman Flat playa. The alluvial 
sediments are estimated to be Middle Miocene to Quaternary in age. The alluvium is esti- 
mated to be between 360 and 460 m (1,180 and 1,5 10 ft) thick directly beneath the Area 5 
RWMS. 

Beneath the alluvium lies a layer of interbedded Tertiary ash-flow and ash-fall tuff, estimated 
to be over 550 m (1,800 ft) thick. Well log data suggest that these units are predominantly 
Timber Mountain ash-flow tuff and tuff of the Wahmonie Formation (RSN, 1991b). More 
recently, site characterization studies (REECo, 1993b) identified lithologies, similar to the 
Ammonia Tanks Tuff of the Timber Mountain Group, 180 m (590 ft) beneath the surface in 
Pilot Well UE5PW-3, which is located approximately I .8 km (1.1 mi) to the northwest of the 
active RWMS. The thick wedge of ash-flow and ash-fall tuff is underlain by an undeter- 
mined thickness of Tertiary sedimentary rocks, Paleozoic carbonate rocks, and other 
lithologies down to the Precambrian basement. 

Basalt flows found to be intercalated with alluvial sediments in boreholes UESi and UE5k 
have been dated to be 8.6 and 8.4 Ma old. The accumulation of sediment beneath the basalt 
suggests that the basin was present in some forrn and was accumulating sediment prior to 
about 8.5 Ma. Also, the occurrence of the basalt at a similar depth in boreholes 2 km (1.2 mi) 
apart suggests that either the basalt layer is on a single fault block or that minimal fault 
activity has taken place since emplacement (Snyder et al., 1994a). 

The upper surface of the basement carbonate and clastic rocks in Frenchman Flat has been 
estimated fiom gravity data (Miller and Healey, 1965) to be 1,400 f 150 rn (4,590 f 490 ft) 
deep in the north-central portion of the basin. This gravity minimum in the north-central 
portion of the basin (Figure 2.9) does not correspond to the present-day topographic low at 
Frenchman Flat playa, indicating that the thickest section of alluvium in the basin lies a few 

~~ ~ ~~~~~~~ 
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thousand meters southeast of the RWMS. The gravity data suggest that the upper surface of 
the carbonate is approximately 1,340 f. 150 m (4,395 f 490 ft) below the surface at the 
Area 5 RWMS. 

NEAR-SURFACE OBSERVATIONS OF ALLUVIAL SEDIMENTS 

The near-surface stratigraphy of alluvial sediments has been studied in detail to a depth of 
approximately 1 I m (36 fi) (RSN, 1991a; Snyder et al., 1993). The near-surface structure 
displays features expected for lower-middle to distal alluvial fan deposition, including sheet- 
flood, stream channel, and debris flows. A grain-size analysis reveals alternating sequences 
of fine- and coarse-grained sediments, with occasional lenses of very coarse stream channel 
deposits (RSN, 1991 a). All of the deposits are unconsolidated and were caused by water- 
based deposition. The debris is composed predominantly of pyroclastic tuff clasts with lesser 
amounts (averaging 5 to 10 percent) of nonvolcanic clasts. The lithology of the deposits, 
combined with paleoflow estimates, suggests that deposition was fiom the north or northeast; 
e.g. the Scarp Canyon and Nye Canyon watersheds are the source for most of the sediments. 

Six allostratigraphic units have been identified and mapped in the vicinity of the Area 5 
RWMS. These units were found to be remarkably continuous both along pit walls and 
among the pits, although they varied internally somewhat according to grain size, sorting, 
clast abundance, and bedding. Sedimentary structures are common in the deposits observed 
in the waste pits and trenches and consist of two types: (1) depositional structures, or those 
that formed concurrently with sediment deposition (cross and planar-bedding, imbrication, 
cut-and-fill); and (2) postdepositional structures such as animal burrows, roots, or rhizoIiths. 
Planar-bedding is much more common than cross-bedding in the sheet-flow deposits at the 
RWMS, and may indicate the occurrence of relatively high-velocity flow events in the past. 
Some accumulation of calcium carbonate, in the B and BC horizons as coatings on clasts and 
with pendants of pebbles and sand beneath, indicates repeated periods of surface stability in 
the Quaternary. 

CHEMICAL COMPOSITION OF THE ALLUVIAL SEDIMENTS 

The composition of sediments may be useful in determining the history of lithification and 
the source of sediments. Additionally, it provides insight into the potential for contaminants 
to be retarded through interactions with mineral surfaces. A complete analysis of elemental 
and oxide composition was performed on samples collected fiom the Pilot Wells and Science 
Trench Boreholes (REECo, 1993 b,c). Overall, the elemental composition of minerals and 
total oxide concentrations of the sediments remain fairly constant with depth. The alluvium 
has a composition of approximately 65 percent SO, and 13 percent Al,O,. Very little clay 
was apparent in the samples. 

Inorganic and organic carbon analyses were performed to help identi@ soil layers that 
might affect movement of chemical contaminants. Organic carbon can enhance the transport 
of some inorganic carbon species. Inorganic carbon measurements may also assist in the 
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identification of caliche or variably cemented carbonate layers which, with their extremely 
low porosities and hydraulic conductivities, can greatly hinder the movement of water within 
the soil. Inorganic carbon concentrations were less than 1 percent by weight and nearly 
constant throughout the entire thickness of sampled alluvium (REECo, 1993b,c). Only a 
small increase was found in a 3-m (104) interval from 167.6 to 170.7 m (550 to 560 Et) 
below the surface in Pilot Well UE5PW-2. This increase was accompanied by elevated 
levels of chloride, bromide, and sulfate as well. This isolated occurrence may indicate some 
degree of carbonate cementation at depth. However, any calcium carbonate accumulation at 
depth is expected to be discontinuous, as it is in the shallow subsurface, and it does not have 
a significant impact on groundwater flow. Organic carbon concentrations were generally an 
order of magnitude smaller than those of inorganic carbon. 

PARTICLE SIZE ANALYSIS 

Particle size distribution can influence the hydraulic conductivity of porous media and 
reflects the uniformity of an aquifer material. Particle size analysis by both the wet and dry 
sieve methods were performed on drill cuttings and core samples from all three Pilot Wells 
(REECo, 1993b) (Figure 2.10). The particle size analysis was limited to material less than 
the size of the core diameter (e.g., cobbles or boulders larger than approximately 0.09 m 
[0.3 ft] are not recovered in core samples). 

Interpretation of the vertical distribution of gravel, sand, and fines within the three Pilot 
Wells varies according to hydrologic or geologic perspective. Although the sediment 
contains variable assemblages of grain sizes, and is therefore considered geologically 
heterogeneous, the variability does not significantly effect groundwater flow; thus, it is 
considered hydrologically homogeneous. UESPW-1 displays a general fining upward 
sequence until approximately 40 m (1 30 ft) below the surface, where a coarsening upward 
sequence begins and continues to the surface. UE5PW-2 appears to have two fining upward 
sequences, one fiom 125 m (410 ft) to the surface, and another fiom 250 to 125 m (825 to 
412 ft). UESPW-3 has an overall fining upward sequence interrupted by a coarse section 
from approximately 75 m to 85 m (246 ft to 279 ft) below the surface. In a gross sense, with 
the exception of the finer sections of UE5PW-2, the profiles are predominantly coarse sand 
and gravel with accessory silt and clay. Table 2.2 shows the relative percent of materials 
falling into the gravel, sand, and silt/clay size fractions, which were determined from 
analyses on 2,100 core samples at 0.76-m (2.54) intervals fiom the Science Trench 
Boreholes (REECo, 1993~). 

The alluvium composition was estimated to be 20 percent gravel, 70 percent sand, and less 
than 8.5 percent siltlclay using the Unified Classification System (American Society for 
Testing and Materials [ASTM], 1990). Using this classification, the grain-size distribution of 
the alluvium is classified as a well-graded sand with silt and gravel. The US. Department of 
Agriculture (USDA, 1993) textural class is gravelly sandloamy sand. The silt- and clay- 
sized fraction is composed primarily of silt rather than clay according to analysis by 
hydrometer. Individual particle density analyses on samples from the Science Trench 
Boreholes yielded a mean particle density (p,) of 2.55 g cmm3 (REECo, 1993~). 
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Table 2.2 Summary of the Mean Particle Size Fraction in the Alluvium as Sampled From the 
Science Trench Boreholes 

wehole Num be 

UESST- 1 

UESST-2A 

UE5ST-2 

UE5ST-4 

UE5ST-5 

UE5ST-6 

UE5ST-7 

Gross Mean 

Mean Percent Passing Indicated Sieve Size 

Gravel I Sands I Fines 

3/4 318 1 6  10 16 40 70 140 I 200 

95.8 91.0 85.4 80.2 73.9 67.5 50.7 30.3 12.2 7.8 

98.6 94.3 86.8 81.9 75.5 68.4 51.7 32.8 13.4 8.5 

96.0 91.1 84.4 79.2 72.8 66.5 51.1 32.4 13.3 8.5 

94.1 89.6 84.5 80.2 74.9 69.2 54.3 35.2 15.1 9.6 

98.5 96.0 88.7 84.8 80.5 74.3 53.7 32.1 14.2 10.2 

94.6 88.2 82.4 78.0 73.2 67.3 50.1 29.9 12.5 8.1 

94.5 89.1 83.3 78.0 72.4 66.1 47.8 29.6 9.9 5.0 

96.0 91.3 85.1 80.3 74.7 68.5 51.3 31.8 12.9 8.4 

Measured from 2,100 samples, Science Trench 3orehole Project - REECo (1993~). 

2.4 Hydrology 

2.4.1 Regional Hydrology of the NTS 

A majority of the potential radionuclide migration and exposure pathways identified by 
Shipers (1 989) and Shipers and Harlan (1 989) contain surface or groundwater as an important 
link (Kozak et al., 1989). Therefore, it is crucial to understand and characterize the 
occurrence and movement of surface and groundwater near any waste facility. 

2.4.1 .I Surface Hydrology 

The arid climate of the NTS limits the occurrence of surface water in lower-elevation valleys 
to ephemeral washes created by precipitation runoff. Rainfall events that are intense enough 
to produce surface runoff are very few, typically originating in the higher elevations or 
mountain ranges as discrete, episodic events in the winter or summer. Recharge onto the 
valley floors is generally assumed insignificant because very few precipitation events result 
in enough moisture to produce runoff into the basins below (Dettinger, 1989). When large 
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events do occur, the ensuing runoff quickly seeps into the alluvial fan material, often within 
1,000 m (3,280 ft) after entry into the valleys (Winograd and Thordarson, 1975). The 
presence of dry lakes or playas is evidence for past accumulation of runoff in the bonom of 
the valleys. Occasionally, water i s  observed to accumulate on the playa, but does not persist 
longer than a few days or weeks, probably due to a combination of evaporation and 
i d  1 tration. 

2.4.1.2 Subsurface Hydrology 

Subsurface hydrology at the NTS can be divided into regions of saturated and unsaturated 
flow. Unsaturated flow addresses water flow and movement from the land surface down to 
the water table, where the interstices or fractures of the geologic media are completely filled 
with water. There is usually an inverse relationship between the thickness of an unsaturated 
zone and the mount of precipitation available on the surface. This relationship holds over 
the low-elevation valleys of the NTS, where annual rainfall is low and the unsaturated zone is 
thick. Winograd and Thordarson (1 975) found that the depth to saturation (excluding 
perched water) varies fiom 200 to 600 m (656 to 1,968 ft) below the valley floors. 

Beneath the unsaturated zone and the water table lies the region of saturated flow. Recharge 
from above and from horizontal movement within the saturated region is a function of the 
proximity of the aquifer to the surface and the lithology of the overlying rock units. 

THE SATURATED FLOW REGION 

Distribution and Character uf Principal Aquifers and Aquifards 

The lithology and structure of the stratigraphy beneath the NTS play an important role in the 
occurrence and movement of groundwater flow. Winograd and Thordarson (1 975) charac- 
terized the hydrologic properties of the geologic section into several aquifers and aquitards, 
based on their lithology and water-bearing characteristics, as shown in Figure 2.1 1. It should 
be emphasized that Figure 2. I I is a highly idealized conceptual perspective of a very 
complex system. Because of erosion and structural deformation, both the stratigraphic and 
idealized hydrogeologic sections shown may not exist in their entirety throughout the NTS. 
In some areas, the structural deformation and erosion of overlying layers have exposed the 
lower clastic and carbonate rocks at the surface. In other areas, the upper carbonate arid 
clastic rocks are completely absent (Frizzell and Shulters, 1990). The only lithologic units 
with extensive areal coverage and subsequent control of deep, regional groundwater 
movement are the lower-clastic aquitard and the lower-carbonate aquifer. 

The extensive structural and erosional history of the stratigraphic section has resulted in a 
highly variable distribution of hydrologic units fiom basin to basin within the NTS. A unit 
forming a thick unsaturated outcrop on a ridge may be deep in the saturated zone in an 
adjacent valley. This can be observed on the high mesas of the northwest portion of the NTS, 
which are characterized by outcrops of lava and ash-flow tuff. Some units which form 
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Figure 2.11 Hydrogeology of the NTS in Cross Sections, With Regional Geology and a Groundwater 
Path Overlay 
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outcrops on the mesa are buried beneath 1,000 m (3,280 ft) or more of alluvium in Yucca 
Flat and Jackass Flats. Further south and east, in the vicinity of Frenchman Flat, tuff is 
completely absent on the ridges near Mercury, where erosion and faulting have exposed the 
Paleozoic carbonate rocks. 

The deepest saturated flow region occurs in the lower carbonate aquifer. Although other 
stratigraphic units play some role within the saturated flow region at various locations within 
the NTS, the lower carbonate aquifer provides the primary drainage for a large number of 
interconnected basins. This drainage occurs by horizontal movement of water through 
primary interstices and fractures in response to a largely horizontal hydraulic gradient at 
depth. The carbonate aquifer is generally confined above by either the upper clastic or tuff 
aquitard, except where it occurs near the surface in outcrops, such as in the ridges near 
Mercury. The aquifer is replenished primarily through horizontal flow from adjoining 
valleys and limited vertical flow from overlying strata. In genezal, regional saturated flow is. 
primarily horizontal within this carbonate aquifer, which is overlain by a thick zone of 
unsaturated media of varying lithologies. 

Figure 2. I I shows the four primary lithologies controlling the movement and occurrence of 
groundwater at the NTS: valley-fill alluvium, tuff, clastic rocks, and carbonate rocks. The 
ability of each rock to store and transmit water is a function of the available primary inter- 
stitial porosity and secondary openings, joints, and fractures. In general, alluvium, welded 
tuffs, and carbonates form aquifers, whereas the tuffs and clastic rocks tend to form aquitards 
that retard water. movement. 

Winograd and Thordarson (1 975) have described suites of rock facies and lithologies which 
exhibit similar hydrologic character. These hydrologic units are presented below from the 
bottom to the top, oldest to the youngest. Interstitial porosities and hydraulic conductivities 
of these units are summarized in Table 2.3. 

L u wer- Clastic A quitard 

The lower-clastic aquitard consists of four formations (Burchfiel, 1964): the Zabriskie, 
Wood Canyon, Stirling, and Johnnie formations. These units are predominantly composed of 
quartzite and shale-siltstone layers with a total thickness estimated at over 3,000 m (9,842 ft). 
The lower-clastic aquitard, located predominantly within the saturated zone, forms the basal- 
confining unit above Precambrian bedrock throughout the study area. Although the aquitard 
is highly fractured, secondary porosity is generally absent in the subsurface because of 
extensive sealing by quartz, calcite, and mica-chlorite ingrowths. The unit as a whole has a 
very low effective porosity and overall permeability and is believed to form an effective 
barrier against downward groundwater movement fiom the overlying units. Ultimately, the 
unit probably influences the distribution of deep saturated ancestral drainage and discharge 
throughout the region. 
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Table 2.3 Compilation of Regional Hydrologic Character for Water-Bearing Strata Observed at 
the NTS (adapted from Winograd and Thordarson, 1975) 

REGIONAL POROSITY AND PERMEA3ILITY 

Water-Bearing Unit 

Valley-Fill Aquifer 

Lava-Flow Aquifer 

Welded-Tuff Aquifer 

Tuff Aquitard 

Upper Carbonate Aquifer 

Upper Clastic Aquit 

Lower Carbonate Aquifer 

Lower Clastic Aquitard 

Total Interstitial 
Porosity (YO) 

Range Mean 

16-42 

- 

3-48 

0.4- 12.4 

0.2- 10 

31 

- 

- 

5.4 

3.8 

Sat. Hydraulic 
Conductivity' 

(m day-') 
Range 

0.19 -2.0 

- 

3.8-5.1 

0.06 1-2.9 

- 

Mean 

1.2 

10.3 

- 

0.75 

-006 

Relative 
Hydraulic 

Conductivity3 

moderate-high 

high 

moderate 

low 

IOW 

moderate 

low 

moderate 

h W  

'Calculated from transmissivities derived from drawdown curves in pump tests by Winograd and Thordarson ( 1  975). 
:From hydraulic conductivity table for various classes of geologic materials after Bureau of Reclamation (1977). 

Total interstitial porosities of 43 cores from the lower clastic aquitard were found to range 
from 0.2 to 10 percent, with a mean of 3.8 percent. Saturated hydraulic conductivity has 
been calculated from transmissivity measurements from a drawdown pumping test in 
northern Yucca Flat in the Stirling Quartzite and Johnnie Formations (Winograd and 
Thordarson, 1975). The test yielded a single value of about 0.006 m day -'. 
The aquitard outcrops on the hills bordering Yucca Flat to the northeast (Frizzell and 
Shulters, 1990), where it is a major hydrologic unit both above and below the zone of 
saturation. Elsewhere within the NTS, the unit is under saturated, confined conditions deep 
beneath overlying units of limestone and tuff. The unit has not been penetrated-by any wells 
within Frenchman Flat or in the vicinity of the Area 5 RWMS, but it is believed to exist 
beneath the carbonate aquifer at great depth. 

Lower-Carbonate Aquifer 

Nine formations composed primarily of limestone and dolomite are classified within this 
sequence. The units range from the lowermost Carrara, silty-limestone formation, which 
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forms a transition zone to the clastic rocks just described, to the highly permeable Devils 
Gate limestone. The carbonate unit primarily lies deep within the saturated zone at the 
bottom of the stratigraphic column beneath practically all the basins including Yucca Flat, 
Jackass Flats, and Frenchman Flat. Winograd and Thordarson (1975) also noted that, due to 
thrust faulting, low-angle, normal faulting, and the existence of the extensive caldera 
complex to the northwest of the NTS, the carbonate aquifer underlying most of the NTS may 
not be hydraulically continuous with the same units to the northwest (if, indeed, they do exist 
beneath the calderas). 

The lower-carbonate aquifer is unsaturated only where it outcrops as topographical highs, 
such as in the Halfpint Range, Ranger Mountains, and ridges near Mercury in the east and 
southeast portions of the NTS (Figure 2.6). Although the lower-carbonate aquifer has 
experienced the same degree of deformation, fracturing, and brecciation as the underlying 
lower clastic rocks, the fractures and joints have not experienced the same degree of 
cementation and thus are much more permeable to groundwater flow. 

The average intercrystalline matrix porosity of the carbonates is very low. It has been 
estimated from core samples by Winograd and Thordarson (1975) at 5.4 percent, with a range 
from 0.4 to 12.4 percent. Winograd and Thordarson also determined the transmissivity from 
drawdown pumping tests of six wells, from which the saturated hydraulic conductivity can be 
derived. These values range from 0.061 to 2.9 m day ++', with a median of 0.75 m day -' 
(median is reported rather than mean, because hydraulic conductivity was found to be 
lognormally distributed, and median values are more physically representative than means for 
lognormally distributed data). This represents a moderate degree of conductivity, according 
to tables from the Bureau of Reclamation (1977). 

According to core logs, the degree of fracture fill and permeability is highly variable on a 
local scale. For example, Moore (1 963) found a two order of magnitude difference in yield 
within a 200-m (656-ft) section of the Pogonip Group during a pump test. It has been 
suggested by Winograd and Thordarson (1 975) that the wide variation in transmissivity could 
be the result of structural differences within the aquifer rather than changes in bulk lithology. 
This is because the observed variation occurred in five wells known to tap the aquifer in the 
upper brecciated plate of a low-angle thrust fault. Despite these local variations, there is 
evidence that the fracture transmissivity of the lower-carbonate aquifer as a whole may be 
homogeneous, even though it exhibits local heterogeneities. Winograd and Thordarson 
(1 975) showed semilog time drawdown curves for various wells, where the second limb 
exhibited a constant slope, resembling curves for a grossly homogeneous aquifer. This 
conclusion is supported by model studies of Warren and Price (1 96 1) and Parsons (1 966). 

The lower-carbonate aquifer plays a very active role in the deep regional saturated hydrologic 
region because of its great thickness, hydrologic characteristics, and extensive areal coverage. 
There are three sources of recharge for the aquifer: (1) precipitation at high elevations where 
the aquifer outcrops at the surface, (2) downward leakage of water from the overlying 
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Cenozoic hydrologic units, and (3) lateral underflow into the aquifer from outside the imme- 
diate region. Downward leakage fiom overlying hydrologic units is considered secondary to 
the other sources of recharge and has been estimated to be 1 to 5 percent of total recharge 
(Winograd and Thordarson, 1975). 

Upper- Clastic A q uitard 

The upper-clastic aquitard consists of the entire thickness of the Eleana Formation and the 
Chainman Shale. Because of its limited extent, the aquitard is hydrologically important only 
beneath the western portion of Yucca Flat and northern Jackass Flats, where it is fully 
saturated and is more than 1,000 m (3,280 ft) thick. In this location, it hydraulically connects 
the upper- and lower-carbonate aquifers; elsewhere within the NTS, it has either been com- 
pletely eroded or occurs far above the regional water table (Winograd and Thordarson, 1975). 

The total interstitial porosity ranges from 2.0 to 18.3 percent, with an average of 7.6 percent. 
Similar to the lower-clastic aquitard, it is believed to exhibit little to no fiacture permeability. 

Upper-Curbonate Aquijer 

The upper-carbonate aquifer is composed of only one unit, the Tippipah Limestone. Similar 
to the upper-clastic rocks, it is only of hydrologic significance beneath the western one-third 
of Yucca Flat (at-an elevation below 1,160 m [3,806 ft]), where it is saturated. Otherwise, it 
has been completely eroded or occurs in mountain ridges well above the regional water table 
(Winograd and Thordarson, 1975). It is presumed that the hydrologic characteristics of the 
unit are similar to those of the lower-carbonate aquifer. Because of its extremely limited 
occurrence, the upper-carbonate aquifer does not play a role in regional interbasin ground- 
water flow beneath the NTS. 

b 

. 

Tuff Aquiturd 

The tuff aquitard (Figure 2.11) is a thick sequence of seven tuff units. Although the 
sequence is seldom complete, one or more of the units are commonly observed outcropping 
throughout the NTS. In general, the total volume of tuff in the aquitard consists primarily of 
ash-fall (bedded tuff) over ash-flow units (welded tuff). From top to bottom, the seven tuff 
units are the lower Wsthmonie, the Salyer formation, Indian Trail Formation, Calico Hills, 
Tuff of Crater Flat, Rocks of Pavits Spring, and the Horse Spring Formation. Winograd and 
Thordarson (1 975) made a distinction between the lava-flow and the tuff aquitards because of 
the greater interstitial porosity in the tuff. However, both serve as aquitards. 

Winograd and Thordarson (1 975) recognized a separate tuff aquitard between the Wahmonie 
Formation and Topopah Spring member of the Paintbrush Tuff as a “bedded-tuff aquitard.” 
Because this unit is very small and restricted in occurrence, it has been disregarded here. 
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In general, the strata exhibit matrices extensively altered to clay and zeolite minerals, 
resulting in a very low permeability. Although jointing occurs, water-bearing fractures are 
poorly connected, unconnected, or filled with alteration minerals (Winograd and Thordarson, 
1975). Thordarson (1 965) concluded that the unit should be classified as a fkactured aquitard 
with high interstitial porosity but low permeability, and that regional groundwater movement 
is probably controlled by interstitial permeability rather than fracture permeability. 
Winograd and Thordarson (1 975) measured the interstitial porosity of 72 cores from Yucca 
Flat and found a range from 19.8 to 48.3 percent, with a mean of 37.7 percent. They also 
suggested a transmissivity fiom bailing, swabbing, and injection tests of nine wells from 
which a gross saturated hydraulic conductivity can be approximated. This value, calculated 
at 0.004 to 0.008 m day -' based on a 304.8-m (1,000-fi) penetration, represents a relatively 
low value for conductivity according to tables from the Bureau of Reclamation (1 977). 

The tuff aquitard is unsaturated in topographical highs (e.g., the ridges surrounding 
Frenchman Flat, Mount Salyer, and Red Mountain) and exhibits great thickness. Beneath 
structural lows, such as Frenchman Flat, it is estimated to be in excess of 1,370 m (4,495 ft) 
thick beneath the alluvium. Because of its relatively large areal extent and thickness, it may 
be a major barrier within the saturated zone, preventing large-scale movement of water into 
the more permeable carbonates below. 

Lava-Flo w Aquitard 

The lava-flow aquitard is composed of dacite lava flows of the upper Wahmonie Formation. 
It is restricted to a small area in the central portion of the NTS north and west of Mount 
Salyer and the Cane Spring Fault (Figure 2.7). Occurrence and movement of groundwater 
within the unit is observed only on a highly localized scale, primarily through factures. 

Although the estimated hydraulic conductivity may be as high as 20 M day - l ,  evidence 
suggests that the gross conductivity is much less, due to the occurrence of perched water 
(Winograd and Thordason, 1975). The interstitial porosity of the flows ranges from 5.7 to 
14.1 percent (Johnson and Ege, 1964). 

Welded- Tu ff Aquifer 

The welded-tuff aquifer includes the Topopah Spring and Tiva Canyon members o f  the 
Paintbrush Tuff and the Rainier Mesa and Ammonia Tanks members of the Timber Mountain 
Tuff (Figure 2. I I ) .  Although the aquifer extends throughout the NTS, it is important only 
for the deepest portions of a few basins where it occurs within the saturated zone, often 
beneath valley-fill alluvium. The aquifer is believed to underlie a portion of the alluvium 
upon which the Area 5 RWMS sits, as evidenced by outcrops in the nearby Massachusetts 
Mountain and core data from Pilot Well UE5PW-3, located approximately 2 km (1.24 mi) 
northwest of the site. 
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As the narne implies, the tuff units comprising the aquifer have experienced varying degrees 
of welding and compaction, causing a great variation in both porosity and permeability. 
These zones, which are densely welded, have less than 5 percent porosity, while the non- 
welded basal or top portions of individual units may show porosities in excess of 50 percent 
(Winograd and Thordarson, 1975). Along with welding, the units exhibit a fair degree of 
columnar jointing and foliation in response to cooling stresses. Thus, although interstitial 
permeability is small due to welding, overall permeability is moderate because of jointing 
and fracturing. Core samples of the Topopah Spring, Tiva Canyon, and Rainier Mesa Tuffs 
show interstitial porosities ranging from 3 to 48 percent (Winograd and Thordarson, 1975). 
Saturated hydraulic conductivities calculated from drawdown curves of three pumping wells 
in the Topopah member in southern Yucca Flat yielded moderate values, ranging from 3.8 to 
5.1 rn day-'. 

Eava-Flow Aquifer 

The lava-flow tuff aquifer is extremely limited in extent and composed primarily of three 
formations restricted to the vicinity of Jackass Flats. The permeability and porosity of this 
aquifer is primarily the result of secondary bedding planes, joints, and fractures. The satu- 
rated, hydraulic conductivity calculated from the drawdown curve from a well in central 
Jackass Flats (Winograd and Thordarson, 1975) was approximately 10.3 m day -'. Although 
the unit has high permeability, its limited areal extent and lack of continuity render it of 
limited significance. Rainfall at high elevations, where the aquifers outcrop, is the primary 
source of recharge for the welded-tuff and lava-flow aquifers. 

The Valley-Fit1 Aquifer 

The valley-fill aquifer occurs throughout the basins of the NTS and is commonly the 
uppermost unconfined hydrologic unit within valleys. Consisting of poorly sorted alluvial 
fan, fluvial, conglomerate, lake bed, and mudflow deposits, valley-fill material is present 
within almost all subbasins, as well as the larger Yucca Flat, Jackass Flats, and Frenchman 
Flat basins. 

Although coatings of calcium carbonate are commonly found in the near subsurface, the 
primary interstitial porosity and permeability are high (Table 2.3). According to Price and 
Thordarson (1 961) and Thordarson et al. (1 962), core data fiom test wells indicate that the 
total interstitial porosity ranges from 16 to 42 percent, with an average of 3 1 percent. The 
saturated hydraulic conductivity calculated from transmissivity measurements for drawdown 
pumping tests at three wells ranges from 0.19 to 2.0 m day - I ,  with a median of 1.2 m day - 1  

(Winograd and Thordarson, 1975). These values indicate a moderate to high range of 
relative conductivity (after Bureau of Reclamation, 1977). 

The depth to the saturated zone in most of the valleys within the NTS is between 200 and 
650 m (654 and 2,132.5 ft). Because of these large depths, most of the valley-fill aquifer is 
left unsaturated, with only the lowest portion below the water table. Recharge by infiltration 

2-30 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

into the valley-fill aquifer is severely hindered by the extreme conditions of high potential 
evapotranspiration and low rainfall experienced on the valley floors. Under the current 
climatic regime, recharge from the surface is generally considered nonexistent (REECo, 
1993a7b; and Dettinger, 1989). 

GROUNDWATER MOVEMENT 

Winograd and Thordarson (1  975) classified groundwater movement within the NTS into 
three categories: (1) movement of perched water, (2) intrabasin movement, and (3) interbasin 
movement. The first two categories describe localized groundwater movement within 
individual basins, while the third is concerned with deep, regional flow beneath and through 
basins. 

Occurrence and Movement of Perched Water 

Perched water consists of groundwater that has been separated from the underlying zone of 
saturation by unsaturated conditions, temporarily forming an inverted water table (Freeze and 
Cherry, 1979). At the NTS, perched groundwater forms principally within the aquitards in 
the foothills and ridges flanking the basins (namely, the tuff and lava-flow aquitard) as water 
travels to the regional water table below. The relatively low permeability of the units, 
compared to those units surrounding them, accounts for the existence of perched water, as 
drainage of water Corn overlying units is retarded fiom reaching the water table. Movement 
from localized perched water is downward. Thordarson (1 965) showed that the occurrence of 
perched groundwater is erratic rather than widespread. Perched water is not known to occur 
beneath Yucca Flat, Jackass Flats, or Frenchman Flat. 

Intrabasinal Groundwater Movement 

The movement of water from the Cenozoic aquifers and aquitards (Figure 2.12) to the 
underlying Paleozoic units is called intrabasin flow. It is believed that water stored within 
the Cenozoic aquifers eventually drains into the underlying lava-flow and tuff aquitards. 
Leakage of this water into the underlying carbonate aquifer is restricted because of the low 
permeability of these units. A description of the processes governing flow through these 
“leaky systems” is common in the literature (Bear, 1972; and Hantush, 1964). In Yucca Flat 
and Frenchman Flat, the water in the Cenozoic aquitards behaves as if it were perched above 
the underlying lower-carbonate aquifer. As a result, flow is directed downward (Winograd 
and Thordarson, 1975). Farther south, in the Amargosa Valley, the direction of water flow is 
reversed (i.e.7 flow is upward fiom the carbonate aquifer toward the surface) because of the 
greater hydraulic head within the carbonate aquifer (Fiero and Maxey, 1970). 

Interbasin a1 Groundwater Movement 

Interbasinal flow occurs under confined conditions; e .g . , through water-bearing strata that are 
overlain or underlain by a relatively impermeable layer or aquitard. At the NTS, this refers to 
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flow within the lower-carbonate aquifer, confined by the lower-elastic aquitard on the 
bottom, and either the upper-clastic aquitard or tuff aquitard above. It is believed that the 
lower-carbonate aquifer and the lower-clastic aquifer are hydraulically connected throughout 
most, if not all, of the NTS (Winograd and Thordarson, 1975). As a result, groundwater 
flows laterally beneath both mountain ridges and basins with little regard for the overlying 
topography. This is what is known as interbasin flow. 

Figure 2.12 illustrates the interbasinal-flow concept in the saturated zone. Section B-B' 
through Frenchman Flat shows the regional horizontal flow beneath the RWMS in the lower- 
carbonate aquifer. Recharge to the lower aquifer is provided by slow downward leakage 
from the tuff aquitard, welded-tuff aquifer, and valley-fill aquifer, and from horizontal 
movement within the aquifer. 

In the NTS, lateral groundwater movement integrates several smaller intermontane valleys 
into a single basin, referred to as the Ash Meadows groundwater basin (Winograd and 
Thordarson, 1975; Rush, 1970). This interbasin flow is responsible for the discharge 
observed at Ash Meadows in the Amargosa Desert, 30 km (1 8.6 mi) south of the NTS. This 
discharge occurs through evapotranspiration, underflow, and the more than 30 springs which 
strike roughly along a c o r n o n  line. Hydraulic potential and groundwater chemistry data 
strongly suggest that regional flow beneath the NTS is from the northeast to the southwest 
toward Ash Meadows, with a strong east-to-west component south of the NTS (Figure 2.13). 
The existence of an east-to-west component to the south is strongly supported by the lower 
solute concentration found within the lower-carbonate aquifer in this region (Chapman and 
LyIes, 3 993). 

. 

GROUNDWATER CHEMISTRY 

The concentration of dissolved constituents in groundwater is a record of its travel path 
through hydrologic units. Groundwater chemistry is influenced by many factors, including 
the original groundwater chemistry, lithology of the units through which it passes, porosity, 
permeability, temperature, and flow path. The study of groundwater chemistry at the NTS 
has been extensive (Walker and Eakin, 1963; Schoff and Moore, 1964; Blankennagel and 
Weir, 1973; Young, 1965; Thordarson et al., 1962; Robinson and Beetem, 1965; and 
Winograd and Thordarson, 1979, and has been responsible for most of the hypotheses 
regarding regional groundwater movement. Groundwater chemistry has been measured at 
over 1 50 locations, including wells, springs, and water-bearing fractures. 

The groundwater chemistry throughout the study area varies from basin to basin. Schoff and 
Moore (1 964) identified three dominant types: (I) a calcium-magnesium bicarbonate (Ca- 
Mg-HCO,) facies within the carbonate units, (11) a sodium and potassium bicarbonate (Na-K- 
HC03) facies derived from groundwater in volcanic rocks, and (111) a mixed facies containing 
components from both (I) and (11). The facies, their character, and a trilinear analysis of the 
water Chemistry is shown in Figure 2.14. 

~ ~~~~~~ ~~ 
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Figure 2.14 Mean Cation and Anion Concentrations in Groundwater Found at the NTS and 
Trilinear Diagram Analysis Showing the Three Dominant Chemical Facies 
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The Na-K-HCO, facies (11) is found within the lava-flow aquifer and tuff-aquitard units. The 
primary source of sodium comes from the alteration of rhyolitic glass containing sodic 
plagioclase feldspar (NaA1Si308), and from ion exchange with zeolites (Lipman, 1965; 
Hoover, 1968; and Hem, 1985), which are all major components of the volcanic units at the 
NTS. The facies also is seen in portions of the valley-fill aquifer, where a major portion of 
the alluvial-fill material has been derived from the erosion of volcanic units. The Ca-Mg- 
HCO, composition (I) is found within the Paleozoic carbonate units, such as the lower- 
carbonate aquifer and in the valley-fill aquifers that are composed of carbonate detritus. 
Most of the calcium and magnesium present is from the dissolution of limestone and 
dolomite (CaCO, and CaMg(C0J2 ) mineralization in the unit as it conducts flow. Water of 
the mixed facies (111) contains portions of both the Na-K and Ca-Mg ions groups. Schoff and 
Moore (1 964) noted that this type of water dominates in the lower carbonate, which is 
between the Amargosa Desert to the south and the eastern border of the NTS. 

The Ca-Mg-HCO, facies (I) is of major importance in mapping the movement of deep 
interbasin groundwater flow within the Ash Meadows basin. Schoff and Moore ( 1  964) 
observed that water in the Ash Meadows discharge area exhibited a chemistry similar to what 
would occur if water from the volcanic rocks in the valley basins (11) were mixed with water 
from the deep, carbonate aquifer (I), and suggested that groundwater within the NTS is 
moving southwestward toward Ash Meadows. Winograd and Thordarson (1 975) offered 
further evidence for this conclusion by observing the water chemistry in the area surrounding 
the NTS. Because the mixed-water facies (111) discharging at Ash Meadows and within the 
lower-carbonate aquifer beneath the NTS contains more sodium, potassium, sulfate, and 
chloride than the surrounding valleys of Indian Springs and northwest Las Vegas Valley (all 
to the southeast or east of the NTS), they concluded that the direction of deep flow must be 
primarily to the southwest from under the NTS. Waters fiom the southeast end of the NTS 
have lower solutes concentrations than those from the interior. This suggests a strong 
contribution of groundwater from the east of the NTS (Chapman and Lyles, 1993), perhaps 
from diluting recharge wafers originating in the Spring Mountains. 

The same hydrochemical data suggest a dominance of vertical over lateral flow within 
individual basins above the carbonate aquifers, primarily within the volcanic units (Chapman 
and Lyles, 1993). Winograd and Thordarson observed that interbasin water flowing through 
the NTS from the northeast to the southwest could originate from the Pahranagat Valley. If 
this were the case, they reasoned that it was possible to transform those waters (low in 
sodium and potassium) into those found under the NTS (rich in sodium and potassium), 
given downward crossflow through the overlying volcanic rock. Further evidence for the 
dominance of vertical over lateral flow is provided by the increase of sulfate within the 
mixed facies (111) at Ash Meadows as compared to that found under the NTS. Winograd and 
Thordarson (1975) observed that the most likely source for the sulfate is the solution of 
gypsum (CaSO, -2H20) from tuffaceous sedimentary rocks, clay stone, and freshwater 
limestone of the Pavits Spring and Horse Spring Formations, known to outcrop near 
Mercury. Such rocks could only be a source if downward crossflow existed. 

~~ ~ 
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2.4.2 Hydrology of the Area 5 RWMS 

This section describes the hydrology of the Area 5 RWMS. Its emphasis is on the vadose 
zone and the uppermost aquifer, or valley-fill aquifer, because these are the most relevant to 
the performance of the RWMS. 

2.4.2.1 Surface Hydrology 

The arid climate of Frenchman Flat limits the occurrence and movement of water on the 
surface. There is no permanent surface water within Frenchman Flat, except for small man- 
made impoundments. The alluvial fans of Frenchman Flat are incised with numerous dry 
desert washes that drain to the playa. Runoff from storm events occurs intermittently in these 
washes and may occasionally accumulate on the playa. As will be described in subsequent 
sections, water movement in the vadose zone at the Area 5 RWMS is predominantly vertical; 
therefore, the flow of surface water is not viewed as an important transport mechanism at the 
Area 5 RWMS. However, flooding and erosion caused by runoff in ephemeral channels do 
remain as potential issues in site performance. 

EROSION IN EPHEMERAL CHANNELS OVER GEOLOGIC TIME 

The Area 5 RWMS lies on three coalescing alluvial fan systems: the Scarp Canyon and Nye 
Canyon fan piedmont from the northeast, the southern Halfpint Range and Massachusetts 
Mountains fan from the north and northwest, and the Barren Wash fan fiom the west (Snyder 
et al., 1995). Typical of alluvial fans in an arid climate, the channels on the surfaces of these 
alluvial fan systems are ephemeral; that is, they convey flow only in direct response to 
runoff-generating storms. 

Snyder et al. (1  995) evaluated the potential of erosion to expose buried waste at the Area 5 
RWMS within the next 10,000 years. They did their evaluation using data collected from 
previous geomorphic surface mapping and trench and pit-wall mapping within and near the 
Area 5 RWMS (Snyder el al., 1993, 1994). Snyder et aE. (1995) found that the age of the 
surfaces at the Area 5 RWMS ranged from late Pleistocene (oldest) to late Holocene 
(youngest), with a predominant surface age from the middle Holocene to late Pleistocene. 
Late Holocene surfaces are present in the small active channels. In addition, net aggradation 
has likely occurred at the Area 5 RWMS since at least middle Pleistocene, but evidence of 
local channel incision and aggradation is present. The maximum depth of a channel incision 
found near the Area 5 RWMS is less than 1.5 m (5  ft), with most incisions less than 0.8 m 
(2.6 ft) deep. Furthermore, they stated that erosion caused by geomorphic processes is 
unlikely to reach a depth of 2 m (4.6 ft) at the Area 5 RWMS within the next 10,000 years. 
Because of the scarcity of rainfall and the physiographic nature of the RWMS, all available 
data indicates that channeling to 2.4 m (7.9 ft), the depth of buried waste, is possible but 
extremely unlikely. 
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NEAR-TERM FLOODING POTENTIAL AT THE AREA 5 RWMS 

In addition to geomorphic studies, a flood assessment was completed to find whether the 
Area 5 RWMS lies within a 100-year flood hazard area (Schmeltzer et al., 1993). This 
assessment determines the flood hazard assuming no significant changes in current climatic 
and hydrologic conditions. Over geologic time (e.g., 10,000 years), climatic and hydrologic 
conditions could change. 

The flood assessment used Federal Emergency Management Agency (FEMA) accepted 
methods as stipulated in 40 CFR 270.14. Schmeltzer et al. (1993) identified three watersheds 
that could contribute flooding toward the Area 5 RWMS. These were the Barren Wash, 
Massachusetts Mountain/HalfZpint Range, and Scarp Canyon watersheds. The total drainage 
area of these three watersheds is approximately 360 km2 (139 mi2). The flood assessment 
included the Scarp Canyon watershed because the active part of the Scarp Canyon alluvial 
fan is located within 2 km (1.2 mi) of the Area 5 RWMS. The Nye Canyon watershed, as 
identified in Snyder et al. (1 9 9 9 ,  was excluded because it no longer drains toward the Area 5 
RWMS. 

A 1 00-year flood hazard map was delineated using the flood assessment results (Figure 2.15). 
This map shows that only the southwest corner of the Area 5 RWMS lies within a 100-year 
flood hazard area, which is defined by FEMA as an area with a 0.01 probability that a flood 
with a depth of flow greater than 0.3 m (1 fi) can occur in any given year. The southwest 
comer was impacted by two flood hazards: alluvial fan flooding on the Barren Wash alluvial 
fan and shallow concentrated flow draining from the Massachusetts Mountains. 

The Barren Wash alluvial fm receives flow from the 21O-lun2 (&mi2) Barren Wash 
watershed. As indicated in Figure 2.15, the Area 5 RWMS is located on the lower eastern 
edge of the 100-year flood hazard area of the Barren Wash alluvial fan and is in a zone 
designated with a flow depth of 0.3 m (1 ft) and a flow velocity of 0.9 m s-?  One major 
assumption in the FEMA methodology to evaluate alluvial fan hazards is that flood flow 
from the apex (e.g., the point where the flow becomes unpredictable) is just as likely to create 
a new path as it is to follow an existing channel. This means that the probability of a channel 
passing through any given point on a contour is uniform. Therefore, the 0.3-m (1-ft) depth 
and 0.9-rn s - 1  designation can be described as the 0.01 probability in any given year that a 
channel with a depth of 0.3 m (1 ft) or greater and velocities of 0.9 m s-’  or greater can occur 
within this zone. 

The second flood hazard area is a result of flow draining fiom the Massachusetts Mountains 
and funneling into a shallow, wide channel that crosses the southwest corner of the Area 5 
RWMS (Figure 2.15). The average 1 00-year depth and width of the shallow concentrated 
flow were approximately 0.6 m (2 fi) and 75 rn (246 ft), respectively. The drainage area 
contributing to this flood hazard is approximately 16 km2 (6.1 mi2). 
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Figure 2.15 100-Year Flood Zone Delineation Map at the Area 5 RWMS (from Miller et nl., 1994) 
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UE5PW-2 

UESPW-3 

Sheetflow from the 3 8 - h 2  (1 4.6-mi2) MassachusettsMalfpint watershed also could affect 
the Area 5 RWMS. However, flooding as sheetflow was not delineated as a 1 00-year flood 
hazard because 1 00-year depths of sheetflow average less than 0.3 m (1 ft) (Figure 2.15). 
This flood assessment also determined that a 1 00-year flood within the 1 05-km2 (40.5-mi2) 
Scarp Canyon watershed will not impact the Area 5 RWMS. The western edge of the 100- 
year flood hazard on the Scarp Canyon alluvial fan is about 1.2 km (.74 mi) east of the 
Area 5 RWMS. 

280.3 0 - 280 m alluvium . 256.5 733.3 

0 - 188 rn alluvium 
291.1 188 - 280 m welded rUff 271.7 733.5 

280 - 291 m beddedtuff 

2.4.2.2 Subsurface Hydrology 

An idealized conceptual model for the hydrogeologic cross-section of Frenchman Flat and 
surrounding mountain ridges has been developed based on work done by Case et al. (1 984), 
Winograd and Thordarson (1 975), Frizzell and Shulters (1 990), RSN (1 99 I a,b), and REECo 
( I  993b) (Figure 2.16). The cross-section shown in the figure depicts stratigraphic and 
structural relations on a gross scale. Downward projection and possible intersections of the 
faults and bedding contacts with the water table in the subsurface remain uncertain and are 
highly interpretive. In spite of the uncertainties, several conclusions can be made. Well 
cuttings and drill logs from Pilot Wells UESPW-1, UE5PW-2, and UE5PW-3 (Figure 2.17 
and Table 2.4) indicate that a thick section of unsaturated alluvium (vadose zone) lies below 
the RWMS. The minimum thickness of the vadose zone beneath the Area 5 RWMS is 236 m 
(774 ft). The top of the water table lies within the alluvial unit, except to the north as 
observed in Pilot Well 3 (UE5PW-3 [Figure 2.1 A), and more than half of the alluvium is 
unsaturated directly beneath the RWMS. Winograd and Thordarson (1 975) defined the 
saturated portion of alluvium as the valley-fill aquifer. 

Table 2.4 Summary of Pilot Well Drilling Log and Lithology Information (from REECo, 1993b) 

I UE5PW-1 I 255.7 I 0-256malluvium I 235.7 I 733.6 I 

t - from mean sea level datum 
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Figure 2.1 6 Cross-Section Showing Interpreted Hydrogeology for Frenchman Flat (based on Frizzell 
and Shulters, 1991; RSN, 1991b; Miller and Healy, 1965; and Zonge Engineering, 1990) 
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The 360- to 460-m- (1,184- to 1,509-ft)-thick alluvial unit is assumed to be underlain by 
approximately 550 m (1,804 ft) of tuff, which serves as an aquitard. Welded tuff (Ammonia 
Tanks member of the Timber Mountain Tuff) also was found 180 m (590.5 fi) beneath the 
surface in Pilot Well UE5PW-3 (Figure 2.17). 

Welded tuff was not found to the depth penetrated in Pilot Wells UESPW-1 and UE5PW-2; 
thus, the extent of the welded-tuff unit beneath the RWMS is unknown. Beneath the tuff 
aquitard lies the lower-carbonate aquifer which lies above the Precambrian bedrock. The 
thickness of the carbonate aquifer beneath the RWMS or within the basin is unknown. 

PROPERTIES OF THE VADOSE ZONE 

The vadose zone beneath the Area 5 RWMS is the primary barrier between the site and the 
uppermost aquifer. Four investigations have described the physical, chemical, and hydro- 
logic properties of the vadose zone at the Area 5 RWMS. Spatial variation in properties up to 
a depth of 9 m (29.5 ft) have been investigated in existing excavations (pits and trenches) at 
the RWMS (REECo, 1993e). The properties of core and cuttings samples of the near-surface 
vadose zone up to a depth of 37 m (121 fi) have been reported for nine Science Trench Bore- 
holes (REECo, 1993c) and four additional Science Boreholes (Blout ef al., 1995). The 
properties of core and cutting samples of the deep vadose zone up to 291 m (955 ft) deep 
have been described during the Pilot Well study (REECo, 1993b). The location of these 
wells and trenches is shown in Figure 2.17. 

Water Content 

Water-content values for the alluvium and tuff beneath the Area 5 RWMS have been 
determined for more than 1,000 samples from both drill cuttings and core samples from the 
Pilot Wells and Science Trench Boreholes (Figure 2.18 and Table 2.5) (REECo, 1993b,c). 
All samples were collected using dry drilling techniques. A comparison of the volumetric 
water content profiles from the wells and boreholes indicates that the water content 
throughout the unsaturated zone is remarkably low, with an overall average of 8.72 percent 
by volume (5.39 percent by mass). Because the average porosity for the alluvium has been 
established at about 3 1 percent, these data show that only 25 percent of the total void space is 
filled with fluid. 

Trends in water content are observed with depth. In the near surface (5 to 10 m [ 16.4 to 
32.8 ft] depth), volumetric water contents as low as 1 to 3 percent are observed (REECo, 
1993b,c; Blout et al., 1995; Levitt et al., 1996). Under these conditions, a discontinuous 
water phase may develop, leading to reduced rates of water movement. Th; evolution of the 
air-water interfaces in a drying porous medium was addressed by Gardner and Chatelain 
(1 947) who described conceptually the formation in dry soil of a discontinuous water phase 
restricted to capillary wedges at the contact points of the solid phase. Connecting films no 
more than a molecule thick are suggested by Bear (1972): 

_____~ 
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Figure 2.18 Water Content Profile Beneath the Area 5 RWMS Based on the Pilot Well Data 
(REECo, 1993b) 
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UE5ST-4 

UE5ST-5 

UE5 ST-6 

UE5 ST-7 

OveraII Mean Water Content 5.39 % ( wt.) 8.72 % (vol.) 
t 1 

Table 2,5 Summary of Water Content Data From the Pilot Wells and Science Trench Borehole 
Studies (REECo, 1993b,c) 

I Borehole or Well 
Number 

UESPW-1 

UE5PW-2 

UE5PW-3 

UE5 ST- 1 

UESST-2a 

UE5ST-2 

UE5ST-3 

UE5 ST-4a 

VADOSE ZONE WATER CONTENT (8) 

Gravimetric Water Content 
Min. Max. Mean 

2.6 13.9 6.6 

2.0 12.2 6.4 

2.5 8 "4 4.9 

1.9 9.2 5.2 

2.9 7.4 4.8 

2.4 21.4 5.7 

- - - 

3.3 7.3 5.4 

1.2 12.1 5.4 

2.1 7.4 3.7 

1.3 11.6 5.0 

1.9 10.8 3.7 

t Total of 1,052 samples. 

At very low water saturation . . . water forms rings called pendular rings 
around the grain contact points. At this low water saturation the rings are 
isolated and do not form a continuous water phase, except for a very thin film 
of nearly molecular thickness on the grain's surfaces. Practically no pressure 
can be transmitted' from one ring to the next within the water phase. 

Scheidegger (1 974) also notes that there is no possibility of flow in the pendular phase which 
occurs in the form of pendular bodies throughout the porous medium. Similarly, Hillel 
(1 980) writes, 

In coarse-textured soils, water sometimes remains almost entirely in capillary 
wedges at the contact points of the particles, thus forming separate and discon- 
tinuous pockets of water. In aggregated soils, too, the large interaggregate 

~~ 
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spaces which confer high conductivity at saturation become (when emptied) 
barriers to liquid flow from one aggregate to its neighbors. 

The low-volumetric water contents observed in the near surface suggest the presence of a 
discontinuous water phase. Low wafer contents will impede the flow of liquid by reducing 
the hydraulic conductivity. 

Water Puten tial 

The water potential gradient is of prime importance in determining the magnitude and 
direction of movement of liquid water in dry soils. Depth profiles of water potentid for each 
of the Pilot Wells and Science Trench Boreholes were determined from both core samples 
and drill cuttings by REECo (1993b,c) and are shown in Figure 2.19. The figures show 
consistently high negative values of potential (indicating very dry conditions) within the 
upper 35 m ( 1  15 ft) of alluvium within all profiles. The data gathered from the Science 
Trench Boreholes (Figure 2.19) show the strongest positive upward gradient is within the 
upper 9 m (29.5 fi) of alluvium. 

Because convective flow is driven by a gradient in total potential, static zones or regions of 
zero flux are identified where the total potential is zero. Figures 2.20 through 2.22 show 
potentials plotted with depth for the three Pilot Wells. In the figures, water potentials, h, 
measured on cores are plotted along with the gravitational potential, z, using the water table 
as the reference and the total potential H. Osmotic potentials in the near swrface are less than 
- 1 MPa, decrease with depth to a few tenths of a MPa near 30 m (98.4 ft) depth, and trend 
toward zero below this depth. The osmotic potentials were considered negligible with 
respect to the measured water potential given sampling and instrument error, leaving the 
measured water potential approximately equal to the matric potential. 

The gradient in the upper 25 m (82 ft) in Pilot Well UESPW-1 (Figure 2.20) shows 
evaporative conditions. From 25 to 40 rn (82 to 1 3 1 ft), two measurements indicate a dry 
zone which may be actual or the result of drilling problems. The static zone OCCUTS from 40 
to 90 m (1 3 1 to 295 ft) where the gradient is negligible. Unit gradient conditions prevail 
below 90 m (295 ft). Fewer measurements were taken in Pilot Well UE5PW-2 (Figure 2.21); 
however, a static zone is apparent in the region between 30 and 80 rn (98 and 262 ft). Moist 
near-surface conditions are seen at this site. Similarly, at Pilot Well UE5PW-3 (Figure 2.24, 
the moist near-surface conditions are superimposed on a generally evaporative profile in the 
upper 30 m (98 ft). At this site, the static zone appears to extend from 30 rn (98 R) to a depth 
of nearly 105 m (344 ft). 

Figures 2.23 through 2.26 show potentials plotted with depth for four additional boreholes 
(AP- 1, AP-2, RP- 1, and RP-2) drilled along the eastern and southern boundaries of the 
Area 5 RWMS. These boreholes are described in Blout et al. (1995). 
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Figure 2.19 Variation of Water Potential With Depth for the Pilot Wells and Science Trench 
Borehokes (REECo, 1993b,c) 
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Figure 2.20 Variation of Water Potiential With Depth for Pilot Well 1 (UESPW-1) 
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Figure 2.21 Variation of Water Potential With Depth for Pilot Well 2 (UESPW-2) 
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Figure 2.22 Variation of Water Potential With Depth for Pilot Well 3 (UE5PW-3) 
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Figure 2.23 Variation of Water Potential With Depth for Borebole AP-1 
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Figure 2.25 Variation of Water Potential With Depth for Borebole RP-1 
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Figure 2.26 Variation of Water Potential With Depth for Borehole RP-2 
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Boreholes AP-1 and AP-2 are located along the eastern boundary of the RWMS and are 
separated by a distance of 1.5 m (5 ft). The potential profile for AP-I (Figure 2.23) shows 
some effect on the near-surface matric potentials from precipitation. Below 4 m (1 3 ft), the 
total potential gradient indicates evaporative conditions. Conditions are static or nearly static 
from 20 m to nearly 55 m (66 to 180 ft). Between 55 and 80 m (1 80 and 262 ft), the gradient 
indicates evaporative conditions. The low matric potential of the deepest sample is probably 
an artifact of sampling, as it is not repeated in the AP-2 profile, only 1.5 m (5 ft) distant. The 
static zone in borehole AP-2 (Figure 2.24) begins at about 35 rn (1 15 ft) and extends to the 
bottom of the borehole at 84 m (276 ft). 

Boreholes RP- 1 and RP-2 located along the -southern boundary of the RWMS are somewhat 
shallower and are located approximately 11 rn (36 ft) apart. The potential profiles for RP-1 
(Figure 2.25) show a static region beginning at about 28 m (9 1 ft) and extending to the 
bottom of the borehole at 46 m (1 5 1 ft). The potential profiles for RP-2 (Figure 2.26) show a 
static region beginning at about 20 m (66 ft) and, except for a single data point, extending to 
the bottom of the borehole at 46 m (151 ft). 

Together, these seven boreholes indicate the existence of a static (zero flux) zone which 
begins between 20 and 40 m (66 arid 13 1 ft) from the surface and has a thickness ranging 
from 50 to 75 m (164 to 246 ft). 

Saturated Hydraulic Conductivity 

The saturated hydraulic conductivities 
UESPW-1 and UE5PW-2 and five Science Trench Boreholes were determined in the 
laboratory by REECo (1 993b,c) (Figure 2.27) using a constant-head pemeameter. Analysis 
of these results showed no trend with depth. Saturated hydraulic conductivity was found to 
be lognormally distributed. Mean values of log transformed hydraulic conductivities in pm 
s-I were calculated for three groups of samples representing a range in the spatial scale of 
sampling (Sully et al., 1993). The mean log(Ksat) of all 196 samples was 1.43. This mean 
represented samples which were separated by as much as 1,200 m (3,960 ft) horizontally and 
250 m (825 ft) vertically. The mean log(Ksat) for the UESPW-1 and Science Trench 
Borehole samples was 1 SO. This mean represented samples which were within 100 m 
(330 ft) horizontally and 250 m (825 ft) vertically. A thrd mean log(Ksat), calculated for 
only the Science Trench Boreholes which extend to depth of less than 38 m (125 fi), was 
1.36. The similarity of the means estimated from different spatial scales of sampling indicate 
that the mean saturated hydraulic conductivity of the alluvium is approximately independent 
of position. With the mean approximately independent of position, the alluvium can be 
considered homogeneous with respect to the saturated hydraulic conductivity. 

for 196 undisturbed cores from Pilot Wells 

Anisotropy of the saturated hydraulic conductivity at the RWMS was investigated by Istock 
et al. (1 994). Two horizontal transects were sampled along exposed faces in Trench 8 and 
Pit 3 within the RWMS. Core samples were taken at 98 locations along each face. At each 
location, vertically and horizontally oriented cores were obtained. Analysis of laboratory 
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Figure 2.27 Saturated Hydraulic Conductivity Profiles for the Pilot Wells and Science Trench 
Boreholes Surrounding the Area 5 RWMS 
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measurements of saturated hydraulic conductivity showed that differences in log(Ksat) for 
vertical and horizontal cores were not significant. Horizontal heterogenity is not as easily 
characterized. Because particle size decreases exponentially from the head to the toe within 
alluvial fans (Friedman and Sanders, 1978), one might expect a decrease in saturated 
hydraulic conductivity from the north to the south within the confines of the Area 5 RWMS. 
Nevertheless, this anticipated trend was not observed in any of the sampled trenches. 
Because the alluvial depositional processes within the vicinity seem to have created relatively 
uniform bedding in the horizontal direction on the scale of the RWMS site, it is not unreason- 
able to suspect that the saturated hydraulic conductivity is homogeneous on this scale in the 
horizontal direction as well. 

Unsaturated Hydraulic Conductivity - Soil Moisture Retention Relations 

Unsaturated hydraulic conductivity, K(8), was not measured as a function of water content 
because of the difficulties of direct measurement at the very low water contents that occur at 
the RWMS. Instead, hydraulic conductivity was calculated from moisture retention data 
(drying curve) from the three Pilot Wells, Science Trench Boreholes, existing excavations 
(REECo, 1 993b,c,e), and the saturated hydraulic conductivity data. The moisture-retention 
function, @(0), is related to a soil’s capacity to retain water at a given energy state or matric 
potential. The relationship is primarily a function of the texture of a soil (particle-size 
distribution) and its structure. The character of the moisture retention curves for each Pilot 
Well are shown in Figure 2.28. Each set of curves for a given Pilot Well reflects the entire 
sampling depth; i.e., samples taken at different depths are pooled. The general shape of the 
curves denote a sandy or coarse-grained deposit with a large variation in pore-size 
distribution (Hillel, 1980). Similar curves, using the cores from the Science Trench 
Boreholes and existing pit excavations, can be found in REECo (1 993c,e). The remarkable 
similarity between all the curves for the various sampling depths and locations near the 
Area 5 RWMS lends further support to the hypothesis of gross homogeneity of the 
hydrologic character of the alluvium. 

Moisture retention data (Figure 2.28) was fit to the van Genuchten (1978, 1980) model: 

where 8, is the volumetric water content (cm3 ~ m - ~ ) ?  8, is the saturated volumetric water 
content (cm3 ~ r n - ~ ) ,  8, is the residual volumetric water content (cm3 ~rn-~), $ is the rnatric 
potential (cm), and a (cm-I) and n are empirically determined parameters, The parameter rn 
is related to n as m= 1 - 1 In. 
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Figure 2.28 Composite Moisture Retention Curves From Care Samples for Pilot Wells UESPW-1, 
UE5PW-2, and UE5PW-3 (REECo, 1993c) 
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The van Genuchten parameters and the saturated hydraulic conductivity were used in the 
Mualem (1 976) model for unsaturated hydraulic conductivity to predict the hydraulic 
conductivity-water content relations. The Mualem model is expressed as: 

where K, is the saturated hydraulic conductivity and S is the effective saturation as defined 
by: 

The unsaturated hydraulic conductivity functions (K(0)) from Equation 2.2 for the three Pilot 
Wells are presented in Figure 2.29. At the mean water content for the alluvium (7 to 12 
percent), the magnitude of K(8) is only about 8 . 6 ~  lo-* m day (1 .Ox lo-’* cm s - I ) .  The 
magnitude of liquid flow under such low hydraulic conductivities is negligible. Pore water 
under such circumstances is essentially immobile. These data suggest that liquid flow at the 
low water contents currently present within the alhvium is highly unlikely. 

Insight into the water retention relationship in a native alluvium cap can be obtained from 
characterization of alluvium backfilled into weighing lysimeters. Water retention relations 
measured for soil samples obtained from backfilled lysimeters at the RWMS are plotted in 
Figures 2.30 and 2.3 1. The water retention model obtained from Area 5 site characterization 
data is superimposed for comparison. While the model deviates from the measured curves at 
very low wafer contents, it is in good agreement between a volumetric water content of 0.10 
and near saturation. 

Water content monitoring conducted at the RWMS by Levitt et al. (1 996) indicated no 
increase of water content below a depth of 1.5 m (4.9 ft) under vegetated conditions for 1995, 
a year characterized by above-average precipitation. Under bare soil conditions, the water 
content at a depth of 1.7 m (5.5 ft) has increased from 0.055 to 0.075, while the total storage 
in the lysimeter has decreased during 1995. The elevated water contents at depth are 
probably due to irrigation water applied during revegetation of the entire site during 1994. 
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Figure 2.29 Fitted Unsaturated Hydraulic Conductivity Functions From Core Samples in Pilot Wells 
UESPW-1, UE5PW-2, and UE5PW-3 (REECo, 1993b) 
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Figure 2.30 Comparison of Water Retention Relations Measured in the North Area 5 
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Figure 2.31 Comparison of Water Refension Relations Measured in the South Area 5 
Lysimeter With the Model of Water Retention Relations 
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Unsaturated hydraulic conductivities of repacked alluvium from the Area 5 RWMS obtained 
from the Mualem (1976) model were compared by Albright (1995). This comparison was 
made against those based on hydraulic diffusivity obtained from measurements of an 
evaporating column over the potential range of approximately -20 to -200 Kpa (Rose, 1968). 
The comparison showed relatively good agreement between the two methods over the range 
of measurements (see Figure 19 of Albright [ 19951). 

ENVIRONMENTAL TRACERS IN THE VADOSE ZONE 

The concentrations of certain ions, as well as those of stable isotopes of certain elements, can 
serve as tracers used to estimate vadose zone water movement, travel times, and recharge, 
independently of a hydraulic analysis. FEECo (1 993b) measured profiles for chloride (CI), 
stable oxygen ('*O), and stable deuterium (2H) in both the Pilot Wells and Science Trench 
Boreholes surrounding the RWMS. The environmental tracer data support the hypothesis 
that evaporation is the dominant process governing the rate and direction of water movement 
within the upper vadose zone under the present arid climate. Downward infiltration to the 
water table is not indicated under current climatic conditions. 

Chloride Profiles 

The chloride anion can be viewed as a conservative tracer; it is neither generated nor 
decomposed within the soil zone. A difference between long-term input and output indicates 
increasing or decreasing salinity, with whch estimates of soil water flux may be derived. 
This technique is known as the chloride mass balance method (Allison and Hughes, 1983). 

Chloride concentrations were reported for both from the Pilot Wells and Science Trench 
Boreholes (REECo, 1993b,c). These depth profiles, presented in Figure 2.32, show relatively 
high accumulations of chloride in the shallow subsurface of all the boreholes, suggesting that 
evaporation rates are high compared to downward movement of water. If downward flow 
were an important process at the RWMS, chloride concentrations in soil water beneath the 
root zone would be much lower than those observed in the three Pilot Wells. 

Drill cuttings and core samples from Pilot Well UESPW-2 have a significantly lower chloride 
accumulation than do the other Pilot Wells (Figure 2.32). Chloride differences, according to 
Tyler et al. (1 996), indicate that groundwater recharge was occurring in the vicinity of Pilot 
Well UE5PW-2 during the last glacial maximum (between 15 and 30 ka). They hypothesize 
that soil textural and hydraulic property differences and surface geomorphology may explain 
the differing spatial distribution of recharge in Area 5. 

Cores and cuttings from Pilot Well UESPW-2 have the highest percentage of fines (<200 
mesh) (REECo, 1994). The average saturated hydraulic conductivity at Pilot Well UE5PW-2 
is the lowest of the three Pilot Wells, which is consistent for a soil with a higher percentage 
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Figure 2.32 Depth Profiles of Dry Chloride Concentrations for Core Samples From the Pilot Wells 
and Science Trench Boreholes 
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of fines. Tyler et al. (1 996) speculates that while the saturated hydraulic conductivity is 
lower in Pilot Well UE5PW-2 than in Pilot Wells UESPW-1 and UE5PW-3, the unsaturated 
hydraulic conductivity may be higher for a corresponding suction. According to Jury et al. 
(1 99 l), coarse-textured soil has a higher conductivity than fine-textured soil at saturation 
because it contains larger pore spaces. However, coarse-textured soils drain at modest 
suctions, producing a dramatic decrease in hydraulic conductivity. Fine-textured soils retain 
a considerably larger amount of water at a given suction and maintain a higher conductivity 
than coarse-textured soils at lower water contents. Therefore, the fine-textured soils in the 
vicinity of Pilot Well UESPW-2 will be more hydraulically conductive in unsaturated 
conditions than the other Pilot Wells and thereby have a greater ability to recharge the 
groundwater. 

From Allison et al. (1994), surface topography has a significant influence on recharge in arid 
regions. Tyler et al. (1996) presents this as another explanation for evidence of historic 
recharge from Pilot Well UE5PW-2 chloride data. They reference the surficial mapping and 
aerial photography of the fan surfaces which have revealed the presence of a major lineament 
crossing the drill site fkom northeast to southwest at Pilot Well UE5PW-2 (Can et al., 1967; 
Miller et al., 1993). This lineament is the product of coalescing alluvial fans which 
concentrate runoff within a well-defined channelized zone. According to Tyler et al. (1 996), 
field evidence suggests that the edge of a sequence of historic fans from the north also 
defined this feature in the past (Snyder et al., 1994), implying a constancy in converged 
runoff. Tyler et al. (1 996) also state that in contrast, no such flow focusing mechanism 
currently exists at either Pilot Well UESPW-1 or Pilot Well UE5PW-3. The drill site of Pilot 
Well UESPW-1 is located on the more distal portions of the Halfpint alluvial fan and shows 
no apparent channelization. The drill site of Pilot Well UE5PW-3 lies on coalescing alluvial 
fans emerging from the Massachusetts Mountains. These fans are smaller than the Halfpint 
fan and do not supply the same volume of runoff. Channelization is not apparent at Pilot 
Well UESPW-3 either. Tyler et al. (1 996) conclude by stating that during times of elevated 
runoff, it is likely that this feature would generate more frequent flooding of the area in the 
vicinity of Pilot Well UE5PW-2, and therefore increase the probability of recharge. 

Both Prudic (1994) and Tyler et al. (1996) make estimates of recharge rates from chloride 
profiles for the deeper portion of the vadose zone. Both note that these are paleorecharge 
rates and not representative of current conditions. Prudic states that downward percolation 
under current climatic conditions is limited to the upper 10 m (33 Et). The paleorecharge rate 
was estimated to be 2 mm yr-' for the Amargosa Desert site and 0.03 to 0.05 mm yr-' for the 
Ward Valley site (Prudic, 1994). 

Tyler et al. (1 996) used chloride data fiom the Pilot Wells to estimate the paleorecharge rate 
in Area 5.  The Science Trench Boreholes (Blout et al., 1995) were excluded from the 
calculation because they extend only 36 m (1 18 ft) deep and show chloride accumulation 
throughout the sampled profile. As noted by Tyler et al. (1996), an accumulating profile is 

. 
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not at steady state and, as such, applying chloride mass balance methods for estimating 
recharge is not applicable. The €olollowing is a summary of the paleorecharge study presented 
in Tyler et al. (1 996). 

The low and uniform chloride concentrations at depth (< 100 to 150 m [< 328 to 492 fi]) 
indicate that historically, the vadose zone was in equilibrium and significant recharge must 
have been occurring to produce the deeper chloride profile. Tyler et al. (1 996) calculated 
chloride flux based on an assumed 50 percent increase in precipitation (186 mm yr-l), an 
estimate of the paleoclimate conditions in Area 5 .  The estimated paleochloride flux is 
105 mg rn-2 y f  I ,  similar to the estimated chloride paleoflux used by Fouty (1989) and 
Fabryka-Martin et al. (1 993). Using this estimate, the calculated paleorecharge rates from 
deep in the profiles range from 7.6 mm yr-' at Pilot Well UE5PW-1 to 4.4 mm yr-* at Pilot 
Well UE5PW-2. Recharge of this size, at present, is affiliated with cooler average tempera- 
tures and higher annual precipitation. Increased precipitation and cooler temperatures typi- 
fied glacial climates of the region and imply that conditions at the site during recharging 
periods were similar to those at higher elevations today. 

Prudic (1994) estimated the age of water and the downward percolation rate below a depth of 
10 m (33 ft) at a site in the Amargosa Desert south of Beatty, Nevada; and at the Ward Valley 
site in California. Age estimates were made using chloride concentration profiles. The age 
of water at a depth of 10 m (33 fi) was estimated by Prudic (1 994) to range from 16,000 to 
33,000 years ago (ka) for both sites. Chloride ages at a depth of 10 m (33 ft) in Frenchman 
Flat were estimated by Tyler et al. (I 996) to be 32 ka for Pilot Well UESPW-1, 18 ka for 
Pilot Well UESPW-2, and 19 ka €or Pilot Well UE5PW-3. The chloride profiles demonstrate 
that recharge is not occurring under the current climate with the most recent cessation of 
recharge beginning at about 20 to 30 ka. 

Stable Isotope Profiles 

The stable isotopes of hydrogen and oxygen provide an excellent record of water movement 
in the subsurface because they are components of the water molecule itself. Three stable 
isotopes of oxygen (l60, I7O, lSO) and two stable isotopes of hydrogen ('H, *H, or deuterium, 
denoted D) exist in nature, thus water molecules in precipitation have nine possible isotopic 
configurations and masses. Each configuration will exhibit a slightly different vapor pres- 
sure, as the vapor pressure of any given molecule is inversely proportional to its mass. This 
implies that fractionation between the heavier molecules and lighter molecules of water can 
occur during evaporation and precipitation. Isotopic ratios are reported as differences of 
1sO/160 and DM ratios, relative to Standard Mean Ocean Water (SMOW) first defined by 
Craig (1 96 1 a) with reference to a large volume of distilled water distributed by the National 
Bureau of Standards in the United States. Samples of water are compared by their isotopic 
compositions of oxygen and hydrogen, expressed as a per mil difference relative to SMOW: 
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r 1 

Consequently, positive values of '*O and D reflect enrichment in the heavier isotopes of 
oxygen and hydrogen, and negative values indicate depletion relative to the SMOW standard. 

6 0  = 

1 

Once precipitation enters the soil horizon, water in the liquid phase is enriched in I8O and D 
because evaporation favors the removal of lighter isotopes. Likewise, the liquid phase is 
enriched in heavy isotopes by condensation of water vapor. 

The continuing preferential removal or fractionation of lighter isotopes from the emplaced 
water caused by both evaporation and condensation should be recorded in pore water as 
positive (less negative) values compared to the SMOW standard and nearby water at depth. 
This is exactly what is seen in the stable oxygenhydrogen profiles for the three Pilot Wells 
and Science Trench Boreholes shown in Figure 2.33. In general, the *'O and D profiles show 
greater enrichment of the heavy isotopes in the upper vadose zone (top 30 rn L98.4 ft]), 
suggesting that the shallow vadose-zone water has been subjected to more evaporation/ 
condensation cycles than the deeper water. Using the SMOW reference, a line representing 
the average ratios of I8O/ l60 and D/H for waters sampled throughout the world, known as 
the Meteoric Water Line (MWL), has been prepared by Craig (196la) as shown in Figwe 
2.34. The MWL shows that the "0 and D values of meteoric water can be represented by the 
equation: 

The importance of the MWL is its use in comparing samples of water as an indication of their 
origin and climate of formation (Merlivat and Jouzel, 1979; Jouzel and Merlivat, 1984; 
Jouzel et al., 1991; Stewart, 1975). 

Figure 2.34 compares "0 versus D for the three Pilot Wells and the global MWL. The stable 
isotope lines for the three Pilot Wells lie to the right of the global MWL indicating that the ' 

-~ ~ 

2-66 Performance Assessment 



Area 5 Radioactive Waste ManaEernent Site Nevada Test Site 

.......... ..:. ..... .*. . . . . . . . . . . . . . .  . . . . . . . . . . .  :. .......... - .  . . . . . .  ..... *;. 

+ \  

* \  *\  * '  ' A, ' 
I 

l l l l l l r l l l l l  I I  

0 
300 

-140 -120 -too -80 -60 Qo -20 

L 

10 - 

w 

h 

E - 
g 20 - 

- 

See lnsen at 

for Detail 
. Right 

.... 

. . .  

I I 1 I 
0 -1 5 "10 -20 

-t20 -100 -80 40 

680and8' ($1 

Figure 2.33 Depth Profiles of b " 0  and 6D in Core Samples From the Pilot Wells and Science Trench 
Boreholes (REECo, 1993~)  
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Figure 2.33 Depth Profiles of b " 0  and 6D in Core Samples From the Pilot Wells and Science Trench 
Boreholes (REECo, 1993~)  
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Global Meteoric Water Line (MWL) (REECo, 1993b) 
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waters have been subjected to evaporation over time (Domenico and Schwartz, 1990). These 
data and figures support the hypothesis that evaporation at the Area 5 RWMS is the dominant 
hydrologic mechanism in the upper vadose zone compared to downward liquid flow. 

Variations Within the ChLoride and Stable Isotope Data Sets 

The following discussion of chloride and stable isotope data from Area 5 is adapted from 
Tyler el al. (1 996). Chloride profiles in the Pilot Wells show similar characteristics in the 
upper 1 to 2 m (3.3 to 6.6 ft); the chloride concentration is very low, reflecting repeated 
flushing by precipitation. Below 2 m (6.6 ft), each profile rapidly reaches a maximum 
concentration of betkeen 250 and 600 mg kg-’ which is typical in arid regions (Phillips, 
1994) and indicates either a net infiltration rate which has changed over time, significant 
nonpiston flow, or both. Below the chloride bulge, chloride concentrations decrease rapidly 
in Pilot Well UE5PW-2 to a depth of 25 rn (82 ft), with low chloride concentrations through- 
,out the rest of the profile; while Pilot Wells UESPW-1 and UE5PW-3 show a second bulge at 
40 and 85 m (13 1 and 278.8 ft), respectively, before concentrations drop to a range of 0.5 to 
2.0 mg kg-! Total chloride accumulation is much less in Pilot Well UE5PW-2. 

The combination of low chloride concentrations at depth, differences in stored chloride 
between the boreholes, and the appearance of secondary bulges implies a different response 
to a sequence of recharging events has occured at each Plot Well site. Recharge was 
apparently interrupted by a prolonged period of chloride buildup at Pilot Wells UESPW-1 
and UE5PW-3. This was presumably the result of a climatic shift from a more pluvial 
period. During this period, Pilot Well UE5PW-2 underwent chloride accumulation; however, 
this signal was subsequently removed as more recent pluvial conditions initiated deep 
infiltration at all three boreholes. Infiltration was sufficient to carry with it most of the 
accumulated chloride in Pilot Well UE5PW-2 only. The results of the “aborted” recharge in 
Pilot Wells UESPW-I and UE5PW-3 are apparent from the secondary bulges. Following 
this paleorecharge interval, the profiles began another period of chloride accumulation that 
has continued to present. 

Tyler et al. (1 996) provided age estimates at both Pilot Well UESPW-1 and Pilot Well 
UE5PW-3 suggesting that these profiles have accumulated chloride for the last 100 to 120 ka. 
In contrast, the chloride age calculated at Pilot Well UE5PW-2 is 25 to 35 ka. Age estimates 
from Pilot Well UESPW-2 should be equivalent to age estimates of the secondary bulges in 
Pilot Wells UESPW-1 and UE5PW-3 if the recharge and aborted recharge theories are valid, 
which is not the case. Age estimates from the secondary bulges show an apparent age of 
approximately 60 to 70 ka, much older than that estimated for the timing of recharge at Pilot 
Well UE5PW-2. This discrepancy may be the result of a diffbsed wetting fkont, rather than 
the simple piston displacement assumed by the model. Evidence of spreading is apparent in 
the secondary bulges (Figure 2.33). Also, additional chloride may have migrated 
to the secondary bulge since the recharge event was aborted. According to Tyler et al. 
(1 996), assuming a simple piston displacement model, the calculated age of the peak will 
overestimate the true age. 
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Tyler et al. (1 994) compares stable isotope data of oxygen and hydrogen in the three Pilot 
Wells. They identify two distinct populations in the soil-water isotopic compositions: 
samples collected from the land surface to about 16 m (52 ft) (and to almost 40 m [ 13 1 ft] in 
Pilot Well UESPW-1) that display evaporative enrichment of I8O relative to 'H (defined here 
as shallow soil water), and deeper samples that trend on a line approximately parallel to the 
Local Meteoric Water Line (LMWL) (defined here as deep soil water). The soil water from 
both population sets are more depleted than modern precipitation for Area 5 and, in fact, 
compare favorably with the isotopic signature of the saturated zone. Tyler et al. (1 996) uses 
this as evidence that the soil water, as well as groundwater, infiltrated under different climatic 
conditions, in concurrence with the soil chloride and 36Cl results. The only exception is three 
samples collected from Pilot Wells UE5PW-2 and UE5PW-3 within I m (3.3 ft) of the 
surface which are isotopically comparable to modern precipitation and therefore provide 
evidence of current infiltration in the near surface. This theory also is supported by the 
higher water potentials, ample root distribution, and low chloride concentration observed in 
the upper 1 to 2 m (3.3 to 6.6 ft) of the soil profile (mECo, 1994). Current infiltration was 
not found below 3 m (9.9 ft). The effect of evaporation on isotopic composition can be 
detected to a depth of 39 m (128 ft) in Pilot Well UESPW-1, 8.5 rn (27.8 ft) in Pilot 
Well UE5PW-2, and 16 rn (52.4 ft) in Pilot Well UE5PW-3. It is not possible, however, to 
differentiate between enrichment caused by evaporation and enrichment produced from 
mixing between shallow, evaporated water and deeper soil water. 

Tyler et al. (1 996) estimates the amount of time required to generate the evaporative profiles 
from the Pilot Wells, assuming purely diffusional transport from the evaporating front at the 
land surface through the underlying vadose zone, ignoring advection caused by evaporation. 
They note that the calculation provides a general time range. Infiltration may occur in 
response to short-term periods of increased precipitation followed by a return to an evapora- 
tive setting which is not necessarily associated with major climate changes. This aborted 
recharge process would increase the depth of enriched isotopes in the profile. Therefore a 
calculation based entirely on difhsional transport would serve as an upper limit. Solutions of 
the difhsion equation for borehole Pilot Well UE5PW-2 range from 10,000 to 15,000 years. 
This time period agrees reasonably well with the chloride age dates of the soil water, suggest- 
ing that the soil profile has not experienced infiltration since the end of the Pleistocene. 
Calculations for Pilot Well UESPW-3 yield estimates of up to 30,000 years because of the 
slightly deeper penetration of the enriched isotopes. Pilot Well UESPW-1 does not exhibit a 
diffusion-dominated profile and therefore was not fit with the difision model. 

Deep soil water infiltration must have occurred under past climate conditions. According to 
Tyler et al. (1 996), the similarity of the slopes of the current LMWL and the trend of the deep 
soil data (depletion in the heavy isotopes as compared to both the weighted mean of current 
precipitation and the weighted mean of winter-only precipitation) suggests that recharge in 
the past was from the same source as at present, although at a cooler temperature. From 
Tyler et al. (1 996), this coincides with estimates of conditions in the southern Great Basin 
during the last glacial interval. The source of much of the aquifer recharge may not have 
been derived from the overlying vadose zone, however, as the chloride concentrations in the 

~~ 
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soil water are approximately twice that found in the groundwater. The slight variations in 
isotopic composition at depth in the Pilot Wells do not deviate from the deep soil water trend, 
and therefore are not likely a result of evaporation caused by the air used during drilling. 
Because they do not appear evaporated, their enrichment may represent recharge under a 
warmer climate or summer-dominated precipitation patterns. The persistence of the deep 
isotopic variations are surprising, given the estimated ages of the deep soil water. However, 
these variations support the ages of soil water in the Pilot Wells. Both Pilot Well UESPW-1 
and Pilot Well UESPW-3 show only moderate variation in the distribution of 2H and I8O 
below approximately 100 m (328 fi). The chloride age dates for these deep waters approach 
110 ka. In contrast, Pilot Well UE5PW-2 (chloride age of 20 to 35 ka) shows notable 
departures at depths of 150 m (492 fi) and 225 to 250 m (738 to 820 ft), as well as a more 
apparent minimum at 50 to 60 m (1 64 to 197 fi). The persistence of these deviations 
cqnfirms the chloride data in a relative sense; the soil water in Pilot Well UE5PW-2 may be 
much younger having less time to d i a s e  these pulses than Pilot Well UESPW-1 and Pilot 
WellUE5PW-3. 

EVOLUTION OF VADOSE ZONE CONDITIONS OVER TIME 

The near-surface enrichment of stable chloride, bromide, hydrogen, and oxygen also 
indicates that the present condition of net upward liquid movement through the vadose zone 
has been relatively long term and that diffuse recharge is essentially negligible. Phillips 
(1 994) suggests that the chloride “bulge” observed in many North American arid soils is the 
result of dry climatic conditions over at least the last 12,000 years. REECo (1993a) estimates 
that the downward water soil flux has been very limited for at least the last 10,000 years to 
allow for the observed accumulation of chloride. An additional estimate for the length of 
time current vadose-zone conditions have persisted can be obtained fiom studies within the 
same climatic and geologic regime at Beatty, Nevada, 80 km (50 mi) west of the Area 5 
RWMS (Fouty, 1989). Using the chloride mass balance technique, Fouty (1 989) estimated 
the recharge rate and concluded that drainage below 10 rn (33 fi) was minimal or nonexistent 
for at least the last 6,000 years. The conclusion d r a m  fiom the stable isotope data is that the 
current climatic regime, reflected by the enrichment in the near surface by various stable 
isotopes, has existed for a very long time and, under this regime, contaminant transport and 
flow in the liquid phase can be considered minimal. 

The soil physical and environmental tracer data obtained from the boreholes in Area 5 point 
to the conclusion that the system is not at steady state. Instead, the variations in tracers and 
water potential reveal a history encompassing episodes of recharging and drying over 
thousands of years driven by changing climatic conditions. Profiles of tracer concentration 
or water potential must be interpreted with the understanding that these profiles are the result 
of processes which occur over a range of time scales. Tyler et at. (1 996) states that because 
the solute profiles are not at steady state and are accumulating chloride in the upper 125 m 
(410 fl), it is not appropriate to apply the simple chloride mass balance method to estimate 
cwrent recharge because this method assumes steady-state conditions. 

I 

~~ 
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They are, however, able to use the tracer data from deeper in the profile to estimate the 
paleorecharge rate (the character of the zero flu surface). The history of water fluxes in 
Frenchman Flat is presented by Tyler et al. ( I  996) and summarized in the following 
paragraphs. 

The approximate age calculated for the accumulations of chloride found in both Pilot 
Well UESPW-1 and Pilot Well UE5PW-3 coincide with maximum lake levels at approxi- 
mately 120 ka. Prior to this, recharge at all three boreholes was occurring. After this period, 
chloride begins to accumulate, signaling the end of recharge through the vadose zone at Pilot 
Wells UESPW-I and UE5PW-3. The flux conditions at Pilot Well UE5PW-2 cannot be 
determined because the profile was completely flushed at some later time. 

The secondary bulges at Pilot Well UESPW-1 and Pilot Well UE5PW-3 have been calculated 
to be as old as 40 and 50 ka, respectively, based on the chloride ages of the soil water and a 
simple model of diffusive transport. This marks the beginning of a period of advective trans- 
port which transitioned back into a period of chloride accumulation (which continues to this 
time), indicating an ending to recharge. The timing of the cessation of recharge at Pilot 
Well UE5PW-2 is later, in the range of 20 to 30 ka. This period is recognized by all of the 
paleoclimate indicators as a major.pluvia1 period. 

Tyler et al. (1996) supports the conclusion that recharge in Area 5 has been a function of 
climate. If a wetter climate developed in the absence of adaptation by the vegetation, fluxes 
would increase and, in time, as the wetting front moved downward, the vertical extent of the 
static zones would shrink from the top until the gradient of the total potential was directed 
downward throughout the entire profile. This condition would support recharge. 

The previous discussion did not take into account adaptation of the plant community to 
utilize additional water. According to the National Research Council in its review of studies 
of recharge through the vadose zone at Ward Valley (National Research Council, 1995), 
desert plant communities adapt quickly to changes in annual precipitation. Given the 
similarities in soil, climate, and vegetation, the Ward Valley findings are equally valid for 
Frenchman Flat. 

' 

SUMMARY OF VADOSE ZONE CHARACTERIZATION DATA 

In summary, the following conclusions for the vadose zone can be drawn fiom the site 
characterization data: 

The alluvium may be considered homogeneous with respect to particle-size distribution 
with depth on a gross scale and is characterized as a well-graded, medium sand with gravel 
and a small amount of fines. 

The hydrologic properties of the alluvium are isotropic. This includes porosity (n),  
saturated hydraulic conductivity (K,,,), moisture retention (+@)), and unsaturated 
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hydraulic conductivity (K(8)) (Sully et al., 1993; Istok et al., 1994). For the purposes of 
hydrologic modeling, the alluvium penetrated by the Pilot Wells and Science Trench 
Boreholes can be assumed.to be a single homogeneous and isotropic 1ithoIogical unit. 

Water content of the alluvium is very low near the surface and increases only slightly with 
depth (from 5 percent at the surface to about 10 percent at a depth of 37 m [ 12 1 -3 ft]). 
This indicates that the entire vadose zone is very dry. 

Water potential measurements (H, a measure of the strength of the driving force causing 
fluid flow) show a large negative gradient in the upper portion of the alluvium (indicating 
a tendency for water to flow upward to the surface) because of high evapotranspiration at 
the land surface. The upward potential exists throughout the upper 35 rn (1 15 ft) of 
alluvium, with the largest upward gradient in the upper 9 m (29.5 -ft). 

Very little if any liquid flow is occurring within the upper 35 m (1 15 ft) of the vadose zone 
because the unsaturated hydraulic conductivity values (K(8)) are small due to the low 
water content in this region. 

Depth profiles show an enrichment near the surface of stable chloride and bromide, as well 
as the heavier naturally occurring isotopes of hydrogen and oxygen. This provides strong 
evidence that evaporation is the dominant hydrologic process in the upper vadose zone and 
that recharge at the Area 5 RWMS is currently negligible. Water that exists deeper in the 
vadose zone probably entered the system under a much wetter climate. 

These data suggest that the small amount of liquid water infiltrating at the surface during 
infrequent rainfall events (diffuse recharge) does not migrate down to the water table 
(REECo, 1993a; Ginanni et al., 1993; O’Neill et al., 1993; and Detty et al., 19931, but rather 
remains close to the surface and is rapidly returned to the atmosphere through evapotrans- 
piration (Fischer, 1992; Scanlon et al., 1991; and Enfield el al., 1973). This finding is 
consistent with the Gee et al. (I 994) conclusion that there is no significant drainage within 
the upper 1.25 m (4.1 fi) of soil at the Beatty site, 80 lun (50 mi) west of the RWMS. 

CONCEPTUAL MODEL OF UNSATURATED FLOW IN THE VADOSE ZONE 

The average magnitude and direction of the total hydraulic potential gradient from point to 
point within the profile strongly suggests that flow in the vadose zone beneath the Area 5 
RWMS is one-dimensional and can be divided into four zones: 

Zone I: An upper zone, approximately 35 m (1 15 ft) in depth, where a large negative 
hydraulic potential (driven by evapotranspiration at the surface) creates a potential 
for upward liquid flow and drying at the near surface. 
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Zone 11: 

Zone 111: 

Zone IV: 

A static zone where the gradient is negligible. The depth and thickness of the 
static zone varies with location. In Pilot Well UESPW-1 (Figure 2.21), the static 
zone occurs from 40 to 90 m ( 1  3 1 to 295 ft). 

An intermediate zone immediately below the static zone down to 150 to 220 m 
(492 to 722 ft), where the hydraulic potential is dominated by gravity drainage 
causing downward flow. The top of the intermediate zone depends on the depth 
of the static zone. In Pilot Well UE5PW-1, the top of the intermediate zone is a1 
depth of about 90 m (295 ft). The high values of water potential and low water 
content suggest that flow is under a quasi-steady-state condition. This condition 
presumably was reached a considerable time after the end of a much wetter 
climatic period when recharge was higher. 

A lower zone, up to a few cm (in) above the water table, where the hydraulic 
potential is near zero and the water is under a capillary fiinge condition with 
relatively static conditions producing little flow. 

a 

The vadose zone conceptual model does not support the existence of a groundwater pathway 
under existing conditions. Water infiltrating at the Area 5 RWMS is expected to be recycled 
to the atmosphere rather than recharged to the uppermost aquifer. This model is supported by 
the water potential profile with depth and the environmental tracer data. 

ESTIMATION OF UNSATURATED FLOW RATE AND DIRECTION 

In the previous sections, it was shown that infiltrating precipitation at the Area 5 RWMS 
does not recharge the aquifer but is rapidly recycled to the atmosphere. The thickness and 
low water content of the vadose zone offers an additional protection against contamination of 
the uppermost aquifer. In the unlikely event that leachate was able to reach Zone 111, where 
drainage to the aquifer is possible, the travel time will allow for significant radioactive decay. 
The travel time through Zone 111 under existing conditions was estimated using a Monte 
Carlo simulation described in .4 0 0 12.5 241.1  Tf
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(Le., groundwater movement was hypothesized to be primarily downward from the alluvium 
into the underlying aquitards), eventually draining into the lower-carbonate aquifer. 
Evidence that recharge through the vadose zone under the present climatic conditions is 
extremely small has already been presented, along with additional evidence that the travel 
time through the vadose zone is extremely long. Thus, the chances of radioactive contarni- 
nation entering the saturated zone via liquid transport are minimal. It can fwther be shown 
that if contarnination were to reach the aquifer, movement in the saturated zone also would be 
extremely slow. 

For two-dimensional saturated flow in the x-z plane, the flux can be described by Darcy's 
law, in tensor form: 

or. .. 

where CJ is the vector defining the horizonal (93 and vertical (G) components of specific 
discharge, K is the hydraulic conductivity tensor, and VH represents the hydraulic head 
gradient. Assuming an isotropic aquifer, Equation 2.7 can be written as: 

0 

O K  
sat 

K 

sat 

Thus, the horizontal and vertical components of flow can be described by two equations, one 
for the horizontal component (qJ, and one for the vertical (q2): 
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which can be added as vectors to yield the total magnitude and direction of flow within the 
saturated portions of an isotropic hydrological unit such as the valley-fill aquifer. 

Vertical Saturated Flow 

There has been no systematic evaluation of the vertical component of the hydraulic gradient 
in Frenchman Flat. Winograd and Thordarson (1 975) concluded that a generalized vertical 
flow was more likely than a horizontal flow through the uppermost unconfined Cenozoic 
units. Downward leakage is more likely than horizontal flow because: (1) the water levels in 
the Cenozoic strata in surrounding valleys were comparable to those observed in Frenchman 
Flat, indicating an absence of horizontal gradient; (2) water levels in wells tapping the lower- 
carbonate aquifer, two along the north and east peripheries of the basin and one on the 
southwestern edge, show a piezometric surface somewhat lower (3 to 10 rn 19.8 to 33 ft]) 
than that in the Cenozoic units, indicating a possible downward vertical gradient; and (3) the 
lower-carbonate aquifer rises on the edge of the basin (except the west) so that any recharge 
within the basin, even horizontal, must eventually drain into it. Nevertheless, Winograd and 
Thordarson also recognized that recharge to the Jower-carbonate aquifer from overlying units 
beneath the valley floors in the NTS seemed improbable under the present climatic condi- 
tions (i.e., that vertical seepage through the valley floors was a distant second to recharge 
from precipitation directly onto the carbonate aquifer, especially in areas of high elevation 
and rainfall). 

The consensus opinion, reached prior to obtaining the vadose zone site characterization data 
previously presented, was that at least some degree of vertical flow and recharge into the 
lower units from the Cenozoic units occurred through the valley floors. However, there is no 
hard evidence for substantial vertical movement in the uppermost aquifer units within the 
basins of the NTS. Even the minimal vertical flow proposed by Winograd and Thordarson 
( I  975) could, due to mass balance considerations, exist only if vertical recharge first occws. 
Evidence that no such recharge occurs has been presented. This is a strong argument against 
the existence of any significant amount of vertical flow within the Cenozoic units beneath the 
Frenchman Flat. Also, the existence of vertical flow would imply a declining water table. 
No evidence of such a decline exists. If vertical flow does indeed occur, it is probably 
restricted to areas of higher precipitation (e.g., near mountain slopes and peaks surrounding 
NTS basins where recharge is directly into the Cenozoic units). Some degree of vertical flow 
also may exist on the margins of the basins, but this is probably minimal within the interior 
of Frenchman Flat. 

The extent of vertical flow beneath the Area 5 RWMS could be ascertained by a comparison 
of the potentiometric head in the lower units below the RWMS to that found in the saturated 
Cenozoic aquifer (e.g., to measure the vertical hydraulic gradient). The data required for this 
comparison are not available. However, a rough approximation of the vertical hydraulic 
gradient can be estimated from data obtained from existing wells if the following assump- 
tions are made: 
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The top of the upper surface of the lower-carbonate unit is approximately 1,340 m 
(4,396 ft) below the land surface, and the average depth to the water table is about 250 m 
(820 ft), yielding a saturated thickness above the carbonates of (1,340-250) = 1,090 m 
(3,576 ft). (Figures 2.9,2.11, and Table 2.4). 

The saturated thickness beneath the Area 5 RWMS is composed primarily of the bedded 
tuff aquitard (Figures 2.16 and 2.1 7). 

For purposes of analysis, the tuff can be considered to be anisotropic but homogeneous 
(i.e., the vertical hydraulic conductivity is constant in space). 

The maximum difference between potentiometric surfaces for the lower-carbonate aquifer 
and the upper saturated valley-fill aquifer cited by Winograd and Thordarson (1 975) 
within Frenchman Flat applies beneath the RWMS and is about 10 m (33 ft). 

Accordingly, the magnitude of the vertical hydraulic gradient (dWdz) is 10/1,090 = 
0.009174 m m-! Based on one-dimensional flow theory, Darcy's law can be used to 
determine the mean pore flow velocity (v) within the bedded tuff aquitard. Given an average 
water-filled porosity (n,) of 37.7 percent and the saturated hydraulic conductivity (I&at) of 
0.006 m day (I'abEe 2.3), the estimated vertical mean pore flow velocity is: 

(2.10) 

= 0.053rn/yr 365day 

Y r  
* 0.009 174 

This indicates that it would take over 20,000 years for water to travel 1,100 m (3,609 ft) from 
the top of the saturated zone to the lower-carbonate aquifer, if the material in between were 
completely composed of the bedded tuff aquitard. Although these calculations are prelimi- 
nary, it is evident that the vertical gradient of water potential does not provide enough driving 
force to create significant vertical flow beneath the bulk of Frenchman Flat.. 

Horizontal Flow 

Water level monitoring data from the Pilot Wells indicate that the gradient of uppermost 
aquifer below the RWMS is small. The mean water table elevations are 733.63 (2,406.92 ft), 
733.29 (2405.80 ft) and 733.48 (2406.44 It) m above mean sea level for Pilot Wells 1,2,  
and 3, respectively. The maximum difference in elevation is 0.34 m (1.1 ft). The gradient is 
directed 29" to the north-northeast. The groundwater velocity is estimated to be 0.2 m yr-' 
(0.7 fi yr-'). 

~~ 
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2.4.2.3 Water Quality of the Uppermost Aquifer 

Groundwater wells have been developed within Frenchman Flat for drinking water 
production and as part of investigations supporting underground nuclear testing. Drinking 
water production wells are sampled routinely for compliance with the Safe Drinking Water 
Act. Active drinking water wells are located along the western edge of the Frenchman Flat 
playa approximately 6 km (3.7 mi) south of the Area 5 RWMS. Drinking water wells in 
Frenchman Flat are completed in the valley-fill aquifer which is the uppennost aquifer 
beneath the Area 5 RWMS. 

Sampling and analysis of the uppermost aquifer in the immediate vicinity of the Area 5 
RWMS was initiated in 1993. This corresponded with the completion of the three Pilot 
Wells (UESPW-1, UE5PW-2, and UE5PW-3), developed as part of site characterization 
activities. The analysis of samples fiom these wells is conducted to comply with the detec- 
tion monitoring requirements for RCRA interim status treatment, storage, and disposal 
facilities. Each well is screened over the first 15 m (49 ft) of the uppermost aquifer. The two 
wells to the east of the site (UESPW-1 and UE5PW-2) are completed in the valley-fill 
aquifer. The well to the northwest at the base of the Halfpint Range (UE5PW-3) is com- 
pleted into the welded-tuff aquifer. The completion depth and depth to water for each well is 
listed in Table 2.4.  

Data collected from drinking-water wells and the Area 5 RWMS monitoring wells indicate 
that the valley-fill aquifer in Frenchman Flat is of sufficient yield and quality to be used as a 
source of drinking water (REECo, 1993d; D O E N ,  1993a). Background characterization 
data collected during calendar year 1993 are presented in Table 2.6, Mean values less than 
the method detection limit are noted. Data reported as ranges indicate that a single measure- 
ment was greater than the detection limit. These data indicate that the uppermost aquifer 
meets all the state of Nevada primary drinking water standards. Minor deviations from state 
of Nevada secondary drinking water standards are observed f o m  time to time. Water 
Well SC and Pilot Well UESPW-3 are routinely more alkaline than the pH range of 6.5 to 8.5 
permitted under the state of Nevada secondary standard (DOE/NV, 1993a). Area 5 RWMS 
monitoring wells occasionally have been observed to exceed state of Nevada secondary 
standards for manganese. No chemical or radiological contaminants attributable to DOE 
activities have been detected. Only naturally occurring radionuclides have been detected. 

The water chemistry of the wells completed in the valley-fill aquifer is similar. The well 
completed in the welded-tuff aquifer, UE5PW-3, has some minor differences. Water 
collected from UE5PW-3 tends to have a slightly lower ionic strength and a higher pH value. 
Notably, the concentration of uranium is significantly higher in samples fiom UESPW-3 than 
in samples fiom the other wells. This is believed attributable to the salic igneous source rock 
(welded tuff), which is reported to contain elevated levels of primordial radionuclides 
(NCRP, 1975). All measured uranium concentrations meet the proposed EPA drinking-water 
maximum contaminant level for uranium of 20 pg 1 (EPA, 1991). 
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I 

Total Organic Carbon n.d.7 

Total Organic Halogen 6 -  13 

Total As 0.007 

Dissolved As 0.007 

Total Ba 0.019 

Dissolved Ba 0 018 

Total Cd -0.0007 

Dissolved Cd 0.0009 

Total Cr 0 - 0.004 

Dissoved Cr 0 - 0.004 

Total Pb -0.004 

Dissolved Pb -0.004 

Total Se 0.0004 - 0.0009 

Dissolved Se -0.003 

Total Ag 0 - 0.007 

Dissolved Ag 0 - 0.007 

Total Hg 0 - 0.0001 

Dissolved Hg 0 - 0.0001 

Total Fe 0.028 

Dissolved Fe 0.004 - 0.006 

Total Mn 0.002 - 0.003 

Dissolved Mn 0 - 0.001 

Total Na 54.8 

Dissolved Na 53 

Fluoride 2.4 

Nitrate (as NO3) 9.7 

Table 2.6 Mean Water Quality Parameters for UESPW-1, UE5PW-2, and UE5PW-3 for 1993 

I I 

n.d. n.d. 1 rng I-' 

18 - 25 1 - 11 10 I% I-' 

0.006 0.0003 mg 1" 0.001 

0.006 0.00 1 0.0003 mg 1" 

0.015 0.01 8 0.0005 mg P 

0.015 0.017 0.0005 mg I-' 

4 x lo5 - 6 x 4 x - 6 x 10'' 3 x lom5 mg 1-l 

5~ 105-7~10"5 "0.00 1 3 x 10" mg P 

0 - 0.005 0 - 0.005 0.005 rng I-] 

0 - 0.005 0 - 0.005 0.005 mg I-' 

-0.0004 0 - 0.0003 0.0004 mg I-' 

-0.0003 0 - 0.0003 0.0004 mg I" 

0.0003 - 0.0008 0 - 0.0006 0.0004 mg I" 

0.0002 - 0.0005 0 - 0.0005 0.0004 mg 1 ' 
0 - 0.01 0 - 0.008 0.003 mg 1-I 

0 - 0.01 0 - 0.008 0.003 mg I-' 

0 - 0.0001 0 - 0.0001 0.000 1 mg I-' 

0 - 0.0001 0 - 0.0001 0.000 1 mg 1-l 

0.141 0.062 0.003 mg I-' 

0.088 0.010 - 0.012 0.003 mg 1-l 

0.003 - 0.004 0.01 1 - 0.012 0.001 mg I-' 

0.003 - 0.004 0.011 - 0.012 0.001 mg I-' 

49 51  0.05 mg 1-' 

49.8 51.7 0.05 mg I-' 

1.1 1.2 0.1 mg I-' 

6 0  14.1 0.04 rng 1-j ' 
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Alkalinity (as CaC03) 

Cyanide 

Oil and Grease 

Volatile Organics 

Semivolatile Organics 

Pesticides 

Herbicides 

Total Gross Alpha 

Dissolved Gross Alpha 

Total Gross Beta 

Dissolved Gross Beta 

jH 

"'Sr 

"Tc 

22bRa 

"'Ra 

Total Uranium 

23"u 

2 3 9 . 2 4 0 ~ ~  

Photon Emitters 

0 - 0.0004 0 - 3.33 0 - 0.0004 0.005 mg 1" 

0.1 - 0.3 0.3 - 0.5 0.1 - 0.5 0.1 mg 1-' 

n.d. n.d. n.d. mg 1-l 

n.d. n.d. n.d. mg I-' 

n.d. n d .  n.d. mg 1-' 

n.d. n.d. n.d. rng 1-l 

5.1 4.2 5.1 0.7 pCi 1- l  

5.7 3.6 5.6 0.7 pCi I" 

4.5 4.9 4.6 0.6 pCi 1-l 

5 5.4 4.4 0.6 p c i  I-' 

-0.6 10 -0.4 9 pCi 1 - l  

0.09 0.2 0.03 0.09 pCi 1-l 

0.7 0.5 -0.9 0.7 pCi 1-l 

0.7 0.8 1.5 2 pCi I- '  

0.04 0. I 0.5 3 pCi 1 - I  

0.8 J .8 9.7 5 l-4 I-' 

0 0.004 0.001 0.009 pCi 1" 

0.003 0.003 0.002 0.009 pci  I-' 

n.d. n.d. n.d. pCi I- '  

t - n.d. = not detected 

2.5 Demography 

Population densities in Nevada are among the lowest found in the contiguous 48 states. In 
1990, the average population density of Nevada was 4.2 persons per km2, much smaller than 
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the average of 28 per km2 for the contiguous 48 states (DOC, 1990). Permanent settlement 
and development in the arid deserts of southern Nevada has been restricted to areas where 
surface water, springs, seeps, or shallow groundwater are available or to areas near economi- 
cally significant mineral resources. Because surface or shallow water resources are rare, the 
population of Nevada tends to be clustered around a few sites with available water. The 
intervening land remains largely unpopulated. Recent census data indicate that Nevada’s 
population is overwhelmingly urban and is concentrated in Reno and La Vegas. A map of 
Nevada counties, including their 1990 populations, appears in Figure 2.35. At the time of 
the 1990 census, urban areas with populations greater than 2,500 held 88.3 percent of the 
population (DOC, 1990) and occupied only 0.9 percent of the land area (Morgan et al., 
1993). Most of the remaining population resides in small rural communities with populations 
less than 2,500. Only 0.3 percent of Nevadans are identified as rural farm residents (DOC, 
1990). 

Rural lands in Nevada outside the metropolitan areas are undeveloped, uninhabited 
rangeland, and mountains. The population density of areas classified as rural is only 0.5 per 
krn2 (DOC, 1990; Morgan et al., 1993). This is due to both the lack of water resources and 
the fact that as of 1990,82.7 percent of Nevada was owned by the U S .  government (Morgan 
el al., 1993). U.S. government-owned land can be leased to private interests for grazing and 
mining, but generally is uninhabited except for small transient populations of cowboys, sheep 
herders, hunters, campers, and prospectors (EPA, 1984). The rural counties surrounding the 
NTS have extremely low population densities. Nye County has a population density of 
0.4 km-2 and Lincoln County’s population density is only 0.1 km-2. 

The Las Vegas metropolitan area is the largest urban center near the NTS, with a 1990 
population of approximately 741,000, or 61 percent of the then-residents of Nevada (DOC, 
1990). Las Vegas is one of the fastest growing urban areas in the United States and its 
population has increased significantly since the 1990 census. In recent years, residential and 
commercial development has increased significantly in other communities in southern 
Nevada, including Pahrump and Mesquite. Most of the population within an 80-km (50-mi) 
radius of the RWMS resides within three small rural communities: Indian Springs, Beatty, 
and the AmargosaPahrump Valleys (Figures 2. I and 2.35). The closest residents to the 
Area 5 RWMS reside in Indian Springs, population 1,500. 

Approximately 950 persons reside in the Amargosa Valley at the Lathrop Wells farming 
community 50 km (3 I mi) southwest of the RWMS (DOE, 1993a). The Pahrump Valley, 
80 km (50 mi) to the southwest, has a growing rural population of approximately 15,000 
(DOE, 1993a). The next-largest population center in the region is Beatty (population 1,500), 
located 82 km (5 1 mi) to the west (DOE, 1993a). There are approximately 18 small settle- 
ments, ranches, and mining operations, all with populations of less than 100, within the 
80-km (50-mi) radius (EPA, 1984). The Death Valley Monument in California, located to 
the west of the NTS, can have a transient population ranging from 200 to 12,000 persons 
(EPA, 1984). 

~ ~~~~~ 
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Figure 2.35 Population of Counties in Nevada Based on 1990 Census Estimates (adapted from 
DOEINV, 1993a). 

~~ 
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2.6 LandUse 

Native Americans were the first to use the lands now within the NTS. The Shoshone lived at 
local springs and playas over the northern NTS. Springs on the southern NTS have been 
used by the Southern Paiute tribe. Both groups gathered native plants, including Oryzopsis 
hymenoides (indian rice grass), Salvia columbaria, EIymus cinereus (wild rye), and pinyon 
nuts and hunted wild game including rabbits and Odocoileus hemionus (mule deer) (Reno 
and Pippin, 1985). Early settlers established several cattle ranching and wild horse capture 
operations at local springs, including Cane Spring on the western margin of Frenchman Flat 
(Reno and Pippin, 1985). Small mining operations have existed on the NTS in the Oak 
Spring District and the Mine Mountain District (Reno and Pippin, 1985). In 1928, Cane 
Spring supported 1,500 persons in the mining community of Wahmonie (Allred et al., 1963). 
Since 1940, the NTS has been a U.S. government-owned, restricted access area used for 
defense-related activities. 

Today, ranching and mining remain as important land use activities in southern Nevada. 
Recreational activities and irrigation-based agriculture have, in recent years, become 
important land uses. Favorable economic conditions in Las Vegas have spurred rapid 
residential development in Clark County. 

2.6.1 Geological Resources 

Economically significant mining districts have been identified and exploited throughout 
southern Nevada. Small mining operations have existed on the NTS in the past. However, at 
this time, no economically significant mineral resources are known to exist within Area 5 
(Richard-Haggard, 1983; Gustafson e f  al., 1993). Most mineral exploration of the NTS was 
conducted prior to 1940 by unsophisticated operators and little reliable data are available 
(Richard-Haggard, 1983). The only well-known mineral deposits on the NTS are tungsten 
deposits in the Oak Spring District, approximately 50 km (3 I mi) north of Area 5, which 
have an estimated value of $42,840 (Richard-Haggard, 1983); silver may also be present in 
this district. Known economic mineral deposits of silver and gold closest to the Area 5 
RWMS are located in the Mine Mountain District, 23 km (14 mi) northwesf of the RWMS; 
and the Wahmonie District, 21 km (13 mi) southwest of the RWMS (Gustafson ef aZJ993). 
These areas were worked by small mining operators around the turn of the century; accord- 
ingly, their current economic potential is uncertain (Richard-Haggard, 1983). There is no 
information concerning the occurrence of precious metals in the valley-fill alluvial sediments 
of Frenchman Flat or in the underlying tuffaceous or carbonate rocks (Gustafson et al., 
1993): Alluvial sediments, such as those that occur throughout the Great Basin, are a 
potential source of zeolites (Gustafson et al., 1993). The quantity and quality of zeolites in 
the vicinity of the RWMS is unknown. There is no evidence that zeolites in Frenchman Flat 
have any greater resource value than those found throughout the Great Basin. Based on the 
information available, mining or mineral exploration of the alluvium and basement rock at 
the Area 5 RWMS appears very unlikely. 
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The only producing oil fields in Nevada are in Railroad Valley, 150 km (93 mi) north of the 
NTS; and in Eureka County, 193 km (120 mi) to the north (Gustafson et al., 1993). Oil and 
gas exploration near the NTS has yielded negative results and it is considered unlikely that 
deposits are present (Gustafson ef id., 1993). However, government control of the NTS- 
NAFR complex has limited modem exploration of the region. Future exploration is a 
possibility once government control of NTS lands is relinquished. 

The alluvial sediments of Frenchman Flat have been used as a source of sand and gravel. 
Sediments at the Area 5 RWMS are of the appropriate particle size for use as sand and gravel 
(REECo, 1993a; Gustafson et al., 1993). The alluvial fan at the RWMS is derived predomi- 
nantly from the ash-flow tuff units of the Halfpint Range to the north and, to a much smaller 
extent, from quartzite and limestone source rock (REECo, 1993b; Snyder et al., 1994). 
Gustafson et al. (1 993) believe that the high friability of the volcanic-derived alluvium makes 
it a poor choice for commercial use. Nevertheless, the DOE has operated small gravel pits 
throughout Frenchman Flat, including several within a few kilometers of the Area 5 RWMS. 
Sand and gravel resources occur commonly throughout southern Nevada. There is no indi- 
cation that sand and gravel resources in the vicinity of the RWMS are Unique with respect to 
quality or quantity. Quarrying for these materials would most likely occur with construction 
or development in the immediate vicinity of the RWMS. As there is some possibility that 
development will occur on the NTS in the future, there is a faint possibility that sand and 
gravel quarrying might someday occur in Frenchman Flat. 

2.6.2 Agriculture 

The agricultural productivity of southern Nevada is limited by the arid climate, low-fertility 
soils, and mountainous topography. The Great Basin Desert biogeographical province covers 
central Nevada and extends over the northern two-thirds of the NTS. Northern portions of 
the Mojave Desert biogeographical province extend into southern Nevada and cover the 
southern third of the NTS. The Great Basin Desert is slightly cooler and wetter than the 
Mojave Desert and therefore has greater potential for agricultural use. Although Frenchman 
Flat lies in an area that is transitional between the two ecosystems, most floral communities 
surrounding the RWMS are usually considered Mojave Desert communities. 

The 1987 agricultural census describes commercial agricultural land use in Nevada. These 
data can be used to assess the likelihood of different commercial agricultural land uses of the 
NTS under current economic and climatic conditions. The Great Basin Desert occupies a 
greater fraction of the total land area of Nevada than of the NTS. Therefore, data for the state 
of Nevada may not be a reliable indicator of potential agricultural land use in the drier, hotter 
counties of southem Nevada. Data for Clark, Lincoln, and Nye counties provide a more 
accurate indication of the potential agricultural land uses in ecosystems similar to those that 
occur at the Area 5 RWMS and over the NTS in general. The summary statistics reported 
here for southern Nevada are the means for Clark, Lincoln, and Nye counties weighted by 
land area. 

~~ 
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% Land Area in Farms 

% Farm Land Used as 
Cropland 

% Farm Land Used as Orchard 

% Farm Land Used as 
Woodland 

Total land area devoted to agriculture in Nevada is low. Overall, only 14.2 percent of 
Nevada's land area is within fanns. In the drier southern counties, only 2.1 percent of the 
land area is used for agriculture (Table 2.7). Southern Nevada farmland is most likely to be 
used as pasture, 89.1 percent, followed by cropland, 1 1.7 percent (Tabk 2.7). Orchard and 
woodlands are commercially insignificant. No quantitative data exist for noncommercial 
agriculture land use; such as household gardens. 

14.2 1.3 0.7 3.2 

8.0 16.8 37.6 7.6t 

0.005 0.2 0.5 0.02 

0.09 0.5 $ x 

Table 2.7 Total Land Area and Farm Land in Southern Nevada for 1987 (from DOC, 1987) 

' - Value Based on 1982 data 
* - Single operator reporting 

Cropland is predominantly used for the production of livestock feed crops (Table 2.8). 
Approximately 45.8 percent of southern Nevada cropland is harvested, whereas 30 percent is 
used directly as pasture (DOC, 1987). Of the harvested cropland, hay is the predominant 
crop grown, with lesser quantities of barley and silage crops produced (DOC, 1987). Produc- 
tion of legumes, cotton, tobacco, tubers, vegetables, sweet corn, melons, nuts, berries, and 
fruits is commercially insignificant in southern Nevada (DOC, 1987). However, private 
production of vegetables does OCCUT on land surrounding the NTS (EPA, 1984). 

Richard-Haggard (1 983) has reviewed the potential agricultural uses of the NTS and reported 
that Frenchman Flat contains 4,900 ha (12,108 ac) of irrigable soils. All irrigable soils in 
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Table 2.8 Cropland in Nevada and Southern Nevada by Use and Crop Grown for 1987 (from 
DOC, 1987) 

% of Cropland that is Harvested and 

YO Cropland used as Pasture 

% Other Cropland (Idle) 

% Cover Crops Not Harvested or Grazed 0.7 1.3 

t - Value based on 1982 data. 
1 - SingIe operator reporting. 

Frenchman Flat have poor water retention characteristics (Richard-Haggard, 1 983). Never- 
theless, the presence of irrigable soils, adequate groundwater supplies, and 130 to 200 frost- 
free days per year makes it technically feasible to produce hay crops, such as alfalfa, in the 
basin (Richard-Haggard, 1983). 

Irrigated land is a small fraction, 10.5 percent, of total farm land in southern Nevada 
(Table 2.9). This reflects the large amount of farm land that is uncultivated open rangeland. 
However, virtually all harvested crops in southern Nevada are irrigated. Harvested cropland 
accounts for 48.1 percent of all irrigated land, the rest being used as pasture. Again, most 
harvested crops are hay crops, intended for consumption by livestock. Richard-Haggard 
(1 983), noting that only 5 percent of irrigable land in Nevada is in use, concluded that current 
demand for irrigable land is low. The cost of obtaining deep groundwater resources may in 
part explain this observation, Irrigation of farm land in southern Nevada most commonly 
occurs where surface water or shallow groundwater is available. These conditions do not 
occur in Frenchman Flat near the Area 5 RWMS. 

Pastureland in southem Nevada is 95.9 percent uncultivated, unirrigated rangeland. Beef 
cattle are numerically the most common livestock produced, followed by sheep (Table 2.10); 
hogs and chickens are raised in small numbers (DOC, 1987). With the exception of Clark 
County, commercial milk production in southern Nevada is insignificant. Several Grade A 
dairy herds occur in Clark County, but all are greater than 100 km (62 mi) fiom the NTS 
(EPA, 1984). In 1984, the EPA reported 83 family dairy cows and 397 family milk goats in 
Nye, Lincoln, and Clark counties (EPA, 1984). 
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Table 2.9 Irrigated Land and Irrigated Land by Use in Nevada and Southern Nevada for 1987 
(from DOC, 1987) 

% Harvested Cropland 

YO Pastureland 

t - Value based on 1982 data. 

Table 2.10 Livestock Numbers in Nevada and Southern Nevada in 1987 (from DOC, 1987) 

Livestock 

Cattle, Calves 

Beef Cows 

Milk Cows 

Hogs, Pigs 

Sheep, Lambs 

Chickens 

Broilers, Meat Chickens 

~_________ 

575,608 

305,018 

17,646 

16,505 

99,768 

18,245 

525 

Coun 

15,970 

3,847 

6,432 

t 

2,222 

1,22 1 

§ 

12,237 

6,43 7 

21 

114 

278 

19,924 

13,403 

26 

131 

6,181 

784 

0 

1 - Single operator reporting 
tj - Negligible 

Rangeland in southern Nevada has significant limitations. In the Great Basin Desert 
communities, Artemisia tridentata (big sagebrush) can be used as fall and spring pasture and 
Atriplex confertfulia (shadscale) can serve as winter rangeland (Stoddart and Smith, 1955). 
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Studies of the gut contents of men-fistulated steers grazing in Great Basin Desert 
communities on the NTS have demonstrated that cattle rumen contents are dramatically 
different from range composition (Smith et al., 1972; EPA, 1981). Furthermore, the plant 
species consumed change over time, as the availability and condition of preferred species 
changes (Smith et al., 1972; EPA, I98 1). During the course of a four-year study, Smith et al. 
(1 972) found that grasses constituted greater than 80 percent of the rumen contents for more 
than half of all months. Forbs were observed in m e n  contents in significant numbers only 
during the late summer (Smith et al., 1972). Salsolu spp. were the dominant forbs, reaching 
frequencies in rumen contents up to 70 percent (Smith et al., 1972). Later studies conducted 
during summer months found that cattle rumen contents were 93 percent grasses, predomi- 
nantly Oryzopsis hymenoides, Sitanion hysterix, and Brornus tectorum (EPA, 198 1 ). 

Forbs accounted for only 2.8 percent of rumen contents and shrubs 4.2 percent @PA, 1981). 
Atriplex canescens (four-wing salt brush) was the most commonly consumed shrub (EPA, 
198 1). Mojave Desert communities offer few browse species, notably Ambrosia dunzosu, 
and limited amounts of winter annual grasses and forbs (Stoddart and Smith, 1955). Richard- 
Haggard (1983) estimated that Larrea communities such as those that occur at the Area 5 
RWMS could provide 0.045 animal unit months (AUM) per hectare. An animal unit month 
is the forage necessary for complete sustenance of one cow or five sheep for one month 
(DOC, 1987). The grazing potential of land surrounding the RWMS can be estimated from 
plant biomass. The grazing studies suggest that annual grasses are the preferred food of 
cattle grazing on NTS. Beatley (1969) estimated a mean plant biomass for annual plants for 
Frenchman Flat Larrea communities of 66 kg ha-! Assuming a dry weight consumption rate 
for cattle of 8 to 12 kg day-', the total grazing potential €or Frenchman Flat Lurrea communi- 
ties can be estimated to be 0.061 to 0.091 AUM per hectare. Productivity of additional NTS 
plant communities are provided in Table 2.1 1. In 1985, the Bureau of Land Management 
issued grazing permits for 17,542,240 ha (43,347,646 ac) of land in Nevada with an esti- 
mated total AUM of 2,563,758, giving an average for Nevada of 0.15 AUM ha-' (U.S. 
Department of the Interior [DOI], 1985). 

2.7 Ecology 

2.7.1 Flora 

Plants affect LL W disposal site performance by transporting contamination to the land 
surface, by introducing contamination into trophic pathways, and by transpiration of 
infiltrating water. The productivity of floral communities in southern Nevada is limited by 
the harsh climate and infertile soils. Most areas support sparsely vegetated communities of 
perennial shrubs. Many measures of the productivity of these communities, including net 
aboveground primary productivity and standing biomass, are highly variable with time and 
location. The quantity and timing of precipitation is critical in determining survival, growth, 
and reproduction of many species. Although productivity can be low, floral diversity is high. 
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Table 2.1 I AUM ha-’ for Various Floral Communities on the NTS (from Richard-Haggard, 1983) 

Floral Community 

Larrea 

Artem isiu 

CoIeogyne 

Larrea - Coleogyne 

Grayia - Lyciurn 

Atriplex 

Lycium pallidurn 

Pinyon - Juniper 

AUM ha 

0.045 

0.024 

0.0086 

0.024 

0.03 3 

0.02 

0.033 

0.014 

O’Farrell and Emery (1 976) report 71 1 taxa of vascular plants for the NTS and its environs. 
As many as 70 species per 1,000 m2 (3,280 ft2)have been reported (Beatley, 1976). 

Historically, the flora of the NTS have been grouped into three major or regional 
communities: the Mojave Desert community occurring over southern Nevada, the Great 
Basin Desert community occurring over central Nevada, and a transitional community 
interspersed between the two (Beatley, 1976; O’Farrell and Emery, 1976). Within each 
regional community, local communities can be identified via recurring assemblages of 
numerically dominant and co-dominant perennial shrubs or trees (Beatley, 1976; O’Fmell 
and Emery, 1976). Local communities grade gradually into one another as edaphic and 
climatic conditions change, forming a complex patchwork of plant communities. Com- 
munity composition can be quite complex, with no two locations having the same species 
composition (Beatley, 1976). 

Communities of the Mojave Desert occur over the southern third of the NTS, on the bajadas 
and mountain ranges at elevations below 1,200 rn (3,940 ft). They are limited to areas with 
mean minimum temperatures greater than -2°C (28°F) and average annual rainfall less than 
18.3 cm (7.2 in) (O’Farrell and Emery, 1976). Mojave Desert communities can have highly 
variable floristic compositions, but all share a s h b  clump form dominated by Larrea 
tridentuta (creosote bush) and variable co-dominant shrubs (Beatley, 1976), Shrub coverage 
varies from 7 to 23 percent for Mojave Desert communities found on the NTS (Beatley, 
1976). Herbaceous species including perennials and winter annuals can be uniformly inter- 
spersed between shrub clumps or only associated with shrub clumps, depending on soil and 

’ 

~~ ~ 
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climatic conditions (Beatley, 1969; Beatley, 1976). Growth of herbaceous perennials and 
reproduction and growth of winter annuals is regulated by autumn rains and can vary signif- 
icantly from year td year with rainfall (Beatley, 1976; Bowers, 1987). Winter annuals in 
particular undergo mass germinations after heavy autumn rains and reach levels of cover as 
high as 30 percent (Beatley, 1976). Summer annuals (ephemerals) may appear briefly after 
late s m e r  rains and reach area coverages up to 8 percent (Beatley, 1976). 

Beatley (1976) identified three Mojave Desert bajada communities based on the numerically 
co-dominant shrub species present. The communities were: the Lurreu iridentatu - 
Ambrosia dumosa (bur sage) community found on loose deep soils; the Larrea - Lycium 
andersonii (desert thorn) - Grayia spinosa (hop sage) community found at elevations 
between 1,000 to 1,200 m (3,280 and 3,940 ft); and the Lurrea - Atripla confertifolia 
(shadscale) community found on calcareous soils with well-developed pavements and caliche 
layers (Beatley, 1976). Numerous herbaceous species occur within these communities. See 
Beatley (1 976) for complete descriptions. 

Assemblages grouped among transitional desert communities occur under two different 
situations. Some assemblages occur along elevation gradients between Moj ave Desert and 
Great Basin Desert communities. Others occupy the bottoms of closed basins where cold air 
accumulates during the night (Beatley, 1976). These communities, although considered 
transitional, may be completely surrounded by Mojave or Great Basin Desert communities. 
On the NTS, two transitional communities, Coleogyne and Larrea - Gruyia - Lycium, occur 
along elevation gradients between Great Basin and Mojave Desert communities. Coleogyne 
rarnossima (blackbush) grows in nearly pure stands on upper elevation bajadas that are 
beyond the moisture range of Mojave Desert communities (Beatley, 1976). Larrea - Gruyia - 
Lycium assemblages occur on higher bajadas, often below Coleogyne communities (Beatley, 
1976). Three transitional communities, Gruyia - Lycium, Lycium pallidurn - Grayia, and 
Lycium shockleyi - Atriplex, are associated with the lower elevations of closed basins 
(Beatley, 1974, 1976). Romney et al. (1  973) report that, in addition to cold nighttime 
temperatures, soil texture, and salinity are also important in controlling the distributions of 
these communities. Shrub coverage in transitional communities averages 29 percent 
(O’Farrell and Emery, 1976). 

Great Basin Desert communities occur within basins and on mountains at elevations above 
1,500 m (4,920 ft) (O’Farrell and Emery, 1976). These locations are less arid due to lower 
temperatures and greater precipitation (Beatley, 1976). In comparison to Mojave Desert 
communities, Great Basin Desert communities tend to have more herbaceous perennials, 
fewer annuals, and shrub ciumps tend to be closer together or absent (Beatley, 1976). These 
communities are dominated by either Atriplex spp. (A. confertijolia or A.  canescens [four- 
winged salt bush]) or Arternisia spp. (A. tridentatu [big sagebrush] or A. nuva [black 
sagebrush]) (Beatley, 1976). Above 1,800 m (5,900 fi), Artemisia spp. - Pinus monophylla 
(pinyon pine) - Juniperus osteosperma (‘juniper) associations are common (Beatley, 1976). 

~ ~~~~ ~~ 
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Undisturbed communities on the NTS are considered climax assemblages (Beatley, 1976). 
However, steady-state conditions may rarely be observed due to slow vegetative growth and 
shifting climatic conditions (Hunter, 1992a). A natural succession of plant communities does 
not occur after disturbance, but rather plants fiom the surrounding climax communities 
become reestablished directly (Beatley, 1 976). Some introduced species, however, are asso- 
ciated with disturbed areas and can delay revegetation by native species (O’Farrell and 
Emery, 1976). These include the winter annual grasses Brumus rubens (downy chess) and 
B. tectorum (cheatgrass) and the Russian thistles, Salsola iberica and S. paulsenii (O’FarrelI 
and Emery, 1976). Populations of these introduced species have apparently been increasing 
over several decades. Individual plants in Mojave Desert community shrub clumps can be 
quite old and complete reestablishment of these communities may take centuries (Beatley, 
1976). Vasek (1 980) reported that L. tridentata bushes in the California Mojave Desert had 
an average age of32 years and a maximum age of 89 years. On the NTS, individual plants in 
shrub clumps have been reported to be up to 100 years old and individual clumps have been 
estimated to persist up to 300 years, based on the rate of accumulation of organic matter 
(Wallace and Romney, 1972). Mojave Desert Larrea communities and transitional 
Coleogyne communities have apparently been present in the hills surrounding Frenchman 
Flat for several thousand years. Neotoma (wood rat) middens dated from 7,800 to 40,000 
years ago indicate that during a previous cooler climatic period, Juniperus osteosperma was 
present in these areas (O’Farrell and Emery, 1976). Great Basin Desert communities are 
believed to recover from disturbances over shorter periods than Moj ave Desert communities, 
perhaps within a few decades (Beatley, 1976). 

Several floral communities occur within Frenchman Flat (Figure 2.36) (Beatley, 1976; 
EG&G, 1982). The playa stands out as an area where vegetation is sparse or absent. The 
mountains surrounding Frenchman Flat appear sparsely vegetated with perennial shrubs, but 
the mountain flora has not been described in detail. The bajadas of Frenchman Flat are domi- 
nated by Larrea communities of the Mojave Desert (Beatley, 1976). Quantitative studies 
(Romney et al., 1973; Hunter and Medica, 1987) conducted at plots 1 to 2 km (0.62 to 
1.2 mi) southeast of the Area 5 RWMS have described communities that would be classified 
under Beatley’s (1 974) system as Larrea - Ambrosia Mojave Desert communities. Corn- 
munities in the immediate vicinity of the Area 5 RWMS closely resemble Larrea - Ambrosia 
communities. Distinct boundaries exist between the Larrea communities of the bajadas and 
three communities that occur at lower elevations adjacent to the playa. 

A transitional desert Lycium pallidurn - Grayia community covers a 2 - b -  (1.2-rni)-wide 
strip, extending 7 km (3.2 mi) southeast of the playa (Figure 2.36) (Beatley, 1976; EG&G, 
1982). A Lycium shockleyi transitional desert community also occurs south‘of the playa. An 
Atriplex confertlfolia community of the Great Basin Desert extends over a triangular area 
north of the playa (Beatley, 1976). The boundary between these three communities and the 
surrounding Larrea communities is  quite distinct and has variously been attributed to cold 
nighttime temperatures (Beatley, 1974) and high soil salinity, poor soil aeration, and poor 
soil drainage (Romney et al., 1973). 
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Figure 2.36 Major Vegetation Types of the NTS (adapted from Beatley, 1976) 
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Mojave Desert plant communities are characterized by low areal coverage, low standing 
biomass, low productivity, and high relative biomass turnover (Beatley, 1976; Strojan et al.? 
1 979). Numerous investigators have estimated aboveground plant biomass values for Larrea 
communities, such as those that occur in the vicinity of the Area 5 RWMS (Table 2.12). 
Estimates of aboveground standing biomass and net annual productivity can be used to 
estimate the grazing capacity of the land. 

Plant biomass is highly correlated with mean annual rainfall (O'Farrell and Emery, 1976), 
and varies significantly from year to year and with location. Much less is known about 
belowground biomass, but it has been estimated at approximately 45 percent of aboveground 
biomass (Wallace et al., 1974). 

In absolute terms, net primary productivity is low in these communities, but may be large 
relative to standing biomass. Romney et al. (1 977) and Romney and Wallace (1 977) have 
estimated that production is fiom 1 to 10 percent of standing biomass annually. O'Farrell 
and Emery (1  976) report that most annual production is attributable to winter annuals. 
Winter annual standing biomass, which represents the production of a single growing season, 
can vary from 0 to 616 kg ha-', but a mean value of 90 kg ha-' has been recorded for the NTS 
(Beatley, 1969). In contrast, Romney and Wallace (1 979) found that perennial shrubs pro- 
duced the greatest biomass in Rock Valley over a three-year study period. Their estimates of 
primary productivity as the mean dry weight and one standard deviation were 159 f I03 kg 
ha-' yr-' for annuals, 407 =t 93 kg ha-] yr-' for perennials, and 566 k 187 kg ha-' yr-I total. 
Over two consecutive years, Bamberg et al. (1 976) reported aboveground net primary 
productivity of perennials in Rock Valley to be 135 kg ha-' and 436 kg ha-'. 

Annual litter fall may be a significant fraction of standing biomass and net primary 
productivity. Estimates of herbivory are generally low in desert environments, suggesting 
that a significant fraction of plant biomass becomes soil detritus each year (Strojan et al., 
1979) Strojan et al. (1 979) estimated that dry litter fall from perennial shrubs in Rock 
Valley over a two-year interval was 217 f 141 kg ha-' yr? Total dry litter fall, including 
annuals, was estimated to be 362 * 237 kg ha-' yr-' (Strojan et al., 1979). Annual litter fall 
as a percent of standing aboveground biomass among perennial species ranged from 7 to 
83 percent (Strojan et al., 1979). Annual litter fall was estimated to be from 8 1 to 99 percent 
of net aboveground productivity (Strojan et al., 1979). 

Few studies have described the rooting depths of Mojave Desert plants and assessed their 
potential to penetrate a waste repository. Wallace and Romney (1 972) have described the 
root systems of several plants excavated horn a wash in Rock Valley on the NTS and 
reported a maximum depth of 168 cm (66 in). The study site was selected because of the 
absence of caliche hard pan layers that can restrict rooting depths. The reported maximum 
root depth for individual plants were 86 cm (34 in) for Ambrosia dumosa,. 81 cm (32 in) for 
Hymenoclea salsola, 91 cm (36 in) for Ephedra nevadensis (Mormon tea), 168 cm (64 in) for 
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Table 2.12 Aboveground Living Dry-Weight Biomass of NTS Plant Communities as Reported By Various Investigators for Frenchman Flat 
Larrea Co m rn u n it ies 

Source 

Beatley ( 1  969) 

Romney et al. (1973) 

Romney et al. ( 1  977) 

Hunter and Medica ( 1  987) 

Hunter (1  992a) 

Hunter (1 992b) 

Hunter ( I  992b) 

EG&G (1982) 

Comrn unity/ 
Location 

Larrea 
Frenchman Flat 

Larrea 
Frenchman Flat 

Larrea - Ambrosia 
GMX Site 

Larrea - Ambrosia 
Frenchman Flat 

Larrea - Ambrosia 
Frenchman Flat 

Larrea - Ambrosia 
Frenchman Flat 

Larrea 
GMX Site 

Larrea 
Frenchman Flat 

-- 

Perennials 
(kg ha-’) 

- 

113 - 923 
Mean: 466 

2,200 

2,047 - 4,259 
Mean: 3,020 

3,491 - 3,527 
Mean: 3,509 

1,640 - 3,150 
Mean: 2,204 

2,060 - 2,520 
Mean: 2,290 

1,375 

Annuals 
(kg ha”) 

0 - 442 
Mean: 66 

Total 
(kg ha”) 

1,432 
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Larrea tridentata, 64 cm (25 in) for Ceratoides Zanata (winter fat), 122 cm (48 in) for Lycium 
andersonii (desert thorn), and 97 cm (38 in) for Grayia spinosa (Wallace and Romney, 
1972). Root systems generally took the form of a large taproot with large secondary roots 
extending laterally (Wallace and Romney, 1972). Beatley (1 969) reported that winter 
annuals root in the top 20 cm (8 in) of soil. Foxx et aZ. (1984) found that SaZsoZa iberica and 
S. paukenii (Russian Thistle) root systems can sometimes extend to a depth of up to 4 rn 
(1 3 ft) at a site in New Mexico. 

Limited reports of rooting depth of plants from Great Basin Desert communities suggest that 
rooting depth in these communities is comparable to those of Mojave Desert communities. 
Root systems of Artemisia tridentata have been reported to reach depths from 18 cm (7.2 in) 
(Tabler, 1964) to 213 cm (84 in) (Sturges, 1977). Based on water content studies, Sturges 
(1 977) estimated that A. tridentata draws water from an approximately hemispherical area 
with a 9 1 -cm (36411) radius. 

2.7.2 Fauna 

Fauna may influence LLW disposal site performance by several mechanisms. Burrowing or 
fossorial species may transport subsurface contamination to the accessible environment, 
degrade cap integrity, and alter closure cap hydraulic properties (Hankonson et al., 1992). 
Mobile fauna may act as a vector for dispersion of contamination to distant sites (O’Farrell 
and Gilbert, 1975). Animals can introduce contamination into trophic pathways leading to 
humans that consume wild game. 

The complex assemblage of Mojave and Great Basin Desert plant communities on the NTS 
supports a diverse fauna. Large variations in animal population densities are observed. 
These variations are correlated with the quantity and timing of rainfall and its effects on 
primary productivity. Casual daytime observers rarely encounter desert fauna, especially the 
larger mobile species. Many animals avoid high temperatures and predation by burrowing 
and limiting their activity to evening hours. 

Invertebrates, particularly insects, are the most abundant and diverse element of the NTS 
fauna (O’Farrell and Emery, 1976). At the time of preparation of their monograph, O’Farrell 
and Emery (1 976) estimated that only a quarter of NTS insects species had been described. 
Insects that burrow are the most significant to performance assessment. Ants and termites 
are the most numerous burrowing insects on the NTS. Unfortunately, little is known about 
the burrowing habits of either group under conditions prevailing at the NTS. Ants are 
apparently among the most diverse insect groups on the NTS, with 57 species reported. They 
are also significant in terms of biomass and trophic status (O’Farrell and Emery, 1976). 
Allred et al. (1963) report 20 ant species for Earrea - Ambrosia Mojave Desert communities 
and identified three ant species, Myrmecocytus cornatus, Pogonomyrex calfornicus, and 
Veromesser pergandei, as the most common. 
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Vertebrates, although less numerous and diverse, include game and fossorial species. Fish 
and amphibians are insignificant, due to the lack of permanent surface water. The reptilia 
include 1 specie of tortoise, 14 species of lizards, and 17 species of snakes (O’Farrell and 
Emery, 1976). The most abundant species are the lizards U. stansburiana, 40 to 80 ha-’; and 
C. tigris, 7 to 25 ha-’ (O’Farrell and Emery, 1976). Overall, reptiles are not believed to be 
significant to site performance. There are no important game species and only one species is 
known to burrow, Gopherus agassizi (desert tortoise). However, G. agassizi occurs only in 
Mojave Desert environments and is currently very rarely observed. 

The avian fauna include at least one fossorial specie and many migratory species that may 
transport contamination to remote locations. Transport of contamination by migratory birds 
is not likely to be a quantitatively significant pathway to man. O’Farrell and Emery (1 976) 
report 1.90 avian species for the NTS. Eighty-six percent are seasonal residents that migrate 
to distant locations. Only 27 species were reported as permanent residents. The burrowing 
owl is the only burrowing species among the permanent residents and small numbers do 
occur within Frenchman Flat (Hunter et al., 1991). Game species include Gambel’s quail, 
chukar, mourning dove, and several migratory waterfowl. Waterfowl are found in the 
vicinity of Frenchman Flat at Cane Spring and at small man-made impoundments and 
marshes that receive effluents from deep groundwater wells. With the exception of Cane 
Spring, these environments are a consequence of DOE operations. It is assumed that they 
wiil not exist after DOE operations cease. 

Forty-six mammalian species have been reported for the NTS (O’Farrell and Emery, 1976). 
Although many of the larger species are game species, they are rare or transitory visitors to 
the Area 5 RWMS. Fossorial species, particularly rodents, are common. Rodents account 
for half of all known NTS mammalian species and are numerically the most common (Allred 
et al., 1963). Rodent population densities and reproduction are highly correlated with pro- 
duction of winter annuals. Mojave Desert Larrea - Ambrosia communities can support high 
rodent population densities, but generally have low species diversity (Allred et al., 1963). 
Spermophilus tereticaudus (round-tailed ground squirrel), Dipodomys merriami (Memam’s 
kangaroo rat), Unychomys torridus (southern grasshopper mouse), and Perumyscus eremicus 
(cactus mouse) are found commonly in Mojave Desert communities. Eleven species of 
rodents and a bat specie have been reported fiom various surveys in Frenchman Flat. They 
include a bat, Pipistrellus hesperus (western pipistrelle); and the rodents Thomomys urnbrtus 
(southern pocket gopher), D. merriami, D. microps (Great Basin kangaroo rat), D. deserti 
(desert kangaroo rat), Perognathus Zongimembrinus (little pocket mouse), P. formosus (long- 
tailed pocket mouse), Neotuma lepida (desert wood rat), 0. torridus, Ammospsrmophilus 
leucurus (white-tailed antelope squirrel), Spermophilus tereticaudis (round-tailed ground 
squirrel) and Peromyscus maniculatus (deer mouse) (Bradley and Moor, 1975? 1976, 1978; 
Bradley et al., 1977; Hunter e;t al., 199 1). 

Fossorial rodent populations densities in Larrea - Ambrosia communities are among the 
highest found on the NTS (O’Farrell and Emery, 1976). Estimates of rodent population 
densities at two sites in northern Frenchman Flat are reported in Table 2.13. These data are 
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Table 2.13 Population Density of Rodents and Rabbits in Larreu Communities Near the Area 5 
RWMS 

Species 

A .  leucurus 

D. merriami 

D. microps 

0. torridus 

P.  longimernbris 

h! lepida 

L. calrfornicus 

S. nuttalli 

opulation Densit 

Bradley and Moor, 1975, 
1976 

0.05 - 0.73 

0- 1.16 

0.09 - 1.95 

0 - 0.05 

0.04 - 0.3 

0 - 0.1 

- 

- 

- 

13.6 

- 

- 

31.7 

- 

0.10 

0.23 

Hunter, 1992a 

- 

4.9 

- 

- 

24.2 

- 

0.1 1 

- 

based on numbers of animals collected by traps. Because trapping success can depend on the 
behavior of the species and its level of activity at the time of collection, trapping data may 
provide a biased estimate of population densities. Nevertheless, kangaroo rats (Dipodomys) 
and the little pocket mouse (Perognathus Zongimembrinus) appear to account for greater than 
90 percent of the population (Hunter and Medica, 1987; Hunter, 1992a). Population densities 
apparently vary widely over time. Ground squirrels are reported to be uncommon (Hunter 
et al., 1991). Unfortunately, pocket gophers are not sampled by trapping techniques used in 
past studies and estimates of their population densities are not available (Hunter et al., 1991). 

Less is known about the population densities and habits of larger vertebrates in Frenchman 
Flat. Burrowing species and game species do occur among this group. Most commonly 
observed in Area 5 are Lepus cdifornicus (black-tailed jackrabbit), SyZvihgus nuttalli 
(Nuttal’s cottontail), VuZpes macrotis (kit fox), and Canis latrans (coyote). The Nuttal’s 
cottontail, kit fox, and coyote are burrowing species. Other large vertebrate species are very 
rarely observed. Badgers (Taxidea taxus) are a large burrowing species that occur on the 
NTS, but are rare at the Area 5 RWMS. Large game species that occur on the NTS include 
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' Felis concolor (mountain lion), Lynx rufus (bobcat), Odocoileus hernoinus (mule deer), 
Antilocapra americana (pronghorn antelope), and h i s  canadensis (desert bighorn sheep). 
These species are found at the higher elevations of the NTS and are rare transitory visitors to 
the lower elevations of Frenchman Flat. 

Quantitative predictions of the effects of burrowing fauna on site performance are difficult to 
make due to the lack of relevant data. The quantity of soil transported to the sUrface is 
dependent on population density, soil characteristics, and seasonal activity levels. The trans- 
port processes are complex. Some species, such as pocket gophers, are reported to selec- 
tively transport cobbles and gravels to the surface (Hansen and Moms, 1968; Hankonson 
et al., 1982). Burrows are frequently reworked and refilled, presumably with both clean and 
contaminated material, producing a complex mixing of sudace soils (Thome and Andersen, 
1990). Burrowing activity is apparently variable in time and with location (Voslamber and 
Veen, 1985; Thorne and Andersen, 1990). 

Burrowing animals may directly affect site performance by burrowing into waste cells and 
transporting contamination to the surface. Direct intrusion into waste by mammals appears 
unlikely, as most mammals only burrow to shallow depths. Anderson and Allred (1 964) 
examined 30 kangaroo rat (Dipodomys microps) burrows on the NTS. They reported a 
maximum burrow depth of 61 cm (24 in) and a mean depth of 33 cm (13 in). Burrowing 
behavior was affected by the texture of the soil (Anderson and Allred, 1964). Winsor and 
Whicker (1 980) found that the pocket gopher (Thomomys tulpoides) rarely burrows below 
30 cm (12 in), and its average burrow depth on their Colorado study site was 33.4 cm 
(5.3 in). Hankonsen et al. (1982) recorded the depths of pocket gopher (2". bottue) burrows at 
a LLW site in northern New Mexico. None of the burrows penetrated below 100 cm (39 in). 

Significant numbers of burrowing animals occur within Frenchman Flat and their activities 
may influence site performance. Direct intrusion into buried waste by vertebrates appears 
unlikely. Shallow vertebrate burrowing activity may &ect site performance by mixing 
surface soils and by altering cap hydraulic properties and stability. Invertebrate burrowing, 
although much less studied at the NTS, appears to have the potential for direct intrusion into 
the waste. 

2.8 Radiological Environment 

Persons residing in unrestricted areas adjacent to the NTS and future residents occupying the 
site will be exposed to internal and external sources of ionizing radiation fiom natural and 
man-made sources. Understanding these sources and their significance is important for 
interpreting performance assessment results and for interpreting site performance based on 
environmental monitoring results. The NCRP has reported the average dose equivalent 
received by United States residents fiom background and man-made sources to be approxi- 
mately 360 mrem yr- (NCRT?, 1987b). Average United States residents are estimated to 
receive approximately 82 percent of their annual effective dose equivalent from natural 
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sources (NCRP, 1987b). This corresponds to an effective dose equivalent of approximately 
300 mrem yr- I,  most of which is attributable to inhalation of 222Rn progeny (NCRP, 1987b). 
Natural sources of radiation exposure include external irradiation from cosmic particles and 
primordial radionuclides. Exposure to cosmogenic and primordial radionuclides present in 
air, water, and food are a natural source of internal radiation doses. Man-made sources of 
radiation are, on average, less important sources of exposure and include, in descending order 
of importance, medical procedures, consumer products, and industrial sources (NCRP, 
1987b). Industrial sources, which include DOE operations among many other sources, and 
nuclear weapons testing, are estimated to account for approximately 0.8 percent of the 
average annual effective dose equivalent for United States residents, or approximately 
2 mrem (NCRP, 1987b). 

The NCRP data presented above is for average United States residents. Current and future 
residents of the NTS and its environs may be potentially exposed to radionuclides at levels 
greater than average. Potential sources of exposure in Frenchman Flat, in addition to waste 
disposal operations, include above- and belowground nuclear weapons tests and safety tests. 
Between 195 1 and 1962, 14 nuclear devices were detonated in the atmosphere over the 
Frenchman Flat playa. In 1965, three underground nuclear tests were conducted northwest of 
the playa, approximately 3.5 km (2.2 mi) south of the RWMS (Figure 2.3). Two more 
underground tests were conducted in 1966 and 1968, approximately 2.4 km (1.5 mi) north- 
east of the RWMS. During 1954 and 1955, several safety tests were conducted at the GMX 
site, 1.8 km ( 1 -  1 mi) southeast of the site. Safety tests involve the destruction of nuclear 
weapons components and result in the release of radioactive material, most commonly 
plutonium. In addition, several hundred announced above- and belowground nuclear 
weapons tests have been conducted in Yucca Flat. Yucca Flat is a north-south trending 
closed basin, beginning 13 km (7.8 mi) northwest of the RWMS and extending approxi- 
mately 37 km (23 mi) north. Numerous safety tests have been conducted in Plutonium 
Valley, a north-south trending valley draining into Yucca Flat. Plutonium Valley lies 11 km 
(7 mi) north of the RWMS and is separated from Frenchman Flat by French Peak and the 
Halfpint Range. 

Radiological surveys of the surface soils of Frenchman Flat have shown that small localized 
areas of contamination associated with ground zeros are present on the Frenchman Flat playa 
and at the GMX site. Most soils of the basin contain concentrations of fallout radionuclides 
that are consistent with levels expected from global fallout. Barnes et al. (1980) surveyed the 
surface soils of the playa and identified three ground zero areas that were above background: 
Hamilton, Bfa, and Small Boy. These areas cover approximately 5.7 km2 (2.2 mi2) of the 
Frenchman Flat playa (McArthur, 1991). The radionuclides identified and their maximum 
contour concentrations, as of 1980, were 6oCo (25 pCi g-I), 137Cs (25 pCi g-I), I5*Eu (150 pCi 
g-'), ls5Eu (25 pCi g-'), 239Pu (400 pCi g-'), and 24'Am (150 pCi g-') (Barnes et al., 1980). The 
other area of surface contamination in Frenchman Flat is the GMX site. Gilbert et al. (1 975) 
reported 2397240Pu concentrations for soil and vegetation from five regions or strata encom- 
passing 0.12 km2 (0.046 mi2) at the GMX ground zero. The mean 239*240Pu concentrations for 
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soil and vegetation for the highest concentration strata sampled were 7.3 nCi g-* and 0.3 1 nCi 
g-', respectively (Gilbert et al., 1975). McArthur (1991) measured the soil concentration of 
radionuclides at four sites in Area 5 and estimated the total inventory using in situ gamma 
spectrometry and soil sampling and analysis. The sites (Frenchman Flat playa, GMX, and 
two underground testing complexes) were chosen based on the results of previous aerial 
surveys (McArthur, 1991). The Area 5 RWMS and its surrounding soils were not sampled. 
Inventory results were reported for Frenchman Flat playa and GMX only (Table 2.14). 
Gilbert's (1975) estimate of the GMX 239*240Pu inventory, 1.5 Ci, is consistent with 
McArthur's later survey. The inventory of fission products and activation products found at 
the Frenchman Flat playa approaches the inventory of those radionuclides disposed at the 
Area 5 RWMS since 1988. 

Table 2.14 Estimated Surface Soil Radionuclide Inventory for Area 5 as of January 1,1990, 
Excluding the Area 5 RWMS (from McArthur, 1991) 

Radionuclide 

adfonudide Invent0 

Frenchman Flat Playa 

1 .o 

1.1 

0.4 

12.1 

0.8 

0.1 

3.4 

0.4 

0.2 

1.4 

0.2 

Sampling and analysis of soils within the Area 5 RWMS and adjacent to the perimeter have 
shown that man-made radionuclides are present at low concentrations, consistent with levels 
expected from global fallout. Rothermich and Vollmer (1986) collected soil samples at the 
intersection of 30.5-rn (1 00-ft) grid intervals over the active disposal area and compared their 
results with a similar unpublished study conducted in 1979. There was no significant differ- 
ence between the 1979 and 1984 data and concentrations were consistent with levels found in 
off-site soils (Rothermich and Vollmer, 1986). The 1984 mean concentration for I3'Cs was 
0.4 pCi g-' and the median concentrations for 239*240Pu and 3H were 0.05 pCi g" and 0.4 pCi 
gal, respectively. Atwood and Hertzler (1 989) described a survey of surface soils conducted 
over a 785- by 98 Lm (2,575- to 3,2204) area extending north from the perimeter of the 

- -.. 
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active RWMS. They reported a mean '37Cs concentration of 0.5 pCi g-' (Atwood and 
Hertzler, 1989). The results of surface soil surveys indicate that highly localized contami- 
nation exists in two regions in Area 5: the GMX site, 1.8 lun (1.1 mi) from the RWMS; and 
Frenchman Flat playa, 3.8 km (2.4 mi) from the RWMS. Surface soils within and adjacent to 
the RWMS are contaminated at levels expected from global fallout. 

Table 2.6 illustrates groundwater monitoring results for the uppermost aquifer, which 
indicate that radioactive contamination is not present at the three Pilot Well locations 
(REECo, 1993b). Tritium concentrations have been found to be less than the minimum 
detectable activity of 15 pCi L-' (REECo, 1993b). Tritium is among the most mobile 
radioactive contaminants produced by nuclear weapons. Its absence in the uppermost aquifer 
suggests that contamination from nuclear weapons tests has not migrated to the aquifer 
beneath the Area 5 RWMS. Only naturally occurring primordial radionuclides, including 
uranium and progeny of 222Rn, have been detected in the uppermost aquifer (REECo, 1993b). 
The activities of uranium, gross alpha, gross beta, and the activity of 222Rn estimated from 
progeny fall with the range of values reported by EPA for groundwater-derived drinking 
water supplies in Nevada (EPA, 1985). It remains unknown if contaminants are migrating 
from underground nuclear test cavities in the vicinity of the RWMS. If any such plumes 
exist, they will confound interpretation of future environmental monitoring results and may 
contribute to doses received by the public. 

Routine radiological monitoring at the NTS includes on-site monitoring conducted by the 
DOE and its contractors and off-site monitoring conducted by the EPA. The on-site moni- 
toring program includes collection of air, soil, vegetation, and biota samples at the Area 5 
RWMS and at the residence closest to the RWMS, which is located in Indian Springs, 
Nevada. Ambient photon exposure rates are monitored by thermoluminescent dosimetry on 
site and by pressurized ion chamber off site. The only man-made radionuclide detected at the 
Area 5 RWMS in 1992 was tritium in air ( D O E N ,  1993a). Reference man would receive a 
CEDE of 0.07 m e m  if exposed to the highest tritium concentration detected, 2.7 x 

ml- l ,  for an entire working year. In 1992, residents of Indian Springs were estimated to 
receive a CEDE of 0.007 mrem from all NTS airborne effluents and 0.04 mrem from 
ingestion of man-made radionuclides ( D O E W ,  1 993a). Six announced underground 
nuclear tests were conducted in 1992. 

pCi 

Environmental monitoring data indicate that all NTS activities, including waste disposal at 
the Area 5 RWMS, currently are insignificant sources of radiation exposure to off-site 
residents. Although previous DOE activities have resulted in contamination of several sites 
within Frenchman Flat, the Area 5 RWMS has not been impacted. Future residents of 
Frenchman Flat may be exposed to sources of radioactive contamination in addition to the 
Area 5 RWMS. 
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2.9 Area 5 RWMS Facilities Description 

The developed portion of the Area 5 RWMS, referred to here as the Low-Level Waste 
Management Unit (LLWMU), includes 37.2 ha (92 ac) in the southeast comer of the RWMS 
(Figure 2.37). All waste disposal to date has occurred within the LLWMU. The remaining 
land, 259 ha (640 ac), remains undeveloped. A mixed waste management unit (MWMU) is 
planned for the area immediately north of the LLWMU (Figure 2.37). A Mixed Waste 
Storage Pad (MWSP) is also proposed to be built within the Area 5 RWMS compound at a 
yet-to-be-selected site. 

The LLWMU consists of 17 landfill cells (pits and trenches), 13 GCD boreholes, and a TRU 
Waste Storage Pad (WSP) (Figure 2.38). A single pit, Pit 3, has received mixed wastes. All 
other units contain low-level radioactive wastes. Associated with the LLWMU is the 
Hazardous Waste Storage Unit (HWSU) and several administrative support structures 
(Figure 2.38). Support buildings include five permanent and nine semipermanent structures 
(Table 2.15). Three waste storage areas exist within or adjacent to the LLWMU. These are 
the TRU Waste Storage Pad, the HWSU, and the Mound Strategic Materials Storage Yard 
(Figure 2.38); however, the waste storage areas are not considered in the performance 
assessment. 

Historically, landfill cells have been described by a four-character code. The first character, 
either T or P, designates whether the cell is a trench (long, narrow excavation) or a pit (short, 
broad excavation). The third character is the number assigned to the unit. The final character 
describes the contents of the cells as unclassified (U) or classified (C) .  

Low-level radioactive waste disposal was initiated at the Area 5 RWMS in i 96 1. From Z 96 1 
to 1978, LLW generated by NTS operations were disposed at the site by shallow land burial. 
Eight trenches (TOlU, T02U, T04U, T06U, TOlC, T03C, T05C, T06C) were filled and 
closed during this period. Starting in 1978, NTS began accepting LLW generated by off-site 
DOE facilities. From 1978 until the implementation of DOE Order 5820.2A in 1988, three 
pits and trenches (POlU, P02U, T07U) were filled and closed. 

Ten GCD boreholes were operationally active during this interval (1 978 to 1988). Since the 
implementation of DOE Order 5820.2A on September 26, 1988, six pits and trenches (P03U, 
P04U, T03U, P06U, T02C, and T04C) and two GCD boreholes have been active. The per- 
formance assessment addresses these units only. 

Currently, the Area 5 RWMS is open and receiving LLW from the NTS and off-site 
generators. No mixed waste has been received since 1990, although Pit P03u can accept on- 
site-generated mixed waste. The Area 5 RWMS does not accept nonradioactive hazardous 
waste or nonradioactive solid waste for disposal. All hazardous waste generated on site is 
transferred to an off-site commercial treatment, storage, and disposal facility. Nonradioactive 
solid wastes are disposed at solid waste landfills not associated with the Area 5 5 
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Figure 2.37 Map of the Low-Level Waste Management Unit (LLWMU) 
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h 

Buitding No. Funct ionaf Description 1 

The Special Projects Lab includes the soils test lab, an equipment calibration room, 
and a core sample storage area. 5-6 

5-7 Administrative offices. 

5-10 Health physics support offices. 

5-2 1 Houses equipment and stores bottled gas and flammable materials (no utilities). 

Part of water system that pumps water to 5-6 and 5-7. System also provides a 
potable water source for Area 5 .  

Used as a craft assembly point and lunch area. 

Waiting area for truck drivers (no water or sewer). 

Contains sampling pumps and reservoirs for tritium migration tracking by 
University of California (no water or sewer). 

Used to support HWSU operations (no water or sewer). 

Contains equipment including an electronic microscope, lab balances, and a sieve 
shaker (no water or sewer). 

Contains scientific equipment (no water or sewer). 

Used for storing radiological logistic supplies (no water or sewer). 

5-19 

5-18 

183400 

178667 

186084 

2026 16 

2026 17 

183261 

Table 2.15 Existing Support Structures a t  the Area 5 RWMS and Their Functions 

7 12240 Provides office space for the HPD supervisor (no water or sewer). 

724294 Provides showers and lockers for use by Area 5 RWMS employees. 

2.9.1 Shallow Land Burial Operations 

LLW is currently landfilled in the Area 5 RWMS in shallow, unlined land disposal trenches 
and pits. Only two unclassified and two classified pits and trenches have received waste 
since the implementation of DOE Order 5820.2A (Pit 4 [PO4U], Pit 3 [P03UJ, and Classified 
Trenches 2 and Trench 4 (T02C and T04C) (Figure 2.38). All the pits and trenches active 
since 1988 remain open and are available to receive waste (Table 2.16). Two cells, Trench 3 
(T03U) and Pit 6 (P06U), are open but have not received any waste for permanent disposal. 
Trench 3 is currently used for storage of special-case thorium waste. This waste will be 
buried at greater depth to allow attenuation of 222Rn fluxes. Current plans are to place the 
thorium waste beneath the existing floor of Pit 6 (P06U). Pits and trenches active since 1988 
and their approximate volumes are listed in Table 2.17. Pit 4 (P04U) has received the largest 
volume of waste since 1988 (exclusively LLW). Pit 3 (P03U) has received low volumes of 
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Trench 4 (TO4C) 

Table 2.16 Date of Use and Current Status of Pits and Trenches Receiving Wastes Since the 
Inception of DOE Order 5820"2A 

1969 Closed, Full 

Table 2.17 Dimensions and Approximate Volume of Pits and Trenches Receiving Waste at the 
Area 5 RWMS Since the inception of DOE Order 5820.2A 

Pit 4 (P04U) 

Lower Cell 

Total 
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LLW and MW and has been inactive since MW disposal was suspended in 1990. Classified 
trenches T02C and T04C hold relatively small volumes of LLW and are nearly full at this 
time. The total area covered by the pits and trenches in the LLWMU is 5.1 x lo4 m2 or 
5.1 ha (12.6 ac) out of the 37.2 ha (92 ac) in the LLWMU. All other pits and trenches 
indicated in the Area 5 RWMS (Figure 2.38) were filled prior to 1988 and are awaiting final 
closure. 

Types of Containers 

The waste containers disposed at the site have varied significantly in strength and integrity 
over time. The available data bases classify the containers as boxes, drums, or nonstandard. 

Boxes have been constructed of cardboard, plywood, or steel. The type of box was not 
differentiated in the records prior to 1992. Between 1978 and 1992, 783,000 boxes were 
disposed at the site. Cardboard “triwafl” boxes were in common use prior to the mid-1980s. 
These boxes were cardboard containers set on wooden pallets, banded with steel strapping. 
Contents of these boxes were contained within plastic bags. Cardboard boxes were approxi- 
mately .6 or 1.2 m (2 or 4 fe) high and were susceptible to crushing if stacked too high. 
Plywood boxes were delivered in sizes ranging fiorn 2 ft x 4 ft x 8 ft to 4 ft x 8 ft x 8 ft. 
Wooden pallets or dunnage were used to allow handling with forklifts. Steel boxes are in 
more general use in the 1990s and are standardized in sizes of 4 ft x 4 ft x 7 ft or 2 ft x 4 ft x 
7 ft. Steel feet or forklift slots are typically incorporated into the box design. 

Several sizes of drums have been used for disposal at the site, including %-gallon drums 
(8 ft’), 83-gallon (13.9 fi3) overpack drums, and large ten-drum overpack containers (jet 
engine afterburner cases). Between 1978 and 1992,6 million drums were disposed at the 
site. 

Containers other than standard-sized boxes and drums are classified as nonstandard. 
Numerous nonstandard containers have been disposed at the site, including specialized 
containers of unusual shapes or boxes or drums of nonstandard sizes. For this analysis, these 
containers have been assumed similar to drums and boxes. 

Placement of Containers 

Waste containers are stacked in the disposal trenches to a height of about 1.2 m (4 ft) below 
original grade. Plywood and steel boxes are typically stacked as tightly as practicable 
(several inches of separation), and octagonal ‘‘triwall” cardboard boxes, no longer in use, 
were stacked as close as the underlying pallets allowed. At various times, drums have been 
placed vertically on pallets (four drums on a pallet) or on their sides in either a square array 
(rows and columns) or nested in a triangular array. Nonstandard containers are typically 
stacked to make best use of available pit volume. 
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Dunnage, blocking, and other packing materials required for delivery and disposal of waste 
have typically been placed in the excavations with the waste. Typically, both wooden 
dunnage and blocking and steel strapping material were disposed in the narrow gap between 
the trench wall and the stacked waste. Any volume above the debris is typically filled with 
drums, as available. 

2.9.1 .I Mixed Waste Disposal 

Pit 3 is the only shallow land burial unit in the Area 5 RWMS that has received mixed waste, 
Disposal of low-level (nonhazardous) waste began in Pit 3 in January 1987. Mixed wastes 
were disposed in Pit 3 for the first time in September 1987, when the state of Nevada granted 
Pit 3 interim status under RCRA. During its operation as a mixed waste unit, Pit 3 received 
4,044 m3 (142,8 13 ft3) of mixed wastes in a single waste stream. The total volume of waste 
placed in Pit 3 since 1987 is 26,688 m3 (942,478 ft3). The mixed waste stream placed in Pit 3 
was a solid concrete form known as pondcrete generated by the Rocky Flats Plant. At the 
time of disposal, these wastes were deemed mixed wastes based on the presence of parts per 
billion (ppb) levels of listed hazardous solvents. The impacts of hazardous constituents in 
these wastes are not considered in the performance assessment. 

DOE is pursuing RCRA permitting of a new mixed waste disposal unit, the Mixed Waste 
Disposal Unit (MWDU), to be located directly north of the RWMS. The MWDU will be 
designed and operated to dispose both on-site- and off-site-generated MW. A standard 
RCRA disposal cell design with liners and leachate collection detection systems has been 
designed. An alternative design, without liners and utilizing vadose zone monitoring, will be 
proposed in the revision of the RCRA Part B Permit application. The MWDU was not 
considered in this performance assessment because of the uncertainty in the final design of 
the disposal cells. Should mixed waste disposal resume, the planned waste management 
operations would have to be assessed to determine if this performance assessment is 
applicable. 

2.9.1.2 Temporary Closure Cap 

Waste containers are typically stacked to about 1.2 m (4 ft) below original grade. 
Periodically, soil backfill is pushed over the waste in a single lift with a bulldozer. The 
placed fill layer is approximately 2.4 m (8 ft) thick, which provides a final grade about 1.2 m 
(4 ft) above original ground elevation. The upper portion of the soil cap is compacted in 
place. This cover is referred to as a temporary closure cap because the native material is 
applied routinely over the filled portions of waste disposal cells. 

Prior to 1993, general soil fill was placed as backfill. The natural materials at the site contain 
cobbles up to about 20 cm (8 in) in diameter. Because the spacing between containers is 
typically much smaller than 20 cm (8 in), bridging of voids is likely. Since 1993, backfill 
soils have been scalped of material over 5 to 8 cm (2 to 3 in) in diameter to reduce the 
bridging potential of the soil cover and to promote infilling of the container spacing with soil, 
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resulting in a reduction of observed subsidence. A bronze plate on top of each comer monu- 
ment records the cell number, the survey coordinates, and the date the cell was opened and 
closed. The temporary closure cap will remain until final closure. 

Settlement of the temporary closure cap, which is observed periodically, can be attributed to 
soil infilling the voids between the containers or possible collapse of containers. Photo- 
graphs from 1982 indicate subsidence is an ongoing process. Observed subsidence has 
historically varied from shallow depressions, up to 6 m (20 ft> in diameter, to 1 -5-m- (5-ft)- 
deep open cracks. The sources of the depressions have not been specifically identified. 

Depressions and cracks, as they form, are filled with soil and regraded by site personnel. The 
areas or extent of subsidence have not typically been recorded. Presently, areal depressions 
of about a foot in the soil cover are common over the trench and pit areas. 

2.9.2 Greater Confinement Disposal 

In 1980, the DOE’S National LLW Management Program began reviewing alternatives to 
shallow land burial of LLW. Although the majority of LLW is routinely and safely disposed 
using shallow land burial, a portion of the waste was considered unsuitable for shallow land 
burial because of its high-specific activity or potential for migration into biopathways. In 
198 1, DOENV began a project to demonstrate the feasibility of greater-depth burial in the 
alluvial sediments of the NTS. The purpose of the project was to investigate the disposal of 
LL W at a depth sufficient to minimize or to eliminate natural environmental intrusion 
processes (animal burrowing, rainwater infiltration, plant rooting) into the waste zone. The 
first unit was experimental and is known as GCD Test or GCDT, The project was also 
designed to substantially reduce the potential for inadvertent human intrusion. 

GCD units are vertical boreholes drilled in the desert alluvium. The boreholes are unlined, 
except for the upper 3 m ( 1  0 fi) which is cased with a corrugated steel culvert. Each is 
approximately 3 m (1 0 ft) in diameter, with a total depth of 36 m (1 18 ft). Waste packages 
are placed in the bottom of the GCD boreholes to approximately 21 m (70 ft) below the land 
surface. The holes are then backfilled with native soil. A 1.8-m- (6-ft)-long concrete monu- 
ment, indicating the location and contents of the borehole, is placed approximately 1.5 m 
( 5  ft) below the surface in each hole. Figure 2.39 shows the design of a GCD borehole. 
Waste disposed in GCD boreholes includes TRU waste, high-specific activity tritium waste, 
irradiated fuel rod cladding, and sealed sources. Wastes disposed since the inception of DOE 
Order 5820.2A contain only 3H and depleted uranium. 

GCD boreholes were used for the disposal of waste from 1983 through 1989. Thirteen GCD 
boreholes were developed during this period within the LLWMU (Figure 2.38). Seven cells 
have been filled and operationally closed. Three GCD boreholes have received waste and 
remain open; three GCD cells are empty. Table 2.18 lists the GCD boreholes and their 
status. GCD boreholes have been designated with sequential numbers and a one-letter code 
denoting the classification status. 
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Figure 2.39 Schematic of a GCD Cell 
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Classified 

Classified 

Classified 

Classified 

Table 2.18 GCD Boreholes at the Area 5 RWMS 

Closed, Full 

Closed, Full 

Closed, Full 

Closed, Full 

GCD 3orehole 

1 

Unclassified 

Unclassified 

Classified 

Classified 

Unclassified 

Unclassified 

Unclassified 

2 

Closed, Full 

Open, Full 

Open, Full 

Open, Empty 

Open, Empty 

Ciosed, Full 

Open, Full 

3 

Unclassified 

Unclassified 

4 

Open, Empty 

Closed, Full 

5 

6 

7 

8 

9 

10 

1 1  

12 
~~ 

GCDT 

I Status I 

Two GCD boreholes (7C and 1 OU) have received waste since the implementation of DOE 
Order 5820.2A. The GCD inventory used in the performance assessment has been limited to 
those wastes disposed in boreholes 7C and 1OU. The GCD program has been inactive since 
1989 and is an issue currently being discussed by DOE/NV and the state of Nevada. 

2.9.3 Waste Characterization and Certification 

Shipment and transfer of LLW to the Area 5 RWMS is con rolled by DOEMeadquarters 
(HQ) and DOE/NV. Generators seeking to dispose waste at the NTS must first obtain written 
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verification from DOEMQ that their waste is a defense waste. Approval to ship waste is 
granted by D O E N  after the generator documents and implements a waste characterization 
and waste certification plan that meets the requirements contained in NVO-325 (DOE/NV, 
1992). Generator waste characterization plans are designed to physically, chemically, and 
radiologically characterize waste and to document that waste meets waste acceptance criteria. 
Waste certification plans are prepared to ensure that waste is identified, segregated, charac- 
terized, and packaged in accordance with the requirements of NVO-325, and in a manner that 
is consistent with the American National Standards Institute/American Society of Mechanical 
Engineers (AN SIIASME) NQA- 1 requirements (ASME, 1989). Successfbl implementation 
of the waste certification and characterization plans is determined by field audits conducted 
by D O E M .  The field audit includes a traceability review designed to assess the effective- 
ness of the certification plan. To confirm the results of waste characterization plans, 
DOENV may request that the generator perform additional sampling and analysis or request 
that split samples be sent to an independent laboratory. Waste generator programs are 
audited at the time of initial application and annually thereafter. Changes involving the 
Waste Certification Official, DOE Operations Office contacts, sampling and analysis plans, 
analytical laboratories, additions or changes to a waste stream, or changes requested by a 
regulatory agency require formal review by DOENV. Significant changes require sub- 
mission of a revised application and an additional field audit. 

Generators may use a number of methods to perform radiological characterization of waste. 
Acceptable methodologies include use of materials accountability data, knowledge of the 
process and source, gross radiation measurements, and sampling and analysis. The concen- 
trations of radionuclides not measured can be inferred from the concentrations of other 
radionuclides. 

Generators may use process knowledge or sampling and analysis to determine if a LLW 
contains hazardous chemical constituents also. Use of process knowledge is permitted when 
it can be shown that it is physically difficult to sample the waste matrix, when sampling 
would violate the A L M  principle, or when the waste matrix is too heterogeneous to obtain 
a representative sample. 

NTS-specific waste acceptance criteria are specified in NVO-325 and are reproduced in 
Appendix A. The waste acceptance criteria reflect the applicable requirements contained in 
DOE Order 5820.2A, EPA hazardous waste regulations (40 CFR 261), and U.S. Department 
of Transportation (DOT) shipping regulations (49 CFR 173). Complete details are presented 
in Appendix A. 

2.9.4 Facility Closure Plan 

The Integrated Closure Program was initiated to develop closure caps for LLW and MW 
disposal units at the Afeas 3 and 5 RWMSs. The Integrated Closure Program has made 
considerable progress toward developing a plan that meets regulatory requirements, is 

- 

2-112 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

technically defensible, and takes into account the different types and forms of previously 
buried waste and possible future waste. Final cap designs, however, were not available for 
inclusion in t h s  revision of the performance assessment. 

In August 1992, a peer review panel, consisting of experts in cover design and landfill 
closure, critiqued the Cap Closure Research Program conducted by WECo Special Projects 
Section. As a result of this meeting, a cap closure roadmap was developed by REECo, RSN, 
and MACTEC in December 1992 (RSN et al., 1992). The roadmap served as a basis to 
develop a program plan outline for integrated closure of the Areas 3 and 5 RWMS waste 
disposal units. 

In June 1993, work was initiated on the Integrated Closure Program. The objectives of this 
task were to develop site-specific closure designs that use the best available technology, 
follow relevant regulations, and are commensurate with closure approaches at other DOE 
facilities. Specifically, the Integrated Closure Program will define closure issues, consider 
the range of technical closure alternatives, and collect essential technical information to 
select, design, and construct a site-specific cap at the Areas 3 and 5 RWMSs. The final cap 
design must be able to function in the arid environment of the NTS and make use of 
favorable site characteristics such as high evapotranspiration. Closure designs are in 
preparation at this time. 

2.10 Area 5 RWMS Site Inventory 

This section describes the radioactive materials inventory for the Area 5 RWMS and the final 
inventory used for the performance assessment. As noted previously, wastes have been 
disposed at the NTS Area 5 RWMS since I96 1. The inventory described here is limited to 
those shipments received from FY 1989 to FY 1993. At the time of preparation, FY 1993 
was the last year that complete data were available. These data are organized in the database 
by fiscal year and are also organized throughout this section by fiscal year. 

Generators wishing to ship waste to the NTS for disposal must submit an application to 
DOE/NV for review and approval. Waste generator applications include a description of all 
proposed waste streams. Waste stream information submitted in the waste generator appli- 
cation often is estimated because the waste may not have been generated or packaged at the 
time of application. Information provided in the applications includes a brief physical 
description of the bulk matrix and the processes of generation and an estimate of the low, 
mean, and high activity concentration of significant radionuclides. Approval is granted on a 
waste stream-specific basis. 

After receiving written approval from DOE/NV, generators may transfer their waste to the 
Area 5 RWMS. Waste characterization data are reported to the site operator for entry into the 
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site inventory at the time of shipment. These data are transmitted electronically in most 
instances. Fifteen generators have transferred waste to the Area 5 RWMS since the 
beginning of FY 1989 (Table 2.19), 1 1 of which are currently approved (Table 2.20). 

Table 2.19 Generators That Shipped LLW to the Area 5 RWMS from October 1,1988, through 
September 30,1993, and Their Abbreviations Used in This Report 

Aberdeen Proving Grounds, Aberdeen, MD, Department of Defense (USAA) 
Femald Environmental Restoration Management Company, Fernald, OH (FERMCO) 
General Atomics, San Diego, CA (GA) 
Inhalation Toxicology Research Institute, Albuquerque, NM (ITRI) 
Lawrence Livermore National Laboratory, Livermore, CA (LLNL-CA) 
Mound Facility, Miamisburg, OH, EG&G Mound Applied Technologies (Mound) 
NTS, Mercury, NV, Defense Nuclear Agency (DNA) 
NTS, Mercury, NV, Lawrence Livemore National Laboratory (LL'NL-NTS) 
NTS, Mercury, NV, Los Alamos National Laboratory (LANL-NTS) 
NTS, Mercury, NV, Reynolds Electrical & Engineering Company (REECo) 
Pantex Plant, Amarillo, TX (Pantex) 
Rocketdyne Division, Canoga Park, CA, Rockwetl (Rocketdyne) 
Rocky Flats Plant, Golden, CO, EG&G Rocky Flats (RFP) 
Sandia National Laboratories, Livermore, CA (SNL-CA) 
EPA Environmental Monitoring Systems Laboratory, Las Vegas, NV (EPA) 

Table 2.20 Generators Approved to Transfer Waste to the NTS as of March 14,1994 

~ ~~ 

Aberdeen Proving Grounds, Aberdeen, MD, Department of Defense 
Fernald Environmental Restoration Management Company, Fernald, OH 
General Atomics, San Diego, CA 
Inhalation Toxicology Research Institute, Albuquerque, NM 
Lawrence Livermore National Laboratory, Livermore, CA 
NTS, Mercury, NV, Defense Nuclear Agency 
NTS, Mercury, NV, Reynolds Electrical & Engineering Company 
Pantex Plant, Amarillo, TX 
RMI Extrusion Plant, Ashtabula, OH 
Rocky Flats Plant, Golden, CO, EG&G Rocky Flats 
Sandia National Laboratories, Livermore, CA 

TWO different waste record databases have been used since September 1988. Before 
September 30, 1992, data were recorded in two linked records, one indexed by shipment 
number and another indexed by package number. Activity, volume, and mass were recorded 
in the record indexed by shipment number. Therefore, these data cannot be retrieved on a 
per-package basis. Database records in the pre-FY 1992 database are summarized in 
Table 2.2 1. 
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Table 2.21 Summary of Data Fields for Pre-FY 1992 Database Records 

Record Indexed by Shipment Number 

Shipment Number 
Generator Identification Code 
Date of Arrival at the RWMS 
Burial Site (Area 3 or 5 )  
Site of Generation (NTS, Off Site) 
Operation Type (B-burial, G-generation, R-retrievable) 
External Volume (includes package dimensions) 
Gross Weight (includes weight of package and waste) 
Nuclide 
Nuclide Activity (Ci) 
Waste Code 

Nuclide Category 

Number of Drums in the Shipment 
Number of Boxes in the Shipment 
Number of Nonstandard Boxes in the Shipment 

(Biological Waste, Contaminated Equipment, Decontamination Debris, Dry Solid, 
Solidified Sludge, Nonclassified) 

(Transuranic, WraniudThorium, Fission Products, Induced Activity, Tritium, Alpha, 
Other) 

- 
Record Indexed by Pack 

Package Identification Code 
Disposal Date 
Container Type (B - box, D - drum, N - nonstandard) 
Disposal Location 
Alpha (identifies the alpha coordinate for the package) 
Numeric (identifies the numeric coordinate for the package) 
Tier (identifies the tier level of disposal) 

After September 30,1992, a new database, known as the LLW Information System 
(LLWIS), became operational. Data in the LLWIS are stored in a single record, indexed by 
package. LLWIS data fields are listed in Table 2.22. 

The inventory used in the performance assessment is based on queries of the existing waste 
management databases. Because important data fields in the pre-FY 1992 database (activity, 
volume, and mass) are grouped by shipment, inaccurate or inconsistent results can be 
obtained for some queries. These problems arise because these data are grouped by shipment 
rather than by package. Problems with the pre-FY 1992 records occur if packages from a 
single shipment were disposed at multiple locations or on multiple dates. This could cause 
double, or multiple, counting of some packages. Instances where shipments might have been 
split are believed to be rare. The post-FY 1992 database (LLWIS) does not have these 
potential problems. 
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Table 2.22 Summary of Data Fields for Post-FY 1992 Database Records 

Package Identification Code (8 characters, shipment number plus a 6 character package no.) 
Waste Stream Identification Code 
Arrival Date 
Burial Site (Area 5 or Area 3) 
Generation Site (NTS, Off Site) 
Operation Type (B-burial, G-generation, R-retrievable) 
Package Completed Date 
Activity Assay Date 
Container Code (identifies the type of the waste package) 
External Volume (m’) 
Internal Volume (m’) 
Gross Weight (kg) 
Net Weight (kg) 
Nuclide 
Nuclide Activity 
Waste Code 
Nuclide Category 
Disposal Date 
Disposal Location 

Generator waste characterization methods and reporting methods have caused additional 
problems with database records. In some instances, generators have used codes for radio- 
nuclide mixtures. Codes used previously include MFP (mixed fission products), Pu-52 
(weapons-grade plutonium), D-23 8 (depleted uranium), and enriched uranium. Mixture 
codes found in the database have been replaced with the activities of specific isotopes for the 
performance assessment. The details of these corrections are described below. In addition, 
review of the inventory suggests that characterization data are incomplete. For example, the 
isotope ratios reported by some generators are inconsistent with expected values, suggesting 
that possibly important isotopes were not reported. These data must be evaluated on a per- 
generator basis or even a per-waste stream basis because of the many processes represented 
by NTS generators. These issues and their resolutions are also described below. 

2.10.1 Preliminary Inventory 

A preliminary inventory was developed based on unrevised database records. This inventory 
includes all waste disposed from October 1 , 1988, through September 30, 1993. It includes 
all waste types (classified LLW, unclassified LLW, MW) and all disposal units (pits, 
trenches, GCD). Fifteen generators have shipped waste to the Area 5 RWMS during this 
interval (Table 2.19). 

As of March 14, 1994, there were 11 generators approved to ship waste to the NTS 
(Table 2.20). Thirteen additional sites have been identified as potential generators, including 
five which have reached the review and audit stage (Table 2.23). 

~ ~~~ 
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Table 2.23 DOE Facilities Identified as Potential NTS Generators 

Kansas City Plant, Kansas City, MO, Allied Signal 
Mound Facility, Miamisburg, OH, EG&G Mound Applied Technologies 
Pinellas Plant, Pinellas Co., FL 
Rocketdyne Division, Canoga Park, CA, Rockwell 
Sandia National Laboratory, Albuquerque, NM 
Battelle Memorial Institute, Columbus, OH 
Idaho National Engineering Laboratory, Idaho Falls, ID 
Johnston Atoll, Defense Nuclear Agency 
Los Alamos National Laboratory, Los Alamos, NM 
Paducah Gaseous Diffusion Plant, Paducah, ICY, Martin Marietta Energy Systems 
Portsmouth Gaseous Diffusion Plant, Portsmouth, OH, Martin Marietta Energy Systems 
Oak Ridge Reservation, Oak Ridge, TN 
U.S. A m y  Defense Consolidation Facility 

The total activity of unclassified low-level and mixed wastes disposed by shallow land burial 
are listed by fiscal year in Table 2.24. The unclassified shallow land burial inventory repre- 
sents over 40 percent of the total activity and accounts for nearly all of the activity of many 
radionuclides. The classified shallow land burial inventory is presented in Table 2.25. In 
comparison, the classified wastes disposed of by shallow land burial account for only 1.2 
percent of the site inventory and are limited to 'El, 6oCo, "Sr and 238U. Classified and 
unclassified GCD boreholes received waste in FY 1989 and FY 1990. Only two radio- 
nuclides were reported, 3H and 238U. However, the GCD 3H disposal was,a significant 
fraction (37 percent) of the total site inventory. The GCD inventory is presented in 
Table 2.26. 

Table 2.24 Unrevised Unclassified Shallow Land Burial Radionuclide Inventory in Curies for FY 1989 
through FY 1993 
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239Pu 
240Pu 
241Pu 

Table 2.24 (continued) 

1.1 0.043 0.0063 0.0050 1.2 
0.0066 0.0019 7 . 8 ~  10-4 0.00 14 0.01 1 
0.8 1 0.074 0.080 0.057 1 .o 
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232Th 

2 3 3 u  

2 3 4 ~  

235u 

2 3 2 u  

2 3 8 ~  

Table 2.24 (continued) 

9 . 8 ~ 1 0 - ~  0.01 1 * 31 0.19 32 

6.1 x 1 .OX 10-4 2 . 6 ~  1 . 6 ~  1 0-4 

2.0x 0.0040 0.0076 0.60 20 21 
0.54 0.01 1 9.1~10-4 0.16 1.3 2.0 
8.4 0.6 1 0.028 0.63 16 26 

0.0 15 0.015 

I 0.0019 I , 0.0019 

85Sr 0.1 1 0.13 0.24 
go%- 0.076 0.27 0.43 0.022 0.80 
'82Ta 0.021 . 0.021 
99Tc 3.4x  1 o-8 3 . 4 ~  1 0-8 
228Th 1 .ox 0.0027 31 0.005 1 31 

5.1 230Th 0.0016 5 .O 0.050 

'69Yb 
65Zn 
95Zr 

Total 

0.033 0.033 
1 . 0 ~  10-5 0.0033 0.0033 

5 . 6 ~  1 0 - ~  .0.017 0.018 
6 . 2 ~  lo4 1 . 7 ~  lo4 1 . 7 ~  1 0 4  0.037 77 2 . 9 ~ 1 0 ~  
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Table 2.25 Unrevised Classified Shallow Land Burial Radionuclide Inventory in Curies for FY 1989 
through FY 1993 

Table 2.26 Unrevised Ciassified and Unclassified GCD Radionuclide Inventory in Curies for FY 1989 
through FY 1993 

Major generators active at any time during FY 1989 to FY 1993 are profiled in Figures 2.40 
through 2.49. Three generators (RFP, FERMCO, and Mound) account for 88 percent of total 
volume received (Figures 2.44, 2.46, 2.49). Three generators (LLNL-CA, SNL-CA, and 
Mound) account for greater than 99 percent of the activity received (Figures 2.42, 2.4 7, 
2.49). These three generators produce the high-specific activity tritium waste streams that 
contribute the greatest activity to the total inventory. 

Past and current NTS waste generators are or were involved in the design, assembly, or 
testing of nuclear weapons. Most are no longer actively involved in production. Waste 
streams from these inactive sites are derived from environmental restoration projects or 
decontaminating and decommissioning (D&D). These waste streams are usually con- 
taminated with a few nuclides formerly used at the site. Most elements of the DOE 
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Total Disposed by Generator 
FY89 to N 9 3  

I Generator Profile: General Atomics 1 
Total Disposed as a 

Percent of TotaI Site Inventory 

2,059 I 4.4 Yo I 

Major Nuclides in the Generator’s Waste 

I 21 Ci I 30.6 % I 2 3 4 u  I 
I 0.69 Ci I 17.8 % I 235u I 

Figure 2.40 General Atomics Waste Stream Profile for FY 1989 through FY 1993 

Total Volume a n d  Ac t i v i t y  
B y  Fiscal Year 
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MAJOR RADIONUCLIDES 
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n 
8 9  90 9 1  9 2  9 3  

Fiscol Year 

Other (0.9%) I: 
U-235 ( 3 . 2 % ) ~  1 

LU-234 (95.9%) 
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Volume (m’) 

Total. Disposed by Generator 
FY89 to FY93 

Total Disposed as a 
Percent of Total Site Inventory 

467 0.99 % 

I lj7CS 1 0.56 Ci I 56.5 Yo 

243Crn 

243Am 

I 63Ni 1 0.54 Ci I 99.7 Yo 

0.0005 Ci 100 % 

0.0001 Ci 90.9 % 

I4C 0.53 Ci 99.6 Yo 

0.45 Ci 46.9 % 

2 0 7 ~  i 
133Ba  

Nuclides Contributing Significantly to the Total Site Inventory 

2.0 x 10-9ci 100 % 

5.3 x 10-5 ci 100 Yo 

1 232u  I 0.015 Ci I 100 % 

Figure 2.41 Inhalation Toxicology Research Institute Waste Stream Profile for FY 1989 
through FY 1993 

MAJOR RADIONUCLIDES 
Total Volume and Activi ty 

By Fiscal Year 

I .B 
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89 90 91 9 2  93 
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Total Disposed by Generator 
FY89 to FY93 

Generator Profife: Lawrence Livermore National Laboratory 

Total Disposed as a 
Percent of Total Site Inventory 

'OSr 

932r 

99Tc 

Volume (m3) I 95 1 I 2.0 Yo 

0.21 Ci 22.0 940 

4 ~ 1 0 - ~  Ci 76.8 % 

5 x  Ci 75.5 % 

Activity (Ci) I 46,938 I 46.3 % 

I3Ts 

*37cs 

3H I 46,933 Ci I 46.4 % 

5 ~ 1 0 - ~  Ci 77.7 % 

0.31 Ci 31.7 % 

Nuclides Contributing Significantly to the Total Site Inventory 

Wi I 3x10+ Ci 1 100 Yo 

1 x 1 0 4  ci 252Cf 99.8 Yo 

'07Pd I 1 ~ 1 0 + ~  Ci I 74.0 % 

1291 3xlO-'Ci 76.7 Yo 

. _. 

Is1Srn 1 0.016Ci I 78.9 % 

I 6 x  1 0-6 Ci I 37.4 % 2 3 3 u  

242Cm I 2 x  Ci I 100 % 

Figure 2.42 Lawrence Livermore National Laboratory Waste Stream Profile for FY 1989 
through FY 1993 

Total Volume and Ac t i v i t y  
B y  Fiscol Year MAJOR RADIONUCLIDES 

By Activity 

LH-3 (lOO.0X) 
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Total Disposed by Generator 
FY89 to FY93 

Activity (Ci) 

Total Disposed as a 
Percent of Total Site Inventory 

Major Nuclides in 

~~ 

469 

16.2 

~~~~ ~~ ~ 

1.0 Yo 

0.02 (Yo 

I 3H 
I 

I 238u  

15 Ci 

1.1 Ci 

Figure 2.43 Pantex Waste Stream Profile for FY 1989 through FY 1993 
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Total Disposed by Generator 
FY89 to FY93 

I Generator Profile: Rocky Flats Plant I 
Total Disposed as a 

Percent of Total Site Inventory 

2 3 8 u  

239Pu 

240Pu 

1.9 Ci 1.5 % 

14.0 Ci 92.0 % 

3.2 Ci 99.6 Yo 

I 241Pu I 34.1 Ci I 97.1 Yo I 
r--2i;im I 1.8 Ci I 98.3 Yo I 
I Nuclides Contributing Significantly to the Total Site Invento I 

I 3 ~ 1 0 - ~  Ci I 91.7 Yo I 242pu I 
Figure 2.44 Rocky Flats Plant Waste Stream Profile for FY 1989 through FY 1993 
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Total Disposed by Generator 
FY89 to FY93 

Total Disposed as a 
Percent of Total Site Inventory 

Volume (m3> 1 1,266 2.7 % 

I 1.5 Ci 1 39.1 % I 235u 

I 94 ci I 72.7 % I 
~ ~ 

2 3 8 u  
~~~~~ 

Figure 2.45 Aberdeen Proving Grounds Waste Stream Profile for FY 1989 through FY 1993 

iofal Volume and Act iv i t y  
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I Generator Profile: Fernaid Environmental Restoration Management Company 
~ ~~ ~~ 

Total Disposed as a I Percent of Total Site Inventory 
Total Disposed by Generator 

FY89 to FY93 

49.6 Yo I Volume (m3) I 23,393 I 
I 0.09 % 1 Activity (Ci) I 94 

1 230Th I 2.8 ci I. 99.7 Yo 
2 3 4 u  31 Ci 45.3 % 

I 1.3 Ci I 2 3 5 u  33.2 Yo 

1 2 3 8 u  I 25 Ci I 19.3 % 

I 232Th I I8 Ci I 99.5 % 

Figure 2.46 Fernald Environmental Restoration Management Company Waste Stream Profile 
for FY 1989 through FY 1993 
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Total Disposed by Generator 
FYS9 to FY93 

I Generator Profile: Sandia Nationai Laboratories, California t 
Total Disposed as a 

Percent of Total Site Inventory 

1 Volume (m’) I 132 I 0.3 Yo I 
29,652 I 29.3 % I 

I 3H 

Nuclides Coat ri bu F 
29,650 Ci I 29.3 % I 

0.12 Ci I 86.7 Yo I 
I 0.24 Ci 1 24.7 % I 

Figure 2.47 Sandia National Laboratories Waste Stream Profile for FY 1989 through FY 1993 

Total Volume and Act iv i t y  
By Fiscal Year 

89 90 91 9 2  93 
Fiscal Year 

MAJOR RADIONUCLIDES 
By Activity 

‘H-3 ( 1  00.0%) 

2-128 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

Generator Profile: Rocketdyne Division, Rockwell 1 
Total Disposed as a 

Percent of Total Site Inventory I Total Disposed by Generator 
FY89 to N 9 3  

I 0.15 % 70 I 

'OSr I 0.053 Ci I 5 .5  Yo 1 
V O  I 0.007 Ci I 4.9 Yo I 

Figure 2.48 Rocketdyne Waste Stream Profile for FY 1989 through FY 1993 
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Total Disposed by Generator 
FY89 to FY93 

1 Generator Profile: Mound Faciiity I 
Total Disposed as a 

Percent of Total Site Inventory 

I Volume (mj> I 10271 I 21.7 Yo I 
I Activity (Ci) I 1 24.1 % I 

I 24.1 Yo I 6.3 x 1 0 4  ci I I 

I 226Ra I 0.004 Ci I 33.4 % t 
I 1.6 x 10-4ci I 61.0 Yo I 2 3 3 u  I 

Figure 2.49 Mound Waste Stream Profile for FY 1989 through FY 1993 
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production cycle are represented among NTS generators, with the exception of fuel 
reprocessing. NTS generators handle a small number of relatively pure isotopes used in 
nuclear weapons. The predominant nuclides are 3H and isotopes of uranium, thorium, and 
plutonium. Waste streams containing actinides are the most important in terms of volume 
and 3H waste streams are most important in terms of activity (Table 2.27). Several NTS 
generators are research laboratories that generate waste streams with numerous radionuclides. 
These waste streams, however, tend to have radionuclide sources that are well characterized, 
isotopically pure, and low in activity concentration. Table 2.28 shows a breakdown of the 
inventory by radionudide categories as reported by generators. According to generators' 
reports, only 3 x 1 0-4 percent of the total activity shipped was associated with mixed fission 
product waste streams. Based on inventory records, "Sr and 137Cs account for approximately 
0.002 percent of the total activity, or slightly less than 2 Ci. Waste streams containing fission 
products and activation products originate predominantly from research laboratories at LLNL 
(Figure 2.42), the Inhalation and Toxicology Research Institute (Figure 2.41), and SNL 
(Figure 2.47). Fission products and activation products in these waste streams are predomi- 
nantly from isotopically pure sources. Less than 1 Ci of the total 90Sr and 137Cs activity is 
suspected to be associated with mixed fission products. Generators producing waste streams 
with mixed fission products are LLNL-CA, Rocketdyne, and NTS-based generators. 

From FY 1989 through FY 1993, the Area 5 RWMS received 47,200 m3 (1,666,852 ft3) of 
waste. Approximately 93 percent of the volume was associated with actinide-bearing waste 
streams (Table 2.2 7) .  Waste streams received over this period are predominantly 
(6 1 percent) heterogeneous mixtures of contaminated debris and equipment (Table 2.28). 
These waste streams include such materials as laboratory equipment, industrial equipment, 
building materials, soil, personal protective equipment, furniture, weapons components, and 
spent radionuclide containers or generators (e.g., gas cylinders, ion exchange resins, 
adsorption beds). 

2.1 0.2 Inventory Revisions 

The raw inventory records, as summarized in Tables 2.24,2.25, and 2.26, were revised before 
being used in the performance assessment. First, all nuclides with half-liyes less than five 
years that decay to a stable progeny were deleted fiom the inventory. These nuclides will 
decay to negligible levels during the 100-year period of institutional control. The nuclides 
appearing on the inventory that were deleted for this reason include 7Be, 2!Na, 32P, 35S, %c, 
5'Cr, 54Mn, 55Fe, 57C0, 58C0, 59Fe, 65Zn, 67Ga, 85Sr, 'OY, "Nb, 95Zr, Io3Ru, '06Ru, 'lornAg, lZ4Sb, 
I2%b 9 ,  lzSI I3'I, 1331, 134Cs, 136Cs, I4'Ce, I4'Ba, I4'La, 144Ce, IS5Eu, 169Yb, and Ig2Ta. Next, any 
members of a serial decay chain with a half-life less than five years and a supporting parent 
present with a half-life greater than five years were deleted. These nuclides will reach secular 
or transient equilibrium during the 1 00-year period of institutional control. These nuclides 
included *'*Po, 224Ra, 220Rn, 222Rn, and 228Th. Finally, unsupported members of a serial decay 
chain with a half-life less than five years and with a progeny that has a much longer half-life 
were converted to the progeny by multiplying with Ad/& where X, is the parent's decay 
constant and Ad is the progeny's decay constant. These nuclides included 147Pm,. 236Pu, 242Cm, 

. 
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and 252Cf. Note that the corrections described above were made to develop an isotopic 
mixture used to estimate the inventory present at closure. After closure, all short-lived 
nuclides that are supported by a long-lived parent are assumed to be present. For example, 

was not assumed to be present when estimating the inventory at closure, but is assumed 
to be present after closure when performance is assessed. 

During FY 1992, special-case thorium waste was received and placed in temporary storage in 
Trench 3 (T03U). This waste will be disposed in Pit 6 (P06U), where it will be buried at 
greater depth to attenuate radon and reduce the potential for intrusion. Many of these 
thorium shipments included non-thorium-bearing waste streams that were permanently 
disposed in another trench, Pit 4 (P04U). As noted earlier, the disposal of a single shipment 
in two trenches results in the shipment activity being added twice to the pre-FY 1992 
database. Further, the inventory will show that the total activity is present at both locations. 
This problem was found to exist for the special-case thorium waste and the inventory was 
corrected based on original shipping records. The special-case thorium waste activity was 
removed from the shallow land burial inventory (Table 2.29) and will be analyzed as a 
separate source term. 

Table 2.29 Inventory of Thorium Waste Received for Disposal in Pit 6 (P06U) 

I *j2Th I 18.2 I I 
E I 

I I 368 I 
230m 2.82 I 

Past use of isotope codes is a source of error in database records. Two codes appear in 
inventory records since 1988: MFP and Pu-52 (weapons-grade Pu). 

In 1989 and 1990, the RFP used the waste code Pu-52 to describe weapons-grade plutonium 
scrap in their waste streams. The Pu-52 activities received were 32.8 Ci in 1989 and 74.6 Ci 
in 1990. The five-year (FY 1989 to FY 1993) annual average Pu-52 disposal rate was 
2 1.5 Ci yr-'. The nuclear material code Pu-52 describes weapons-grade plutonium with a 
240Pu weight content between 4 and 7 percent (ANSI, 1987). Several assumptions were made 
to convert Pu-52 activities to isotopic activities. The activities reported for Pu-52 were 
assumed to have the isotopic content presented in Table 2.30. This is the isotopic content of 
undecayed weapons-grade plutonium as reported in the Rocky Flats Plant Environmental 
Impact Statement (DOE, 1980). It is consistent with the Pu-52 code definition and assumes 
that 241Am was not present initially. The Rocky Flats waste stream containing Pu-52 was a 
solidified waste form, known as pondcrete, that contained evaporated sludges from solar 
evaporation pond 207A. The solar evaporation ponds receive treated effluents from approxi- 
mately 40 facilities and process units, These wastes were assumed to be 20 years old, 
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240Pu 

24'Pu 

242Pu 

24'Arn 

Table 2.30 Estimated Activity of Plutonium Isotopes and '"Am From An Initial Pu-52 Activity of 107.4 

6,569 5,SOx 0.227 3.2 0.64 

14.4 3 . 6 0 ~  1 0-3 103 34 6.8 

3 . 7 6 ~  105 3 .OOx 1 0-4 3 . 9 3 ~ 1 0 - ~  2.8x10-4 5 . 7 ~  1 

1 

F r o m  1  389.8 TdTmthste 
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Lawrence Livermore National Laboratory, Livermore, CA 1 1990 

Estimating the 24'Am activity is more problematic. Assuming that 241Am follows Pu through 
the site processes to the evaporation ponds, the 241Am can be estimated by assuming an initial 
activity of zero and allowing for 20 years of ingrowth. By this method the activity of 241Am 
is calculated as: 

0.079 

4, t 
. ( e  - e  

A, ,  f s+A 
A ,  = 

L 

activity of 2 4 1 ~ ,  

activity of Pu-52, 
Pu-52 weight fraction of 241Pu at t=O, 
specific activity of 241Pu, 
specific activity of Pu-52, 
decay constant of 241Pu, 
decay constant of 241Am, and 
eiapsed time between last separation and disposal (20 years). 

(2.12) 

This method yields an 24'Am estimate of 1.81 Ci. Overall, the isotopic ratios estimated above 
for Pu-52 are in reasonable agreement with the ratios reported by the RFP for shipments 
delivered in FY 1992, the only year that the RFP reported the activities of specific isotopes. 

The isotope code MFP was used by three generators in FY 1989 and FY 1990 (Table 2.31). 
MFP was used to identify mixed fission products. LLNL generated 95.7 percent of the total 
activity of MFP (0.23 1 Ci). LLNL reported that the waste stream contained fission products 
from fast neutron fission of 239Pu during nuclear weapons tests. Although the other two 
waste streams are minor sources, they too are believed to originate from nuclear testing. 

Table 2.31 Generators Using the MFP Code and the Activity Disposed at the Area 5 RWMS 

I I Lawrence Livennore National Laboratory, Livermore, CA I 0.14 I 
1 I EPA Environmental Monitoring Systems Lab, Las Vegas, NV I 0.010 I 

I I 

I I I Reynolds Electrical & Engineering Co., NTS, Mercury, NV 1 x 
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Several simplifying assumptions were made to convert MFP activities to isotopic activities. 
First, the total MFP activity was assumed to be attributable to a suite of long-lived fission 
products (Table 2.32). All the precursor fission products in the isobar were assumed to be 
present as the longest-lived radioactive member of the chain. Decay after the fission event 
was neglected, given the long half-life of the nuclides considered. Fission yields (the number 
atoms produced per fission) for fission of 239Pu by moderated fission neutrons were taken 
from Fleming (1 967). The cumulative fission yields are swnmed individual yields beginning 
with the long-lived member of the chain and including all preceding members. The values 
used are presented in TabZe 2.32. The likely presence of activation products was ignored due 
to the complexities of estimating their activity and the relatively small contribution of MFP 
activity to the totaI fission product and activation product inventory. Chemical fractionation 
was also ignored. 

28.6 0.0214 0.055 0.01 1 

1.5 x lo6 0.0333 1.6 x 10-4 3.2 x 10-7 

2.1 x 105 0.06 10 2.1 x 10-5 4.2 x 

6.5 x lo6 0.0395 4.5 x 10-7 9.0 x lo-' 

1.0 x 105 7 . m  5.6 x 10-7 1.1 x 

1.6 x 107 0.0298 1.4 x 10-7 2.8 x 

2.3 x lo6 0.0656 2.1 x 4.2 x 10-7 

30.17 0.0679 0.17 0.034 

90 0.0088 0.0072 0.00 14 
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The activity of fission products in MFP was calculated as: 

C A j q  
j = 1  

where: 

(2,13) 

Ai = activity of the ith fission product, 
AT = total MFP activity, 
Ai = radioactive decay constant of ith fission product, 
Yi = cumulative fission yield of ith fission isobar, and 
n = number of fission chains. 

Estimated activities of fission products in MFP shipments received since FY 1988 are 
presented in Table 2.32. In relative terms, the activity from MFP shipments represents a 
significant fraction of the total fission product inventory, However, the total fission product 
inventory at the Area 5 RWMS is small and, in absolute terms, the total activity from MFP is 
insignificant. The significance of the fission product revisions can be assessed by examining 
the estimated total inventories. The final site fission product inventory can be estimated as 
the mean disposal rate times the period of operation, 39 years. For two fission products, 79Se 
and 87Rb, the predicted total inventory is less than the activity that would deliver a CEDE of 
25 mrern if the entire inventory were inhaled or ingested by an individual. For this reason, 
these two nuclides were not added to the inventory. The remaining radionuclides were 
included in the final inventory and represented minor revisions to the inventory. 

It is difficult to measure the quantity of low-specific activity fission products with low- 
energy radiations such as 99Tc and 12'1 in heterogeneous wastes. Therefore, it was 
hypothesized that such nuclides may be present in certain waste streams, but not reported on 
generator manifests. The activity of 99Tc reported on the inventory is extremely small and no 
generator has reported '*'I fiom FY 1989 through FY 1993. To assess potential underreport- 
ing problems, waste streams suspected of containing mixed fission products were identified. 
Candidate waste streams were assumed to be those containing either "Sr or *37Cs. Generators 
contributing greater than 1 percent of the total inventory of either '*Sr or 137Cs were identified 
(Table 2.33). The source of the fission products in each waste stream was identified with the 
intent of determining if unseparated fission products could be present. Approximately half of 
the sources of 90Sr and 137Cs were found to be isotopically pure materials used in research 
laboratories. Since the inception of the Order, possibly two generators, Rockwell and LLNL- 
CA, have shipped waste with unseparated fission products. The Rockwell waste stream 
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Major Genera tors 

ITRl 

Table 2.33 Major Generators of 90Sr and 13’Cs and the Source of Radionuclides in Their Waste 
Streams 

POSr (Ci) I3’Cs (Ci) Fission Product Source 

0.45 0.56 Isotopically Pure Source 

LLNL-CA 0.16 0.15 Not determined 

Rocketdyne 0.053 0.10 Irradiated Fuel Decladding 
r 

SNE-CA 

Total from Major Generators 

0.24 0.0002 1 IsotopicaIly Pure Source 

0.90 0.8 1 
1 

I Jnventory Total I 0.91 I 0.82 I 

consists of D&D debris fiom a hot cell used to separate irradiated he1 Corn its cladding. The 
fission product ratios in this waste stream have been altered by differential release from the 
irradiated fie1 pellets. The source of the fission products in the LLNL-CA waste streams was 
not determined. 

A conservative revision of the inventory was made to account for mixed fission products 
potentially present in LLNL-CA and Rocketdyne waste streams containing 90Sr and 137Cs. 
The mode of production and chemical fractionation is uncertain for both waste streams. 
Lacking definitive information, a modified version of the methodology used for the MFP 
code was used to estimate the unreported activity of low-specific activity fission products. 

Cesium435 was estimated separately because it was assumed that no separation with 137Cs 
had occurred. The I3’Cs activity was estimated as: 

(2.14) 

where A is the activity, h the radioactive decay constant, Y the cumulative fission yield, and 
the subscript identifies the atomic mass of the cesium isotope. 

For the other fission products, the total activity of mixed fission products, 0.42 Ci was 
assumed equal to the total activity of 90Sr and 137Cs in the two waste streams. This assump- 
tion was made because the 9oSr/’37Cs ratio is not consistent with that expected for the fast 
neutron fission of 239Pu, the assumed source of the MFP. Again, the expected 9aSr/’37Cs ratio 
for these waste streams is unknown and not necessarily representative of the fission process. 
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90Sr 

93Zr 

Finally, when the inventory was revised, the activities of 'OSr and *37Cs were not altered. As 
found for the MFP corrections, 79Se and 87Rb corrections were insignificant and were 
not added to the inventory. The remaining minor fission products listed in Table 2.34 were 
added to the inventory. 

28.6 0.0214 Not Revised 

1.5 x lo6 0.0333 3.2 x 

Table 2.34 Estimated Disposal of Minor Fission Products Potentially Present in LLNECA and 
Rocketdyne Waste Streams Containing "Sr and I3'Cs 

~~~ 

"bSll 

1291 

I3Ts 

l3'Cs 

's'Sm 

Half-li 
Radionuclide (Yr) 

1.0 x 105 7 . 5 1 ~  10-4 1.1 x 10-6 

1.6 x 107 0.0298 2.8 x 10-7 

2.3 x lo6 0.0679 1.0 x 10-5+ 

30.17 0.0683 Not Revised 

90 0.0088 0.014 

1 79Se 1 6.5 x lo4 I 6.55 x I 1.5 x 

I *TC I 2.1 x 105 I 0.0610 I 4.3 x 10-5 

I Io7Pd I 6.5 x lo6 I 0.0395 I 9.1 x 10-7 

3.0 x 10-7 I 

Not Revised I 
6.4 x 10-7 I 

1.8 x 10-7 1 
2.2 x 10-7 I 
5.6 x I 
2.0 x lo+ I 

Not Revised 1 
I 0.0029 

t - 13'Cs activity estimated as a fraction of the total 13'Cs activity. 

Enriched uranium in F E M C O  waste streams is known to be contaminated with 99Tc. 
Additional 99Tc was added to the inventory based on estimates provided by the generator 
(D. Rast, January 19, 1996, personal comunicatian. FERMCO). The additional 99Tc was 
estimated to be 5.2 Ci. 

In conclusion, revisions applied to the inventory for the waste code MFP and unreported 
fission products are uncertain. Since 1988, unseparated fission products have been a very 
minor component of waste streams disposed at the Area 5 RWMS. Conservative estimates of 
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the activities present are extremely low, generally less than a few microcuries. Those 
nuclides with potential for any significant impact on site performance have been conserva- 
tively added to the inventory. 

Inventory records and generator shipping papers suggest that there are problems with the 
recorded activities of uranium isotopes. Inventory records summarized by generators and by 
fiscal years show that generators often report only one or two naturally occurring uranium 
isotopes when at least three are expected (Table 2.35). Descriptions, such as depleted 
uranium, enriched uranium, and the codes DU and D-238, may have been used in the past. 
To correct for unreported uranium isotopes, generator applications were reviewed and, in 
some instances, generators were contacted to determine if a single uranium isotopic mixture 
could be assumed. In cases where uncertainty existed about uranium isotopic ratios, the final 
isotopic ratio selected represented the best estimate available. Corrections were performed 
using the relation: 

(2.15) 

= estimated activity of the unreported isotope, 
= reported activity of the reference isotope, 
= isotope mass fraction of the unreported isotope, 
= isotope mass fraction of the reference isotope, 
= specific activity of the unreported isotope, and 
= specific activity of the reference isotope. 

No corrections were made when generators reported all three natural isotopes as the records 
for these shipments were assumed correct. 

Three generators (Pantex, SNL, and USAA) have reported only 238U in their waste streams. 
Review of the generator applications indicated that these waste streams contained depleted 
uranium only. Additional 235U and 234U were added to the inventory using the reported 238U 
activity as the reference and an assumed isotopic mixture for depleted uranium (TahZe 2.35). 
Five generators reported only 238U and 235 U. Among these, three generators (RFP, LLNL, 
and GA) processed various isotopic mixtures. RFP, LLNL, and GA records were revised 
assuming that all the 238U reported was depleted uranium and that all the 235U reported was 
enriched uranium. Actual uranim enrichments used were based on generator applications 
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Table 2.35 Uranium Isotopes Reported by Generstors Each Fiscal Year and Revisions Made to the Inventory 

LLNL 

I FY 1989 

0.68 1.0~10-4 2x10-8 

I Depleted U I 0.9975 I 0.0025 I I Pantex I 0.020 I 

GA 0,O 14 Depleted U 0.9975 0.0025 

GA 0.28 93% Enriched U 0.0550 0.93 15 

FERMCO 8.4 0.25 FY91 toFY93 0.9904 0.0096 

1 

I 

Mean 

I Depleted U I 0.9975 I 0.0025 I RFp I I I 

5 ~ 1 0 ’ ~  

I 0.20 I 1 93% Enriched U 1 0.0550 1 0.93 15 I RFP I 

0.75 4.3 

Mound 

Pantex 

0.0035 0.0040 Natural U 0.9927 0.0072 

1 .o Depleted U 0.9975 0.0025 

I USAA I 46 I I .I Depleted U I 0.9975 1 0.0025 

SNL 

LLNL 

I FY 1990 

0.59 Depleted W 0.9975 0.0025 

2. I Depleted U 0.9975 0.0025 

5 X 1 O 4  1 I 1 0.00032 1 0.0019 I 

LLNL 

0.0098 I 0.0040 1 0.0018 I I 6.1 I 0.026 

1.2x 1 5% Enriched U 0.9473 0.0520 

~ x I O - ~  I I I 0.00023 I 0.0013 I 

FERMCO 0.24 

USAA 10 

0.0098 I 0.0040 1 0.0026 I I 8.7 I 0.037 

pp ~ 

0.01 1 FY91 to FY93 0.9904 0.0096 
Mean ------ 

Depleted U 0.9975 0.0025 

I 7 x  lo-’ I I  I I 

I 1 I I I I I 
I I I I I I 

I 1 0.034 I 0.20 I 



Area 5 Radioactive Waste Management Site Nevada Test Site 

3 
3 

3 
8 

L 
Q Y 

c w 
E 

6 i 
2-142 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

and reports. ITN records were not modified due to the small activity involved. FERMCO 
reported 238U and 235U in FY 1989 and FY 1990 and reported all three natural isotopes in 
subsequent years. Because FERMCO has processed many forms of uraniurn, the mean 
isotopic fractions from FY 1991 to FY 1993 and the reported 238U activity were used to estimate 
the 234U received in FY 1989 and FY 1990. A single generator (Mound) reported 238U and 234U in 
equal activities: These shipments were assumed to be natural uranium and 235U was added as 
appropriate. These corrections have a significant effect on the inventory of 235U and 234U. 
Uranium-235 increases by 78 percent due largely to traces of the isotope in large quantities of 
depleted uranium. The 234U inventory increases by 23 1 percent. This is attributable to large 
quantities of depleted uranium and small quantities of highly enriched uranium. These 
corrections also introduce a new uranium isotope, 236U, not previously reported. Overall, the 
uranium inventory is depleted in the lighter isotopes as expected for DOE waste streams. 

The final FY 1989 to FY 1993 inventory used in the performance assessment is the sum of the 
undecay ed inventory records fiom the three disposal units, unclassified shallow land burial, 
classified shallow land burial, and GCD, combined revisions described above. The inventory as 
reported in the Area 5 RWMS database and the revisions made are summarized in Table 2.36. 
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Table 2.36 Unclassified Shallow Land Burial, Classified Shallow Land Burial, and GCD Radionuclide Inventory in Curies. The revised inventory is 
the summation of Columns 2 through 5. 

133Ba 

l 3 V s  

137cs 

5 . 3 ~  1 0-5 5.3 x 10-5 

1.2 x 10-5 1.2 10-5 

0.82 0.17 0.99 

2.0x 104 I 
0.1 1 I 

3.9x 10-9 1 
6.0 x 10-7 

0.028 

0.1 1 

0.0 17 

0.19 

9.6 x 10-7 

0.74 

2.8 x 10-7 

3.3 x 10-7 

8.4 x 

1 .1  x 10-5 I 
2.4 x I 
0.20 I 



1.9 

-5.0 

48 

0.0082 

Table 2.36 (continued) 

Mean Annual 

's'srn 0.02 1 0.0043 0.02 1 

5 2 E ~  2.1 x 2.1 x 4,i x 10-9 

Is4Eu 0.0032 0.0032 6.4 x lom4 

2.0 x 10-9 2.0 x 10-9 4.0 x 1U-I" 

'"Pb 1.ox 2.0 i 10-' 

226Ra 0.011 . 0.01 1 0.0022 

5.  f 0.066 0.013 2 3 0 n  
_ _  

14 21 69 2 3 4 ~  

26 1.0 x lo2 1.3 x lo2 26 

0.35 19 3.8 238Pu 19 

1.5 x 10-5 24 Pu I 2.9x 10-4 ?.Ox lo4 6.0 x 10-5 

0.15 1 0.15 0.030 244Cm 

2 2 7 A ~  0.0 18 0.01 8 0.0036 

0.0063 0.0063 0.00 13 23 Pa 

2.0 0.20 I .7 0.78 3.9 



Table 2.36 (continued) 

248Cm 
236u 

*40Pu 

239Pu I 1.2 I I I 14 1 15 I 3.0 

~~ 

8.6 x lO*'I 8.6 x I0-l' 1.7 x lO-'I 

0.1 1 0.1 1 0.022 

0.01 1 3.2 3 -2 0.64 

243Am I 1 . 1  x I I 1 1 1.1 x 10-4 I 2.2 x 10-5 

.- .- 

2 3 3 ~  

237Np 

24'Arn 

z4 Pu 

Total 

I 0.0030 2 3 2 u  I 0.015 I I I 1 0.0 15 

1.6 x 10-4 1.6 10-4 3.3 x 10-5 

2.0 x lo4 0.00 10 0.00 10 

0.032 1.8 I .8 0.37 

1 .O 34 35 7.0 

6.2 x 104 1.2 x 103 3.8x 104 72 1.ox los 2.0 x 104 

232Th 1 32 I 0.012 I I -3 1 1 0.24 I 0.048 

243Cm 1 5.0 x 10-4 - I I I I 5.0 x 10" I 1.0 x 10-4 
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3,O ANALYSIS OF PERFORMANCE 

This chapter describes the development of site-specific scenarios, conceptual models, 
assumptions, and computer models used in the performance assessment. The first step in the 
performance assessment process is the development of scenarios. A scenario is defined as 
the set of features, events, and processes that define the hture performance of the burial site. 
The next step in the performance assessment process is the forming of a detailed schematic 
model describing the release, transport, and uptake of radionudides. The development of the 
schematic model requires that assumptions be made about the magnitude, timing, conse- 
quence of the features, events, and processes listed in the scenario. The detailed schematic 
model is called the conceptual model. Finally, mathematical models are prepared to simulate 
the conceptual model. This section describes t h i s  developmental sequence and the imple- 
mentation of the final mathematical models. 

3A Scenario Development and Selection 

Uncertainty in performance assessment can be divided into three categories (Bonano and 
Baca, 1994): (1) uncertainty in the future state of the site (scenario uncertainty), 
(2) uncertainty in conceptual models, and (3) uncertainty in parameters. Development and 
analysis of multiple scenarios is one method to account for scenario uncertainty. The 
approach of this assessment is to analyze a small number of deterministic scenarios repre- 
senting both reasonable and bounding future states of the site. This section describes the 
method and rationale of scenario development and selection. 

For convenience, two types of scenarios have been developed: the release scenario and the 
pathway scenario. The release scenario describes the features, events, and processes that 
might transport radionuclides to the accessible environment. The pathway scenario repre- 
sents a reasonable, albeit conservative, view of the pathways in the accessible environment 
that might transport radionuclides to hymn receptors. Combined, the two scenarios include 
all of the features, events, and processes responsible for the transport of radionuclides from 
the source to humans. 

Intruder scenarios were considered as special cases. Inclusion of a separate intruder 
performance objective in DOE Order 5820.2A was assumed to indicate that intruder analyses 
were required regardless of the probability of occurrence. Intruder scen&ios were not viewed 
as attempts to realistically predict the future, but rather as hypothetical events that are 
unlikely to ever occur. The intruder scenarios were analyzed to set conservative concen- 
tration limits for waste disposed in the near surface. Developing realistic site-specific 
intruder scenarios is impossible because predicting human behavior in the future is 
impossible. The intruder scenarios were assumed to be a systematic method used to set waste 
concentration limits. Therefore, rather than develop new site-specific intruder scenarios, this 
analysis has adopted established scenarios. These scenarios were originally presented by the 
NRC (1 98 1) and hrther developed by Kennedy and Peloquin (1 988). These scenarios have 
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been used in most LLW performance assessments prepared in the United States. They are 
reasonable in the sense that they are possible for Frenchman Flat, and conservative because 
they represent a very restrictive future use of the site. The scenarios have been made site- 
specific by adjusting parameters or eliminating features as appropriate for a Mojave Desert 
site. 

3.1 .I Release Scenarios 

The release scenario is a preliminary list of features, events, and processes that describe the 
release of radionuclides from the source and surrounding geosphere to the accessible 
environment. The scenarios were assembled from a screened list of features, events, and 
processes. This initial screening, based on probability of occurrence, consequence, applic- 
ability to the site, and the performance objectives, identified eight broad mechanisms for the 
release of radionuclides from the disposal site. 

In Table 3.1, potential processes releasing radionuclides from a buried LL W source to 
secondary sources are identified, where secondary sources are defined to be the compart- 
ments within the physical environment that may serve as reservoirs of radionuclides for 
subsequent transport to humans off site. The potential secondary sources identified include 
shallow soils (including soil detritus), air, vegetation, surface water, and groundwater in the 
immediate vicinity of the LLW facility. 

Table 3.1 Features, Events, and Processes Considered in the Development of the Release Scenarios 

Features, Events, and Processes I Secondary Compartment in 1 Accessible Environment 

1 Diffusion of Gases I Atmosphere, Soil 1 
1 Soil I I Diffusion of Dissolved Solutes 

1 Plant Uptake I soil, Vegetation I 
1 Burrowing Animals I soil I 
1 Soil Resuspension I Atmosphere, Vegetation I 
I Advection of Gases 1 Atmosphere, Soil I 

I Groundwater, Soil I I Advection of Dissolved Solutes 

Subsidence of the Closure Cap r- - 

Atmosphere, Vegetation, 
Groundwater 

~~ -~ ~~~ ~~ 
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Gaseous radionuclides will diffuse through the air-filled pores of the soil cap. Some soils 
may attenuate gaseous diffusion because entrapped moisture obstructs the pore spaces. The 
dry condition of the alluvium at the RWMS might more readily allow gaseous difision to 
the surface and into the atmosphere. Thus, transport of volatile or gaseous radionuclides by 
diffusion was retained in the fmal release scenario. 

In addition to diffusion, transport of gaseous radionuclides could occur through advective 
flow of gases through the air-filled pores into the atmosphere when the barometric pressure 
drops rapidly. Because such conditions prevail only during a small fraction of a year, the 
process is not expected to contribute significantly to the long-term cumulative release. Short- 
term releases, on the order of hours, that may be caused by decreasing barometric pressure 
were not considered to be within the scope of the performance assessment. Previous 
investigations into the long-term cumulative release of radon have concluded that advective 
transport is quantitatively insignificant (NRC, 1989). Advective transport of gases was 
retained for scenario development because this is the most conservative assumption. 

The Area 5 RWMS lies in a region supporting floral communities characteristic of both the 
Mojave Desert and the Great Basin Desert. However, the community surrounding the site is 
usually grouped among Mojave Desert communities (Section 2.6). Plants rooting on the 
closure cap may transfer buried radioactivity to the suface. Available data for Mojave 
Desert plants, although sparse, indicate maximum rooting depths of 1 to 2 m (3.2 to 6.6 ft) 
for shrubs with large tap roots (Section 2.7.1). There are reports of roots visible in trench 
walls (RSN, 199 1 a) which would suggest rooting depths as great as 6 to 8 m (1 9.7 to 26.2 ft). 
However, it is unknown if these roots were present when the trench was excavated or if they 
have developed in response to greater moisture available at the exposed trench wall. 
Evidence from other sites suggests that some introduced species, such as SaZsoZu, may have 
rooting depths as great as 4 m (13.1 fi). Limited data on rooting depth of shrubs fiom Great 
Basin Desert communities suggest comparable depths. It appears possible that the roots of 
native and introduced plants may reach the depth of buried waste. Because a significant 
fraction of plant biomass becomes soil detritus each year (Section 2.7.1), root uptake of 
radionuclides fiom the waste is likely to lead to contamination of shallow soils in.addition to 
contamination of standing plant material. Root production may also contribute to soil 
contamination. Therefore, plant uptake and transport processes were retained in the final 
release scenario. 

The burrowing activities of animals characterize another form of biointrusion that might 
result in the release of radionuclides to the soil and vegetation above the disposal units. 
Burrowing animals found at the NTS include ants, termites, desert tortoises, a number of 
rodents, burrowing owls, Nuttal’s cottontail, kit foxes, coyotes, and badgers. Invertebrates 
and rodents are by far the most numerous and significant. Transport of waste and soil to the 
surface by bunowing animals was retained for the release scenario. 

Once contaminated, the shallow soil compartment serves as a source of contamination of air 
and vegetation above the facility. Wind suspends contaminated soil in the air, which is 
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subsequently deposited back on to the soil and plant surfaces. This process was retained for 
release scenario development. 

Two processes, diffusion and advection of solutes in soil pore water, are dependent on the 
conceptual model of site hydrology. A preliminary screening was conducted to evaluate the 
potential of these two processes to transport radionuclides from the intact disposal site to the 
surface soil compartment and the uppermost aquifer. These screening analyses appear in the 
following section. 

The final feature, subsidence, is expected to cause the formation of cracks, fissures, and 
depressions over the disposal site. Subsidence could potentially lead to the exposure of 
buried waste containers, enhanced gas transport, cap thinning, and enhanced infiltration. 
Enhanced infiltration may lead to increased plant growth and transport of contaminants to the 
uppermost aquifer. Subsidence was retained as a feature for scenario development. 

3. I. I. 1 Analysis of Hydrologic Processes Potentially Affecting Release of 
Radionuclides 

A conceptual model of site hydrology based on site characterization data was introduced in 
Section 2.4.2.2. This model proposes that movement of moisture in the vadose zone beneath 
the Area 5 RWMS is vertical and that there are four regions or zones. Zone I’extends from 
the surface to a depth of approximately 35 m (1 14.8 fi). Moisture in Zone9 will have the 
tendency to move upward due to the increasingly negative matric potential. The large 
negative rnatric potential is maintained by the high evaporative demand at the surface. 
Infiltrating water is believed to be evaporated or transpired back to the atmosphere before 
passing through Zone I. The rnatric potential profile data indicate that a static region or 
“zero-flux zone” (Zone 11) occurs from about 35 to 90 rn (1 14.8 to 295 ft) below the ground 
surface. Two zones exist below the zero-flux zone, Zones I11 and IV. The tendency for water 
flow below the zero-flux zone is downward to the water table. The conceptual model 
assumes that recharge of the aquifer through the alluvial sediments is not occurring at the 
Area 5 RWMS. All disposal units at the Area 5 RWMS are within Zone 1. In summary, the 
four regions are: 

Zone I: An upper zone of approximately 35 to 40 m (1 14.8 to 13 1 ft), where high 
evapotranspiration at the surface creates a potential for upward flow and 
drying at the near surface. 

Zone 11: A static zone where the gradient is negligible. The depth and thickness of the 
static zone varies with location. In Pilot Well UESPW-I , the static zone 
occurs from 40 to 90 m (131 to 295 ft). 

Zone 111: An intermediate zone immediately below the static zone down to 150 to 
220 m (492.1 to 721.8 ft), where the hydraulic potential is dominated by 
gravity drainage causing downward flow. The top of the intermediate zone 
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depends on the depth of the static zone. In Pilot Well UESPW-1, the top of 
the intermediate zone is at a depth of about 90 m (295 ft). 

Zone IV: A lower zone immediately above the water table, where the hydraulic 
potential is near zero and the water is under a capillary hnge  condition, with 
relatively static conditions producing little flow. 

The conceptual model described above suggests several radionuclide transport mechanisms. 
First, the potential for upward flow in Zone I suggests that upward advection of water may 
occur. In addition to this upward hydrologic transport, dissolved solutes in the liquid phase 
may diffuse upward because of the concentration gradient that exits between the waste and 
the surface soils. Downward transport would be possible for contaminants reaching the zero- 
flux zone (Zone 11) and passing into Zone 111. However, because the waste is placed above 
the zero-flux zone and the travel time fiom the zero-flux zone to the uppermost aquifer is 
estimated to be at least 5 1,000 years (Appendix I)), downward transport can be eliminated. 
Finally, infrequent rainfall events may cause wetter conditions in the vadose zone than were 
observed during site characterization studies. Advective movement of water is governed by 
the difference in the total potential gradient at various locations within the soil profile. The 
rate and direction of movement depends on both the magnitude and sign of the total gradient, 
as well as the hydraulic conductivity, which decreases with decreasing water content. Under 
the vertical flow regime at the RWMS, advective flow of liquid in the near surface could be 
either upward, dominated by a negative matric potential gradient (- d$/dz) which results 
from the high evaporative demand at the land surface; or downward, driven by a positive 
total potential gradient which might result fiom infiltration events caused by illfrequent 
rainfall events. Although the usual direction of flow is believed to be upward, infiequent 
precipitation could reverse the gradient and direction of flow in the near surface, allowing a 
small amount of downward flow. A return of drying conditions could then cause upward 
flow of water and contaminants. Each of the transport processes described above has been 
evaluated and described in detail in Appendix D. The following sections summarize these 
results . 

UPWARD ADVECTION UNDER AMBIENT CONDITIONS 

The potential for upward advection was assessed by estimating the mean travel time for 
moisture advected upward from the buried waste to the surface. These analyses assumed 
geometric mean values for hydraulic parameters and a mean smoothed matric potential 
profile from the Science Trench and Borehole data (REECo, 3993~). The estimated time for 
liquid water to travel up fiom the top of the ernplaced waste to the land surface (2.4 m 
[7.8 ft]) (based on matric potential as the only driving force) was about 5 x lo8 years. Within 
10,000 years, the distance traveled by liquid water is estimated to be less than 0.01 m 
(0.32 fi). The near-surface alluvium is normally so dry that a continuous phase of liquid 
between grain boundaries is unlikely to exist. Consequently, the unsaturated hydraulic 
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conductivity is extremely small and predicted travel times are extremely long. Based on 
these results, transport by the upward advection of liquid water driven by the water potential 
gradient was eliminated as a potential transport mechanism. 

UPWARD ADVECTION UNDER WETER CONDITIONS RESULTING FROM INFREQUENT 
RAINFALL 

Downward infiltration of water from the soil surface may occur during and after infrequent 
precipitation events. The depth of infiltration depends upon the hydrologic characteristics of 
the alluvium, as well as the duration and intensity of precipitation events. The long-term 
downward extent of the wetting front depends on the atmospheric conditions and plant 
community which produce evaporation at the soil surface. Wetting of the dluvium to the 
depth of the waste could allow upward advection to the surface when drying conditions 
return. 

Water content profiles following precipitation events were simulated using a numerical 
unsaturated flow code (UNSATZ), daily precipitation data for Frenchman Flat, a seasonal 
evapotranspiration rate estimated using the Penman combination equation (Penman, 1 948), 
and meteorological data from the Area 5 RWMS. This simulation was performed to 
determine whether moisture fiom infrequent precipitation could reach buried waste. 
Complete details of the analysis are presented in Appendix D. 

The maximum depth of infiltration predicted by UNSAT2 was about 0.20 to 0.25 m (0.65 to 
0.82 ft) (see Figure D.9, Appendix D). The simulated water content profile suggests that 
evapotranspiration is responsible for reducing the water content in the near surface and is the 
major factor responsible for preventing water from moving deeper into the profile. 

Preliminary data show that the precipitation to evapotranspiration (PET) ratio is about 0.07, 
indicating that rainfall is recycled back into the atmosphere either before it has had the time 
to infiltrate into the ground surface or soon afterwards. Similar conclusions have been 
reached at other desert sites in the western United States (Gee et al., 1994; Fouty, 1989; 
Fischer, 1992; Scanlon, 1994; Scanlon and Milly, 1994; and Scanlon et al., 1991). 

The modeling 
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that the diffusive flux should be negligible in the extremely dry soils observed at the RWMS 
where volumetric water content is approximately 0.07. 

The upward diffusion of dissolved solutes in the alluvial pore spaces requires a continuous 
phase of liquid water. The near-sdace alluvium is believed to be too dry for such a 
continuous liquid phase to exist. This conclusion is supported by literature reports of C1- 
diffusion in Ca2' saturated systems (Porter et al., 1960), where zero transmission was 
observed at water contents ranging from 0.077 to 0.155 in a loam soil. Even using the 
average background water content of alluvium at the RWMS at depth (approximately 0.10 to 
0.12), diffusive transport of radionuclides is not expected to be significant. 

3. I. I .2 Summary of Hydrologic Processes and Their Effects on Release and 
Transport of Radionuclides from the lnfact Disposal Site 

Based on the hydrologic conceptual model developed forn site characterization studies, three 
potential release and transport mechanisms were evaluated for the intact disposal site. These 
were upward advection in Zone I under ambient dry conditions, upward difision in Zone I, 
and upward advection in Zone I under wetter conditions resulting from infrequent rainfall. 
Downward advection in Zone 111 is not consistent with the conceptual model and was 
eliminated as a credible transport process. None of the processes evaluated were found to be 
credible release and transport mechanisms when considered individually. Evaluating these 
processes simultaneously with other transport processes such as plant uptake is not likely to 
alter this conclusion. Individually, these hydrologic processes are not expected to transport 
contamination more than a few centimeters in 10,000 years. Estimates of release by plant 
uptake or by burrowing animals will not be significantly increased by hydrologic transport on 
these scales. 

3. I .  I .3 Summary of the Final Release Scenarios 

In Section 3.1.1, eight features, events, and processes leading to release of radionuclides to 
the accessible environment were introduced. These elements can be combined to create two 
groups of release scenarios; those representing the intact disposal site and those for the sub- 
sided facility. Preliminary screening of the consequences of two of the hydrology-dependent 
processes, advection and diffusion of dissolved solutes, indicate that they are likely to be of 
no consequence for the intact site under prevailing climatic conditions. None of the five 
remaining processes for the intact site (gaseous diffusion, gaseous advection, plant uptake, 
bioturbation, and resuspension) is mutually exclusive. They can be combined into a single 
release scenario for the intact site. 

Downward advection and diffusion of dissolved solutes is assumed to be possible for the 
subsided facility because of the greater infiltration. Normally, advection is expected to 
greatly exceed diffusion, and therefore diffusion can be ignored. The remaining six processes 
can be retained for a release scenario for the subsided site. 
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3.1.2 Pathway Scenarios 

In Section 3.1.1, the release scenarios for the RWMS facility were described. Analysis of 
potentially important modes of release from the intact facility to the Area 5 accessible 
environment suggests that three environmental media may be contaminated: (1) air above 
the facility, (2) surface soil above the facility, and (3) vegetation above the facility. Release 
of radionuclides from the subsided facility will lead to contamination of the same media with 
the addition of the uppermost aquifer. The pathway scenarios described in this section are 
lists of the transport pathways leading to exposure of the public. The pathways operating at 
the site after loss of institutional control will be dependent on land use. Future land use was 
based on the current pattern of use in southern Nevada. Excluding land uses h a t  result in 
direct intrusion into buried waste, three general classes of land use were hypothesized: 
(1) transient occupation of the site for recreational or commercial purposes, (2) open 
rangeland, and (3) permanent domestic residence with ranching. 

The transient occupation scenario accounts for most of the land in southern Nevada. This 
scenario hypothesizes that members of the public will visit but not reside at the site or engage 
in any agricultural activities. Members of the public were not assumed to be engaged in any 
specific activity because all of the potential uses involve the same exposure pathways. The 
likely pathways of exposure are inhalation of suspended soil and external irradiation. This 
scenario is assumed to begin at the end of institutional control. 

The open'rangeland scenario assumes that a remotely located ranch uses the site to graze 
cattle. The site is assumed to be an uncultivated range with the current native flora present. 
This land use has occurred within Frenchman Flat in the past. Residents at the remote ranch 
will be exposed directly through consumption of beef and dairy products. Residents at the 
ranch may also be exposed to suspended soil transported from the site to the residence by 
atmospheric dispersion. The remote ranch is assumed to be located at the nearest source of 
water. The community closest to the Area 5 outside the NTS boundary is Indian Springs, 
42 km (26 mi) to the southeast. The site closest to the RWMS with water is Cane Spring, 
located 14.3 km (8.8 mi) to the west on the margin of Frenchman Flat (Section 2.6). Cane 
Spring is currently within the NTS bowdary. This site supported cattle ranching and mining 
operations prior to U.S. government ownership. During the period of institutional control, 
residents are exposed through the atmospheric pathway only. After institutional control, 
residents may consume contaminated meat and dairy products from range-fed cattle grazing 
over the site. 

The final potential scenario, referred to as the resident farmer scenario, hypothesizes that a 
deep groundwater well has been developed near the site and ample water is available. 
Establishment of a permanent residence on or neax the site is feasible with the added availa- 
bility of water. It is also reasonable to assume that the residents might engage in agricultural 
activities. Based on current agricultural land use, a resident could reasonably be expected to 
engage in commercial ranching activities, including cultivation of irrigated forage crops and 
noncommercial production of fruits, vegetables, and dairy products. This scenario includes 
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all the pathways described for a transient occupant and an off-site ranch, plus ingestion of 
contaminated vegetables and soil. A groundwater pathway is not included for the intact 
disposal site, but is included for the subsided site. 

The first two scenarios, transient occupation and open rangeland, are considered the most 
probable, as they do not require development of water resources at the site. These are the 
activities currently observed for areas where water resources are lacking, such as Frenchman 
Flat. In southern Nevada, urban development or cultivation of irrigated crops is tied to the 
availability o f  surface water or shallow groundwater. Such resources are not available at the 
Area 5 RWMS. There are few economic incentives to develop this land because of the 
limited agricultural potential and great expense of obtaining deep groundwater. Although the 
resident farming scenario is technically feasible, it is considered highly improbable based on 
current land use patterns. Resident farming scenarios are commonly analyzed in performance 
assessments. Although this scenario is highly unlikely for Frenchman Flat, it was analyzed 
for consistency with other performance assessments. Results for this scenario represent an 
extreme bounding estimate of site performance. 

Three pathway scenarios were developed based on current land-use patterns. Table 3.2 lists 
the pathways transferring contamination to members of the general public for each scenario 
adopted. Note that the open rangeland scenario has both an institutional control period and a 
postinstitutional control period where different pathways operate. The transient occupancy 
and open rangeland scenarios are not mutually exclusive. Conceptual models developed and 
assumptions made to quantify these exposures are discussed in Section 3.4. 

Table 3.2 Pathways Included in the Transient Occupation, Open Rangeland, add the Resident 
Farmer Scenario 

r Above Facility to the Off-Site 

Root Uptake of Contaminants by Plants 
Cultivated Off Site in Contaminated Soil l x  X 
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Ingestion of contaminated Native Flora 
by Livestock Grazing On Site 

Ingestion of Contaminated Beef and Milk 
from Livestock Grazing On Site 

Ingestion of Contaminated Soil by 
Humans Off Site 

Ingestion of Contaminated Cover Soil by 
Grazing Livestock 

Inhalation of Contaminants in Air by 
Humans On Site 

Inhalation of Contaminants in Air by 
Humans Off Site 

X 

Resuspension of Contaminated Cover Soil X 

Resuspension of Contaminated Off-Site 
Soil 

Table 3.2 (continued) 

X 

X 

X X 

X 

X X 

X 

X X 

3.1.3 Intruder Scenarios 

Intruder scenarios have been limited to those previously described for low-level radioactive 
waste performance assessments (NRC, 198 1 ; Kennedy and Peloquin, 1988). These include 
both acute and chronic exposure scenarios. Acute exposure scenarios involve exposures of 
short duration, a few days to years. Acute scenarios previously described include an intruder- 
construction scenario, a discovery scenario, and a drilling scenario. Previously described 
chronic intruder scenarios include the intruder-agriculture and postdrilling scenario. 

The effects of subsidence have not been considered in the intruder scenarios. Intruder 
scenarios are not realistic representations of the future state of the site, but rather are a 
conservative method of setting waste concentration limits. Nevertheless, the massive 
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subsidence required to significantly alter site performance is likely to preclude chronic 
scenarios that consider construction of a residence on the site. While acute scenarios, such as 
the discovery or the drilling scenario remain possible, it is unlikely that subsidence will alter 
the doses estimated for these scenarios. 

In the intruder-construction scenario, an individual is exposed to waste while constructing a 
residence on the site. It is assumed that the intruder does not recognize the hazardous nature 
of the material excavated. The discovery scenario is similar to the intruder-construction 
scenario, except that the intruder is assumed to recognize the hazardous nature of the waste. 
Once this occurs, the intruder leaves the site and the exposure ceases. The discovery scenario 
was developed to account for early intrusion, when the waste has not decomposed. This 
assessment takes no credit for waste form stability? and it is therefore assumed that the 
discovery and intruder-construction scenario can occur at the same time. Under this assump- 
tion, the only difference between the discovery and the intruder-construction scenarios is the 
duration of exposure. Because the exposure in the intruder-construction scenario bounds that 
of the acute discovery scenario, the latter scenario can be eliminated. 

The intruder-construction scenario assumes that an intruder constructs a domestic residence 
on the site over a period of 500 hours. The intruder is exposed to radioactive constituents in 
the waste during the excavation of a basement. The intruder is exposed to the exhumed 
waste by inhaling resuspended contaminated soil and external irradiation by contaminated 
soil. 

The drilling scenario assumes the short-term exposure of a hypothetical intruder to drill 
cuttings from a borehole penetrating the waste disposal site. This scenario provides an 
intruder exposure scenario for wastes buried below the depth of typical construction 
excavations. The drilling intruder is assumed to be exposed for approximately 100 hours to 
contaminated drill cuttings while drilling a drinking water well into the uppermost aquifer. 

The drilling method is assumed to be a wet drilling technique that will generate minimal dust 
loading. The intruder is exposed to the exhumed waste by inhalation of resuspended con- 
taminated drill cuttings and external irradiation by contaminated drill cuttings. 

The intruder-agriculture scenario follows the intruder-construction scenario. Under this 
scenario, it is assumed that the intruder resides at the site after constructing a residence and 
engages in agricultural activities on the contaminated site. The intruder-agriculture scenario 
involves exposure to a soil-waste mixture of the same concentration as the acute intruder- 
construction scenario. However, because the intruder-agriculture scenario involves a longer 
exposure time, the chronic intruder-agriculture scenario bounds the acute intruder-construc- 
tion scenario and the latter can be eliminated from consideration. 

I 

The NRC intruder-agriculture scenario (NRC, 198 1) hypothesized exposure to waste from 
some typesof excavation made during the' construction of a building at the site. Traditionally, 
this excavation has been assumed to be a basement. In southern Nevada, residences are very 
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rarely constructed with a basement. This is believed to be due to economic factors. How- 
ever, excavations can still be prepared during the construction of a slab-on-grade structure. 
Current construction practices can involve grading or terracing of the site, trenching for 
utilities, and excavations for septic tanks, swimming pools, or 
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3.1.4 Modeling Cases for Analysis 

Modeling cases can be assembled from the hypothesized scenarios, the source terms, and the 
performance objectives. This assessment considers two source terms at the Area 5 RWMS, a 
shallow land-burial source term and Pit 6. The shallow land-burial source term includes all 
of the waste that has been disposed in pits and trenches since the implementation of DOE 
Order 5820.2A7 plus those wastes projected to be disposed by site closure. Pit 6 has been 
analyzed as a separate source term because it includes a deeper cell prepared for thorium 
waste. The objective of the Pit 6 analyses is to set a thorium inventory limit for this unit. 
The all-pathways compliance cases combine the two release scenarios with the transient 
occupation pathway scenario, the open rangeland, or the resident farmer pathway scenario. 
Thee cases, base case release plus transient occupation, base case release plus open range- 
land, and base case release plus the resident farmer, are required to assess compliance of the 
shallow land burial source term (Table 3.3). Similarly, three cases are generated with the 
subsided release case. There are no cases required to assess compliance for the thorium 
waste with the all pathways performance objective because the base case release scenario 
does not include any features or processes acting at the depth of burial which is 12.2 m 
(40 ft). Because the subsided release case has the potential to initiate a groundwater pathway 
for the thorium source term, a case combining subsidence and the resident farmer is required. 
The resident fanner pathway scenario is the only scenario with on-site water withdrawal. 
Four cases are required to assess compliance with the radon flux standard (Table 3.3). Three 
cases, base case release plus transient occupation, base case release plus open rangeland, and 
base case release plus the resident farmer are required to assess the compliance for release of 
volatile radionuclides fiom the shallow land burial source term. No case is required for 
release of volatile radionuclides from the thorium waste because it does not include 3H, 14C, 
or %r source terms. Finally, three cases combining the subsided release case with the three 
pathway scenarios are required for the volatile radionuclides. 

. 

Five modeling cases have been identified for intruder analysis (Table 3.4). The thorium 
waste can be exempted from the intruder-agriculture scenario because no credible 
construction excavation can occur to the depth of thorium burid. 

3.2 Conceptual Models and Assumptions 

This section describes the conceptual models and assumptions used in the performance 
assessment. The conceptual model is a detailed and quantitative description of the processes 
assumed to be affecting site performance. It is developed by making assumptions about the 
timing, magnitude and consequence of the events, and features and processes included in the 
scenario. In the final step, mathematical expressions are formulated that simulate the perfor- 
mance of the conceptual model. 
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Nonvolatile Nuclides - Thorium 
Waste (Pit 6 )  

Table 3.3 Summary of All-Pathways Modeling Cases Selected for Analysis 

No Release 

Subsided Case X 

Nonvolatile Nuclides - Shallow 
Land Burial 

Radon - Shallow Land Burial Subsided Case No Pathway Scenario 

Base Case No Pathway Scenario 

Other Volatiles (3H, 14C, ''Kr) - 
Shallow Land Burial 

Radon - Thorium Waste (Fit 6) I Subsided Case I No Pathway Scenario I 
Base Case X X X 

Subsided Case X X X 

Table 3.4 Summary of Intruder Modeling Cases Selected For Analysis 

Cases for Analysis 
I I I 

Shallow Land Burial I X I X I X I 
I Thorium Waste (Pit 6) I x 1 I X I 

3.2.1 Source Term 

The source term is the contents of the waste disposal cells including the radionuclides 
available for release to the surrounding environment. Source term conceptual models have 
been developed that describe the geometry of a shallow land burial pit, the thorium waste cell 
(Pit 6), and the temporary closure cap. Additional conceptual models describe the perfor- 
mance of the waste containers and waste forms, subsidence, and radionuclide release. 
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3.2.1 .I Estimated Shallow Land Burial lnventory at Site Closure 

An estimate of the site inventory at closure has been prepared to estimate long-term site 
performance. This section describes the projected inventory for shallow land burial and for 
the thorium waste cell. 

The inventory at closure was estimated by assuming that waste received in the h t w e  would 
have the same activity concentration as wastes received from FY 1989 through FY 1993. As 
the mission of DOE shifts from production to decommissioning and environmental restora- 
tion, confidence in this estimate may be reduced. Experience has shown that most of the 
techniques available to forecast future waste receipts are very unreliable. The analysis 
presented here, an analysis of an inventory estimated fkom past waste disposal, has been 
performed to provide reasonable assurance that waste streams accepted since the implemen- 
tation of DOE Order 5820.2A meet the performance objectives. Assurance of compliance 
with the performance objectives in the future will be obtained through developing and using 
waste acceptance criteria based on site-specific performance assessment results. 

The shallow land burial source term assumes a constant rate of disposal fiom FY 1989 to 
FY 2028 and includes the effects of radioactive decay and ingrowth. The assumed annual 
disposal rate was the mean activity disposal rate fiom FY 1989 through FY 1993 (TubZe 
2.36). 

The rate of change of the activity of each radionuclide up until closure is given by: 
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where: 

9j - - 
Rj = 

)Lj = 
f j =  

activity of the jth member of the chain , Ci; 
mean annual disposal rate of jth member of the chain (from Table 2.36), Ci 
yr-l; 
radioactive decay constant of the jth member of the chain, yr-I; and 
branching fraction from (i - 1) member of the chain to jth member. 

For radionuclides without a supporting parent (i.e., the case where j = l), the analytical 
solution, 

was used to calculate the activity present at closure or the end of FY 2028. Several 
approaches were used for members of radioactive decay chains. Eight long, serial-decay 
chains and five short, two-member chains were identified fkom inventory records (Table 3.5). 
The two-member chains considered were 90Sr-90Y, 93Zr-93Nb, 126Sn-'24Sb, 137C~-137mBa, and 
15*E~-152Gd. 

All of the two-member chains were assumed to be in secular equilibrium at 2028, except the 
152E~-152Gd pair. The 152Gd half-life, 1.1 x 1 O i 4  years, is considerably longer than the 13.6- 
year half-life of its parent 152E~. Because of the disparities in the half-lives, the activity of 
I5lGd produced by decay of the small inventory of ls2Eu is negligible and therefore, 152Gd was 
not included in the inventory projections. The activities of radionuclides in the remaining 
eight long, serial-decay chains were determined as follows. The activity of parents listed in 
italics in Table 3.5 were calculated directly by numerical analysis. The system of equations 
describing the ingrowth and decay of the members of the eight serial-decay chains (Equation 
3.1 ) was solved with BAT6C'fRJ. BAT4CHN is a numerical model developed by Lindstrom 
et al. (1 990) and modified specifically for serial radioactive decay. Branching fractions, 
equilibrium factors, and decay factors were taken from RadDecay (Negin and Worku, 1990) 
and are listed in Table 3.6. 

The calculations described above were carried out to FY 2028 to estimate the activity of the 
shallow land burial inventory at closure (Table 3.7). The volume of waste received was 
estimated by assuming that the FY 1989 to FY 1993 average volume (9,440 m3 1333,370 ft"]) 
was received from FY 1989 until FY 2028. The mean activity concentrations were estimated 
by dividing the activity by the final volume, 3.68 x 1 O5 m3. Progeny of 248Cm were found to 
have a total site inventory Iess than 1 x lo"+'* Ci and were not included in the site inventory: 
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Table 3.5 Serial Radioactive Decay Chains Present in the Area 5 Inventory. Radionuclides determined by BATBCHN are indicated in italics. 
All other radionuclides are assumed to be in secular or transient equilibrium with the parent in italics by the end of the institutional 
contro1 period. 

Chain 2 

t41Pu 
'"Am 
237NP 

233Pa 
2 3 3 ~  

229Th 
225Ra 
2 2 5 A ~  
221Fr 
217At 
2 1 3 ~ i  

2 0 9 ~ 1  

2 1 3 ~ ~  

209Pb 

Chain 3 

2r2Pu 
238 u 

234Th 

234Pa 
234rnpa 

2 3 4 ~  

"OTh 
2z6Ra 

2 2 2 b  

218Po 
214Pb 

2 1 4 ~ ~  

2 1 4 ~ i  

2toPb 
210Bi 

210P0 

Chain 4 

238Pu 

"OTh 
226Ra 

2 3 1 ~  

2 2 2 b  

2'8P0 
214Pb 
2 1 4 ~ i  

2 1 4 P ~  

210f3i 

210Po 

2'oPb 

Chain 5 . 

24'Cm 
240Pu 

232Th 
22BRa 

'"Th 

236 

2 2 8 A ~  

224Ra 

2'6Pu 
'I2Pb 
212Bi 

212Pu 
'''TI 

2 2 Q h  

Chain 6 

248cm 
244PU 

2 4 0 ~  

240mNP 
240Np 

z40Pu 
235 u 
232 Th 
22RRa 

2 2 g A ~  
Th 
224Ra 
220fcn 
216Po 
z12Pb 
212Bi 

2'2Po 
zosTl 

243cm 
239Pu 
235 u 

231Th 
231Pa 
2 2 7 A ~  

223Fr 

223Ra 
2 2 7 n  

2 1 9 b  

2 15P~ 

2 0 7 ~ 1  

*I'Pb 
21 1Bi 

2' 'Po 

Chain 8 
232 u 
228 Th 

224Ra 
2 2 0 b  

216P0 
212Pb 

212Po 
20BTI 

212Bi 
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''Se 

"Kr 

90Sr 

Table 3.6 

65000 - - 

- - 10.7 

28.6 I - 

0.00732 1 .o 1 .o 

Radionuclide Half-Lives, Branching Fractions, and Equilibrium Factors Used in the 
Performance Assessment (from Negin and Worku, 1990) 

"C I 5730 I 
- I - I 3.01 x 105 36ci I 
- I - j9Ni I 75000 I 
- I - 6oco I 5.27 I 
- I - 63Ni I 100 I 

9 3 . 3  

93Nb 
1.53 x lo6 

14.6 
- 

1 .o 
- I - I 2.13 x 105 "Tc I 

1 x 105 
0.034 

- 
1 .o 1 .O 

- I I I 1.57 x lo7 1 1291 

I 10.5 
~~ 

'j3Ba 

30.17 
4.85 x 

- 
0.946 

- 
1 .o 

t 90 

13.6 
1 . 1  x 1014 

- 
0.278 

- 
No equilibrium 

72 
1.913 

232 u 
228Th 

- 
1 .o 
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Table 3.6 (continued) 

I Radionuclide 3ranching Fraction Equilibrium Factor (Y 

2.41 x 104 

7.04 x los 
2.91 x 10-3 

- 
I .O 1 .o 

3.28 x 104 

21.2 

5.13 x lom2 
3.93 x 

2.48 x 10'" 

4.05 x 

9.07 x loa6 
1.64 x 

4.15 x 10-5 

1.26 x 10-7 

6.87 x 10-5 

1 .O 
I .O 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

22'Ac 
223Fr 

223Ra 

215P0 
21'Pb 

2 2 7 n  

2 1 9 b  

21 1Bi 
2 0 7 ~ 1  

211Po 

c 

0.0138 
0.9862 

1 .O 
I .O 
1 .o 
1 .o 
1 .O 

0.9973 
0.0027 

14.4 

432 

2.14 x lo6 
7.39 x 

I 

1 .O 
- 
1 .o 

1.59 x lo5 233 ,TJ 

7.34 x 103 
4.05 x loa2 
2.74 x 

9.13 x lo* 

8.68 x lok5 
4.19 x loA6 
1.33 x 

3.71 x lo4 

1.02 x 10-9 

22y Th 
225Ra 
2 2 5 A ~  
221Fr 
2'7At 
2 1 3 ~ i  

2 0 9 ~ 1  

213Po 
209Pb 

- 
1 .o 
1 .O 
1 .o 
1.0 
1 .o 

0.0216 
0.9784 

1 .O 

- 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

3.76 x lo5 2"PU 

238 u 
234Th 

234Pa 
234mpa 

4.47 x 109 
6.60 x 

2.23 x 

7.65 x lo4 

I 

1 .o 
1 .o 

0.0016 

1 .o 
1 .o 
1 .o 

87.8 I 238Pu 

2.44 x 105 

7.7 x 104 
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Table 3.6 (continued) 

Radianudide Half-life Qr) Branching Fraction Equilibrium Factor 

1600 
1.05 x loq2 
5.80 x lod 

3.79 x 
2.02 x 

5.10 x 10-5 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

22.3 

0.379 
6.1 x 10-3 

- 
1 .o 
1 .o 

- 
1 .o 

1.018 

' T r n  18.1 

248cm 3.39 x 105 

- 
1 .o 
1 .o 

0.001 1 

- 
1 .o 
1 .o 
1 .o 

"OPU 6540 

2 3 6 ~  3.42 x lo6 

'32Th 1.40 x 10" 

5.75 
7.00 x lo4 1 .o 

228 Th 
224Ra 
2 2 0 b  

216P0 
212Pb 

212Po 
208T1 

212Bi 

1.91 
9.92 x l o 3  
1.76 x lom6 
4.63 x 

1.15 x lo4 
9.45 x 

5.81 x 

1.21 x 10-3 

- 
1 .o 
1 .o 
1 .o 
L 

- 
0.6407 
0.3593 

- 
1 .o 
1 .o 
1.0 
1 .o 
1 .o 
1 .o 
1.0 
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0.207 

3.73 

Table 3.7 Estimated Activity and Activity Concentration of Wastes Projected to be Disposed by 
ShaIlow Land Burial at the Area 5 RWMS from FY 1989 to FY 2028 

5 . 6 8 ~  10-7 

1 . 0 1 ~  10-5 

I "c 1 4.12 I 1.12x 

I TO 
1 63Ni 

I 85Kr 1 0.0265 I 7 . 1 8 ~  1 Oa8 

90Sr 
9oY 

4.89 
4.89 

932r 
93"b 

3.74 x 10-5 
3 . 7 4 ~  10-5 

1.02x 10-l0 
1.02x 10-l0 

I- ~ y9 Tc I 29 I 7 . 8 8 ~  lo-' 

I 107pd I 1 .09~  10-5 I 2 . 9 6 ~  lo-" 

8 . 9 1 ~  I 3 . 2 8 ~  1 1291 I 
I 133Ba 1 1 . 4 7 ~  10-4 I 3 . 9 9 x  10-'O 

I I3jCs I 5 . 0 7 ~  10-5 I 1 . 3 8 ~  lo-'' 

r 5.07 
4.80 

I 0.141 I 3 . 8 3 ~  

r I 6.94~ 1 0-' 
I negligible 

I 

7 . m  10-3 I 2.10x lo-' 

232 u 
228Th 

0.098 
See Below 

2 . 6 6 ~  10-7 

243Am 
23%p 
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Table 3.7 (continued) 

235 ,?'J 

2 3 1 n  
30.3 
30.3 

23 Pa I 0.06 13 1 1 . 6 6 ~  10-7 

22-Ac 
223 Fr 
z27Th 
223Ra 

2 1 5 ~ ~  

2 0 7 ~ 1  

2 1 9 b  

211Pb 
21 IBi 

zllPo 

0.106 

0.104 
0.106 
0.106 
0.106 
0.106 
0.106 
0.106 

1 .46~  10-3 

2.86~ 10-4 

3 . 4 5 ~  10-4 I 127 I 241PU I 
I 24'Am I 18.7 I 5.09~ 10-5 

233 u I 1 . 2 8 ~  10-3 I 3.40 10-9 I 

'I7Af 
213131 

2 . 2 9 ~  loe6 

2 . 2 9 ~  loh6 
2 . 2 9 ~  1 0-6 
2 . 2 9 ~  
2 . 2 9 ~  
4.95x 10-8 
2.24~ 
2.29~ 1 0-6 

2 . 2 9 ~  10-4 

~~ 

238 (y 
234m 

234rnpa 

234Pa 

1 . 0 2 ~  lo3 
1 . 0 2 ~  103 
1 .02~  103 

1.63 

I 238PU I 127 1 3.45~ 10-4 

I 2 3 4 u  I 534 1 1 . 4 5 ~  10-3 

3-22 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

, 
22'Ra 

I 2 2 8 A ~  

Table 3.7 (continued) 

Estimated Mean Activity 
Concentration at Closure in 2028 

(Ci ans3) 
i 

0.606 

Radionuciide 

I 230Th 1 . 6 5 ~  

0.0906 
0.0906 
0.0906 
0.0906 
0.0906 
0.0906 

0.0368 
0.0368 
0.0375 

1.00~ 10-7 
1 . 0 0 ~  
1 .02~  10-7 

2J4Cm I 0.623 1 . 6 9 ~  1 0-6 

I 248cm 6.74 x lo-'' 

negligible negligible 

I 2'oPu 24.7 6 . 7 2 ~  lo-' 

236 u I 0.858 2 . 3 3 ~  

1.89 5 . 1 3 ~  

1.46 
1.46 

3 . 9 8 ~  
3.98 x 1 0-6 

1.42 
1.42 
1.42 
1.42 
1.42 
1.42 

0.910 
0.5 10 

negligibIe - less than 1 x 1 O-'* Ci 

3.2.1.2 Estimated Thorium Waste lnventory at Closure 

Pit 6 (P06U) has been selected for the disposal of thorium source material generated by the 
Femald Environmental Management Project (FEMP). The FEMP thorium source material 
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will be managed as a separate case because it is unsuitable for disposal by shallow land burial 
as routinely conducted at the RWMS. The thorium source material was to be used as fertile 
fuel in 233U breeder reactors. Since the termination of US.  breeder programs, all the thorium 
source material at the FEMP has been declared waste and is being transferred to the NTS for 
disposal. On a mass basis, these wastes are predominantly thorium metal, Tho,, and 
Th(OH), with lesser amounts of thorium oxalate and Th(Cl)4. On a nuclide basis, the wastes 
are predominantly 232Th and its progeny. Small amounts of 230Th present in the original ore 
were carried through the refining process and are present in the waste. The 230Th will 
generate 222Rn gas as 226Ra is produced by radioactive decay. The peak 226Ra concentration 
will occur in 9,000 to 10,000 years. 

The FEMP shipped 368 m3 (12,995.8 ft3 ) of thorium waste to the NTS in FY 1992. An 
inventory at closure can be estimated assuming that the lower cell of Pit 6 wiil be filled with 
waste having the same activity concentration as waste received in FY 1992. Because the 
thorium source material received is nearly pure thorium, it is unlikely that the final inventory 
could be greater than this estimate. The thorium waste will be disposed in the bottom of Pit 6 
(P06U) in a 3.6-m- (1 1.8-ft)-thick layer. The volume available for disposal is 5,600 m3 
(1 97,762 ft3). The total activity of 232Th, 228Th, and 230Th was calculated as the product of the 
activity concentration of FY 1992 waste and the volume of the lower cell of Pit 6 .  

Based on generator-supplied information, the members of the 232Th decay were assumed to be 
in secular equilibrium at the time of disposal. This suggests that at least 30 years of ingrowth 
had occurred by 1992. Assuming that the trench is filled and closed by 2028, approximately 
66 years of decay and ingrowth will have occwred by closure. The activity at closure was 
calculated assuming an initially pure source of 232Th, 228Th, and 230Th and 66 years of decay 
(Table 3.8). 

3.2.1.3 Shallow Land Burial Waste Cell Conceptual Model 

Low-level radioactive wastes and mixed wastes have been managed at the Area 5 RWMS by 
burial in shallow unlined pits and trenches and by burial in GCD boreholes. The dimensions 
of pits and trenches at the RWMS is variable. The dimensions have been selected to fit 
within the boundaries of the site and existing excavations, so that land allocated to waste 
disposal is fully utilized. In contrast, GCD dimensions have remained constant. This section 
describes a conceptual model of a trench used in performance-assessment modeling. A 
single generic waste disposal cell was used in the analyses to avoid performing analyses for 
each pit and trench. It is not believed that performing separate analyses for each pit and 
trench, with its unique dimensions, will add any greater confidence to the results of the 
performance assessment. The dimensions likely to have the greatest impact on model results 
are the thickness of the cap and the thickness of the waste due to the one-dimensional nature 
of the analyses. The cap thickness is constant for all waste cells and the thickness of the 
waste is the least variable of the waste cell dimensions (see Table 2.17). Most waste cells 
have been excavated to approximately 6 m (I 9.6 fi), allowing placement of four tiers of 
1.2-m (3.94) boxes and 1.2 m (3.9 fi) of cover soil to return to grade. 
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Table 3.8 Preliminary Estimate of the Inventory of Thorium Waste That Could Be Disposed in the 
Lower Cell of Pit 6 (P06U) 

Radion 

232Th 

230Th 

277 

277 
277 

277 
277 
277 
277 
277 
277 
177 
99.6 

42.9 

. 1.21 
1.21 
1.21 
1.21 
1.21 
1.21 

0.694 
0.694 
0.689 

Estimated Mean Activity 
oncentration at Closure in 2028 

(Ci m-3) 

0.0495 

0.0495 
0.0495 

0.0495 
0.0495 
0.0495 
0.0495 
0.0495 
0.0495 
0.03 17 
0.0 178 

7.66 x 

2.16 x 10-4 
2.16 x 1 0 - 4  
2.16 x 10-4 
2.16 x 10-4 
2.16 x 10-4 
2.16 x 1 0 - 4  

1.24 x 

1.24 x 10-4 
1.23 x 10-4 

Several approaches to developing a conceptual model of a waste disposal cell were 
investigated before it was decided to use the dimensions of Pit 4 (P04U). These approaches 
included mean excavation dimensions and weighted (with respect to volume and activity) 
mean excavation dimensions. Both these approaches yielded dimensions that were not 
similar to any existing excavation. Pit 4 was selected as the archetypal disposal unit because 
review of disposal records of all pits and trenches active since the inception of DOE Order 
5820.2A revealed that this pit had received the greatest voIume and activity of waste. In 
addition, the depth of Pit 4 matches that of two of the three units that have received waste 
since 1988. It was concluded that the dimensions of Pit 4 were the most representative of 
waste disposal units that have received wastes since 1988, and these dimensions were 
adopted for the analysis. The conceptual model of the shallow land burial disposal unit is 
presented in Figure 3.3.  
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7 E 

- Y 
Figure 3.1 Conceptual Model of Shallow Land Burial Pits and Trenches 
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The GCD units have received relatively small volumes of waste since the implementation of 
DOE Order 5820.2A. To reduce the number of analyses, the GCD inventory has been added 
to the shallow land burial inventory. This approach is conservative because it reduces the 
depth of burial and all hypothesized pathways at the RWMS involve upward transport. 

3.2.1.4 Conceptual Model of Pit 6 (P06U) 

Pit 6 has been selected for the disposal of thorium source material generated by the FEMP. 
The waste has been managed as a separate case because of its potential to.exceed radon flux 
standards if buried at a depth of 2.4 m (7.8 ft). To increase the depth of burial, an existing 
empty pit (P06U) has been excavated an additional 7.3 m (23.9 ft), for a total depth below 
grade of 14.6 m (47.9 fk). The thorium source material will be placed in the bottom of the pit 
in a layer 3.6 m (1 1.8 fi) thick and covered with a 3.6-m (1 1.84) cap of native soil 
(Figure 3.2). A 6.2-m- (20.3-ft)-thick layer of LLW will be placed on top which will be 
covered with a 2.4-m (7.843) temporary cover extending 1.2 m (3.9 ft) above grade 
(Figure 3.2). 

3.2.1.5 Conceptual Model of Cap Performance 

The Integrated Closure Program is preparing a closure strategy for the Area 5 RWMS. A 
final closure plan will not be available for several years. Because there is no closure design 
available for use in the performance assessment, the conceptual model of the cap system is 
based on the temporary closure cap installed during the operational period. A final closure 
cap is certain to consider design criteria that will enhance performance relative to the 
temporary closure cap. Use of the temporary closure cap in the performance assessment is 
expected to yield conservative results. 

The temporary closure cap consists of 2.4 m (7.8 ft) of screened alluvium: Approximately 
half of this thickness, 1.2 rn (3.9 ft), is below the existing grade and half is above grade 
(Figure 3. I ) .  The temporary cap is assumed to remain intact throughout the 1 00-year active 
institutional control period. After active institutional control, native desert flora and fauna 
are assumed to repopulate the site. The cap is assumed to be subjected to natural erosional 
and depositional processes after active institutional control ends. 

Available data suggest net sediment acchulation on three coalescing alluvia1 fans at the 
Area 5 RWMS. Long-term net deposition rates have been derived fiom age-dated horizons 
near or within the Area 5 RWMS. Net deposition rates have been tentatively reported as 3 x 

low5 m yf’ ,  7 x 

this range are consistent with reports fiom other arid regions (RSN, 199 1 a) and a deposition 
rate of 3 x 1 0-5 m yr- is assumed to be the best estimate available for the alluvial fans 
surrounding the RWMS. 

m yr-’, and 2 x m yr-’ (RSN, 1991a). Values at the low end of 
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Figure 3.2 Conceptual Model of Pit 6 (P06U) and Placement of Thorium Waste 
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Because the cap is elevated above grade, it is not subject to the same erosional environment 
as the surrounding alluvial fans. Sediment deposition at the Area 5 RWMS is the result of 
erosion from mountain slopes higher in the Halfpint Range and from reworking of alluvial 
sediments. Material is transported in suspension or as bed load fiom a hrgher to a lower 
elevation, where the slope and velocity of the runoff is insufficient to maintain sediment 
transport. Water flowing downgradient fiom the surrounding ranges will not flow over the 
intact closure cap because of its elevation above grade. Sediment accumulation is not 
expected to be significant while the cap remains above grade. 

Erosion in ephemeral streams is not expected to have a significant impact on site 
performance. Water flowing in ephemeral channels may erode sediments from the channel 
bed. At any given time, the land area within active ephemeral channels is small. Over time, 
the channels can be expected to change course. The depth of these channels is usually less 
than 0.8 m (2.6 ft) in the vicinity of the Area 5 RWMS. Channels deeper than 2 rn (6.5 ft) are 
very unlikely at the site (Section 2.4.1.1). The primary consequence of ephemeral channels is 
believed to be a mixing or reworking of alluvium within 1 m (3.3 fi) of the surface. These 
channels are not deep enough or extensive enough in area to represent an important preferen- 
tial pathway for release. Furthennore, ephemeral channels are unlikely to be active on the 
cap while it is still above grade. Therefore, it is hypothesized that the intact cap will not be 
subject to any significant sediment accumulation and reworking until the surrounding fan 
rises to the elevation of the cap. 

While the cap is above grade, it will be subject to erosion fiom direct precipitation and from 
wind. Cap erosion by precipitation can be bounded using the Universal Soil Loss Equation 
(USLE) (Donahue et al., 1983). The USLE was not developed for arid nonagricultural envi- 
ronments, such as the NTS, but can provide conservative estimates of the magnitude of 
erosion (Yu et al., 1993). The USLE provides erosion estimates of approximately 
1 x lW5 rn yx-' (Table 3.9). Erosion at a rate of 1 x 
only 0.1 m (0.32 ft) in 10,000 years. 

m yr-' will reduce cap thickness by 

Wind erosion rates are more difficult to quantitatively estimate. The temporary closure caps 
are constructed fiom screened native alluvium that still contains gravels and cobbles too large 
to be moved by eolian forces. Therefore, it is assumed that after some period.of wind 
erosion, the surface of the cap will become armored with gravel and wind erosion will cease. 
The native alluvium is approximately 25 percent gravel by mass (Figure 2.10). Therefore, 
several centimeters of gravel armor should be present after the erosion of as little as 0.1 m 
(0.32 ft) of soil. 

Conceptually, cap performance can be divided into two periods. There will be an initial 
period when the cap is above grade. During this period, slow erosion fiom direct precipi- 
tation can be expected to occur at a rate of approximately I x m yf l ,  plus an initial 
eolian loss of a few centimeters. When the surrounding alluvial fan rises to the elevation of 
the cap, a second period will begin, characterized by slow aggradation and shallow mixing. 
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Table 3.9 Parameter Values Assumed for the Universal Soil Loss Equation 

I K - Soil Erodibility Index I 0.10 

I LS - Length Slope Factor I 0.25 I 
I 0.18 I I C - Crop Management Factor 

1 1 .o I I P - Erosion Control Practice Factor 

I p - Soil Bulk Density 1 1.65 g I 
I A = 0.09 ton acre-' yr-' ( 1 x lo-' m yr-' for p = 1.65 g ~ r n - ~ )  I 

The conceptual model of cap performance for the base case release scenario is that a 2.4-m 
(7.8-ft) alluvium cover will be present for 10,000 years. This is an unrealistic model adopted 
in lieu of a final closure cap design. It is believed to be a conservative model based on the 
following conclusions. First, it is certain that a cap of at least 2.4 rn (7.8 ft) will be present 
because 2.4-m ( 7 . 8 4 )  caps are currently in place. Second, erosion estimates suggest that cap 
thickness will change little over the next 10,000 years. Finally, it is very likely that the final 
closure cap will be much thicker than 2.4 m (7.8 ft). Preliminary conceptual designs call for 
a cap 5.4 m ( 1  7.7 fi) thick (Johnejack and Elletson, 1994). The estimated erosion rates are 
not great enough to reduce this thickness to 2.4 m (7.8 ft). Therefore, assuming that a 2.4-m- 
(7.S-ft)-thick cap is present over the next 10,000 years appears to be a conservative 
assumption for an intact cap. 

3.2.1.6 Waste Form Conceptual Model 

The chemical and physical form of the waste and the integrity of the containers can have an 
impact on radionuclide release calculations, especially in an arid environment. Wastes 
disposed at the Area 5 RWMS are packaged predominantly in metal drums, metal boxes, and 
wooden boxes. Little is known about the degradation of these containers under the condi- 
tions prevalent at the NTS. No information about the chemical or physical form of the waste 
can be obtained fiom the site database. 

Based on the lack of information about the waste form and containers, it was necessary to 
adopt a very conservative model. For the base case release scenario, waste packages were 
assumed to completely degrade by the end of institutional control. No credit was taken for 
the ability of the waste forms to resist release and dispersion. The waste was assumed to 
have degraded to a material indistinguishable from soil by the end of institutional control. 
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Under the arid conditions of the NTS, most metal and wood containers and many waste 
forms are likely to survive intact for a considerable time. However, in the absence of reliable 
data, it was conservatively assumed for the base case release scenario that all radionuclides 
were immediately available for uptake h d  release at closure. 

3.2.1.7 Subsidence Assumptions and Conceptual Model 

Subsidence or settlement of waste and the closure cap may occur fiom: 

Deformation and crushing of the containers under load (self weight and soil cover). 
Decomposition of the containers and associated collapse caused by: 

- Voids within the container. 
- Decomposition of the waste within the container. 
- Compression of the waste material. 
- Infilling of the initial and subsequently created voids with soil cover material, which is 

both hastened and exacerbated by: 

+$. Earthquake ground shaking. . ' 

+t. Induced ground shaking (testing and construction). 
4+ Flow of wafer through the soil. 

Factors influencing the magnitude of subsidence of the soil cover over the pits and trenches 
include : 

Decay rate of the various containers. 
Change in bulk density of the containers upon collapse. 
Initial void space between the containers and extent of initial infilling of these voids with 
cover soil. 
Depth of the waste within the pitltrench. 
Relative density of the cover soil over the waste. 

Representative values for each factor was assigned as described below. These values were 
used to estimate surface subsidence at 100 and 10,000 years after closure. 

In the following discussions, the collapsible void space is the presently open void space that 
is expected to be ultimately filled under 
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RATE OF DECAY OF CONTAINERS 

Only cardboard %wall” containers are assumed to decompose within the institutional 
control period, 100 years after closure. Many of these containers may already be crushed to 
near their final volume by the load of the overlying containers and the cover soil. 

The structural life of the metal drums, wooden debris, wood pallets, and plywood boxes 
could be less than 100 years, However, in the arid climate of the NTS, many of the con- 
tainers are expected to maintain integrity during this period. The assumption that these 
materials maintain integrity beyond the institutional control period does not affect the amount 
of predicted subsidence, but does shift occurrence until after the end of institutional control. 

The time during which steel boxes are expected to maintain structural integrity is difficult to 
quantify. S tee1 boxes were assumed to maintain integrity for over 100 years. Table 3.10 
summarizes assumed container longevity. 

Table 3.10 Assumed Integrity Life of Containers 

Greater than 100 years 

CHANGE IN BULK DENSITY UPON CONTAINER COLLAPSE 

Waste containers received at the Area 5 RWMS are thought to contain significant void space. 
Reasons containers might contain void space include: 

The container weight limit is exceeded prior to complete filling. 
Settling of contents during shipping. 
Other constraints during filling operations (ease, safety, etc.). 

To estimate the collapsible void space within each container and the compressibility of the 
waste (under the weight of the overlying waste, soil cover, and cap), bulk densities of waste 
shipments were calculated for selected years. Bulk density is defined as the weight of the 
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waste and container, divided by the exterior volume of the container, which typically 
includes dunnage and box feet. 

For this analysis, drummed waste and boxed waste were not differentiated, due to sparsity of 
data to support differentiation. Boxes and drums were assumed to be packed to a relatively 
uniform bulk density in any given year. The calculated bulk densities for selected years are 
presented in Table 3.1 1. 

Table 3.1 1 Bulk Densities of All Waste Containers in Selected Years 

482 I 30 

I 1983 I 757 I 47 

I 1985 I 532 I 33 

I 1988 I 63 8 40 

I I 

30 

5 5  

Large number shipments containing many drums 

Large quantity of waste received, including over 2 
million drums 

Primarily metal boxes received; supercompaction 
in use by generators 

A final bulk density must be determined or assumed from a bulk density (and 
compressibility) assigned to the waste following decay of the container and compression of 
the waste. This value is directly related to the waste itself. 

To determine the type of waste typically received, available data for the waste streams from 
the three largest generators (EG&G Mound Applied Technologies; EG&G Rocky Flats; and 
FEMP) were evaluated, as defined by weight and number of containers. These generators, 
and the general type of waste shipped, are described in Table 3.12. 

For waste disposed between 1980 and 1990, containerized bulk densities ranged from 482 to 
775 kg m-3 (30 to 47 lb ft-3), with an average bulk density of 578 kg m-3 (36 lb fF3) (Table 
3.11). Final bulk densities were estimated based on the loosely defined waste stream form. 
Assuming average long-term compressed density of 1,607 kg m-3 (100 lb fV3), including 
biodegradation, the average compressible void space is 64 percent. Waste disposed in 1995, 
which was assumed to be representative of post-1 990 waste, had an average bulk density of 
875 kg ( 5 5  lb ft-’). This yields a compressible void space of 45 percent. 
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Assume an average compressed density of 1.6 x l O3 kg 
’ rn-3 (100 lbs fY3) 

Table 3.12 Descriptions of Typical Waste From Three Largest Generators 

Generator Type of  Waste 

AMDM 

ARIR 

EG&G Mound Applied 
Technologies (description fiom 

1990 application) 

C em en t-s o lidified tritium , cement -so 1 idi fie d sludge, 
sewage sludge with fly ash, laboratory waste (trash), 
equipment, oil in absorbent, soil, decontaminating and 
decommissioning debris. 

EG&G Rocky Flats 

No applications for disposal prior to 1992 were available 
for review, but Rocky Flats shipments typically 
consisted of soil- and cement-stabilized sludge. 

Assume an average compressed density of 1.6 x lo3 kg 
m-3 (I 00 Ibs ft-’) 

Trash, construction wastes, uranium residues, thorium 
residues 

Assume an average compressed density of 1.6 x lo3 kg 
m-3 (100 lbs ft-’) 

Fernald Environmental 
Management Project 

(descriptions from 1989 
application) 

ONLO 

INITIAL VOID SPACES BETWEEN CONTAINERS 

The initial void space between the containers will infill as containers decompose, leading to 
further cap subsidence. For round drums stacked on end orbid on their sides in a square 
array, the calculated void space is 21 S percent of the total volume. For drums set in a 
triangular array, the void space is 9 percent. 

From 1978 to 1992, reported box sizes describe maximum container dimensions and include 
pallet and dunnage volume. Therefore, for these years, no additional dunnage volumes are 
required. However, in selected locations where pallets are included beneath tiers of vertically 
stacked drums, an additional 13 percent void should be anticipated. 

The vertically oriented void between adjacent stacks of boxes or horizontally oriented drums 
has not been calculated. However, it is assumed that the volume of infilled horizontal voids 
in the upper portion of the stacks is approximately equal to the volume of the unfilled 
oriented void in the lower portions of the stacks, and that both can be reasonably dismissed 
from subsidence calculations. 

~~ 
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The collapse potential of the dumped debris adjacent to the pit walls is not readily 
quantifiable. Because debris depths vary from nil to full waste height, a collapse potential of 
80 percent is assumed as a conservative estimate. 

DEPTH OF THE WASTE WITHIN THE PITS AND TRENCHES 

The depth of waste in each trench and pit equals the depth of the trench/pjt, minus 1.2 rn 
(4 ft). The as-built depths of each of the trenches and pits are given in Figure 3.3. 

COMPRESSIBILITY OF THE COVER SOIL OVER THE WASTE 

Historically, the cover soil placed over the waste has been dozed into place in a single layer. 
This practice typically causes h t u r e  settlement. However, the cover soil will be capped 
during closure. It is assumed that the cover soil will be compacted during closure cap 
construction, thereby minimizing subsequent settlement of the cover soil. Therefore, 
compression of the layer of cover soil is not considered. 

Densification of the loosely dumped soil in the deep slots between the trench wall and the 
waste containers is likely. In these locations, where debris or drums have not been used as 
infill, a compressibility of 18 percent is expected. This was calculated assuming a densifi- 
cation from 70 to 85  percent relative compaction. 

EXPECTED SUBSIDENCE 

Expected long-term subsidence for various conditions within a trench or pit has been 
evaluated. Figure 3.3 reports the compressibility due to the average void-space within each 
container; the void space between containers, where appropriate; and other void spaces, as 
noted, for a variety of container types and configurations. These scenarios only approximate 
actual conditions, as waste placement methods have varied both over time and between pits. 

The lower portion of Fzgure 3+3 presents the potential subsidence for each container 
arrangement. In addition, the maximum expected settlement adjacent to the trench wall for 
debris or soil infilling is given. In general, this is the location where the highest differential 
settlement is expected, where differential settlement is the difference in settlement between 
two points divided by the horizontal distance between the points. No settlement is 
anticipated in the original ground at the trench edge. 

Figure 3.3 could be misinterpreted to indicate that subsidence will occur uniformly within a 
given region of a trench. In reality,, subsidence will vary with each waste stream and con- 
tainer type within each trench. Waste will contain “hard spots,” which will settle substan- 
tially less than average, and “soft spots,” which will settle substantially more. Variations 
from predicted subsidence of 20 percent or more should be expected. 
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where: 

DeJ = effective diffusion coefficient of radionuclide j, in pore spaces, m2 yr-l; 

COj = initial air concentration of radionuclide j in the pores of the waste zone, Ci mS3 ; 
z 
A 

= mean diffbsion length, m; and 
= area of the disposal unit, m2. 

The expression above represents a maximum release rate because it assumes that the initial 
inventory is immediately available for release and that it is not significantly depleted over a 
year of release. Realistically, depletion due to volatilization may greatly alter the 
concentration in the waste during a period of one year. 

To estimate COj for 3W and I4C, the chemical fonn of these radionuclides in the waste form 
must be taken into account. Tritium released to the pores of the waste fonn is assumed to be 
water vapor (i.e., HTO). This assumption is conservative because the dose conversion factor 
for inhalation of HTO is many orders of magnitude greater than that for HT. A significant 
fraction ofthe source term is HTO, and much of the HT released will be oxidized to €€TO in 
the soil pore water before reaching the atmosphere. Therefore, this assumption is believed to 
be conservative. Carbon44 is assumed to be solely associated with gaseous C02 in the air- 
filled pores. This is a conservative assumption because numerous carbon compounds are 
expected to exist in the waste and subsurface environment, a11 of which would compete with 
C 0 2  for the available I4C. The I4C inventory received to date originates from research 
laboratories (Figure 2.41) and is believed to be in a relatively labile form (i.e., not activated 
metal). 

To estimate the air concentration of HTO at the source, C0,H-3, the concentration of 3H in the 
pore water is assumed to equal its concentration in water vapor. The amount of water vapor, 
and thus HTO vapor, in the pores is a function of temperature and relative humidity. At 
100 percent relative humidity, which can be assumed for the pores due to the presence of 
residual water, the concentration of water vapor, C,,H in g mW3, was estimated from: 

2 

P 
(3 -4) 
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where: 

lo3 = unit conversion factor, L mm3; 
pv = vapor pressure at given temperature, atm; 
R = gas constant (0.082 L-atm/mol-"K); 
T = temperature, O K  ; and 
MW = molecular weight of water, 18 g mol". 

Assuming a subsurface temperature of about 283 "K (10°C [50"F]), corresponding to a vapor 
pressure of water of 1.2 x 1 0-2 atm (9.2 1 mm Hg), the concentration of water vapor in the 
voids is approximately 9.3 g m-3. 

The waste form was assumed to have a porosity and a water content equal .to the values 
associated with alluvium to estimate the volume of water in the waste. The inventory was 
assumed to be diluted within this volume. Therefore, assuming a volumetric water content of 
0.086 and a waste volume of approximately 3.7 x lo5 m3, there is estimated to be about 3.2 x 

1 O4 m3 of water in the waste form. 

Assuming all of the 'H disposed in the RWMS is initially associated with this water, an 
activity concentration, C ,  w-3, of 10 Ci ma3 is estimated for the pore water. This value is based 
on the estimated 'H inventory at closure of 3.18 x 1 Os Ci (Table 3.7) and the 3.2 x 1 O4 rn3 of 
water estimated in the pores. If the concentration of 3H in pore water is equivalent to its 
concentration in water vapor in the pores, the air-filled pore concentration, can be 
calculated from: 

where pw is the density of water, or lo6 g m-3. The estimated 
following this procedure is 9.4 x 1 0-5 Ci m-3. The effective diffusion coefficient, De, o, for 
H,O through the vadose zone to the ground surface was estimated as, 

concentration in the pore gas 

2 

where D ,  is the difisivity of H20 in air, the factor 0.66 is the tortuosity coefficient, E is 
the total pdrosity (0.36), and 8, is the volumetric water content (0.086). Equation 3.6 is the 
empirical1 y-derived Penman relation (Hillel, 1 98 0), describing the relationship of effective 
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diffusivity in soils to the unhindered difisivity in air. The diffusion coefficient of water 
vapor in air is approximately 754 m2 yr-' (CRC, 1981); thus, the effective diffusion 
coefficient for water vapor in soil is approximately 136 m2 yr-'. 

Using a pore gas 3H concentration of 9.4 x Ci M - ~  in Equation 3.3, an average diffusion 
path length of 4.9 m (16.1 ft) (the 2.4-m [7.8-ftJ soil cover plus one-half of the total waste 
compartment depth of 4.9 m [ 16.1 ft]), a total disposal area of 7.5 x 1 O4 m2, and a difksion 
coeficient for water vapor in soil of 136 m2 yr-', the maximum release rate of HTO to the 
atmosphere at closure is estimated to be 200 Ci yrml. This is an extremely conservative value 
due to the simplified computational approach not accounting for the first-order dependence of 
the release rate on the pore water concentration and the assumption that HTO diffises 
through the vadose zone without further exchange of 3H with bound water in the soil. A 
more complicated realistic model was not warranted as the relatively short half-life of 3H 
alone depletes the source sufficiently to prevent excessive doses from 3H at the end of 
institutional control. Calculation of off-site doses prior to cessation of institutional control is 
based on this conservative release rate. 

To estimate the air-filled pore concentration of I4CO2 at the source, CO,c+,r all of the 14C in the 
waste is assumed to be present in the pore gas as "%XI2. The initial concentration of 14C in 
the pore gas at closure is estimated to be 4.1 x 1 0+5 Ci rnm3 based on a total activity at closure 
of 4.12 Ci (Table 3 . 3 ,  a porosity of 0.36, a volumetric water content of 0.086, and a total 
waste compartment volume of 3.7 x 105 m3. 

The effective diffusivity of C02 in soil from Equation 3.6 is estimated to be 80 m2 yr" based 
on a diffusivity in air of 440 m2 yf'. From Equation 3.3, the maximum flu of 14C is esti- 
mated to be 50 Ci yr-'. This annual release rate exceeds the initial amomt of 14C present in 
the waste at closure; therefore, a consentative estimate of the release rate of volatile 14C is 
4.12 Ci yr-' . This is the maximum release that could occur in any single year. 

Release of "Kr, a noble gas, was assumed to occur completely within the first year after 
closure. As occurred with 14C, annual release-rate estimates based on the diffusion equation 
lead to estimated releases exceeding the limited initial inventory. Based on the estimated 
inventory of "Kr at closure (Table 3 . 9 ,  the maximum release rate of 85Kr is 0.026 Ci yf '  
during the first year after closure. The maximum "Kr release rate decreases by radioactive 
decay to 4 x 

release rates of volatile radionuclides are summarized in Table 3.13. 
Ci y i '  by the end of institutional control. Parameters used to estimate 

3.2.2.2 Subsided Case Conceptual Model for Volatile Radionuclides 
Excluding Radon 

In the base case release scenario, the entire inventory of 14C and "Kr was assumed to be 
released in a single year. The conceptual model for these two nuclides was not altered for the 
subsided case. The '€I model was altered to account for the effects of subsidence. 

~ 
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Module 

Table 3.13 Summary of Parameters Used to Estimate Release Rates of Volatile Radionuclides 

I Source of Value 
Parameter Description I Value Assumed I Selected 

Diffusion 

I D,, Diffusion Coefficient in Air, m2 'H 754 CRC, 1981 I I4C 440 I CRC, 1981 

I q Porosity of Upper Vadose Zone 
Soils, Dimensionless 0.36 I I FEECo, 1993c 

€I,, Volumetric Water Content of 
Upper Vadose Zone Soils, 
Dimensionless 

0.086 REECo, 1993c 

Subsidence is expected to cause the temporary formation of cracks and fissures in the closure 
cap. Gaseous diffusion of HTO in cracks was accounted for by assigning a fiee-air diffusion 
coefficient. Ten percent of the cap was assumed to be cracks at any given time. h y  sub- 
sidence occurring during the period of active institutional control was assumed to be 
remediated. Therefore, increased gaseous 'I3 releases are not expected to occur before 100 
years after closure. 

Depressions formed by sudden collapse of the cap and slumping of surrounding materials 
into the depression could potentially thin the closure cap. Soil settling into voids between . 

packages could also cause cap thinning. These processes are not expected to occur uniformly 
over the cap. However, the fraction of the cap that will be affected is unknown. It was 
conservatively assumed that 25 percent of the cap would collapse and that the thinning would 
be proportional. 

Adopting the assumptions above, the diffusion length becomes 4.2 rn (14 ft) over the entire 
cap and the diffusion coefficient becomes 754 m2 yr-' over 10 percent of the cap. With the 
assumptions above, the 3H release rate is unchanged at closure, but increases fiom 0.89 to 1 .O 
Ci yr-' at the end of active institutional control. 

3.2,2.3 Base Case Conceptual Model for Radon Transport 

Radon is a noble gas produced by the radioactive decay of radium. Three isotopes of radon 
(219Rn, 220Rn, and 222Rn) can be generated by LLW. Radon produced in buried LLW may be 
transported to the atmosphere by difhsion through the soil pore space and by advection of 
soil pore gas to the atmosphere. This section describes the conceptual model for radon 
transport. 

Radon transport is assumed to occur within uniform regions representing the cap, buried 
waste, and the alluvium below the waste cell. These regions are assumed homogeneous and 
isotropic with respect to all properties. Natural soils are a three-phase, porous medium 
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consisting of air-filled pores, water-filled pores, and the solid soil matrix. Radon is trans- 
ported to the atmosphere by molecular diffusion in the air-filled pore space and advective 
flow of the soil pore gas to the atmosphere (Nazaroff, 1992; Rogers and Nielson, 199 1 a). 
Processes that may retard or reduce radon transport are adsorption onto solid surfaces, 
adsorption into the liquid phase, and radioactive decay (Nazaroff, 1992; Rogers and Nielson, 
1 99 1 a). 

The conceptual model assumes that the fate of radon within any representative elementary 
volume is governed by molecular diffusion, advection, and radioactive decay in the gas phase 
only. Difision and advection of radon will be retarded in the water-filled pore space relative 
to the air-filled pores. Transport will be retarded further by adsorption of radon onto the 
solid soil matrix. Therefore, it is conservative to assume that radon transport is limited to the 
gas phase (Rogers and Nielson, 199 1 a). Molecular diffusion of radon within the air-filled 
pore space can be represented by Fick’s Law: 

where: 

JD 
= 

D = 

C(x,t) = 

mass flux of radon transported by diffusion, kg m-2 s-I; 
diffbsion coefficient of radon in soil, m2 d; and 
mass concentration of radon per volume of pore space, kg m-3. 

The flux of radon due to advection can be described by: 

- ¶air JA  - -C(x,t) 
E 

where: 

J, 
qai, = specific discharge of soil pore gas, m3 m-2 d; and 
E = porosity, dimensionless. 

= mass flux of radon transported by advection, kg m-2 s-l; 

Combining the expressions for the difisive and advective flux with production and 
radioactive decay gives the one-dimensional equation of continuity for radon in pore spaces: 

~~ 
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where: 

S,(x) = 

&(x) = 

A1 = radon radioactive decay constant s-! 

radon production rate per unit volume in &-filled pores of native alluvium, kg 
m-3 s - l .  

radon production rate per unit volume in air-filled pores of waste, kg m-3 s-I; 
and 

7 

Advection varies in space and time with atmospheric pressure. Pressure-induced changes in 
the specific discharge velocity can be obtained from Darcy’s law: 

where: 

(3.10) 

K = air permeability, m2; 
q = air viscosity, Pascal s’; 
P = air pressure, Pascal s; 
pair = air density, kg m-3; and 
g = gravitational acceleration, m s-~. 

Darcy’s law, the relation that qai, = EV, where V is the advective velocity, and the ideal gas 
law can be combined in the mass balance expression: 

at ax (3.1 1) 

to obtain an expression for aqa,Jax (see Lindstrom et al., 1992b). 

The radon production rate in air-filled pores of native alluvium was determined from field 
measurements of radon activity concentrations at sufficient depths where advective and 
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difflusive loses are negligible. Under these conditions, production of radon in the pore space 
from decay of radium is equal to the radon decay rate. The measured radon activity 
concentration is converted to a mass production rate as: 

M .  
(3.12) 

where: 

Qo(m,t) = measured radon activity concentration at depth in soil pore volume, 

atomic mass of radon, kg; and 
Avogadro's number (6.023 x I 023). 

s-l; 
- - 
- - 

M1 
A 

The radon production rate in air-filled pores of waste is given by: 

where: 

Mo = atomic mass of radium, kg; 
A, = radium radioactive decay constant, s-'; and 
C,,(x) = radium mass concentration in waste, kg m-3. 

(3.13) 

Although the conceptual model does not explicitly include an emanation coefficient, the 
equation for the waste source term (Equation 3.13) implies that the emanation coefficient is 
numerically equivalent to ( I  - E). 

The radon conceptual model is implemented in the CASCADR9 computer code (Lindstrom 
et al., 1992b; Cawlfield et al,, 1993b). Briefly, continuity is assumed at the soil-atmosphere 
and waste-soil interfaces for radionuclide flux, radionuclide concentration, advective 
velocity, and barometric pressure. A 0.1 -m (0.32-fi) atmospheric mixing layer is assumed to 
be present at the soil-air interface (Lindstrom et al., 1993a). The eddy diffusivity of the 
atmospheric mixing layer varies within a 24-hou period. At the soil atmosphere boundary, 
P(0,t) is set equal to barometric pressure values derived from a data set collected at 
Frenchman Flat. The barometric pressure data set consists of 730 days of measurements 
recorded at 15-minute intervals. Barometric data are estimated at model time steps using a 
Lagrange smooth cubic spline fit to 3-hour data intervals. Analysis of lengthy barometric 

- .  - . - . - - - 
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b 

Porosity Diffusion Coefficient Air Permeability 
E D K 

Layer Domain (m3 N3) (m2 s-') (lo+ m) 

pressure data sets have shown that radon flux reaches a nearly steady-state condition after 10 
to 20 days depending on the depth of burial. This can be confirmed by observing that the 
cumulative radon flux becomes approximately linear in 10 to 20 days. Therefore, model runs 
were performed with 40 days of barometric pressure data collected fiom Ju l ia  day 1 10 to 
150. This period included the greatest pressure fluctuations in the data set. The average 
annual flux is taken as the average flux observed on day 39. The average flux is calculated as 
the difference in cumulative flux @Ci m-2) between the end and the beginning of the 24-hour 
period divided by the number of seconds in 24 hours. Soil and waste radon source terms are 
assumed to be constant during the 40-day simulation. The model output is used to obtain a 
ratio between waste cell concentration and flux at the air-soil interface. Because the flux is a 
linear function of the waste-cell concentration, flux can be predicted based on the waste-cell 
concentration. Parameter values used for the radon model appear in Table 3.14. The 
porosity and air permeability of soil are best estimate values Erom near-surface site charac- 
terization studies (REECo, 1993c). The diffusion coefficient in soil is empirically derived 
from soi1 porosity. The porosity and air permeability of the waste are unknown and 
conservative values were selected. 

Cap 

Waste 

Table 3.14 Parameters Used in the Radon Transport Model CASCADR9 

0 to -2.4 m 0.36 2.2 x I 

-2.4 to -7.3 ~II 0.67 5.5 x 200 

Cap 0 to -2.4 m 0.36 2.2 x lo+ 1 

Waste -2.4 to -8.6 m 0.67 5.5 x 10-4 200 

SoiI Layer -8.6 to -12.2 m 0.36 2.2 x 1 

Th Waste -12.2 to -15.8 M 0.67 5 .5  x lo-6 200 
i 

SCREENING OF RADON kOTOPES 

There are potentially three isotopes of radon produced by radioactive wastes. Two isotopes, 
219Rn and 220h, have half-lives less than 1 minute and can be eliminated by simple screening 
calculations. The NRC has published a gaseous diffusion model for predicting radon attenua- 
tion in soil caps in Regulatory Guide 3.64 (NRC, 1989). For the case where the source term 
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layer is thick relative to the cap and radon flux attenuation is greater than 10 times in the cap, 
it can be shown that: 

J W 1 +/-; 

where: 

J, = radon flux fiom the soil cap, pCi m-' s-'; 
J, = radon flux fiom the bare waste, pCi m-2 s-]; 
x = capthickness, m; 
;1 = radon decay constant, s-'; 
D, = radon diffusion coefficient for cap soil, m-2 s-*; 
a, = waste interface constant, m-2 s-I; and 
a, = cap interface constant, m-2 s-'~ 

The general formula for the interface constants is: 

LI = e 2 D [ 1  - ( 1  - k ) m I 2  

where: 

(3.14) 

(3.15) 

E = porosity, dimensionless; 
D = difhsion coefficient, rnm2 s-'; 
k = partition coefficient for radon gas in water, dimensionless; and 
m = moisture saturation fraction, dimensionless. 

Assuming parameter values as given in Tabk 3.14 for soil and waste, a partition coefficient 
of 0.26 (NRC, 1989), and a saturation fraction of 0.24 (REECo, 1993c), the radon attenua- 
tion (JJJ,) can be calculated €or several cap thicknesses (Table 3.15). 

Based on these results, it can be concluded that 219Rn and 
where a soil cap or building foundation is present between the source and the receptor. 

can be neglected for all cases 
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Cap Thickness 

0.03 rn 

0.1 m 

lm 

Table 3.15 Approximate Attenuation of *19Rn and 2*0Rn Fluxes in Soil Caps 

Radon Flux Attenuation (3JJw) 

219- 22% 

0.0001 . 0.07 
3 x 1043 0.00 1 

2 x 10-123 9 x 10- 

3.2.2.4 Subsided Case Conceptual Model for Radon Transport 

The conceptual model for radon was modified by assuming a free air diffusion coefficient for 
cracks occurring over 10 percent of the closure cap. Cracks were assumed to be present over 
the period when subsidence was active. Th is  period w& assumed to be 100 to 1,000 years. 
The free-air diffusion coefficient was assumed to be 1.1 x lo-’ m2 s-’ (Rogers and Nielson, 
199 1 b). Cap thinning was assumed to occur over the entire interval evaluated. 

3.2.2.5 Base Case Parameters for Nonvolatile Radionuclides 

The release scenario includes three processes affecting nonvolatile radionuclides: plant 
uptake, bioturbation, and resuspension of surface soil. This section summarizes the 
parameter estimation for these processes. 

ROOT UPTAKE RATE COEFFICIENT 

In Section 2.7, the natural flora of the NTS was described. The plant community surrounding 
the Area 5 RWMS is a Larrea - Ambrosia cornunity characteristic of the Mojave Desert. 
The root uptake module incorporates parameters characteristic of this plant community when 
site-specific data were available. 

The maximum rooting depth of native plants at the Area 5 RWMS remains uncertain. All 
data suggest, however, that the majority of the plant roots are in the upper 2 m (6.5 ft). 
Wallace and Romney ( 1  972) reported rooting depths less than 2 m (6.5 ft) for native plants in 
Mojave Desert communities on the NTS. Roots have been observed in trench walls at the 
Area 5 RWMS as deep as 8 m (26.2 ft) (RSN, 1991a), although it is unknown if these roots 
have developed since the trench wall was exposed. The presence of introduced species at the 
NTS contributes additional uncertahty. O’Farrell and Emery (1976) note that Russian 
Thistle and other introduced species have become important components of floral communi- 
ties at disturbed sites on the NTS. These nonnative species can inhibit the reestablishment of 
native plants at disturbed sites. According to Foxx et al. (1 984), some forbs and shrubs 
found at waste disposal sites at LANL can have considerable rooting depths, usually 

~ ~ _ _  ~~ 
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averaging between 1 to 4 m (3.2 to 13.1 ft). Some of the species noted in this later study also 
exist at the NTS. Thus, it was assumed that some fiaction of the roots of the plants inhabit- 
ing Area 5 in the fbture may penetrate the waste. The fiaction assumed (later referred to as 
F,) was 5 percent based on the data assembled in a literature review by Foxx et al. (1 984), 
indicating that the frequency of root penetration below 2.4 m (7.8 ft) was between 0 and 
10 percent for species for which sufficient data exist. 

The root uptake model (Figure 3.5) considers (1) a waste compartment which is the original 
source of radionuclides for root uptake; (2) a subsurface soil compartment which is a 
secondary source of radionuclides for root uptake; and (3) a shallow soils-compartment 
which becomes the source of radionuclides to the atmosphere and annual plants. The depth 
of the shallow soils compartment is assumed to be 1 m (3.2 ft). This depth was chosen to be 
deep enough to inciude the roots of annual plants while minimizing dilution of radionuclides 
transported to the shallow soil compartment. The depth of this compartment represents the 
mixing depth of radionuclides transported to the surface. Mixing occurs as a result of decay 
of contaminated plant parts and release of radionuclides to the soil (including soil detritus) 
and by the action of burrowing animals. 

6- ! 

Figure 3.5 Conceptual Model of Root Uptake 
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The depth of the subsurface soil compartment illustrated in Figure 3.5 is assumed to be 1.4 m 
(4.6 fi) whch is the remaining depth of soil from the base of the shallow soils compartment 
to the top of the waste compartment. As with the shallow soils compartment, this compart- 
ment is assumed to be well mixed as a result of uptake by, and decay of, plant roots in the 
subsurface soil and by the action of burrowing animal18312.8 161ng s o i l s  
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Baes et al. (1 984) and Ng et aI. (1 982) were the primary sources for the plant-soil 
concentration ratios, B1,, defined as the ratio of the concentration per dry mass of plant roots, 
shoots, and leaves (Ci g-I) to the concentration per dry mass of soil (Ci g-I). For elements 
with mean Bjv values for nonreproductive portions of crops reported by both references, the 
higher of the two values was adopted. The values assumed are listed in Table E.1 of 
Appendix E. Site-specific values were used when available, as was the case for a few 
radionuclides. However, most of the NTS data were collected without distinguishing 
betweemthe contribution of root uptake and atmospheric deposition on plant surfaces. The 
later route, atmospheric deposition, is reported to be extremely important at the NTS due to 
easy resuspension of the exposed dry soils and xeriphytic plant adaptations (resins, hair) that 
effectively trap soil particulates (Gilbert et aE., 1988; Romney ef al., 198 1). Therefore, the 
site-specific values assumed were selected from greenhouse studies rather than field studies, 
when available. Deposition of radionuclides on plants was described in a separate module 
described below. 

The value of B,, defined as the yearly aboveground production of plants, was assumed to be 
40 g m-? This is an approximate mean value for net primary productivity for perennial 
shrubs in the vicinity of Area 5 and is discussed in Section 2.7.1. 

The ratio of aboveground to belowground productivity, Bab, was estimated from biomass 
distribution between roots and shoots. Root productivity data were not available for the 
shrub communities of interest. Using the root-to-shoot biomass ratios requires the assump- 
tion that biomass ratios are similar to productivity ratios for above- and belowground 
biomass. While quite variable between species, time of year, and age of plants, the biomass 
ratio between roots and shoots varies between about 0.6 and 2.3 for vegetation native to the 
Mojave Desert (Wallace et al., 1974). A representative mid-range value of 1 .O was assumed 
for B,. 

The fraction of vegetation with roots which penetrate into the waste compartment, F,, and 
the maximum depth of the waste compartment that may be penetrated by roots, H,, were 
discussed earlier and were assigned respective values of 0.05 and 2 m (0.16 and 6.5 ft). The 
dry bulk density assumed for soil and waste is f .4 x 1 O6 g rn-3 based on data collected in the 
Science Trench Borehole Study (REECo, 1993~). 

Plant roots not penetrating the waste compartment were assumed to be uniformly distributed 
in the cap. This assumption is made in lieu of 

of ande754ificng o
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(3.17) 

where' F,, is the fraction of deep-rooted shrub roots in the subsurface soils compartment. The 
fraction of shrub roots in the subsurface soils compartment, F,, is obtained from: 

F = 1 - ( Frs + Frw ) = 1 - .0.47 
PU (3.18) 

and thus is equal to 0.53. 

The variable Kr3 represents the transfer of radionuclides by root uptake to shallow soils from 
subsurface soils and is calculated from: 

(3.19) 

where H, is the depth of the subsurface soil compartment. The value of H, was assumed to 
be 1.4 m (4.6 fi), as discussed above. 

Values of the fractional release rates KrlJ, Kr2j, and 
listed in Table E.2 of Appendix E. 

which are radionuclide-specific, are 

BURROWING ANIMAL RATE COEFFICIENT 

Several species of burrowing animals, most importantly ants and rodents, are found at the 
Area 5 RWMS. The rate coefficients Kbl and Kb2 (Figure 3.6) represent the movement of 
radionuclides to shallow soils and subsurface soils, respectively, as a result of the activities of 
burrowing animals. These transfer coefficients are pertinent only to burrowers that excavate 
soil as deep as the waste compartment, which at facility closure is at least 2.4 m (7.9 ft) deep. 

Among the burrowers present on the NTS, only ants and possibly termites are expected to 
burrow to depths in excess of 2.4 m (7.9 fi). In lieu of any data on termite burrows, oniy the 
excavation potential of ants was considered in this assessment. Parameters selected for the 
ant model are conservative and should compensate for the lack of a specific termite model. 
Harvester ants are reported to bwow to depths of 2 to 3 m (6.56 to 9.8 ft) (Fitzner et al., 
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Figure 3.6 Conceptual Model of Burrowing Animal Transport 

1979; Blom et al., 199 I a). Harvester ants occur on the NTS, but there is no data specific to 
the NTS. Although other burrowers (predominantly rodents) exist in Area 5 (Section 2.7.2), 
the burrows tend to be shallow relative to those of ants and to the depth of the waste form. 
As indicated in Table 2.13, the rodent population near the Area 5 RWMS is reported to 
include kangaroo rats, a few species of mice, and ground squirrels with densities ranging 
fiom 5 x 1 OW6 to 3 x 1 0*3 individuals m-2. Anderson and Allred (1 964) report that kangaroo 
rats burrow no deeper than 0.6 m (1 -9 I?) at the NTS and burrow depths for kangaroo rats, 
mice, and ground squirrels at the INEL are reported to be less than 1.4 m (4.6 ft) (Reynolds 
and Laundre, 1988; DOE, 1983). Thus, the actions of burrowers other than ants are assumed 
to redistribute the soil within compartments and are not considered explicitly in the con- 
ceptual model for burrowing animals. Soil movement between the shallow and subsurface 
soil compartments was not considered. 

The rate coefficient K,,, represents the transfer of radionuclides from the waste to the shallow 
soil compartment through the actions of burrowing ants. The amount of excavated soil trans- 
ferred to the shallow surface soil compartment is assumed to be proportional to the depth of 
the shallow soil compartment relative to the depth of the cover. The value of Kb, can be 
calculated fiom: 
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(3 20) 

where: 

Ab = amount of soil excavated by each ant colony in the waste zone, g yr-’; 
D, = density of burrower (ant colony) that burrows as deep as the waste zone, colonies 

H, = average depth of the shallow soils compartment, m. 
ma*, and 

The values of Pb, H,, and H, are the same as were used in the derivation of transfer 
coefficients for root uptake. 

According to Fitzner et al. (1 979, the amount of soil excavated by an individual harvester 
ant colony at the Hanford site ranged from 7.1 x 1 O4 to 3.1 x 1 0-3 m3 over the life of the 
colony. Assuming a bulk soil density of 1.6 x 1 O6 g m-3, this corresponds to a range of 1.1 x 
1 O3 to 5.0 x 1 O3 g soil moved. Fitzner et al. (1 979) also reports an average of 3.8 x 1 O3 g of 
soil was excavated by harvester ants in eastern Colorado over the life of the colony. With 
this information, a value of Ab can be estimated if an estimate of the life of the colony can be 
obtained. Blom et al. (1 99 1 b) reports that harvester ant species may persist for 17 to 50 years 
based on data from other locations in the Midwest. Because this value is likely to vary 
considerably from location to location, a conservative value of 10 years was assumed to 
obtain a conservative estimate of Ab from the Fitner et al. (1 979) data. Assuming the 
maximum soil movement per colony observed by Fitzner et al. (1979) (5.0 x lo3 g per 
lifetime) and a 10-year lifetime, an estimate of Ab of 5.0 x lo2 g yr-’ is obtained. Before 
finalizing the estimate for A,, the fkaction of ant burrows occurring in the waste zone must be 
considered. Fitzner ef al. (1 979) estimates that 1 1 percent of soil excavated by ants comes 
from depths greater than 1.5 m (4.9 fi), although the source of data supporting this estimate is 
unclear. The value of Ab used in the assessment, 100 g yr-’ excavated per colony, assumes 
that 20 percent of the soil excavated by a colony comes from a depth greater than 2.4 M 
(7.8 fi). 

Harvester ant colony density, D,, has been reported by Fitzner et al. (1 979) at the Wanford 
site, and Blom et al. (1991a) at INEL, to range from 0 to 1.6 x colonies m-*. 

An average density of 1 x lom2 colonies m-2 was assumed for this assessment. In the equation 
for &,I, the ratio of the depth of the shallow soils compartment (H,) to the total depth of the 
soil co3umn above the waste (H, + If,) partitions the amount of excavated contaminated soil 
equally between the two soil compartments on a per-volume basis, as was noted earlier. 
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The parameter Kb, represents the transfer of radionuclides from the waste to the subsurface 
soils as a result of ant burrows constructed in the waste. Again, in the equation for KbZ 
below, the ratio of the depth of the subsurface soils compartment (H,) to the total depth of the 
soil column above the waste (H, + H,) allows partitioning of the amount of excavated 
contarninated soil equally between the two soil compartments on a per-volume basis. The 
transfer rate coefficient I(b2 was calculated as: 

- 1 1 - - x A ;  
H 

H +H 
u s  

(3.21) 

The calculated value of 
from the waste to the shallow soils compartment, is 1.3 x 1 0-7 yr-'. The calculated value of 
Kb2, estimating the fiactional annual release rate of any radionuclide fiom the waste 
compartment to the subsurface soils compartment, is 1.8 x lo-' yr-'. 

estimating the fractional annual release rate of any radionuclide, 

RESUSPENSION COEFF~CIENT 

Contamination of air above the RWMS facility may occur as volatile radionuclides are 
released, as discussed in the previous section, or when contaminated shallow surface soils are 
suspended and resuspended by the wind. The rate constant for the resuspension module, 
representing the fractional average annual loss of radionuclides fiom the shallow soils 
compartment, is estimated from a review by Layton et al. (1 993) of calculated resuspension 
rates for the NTS based on 239*240Pu data. The assumed value of the resuspension rate for this 
module is 1 x 10"' yf', selected from a range of 3.15 x lo5  to 3.15 x lo4 yr-'. 

3.2.2.6 Subsided Case Parameters for Nonvolatile Radionuciides 

The nonvolatile radionuclide release parameters were modified for the subsided case by 
assuming the cap thickness was reduced by 25 percent and that annual aboveground perennial 
s h b  biomass productivity increases. Cap thinning was assumed to reduce the cap thickness 
to 1.8 m (5.9 fi). The shallow soils compartment was assumed to remain 1 rn (3.3 ft) thick. 
Subsurface soil compartment depth decreases to 0.8 m (2.6 fi) and the rooting depth in the 
waste increases to 2.2 m (7.2 ft). The fi-action of roots reaching the waste was assumed to 
increase proportionally to 0.1. 

Bamberg et al. (1976) observed that Mojave Desert perennial shrub productivity increased 
approximately two times with a four-times increase in precipitation. Hunter et al. (1 980) 
reports that the productivity of Moj ave Desert plants receiving irrigation water increased 
approximately three times over unirrigated plots. Therefore, it was considered conservative 
that annual productivity would increase by a factor of four over 25 percent of the cap. This 
increases the annual aboveground perennial shrub biomass productivity to 70 g m-2 yr- I .  
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with Roots in Waste 

H,, Depth of the Shallow Soils 
Compartment, m 

H,, Depth of t he  Subsurface Soils 
Compartment, m 

3.2.2.7 Summary of Parameters for the Base Case and Subsided Case 
Conceptual Model for Nonvolatile Radionuclides 

Depth Chosen to 
Represent Maximum 
Rooting Depth of 
Annuals 

Based on Selected Value 

Depth of 2.4 rn 

1 

1.4 0.8 of H,, and Soil Cover 

The previous sections describe the development of rate coefficients for the base case and 
subsided case conceptual model of nonvolatile radionuclide release. The parameters, 
assumed values, and sources are summarized in Table 3. I 6 .  

Table 3.16 Parameters Used to Estimate Transfer Rate Coefficients for Nonvolatile Radionuclides 
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Root Uptake 
(Continued) 

Table 3.16 (continued) 

H,, Depth of the Waste 
Accessible to Roots and 
Burrowing Animals, m 

I as 
Module I Parameter Description as 

2 

Source 

2.2 Foxx et al., 1984 

Burrowing Animals 

pb, Bulk Density of Soil, g rn-3 

Ab, Amount of Soil Excavated by 
Each Ant Colony in the Waste 
Zone, g Y-' 

D,,, Density of Ant Colonies, 
colonies m-2 

100 

1 . 6 ~  lo6 1 1 . 6 ~  lo6 REECo, 1993c 1 

100 Fitzner et al., 1979 

Blom et al., 199 1 a; 
Fitzneretal., 1979 0'01 1 Om*' I 

Resuspension I &, Resuspension Rate, yr-' 10'' 1 o - ~  Layton et al., 1993 I I I 

Values of the radionuclide-specific root transfer coefficients for the base case and subsided 
case are given in Table E.2 of Appendix E. The base case values of Kbl and Kb2 are 1.3 x 1 Om7 
yr-' and 1.8 x 1 OV7 yr-I, respectively. The subsided case values of and Kb2 are 1.6 x lo-' 
yr" and 1.3 x 

E.3, and the assumed value of K, was 104 yr-*. 
yr-', respectively. The radioactive decay constants, &, are given in Table 

3 . 2 2 8  Conceptual Model for Release of Nonvolatile Radionuclides 

The transfer rates of radionuclides associated with root uptake, excavation by burrowing 
animals, and suspension of contaminated shallow soils in air were used to estimate concen- 
trations in the soil and waste compartments. The equation describing the total activity of 
radionuclide j in shallow soil can be written as: 

dA . 

dt 
sJ = A  , x  ( -Ks - ArJ ) + A w j  

S J  

where: 

Asj = activity of radionuclide j in shallow soils, Ci; 
A,,-, = activity of parent radionuclide (i - 1) in shallow soil, Ci; 

(3.22) 
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Kbl = 

arj = 
K, = 

activity of radionuclide j in subsurface soil, Ci; 
activity of radionuclide j in waste accessible to biointruders, Ci; 
branching ratio from parent to radionuclide j, dimensionless; 
fractional root uptake rate for radionuclide j from the waste compartment to 
the shallow soils, yr-l; 
fractional root uptake rate for radionuclide j fiom the subsurface soil 
compartment to the shallow soils, yr$ 
fiactional transfer rate for radionuclides fiom the waste compartment to the 
shallow soils, based on burrowing animal activity (radionuclide-independent), 
yr-'; 
radioactive decay constant for radionuclide j, yr'; and 
resuspension rate, yr-! 

The concentration of radionuclide j in the shallow soils compartment, CSj, is estimated by 
dividing that compartment's total activity by the product of its volume and the soil density. 
The volume of the shallow soils compartment, V,, is the surface area of all trenches and pits 
(7.5 x lo4 m') multiplied by the 1-m (3.28-fi) depth of that compartment, or 7.5 x lo4 m3. 
The soil density, pb, of the upper vadose zone at Area 5 is assumed to be 1.4 x I O6 g m'3 
(REECo, 1993~). 

The equation describing the total activity in the subsurface soil compartment, AUj, is: 

(3 -23) 

where KrZj is the fractional root uptake rate of radionuclide j from the waste compartment to 
the subsurface soils, Kb2 is the fractional transfer rate for radionuclides Erom the waste 
compartment to the subsurface soils as a result of burrowing animal activity, and A ,  
activity of the parent of radionuclide j in the subsurfaces soil compartment. 

is the 

The equation describing total activity in the accessible waste compartment, Awj, is: 

(3.24) 
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where Aw,,-l is the activity of the parent of radionuclide j in the waste compartment. The 
initial activity in the accessible waste compartment is the total inventory which is accessible 
to burrowing animals or plant roots and thus is less than the estimated inventory at closure 
(TubZe 3.7). The initial activity of each radionuclide in the accessible waste compartment 
was estimated by multiplying the estimated mean activity concentrations at closure 
(Table 3.7) by the assumed volume of accessible waste, which is 1.5 x 10’ m3, based on a 
waste area of 7.5 x lo4 and a depth of 2 M (6.6 fi). The 2-m (6.6-ft) depth is the maximum 
depth into the waste compartment that roots or burrowing animals are assumed to reach. 

The system of ordinary differential equations represented by Equations 3.22 through 3.24 
were solved using a model builder with a numerical solver called TIME-ZERO (Kirchner, 
1990). Documentation of this software is provided in Section 3.4.1. Although analytical 
solutions are available for this system of equations applied to a single radionuclide, a 
numerical solution was required for serial radioactive decay chains. Verification of the 
results for single radionuclides was done with analytical solutions and described in 
Section 3.4.1. Mass balance checks were also instituted to evaluate calculational accuracy. 

The total activity and concentration in shallow soils were calculated as functions of time for 
the radionuclides listed in Table 3.7. Ingrowth of radioactive progeny was computed for each 
radionuclide listed in italics in Table 3.5. Radioactive progeny of other radionuclides were 
assumed in equilibrium with the parent. This assumption was made for all long chain 
members indented in Table 3.5 and for the progeny of 90Sr, 93Zr, I2%n, and 137Cs. The 
maximum shallow soil concentrations calculated for each radionuclide and progeny are 
provided in Table E.4 of Appendix E. 

3.2.2.9 Infiltration Conceptual Model for Subsided Case 

As subsidence occurs within the capped RWMS area, there is a potential for run-on to pond 
in the depressions and to lead to increased infiltration. For a bounding assessment of 
recharge to the alluvial aquifer, it was hypothesized that a cap, roughly 61 0 m x 610 m 
(2,000 x 2,000 fi) in dimension, has subsided 2 m (6.6 ft) below surrounding grade. A flood 
in the catchment basin contributing to the cap area that will completely fill the 2-m- (6.649- 
deep depression is estimated to have a recurrence interval of about 200 years. Note that this 
assumes run-on fiom the entire catchment basin; precipitation falling directly on the site 
would not be sufficient to fill the depression. 

It was assumed that the depression is completely filled in three successive years, followed by 
periods of moderate net evaporation. Moderate evaporation was defined as the evaporation 
that would result fiom the annual averages of meteorological conditions at NTS. Having 
three successive 200-year floods in 10,000 years has an approximate probability of occur- 
rence of I in 800 (0.00125); the remoteness of this chance increases the conservatism of the 
analysis 
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Return interval 
2-year 
1 O-year 
50-year 
1 OO-year 
200-year 

In addition to the occurrence of three consecutive 200-year floods, a more frequent, but less 
intense, event with the same probability of occurrence was also considered. The event 
considered was four consecutive 50-year floods. A SO-year flood would result in a ponding 
depth of 1.07 m (3.5 ft). The two cases were run to ascertain the relative effects of ponding 
magnitude and frequency on recharge. 

Point Precipitation Valve Hydrograph Volume 
(cm) (inches) (m3) (1 O6 cubic feet) 
1.8 (0.70) 37,000 (1 -3) 
2.8 (1.10) 54,000 (1.9) 
3.6' (1 .401) 284,000' (10.0') 
4.1 (1.60) 5 14,000 (18.1) 

4.62 (1 .SO2) 823,0002 (29 .02) 

A flood assessment was performed at the Area 5 RWMS to determine the 2-, lo-, and 100- 
year peak discharges (Schmeltzer et al., 1993). The hydrographs f o m  these events were 
integrated to provide total water voIume during each event (Table 3.17). Volume versus 
probability (return interval) were then plotted on log-probability paper. From this curve, 
volumes corresponding to other return intervals were interpolated or extrapolated. 

Table 3.17 Total Water Volume 

'Interpolated value 
*Extrapolated value 

Infiltration of ponded water into the alluvial column was simulated using the computer code 
ODIRE (Lindstrom et al., 1995). ODIRE was chosen because it can simulate the depth 
history of the ponded water and its infiltration into the vadose zone. It does so by simul- 
taneously performing a water balance in the pond and calculating the vertical infiltration into 
the vadose zone under a varying head as the depth of ponded water declines. 

The assumed hydraulic properties of the cap and waste were equivalent to those of the native 
alluvium. Thus, a homogeneous soil column from the bottom of the pond to the alluvial 
aquifer was assumed. A total height of 240 m (787 ft) was used for the soil column. The 
hydraulic properties are reported in Table D.4. 

In each of the two cases analyzed, the ponded depth of water was held constant for a day and 
then allowed to drain. This is very conservative because it leads to a steady introduction of 
water into the soil column from a constant head for a day. In reality, the head would rise 
from zero depth to the maximum depth in a relatively short time because in Nevada, storms 
tend to be of high intensity and short duration. The decline in depth as the pQnd is allowed to 
drain after a day is part of the simulation. 
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Values of parameters describing the weather conditions (i.e., temperature, relative humidity, 
effective eddy difisivity at the boundary layer) were chosen to represent’typical values that 
were held constant throughout the simulation. Although these parameters exhibit diurnal, as 
well as seasonal variations, it was not necessary to model these. The movement of the 
wetting front is largely governed by the magnitude and frequency of the ponding and, as long 
as the weather parameters reasonabiy represent the average conditions, they do not greatly 
affect its movement. 

The measured matric potentials in the analyzed soil column were used for the initial 
condition with zero pressure at the water table. 

Variations in saturation or pressure versus depth over time identifL the wetting fiont as it 
advances downward. The wetting fiont has a transition zone, ending where the initial 
conditions remain unaffected. For consistency, a point of maximum saturation at the 
beginning of the front was chosen to define the location of the fiont at any time. 

For the case of three consecutive years with 2 m (6.6 ft) of hypothesized ponding, the wetting 
front would reach the water table in about 140 years and would recharge the water table at an 
initial rate of about 1.9 cm (0.75 in) per year. The movement of the wetting front is shown in 
Figure 3.7. Recharge would continually decline thereafter, unless another sequence of 
significant ponding occurs. 

In the case of four consecutive years with 1.07 m (3.5 ft) of hypothesized ponding, the 
wetting front was found to advance more slowly, and to recharge the water table at a slower 
rate than in the preceding case. The movement of the wetting front is shown in Figure 5 7  

The case with 2 rn (6.6 ft) of ponding was chosen for groundwater pathway analysis because 
it leads to greater recharge. The recharge to the water table for this case is shown in Figure 
3.8. 

3.2.2.1 0 Saturated-Zone-Flow and Capfuremzone Analysis 

Groundwater Bow was simulated under the assumption that a groundwater extraction well, 
located at 100 m (330 ft) from the site was pumping 48.1 m3 day-’ (1700 ft3 day-’ or 8.8 
gpm). This represents an average per capita water usage rate for the Las Vegas valley times 
the minimum number of persons required to meet the definition of a public water supply. 
The capture zone of the well and the dilution rate of contaminated water from the RWMS 
reaching the aquifer was estimated with the aid of the groundwater models MODFLOW/ 
MODPATH. Simulations were performed with these models to define capture zone of the 
well for different time periods. The characteristics of the alluvial aquifer used in these 
simulations are given in Table 3.18. The water supply well was assumed to have a 10-m 
(3 3 -fi) screen. 
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Figure 3.7 Saturation Versus Depth 
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Hydraulic conductivity 
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Figure 3.8 Recharge of the Uppermost Aquifer Over Time After Four Consecutive 1.07-rn-Deep 
Ponding Events in a Subsidence Feature 

Table 3.18 Ass u rn ed Alluvia I Aquifer Parameters 

Th i chess  I -183 III I 600 ft I 
Specific yield ! 0.27 I I 

From the onset of recharge to the water table to any given time, which is taken as the time of 
travel in the saturated zone, varying fractions of the area representing the area of recharge 
(footprint of the cap) would be captured by the pumping well. The capture zone at any time 
within the recharge area was delineated using MODPATH, and its area was used to calculate 
the dilution ratio as follows. For any given time, the average recharge from the onset of 
~ 
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277 
414 

recharge to the given time was first estimated from Figure 3.8. The average recharge rate 
was then multiplied by the area of the capture zone within the recharge area, and the resulting 
quantity was divided into the pumping rate to yield the average dilution ratio for that time. If 
a radionuclide moves with water (Kd=O), this is the dilution it would experience because the 
contaminated area at any time represents a fraction of the total area affected by pumping. For 
radionuclides with non-zero I&, the procedure is the same except that the times used in the 
previous calculation are to be interpreted as retarded times obtained by multiplying the 
unretarded times by the respective retardation factor for the radionuclide in question. The 
estimated dilution ratios at selected times are presented in Table 3.19. Note that the “Total 
Travel Time” is the sum of the travel time in the vadose zone (about 140 years for &=O) and 
the time of travel in the saturated zone. 

2.15 0.49 183.0 
4.68 0.25 165.0 

Table 3.19 Dilution Ratios and Recharge Over Time for Several K,, Values 

1-51 x 103 
2.88 x 103 

33.30 0.14 42.6 
53.30 0.07 49.3 

96 1 I 13.80 I 0.19 I 74.6 I 

8.36 x 103 
5.01 x lo4 

85.00 0.03 77.4 
100.00 0.01 239.0 

I 4.25 x 10’ I 70.00 I 0.05 I 53.1 I 

2.95 x lo4 70.00 0.01 275 

-1  
~~ -~ 

I 1.92 x lo3 I 2.15 I 0.07 1 1.28 x 103 

2.00 x lo4 53.30 

~ I - - -  2.87 x 103 I 4.68 I 0.05 I 8 2 2 1  

0.01 36 1 

I 6.67 x 103 I 13.80 I 0.03 I 466 - ~ -  I 

5.80 x lo4 
3.4s x los 

I- ~~ 1.05 x 104 I 33.30 I 0.0 1 I 5 -~ 77 - - - I  

85.00 0.0 1 226 
100.00 0.0 1 1.66 x lo3 

Kd = 10 ml g-I 

1.67 x lo4 I 2.15 I 0.0025 1 3.58 x 104 

1 5 0  x 104 1 4.68 I 0.0025 I 1.64 x 104 I 
I- 5.81 x lo4 1 13.80 I 0.0025 I 5.59 x 103 I 
- 1 4 . 1 2  x 104 1 33.30 1 0.0025 I 2-31 x 1 0 3  I 

1.74 x 105 I 53.30 I 0.0025 I 1.44 x 103 I 
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Total Travel Time (yrs) 

2.57 x 105 

Table 3.19 (continued) 

Percent of Disposal Area Average Recharge 
Captured [in yr-l) Dilution Ratio 

70.00 0.0025 1.10 x 103 

2.46 x 105 

5.72 x lo5 

8.98 x lo5 
1.71 x lo6 

I I 85.00 I 0.0025 I 905 I 

4.68 0.001 4.11 x lo4 

13.8 0.00 1 1.40 x lo4 
33.3 0.00 1 5.77 x 103 
53.3 0.001 3.61 x 103 

I 100 I 0.0025 I 769 3.03 x lo6 ’ 

& = 100 ml g-* 

I 1-65 x lo5 I 2.15 I 0.001 I 8.94 x 1 0 4  I 

I 2.53 x lo6 I 70.0 I 0.00 I I 2.75 x lo3 I 
I I I I 4.98 x lo6 85.0 0.00 1 2.26 x 10’ I 

hDlONUCLlDE SCREENING ANALYSIS 

Radionuclides evaluated in the groundwater pathway were selected based on a screening 
analysis. The concentration of the leachate, C, ,  was conservatively estimated as: 

(3.25) 

where: 

c w j  = waste activity concentration of nuclide j, Ci m-3; 
CIJ = leachate activity concentration of nuclide j, Ci mm3; 
e = volumetric water content, dimensionless; 
P = bulk density of waste, g ~ m - ~ ;  and 
Kd = distribution coefficient, ml g-’. 

Because subsidence is most likely to be a near-term process, radionuclides were screened 
based on the waste activity concentration, C,, at the time of loss of institutional control. The 
volumetric water content was assumed to be 0.36. A compacted waste bulk density of 1.6 g 
C M - ~  was assumed. Nuclides were assigned conservative Kd values (Table 3.20). 

~~~ 
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3Kd fml g-9 

0 

Table 3.20 Assumed Kd Values 

Eiements 

H, C, CI, Tc, I, U 

100 

I 1 I co, Sr, cs, ~ a ,  Pa 1 

Ni, Zr, Sn, Sm, Bi, Th, Pu, Am, Cm 

I 10 1 Pd, Eu, Pb, Ac, Ra, Np I 

Element Controlling Phase 

Ra RaSO, 

Th T W w 4  

U (U0J2SiO4a2H20 (Soddyite) 

Pu Pu(OW4 

Am AmOHCO, 

Solubility Limit (g rn-3) 

0.023 

0.14 

0.0 17 

29.4 

0.003 

The concentration of some radionuclides in leachate may be controlled by solubility rather 
than adsorption, The concentration of radionuclides limited by Solubility were estimated by: 

(3.26) 

k =  1 

where: 

SL = solubility limit of the element, g m”; 
Cw, k = 
Qk = specific activity of isotope k, Ci g-’. 

activity concentration of isotope k in waste, Ci m m 3 ;  and 

The solubility limited concentration was estimated for Ra, Th, U, Pu, and Am using the 
solubility limits reported by Price et al. (1993) for Frenchman Flat groundwater (Table 3.21). 
Using Equation 3.26, two elements, Th and U, were found to be limited by solubility. 

Table 3.21 Solubility Limits of Elements in Frenchman Flat Groundwater 
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The leachate concentrations obtained were screened based on the dose received by 
consumption of 730 L yr-' of leachate. Nuclides causing a dose greater than 1 mrem yr-' or 
having progeny that could cause a dose greater than 1 mrem yr-' were retained. Radionu- 
clides retained for the shallow land burial inventory were 14C, 'OSr, 137Cs, 238Pu, 210Pb, 

single radionuclide (232Th) was retained for the Pit 6 Th inventory. 
1 , 235U, 239Pu, 23?Np, 241Pu, 241Am , 240Puy and 232Th. A 2 2 6 ~ ~ ~  230~h, 234u,  2 3 8 u ,  2 2 7 ~ ~  231pa 

The remaining radionuclides were screened based on travel times. The travel time in the 
unsaturated zone, ignoring dispersion, is given by: 

(3.27) 

where: 

tR = retarded travel time in the unsaturated zone, yr; and 
t = travel time, yr. 

The travel time was the time for the wetting fron? to reg& the ~ppemcst acpifer, obtained 
from infiltration modeling (140 years). Nuclides with retarded travel times greater than six 
half-lives were eliminated. This removed seven nuclides: 3H, "Sr, 13'Cs, 'I'Pb, 227A~, '"Am, 
and 241Pu. Nuclides with travel times greater than 10,000 years were also eliminated. The 
nuclides remaining for groundwater pathway analysis of the shallow land burial inventory are 
I4C, 226Ra, 234U, 238U, 231Pa, 235U, and 23'Np. No radionuclides in the Pit 6 inventory pass the 
screening criteria. 

RADIONUCLIDE CONCENTRATION IN WELL WATER 

The concentration at the well head was estimated as: 

where: 

(3.28) 

C,(t) = concentration at the we1 head, Ci m"; 
C,(t) = concentration in leachate, Ci me3; and 
DR(t) = dilution ratio for transport in vadose zone and saturated zone, dimensionless. 

~~ 
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The concentration of the leachate, C,(t), was the initial leachate concentration at 100 years 
decayed over the elapsed travel time. For radionuclides with radioactive progeny, the 
Bateman equations were solved numerically with the BAT6CHN program (Lindstrom et al.. 
1990). The dilution ratio is element-specific. For radioactive progeny, dilution factors were 
selected for the parent if the parent had a lower & value, except for Pa. For 231Pa, the activity 
initially present in the leachate was assumed to have the & of Pa. All Pa produced by 
radioactive decay during travel through the vadose zone was assumed to have the I& of 
uranium. 

3,2.3 Pathway Scenario Assumptions and Conceptua-l Models 

This section describes the conceptual models and assumptions for the pathway scenarios. 
The pathway scenarios describe the pathways in the accessible environment which could 
transfer radionuclides to members of the public. Specifically, these models estimate the 
concentration of radionuclides in environmental media and the potential doses to humans for 
the two scenarios considered. Justification of important assumptions are provided. 

3,2.3.1 Transient Occupation Scenario 

The transient occupation scenario describes potential human exposures to radionuclides 
released from the RWMS to the accessible environment immediately above the facility. This 
scenario does not begin until 100 years after closure because it is assumed that active 
institutional control will exclude members of the public for at least 100 years. 

The transient occupation scenario assumes that members of the public may be present at the 
site, but do not permanently reside at the site or engage in agricultural activities. Review of 
land-use patterns in southern Nevada indicates that many areas have no permanent residents, 
but are used on a short-term basis for recreational activities (hunting, camping, prospecting, 
off-road vehicle use, wildlife observation) and commercial activities (livestobk herding, 
mineral exploration). The transient occupation scenario was developed to account for the 
possibility that members of the public might use the site for purposes other than agriculture 
or as a permanent residence. These latter two uses are extremely unlikely for a site without 
easily obtainable water resources. No specific land-use activity was assumed for the 
scenario. All the reasonable transient land-use options were assumed to have the same 
pathways for exposure and therefore were considered to be approximately equivalent. The 
pathways were assumed to be limited to direct external exposure and inhalation (Table 3.2). 
The pathways operating in the base case release scenario and the transient occupancy 
scenario are summarized in Figure 3.9. Tritium and I4C can be present in gaseous and 
nonvolatile forms. Because the partitioning between the two physical states is unknown, 
doses were calculated assuming that all the activity was present in both forms. The activity 
concentration of volatile radionuclides (HTO, I4CO2, and "Kr) in air were calculated 
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Figure 3.9 Pathways Leading to Exposure of Members of the Public in the Base Case Release 
Scenario and the Transient Occupancy Scenario 
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assuming the maximum release rate was released into a 2-m- (6.4 ft-)-high mixing zone over 
the waste site. The steady state concentration was: 

(3.29) 

= 
= 

= mixing zone height, m; 
= 

= area of release, m2. 

activity concentration of gaseous radionuclide j, Ci mm3; 
activity release rate, Ci y P ;  

mean wind speed, m yf l ;  and 

The mean wind speed was assumed to be 2 m s-' and the area of release was the area of the 
pits and trenches, 7.5 x lo4 m2. The mixing height was conservatively assumed to be 2 rn 
(6.6 ft). Calculation of the release rate was described in Section 3.2.2.1. 

Methods for calculating the activity concentration of nonvolatile radionuclides in soil were 
described in the previous section. The concentration of particulate radionuclides in air were 
calculated by a mass loading approach where the resuspended activity is estimated based on 
the assumed mass loading of particulates in air. The concentration of radionuclide, j, in air 
above the facility, C,, in Ci m*3, is related to its shallow soil activity, ASj, in Ci, by: 

(3.30) 

where M, is the mass loading of soil particulates in air, g m"; and Ef is defined as the 
enrichment factor, which is dimensionless. A value of lo4 g m-3 was assumed for the mass 
loading parameter, M,. This value is higher than the annual mean concentrations reported by 
the National Air Surveillance Network for 30 nonurban sites across the United States in 1964 
and 1965 (EPA, 1990). These values range from less than 1 x 

Isopleths generated fiom data from the 30 sites indicate annual mean values €or the state of 
Nevada ranging between 6 x 1 
in the vicinity of Area 5 can only be estimated with the regional isopleths, making the 
uncertainty in the estimate difficult to quantify, the conservative value of lo4 g ma3 was 
ultimately chosen. 

to 6 x 1 0-5 g m-3. 

to 2 x 1 W5 g m'3 for those two years. Because mass loading 
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The enrichment factor, E ,  is used to correct for nonuniform concentration among various soil 
particle size groups. An enrichment factor greater than one indicates that the radionuclides 
are more concentrated on the resuspendible size fiactions (i,e., the concentration of radio- 
nuclides on suspended soil is greater than the average concentration over all particle sizes), 
while a factor less than one indicates that enrichment occurs among less mobile fractions. 
According to Layton et al. (1 993), enrichment factors for plutonium aerosols at two locations 
on the NTS, one of which was in Area 5 ,  were almost unity (0.87 to 1.04). The enrichment 
factor was assumed to be Unity for the estimates of resuspension calculated here. 

In addition to the conservative mass loading factor of lo4 g m-3, an additional source of 
conservatism in the mass loading model is the absence of a correction for area size. The 
model described by the equation for mass loading does not consider the dilution of the 
resuspended radionuclides by uncontaminated dust upwind of the Area 5 RWMS. Rather, 
the model assumes that the source area is sufficiently large to negate such dilution effects. 
The amount of conservatism added by this assumption is a h c t i o n  of the ratio of the particle 
deposition velocity to the wind speed, the distance fiom the receptor to the nearest and 
farthermost edges of the source area, and meteorological parameters pertinent to stability 
(EPA, 1990). 

Solution of Equations 3.22 through 3.24,3.29 and 3.30 allows estimation of concentrations in 
air and soil, important to the assessment of the TEDE to a transient occupant of the Area 5 
RWMS following the institutional control period. The TEDE values were calculated from 
these concentrations in the following manner. 

First, external effective-dose equivalent and CEDE fiom inhalation of nonvolatile 
radionuclides was calculated for the maximum soil concentration to evaluate an upper bound 
on the dose and to screen out radionuclides that contribute less than 0.1 percent of the 
25 mrem yr-’ dose limit for the all pathways analysis. Maximum external dose, Dj,mmeXt in 
mrem yr-I, was calculated for each radionuclide fiom: 

(3.3 1) 

where DCFjcxt is the effective external dose-rate conversion factor for radionuclide j, in 
mrem yr-’ per Ci m*3 in soil, based on a continuous exposure throughout the year. The factor 
2000/8760 corrects for the reduced exposure time for transient occupancy. In this case, it is 
assumed that the occupant is on site for 2,000 hours per year. Because time spent on site is 
highly uncertain, a bounding value was selected. No dilution by clean soil in between 
trenches and pits is assumed. The distribution of the source with depth is accounted for in 
Equation 3.3 1 through the selection of values for DCFYt. Values for DCF,”* were taken from 
EPA Federal Guidance Report No. 12 (Eckerman and Ryman, 1993) which lists dose 

Peiformance Assessment 3-73 



Area 5 Radioactive Waste Management Site Nevada Test Site 

conversion factors for exposure to soil contaminated to various depths. The values selected 
assume that the contamination is distributed to infinite depth (see Table E.3). Because the 
shallow soil compartment is 1 m (3.3 fi) deep in this model, assuming an infinite depth of 
contamination is conservative. Radioactive progeny that could be assumed to be in 
equilibrium with the parent were accounted for by adding the dose conversion factor of the 
progeny to that of the parent. 

Maximum inhalation doses from particulate radionuclides were calculated from: 

(3.32) 
o,j 

= 1920 x DCFjFh x C inh 
Dj, max 

where DCFjih is the CEDE conversion factor for inhalation of radionuclide j (DOE, 1988c) 
and the number 1,920 represents the annual volumetric intake of air by inhalation, in m3 yr-', 
for a transient occupant assumed to be at the Area 5 RWMS for 2,000 hours per year. 

For gaseous radionuclides, the dose was calculated as: 

gYJ 
Djyrnax gas = 1920 x DCFjinh x C (3.33) 

The dose equivalent from radionuclides listed in Table 3.5 in italics were calculated using 
Equation 3.3 1 and 3.32. The dose conversion factor, DCFjinh, includes the dose from all 
progeny produced within the body. A few of the italicized radionuclides in Table 3.5 have 
progeny with sufficiently long half-lives and retention times that the dose from inhalation of 
the progeny is a significant fraction of the dose fiom the parent. In these cases, the progeny 
were assumed in equilibrium with the parent and the DCFji& of the progeny were added to the 
value for the parent. Radionuclide dose conversion factors corrected in this fashion were 
those for 93Zr, I2%n, *lOPb , 227A~, 229Th, and 23?Np. The 3H dose conversion factor was 
multiplied by a factor of f .5 to account for dennal absorption. Values of dose conversion 
factors used are listed in Table E.3. 

The bounding dose calculations for the transient occupant scenario, based on maximum soil 
concentrations, indicated that nine radionuclides (226Ra7 227A~7 228Th, 230Th, 23 'Pa,' 234U, 235U, 
YJ, and 239Pu) contributed greater than 0.025 rnrem yr-' each to a transient occupant. Only 
these radionuclides were considered in subsequent dose estimates. For these more significant 
radionuclides, doses were calculated based on the time-dependant soil and air concentrations 
generated by solution of Equations 3.22 through 3.24,3.29 and 3.30. The results of the 
calculations performed, in terms of peak dose and 10,000-year dose (if the peak occurs after 
1 0,000 years), for each radionuclide are provided in Section 4.1. 
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3.2.3.2 Open Rangeland Scenario 

The open rangeland scenario assumes that a ranch is or will be established at an off-site 
location with available.water after closure of the RWMS. The locations nearest the RWMS 
with available water are Indian Springs, whch is outside the current NTS boundary, 
approximately 42 km (26 mi) to the southeast; and Cane Spring, which is within the current 
NTS boundary, approximately 14.3 km (8.9 mi) to the southwest. 

Exposure pathways for off-site members of the public include atmosphen’c transport of 
volatile or suspended radionuclides from the RWMS, deposition of atmospheric radio- 
nuclides on soil and crops at the residence location, and transfer of radionuclides from native 
vegetation and soil at the RWMS to milk and beef from cattle grazing on site. During the 
period of institutional control, pathways involving the grazing of cattle over the facility are 
not considered. 

A complete list of the pathways in the conceptual model for the open rangeland scenario is 
provided in Table 3.2 and Figure 3.10. All of these pathways, with the exception of those for 
volatile emissions of 3H, I4C, and *%r, are tied to the estimated shallow soil activity, ASj 
(Equation 3.22). Using these estimated soil activities, the concentration of radionuclides in 
vegetation and grazing animals at Area 5 ,  and the source of suspended radionuclides to the 
atmosphere are calculated as described below. 

Radionuclide concentrations in native vegetation grown in the cover surface soil 
compartment of the RWMS are estimated by considering uptake of radionuclides by roots 
and deposition of suspended soil which is contaminated with radionuclides on plant surfaces. 
Internal contamination of plants, resulting from root uptake, is expressed as: 

(3.34) 

where: 

CYjint = 

Bjv = 

ASJ = 

vs = volume of the shallow soils compartment, m3; and 
P b  = dry bulk density of soil, g m”. 

internal concentration of radionuclide j in vegetation, Ci g’; 
plant-soil concentration ratio for radionuclide j, Ci g-’ dry plant per Ci g-’ dry 
soil; 
activity of radionuclide j in shallow soil compartment, Ci; 
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Figure 3.10 Pathways Leading to Ex 
Scenario and the Open 1 

3osure of Members of the Public in the Base Case Release 
angeland Pathway Scenario 
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Values for Bjv are listed in Table E. 1. The dry bulk density of soil for Area 5 shallow soils is 
1.6 x lo4 g m-3 (REECO, 1993c). The soil activity, As,, is assumed to be that estimated for 
the shallow soils compartment, according to Equation 3.22. Annual grasses, which are the 
preferred food of grazing animals in southern Nevada (Section 2.6), are unlikely to have roots 
exceeding the 1-m ( 3 4 9  depth of the shallow soil compartment. The volume of the shallow 
soils compartment is assumed to be 7.5 x lo4 m3. 

The external contamination of vegetation from deposition of suspended radionuclides on the 
stems and leaves of plants is estimated from: 

(3.35) 

where: 

CvjeX' = 
Vd = deposition velocity, m y i l ;  

F" = foliar interception factor, m2 g-* dry vegetation; 
1, = weathering constant, yr-I; and 
Caj 

external concentration of radionuclide j on vegetation, Ci g-'; 

= suspended air concentration of radionuclide j over the cover soil, Ci rn? 

Equations 3.34 and 3.35 are similar to equations used in the NRC Regulatory Guide 1.109 
(NRC, 1977) and by Martin and Bloom (1980) for predicting contamination of vegetation, 
but assume that plant growth and radioactive decay do not decrease the radionuclide 
concentration in the vegetation. 

The deposition velocity in Equation 3.35, Vd, is assumed to be 6.3 x lo4 m yr"' (0.2 cm s-l). 

This value strongly depends on wind speed and particle size (Martin and Bloom, 1980). Baes 
et al. (1 984) assume a value of 3.2 x lo4 m yr-' for coarse suspended matter, citing data by 
Sehmel(l980). 

The foliar interception fraction, F,, is assumed to be m2 g-I, a conservative value based 
on a review of data by Martin and Bloom (1980) specific to the NTS, indicating a mean of 
about 4 x 1 0-4 rn2 g-' , with a maximum value of 1.1 x 1 Oq3 m2 g-'. The weathering rate, 
representing the effective rate of loss of radionuclides deposited on plant surfaces, A,, is 
assumed to be 1 8 yr-'. This is the default value used in the NRC Regulatory Guide 1.109. 
The value of 18 yr*I corresponds to a weathering half-time of 14 days. Martin and Bloom 
(1 980) suggest that the weathering half-time increases as a h c t i o n  of time, beginning at a 
value of around one day and increasing to a value more than two orders of magnitude higher 
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for remaining surficial contamination. However, this type of weathering model was 
considered too complex to be supported by the data available; thus, the default value of 14 
days was adopted. 

The concentration in air above the cover soil, C,, was calculated according to Equation 3.30, 
using the mass loading approach. Values of kj were calculated as in Equation 3.22, above. 

The open rangeland scenario requires an estimate of radionuclide concentrations in beef and 
milk from cattle grazing over the Area 5 RWMS. These concentrations were calculated in a 
manner similar to that used in the NRC Regulatory Guide 1.109. However, radioactive decay 
occurring between ingestion of forage and consumption of milk or beef was neglected 
because the radionuclides in Table 3.7 are long-lived relative to holdup times. 

The small area of the RWMS and low productivity of Mojave Desert rangeland combine to 
limit the grazing potential. In Section 2.6, the number of animal unit months ( A M )  per 
hectare for cattle grazing on native vegetation on Frenchman Flat was estimated to be 0.07 
based on considerations of standing biomass and generic forage ingestion rates. Assuming a 
total contaminated area of 7.5 x lo4 m2, the site represents about 1 AUM. That is, one cow 
could be sustained by natural forage on the site for one month. Rather than account for the 
potentially nonsteady-state conditions that would arise for livestock grazing for one or two 
months on the site, it was assumed that contaminated beef and milk were available year 
round to the off-site residents. The radionuclide concentration in the beef and milk repre- 
sents the steady-state concentration for livestock grazing continuously on contaminated areas. 
It should be emphasized that this is an extremely conservative assumption made to simplify 
computations. 

For milk, the concentration of radionuclide j,  Cmj in Ci kg-', is estimated from: 

C . = F  * 
m J  m J  

where: 

(3.36) 

F m  j 
4 
c v j  

I, . 

As j 
vs = volume of the shallow soils compartment, m3; and 
Pb = dry bulk density of soil, g mm3. 

= 
= 
= 
= 
= 

fraction of daily ingested radionuclide j found in milk, day kg' milk; 
contaminated forage ingestion rate of cattle, g dry plant day-'; 
concentration of radionuclide j in forage vegetation, Ci g-' dry plant; 
contaminated soil ingestion rate of cattle, g dry soil day*l; 
activity of radionuclide j in shallow soil compartment, Ci; 

-~ 
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The concentration in vegetation, C, ,  is the sum of Cv,jcxt and Cv,jint from Equations 3.34 and 
3.35. Values of F,, (Table E.l) were adopted from a compilation of these values by Baes 
et al. (1 980) for all radionuclides except and I4C, which were not available in that docu- 
ment. Values of F,, for 3H and I4C were obtained from the NRC Regulatory Guide 1.109, 
Revision 1 (NRC, I977), which provided values based on specific activity considerations for 
these radionuclides. 

The assumed forage consumption rate of cattle grazing on native flora at the Area 5 RWMS, 
I,, was 8 kg dry vegetation day-', based on a review of site-specific and desert forage 
consumption studies for cattle by Martin and Bloom (1980). The assumed soil consumption 
rate, I,, is 0.5 kg dry soil day-', based on reports by Martin and Bloom (1 980) and Smith 
(1977). 

For beef, the concentration of radionuclide j, Cbj, in Ci kg", is calculated from: 

(3.37) 

where Fbj represents the fraction of the cow's daily ingestion of radionuclide j that is 
transfemed to muscle, in day kg-I. Values of F,, (Table E. 1) were taken fiom a review by 
Baes et al. (1 980) for all radionuclides except 'H and I4C. Values of F,, for 3H ihd I4C were 
obtained f o m  the NRC Regulatory Guide 1.109, Revision 1 (NRC, 19771, which provided 
values based on specific activity considerations for these radionuclides. Other parameters in 
Equation 3.37 are defined above. 

3.2.3.3 Radionuclide Screening 

Evaluation of off-site concentrations of radionuclides in air and crops to which residents 
might be exposed requires ha t  atmospheric transport to the residence locations be simulated. 
Because of the considerable dilution accompanying this mode of transport, screening calcu- 
lations were carried out to eliminate radionuclides from Table 3.7 which do not cause a 
significant dose relative to the all pathways dose limit of 25 rnrem yr-'. These screening 
calculations were carried out assuming no dilution of the air or soil above the facility. 
Screening dose calculations were evaluated for the peak shallow soil concentrations of each 
radionuclide, because all environmental concentrations are ultimately tied to this concentra- 
tion. Estimated doses which were judged to be significant, or contributing at least 0.025 
mrem yr- under the conservative conditions defined, were reevaluated with a more realistic 
approach involving atmospheric transport calculations. The screening calculations do not 
include volatile %, I4C, and ''Kr. These nuclides were included in the full pathway analysis. 
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Product Consumed ' 

Vegetables, Potatoes, Fruit 

External doses were calculated fiom Equation 3.3 1 which was modified to represent exposure 
over the entire year rather than for 2,000 hours yr! Doses fiom inhalation of suspended 
radionuclides in air above the facility, Dj,maxinh, were calculated from Equation 3.32, which 
was modified to consider continuous exposure throughout the year. 

Estimated Intake for Adults (Wet Mass) 

160 kg yr-' 
I 

Equations 3.34 through 3.37 were used to evaluate the radionuclide activity concentration in 
vegetation, beef, and milk concentrations at the Area 5 RWMS. The CEDE from ingestion of 
contaminated vegetation, milk, soil, and beef (Djing) was calculated from: 

Milk and Milk Products (Ca equivalent) 

Beef 

(3.38) 

220 kgyr'' 

30 kgyr-' 

where U,,, Us, U,, and Ub are intake rates of vegetation (g dry y?), soil (g yr-l), milk (kg yr-I), 
and beef (kg yr"'), respectively. The DCFjing is the CEDE conversion factor for ingestion of 
radionuclide j (DOE, 1988b). Values used for DCFjing are listed in Table E.3. The ingestion 
CEDE conversion factors were corrected for progeny, as described for inhalation exposures. 
The assumed intake rates for vegetation, milk, and beef are given in Table 3.22. Ingestion 
rates for fruits and vegetables were available on a fresh mass basis only. To convert wet 
mass vegetation intake, U,, to dry mass, an average dry-to-wet mass ratio of 0.2 (Baes et al., 
1984) was assumed, giving a U, of 32 kg dry yr-! Ingestion of soil by humans, assumed to 
06cur inadvertently with ingestion of incompletely washed vegetation, is estimated to be 
about 40 g yr-' (EPA, 1989). 

Table 3.22 Assumed Values of Dietary Intake (from Rupp, 1990) 

Doses calculated using the screening method described above lead to the retention of 16 
radionuclides for more detailed analysis. These 16 radionuclides include all of the nuclides 
retained in the transient occupancy scenario. This could be expected because external and 
inhalation exposures were calculated for both scenarios in a similar manner. The additional 
radionuclides include three volatile radionuclides (3H, I4C, and 85Kr) and two nuclides 
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important in ingestion pathways (23?Np and 24'Am). The fmal list of radionuclides for the 
open rangeland scenario with the off-site resident consists of: 3H, 14C, %r, 210Pb, 226Ra, 
2 2 7 ~ ~ ,  2 2 8 ~ ~ ~  2 2 8 m  2 3 0 ~  23fpa, 2 3 4 u ,  2 3 5 u ,  2 3 N P ,  2 3 8 u ,  239pu, 2 4 1 b .  Y 3 

3.2.3.4 Full Pathway Analysis for the Open. Rangeland Scenario 

The nuclides retained from the screening analysis were carried through a f d l  pathway 
analysis with atmospheric dispersion to the location of the off-site resident. For volatile 3H, 
I4C, and 85Kr, atmospheric transport.calculations were performed to estimate air, soil, and 
vegetation concentrations at the ranch location. Release rates estimated for 3H, "C, and "Kr 
in Section 3.2.2.1 provided source terms for atmospheric transport: Off-site air concentra- 
tions, Cmj, were estimated for these source terns using CAP88-PC @PA, 1992), an EPA- 
sanctioned code developed for estimating TEDE to members of the public resulting from 
radionuclide emissions to air. Site-specific atmospheric conditions available for Frenchman 
Flat were used for the computations, and the source was assumed to be an area source of 
7.5 x lo4 m2. Air concentrations at Indian Springs (42 km [26 mi] southeast of Area 5) were 
calculated. Volatilization is assumed to occur immediately after facility closure during the 
period of institutional control. Because Cane Springs (14.3 km [8.9 mi] south-southwest of 
Area 5 )  is within the NTS boundary, air concentrations of volatile forms ?f 3H, I4C, and "Kr 
are not calculated at this location for the period of institutional control. 

Concentrations of 3H and I4C in soil at the off-site location (Csxj in Ci mm3) were calculated 
using the deposition velocity, V,, introduced in Equation 3.35. Krypton-85, a noble gas, 
causes an air-immersion dose only; thus, soil and vegetation concentrations of "Kr are 
immaterial. The equation describing the relationship of CSxj to Cmj , the air concentration at 
the residence location is: 

(3.39) 

Equation 3.39 assumes that equilibrium exists between deposition and resuspension and that 
the amount deposited becomes mixed to the depth of the shallow soils compartment, repre- 
sented by the factor of 1 .O in the equation. Concentrations of 3H and I4C in vegetation were 
calculated according to Equations 3.34 and 3.35, replacing ASj with C,, and Caj with Cmj . 
That is: 

(3.40) 

~~ 
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and 

(3.4 1) 

where Cvxjint and CyxJcxt are the vegetation concentrations at the off-site location. The total 
vegetation concentration, CVqj, is the s u m  of C ~ i n t  and Cv,r* . 

Concentrations of 3H and I4C in milk and beef fiom direct inhalation of volatile forms of 
these radionuclides were neglected. Livestock intake of these radionuclides was calculated 
for the nonvolatile forms only. 

The CEDE fiom inhalation of 3H and I4C was calculated from: 

D:h = C ax j x DCFYh x 8400 (3.42) 

where CaXj is the CAP88-determined air concentration at the off-site location in Ci M - ~ .  The 
dose conversion factor for 3H was corrected for dermal adsorption by multiplying by 1.5. For 
"Kr, the air-immersion dose factor, in m e m  yr-' per Ci m*3, obtained firom Eckerman and 
Ryman (1 993), was multiplied by the CAP88-determined air concentration for this radionu- 
clide to calculate dose. Doses resulting from ingestion of vegetation and inadvertent inges- 
tion of soil contaminated with 3H and 14C at the location of residence were calculated 

(3.43) 

setting the concentration in milk, Cmj, and the concentration in beef, Cbj, to zero. 

For nonvolatile forms of 3H, l4C, and the other 13 nonvolatile radionuclides, full pathway 
analysis was performed. Air, soil, and vegetation concentrations at Indian Springs and at 
Cane Springs were calculated, after the 100-year institutional control period, As with the 
volatile radionuclides, the CAP88-PC methodology was applied to estimate off-site con- 
centrations. The time-dependent source term from the Area 5 RWMS to the atmosphere, 
Sazi(t) in Ci yf', arises from the suspension of contaminated soil in air and was calculated 
according to: 

~~ 
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SajW = A s p  KS (3 "44) 

where AJt) is the activity of radionuclide j in the shallow soils compartment above the 
facility. The value of AJt) is calculated as a function of time from Equation 3.22. The 
assumed value of the resuspension rate, &, is lo4 y f 1 *  Maximum and 10,000-year air 
concentrations at the two locations are presented in Table E.5. Concentrations in soil (CSxJ) 
and vegetation (C,,) at both residence locations were calculated according to Equations 3.3 9, 
3.40, and 3.4 1. Concentrations in beef and milk were calculated assuming cattle. grazed over 
the Area 5 RWMS after loss of institutional control (Equations 3.36 and 3.37). Inhalation 
and ingestion doses were calculated according to Equations 3.42 and 3.43. External doses 
were calculated according to Equation 3.3 1, removing the 2000/8760 factor to allow for 
continuous exposure throughout the year. Results are presented in Section 4.1. 

3.2.3.5 Resident Farmer Scenario 

Farming in southern Nevada is limited to a very few sites that have surface water or near- 
surface groundwater. Results from the resident farmer scenario should be viewed as an 
extreme bounding value of site performance. 

The resident farmer scenario is assumed to be equivalent to the open rangeland scenario with 
the off-site ranch located 100 m (330 ft) from the Area 5 RWMS, rather than at Cane Springs 
or Indian Springs. It is assumed that the resident bas sufficient resources to subsist perma- 
nently at the site. This implies development of a groundwater well at least 245 m (803 ft) 
deep to support household water requirements. A much deeper well would be required to 
obtain the large quantities of water required for irrigation and agriculture. 

In Section 3 2 3 . 3  , screening calculations are presented for the open rangeland scenario. This 
analysis identified 16 radionuclides capable of contributing 1/1,000 of the dose limit. The 
analysis is very similar to the analysis of the resident farmer scenario. Therefore, the screen- 
ing analysis in Section 3.2.3.3 was considered valid for the resident farmer scenario, and the 
same radionuclides were evaluated. 

The conceptual and mathematical models €or release of volatile and nonvolatile radionuclides 
from the intact disposal site are assumed also to apply for this scenario (see Sections 3.2.2.1 
and 3.2.2.3). 

The concentration of volatile radionuclides in air at 100 m (330 ft), Cax, j ,  has been estimated 
with the CAP88-PC model (EPA, 1992). Site-specific meteorological data from Frenchman 
Flat were used. The source was assumed to be an area source equal to the area of the pits and 
trenches, 7.5 x 1 O4 m2. The air concentration at the residence was assumed to be the concen- 
tration in the highest sector, which was west-northwest. 
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Radionuclides released to the surface soils above the Area 5 RWMS could be transported to 
an off-site ranch at 100 m (330 fi) by atmospheric dispersion, by sediment trhsport, and by 
biological transport. Modeling these transport processes would be complex. Because of the 
close proximity to the site (100 m [330 ft]), the concentration would probably vary signif- 
icantly over the dimensions of a ranch large enough to support a subsistence farmer. The 
activities of animals and transport in ephemeral channels might also lead to nonuniform 
concentrations. The concentration of radionuclides in soils beyond 100 m (330 f?) should 
never exceed the concentration directly over the site. Because the concentrations of radionu- 
clides in surface soils is low, it was assumed that the concentration at 100 m (330 ft) was the 
same as in the surface soils over the site. This is a conservative assumption. 

The earliest the ranch was assumed to be present was at the time of closure. Because 
institutional controls are assumed to be present for 100 years after closure, direct access to 
the site was assumed to be impossible for t h~s  period. The concentration of most nonvolatile 
radionuclides in shallow soils increases slowly. Most do not reach a maximum for several 
thousand years, with the exception of 3H. Therefore, the exposure during the institutional 
control period is expected to be dominated by the release of volatile radionuclides and 
nonvolatile 3H. The maximum volatile radionuclide release rate will occur at closure and 
decrease thereafter as the source is depleted by release and radioactive decay. 

3.2.3.6 Summary of Pathway Conceptual Models 

The pathway conceptual model estimates the TEDE to members of the general public based 
on release rates of radionuclides from the RWMS or concentrations in the near-field environ- 
ment. In the transient occupancy scenario, the concentration of radionuclides in shallow soils 
was used to estimate the external dose and inhalation dose to a transient visitor to the site. In 
the open rangeland scenario, the radionuclide concentration of shallow soils and vegetation at 
the Area 5 RWMS was used to estimate the radionuclide intake of cattle grazing on the site. 
Concentrations in air, soil, and vegetation at Indian Springs and Cane Springs, two locations 
with sufficient water resources to assume full-time residence, were also evaluated based on 
release rates of volatile and nonvolatile radionuclides. The resident farmer scenario repre- 
sents an extremely unlikely scenario analyzed for consistency. The results of these analyses 
are presented in Chapter 4. Parameters assumed for these calculations are summarized in 
Table 3.23. 

3.3 Intruder Conceptual Models and Assumptions 

In Section 3 1.3, the intruder scenarios evaluated in the performance assessment were 
described. The scenarios selected are based on scenarios previously developed (NRC, 198 1 ; 
Kennedy and Peloquin, 1988). This assessment does not consider intruder scenarios to be 
reasonable predictions of future events. They are arbitrary hypothetical events analyzed to 
set waste concentration limits. It is the policy of the DOE to ensure that no legacy requiring 
remedial action remains after operations have been terminated (DOE, 1988a). Analysis of 
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Table 3.23 Parameters Used in the Release and Pathways Conceptual Model to Estimate Environmental 
Concentrations and TEDE 

Value 
Assumed Source of Value Selected Parameter Description Pathway Assumed 

Internal 
Contamination of 
Vegetation 

Bjv, Plant-Soil Concentration 
Ratio (Ci g*’ dry plant: Ci g-l dry 
soil) 

Table E.l see Table E.l 

DCFjmt, External Effective Dose 
Equivalent Conversion Factor 
(mrem yr-I per Ci m-3 soil) 

Exposure to 
Contaminated Soil 

Table E.3 Eckennan and Ryman, 1993 

Exposure to Contami- 
nated Vegetation, 
Beef, or Milk 

I 

DCFjing, Ingestion CEDE 
Conversion Factor (rem per WCi) 

Table E.3 DOE, 1988b 

DCFjinh, Inhalation Dose 
Conversion Factor (rem per pCi) 

Exposure to Contami- 
nated Air Table E.3 DOE, 198833 

Suspension of Con- 
taminated Soil into 
Air 

Layton et al. 1993 1 
E,. Enrichment Factor 

F,, Fraction of a Cow’s Daily 
Ingestion of Radionuclide j that is 
in Each kg of Beef (day kg-’) 

F,, Fraction of a Cow’s Daily 
Ingestion of Radionuclide j that is 
in Each kg of Milk (day kg’) 

Contamination of 
Beef 

Table E. 1 see Table E. 1 

Contamination of 
Milk 

Table E. 1 see Table E.l 

F,, Foliar Interception Factor 
(m’ g‘) 

External Contami- 
nation of Vegetation 10-3 Martin and Bloom, 1980 

- 

I,, Soil Ingestion Rate for Cattle 
(kg day-’) 

l,, Native Forage Consumption 
Rate for Cattle, (kg dry day-’) 

Martin and Bloom, 1980; 
Smith, 1977 

Contamination of 
Beef and Milk 0.5 

Contamination of 
Beef and Milk 8 Martin and Bloom, 1980 

Kb,, Fractional Transfer Rate 
from Waste to Shallow Soils by 
Burrowing Animals (yr-I) 

Kb2, Fractional Transfer Rate 
from Waste to Subsurface Soils 
bv burrow in^^ Animals (yr-’) 

Contamination of 
Shallow Soils 

1.3 x 10-7 see Section 3.2.2 

1.8 x lo-’ Contamination of 
Subsurface Soils 

see Section 3.2.2 

K,, j, Root Uptake Rate fkom 
Waste to Shallow Soils (yr-I) 

Contamination of 
Shallow Soils Table E.2 

Table E.2 K,,j, Root Uptake Rate from 
Waste to Subsurface Soils (vT-’) 

Contamination of 
Subsurface Soils see Section 3.2.2 1 
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KrjJ, Root Uptake Rate from 
Subsurface Soils to Shallow Soils 
(yr’) 

Table 3.23 (continued) 

Contamination of 
Shallow Soils 

Parameter Description 

L, Soil Resuspension Rate (yr-’) 

M,, Mass Loading Factor (g rf3) 

Ub, Average Intake Rate of Beef 
(kg wet yr-’) 

U,, Average Intake Rate of Milk 
(kg wet yr-’) 

U,, Inadvertent Intake Rate of 
Soil (g yr-’) 

U,, Average Intake Rate of 
Vegetables and Fruit (g dry yr-I) 

I Pathway Assumed 

Source Term for 
Atmospheric Trans- 
port Off Site 

Contamination of Air 
Above Faciiity 

Exposure to Contami- 
nated Beef 

Exposure to Contami- 
nated Milk 

Exposure (internal) to 
Contaminated Soil 

Exposure to Contami- 
nated Vegetation 

V,,, Deposition Velocity (m yr-’) 

External Contaminit- 
tion of Vegetation 
and Off-Site Soil 

V,, Volume of the Shallow Soils 
Compartment ( m3) 

Contamination of 
Shallow Soils 

A,,, Radioactive Decay Constant, Contamination of Air I and Soils 

Aw, Weathering Constant far 

Vegetation, yr-l 

pb, Dry Bulk Density of Soil 
( e  rn-? 

External Contamination of External Contamha- 
tion of Vegetation 

Contamination of 
Shallow Soils 

I Sourceof Value Selected I Value 
Assumed 

I see Section 3.2.2 I 
EPA, 1990 

Rupp, 1990 

220 1 Rupp, 1990 

EPA 1989 + 32000 Rupp, 1990 

Baes et al., 1984; 
EPA, 1992 3.3 x 104 

7.5 x 104 se’e Section 2.9 

I Table E.3 Kocher, 1981 

I 1 . 6 ~  lo6 REECo, 1993c 

intruder scenarios is a method to ensure that the site is preserved for very restrictive Euture 
uses, thereby ensuring that the site is not a legacy. This is accomplished by determining the 
maximum waste concentration that meets the performance objective. This section describes 
the conceptual models and assumptions used to analyze the intruder scenarios. The con- 
ceptual models were implemented With the RESRAD computer code (Yu et al., 1993). The 
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RESRAD results presented are all for zero elapsed time, thereby eliminating the time- 
dependant processes (erosion, leaching, and radioactive decay) incorporated in the FESRAD 
code. Erosion and leaching of the contaminated zone are not believed to be important 
processes at the NTS over the short duration of an intruder scenario. Radioactive decay of 
the source term was performed with the RadDecay computer code (Negiri and Worku, 199 1) .  

3.3.1 Acute Intruder Scenarios 

Three acute intruder scenarios were considered: the discovery scenario, intruder-construction 
scenario, and intruder-drilling scenario. Intrusion was assumed to be possible from the end 
of the 100-year institutional control period to the end of the I0,OOO-year compliance interval. 
Two of the scenarios, the discovery and the intruder-construction scenario, were not analyzed 
because the expected doses are bounded by chronic intruder scenarios. The discovery 
scenario and intruder-construction scenario are very similar except that the discovery 
scenario can occur earlier, before waste fonns have decomposed. Because no credit for waste 
form is taken in this assessment and all waste forms are assumed to have decayed to a soil- 
like material by the end of the institutional control period, the discovery arid construction 
scenarios are assumed equivalent. 

The intruder-construction scenario describes the exposure of an intruder building a residence 
over the site. It is an acute scenario which precedes the chronic intruder-agriculture scenario. 
Based on previously described scenarios (NRC, 198 l), the intruder is assumed to excavate 
600 m3 (21,000 ft’) from a 10- by 20-m (32.8- by 65.64) foundation that is 3 m (9.9 ft) deep. 
Because the assumed cap thickness is 2.4 m (7.9 ft), 120 m3 (4,000 ft’) ofwaste is excavated 
and mixed with 480 m3 (1 7,000 fi3) of clean soil. In the ensuing intruder-agriculture 
scenario, the intruder is assumed to spread the contaminated soil over a 2,500-m2 (26,909-ft2) 
area. The thickness of the contaminated area is then 600 m3/2,500 m2 (21,188 ft3/26,909 ft’) 
or 0.24 rn (0.79 fi)- Because 0.24 m (0.79 ft) is greater than the depth of mixing by most 
agricultural implements, the soil is not diluted any further. Therefore, the soil concentrations 
in the intruder-construction and intruder-stgriculture scenario are the same. There are other 
differences between the two scenarios. Inhalation exposure in the intruder-construction 
scenario is greater because a higher dust loading of 5 x 1 0-4 g mm3 is assumed versus 
1 x 1 
the intruder-agriculture scenario is greater because the duration of exposure is greater, 6,132 
hours versus 500 hours, and there are no ingestion pathways in the intruder-construction 
scenario. The acute scenario also has a performance objective that is five times greater than 
the chronic scenario. The intruder-agriculture scenario ,is expected to yield doses bounding 
the intruder-construction scenario because the soil concentrations are the same, and the time 
of exposure is ten times greater, the dose limit is one-fifth, and additional pathways are 
included. Therefore, the intruder-construction scenario and discovery scenario were not 
considered. 

g m-3 assumed for the intruder-agriculture scenario. However, overall exposure in 
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3.3 .? I Conceptual Models and Assumptions for the Acute Drilling Scenario 

The drilling intruder scenario is a short-term, or acute scenario involving exposure to drill 
cuttings from a borehole penetrating a trench or pit. Again, because no credit ishaken for the 
waste form integrity, this scenario is assumed to be possible at any time after the 100-year 
institutional control period. The site inventory is assumed to remain totally isolated until the 
time of intrusion. The models for radionuclide release from the undisturbed site, described in 
Section 3.2.2, predict that less than 5 percent of the inventory of the most mobile particulate 
radionuclides will be released from the facility in 10,000 years. Therefore, it is reasonable 
and conservative to assume that radioactive decay is the only process changing the source 
term prior to intrusion. 

The drillers are assumed to be exposed to contaminated cuttings while drilling a'0.3-m- 
(0.99-ft)-diameter borehole to the uppermost aquifer. The time required to complete the 
drilling is assumed to be 100 hours. During the event, the drillers are assumed to be exposed 
by external irradiation, inhalation, and inadvertent ingestion of soil. The drillers are assumed 
to be in the center of a 1 ,000-m2 (1 0,763-ft2) area contaminated with cuttings for the 1 OO-hour 
exposure period. Drill cuttings are usually held in a mud pit adjacent to the drill rig. The 
drillers were assumed to be in the mud pit to simplify the geometry of external irradiation. 
This is a conservative assumption made to simplify the analysis. The activity concentration 
of radionuclides in the cuttings is: 

t w  fd c . =1x10l2 x c . x - 
wsJ D,p S J  

(3 -45) 

soil activity concentration of radionuclide j, pCi g-'; 
waste activity concentration of radionuclide j at the time of intrusion, Ci m-3; 
thickness of the waste zone, m; 
facility design factor, dimensionless, 
total depth of the borehole, m; and 
bulk density of the alluvium, g rn? 

The waste activity concentrations at the time of intrusion were determined using RadDecay 
(Negin and Worku, 1991). The facility design factor is a dilution factor that accounts for 
clean soil that fills void spaces between waste packages. The design factor was assumed to 
be 0.75. The depth of the borehole was assumed to be 235 m (770.9 ft) and the bulk density 
was assumed to be 1.6 x 1 O6 g m-3. The waste cell thicknesses were 4.9 m (1 6 ft) for the 
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shallow land burial trenches, 6.2 m (20.3 ft) for the upper cell of Pit 6 ,  and 3.6 m (1 1.8 ft) for 
the lower cell. The volume of soil excavated, I7  m3 (600 ft3), when spread over a 1,000-m’ 
(1 0,763-ft2) area, creates a final contaminated zone approximately 0.02 m (0.8 in) thick. 

The CEDE to the drillers from the inadvertent ingestion of soil is given by: 

(3.46) 

where: 

Dsoil, = 
DCFing = 
FSI = annual intake of soil, g yf ’ ;  
FA = area factor, dimensionless; 
FCD, = soil ingestion cover and depth factor, dimensionless; and 
FO, = soil ingestion occupancy factor, dimensionless. 

CEDE from ingestion of radionuclide j in soil, mrem yr- ’; 
ingestion CEDE conversion factor, mrem pCi-’; 

The dose conversion factors used are the default values in RESRAD. These are the most 
conservative values in DOE (1 988b, 1988~) .  This approach is reasonable because no 
information on chemical or physical form of the waste constituents is available. The annual I 

soil ingestion rate was assumed to be 40 g yf1 .  The area factor for a 1,000-m2 ( 10,763-ft2) 
area was assumed to be 1 .O. The cover and depth factor was assumed also to be 1 .O. The soil 
ingestion occupancy factor is the fraction of the time in a year spent on site or 0.0 I 1 for 
100 hours. 

The CEDE from inhalation of suspended cuttings was calculated from: 

Djnh,j = Cs, x DCFinh x ASR x FAinh 
(3.47) 

where: 

Dinh, = 
DCFinh = 
ASR = soil mass loading in air, g m-’; 
Fainh = area factor for inhalation pathway, dimensionless; 
FCDinh = inhalation cover and depth factor, dimensionless; 
FOinh == occupancy factor for inhalation pathway, dimensiodess; and 
FI = annual intake of air, m3 y f ?  

CEDE from inhalation of radionuclide j, mem yr- ’; 
inhalation CEDE conversion factor, mern pCi-’; 

~ ~~ ~ ~~ 
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An intermediate soil mass loading value of 1.5 x 

assumption that the drill cuttings would be wet and not as easily resuspended as dry cuttings. 
The cover and depth factor and occupancy factor were the same as in the soil ingestion 
pathway. The annual intake of air was assume to be 8,400 m3 y f ' .  The cover and depth 
factor was calculated as: 

g M - ~  was assumed based on the 

(3.48) 

where : 

A = area of contaminated zone, m2; and 
Dt = dilution length, m. 

The area of the contaminated zone was 1,000 m2 (1 0,763 ft') and the assumed dihtion length 
is 3 m (9.9 ft). 

The dose from inhalation of 3H was calculated assuming HTO was the only form present. 
The CEDE from inhalation and dermal absorption of HTO was calculated from: 

(3.49) 

where: 

Dih, H-3 = 
C ,  H-3 = 

CEDE from inhalation and absorption of HTO, mrem yr-'; and 
activity concentration of HTO in air, pCi 111-~. 

The concentration of HTO in air is calculated assuming that all of the HTO is in the soil pore 
water. The flux from the surface is the product of the soil pore water 3H concentration and 
annual evapotranspiration. This flux is assumed to be mixed into a 2-m (6.64) mixing zone. 
The concentration of HTO in air is given by: 

(3.50) 
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where: 

8" = volumetric water content, dimensionless; 
Et = evapotranspiration rate, m yr-]; 
Wmix = height of atmospheric mixing zone, m; and 
W = mean wind speed, m s'. 

The volumetric water content of the cuttings was assumed to be the same as the near-surface 
alluvium, 0.086. The evapotranspiration factor is the annual quantity of water evaporated 
from the surface, which was assumed to be equal to the annual rainf'dl of about 0.1 m yr-I. 
The mixing height and mean wind speed assumed were 2 m (6.6 ft) and 2 m s-', respectively. 

The dose fiom inhalation of I4C is calculated in a similar fashion. All airborne 14C is 
assumed to be I4CO2. The CEDE from inhalation of 14C02 is calculated as: 

where: 

Dih. C- 14 

ca, C-14 

= 
= 

CEDE from inhalation of 14C02, mrem yr-l; and 
activity concentration of I4CO2 in air, pCi mq3. 

The concentration of I4CO2 in air is estimated from: 

where: 

EVSN = the I4CO2 evasion rate, pCi mW2 yr-'. 

The area, mixing height, and wind speed were the same as were used for used for 3H. 

The carbon evasion rate is estimated fiom: 

(3.5 1) 

(3.52) 

~~~ ~ 
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EYSN = 1 x 1 0 6  x cs,c-14 x E x p x dr,. (3.53) 

where: 

E = carbon evasion rate constant, y f  '; and 
di, = reference soil depth, m. 

The carbon evasion rate constant was assumed to be 22 yr-' which is a RESRAD default 
value based on empirical measurements (Yu et al., 1993). The soil layer releasing I4CO2 was 
assumed to be equal to the depth of the contaminated zone, 0.02 m (0.8 in). 

The effective dose equivalent from external irradiation was calculated fiorn: 

where: 

(3.54) 

D,,,, = effective dose equivalent from external exposure, mrem y f ' ;  
DCF,,, = 
FS = shape factor, dimensionless; 
FD = depth factor, dimensionless; 
FC = cover factor, dimensionless; and 
FO,,, = occupancy factor for external irradiation, dimensionless. 

external dose conversion factor, mrem yr-' per pCi m-3; 

The shape factor, area factor, and cover factor were assumed to be 1.0. The depth factor 
corrects the external dose conversion factor for an infinitely deep contaminated zone to a 
value appropriate for the actual depth of the contaminated zone. The depth factor is deter- 
mined within RESRAD for each radionuclide by interpolation between tabulated values (Yu 
e! al., 1993). The occupancy factor for external irradiation is the fraction of time spent at the 
site annually or 0.0 1 1. Parameters used in the acute drilling scenario axe summarized in 
Tabte 3.24. 

The acute drilling scenario was analyzed for the shallow land burial inventory and for Pit 6.  
Doses were calculated at 100 years, 10,000 years, and at the time the maximum dose occurs. 
The results are presented in Section 4.2. 
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Mass Loading (g rn-3) 

Soil Ingestion Rate (g yr-I) 

Annual Intake of Air (m3 yr-I) 

Table 3.24 Summary of farameters Used in the Drilling Intruder Scenario 

1 x 10-4 

40 

8,400 

Thickness of Contaminated Zone (m) 

~ ~~~~~~ 

Annual Evapotranspiration Factor, E, (m yf') 

Atmospheric Mixing Height, Hmix (m) 

Annual Average Wind Speed, U (m s-I) 

Carbon Evasion Rate, E (y-') 

I 0.0 16 

~~ 

0.099 

2 

2 

22 

I 
I 

Bulk Density of Contaminated Zone (g I 1.6 x106 

Occupancy Factors 
Soil Ingestion 
Inhalation 
External 

0.01 1 
0.01 1 
0.01 1 

Carbon Release Depth, kf (m) I 0.016 

3.3.2 Chronic Intruder Scenarios 

Two chronic or long-term intruder scenarios were considered in Section 3.1.3 : the intruder- 
agriculture scenario and the postdrilling scenario. This section describes the conceptual 
models and assumption used for the chronic intruder scenarios. 

3.3 2.1 Conceptual Model and Assumptions for the Intruder-Agriculture 
Scenario 

The intruder-agriculture scenario follows the intruder-construction scenario and assumes that 
the intruder lives in a residence built upon a mixture of exhumed waste and soil. It is 
assumed that the waste has degraded to the point where it is indistinguishable from soil. This 
is a very conservative assumption for most waste forms, but is reasonable for soil waste 
streams. Because this assessment does not specify the waste form, assuming the waste was 
equivalent to soil at the end of institutional control was the only justified assumption. The 
intruder is assumed to engage in agricultural activities at the site. The agricultural pathways 
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were selected based on the most common agricultura1 activities currently observed in 
southern Nevada. The scenario represents a commercial cattle ranching operation that pro- 
duces a forage crop. In addition to commercial activities, small quantities of h i t ,  vege- 
tables, and milk are assumed to be produced for private purposes. Because contamination of 
the aquifer has been eliminated, the scenario includes no pathways involving contaminated 
water. The intruder is exposed through the following pathways: 

External irradiation from radionuclides in surface soil. 

Inhalation of particulate radionuclides resuspended fiom surface soils and inhalation of 
gaseous radionuclides release from surface soil. 

Inhalation of gaseous radionuclides released fiom buried waste. 

Ingestion of contaminated soil. 

Ingestion of contaminated beef and dairy products produced at the site. 

Ingestion of contaminated h i t s  and vegetables produced at the site (Figure 3.1 1). 

The intruder is assumed to construct a 200-m2 (2,152.7-fi2) house with a 2.5-m- (8.2-ft)-deep 
basement. The excavation is assumed to be 3 m (9.9 ft) deep. Although basements are not 
commonly constructed in southern Nevada, there are no physical obstacles that preclude 
excavation at the site. In addition, there are other alternative types of excavations that could 
occur during construction, including excavations for septic tanks, utility lines, and under- 
ground storage tanks. The excavation was assumed to be a basement because it is both 
possible and consistent with assumptions made at many .other sites. The dimensions assumed 
are reasonable for southern Nevada. The excavation was assumed to have vertical walls 
because the alluvium at Area 5 can be expected to remain competent to this depth. A 3-m 
(9.93) excavation will extend 0.6 m (1.9 ft) into the waste zone. As a result, 120 m3 
(4,237.7 fi3) of waste will be mixed with the 600 m3 (21,188.8 ft3) of soil excavated. The 
intruder was assumed to spread the contaminated soil over a 2,500-m2 (26,909.7-ft2) area. 
The excavated soil (600 m3 [21,188.8 fi3]) spread over 2,500 m2 126,909.7 fi’]) will create a 
contaminated layer 0.24 rn (0.78 ft) thick. Because plowing or tilling of this layer will not 
mix the contamination any deeper, it was assumed that the contaminated zone would remain 
0.24 m (0.78 fi) thick. The activity concentration of radionuclides in the contaminated zone 
is then: 

f d 1 2 0 m 3  
c , =1x10l2 x c x 

p 6 0 0 m 3  S*J w j 
(3.55) 
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Carbon Release Depth (m) 

Vegetation Cover and Depth Factor, FCD, 

Table 3.25 (continued) 

0.24 0.15 

0.27 0.17 

I 
~~ 

0.25 I 
~~~~~~~~ 

0.25 I I Fraction of Diet Produced On Site 

Humidity in Air (g m3) 4.7 4.7 

I Food Transfer Factors, Bj,, B,, Bb I See TableE.1 I See Table E.1 I 

Analysis of the intruder-agriculture scenario was performed for the shallow land burial 
inventory at 100 years, 10,000 years, and at the time of maximum activity for radionuclides 
with maximums beyond 10,000 years. This scenario is not required for Pit 6 because the 
waste activity concentration in the upper cell is the same as that for the shallow land burial 
inventory and the lower cell is too deep for this scenario to be credible. 

3.3.2.2 Conceptual Model and Assumptions for the Postdriliing Scenario 

In the postdrilling scenario, an intruder is assumed to construct a residence on a site 
contaminated with drill cuttings fiom a waste disposal cell. The intruder is assumed to raise 
livestock and cultivate h i t ,  vegetables, and fodder as in the intruder-agriculture scenario. 
The exposure pathways are identical to those included in the intruder-agriculture scenario 
(Figure 3.12). Overall, the postdrilling scenario is the same as the intruder-agriculture 
scenario with three exceptions. First, the volume of waste exhumed is less; consequently, the 
thickness and the activity concentration of the contaminated zone is less. Second, the 
inventory of waste that can be exhumed is expanded because the borehole passes through the 
entire trench to the uppermost aquifer. Third, the postdrilling intrusion scenario does not 
include the excavation of a basement in the waste site. 

The borehole is assumed to be a 0.3-m- (0.98-ft)-diameter water production well extending at 
least 235 m (770.9 ft) to the uppermost aquifer. Again, the waste is assumed to have decom- 
posed to the point that it is indistinguishable from soil by the end of the 100-year institutional 
control period. The drilling equipment is assumed to be capable of penetrating all waste 
forms at this time. The total volume of cuttings from the hypothetical borehole will be 17 m3 
(600 ftj). The intruder is assumed to spread this material over 2,500 m2 (26,909 ft’), creating 

~~ 
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Figure 3.12 Pathways Leading to the Exposure of a Hypothetical Intruder in the Postdrilling 
Scenario 
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a 0.007-m- (0.3 in)-thick contaminated zone. During development of the site, the intruder is 
assumed to mix this contaminated layer to a final depth of 0.15 m (0.48 ft). This depth 
represents a depth of mixing for common agricultural implements. The activity concentra- 
tion of radionuclides in the contaminated zone is calculated as: 

(3.6 1) 

soil activity concentration of radionuclide j, pCi g-l; 
radius of the borehole, m; 
thickness of the waste zone, m; 
facility design factor, dimensionless; 
area of the contaminated zone, m2; 
final depth of the contaminated zone, rn; and 
bulk density of the alluvium, g rn? 

The pathway models described in the previous sections were used to estimated the TEDE to 
the postdrilling intruder. Again, the only differences between features included in the two 
scenarios are the inventory available, the activity concentration of the contaminated zone, the 
thickness of the contaminated zone, and the presence of a basement. The parameters used are 
the same except those that are tied to the contaminated zone thickness. These parameters are 
the soil reference depth in the carbon evasion model (Equation 3.53), the depth factor in the 
external exposure model (Equation 3.54), and the cover and depth factor in the plant inges- 
tion model (Equation 3.57). Parameters used in both chronic scenarios are summarized in 
Table 3.25. 

3.4 Computer Software 

This section describes the computer software used to prepare the performance assessment, 
including quality assurance activities. All of the software used is well known within the 
radiological assessment community except for three codes, BAT6CHN, CASCADRB, and 
ODIRE developed by Lindstrom e f  al. (1 990, 1992b). 

3.4.1 TIME-ZERO Computer Code 

The TIME-ZERO computer code was used to solve the system of linear differential equations 
developed to describe the conceptual model of nonvolatile radionuclide release. TIME- 
ZERO (Kirchner, 1990) is an integrated set of software tools which simplifies the process of 
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writing simulation models. One of the tools is an interactive code generator which simplifies 
the construction of computer models. The linear differential equations are written in TIME- 
ZERO, which then automatically produces the F O R T W  source code. 

The differential equations describing the release of nonvolatile radionuclides (Equations 3.22 
through 3,24) were solved using the TIME-ZERO computer code (Kirchner, 1990). The 
equations were solved using a fourth-order Runga-Kutta numerical solution. Analytical 
solutions to the equations describing the plant uptake and burrowing animal system were 
developed and used for verification of the results. However, the TIME-ZERO model was 
needed for solution of radionuclide decay chains because analytical solutions are not easily 
obtainable. Two models were developed in TIMEXZERO, a model for handling single 
radionuclides referred to as MODELNTS and a model to handle decay chains with up to 
seven members referred to as NTSCHAIN. 

The analytical solution giving the activity in the waste compartment was: 

= A .(t = 0) e - ( K ~ f / j  ‘1 A*J(*) W J  
(3.62) 

where: 

AWj = activity of radionuclide j in waste compartment, Ci; 

h,,, = decay rate constant for radionuclide j , yr-’; 
Kb, 

Kb2 = 

KrlJ = 

KrZJ = 

t = time, yr. 

K,,, = A r j  + Kbl + K b 2  + Krl j + Kr2 j 9 yr-’ ; 

= rate constant for radionuclides transferred to surface soil fiom ant burrows in 
waste, yr-]; 
rate constant for radionuclides transferred to subsurface soil from ant burrows 
in waste, yr-’; 
rate constant for radionuclide j transferred to surface soil fiom plant roots in 
waste, yr-’; 
rate constant for radionuclide j transfenred to subsurface soil from plant roots 
in waste, yfl; and 

The analytical solution giving the activity in the subsurface soil compartment was: 

(3.63) 
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where: 

A,, = 

K,,j = 

activity of radionuclide j in subsurface soil compartment, Ci; and 
rate constant for radionuclide j transport to surface soil fiom plant roots in 
subsurface soil, yr*'. 

The analytical solution for the activity in the surface soil compartment was: 

(3 "64) 

where: 

A, = activity in surface soil compartment, Ci; and 
K, = rate constant for resuspension, yr-! 

In addition, mass balance checks were made for each simulation based upon the conservation 
of atoms. This was accomplished by converting the activity in each compartment at any time 
t to the number of atoms according to: 

where: 

Nj(I) = number of atoms of radionuclide I in compartment, j ;  
Cj(I) = activity of radionuclide I in compartment j, Ci; 
h,(I) = decay rate constant of radionuclide I , yr-l; and 
CF = conversion factor, disintegrations yr-' per Ci (1.1668 x 1 0l8). 

(3.65) 
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An air compartment was added to the TIME-ZERO models to ensure that atoms were not lost 
from the system. The air compartment was a sink for atoms being transferred from the 
surface soil compartment to the air by the resuspension rate constant. 

The percent difference in the initial number of atoms and the number of atoms at any time t 
was then calculated as: 

where: 

(3.66) 

PD = percent: difference in the number of atoms, 
Ni = initial number of atoms, 

100 = conversion factor to percent. 
- N, = number of atoms at time t during the simulation, and 

The analytical solutions and conservation of atoms were sufficient checks to ensure that the 
numerical solution was accurate for single radionuclides. However, radionuclide chains were 
more difficult to assess. Radionuclide chain solutions were checked for accuracy by t h e e  
methods: (1) the first radionuclide in the chain was checked against the analytical solution to 
ensure that the root uptake and burrowing animal models were accurate, (2) the overdl 
conservation of atoms was tracked to ensure that atoms were neither lost nor gained in the 
system, and (3) the ingrowth of a given progeny was verified by summing all of the model 
compartments (i-e., waste compartment, subsurface soil compartment, surface soil compart- 
ment, and the air compartment) and comparing the number of progeny atoms from TIME- 
ZERO to the result from the Bateman ingrowth equations. The solution of radionuclide 
chains in a numerical model requires simplification of the chains. The simplification is 
required to prevent the development of a stiff differential equation. The simplification 
involves modeling only those members of the decay chain with half-lives equal to or greater 
than one year. Assumptions for the remaining radionuclides with half-lives less than one 
year can be made assuming equilibrium and factoring in the branching fractions. 

All of the model runs were found to have less than 1 percent error in the mass balance of 
atoms. This was considered acceptable for a numerical solution to the linear differential 
equations. 

' 

3.4.2 The CASCADRS Computer Code 

The CASCADR9 computer code was used to estimate radon fluxes from waste disposal cells. 
CASCADR9 was developed to model the transport of radon in porous media. It considers 
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the effects of molecular difhsion, advection, and radioactive' decay of radon in the air-filled 
pores. Various versions of the CASCADR code have been documented in seven publications 
(Lindstrom et al., 1992b,c; Cawlfield et al., 1993a,b; Lindstrom ef al., 1993a,b; Lindstrom el 
al., 1994). A sensitivity analysis of CASCADR.9 has been conducted and is described in 
Lindstrom et al. (1 994). 

Verification of the difision and radioactive decay portion of the CASCADR9 code has been 
documented in Cawlfield et al. ( 1  993a) and Lindstrom et al. (1 994). These verifications 
were performed by obtaining CASCADR9 results for cases with constant air pressure, and 
therefore, zero advective transport. The CASCADR9 output was then compared to results 
obtained from analytical solutions to the diffbsion equation, These verification tests demon- 
strated that the difisive transport model in CASCADR9 is essentially equivalent to the 
analytical solutions. 

A benchmark test was performed by comparing CASCADR9 results to NRC Regulatory 
Guide 3.64 (NRC, 1989) results. Regulatory Guide 3.64 was developed to determine the 
attenuation of radon fluxes by earthen covers on uranium mill tailings. The two models do 
not consider the same transport mechanisms, but Regulatory Guide 3.64 represents the 
standard method for design of caps for radon attenuation and a comparison of the two models 
is useful. The Regulatory Guide 3.64 method considers radon diffusion, radioactive decay, 
and the effects of soil-water content. CASCADR9 considers radon difhsion, radioactive 
decay, and advection, and does not consider the effects of water content. The first test 
evaluated was the two-layer (cap and waste) shallow land burial problem described in Section 
3.2.2.3. Each model was parameterized using equivalent values for the shallow land burial 
case. Equivalent results were obtained from each model (Table 3.26). The conceptual 
differences between the two models suggest that CASCADR9 would predict greater transport 
because it includes an additional transport process (advection) and neglects the effects of 
water-filled pores. The observation that the two methods give equivalent results for the 
shallow land burial problem suggest that the effects of advection and water-filled pore spaces 
are negligible for this case. The second test evaluated was the four-layer problem describing 
Pit 6. Again, each model was run with identical parameters, and the differences noted. The 
K factors (flux per activity concentration, m s-') for the upper cells are nearly identical 
(TubZe 3.26). However, for the lower cell test case, the CASCADR9 K factor is slightly 
greater than the Regulatory Guide 3.64 factor. The higher K factor for CASCADR9 
translates into higher fluxes and is therefore conservative. 

3.4.3 The RESRAD Computer Code 

The WSRAD computer code (Version 5.43) was used in the intruder scenario analyses to 
convert the soil concentrations in the contaminated zone into dose equivalents. The 
RESRAD code is a DOE-sanctioned code designed for the development of site-specific 
cleanup criteria. The RESRAD code was selected because it was developed for DOE assess- 
ments and has a documented quality assurance history. It affords a convenient method to 
perform pathway analysis on a large number of radionuclides. 
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. Test Cases 

Table 3,26 Results of Benchmark Tests Between CASCADR9 and NRC Regulatory Guide 3.64 

K Factors 

GASCADR9 I NRC Reg. Guide 3.64 

Shallow Land Burial (KSLB) 

Pit 6 Upper Cell (Kp6u) 

5.6 x m s-l 5.5 x lomB m s-' 

5.3 x rn s-' 5.5 x lo-* m s-' 

The RESRAD code has the capability to predict the concentration of radionuclides over time 
by including radioactive decay and redistribution effects such as erosion and leaching. The 
results used in this assessment are the results provided for the case where the elapsed time is 
zero. This eliminates all time-dependant effects fiom the model. The dose equivalents are 
then linearly proportional to the soil concentration as described in Section 3.3. 

A verification of the RESRAD pathway analyses was performed by spreadsheet calculations 
using the parameters and equations described in Section 3.3. The difference between the 
verification results and the RESRAD results were generally less than 1 percent. The only 
exception was the doses from 3H and 14C in the ingestion pathways. In these cases, results 
were within an order of magnitude of those obtained fiom RESRAD, with RESRAD results 
generally greater. These differences were never resolved, and it was concluded that there 
may b e  documentation problems with the 3H and I4C ingestion pathways. The RESRAD 
results are the results used in the assessment. 

The radon module of R E S W  was not verified. The indoor exposure scenario, however, 
was benchmarked against a widely cited assessment of radon dose. The NCRP (1 987a) has 
reported an estimate for background exposure to radon in dwellings. The NCRP assessment 
assumed a continuous indoor exposure to background levels of radon. Specifically, they 
assumed an indoor radon concentration of 1 pCi 1-' and an equilibrium factor of 0.4, giving 
an annual exposure of 0.2 Working Level Months. This exposure was estimated to yield a 
TEDE of 200 mem. A RESRAD case was analyzed for comparison using a background 
226Ra concentration in soil, soil properties characteristic of NTS alluvium, and assuming a 
continuous indoor exposure. The assumed background concentration of *'%a in soil was 
0.6 pCi g-* (NCRP, 1975). The RESRAD test case yields a TEDE of 154 mrem which is in 
reasonable agreement with the NCRP estimate. 

3.4.4 The CAP88-PC Computer Code 

The CAP88-PC computer code is a EPA-sanctioned code developed to demonstrate 
compliance with the requirements of  the NESHAP. It estimates dispersal of atmospheric 
emissions using a modified Gaussian plume model. Doses are estimated using NRC pathway 
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models described in Regulatory Guide 1.109 (NRC, 1977). The code is widely used in radio- 
logical assessments. The CAP88-PC code was used in this assessment to estimate the con- 
centrations of airborne radionuclides at the off-site residences in the all pathways analyses. 

3.4.5 Radioactive Decay Computer Codes 

Two computer codes were used to solve serial radioactive decay chains. These were 
RADDECAY (Negin and Worh, 199 1) and BAT6CWN (Lindstrom et al., 1990). 
RADDECAY is a commercially available software product that is used widely in radiological 
assessments. BAT6CHN was developed specifically for NTS perfarmame assessment 
activities. Numerous test cases were run with each code and compared. The two codes were 
found to produce results that were essentially equivalent. Each code used the same nuclear 
decay data. 

3.4.6 The ODIRE Computer Code 

The infidtration of water ponded in a subsided cap was modeled with the ODIRE computer 
code. ODIRE has been tested and partially verified by its authors. Lindstrom et al. (1995) 
cross-checked the output of ODIRE with that of UNSAT-H, Version 2.0 (Fayer and Jones, 
1990). The scenario used was a pulsed infiltration study. The two models were in excellent 
agreement. Unpublished comparisons between ODIRE and other codes are: 

ODIRE was compared with both UNSAT-H (Version 2.0) and with UNSAT2. The 
scenario used was taken directly fiom the UNSAT2 Manual, Section 7, which described 
the results of a laboratory column infiltration experiment (Skaggs et al., 1970). In the case 
studied, ODlRE and UNSAT-H gave identical results; UNSAT2 failed when the sand 
column was dry. 

ODIRE was compared with HYDRUS wool and van Genuchten, 1989). The scenario 
used was taken directly fiom the HYDRUS Manual, Section 4-1, Example 1, The results 
were in excellent agreement. 

3.5 Quality Assurance 

Preparation of the performance assessment has been subject to the quality assurance 
requirements described in the REECo Quality Management Plan (QMP). The QMP 
implements the requirements in DOE Order 5700.6C. 

The QMP provides broad direction for planning and accomplishment of activities affecting 
quality under suitably controlled conditions, including training and indoctrination of person- 
nel, documentation of conditions found during surveillance and audits, testing, special 
processes, and use of computer codes and equipment to ensure the accomplishment of the 
performance objectives. 
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3.5.1 Site Characterization and Monitoring Quality Assurance 

Procedures ERW-501, “Sample Control”; and L-F1 1.003, “Engineering Analysis 
Calculations,” describe the quality-affecting work done for site characterization. The 
Engineering Departrnent is responsible for maintaining this procedure. 

Procedure ERW-50 1 identifies key environmental site characterization process controls to be 
implemented when sample collection is required. Sample control typically includes initial 
planing, collection, transport, storage, testing, and/or disposal. Procedure L-F 1 1.003 
describes the methodology and responsibilities used to establish the process for developing 
and controIling engineering analysis, and outlines the required steps and documentation to 
complete design calculations. 

3.5.2 Software Quality Assurance 

Modeling tasks supporting the performance assessment were performed by personnel at BN 
and Oak Ridge National Laboratory/Grand Junction. Each organization was responsible for 
developing and maintaining software quality assurance procedures. 

Each investigator performing modeling analyses followed written quality assurance 
procedures implementing the requirements of NQA-1 (ASME, 1989) and DOELLW-102 
(Seitz et al., 1990). 

Software was selected based on its applicability to the conceptual model of the system and 
level of documentation. Preference was given to software developed and sanctioned by U.S. 
government agencies for use in radiological assessments or to codes with documented 
histories of quality assurance testing and verification. Two codes were developed by 
REECo, CASCADR9 and BAT6CI-IN. These codes were developed under BN Procedure 
WOD-B09, “Mathematical Modeling and Model Building.” Software analysis (the process 
of evaluating software quality by conducting analyses of variable usage, complexity analysis, 
or coverage analysis) was not performed for commercial or U.S. government-sanctioned 
software. 

Each investigator performing modeling analyses was responsible for maintaining control of 
installed software, verification testing, and documentation of model results. Verification 
testing, the process of evaluating the implementation of the mathematical model, and the 
accuracy of numerical solutions was performed for all software. Verification testing con- 
sisted of comparison of model results with known solutions for specific problems and by 
benchmark testing against established software. 
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4.0 RESULTS OF ANALYSIS 

This chapter describes the results of the performance assessment and discusses parameter 
sensitivity and the uncertainty of the performance assessment results. The performance 
assessment has considered two classes of scenarios. The first class of scenarios, the release 
and pathway scenarios described in Sections 3.1.1 and 3.1.2, were andyzed to estimate the 
TEDE to members of the general public. The relevant performance objectives for these 
analyses are 25 mrem yr-I fiom all pathways, 10 mrem yr-' from atmospheric pathways, an 
annual average radon flux rate less than 20 pCi m-* s-I, and a requirement to protect 
groundwater resources. 

The second class of scenarios analyzed, described in Section 3.1.3, are the intruder scenarios. 
These assume future residents at the site have inadvertently exhumed buried waste and are 
exposed to the contamination while residing at the site. Intruder scenario analyses are 
performed to set concentration limits for wastes that can be disposed in the facility. Rather 
than representing probable or reasonable future events, these scenarios are intended to be a 
conservative mechanism for ensuring the site is preserved or protected for very restrictive 
future uses. Because intruder scenarios are much less probable and very few persons are at 
risk, these scenarios allow more liberal performance objectives. Under these performance 
objectives, the intruder can receive a dose of 500 mrem for short-term exposures and a dose 
of I 00 mrem yr-* for chronic exposures. 

4-1 Analysis Results For Members of the General Public 

Dose estimates for members of the general public are presented in this section. The methods 
used to estimate doses are described in Sections 3.2. I through 3.2.4. Two release scenarios 
have been analyzed, a base case and a subsided case. These were combined with three 
pathway scenarios: the transient occupancy scenario, the open rangeiand scenario with an 
off-site resident, and the resident farmer scenario. Results of radon flux calculations are also 
presented below. 

4.1 -1 All-Pathways Analysis - Base Case Release Scenario 

The surface soil concentrations of radionuclides modeled in the base case release scenario 
increase throughout the 10,000-year compliance interval except for 3H and 14C (Figure 4.1). 
Tritium and I4C reach peak concentrations of 30 and 0.1 pCi g-* at 17 and 6,300 years, 
respectively. Members of the 238U decay chain reach a peak concentration at approximately 
700,000 years. 

In Chapter 3, a screening analysis was performed on the maximum surface soil concentration 
of all nonvolatile radionuclides to identify those with the potential to cause a dose greater 
than 1/1,000 of the performance objective or 0.025 rnrern yr? Nonvolatile radionuclides not 
meeting this criterion were not analyzed in the pathway scenarios. Tritium and 14C were 
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Figure 4.1 Estimated Surface Soil Concentration for the Base Case and Subsided Case. The base 
case assume8 no subsidence. The subsided case assumes complete subsidence at 100 
years. 

evaluated as if the inventory was both gaseous and nonvolatile. This causes a conservative 
double counting of ’H and “C that was considered acceptable given the low doses expected. 
Gaseous radionuclides were evaluated for each pathway scenario. 

4.1.1.1 Results for the Transient Occupancy Scenario 

The transient occupancy scenario estimates the dose to members of the public visiting the 
site for up to 2,000 hours per year. Exposure is assumed to occur through inhalation and 
external exposure only. Nine nonvolatile radionuclides were found to meet the screening 
criterion. All reach their peak concentration aRer the 10,000-year compliance interval. 
Therefore, the maximum dose in the 10,000-year compliance interval is the dose at 10,000 
years. 

~~ 
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227A~+D 

238U+D 

23411 

The all-pathways TEDE estimated for members of the general public resulting from transient 
occupancy above the Area 5 RWMS appear in Table 4.1. The dose from short-lived radio- 
active progeny in equilibrium with their parents were added to the dose fiom the parent. 
Parent nuclides that include the dose from short-lived progeny are denoted in Table 4. I as 
“+D.” 

0.028 200,000 0.22 

0.16 6 1,000 0.25 

0.04 1 670.000 0.099 

Table 4.1 Estimated 10,000-Year and Maximum All-Pathway TEDE for Members of the General Public 
Exposed to NonvolatiIe Radionuclides in the Transient Occupancy Scenario 

230Th 

226Ra+D 

228Th+D 

Total 

0.0085 7 1 1,000 0.2 1 

0.27 7 10,000 8.8 

0.03 I 56,000 0.049 

0.59 700,000 9.0 
A 

In the first 10,000 years after closure, the total dose from all nonvolatile radionuclides is 
expected to be less than 1 rnrem yr-’ for a person spending up to 2,000 hours per year at the 
Area 5 RWMS (Figure 4.2). The dose is mostly due to external exposure from 226Ra+D and 
inhalation of 238U+D. Because estimated doses will scale linearly with time of occupancy, it 
is possible to estimate the dose per hour spent at the site. The model predicts that individuals 
visiting the site 10,000 years after closure will receive an external effective dose equivalent 
and a CEDE summing to approximately 0.3 prem for each hour spent at the site. The 
maximum TEDE is expected to occur about 700,000 years after closure and is approximately 

*I0Pb, reach their maximum total concentration in the surface soil compartment. Approxi- 
mately 98 percent of the dose at 700,000 years is from external irradiation fiom 226Ra+D. 

9 mrem yr? The maximum dose occurs when the progeny of 238U, that is 230Th, 226Ra ? and 

The estimates above were made assuming a 2.4-m (7 .84 )  depth of burial. As sediments 
should accumulate over the site in the intervening 700,000 years, these calculations are 

~~ 
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Figure 4.2. All-Pathways TEDE for Nonvolatile Radionuclides Released Under the Base Case and 
Subsided Case Release Scenarios 

highly conservative. The additional depth of burial will significantly reduce the dose by 
reducing or eliminating upward release pathways. 

Intermediate results for the analyses above are presented in Appendix E. Soil activities and 
concentrations, calculated from the model described in Section 3.2.2.8, appear in Table E.4. 
Doses fiom inhalation and external exposure are listed in Tables E.6 and E.7. 

4.1 .I .2 Results for the Open Rangeland Scenario 

The open rangeland scenario with an off-site ranch was described in Section 3.2.3.2. This 
scenario estimates the dose to members of the public residing off site and using the RWMS 
.to graze livestock. Doses have been evaluated at two off-site locations with sufficient water 
to support permanent residents. The closest off-site residents are assumed to be at Indian 
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235U+D 

"'Ac+D 

23 'pa 

238U+D 

Springs during the 1 OO-year institutional control period. Cane Springs, which is currently 
within the NTS boundary, is assumed to be available for development when institutional 
control ceases. During institutional control, exposure occurs through the atmospheric 
dispersion of contaminated soil and gaseous radionuclides. This is assumed to lead to con- 
tamination of air and soil at the off-site residence. The residents receive dose fiom external 
radiation from soils, inhalation of airborne radioactivity, and ingestion of foodstuffs grown at 
the off-site location. After institutional control ceases, the off-site resident continues to be 
exposed by all the pathways operating at the off-site location plus an additional pathway, 
ingestion of contaminated beef and milk from cattle grazing at the Area 5 RWMS. 

1.7 x 10-3 1.7 x 10-3 60,000 2.6 x 10-3 2.6 x 10-3 

1.3 x 10-4 1 . 4 ~  10-4 200,000 1.0 x 10-3 1.1 x 10-3 

6.6 x 7.0 x 10-4 200,000 5.1  x 10-3 5.4 x 10-3 

0.05 1 0.05 I 6 1,000 0.08 I 0.08 1 

As in the transient occupancy scenario, radionuclides in the inventory were screened and a 
limited number of nuclides were carried through the full pathway analysis. The maximum 
TEDE, corresponding to the time of peak soil concentration and the 10,000-year doses for 
nonvolatile radionuclides, are given for Indian Springs and Cane Springs in Table 4.2. The 
only difference between the two off-site locations, other than distances fiom the Area 5 
RWMS, is that Cane Springs is not accessible until the end of the 100-year institutional 
control period. The same pathways are operating at both locations after the loss of insti- 
tutional control. The 3H and I4C doses in TubZe 4.2 are based on calculations assuming that 
these nuclides are released only in a nonvolatile form. 

0.03 1 

4.7 x 

Table 4.2 Estimated 10,000-Year and Maximum TEDE From Nonvolatile Radionuclides in the Open 
Rangeland Scenario 

0.03 1 670,000 0.075 0.076 

6.4 x 10-5 7 10,000 1.2 x 10-3 1.6 x 10-3 

L Radionuclide 

"'Ra+D 

'''Pb+D 

I 239Pu 

6.5 x 10-3 6.5 x 10-3 7 10,000 0.2 1 0.2 1 

0.027 0.027 7 10,000 0.85 0.85 

TEDE at ~O,OOO years I Maximum TEDE 

1 228Ra+D 3.6 x 1 0 - ~  I 3.6 x I 56,000 

2.4 x 105 I 7.3 x 10-5 I 15,000 1 2.6 x 10-5 I 8.5 x 10-5 

1 5.6 x IO-~  5.6 ~ 1 0 - 4  

2 3 4 u  

230Th 

~~ ~~ 
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Radionuclide : 

228Th+D 

24'Arn 

' j7N~+-D 

Table 4.2 (continued) 

Indian Springs 

(mren 

1.5 x 

t 
9.0 x 1 0 5  

1 I TEDE at 10,000 years 1 Maximum TEDE I 
I 

Total I 0.17 

t 1 1.000 I 9.9 x 20-5 I 1.0 x lo* I 
~~~ -~ 

9.0 x 1 0 5  1 53,000 1.6 x 10-4 1.6 x lom4 

0.17 1 700,000 1.2 1.3 

t - Maximum occurred before 10,000 years and dose at 10,000 years is negligibie. 

The maximum estimated TEDE within the 10,000-year compliance period is approximately 
0.2 mrem yr-' and occurs at the end of the interval. The doses at the two off-site locations are 
approximately equal because most of the dose is from ingestion of beef and milk produced at 
the RWMS. The nuclides with maximum doses before 10,000 years are I4C, and 24'Am. 
Approximately 85 percent of the dose at 10,000 years is from ingestion of 238U+D, 234U, and 
""Pb+D in milk. 

Most radionuclides reach a maximum, soil concentration after the 10,000-year compliance 
interval because they are produced by radioactive decay of long-lived parents such as 238U 
and 235U (Figure 4. I ) .  The maximum TEDE occurs about 700,000 years after closure and is 
slightly greater than 1 mrem yr-' (Figure 4.2). Again, the doses are from ingestion of 238U+D 
(6 percent), 234U+D (6 percent), 226Ra+,D (15 percent), and 2'0Pb+D (56 percent) in milk 
produced at the Area 5 RWMS. 

Intermediate results for the open rangeland scenario can be found in Appendix E. Off-site air 
concentrations at Indian Springs and Cane Springs appear in Table E.5. Doses by exposure 
pathway are given in Tables E.8 and E.9 of Appendix E. 

4.1 .I .3 Results for the Residenf Farmer Scenario 

The resident farmer scenario is equivalent to the open rangeland scenario with the off-site 
ranch located at the edge of the 1 OO-m (330-fi) buffer zone. This scenario was analyzed to 
provide consistency with other performance assessments. It is extremely unlikely that a 
resident will permanently occupy this site and engage in intensive agriculture. Therefore, the 
results for this scenario represent an extreme or bounding estimate of site performance. 

The earliest the ranch was assumed to be present was at the t h e  of closure. Because 
institutional controls are assumed to be present for 100 years after closure, direct access to 
the site was assumed to be impossible for this period. Soil at the off-site ranch was assumed 

~~ 
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23sU+D 

23 I Pa 

2'7A~+D 

to have the same concentration as soil directly over the site (Figure 4.1). The concentration 
of most nonvolatile radionuclides in shallow soils increases slowly. Most do not reach a 
maximum for several thousand years, with the exception of 3H. Therefore, the exposure 
during the institutional control period would potentially be dominated by the release of 
volatile radionuclides and nonvolatile 3H. The estimated dose from nonvolatile 3H is 
estimated to be only 0.5 mrem yr-' (Table 4.3). Active institutional controls are likely to 
eliminate the potential of exposure to nonvolatile 3H for at least the first 100 years after 
closure. By the end of the 100-year active institutional control period, the 14C and ''Kr 
sources are assumed to completely released and the nonvolatile 'H dose will decrease to 
0.002 mrem yr-' by radioactive decay alone. 

0.084 60,000 0.13 

0.032 200,000 0.26 
0.14 200.000 1.1 

Table 4.3 Estimated All-Pathways TEDE from Nonvolatile Radionuclides at 10,000 Years and at the 
Time of the Maximum Dose for a Resident Farmer Located 100 m (330 ft) From the Area 5 
RWMS 

2 3 4 u  

230Th 
226Ra+D 

. -  

I I4C I 0.1 1 1 6,300 1 0.1 1 

0.29 670,000 0.69 

0.042 7 10,000 1 .o 
1.2 7 10,000 39 

I 239Pu I 0.24 1 15,000 I 0.24 

210Fb+D 

240Pu 
228REi+D 

228Th+D 

. . - __ 

0.028 7 10,000 8.7 

0.023 7,000 0.025 

0.034 56,000 0.053 

0.14 56,000 0.22 

0.89 1 6 1,000 1 1.4 

24 1 

237Np+D 

Total 

5.4 x 1,000 0.016 

0.13 53,000 0.22 

3.4 700,000 42 

t - Source term is assumed to be completely depleted at 10,000 years by decay and release. 
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After '€3 is depleted, the concentration of other nonvolatile radionuclides in shallow soils is 
expected to increase gradually. By 10,000 years, the TEDE is estimated to increase to 
4 rnrem yr-' (Table 4.3). Uranium-238+D and 226Ra+D are the two greatest contributors to 
the dose. The pathways in decreasing order of significance were external irradiation 
( 5  1 percent), inhalation (2 1 percent), plant ingestion (1 8 percent), milk ingestion (4 percent), 
soil ingestion (4 percent), and beef ingestion (0.6 percent). The dose is predominantly caused 
by external irradiation by 226Ra+D (33 percent); inhalation of 238U+D9 234U, and 239Pu 
(1 6 percent); and ingestion of ***Pb+D (7 percent). 

After 10,000 years, the TEDE will increase gradually, reaching a peak when the 
concentration of 238U progeny reach their peak concentration at 700,000 years. The peak 
TEDE at 700,000 years is estimated to be approximately 42 mrem ye'. The major 
contributors are external exposure from 226Ra+D (72 percent) and ingestion of *I0Pb+D 
(1 6 percent). 

The results for the resident farmer scenario should be interpreted considering the low 
probability of occurrence of the scenario and the conservative nature of the models. These 
models are simple screening calculations performed to provide reasonable assurance of 
compliance. This analysis was performed for comparison with other pedormance assess- 
ments. Even with the extremely conservative assumptions, the doses within the 10,OOO-year 
compliance interval are below the performance objective of 25 mrem yr-I. 

4.1.2 All-Pathways Analysis - Subsided Case Release Scenario 

The concentration of nonvolatile radionuclides in shallow surface soil increases slightly for 
the subsided case release scenario for all radionuclides (Figure 4.1). The increase for most 
radionuclides is approximately 20 to 40 percent. At 10,000 years, 238U+D and 226Ra+D are 

' major contributors to the dose in all scenarios. Under the subsided case, the 238U shallow 
surface soil concentration increases from 2.9 to 4.1 pCi g-' and the 226Ra concentration 
increases fi-om 0.10 to 0.14 pCi g-' . The nonvolatile 3H release remains largely unchanged 
because most of the release occurs prior to subsidence. The largest increase was found for 
I4C. This increase is caused by the high plant-soil concentration ratio and deeper rooting of 
plants in the waste zone. 

Subsidence also has the potential to initiate a groundwater pathway. The transient visitor 
scenario and the open rangeland scenario do not include an on-site resident. The only 
scenario that includes groundwater withdrawal at the site is the resident farmer. Therefore 
groundwater doses were evaluated for this scenario only. 

Radionuclides were screened in the groundwater pathway based on their doses and potential 
to reach the aquifer in 10,000 years. The hydrologic analysis of transport suggests that seven 
long-lived nuclides and their progeny in the shallow land burial inventory have the potential 
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The average pit subsidence anticipated within the period of institutional control (1 00 years) is 
much smaller than that reported in Figure 3.3. At the end of institutional control, subsidence 
should be expected to vary from the full predicted subsidence (for areas yith cardboard con- 
tainers stacked full height) to essentially no subsidence (for areas with steel boxes stacked 
fbll height). The maximum subsidence is expected at some time after 100 years. 

Analysis of the potential for subsidence at the Area 5 RWMS suggests that settling from 2 to 
7 m (7 to 24 ft) is possible, depending on the waste containers, stacking configuration, and 
waste thickness. The greatest subsidence, 6 to 7 rn (21 to 24 ft), is predicted for the waste 
cells with the greatest waste thicknesses, P06U and P03U. The maximum subsidence 
estimated for more typical trenches, with 3 to 5 rn (1 1 to 16 ft) of waste, is 1.5 to 4 m (5  to 
13 fi). 

Subsidence could alter cap performance in several ways. In st worst-case early subsidence 
scenario, an abrupt collapse would form a depression with vertical walls. If the depression 
were greater than 2.4 rn (7.8 ft), the depth of the temporary closure cover, waste containers 
might be exposed in the walls of the depression. Waste in the surrounding wdls might 
eventually topple into the depression. The effect of such a collapse might be a thinning of the 
cap. Uncovering the waste and formation of cracks in the cap would also enhance the release 
of gaseous radionuclides. 

The second scenario represents a stable condition where a large depression has formed. 
Cracks or fissures in the cap have been healed by erosion due to the time elapsed since 
subsidence or the slow rate of settlement. Release mechanisms hypothesized under this 
scenario result from the collection and ponding of run-on in the depression. An increase in 
infiltration could increase plant growth and plant uptake of radionuclides. Infiltrating water 
could pass through the buried waste and contaminate the uppermost aquifer. 

3.2.2 Release Scenarios Assumptions and Conceptual Models 

This section describes the conceptual models and assumptions for the base case and subsided 
case release scenarios, The base case release scenario was described in Section 3.1. The 
processes assumed for the scenario include difision and advection of volatile radionuclides, 
uptake of radionuclides by native plants, soil excavation by burrowing animals, and 
resuspension of contaminated soil (Tubk 3.1). 

The subsided case release scenario includes all the above processes, plus advection of 
dissolved solutes to the uppermost aquifer. Closure cap subsidence is hypothesized to have 
five potential impacts on radionuclide release: 

Enhanced transport of volatile radionuclides in cracks and fissures, 
Enhanced transport of volatile radionuclides through a thinned cap, 
Increased transport of nonvolatile radionuclides by plants and animals due to cap thinning, 
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0 Increased transport of nonvolatile radionuclides by plants due to increased primary 
productivity fiom enhanced infiltration, and 
Downward advection of dissolved solutes to the uppermost aquifer caused by infiltration 
of run-on during major flood events. 

The release scenario describes the processes of transporting volatile and nonvolatile 
radionuclides fiom the waste to soil, air, and vegetation. A conceptual model describing the 
base case release scenario is presented in Figure 3.4. The conceptual model and corre- 
sponding mathematical models based on Figure 3.4 have been subdivided into three models: 
one for volatile radionuclides, excluding radon; one for radon; and one for nonvolatile 
radionuclides. 

1- 

2- 
h 

€ 

E 

a 4- 

- 
3- 

a 

5- 

6- 

7- 

Figure 3.4 Conceptual Model of Radionuclide Release 

3.2.2.1 Base Case Conceptual Model for Volatile Radionuclides Excluding 
Radon 

The release of gaseous species of 3H, 14C, and ''Kr to the air above the RWMS facility was 
assumed to be controlled by gaseous difhsion in the air-filled pore space. Assuming that the 
concentration gradient is constant over time, a conservative release rate, Qi in Ci yr*', can be 
estimated from a modified one-dimensional flux equation of the form: 
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to reach the aquifer in 10,000 years (Table 4.4). These nuclides are either parent radionu- 
clides with low Kd values or long-lived progeny assumed to migrate with a parent. The 
amount of radioactive ingrowth in 10,000 years is small for most long-lived members of 
uranium decay chains. Therefore, the maximum concentrations are controlled more by 
dilution effects than by ingrowth or decay. Nuclides in the Pit 6 thorium inventory are not 
expected to reach the aquifer in 10,000 years. 

Table 4.4 Maximum Concentration of Long-lived Nuclides Expected to Reach the Aquifer in 10,000 
Years Under the Subsided Case Release Scenario With Infiltration of Run-on 

2 3 8 ~  I . o  

I 2 3 4 ~  I 0 

I 23QTh I Uranium Parent: o 

I 226Ra 1 Uranium Parent: o 
I *''Pb 1 Uranium Parent: o 

2 3 5 ~  I 0 

I 237Np I 10 

1,500 I 600 

1,500 I 0.1 

1,500 I 0.07 

1,500 I 0.2 

1,500 I 0.3 

1,500 I 0.3 

0.004 

6,600 

< 0.001 10,000 I 

4.1.2.1 Results for the PafhwayScenarios 

Subsidence causes proportional increases in the TEDE expected for the pathway scenarios. 
Cap thinning increases the inventory available for transport by plant translocation and 
burrowing animals. The increase in dose issmallest for the transient occupancy scenario 
within the 10,000-year compliance period (Table 4.5). The maximum TEDE for the open 
rangeland scenario increases from 0.17 to 0.34 mrem yr-' at 10,000 years because of the 
increased 14C release. The TEDE estimated for a resident farmer at 10,000 years increases 
from 3.4 to 5.0 mrem yr-I at 10,000 years. The doses for each of the scenarios in the all- 
pathways analysis remain bekow the 25 mrem yr-' limit for 10,000 years after closure. 
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Pathway Scenario 

Transient Occupancy 

Open Rangeland - Indian 
Springs 

Open Rangeland - Cane 
Springs 

Resident F m e r  

Table 4.5 Comparison of All-Pathway TEDE From Nonvolatile Radionuclides Under the Base Case 
Release and Subsided Case Release Scenario 

TEDE at 10,000 years TEDE at Maximum 
(mrem yr-') (mrem yr-l) 

Base Case Subsided Case Base Case Subsided Case 

0.59 0.79 9.0 12 

0.17 0.34 I .2 1.6 

0.17 0.34 1.3 1.6 

3.4 17 42 70 

Nuclide 

I4C 

238Ui-D 

2 3 4 ~  

230Th 

Subsidence combined with ponding of run-on has the potential to initiate a groundwater 
pathway in the resident farmer scenario. The groundwater dose was calculated assuming that 
the resident consumes 2 L day-' of drinking water. The estimated maximum CEDE is 
12 mrem yr-' (Table 4.6). Because most of the dose is fiom 23'Pa and 227Ac+D, the 
maximum is expected to occur at approximately 6,600 years. This dose is considered an 
extreme bounding value because it assumes a release scenario with a very conservative upper 
limit of infiltration and a very conservative pathway scenario. The additional dose fiom the 
groundwater pathway increases the all-pathways TEDE in the resident farmer scenario to 
approximately 17 mrem yr-' at 10,000 years. 

Time of Maximum (yrs) CEDE (mrem yf') 

1,500 0.9 

1,500 0.02 

1,500 0,o 1 

1,500 0.08 

Table 4.6 Maximurn CEDE to a Resident Farmer at 100 m From Ingestion of 2 L day-' of Groundwater 

2'0Pb+D 

23sU+D 

1,500 2 

1,500 7 x 10' 

V R a + D  I 1,500 I 0.2 I 

Total I 12 

231Pa I 6,600 I 4 I 
'?'Ac+D I 6,600 I 5 I 

Performance Assessment 4-10 



Area 5 Radioactive Waste Management Site Nevada Test Site 

4A.3 Atmospheric Pathway - Base Case Release Scenario 

Exposure to gaseous radionuclides through the atmospheric pathway was evaluated 
separately. These calculations assume that gaseous radionuclides were released at a 
maximum rate, based on difision in the air-filled pores. 

4.1.3.1 Results for the Transient Occupancy Scenario 

In the transient occupancy scenario, gaseous radionuclides were assumed to be diluted into a 
2-m (6.6-ft) atmospheric mixing zone. Under the conceptual model for release of gaseous 
radionuclides, the release rate decreases over time as nuclides decay. Therefore, the 
maximum doses within the compliance interval would occur at the end of institutional 
control. The total dose from volatile 3H, l4C, and "Kr combined was estimated to be 
0.01 mrem at 100 years. Tritium and s5Kr decay to negligible levels during the period of 
institutional control and 14C doses are minimal due to the small site inventory. 

Doses from resuspension of soil particulates increase throughout the compliance period. The 
maximum dose in the compliance period from inhalation of soil particulates occurs at 10,000 
years and is 0.17 mrem yr- 

4A "3.2 Results for the Open Rangeland Scenario 

In the open rangeland scenario, gaseous radionuclides were assumed to be dispersed to an 
off-site ranch at Indian Springs and Cane Springs. The maximum TEDE from release of 
volatile radionuclides, excluding radon, are presented in Table 4.7. The doses are estimated 
for Indian Springs. 

Table 4.7 Estimated Maximum TEDE for Volatile Radionuclides (excluding radon). Maximum dose 
occurs at closure (Le., at the beginning of the institutional control period when public access 
to the NTS is restricted). 

t - Evaluated at Indian Springs for the first year after closure (access to Cane Springs is assumed to be 

$ - Represents release of entire inventory during the fitst year, 
restricted at this time). 
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Nuclide 

Table 4.7 shows that the estimated TEDE is much less than 0.001 mrem yr"'. The distance to 
the nearest resident allows for significant dilution. Doses fiom ingestion of nonvolatile 3H 
and I4C incorporated into milk and beef produced at the site are much greater than the dose 
from inhalation of volatile forms. 

Concentration at 100 m (Ci mT3) TEDE (mrem y P )  

The dose fiom resuspended soil particulates deposited at the off-site ranch reaches a 
maximum value in the compliance period at 10,000 years. The maximum dose occurs at 
Cane Springs because it is closer to the RWMS. The 10,000-year dose at Cane Springs is 4 x 

mrem yr-I. 

4.1.3.3 Results for the Resident Farmer Scenario 

In the resident fanner scenario, gaseous radionuclides were dispersed over a 100-m (330-ft) 
distance to the assumed location of the off-site residence. The maximum volatile radionu- 
clide release rate is expected at closure and will decrease thereafter as the source is depleted 
by release and radioactive decay. The maximum expected TEDE during the institutional 
control period is approximately 6 mrem yr-I from inhalation and dermal absorption of 3H 
(Table 4.8). It is unlikely that a ranch will be developed at the site boundary during 
insitutional control. If the scenario is delayed to 100 years after closure, the TEDE fiom 3H 
declines to 0.03 rnrern yr-I. 

Table 4.8 Estimated TEDE €or Exposure of a Resident Farmer to Volatile Radionuclides at the 100-m 
Buffer Boundary. The TEDE is the maximum value, which is expected to occur at closure. 

I 3H I 8.0 x 1 0 - 9  I 6.4 I 
t I I 0.034 t 1.7 x 

I %r I 1.1 x 10-l2 I 1.5 x 10-5 I 

The TEDE from inhalation of resuspended soil particulates increases throughout the 
compliance period. The maximum dose from inhalation of soil particulates is 0.77 rnrem yr-' 
at 10,000 years. 

4.1.4 Atmospheric Pathway - Subsided Release Case 

The release of gaseous radionuclides in the subsided case release scenario was described in 
Section 3.2.2.2. Subsidence was assumed to occur at 100 years, when active institutional 
control ends. Therefore, the release of 3H was estimated to remain unchanged at 200 Ci yr-' 

~ 
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at closure. After active institutional control when subsidence occurs, the 3H release rate was 
estimated to be 1.0 Ci yr? All other gaseous radionuclides were assumed to be completely 
released in the first year and were not affected by subsidence. 

For the subsided case, the TEDE from release of gaseous radionuclides in the transient 
occupancy scenario remains unchanged at 0.01 mrem yr-' at 100 years after closure. The 
dose in the open rangeland scenario remains unchanged at closure for Indian Springs. The 
doses are less than 3 x 1 0-6 mrem yr-] at 100 years. The dose to a resident farmer at 100 m 
(330 ft) remains unchanged at 6 mrem yr-' at closure. At 100 years when subsidence occurs, 
the TEDE from 3H is estimated to be 0.03 mrem yr-'. 

Subsidence has no significant effect on the release of gaseous radionuclides. Subsidence has 
no significant effect on the release of I4C and ''Kr because the entire inventory is assumed to 
be released for both release scenarios. Subsidence increases 3H releases, but 3H undergoes 
significant radioactive decay during the period of active insitutional control, before unreme- 
diated subsidence begins. 

4.1.5 Radon Flux from Shallow Land Burial Trenches and Pits 

The CASCADR9 computer code has been used to estimate KsLB, the ratio between 222Rn 
surface flux and 226Ra activity concentration for the shallow land burial geometry. The flux 
from shallow land burial trenches and pits (JSLB) at any given time is: 

where CsLB is the shallow land burial 226Ra activity concentration in units of Ci m-3. The 
activity concentration of 226Ra will increase very slowly over the next 10,000 years, not 
reaching a peak for several million years. The predicted radon fluxes for the base case and 
subsided case are presented in Table 4.9 and Figure 4.3. The flux remains below the 
performance objective of 20 pCi m-2 s-' throughout the 10,000-year compliance period for 
both cases. As shown in Figure 4.3,  the base case flux exceeds the performance objective in 
approximateiy 30,000 years and reaches a peak of 156 pCi mU2 s-' in 3.5 x lo6 years. The 
flux results beyond 30,000 years are considered very conservative because they assume that 
cap thickness remains constant. In reality, closure caps should eventually be buried by 
accumulating sediments. It is likely that much more than 2.4 m (7.9 ft) of sediment will 
cover the site in 3.5 x 1 O6 years and that the actual peak fluxes will be much smaller than 
those predicted here for a 2.4-rn (7.9-fit) cover. Approximately 4.5 rn (14.8 ft) of cover would 
be required to attenuate the peak flux occurring at 3.5 x 1 O6 years to 20 pCi m-* s- I .  

Subsidence is conservatively estimated to increase the average annual fluxes by approxi- 
mately a factor of two. The performance objective is exceeded at approximately 20,000 
years for the subsided case. 
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Table 4.9 Estimated Radon Flux From Shallow Land Burial Trenches and Pits 

bsid 1 

1 100 I 3.3x 10-7 I 0.0 1 8 I 0.043 I 
1 10,000 5.6 I 10 I 

156 I 280 I 

I oO0.00 

100.00 

10.00 

1 .oo 

0.10 

0.01 

Figure 4.3 Estimated 'I2Rn Flux From a Shallow Land Burial Waste CeH for the Base Case and 
Subsided Case Release Scenarios 
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4A .6 Estimated Radon Flux from Pit 6 (P06U) 

Pit 6 has been modified to accept a thorium waste stream containing 230Th. CASCADR9 was 
used to develop a ratio between surface flux and activity concentration (K-factor) for each 
waste cell. The waste cells can be considered independently and the results summed to 
obtain the total flux. The peak 226Ra activity concentrations occur at different times for the 
two waste cells. This is because of differing initial concentrations of long-lived parent 
nuclides. When the thorium waste reaches its peak 2261Ra concentration in 9,000 years, the 
concentration of LLW in the upper cell is two orders of magnitude lower. The LLW in the 
upper cell will not readh its maximum concentration for several million years, when 230Th in 
the lower cell will have decayed to background. Assuming the independent K factors for 
each cell, the total flux is: 

where: 

JP6 
= 

K,,, = 

KPbL = 

CP6Jt) = 

surface 222Rn flux from Pit 6 @Ci m-* s-l), 
ratio of surface flux to 226Ra activity concentration in the upper cell of Pit 6 

ratio of surface flux to 226Ra activity concentration in the lower cell of Pit 6 
(m s-I), and 
activity concentration 226Ra in the lower cell of Pit 6 (Ci m-3). 

(m s-9, 

Total radon flux from Pit 6 in presented in Table 4.10 and in Figure 4.4. The total flux 
remains below the performance objective limit of 20 pCi rnm2 s-' during the entire 10,000- 
year compliance interval for the base case and subsided case. Subsidence approximately 
doubles the flux. For the first 700 years, the flux from each cell is approximately equal. 
Afier this time, the 222Rn flux from the upper cell begins to exceed the flux fkom the Th waste 
and the predictions are very similar to those for the shallow land burial case. Although the 
'%a source term in the Th waste is greater, the upper cell produces a greater flux because the 
burial is more shallow. By 10,000 years, the total flux for the base case reaches 5.5  pCi m-2 
s-*, approximately equal to the flux predicted for the shallow land burial case. The total flux 
for the base case exceeds the 20 pCi rn-2 s-* limit in approximately 30,000 years and reaches 
a peak in 3.5 x 1 O6 years. Total fluxes beyond 30,000 years are likely to be less than esti- 
mated here because alluvial sediment accumulating at the site is likely to increase the over- 
burden. The flux limit is exceeded in approximately 20,000 years for the subsided case. 

Performance Assessment 4-15 



Table 4.10 Estimated Total zz2Rn Flux From Pit 6 (PO69 

I 100 I 0.035 I 0.06 1 I 
I 9,000 I 4.9 I 9.0 I 
I 1 0 , ~  I 5.6 I 10 I 
I 3.5 x lo6 1 147 I 280 I 

Figure 4.4 Estimated '''Rn Flux From Pit 6 (PO6U) for tbe Base Case and Subsided Case Release 
Scenarios 

~ 
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h 

Standard 

226Ra + 228Ra < 5 pCi L-I 

Total Ra at 1,500 Years 

0.3 pCi L-' 

Tots1 Ra sit 10,000 years 

0.1 pCi L-' 

4.1.7 Protection of Groundwater Resources 

Under the base case scenario, infiltration and recharge of the aquifer at the Area 5 RWMS 
does not occur and protection of groundwater resources is assured. Subsidence, however, 
has the potential to initiate recharge if large amounts of run-on pond in a subsidence feature. 
Even under these extreme conditions, model results suggest that the uppermost aquifer would 
still be suitable as a source of drinking water. 

The first standard for groundwater protection is that the combined concentration of 226Ra and 
228Ra not exceed 5 pCi L- '. There were no credible conditions causing 228Ra to reach the 
aquifer in 10,000 years. Its long-lived parent, 232Th, has a travel time greater than 160,000 
years. The estimated 226Ra concentration migrating with its uranium parents is well below 
the 5 pCi L-' limit throughout the 10,000-year compliance period (Table 4.1 1). Background 
226Ra and 22sJXa in the alluvial aquifer is less than the detection limit, so the man-made plus 
natural total radium is expected to remain below 5 pCi L-'. 

Table 4.11 Estimated Total Radium Activity Concentrations at the Time of the Peak Uranium 
Concentration and at 10,000 Years 

The second standard for groundwater protection is for the gross alpha concentration, 
excluding radon and uranium, to be less than 15 pCi L-I. Thorium-230, 226Ra, 231Pa, and their 
progeny are the only long-lived alpha-emitting nuclides with low enough K, values to reach 
the aquifer in 10,000 years. The maximum gross alpha activity is expected to be 
approximately 3 pCi L-' at 6,600 years (Table 4.12). Most of the gross alpha activity is 
contributed by 231Pa and its progeny. The maximum mean gross alpha concentration detected 
below the Area 5 RWMS is 6 pCi L-' (Table 2.6). Therefore, the man-made plus natural 
gross alpha is expected to be no more than 9 pCi L-I, less than the 15 pCi L-' limit. 

Tabfe 4.12 Maximum Gross Alpha Activity at the Well Head, Excluding Background Radioactivity, 
Uranium, and Radon 

1,500 I 0.3 1 
~~ 
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231Pa 

227,4~+Dt 

Table 4.12 (continued) 

Mixed 6,600 0.5 

Mixed 6,600 1.5 

I Total I 2.8 I 

The third standard is that the dose equivalent to the total body or any organ from beta particle 
and photon radioactivity does not exceed 4 rnrem yr? The only nuclide meeting the 
definition of man-made beta particle and photon radioactivity is I4C. The s u m  of the 
fractions for 14C is 

600 pCi L -' 
2,000 pCi  L -' = 0.3 (4.3) 

Because the sum of fractions is less than 1.0, the performance objective is not exceeded. The 
dose equivalent using the dosimetry system described would be approximately 1 rnrem yr-I 
to body fat. Man-made beta particle and photon radioactivity has not been detected in the 
uppermost aquifer beneath the Area 5 RWMS. 

The final criterion, evaluated for information only, was that the total uranium concentration 
be less than 20 pg L-'. Because the assumed solubility limit of uranium in Frenchman Flat 
groundwater was 17 pg L-', compliance with th is  criterion is assured. The maximum con- 
centration of waste-derived uranium is estimated to be 0.3 pg L-'. The highest naturally 
occurring uranium value measured for Area 5 in UE5PW-3 is 9.7 pg L-'. Therefore, the 
total uranium concentration is expected to be approximately 10 pg t-'. 

4.2 Analysis Results for Intruder Scenarios 

This section describes the results of intruder analyses. Intruder scenarios are hypothetical 
events analyzed to estimate the risk to persons intruding into buried waste after loss of 
institutional control. Intruder analyses are perfanned to determine the activity concentration 
of waste suitable for disposal in the near surface. Three intruder analyses, one acute and two 
chronic, were analyzed: the drilling scenario (acute), the intruder-agriculture scenario 

.. 
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(chronic), and postdrilling scenario (chronic). Two source terms were analyzed in the 
performance assessment, the inventory for shallow land burial pits and trenches and the 
inventory for Pit 6.  

4.2.1 Analysis Results for the Acute Intruder Drilling Scenario 

The intruder drilling scenario is a short-term exposure scenario that assumes an intruder is 
exposed to contaminated drill cuttings. Complete details of the scenario, conceptual models 
and assumptions, are provided in Section 3.3.1. The intruders are assumed to be exposed via 
inhalation of resuspended drill cuttings, inadvertent ingestion of cuttings, and external 
irradiation fiom the drilling fluids. The time of exposure is assumed to be 100 hours, 
approximately two weeks. The acute drilling scenario was analyzed for the shallow land 
burial inventory and for Pit 6 .  Results are presented for 100 years, 10,000 years and, if 
occurring beyond 10,000 years, at the time of maximum dose. For nuclides with short-lived 
progeny that can be assumed to be in equilibrium, the dose horn the progeny have been 
added to the dose from the parent. 

An inadvertent intruder driIling through a shallow land burial trench or pit is estimated to 
receive a TEDE of 0.15 mrem at 100 years and 0.17 m e m  at 10,000 years (Table 4.13). The 
maximum dose occurs at 3.5 x 1 O6 years and is approximately 1 .O mrem. The nuclides 
contributing most to the dose at 100 years, in decreasing order of importance, were 238U+D, 
239Pu, 234U, 238Pu, 240Pu, and 241Am. Overall, inhalation is the most important pathway, 
followed by soil ingestion and external irradiation. Most of the dose at 100 years is 
attributable to inhalation of 238U+D, 234U, and 239Pu. At 10,000 years, the inhalation dose 
fiom these three nuclides remains important, but additional dose is caused by external 
irradiation from 226Ra+D and ingestion of 227A~+D and 210Pb+D. The dose fiom progeny 
continues to increase with time and, by the time of the maximum dose at 3.5 x 1 O6 years after 
closure, external irradiation fiom 226Ra+D is the dominant contributor. 

The upper and lower cells of .the Pit 6 source term were analyzed separately and the results 
summed to obtain the total. The upper cell was assumed filled with waste having the same 
mean activity concentration as the shallow land burial inventory. However, this cell is 6.2 m 
(20.3 fi) thick, compared with the 4.9 rn (16 ft) adopted for the shallow land burial trenches. 
The lower cell was assumed filled with thorium waste with an activity concentration equal to 
waste received since FY 1989. The Pit 6 inventory was analyzed at 100 and 10,000 years. 
The dose from the inventory in the upper cell will peak at 3.5 x 1 O6 years and be approxi- 
mately of the same magnitude as that predicted for the shallow land burial inventory. The 
lower cell contains two serial radioactive decay chains, one supported by 232Th and one 
supported by 230Th. The activity concentration of the members of the 232Th chain will decay 
little over 10,000 years because of the 1.4 x 10" year half-life of the supporting parent. The 
activity in the 230Th chain will peak in approximately 9,000 years. Therefore, the dose fkom 
the lower cell can be expected to reach a maximum in 9,000 years and decrease very slowly 
thereafter. The estimated TEDE at 100 years was 22 mrem, attributable mostly to the 
thorium waste in the lower cell (Tables 4.14 and 4.15). External irradiation and inhalation 
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Table 4.13 Soil Activity Concentrations and TEDE for the Acute Drilling Scenario With the Shallow Land Burial Inventory. Soil activity concentration 
is the estimated concentration of the drill cuttings created by the intruder. 

Rad ion uclide 

'H 

I At 100years I At 10,000 years 1 At Time of Maximum Dose 1 
Soit Cone, TEDE Soil Cone. TEDE 
(PCi g-'1 (mrern) (PCi 9-9 (mrern) Time (years) 

30 3.9 X I O - 4  I00 

I4c 
J6cl 

'9Ni 

T O  

0.1 I 2.7 x 1 0 - 4  0.033 8.1 X I O - 5  1 00 

4.1 x 1 0 - 9  1.7 xio-14 4.0 ~ 1 0 - 9  1.6 x 1 0 - 1 4  I 00 

6.2 x 10-7 9.5 x i o - t 4  5.7 ~ 1 0 - 7  8.7 x 10-14 100 

1.1 xIO-' 4.4 xlo- 'o 100 

'"Ni 0.049 1.6 xIO-' 100 

90sr+D 0.01 1 9.4 x 10-7 - 100 

93zr+D 1 .o x 6.2 x 1u''2 1.0 X 1 W 6  6.2 x10- ' *  I00 

99Tc 0.75 5.5 x10-7 0.75 5.3 x lo-' too 

'O'Pd 2.9 x10-7 6.9 xlU-'' 2.9 ~ 1 0 - 7  6.9 x 10-14 I00 

I 

*Z6Sn+D 3.4 xlo-'  4.3 x lo-* 3.2 ~ 1 0 - 7  4.0 x lo-' 100 

I291 8.7 xlo-'  2.5 xlO-" 8.7 x lo-' 2.5 x lo-'' 100 

'33Ba 5.3 x 10-9 4.7 x I O - "  100 

W S  2.4 8.3 x 2.4 x 8.1 x10-'2 100 

- .  

W?l 1.7 ~10-5 9.5 x 10-1° 100 

IJ2Ell 1 * 1 x lo-" 2.0 x 1 0 4 3  1 00 

IJJEu 7.8 ~ 1 0 ' ~  1.6 x 1 W 9  100 

TEDE 
(mrem) 

4.1 X I O - 9  I 1.7 x10-14 I 
6.2 X I O - 7  I 9.5 X I O - 1 4  I 

I 1.1 x10-' I 4.4 xlo-'o 

0.011 I 9.4 x10-7 I 

5.5 x lo-' 

3.4 ~ 1 0 - 7  4.3 x lo-# 

0.013 I 1.4 xlO-' I 



Area 5 Radioactive Waste Manapement Site Nevada Test Site 

Performance Assessment 4-21 





Area 5 Radioactive Waste Management Site Nevada Test Site 

' 5 . 7 ~ ~  

lj.'Eu 

2UBi 

232 u 

2'3A rn +D 

23yPu 

235U+D 

23'Pa 

''-Ac+D 

Table 4.14 Soil Activity Concentrations and TEDE for the Acute Drilling Scenario for Pit 6 (P06U) at 
100 Years. Soil activity Concentration is the estimated concentration of the drill cuttings 
created by the intruder. 

1.4 xlO-." 2.5 x 10-13 2.5 ~ 1 0 - 1 3  

9.9 x lo-* 2.0 x 1 0 - 9  2.0 x 1 0 - ~  

4.6 x I 0-" 9.5 x10-l3 9.5 x 10-13  

1.3 x10-j 1.2 x 1 0 - $  1.2 x i 0 4  

2.9 ~ 1 0 - 5  3.5 ~ 1 0 - 7  3.5 ~ 1 0 - 7  

3.9 0.03 5 0.035 

1 .o 4.8 ~ 1 0 - 3  4.8 4 0 - 3  

4.2 ~ 1 0 - 3  9.6 x 10-5 9.6 xlO-' 

3.5 x10-3 3.7 ~ 1 0 - 4  3.7 X I O - ~  

~~~ 
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13H Pu 
2 3 4 ~  

230 Th 

22'Ra+ R 

21uPb +D 

24"C??I 

'"8Cm 

240Pu 

236 ,y 

232 Th 

228Ra+D 

2?8'T,+D 

Total 

Table 4.14 (continued) 

1.9 0.015 0,015 

18 0.034 0.034 

0.037 1.6 4 0 - 4  55 0.25 0.25 

4.2 x 10-3 1.1 ~ 1 0 - 4  3.8 0.10 0.10 

3.7 ~ 1 0 - 3  1.2 x 1 W  3.1 0.010 0.010 

4.6 x 10-4 2.1 x10-6  2.1 x10-6 

2.3 x lo-" 7.5 ~10-13 7.5 x 10-13 

0.82 7.2 4 0 - 3  7.2 x 10-3 

0.029 5.1 4 0 - 5  5.1 ~10-7  

0.064 1.5 x ~ O - ~  355 8.1 8.1 

0.064 9.7 x 1 0 - 4  355 5.4 5.4 

0.064 1.5 ~ 1 0 - 3  3 55 8.2 8.2 

0.18 22 22 

4-24 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

23up* 

235U+D 

23'Pa 

2 2 2 - ~ c + ~  

23-Np+D 

233 u 

229 Th +D 

142pu 

238UiD 

234 u 
230Th 

226Ra+D 

2'oPb+D 

' T r n  

Table 4.15 Soil Activity Concentrations and TEDE for the Acute Drilling Scenario for Pit 6 (POW) at 
10,000 Years. Results for the lower cell are for 9,000 years, when the activity concentration 
of 226Ra reaches its peak. Soil activity concentratim is the estimated concentration of the driIt 
cuttings created by the intruder. 

2.9 0.027 0.027 

1 .o 4.8 ~ 1 0 - 3  4.8 ~ 1 0 - 3  

0.19 4.5 ~10-3 4.5 ~10-3 

0.19 0.020 0.020 

3.9 ~ 1 0 - 4  4.8 x 1 W 6  4.8 x10+ 

5.8 ~10-5  1.1 x10-7 1.1 ~ 1 0 - 7  

3.2 ~ 1 0 - 5  1.0 x10-6 1.0 

7.7 ~10-5  6.4 x 10-7 6.4 ~ 1 0 - 7  

34 0.068 0.068 

18 0.034 0.034 

1.5 7.2 ~10-3  51 0.23 0.24 

1.3 0.033 5 1  1.4 1.4 

1.2 4.2 x 10-3 51 0.17 0.17 

2.1 x l o - l '  7.2 x lo-'' 7.2 x10-l '  
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Table 4.15 (continued) 

contribute equally to the dose. The external dose is predominantly from 228Ra+D and 
'28Th+D. The inhalation doses are from 232Th+D. At 10,000 years, the estimated TEDE 
increases slightly to 23 rnrem as 226Ra and ''OPb are produced by radioactive decay. 

4.2.2 Analysis Results for the Chronic Intruder-Agriculture Scenario 

The intruder-agriculture scenario is a chronic exposure scenario that assumes an intruder 
constructs a residence over the site. A 2,500-m2 (26,909-fi2) contaminated zone is created 
from waste exhumed from construction excavations. The waste is assumed to be indis- 
tinguishable from soil at the time of intrusion. The intruder then lives within the contami- 
nated zone and produces h i t ,  vegetables, meat, and milk. Twenty-five percent of the 
intruder's diet is assumed produced in the contaminated zone. Complete details of the 
exposure pathways and assumptions are provided in Section 3.3.2.1. This scenario was 
analyzed for the shallow land burial inventory only, because the lower cell of Pit 6 is too 
deep to be penetrated by an excavation for a basement and the upper cell has the same 
activity concentration as the shallow land burial inventory. It was assumed that this scenario 
could occur any time after the end of institutional control. This scenario is used to determine 
the concentration of wastes that can be disposed at a 2.4 rn (7.9 ft) depth. 

The TEDE received by the intruder at 100 years was estimated to be 84 mrem yr-' 
(Table 4.16). Inhalation and external irradiation are the most important pathways, 
contributing 81 percent of the dose. The remaining dose is due to soil ingestion (12 percent) 
and food ingestion (7 percent). The most important nuclides, in decreasing order of 
importance, were 238U+D, 239Pu, 234U, 238Pu, 235U+D, and 241Am. One hundred years after 
closure, external irradiation doses are contributed mostly by 238U+D and 235U+D. Inhalation 
doses are due to 238U+D, 234U, and 239Pu. The nuclides contributing most of the dose in the 

~~ 
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At 100 years 

Soil Conc. TEDE 
Radionuclide (PCi g-'1 (mrern yr-') 

At lo,( 

Soil Conc. 
(pCf g-9 (mrem yr-') 

0.072 

Time (years) (PCI ti!-9 (mrem yr-') 

I00 286 2.4 

100 1 .o 0.40 

TEDE Soil Conc. TEDE 

V O  

"Ni 

1.0 x 10-7 1.2 x10-6  

0.47 6.7 x 10-5 

"'Pd 

'f6Sn+D 

2.8 x 2.0 xlO-'O 2.8 XIO-' 

3.3 x lo-* 4.9 x 10-5 3.1 x ~ O - ~  

IJ3 Ba 

V S  

"-Cs+D 

5.1 XIO-' 5.4 x10-* 

2.4 xlO-' 8.7 xIO- '  2.4 x 10-5 

0.13 0.36 

Table 4.16 Soil Activity Concentrations and TEDE for the Intruder-Agriculture Scenario With the Shallow Land Burial Inventory, Soil activity 
Concentration is the estimated concentration of the surface contaminated zone created by the intruder. 

DO yealrs I At T h e  of Maximum Dose 

'H I 286 I 2.4 I 
I4c I 1.0 I 0.40 I 0.31 

I 100 I 1.0 x 1 0 - 7  I 1.2 x10-6  

I 100 I 0.47 I 6.7 X I O - '  

9*Sr+D I 0.11 I 0.13 1 

0.056 I 100 I 7.0 [ 0.056 99 Tc I 7.5 1 0.057 1 7.0 

I 
~ I 100 I 0.13 I 0.36 
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Table 4.16 (continued) 

Radionuclide 

33n U+ D 

- -  I At 100 years I At 10,000 years t At Time of Maximum Dose 1 
Soil Conc. TEDE Soil Conc. TEDE 
(PCi g-9  (mrem yr-f) (PCi g-I1 (mrem yr-') Time (years) 

259 36 259 36 3,500,000 

238Pu 15 5.1 1'00 

2 3 d u  

230Th 

226Ru+D 

2'oPPb + D 

136 1 1  139 I 1  3,500,000 

0.28 0.048 12 2.1 3,500,000 

0.03 1 0.25 9.3 76 3,500,000 

0.028 0.01 1 9.3 3.6 3,500,000 

zrrC??l 

2'nCt?l 

240Pu 

Total 84 157 1 I I I 1 

3.4 x lo-' 6.9 40-4 100 

1.7 xIO-'O 2.4 xIO"* 1.7 xlO-'O 2.4 x lo-'" 100 

6.2 2.4 2.2 0.85 100 

l 5  I 

_ _ _  . 

234 u 

232 Th 

22aRa+D 

22RTh+D 

5 .  I 

0.22 0.0 16 0.22 0.0 16 32,000 

0.49 0.42 0.48 0,4 1 100 

0.49 2.1 0.48 2.1 100 

0.49 3.3 0.48 3.2 100 

259 I 20 I 
239 1.  45 I 

259 I 100 I 

1.7 x lo-''' 2.4 xlO-'O 

6.2 2.2 

0.22 I 0.016 I 
0.49 1 0.42 I 
0.49 I 2. I I 
0.49 1 3.3 I 
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ingestion pathways are 238U+D, 234U, 239Pu, and 24'Am. By 10,000 years, the estimated TEDE 
increases to 157 mrem yr-' as the activity concentration of progeny of 238U and 235U increases. 
The increase in dose is due largely to external irradiation from 226Ra+D. 

4.2.3 Analysis Results for the Chronic Postdrilling Scenario 

The intruder postdrilling scenario assumes that an intruder builds a residence on an area 
contaminated with drill cuttings fiom the disposal site. As in the intruder-agriculture 
scenario, the intruder produces meat, milk, fruit, and vegetables within the contaminated 
zone. A complete description of the models and assumptions for the postdrilling scenario are 
presented in Section 3.3.2.2. The postdrilling scenario is the same as the intruder-agriculture 
scenario except €or differences in the activity concentration and thickness of the contami- 
nated zone. The postdrilling scenario applies to a greater source term because a borehole 
may penetrate any waste cell between the surface and the aquifer. Therefore, the scenario 
wasanalyzed for a shallow land burial trench and Pit 6. The scenario was assumed to occur 
between 100 years and 10,000 yeas. The waste is assumed to be indistinguishable from soil 
at this time. Results from the postdrilling scenario were used to develop concentration limits 
for wastes disposed below 4 m (13.1 fi). Common construction excavations are unlikely to 
extend below 4 m (13.1 ft). 

The estimated TEDE at 100 years was 0.70 mrern yr-' for a postdrilling intruder penetrating a 
shallow land burial trench (Table 4.17). Approximately 49 percent of the dose is due to 
inhalation of 3H and I4C released fiom the buried waste. The remainder of the dose is from 
exposure to the waste exhumed by the intruder. The contribution of the pathways was 
25 percent from inhalation of resuspended activity, 16 percent from external irradiation, 
6 percent from soil ingestion, and 2 percent from ingestion of agricultural products. The 
important nuclides and pathways for the exhumed waste are essentially the same as for the 
intruder-agriculture scenario because the source term and pathway parameters are equivalent. 
The postdrilling scenario differs from the intruder-agriculture scenario in the greater relative 
contribution of volatile 3H and 14C released from the waste. At 10,000 years, the dose 
increases slightly to 0.71 mem yr-*. By 10,000 years, the dose from the release of volatile 
'H and I4C is negligible. However, this decrease is offset by increasing external irradiation 
from 226Ra+D. 

Results for the postdrilling scenario applied to Pit 6 were obtained by summing the results for 
a 6.2-m- (20.3-ft)-thick shallow land burial trench with the results for the lower cell filled 
with thorium waste (Tables 4.1 8 and 4.19). The estimated total TEDE at 100 years was 
1 63 mrem yr- '. The thorium waste in the lower cell contributes 99 percent of the predicted 
dose. The dose is largely attributable to external irradiation from 228Th+D (52 percent) and 
228Ra+D (36 percent), with a lesser contribution from inhalation of 232Th+D (7.6 percent). 
Ingestion pathways account for less than 1 percent of the dose. The doseestimate increases 
slightly by 10,000 years to 178 mrem yr-* because of external irradiation from 226Ra 
produced by the radioactive decay of 230Th. 
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Table 4.17 Soil Activity Concentrations and TEDE for the Postdrilling Scenario With the Shallow Land Burial Inventory. Soil activity concentration is 
the estimated concentration of the surface contaminated zone created by the intruder. 

I I At 10,000 years I At Time of Maximum Dose ~ At 100years I 
I TEDE 

(mrem yr-') Time (years) I (mrem TEDE yr-') 
Soil Coac, 
(pCig-') . 

TEDE 
(mrern yr-') 

Soil Conc. 
Radionuclide 

0.16 1.3 I 0. I6 'H I I .3 
1 
I 

0.18 5.4 xIo-2  I 100 1.4 xlO-' 

1.4 x I0-l' 1.8 xfO-'* 1.4 XIO-'~ I 100 

1.2 x1O-l2 2.5 X 1 0 " '  

5.0 X I O - 9  I 100 5.0 x 10-9 

2.3 Xio-7 I 100 

3.7 X I O - 4  I 100 5.1 x10-4 I 3.7 40-4  

2.6 x 10'" 2.6 ~ l O - ~ l  I 100 4.8 x 10" 

1.7 X I O - 4  0.033 1.7 xI0-I 1 100 0.034 I 1.7 x ~ O - ~  

8.2 x 10-13 1.3 xIO-' 8.2 x10-I~ I 100 1.3 x lo-' 8.2 xi043 + 2.2 X I O - 7  1.5 x lo-' 2.2 x 10" I .4 xlo-'  2.1 X I O - 7  I 100 

1.2 ~ 1 0 - 9  3.9 4 0 - 9  1291 1 3.9 x10-9 3.9 x10-9 I 1.2 x10-9 

2.5 X I O - ' ~  

3.3 xIO-'O 1.1 x10-I 3.3 xlo- 'o I 100 1.1 xlo-'  I 3.3 xIO-'O 'JJcs 1 1.1 X W 7  

1.5 ~10-3 

2.5 ~ 1 0 - 9  I 100 7.7 XIO-5  I 2.5 x10-9 

2.3 x I 100 

1.7 xlO-' *"Eu I 3.4 x I O - ~  I 100 



6.8 x 0.03 5 450,000 0.036 0.18 

100 1.2 x 10-3 8.8 x 

1.4 ~10-5 

2.0 x10-6 

1.5 x ~ O - ~  4600 1.5 ~10-5 1.6 x 1 0 - 4  

1.6 X I O - 7  640,000 1 . 1  x i 0 4  8.9 ~10-7 

238c/+D 

ZJaPu 

1.2 0.16 

0.068 0.023 

Table 4.17 (continued) 

At Time alMaximum h s t  1 At 10,000 years At 100 years 

SOH Cone. TEDE 
Radionuclide (PCj 8-9 (mrcm yr-') 

2'*PU 1 0.14 I 0.053 0.10 I 0.040 I 100 I 0.14 1 0.053 

23JU+D I 0.036 - I 0.020 0.036 I 0.020 I 450,000 I 0.036 1 0.020 

6.8 xlO-) I 7.2 x I O - ~  I 450,000 I 0.036 I 0.038 

'*'Am I 0.023 I 0.015 I 100 I 0.023 I 0.015 
I I I I 
I I I m 

zJ3'p+ D I 1.0 x i 0 4  1 1.2 40-4 

1.1 x I O - ~  I 2.3 x ~ O - ~  I 640,000 I 1.1 I 2.4 XIO-' 

2'2Pu I 2.7 x I O * ~  I 1.0 

1.2 I 0.16 I 3,500,000 I 1.2 I 0.16 
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I T  

36c1 

"Ni 

Table 4.18 Soil Activity Concentrations and TEDE for the Postdrilling Scenario for Pit 6 (P06U) at 100 
Years. Soil activity Concentration is the estimated concentration of the surface contaminated 
zone created by the intruder. 

6.1 x10-.' 0.18 0.18 

2.3 xlo-lo 1.8 x 1.8 xlO-'O 

3.4 xlo-8 1.5 ~10-I~ 1.5 x lo-'' 

Lower Cell * 

6"o 

63N1 

9us?-tD 

y3Zr+D 

6.1 x 10-Io 6.3 ~ 1 0 - 9  6.3 x 10-9 

2.8 xlO-' 2.9 x 10-7 2.9 4 0 - 7  

6.4 x 10-4  4.7 x 10-4  4.7 40-4 

6.1 x10-* 3.3 xIO-" 3.3 x10-l '  

~~ . 

r5Jsrtl 9.7 4 0 - 5  

/5?Eu 6.3 ~10-13 

' 3 . ' ~ ~  4.3 ~ 1 0 - 9  

'OB j 2.0 x 1O-l2 

" Tc I I 2.2 x10-4 

3.2 ~ 1 0 - 9  3.2 ~ 1 0 - 9  

2.9 ~ 1 O - l ~  2.9 ~10-I~ 

2.1 x10-8 2.1 xlo-' 

9.6 ~ 1 0 - I ~  9.6 ~ 1 O - l ~  

jZ6Sn+D 1.9 xlO-'  I 2.8 x ~ O - ~  I I 

.?35u+I) 0.045 0.025 0.025 

231Pa 1.9 ~10-4 2.0 x 1 0 - 4  2.0 x 10-4 

I 2'-Ac+D 1.5 ~ 1 0 - 4  8.2 ~ 1 0 - 4  8.2 ~ 1 0 - 4  

133 Ba 1 2.9 x I 3.2 x ~ O - ~ O  I I 

z43,4 m+D 

23yPu 

1.3 x I O - ~  1.5 x1OW6 1.5 x10e6 

0.18 0.067 0.067 
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Radionuclide 

2riPu 

Table 4.18 (continued) 

Upper Cell Lower Cell 
Total 

Soil COOC. TEDE Soil Conc. TEDE TEDE 
(PCi g-'1 {mrem y P )  (pCi g-l) (mrem yr-I) (mrem y f * )  

1.5 x ~ O - ~  1.1 ~ 1 0 - 5  1.1 ~ 1 0 - 5  

233 u 

229Th+ D 

2'2Pu 

238U+D 

24'Am 1 0.029 I 0.019 I 

1.9 ~10-4  1.5 ~ 1 0 - 7  1.5 ~ 1 0 - 7  

2.1 XlO"* 4.5 x lo-* 4.5 xlo-8 

3.4 x10-6 1.4 x ~ O - ~  1.4 xlO-' 

1.5 0.20 0.20 

1 I 0.019 

2JJU 

230Th 

226Ra+ D 

0.78 0.062 0.062 

1.6 x ~ O - ~  2.8 ~10-4  2.4 0.42 0.42 

1.8 x 10-4 1.3 ~ 1 0 - 3  0.17 1.2 1.2 

238Pu 1 0.086 I 0.029 I I 1 0.029 

244C?H 

248Crn 

2'oPU 

236 (y 

"'Th 

22nRa+D 

Th +D 

Total 

2.0 40-5  4.0 x 10-4 4.0 x loe6 

1.0 x10- '2  1.4 x l o - ' 2  1.4 ~ 1 0 - I ~  

0.037 0.0 14 0.0 14 

1.3 ~10-3  9.2 x 10-5 9.2 XIO-7 

2.9 ~ 1 0 - ~  2.4 ~10-3 16 14 14 

2.9 x 1 0 - 3  001 1 14 59 59 

2.9 x 10-3 0.0 16 16 87 87 

0.80 I 162 163 

21uPb+D 1 1.6 x ~ O - ~  I 5.4 x ~ O - ~  1 0.14 I 0.046 I 0.046 
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Table 4.19 Soil Activity Concentrations and TEDE for the Postdrilling Scenario for Pit 6 (p06U) at 
10,000 Years. Soil activity concentration is the estimated concentration of the surface 
contaminated zone created by the intruder. 

Z43Am+D 

r3upu 

23s U-tD 

23JPa 

'*-Ac+D 

23-Np+ D 
233 u 

-"yTh+D 

242pu  

-'3xU+D 

' 3 J  u 

2307'h 

2XRRa+D 

'Opb + D 

4.9 x 10-7 6.1 ~10-7 6.1 ~10-7  

0.13 0.05 1 0.05 1 

0.045 0.025 0.025 

8.6 ~10-3 9.3 ~10-3  9.3 ~10-3 

8.6 x ~ O - ~  0.044 0.044 

1.8 X I O - 5  1.9 ~ 1 0 - 4  1.9 ~ 1 0 - 4  

2.5 x ~ O - ~  2.0 ~10-7  2.0 ~ 1 0 - 7  

1.4 x I O - ~  2.9 x 2.9 x 

3.4 X 1 c F 6  1.2 x10'6 1.2 x10-6 

1.5 0.20 0.20 

0.8 I 0.063 0.063 

0.069 2.4 x 10-3 2.2 0.39 0.39 

0.054 0.38 2.2 16 16 

0.054 0.018 2.2 0.75 0.77 
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I 

Radionuclide 

Table 4.19 (continued) 

Upper Cell Lower Cell 
Total 

Soil Conc. TEDE Soil Conc. TEDE TEDE 
(PCi g-9  (rnrem yr-*) (PCi g-*l (mrem yr*I) (mrem yr-l) 

2"xC??l 

z'uPu 

9.7 ~ 1 0 - ' 3  1.4 x10-'2 1.4 X ~ O - ' ~  

0.013 4.9 X1W3 4.9 x l o - 3  

236 u 
232 Th 

22RRa f D 

238 Th +D I 2.8 ~ 1 0 " ~  I 0.015 1 16 I 87 I 87 

1.3 X ~ O - ~  9.2 ~10-5  9.2 x 10-5 

2.8 ~10-3  2.4 ~ 1 0 - 3  16 14 14 

2.8 ~10-3  0.01 I 16 59 59 

4.2.4 Doses to Intruders from Inhalation of Progeny of '=Rn 

An intruder residing over a waste disposal cell will be exposed to radon progeny released 
from the contaminated zone at the surface and from the buried waste. Analysis of the doses 
from each source indicates that the dose fiom the contaminated zone is negligible compared 
to that from the waste zone for depths of burial up to at least 4.5 m (14.8 ft). The CEDE from 
2221in progeny released from the buried waste at 100 years remains below 20 mrem yr-' for all 
the configurations tested (Table 4.20), including cases with as little as 2.4 rn (7.9 ft) of cap 
material present. Compliance with the limit at 10,000 years appears to require between 4 and 
4.5 m (1 3.1 and 14.8 fi) of fill between the waste and the lowest point of the foundation. 

4"3 Sensitivity and Uncertainty Analysis 

4.3.1 Sensitivity Analysis for the All-Pathways Scenarios 

The dose to members of the general public is directly related to the predicted shallow soil 
concentration above the RWMS facility. The concentration of radionuclides in air, vege- 
tables, milk, and beef pathways is a first-order function of the surface soil concentration. 
Therefore the dose, both on and off site, is also a first-order function of shallow soil 
concentration. 

Shallow soil concentration, as indicated by Equation 3.22 through 3.24, is a function of the 
input rates to the shallow swface soil compartment and the output rates, as defined in 
Section 3.2.2. The input'rates of nonvolatile radionuclides to the shallow soil, where they 

~~ ~ 
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Table 4.20 Estimated Radon-222 Dose Results for Intruders Residing Over a Shallow Land Burial 
Trench 

become available for subsequent transport to humans, are plant-uptake rates, soil excavation 
rates by burrowing insects, and radioactive ingrowth. Large uncertainties are associated with 
the two biological processes, especially with respect to the subsurface distribution of root 
biomass, insect colony density, and soil movement by insects. 

A simplified sensitivity analysis was carried out for the purpose of evaluating the effect of 
release rates on surface soil concentration. Sensitivity to radioactive decay constants was not 
examined because these were assumed subject to minimal uncertainty. Each of the remaining 
rates identified in Section 3 -2.2, including the resuspension rate, I&; the root-uptake rates, 
K,,, Kr2, and Kr3; and release rates attributable to burrowing ants, 
evaluate the sensitivity of the activity of 226Ra and 14C in the surface soil compartment to 
changes in these rates. Radium-226 was chosen for this analysis because it is one of the most 
important sources of dose to the general public, according to Tables 4. I and 4.2, and has a 
relatively small plant-soil concentration factor. Carbon- I4 was selected because it has a high 
plant-soil concentration factor. 

and Kb2, were varied to 

The results of the sensitivity analysis for 226Ra are presented in Table 4.21. This table lists 
release rate parameters and results, in terms of activity released, for various sensitivity cases. 
The base case value represents the soil concentration resulting from values of &, K,,, Kr2, 
Kr3, Kbl, and Kb2 used in the performance assessment for the intact site (Table 3.16). 

The results presented for 226Ra in Table 4.21 indicate that the activity released is fairly 
insensitive to parameters in the root uptake model and most sensitive to the burrowing animal 
transfer rate, & I .  This parameter represents the movement of radionuclides from the waste 
to the shallow soil. The model for 226Ra was also found to be sensitive to the resuspension 
rate, K,, representing fractional loss from the soil compartment. Root-uptake parameters are 

~~ ~ ~~ 
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Maximum 2"Ra Shallow Soil Activity' 
Pa ra rn eter Parameter Value {yr**) fCi1 

I 

Base Case - 1.0 x lo4 

Table 4.21 Results of the Sensitivity Analysis for in the Base-Case Release Model 

, &  1.0 x 1 0 4  5.7 x 10-5 

Kb 1 1.3 x 10"' 1.0 x 10-3 

, E61 1.3 x 1.1 x 10" 

KbZ 1.8 x lo6$ 1.0 x 10" 

Kb2 1.8 x 10"85 1.0 x lo4 

Kr1 1.3 x lom8: 1.1 x lo4 

, K*I 1.3 x 1.0 x lo4 

K r ,  5.4 x 10-9: 1.0 x lo4 

Kr* 5.4 x 1.0 x lo4 

Kr3 3.8 x 10-73 1.0 x 10' 

, Kr3 3.8 x 10-90 1.0 x 10' 

I K  I 1.0 x 1 0 - 5 5  I 1.1 x lo4 I 

j- Per unit activity (Ci) in waste. 
$ Value is a factor of ten higher than the base case; all other parameters the same as the base case. 
ij Value is a factor of ten lower than the base case; all other parameters the same as the base case. 

less important for 226Ra because the parameters defining Krl, which include the radionuclide- 
specific parameter Bjv, are relatively low for this radionuclide. Table 4.21 suggests that, for 
226Ra, the soil activity is linearly related to &, which, according to Equation'3.20, is linearly 
related to the amount of soil excavated by ants in the waste zone and the burrower colony 
density, both of which are highly uncertain. Sensitivity of 2261Ra to the resuspension rate is 
suppressed by the value of the radioactive decay constant, which is approximately 4 x 
1 OU4 yr-'. A longer-lived radionuclide would show a greater sensitivity to the resuspension 
rate, which would then control loss from the shallow soil compartment. 

The results of the sensitivity analysis for 14C are presented in Table 4.22. Carbon-14 was 
selected to represent a nuclide with a high plant-soil concentration factor. Carbon was 
assumed to be in a nonvolatile form in this analysis. 

The sensitivity analysis for 14C, a nuclide with a high plant-soil concentration factor, shows 
that the root transfer rate, I&,, is the most sensitive parameter. The surface soil concentration 
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Pa ram eter 

Base Case 

Table 4.22 Results of Sensitivity Analysis for Nonvolatile "C in the Base'Case Release Model 

Maximum I4C Surface Soil Activityt 
Parameter Value (yr-I) (Ci) 

- 4.7 x 10-3 

K.bl 1.3 x lo4$ 5.7 x 10-3 

Kbl 1.3 x lom8* 4.6 x 10-3 

Kb2 1.8 x lo4: 5.0 x 10-3 

KbZ 1.8 x lo-' 4.6 x 10-3 

4.9 x 10-5: 3.7 x 
I Kr 1 

I K, I 1.0 x 10-58 I 6.3 x 10-3 

K* I 
1 

Kr2 

Kr, 

Kr3 

Kr3 

I K, I 1.0 x 10-3 I 1.4 x 10-3 

4.9 x 10-74 9.8 x lo4 

1.8 x lom5* 7.7 x 10-3 

1.8 x 10-75 4.4 x lo-> 

7.4 x lo"* 5.7 x 10-3 

7.4 x lo6$ 4.3 x lo-3 

i Per unit activity (Ci) in waste. 
Value is a factor of ten higher than the base case; all other parameters the same as the base case. 

9 Value is a factor of ten lower than the base case; all other parameters the same as the base case. 

is approximately proportional to kl, the root transfer factor fiom the waste td the surface 
soil. From Equation 3.16, it can be seen that is the product of the plant-soil concentra- 
tion factor and several poorly-known biological factors, such as plant productivity and 
rooting depth. As expected, the sensitivity to the resuspension factor is greater for I4C than 
226Ra because of the greater half-life. 

4.3.2 Inventory Sensitivity and Uncertainty 

Sensitivity and uncertainty analyses of waste activity concentration was conducted under four 
cases. Only the base case release scenario, the transient occupancy scenario, and the open 
rangeland scenario were evaluated. Only nuclides shown to be significant in screening 
calculations were considered. Results from a Monte Carlo analysis show that it is highly 
unlikely that uncertainty in inventory could cause the maximum TEDE to members of the 
general public to exceed 25 mrem yr-l within 10,000 years. 
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The four cases evaluated were: 

Case (1): 

Case (2): 

Case (3): 

Case (4): 

Concentration of all nuclides vary independently. Dose is calculated for the 
transient occupancy scenario. 

The concentrations of members of serial decay chains vary together. Within each 
decay chain, simulated concentration divided by reported concentration is a 
random constant. The concentration of all other nuclides ,varies independently. 
Dose is calculated for the transient occupancy scenario. 

Concentration of all nuclides vary independently. Dose is calculated for the open 
rangeland scenario. 

The concentrations of members of serial decay chains vary together. Within each 
chain, simulated concentration divided by reported concentration is a random 
constant. The concentration of all other nuclides varies independently. Dose is 
calculated for the open rangehd scenario. 

The two methods of representing uncertainty about concentration, independent variation of 
all nuclides (Cases [ 11 and [3 ] ) ,  and having all members of a chain vary together (Cases [2] 
and [4]) are extreme models; the true state of uncertainty, which is difficult to quantify, lies 
between these extremes. 

4.3.2.1 Convetting Waste Activity Concentration into TEDE 

For the two scenarios analyzed, the TEDE is proportional to the activity concentration of the 
waste. For each scenario, TEDE was calculated as: 

where n is the number of nuclides and, for each nuclide, Cj is the waste activity concentration 
at time zero and DCFj is the scenario dose conversion factor. This analysis investigated the 
uncertainty and sensitivity of Cj, the waste-activity concentration. The scenario dose con- 
version factors were derived as the ratio of the TEDE at 10,000 years to the activity concen- 
tration at closure. For nuclides that decay to other radioactive species, the TEDE used to 
calculate the dose conversion factors included the dose from all the progeny produced in 
10,000 years. A list of the nuclides and scenario dose conversion factors for the transient 
occupancy scenario (Cases [ 11 and [2]) appears in Table 4.23. A similar list for the open 
rangeland scenario (Cases 131 and [4]) appears in Table 4.24. 
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Nuclide 

2’9Pu 

Table 4.23 Dose Conversion Factors for the Transient Occupancy Scenario (Cases 111 and 121) 

Decay Chain I DCF, (mrem y f L  per Ci 

1 78 

238U+D 

23411 

230Th 

226b+D 

1 227A~+D I 2 I 9.8 x 1 0 1 3 4  1 
3 61 

3 2.1 x lo2 

3 2.6 x 103 

3 36 

232Th 

228Ra+D 

?**ThfD 

4 6.0 x 103 

4 0.00 

4 0.00 

Table 4.24 Dose Conversion Factors for the Open Rangeland Scenario (Cases [3] and [43) 

Nuclide 

3H 

I4C 

240Pu 

Z41Am 

237Np+D 

23gPu 

235UfD 

231Pa 

227A~+D 

23qJt-D . 

234u 

230m 

Decay Chain DCF, (mrem y f 1  per Ci m’3) 

1 0.01 1 

2 5.2 x lo2 

3 0.12 

4 2.0 

5 4.2 x 103 

6 0.23 

7 31 

7 43 

7 2.4 x 1 0 4 3 7  

8 19 

8 43 

8 3.1 x lo2 
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r 
Nuclide Decay Chain DCF, (mrem yr'' per Ci m-3) 

Table 4.24 (continued) 

I 226Ra+D 1 8 I 4.4 I 
I 9 I 71 I 232m 

4.3.2.2 Assigning Probability Distributions for Waste Activity 
Concentra fions 

Data to support a rigorous assignment of probability distributions for waste activity 
concentrations simply do not exist. Hence, distributions were assigned via judgment. 
The lognormal distribution has a central role in environmental statistics. Many physical and 
chemical processes tend to produce results that follow a lognormal distribution (Hattis and 
Bumaster, 1994). Quantities that are the product or sum of many independent terms tend to 
approximately have a lognormal distribution (Benjamin and Cornell, 1970). Hence, in the 
absence of contrary evidence, concentrations were assumed lognormally distributed. 

Waste generators are not required to report uncertainty in waste activity concentration. 
Therefore, data required to estimate uncertainty are not available at the NTS. Rather than 
attempting to reconstruct an estimate of uncertainty in waste activity concentration, a 
conservative assumption was adopted. Waste generators are advised to follow the NRC 
Low-Level Waste Licensing Branch Technical Position on Radioactive Waste Classification. 
This document sets a factor of 10 as a reasonable target for the accuracy of waste charac- 
terization data. Therefore, waste activity concentration was assumed to vary by an order of 
magnitude about the reported value. To reflect this, lognormal distributions were chosen 
with median equal to the reported concentration (Table 3.7), fifth percentiles equal to one- 
tenth the reported concentration, and ninety-fifth percentiles equal to ten times the reported 
concentration. The consequence of this assumption is that we are saying we are 90 percent 
confident that we can identify concentrations correctly to within two orders of magnitude. 

4.3.2.3 Monte Carlo Resulfs for Uncertainty 

For each uncertainty case, 3,000 Monte Carlo realizations were generated, assuming nuclide 
concentrations are lognormally distributed, with median equal to the reported concentration 
(Table 3 .0 ,  fifth percentile equal to one-tenth the reported concentration, and ninety-fifth 
percentile equal to ten times the reported concentration. For Case (l), only in 3 out of 3,000 
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c I 

3 0.03 0.18 0.32 0.56 12 0.000 

4 0.02 0.15 0.28 0.50 11 0.000 

realizations did the TEDE exceed 25 mrem yr-' (Table 4.25). In Case (2), the TEDE 
exceeded 25 mrem yr-' in 8 of the 3,000 realizations. In Cases (3) and (4), the TEDE did not 
exceed 25 mrem yr-* in any of the 3,000 realizations. 

Table 4.25 Descriptive Statistics for Monte Carlo Uncertainty Analysis of Waste Activity 
Concentration 

Responses between Cases (1) and (2) are similar, as are those of Cases (3) and (4). In both 
instances, assuming independence tends to give slightly larger doses. In this analysis, 
statistical independence is a conservative assumption, if dose is measured by mean, median, 
or any but the most extreme percentiles. It is not known if this is true in general. 

Cumulative distribution functions (value on y-axis equals proportion of realizations of dose 
not exceeding the corresponding value on the x-axis) of the 3,000 realizations under 
Cases ( I ) ,  (2), (3), and (4) appear in Figures 4.5,4.6 ,4.7, and 4.8, respectively. This is an 
estimate of the probability that the uncertain dose, uncertain because of inventory uncer- 
tainty, will not exceed a given value. Note that, to improve readability, the x-axis is on a 
logarithmic scale. 

These analyses show that, under certain untested (and untestable) but reasonable 
assumptions, inventory uncertainty is not large enough to cause the site to fail to meet the 
performance obj ectives. 

4.3.2.4 Analysis of Monte Carlo Results for Sensitivity 

The method of sensitivity analysis used here is the one advocated by Iman and Conover 
(1 979) in which inputs and outputs are converted to ranks and the Pearson correlation 
coefficients of the ranks are calculated. Large absolute values of the correlation indicate that 
the dose is sensitive to the concentration of the corresponding nuclide; values near zero 
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Figure 4.5 Cumulative Distribution Function of Monte Carlo Realizations of TEDE Under 
Case (1) 

Probability 

a1 1.0 100 lm0 

Dose, m rem/yr 

Figure 4.6 Cumulative Distribution Function of Monte Carlo Realizations of TEDE Under 
Case (2) 
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Figure 4.7 Cumulative Distribution Function of Monte Carlo Realizations of TEDE Under 
Case (3) 
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Figure 4.8 Cumulative Distribution Function of Monte Carlo Realizations af TEDE Under 
Case (4) 
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227A~+D 

238U+J) 

indicate little sensitivity. This method was chosen because there was no compelling reason 
to choose any other and, using this method, sensitivity can be readily evaluated from the 
Monte Carlo results. 

0.009 0.213 

0.434 0.897 

In Case (1 ), TEDEs are most sensitive to the concentrations of 234U and 238U+D (Table 3.7). 
Doses in these scenarios do not include the contribution from radon. The contributions of the 
other nuclides to dose are relatively minor. In Case (2), where concentrations of a chain vary 
together, TEDE is sensitive to the concentrations of the members of the 238U chain (Table 
4.26). As expected, all members of a given chain show the same correlation; this is because, 
in Case (2), the concentrations of all members of a chain vary together. The contributions of 
the concentrations of other nuclides to dose are relatively minor. In Case (3), doses are most 
sensitive to the concentrations of 234U, 238U+D, and *4C (Table 4.27). The contributions of the 
other nuclides to dose are relatively minor. In Case (4), where concentrations of a chain vary 
together, TEDE is sensitive to the concentrations of members of the 238U chain and to the 
concentration of 14C (Table 4.27). The contributions of the concentrations of other nuclides 
to dose are relatively minor. Hence, as in the uncertainty analysis, the differences in con- 
clusions between Cases (1) and (2) and between Cases (3) and (4) are minor, indicating that 
the assumption of statistical independence has little impact. 

2 3 0 n  

226RafD 

Table 4.26 Rank Correlations under Cases (1) and (2) 

0.04 1 0.897 

-0.012 0.897 

Nuclide 

I 239Pu I 0.073 1 0.128 1 
I 23sU+D I 0.153 I 0-2 13 I 
I 23rPa I 0.003 I 0.213 1 

2 3 4 ~  I 0.699 I 0.897 

I 232Th t 0.147 I 0.124 I 
I 228rCa"i-D I -0.01 1 I 0.124 I 

I -0.0 16 I 0.124 I I Z28Th+D 

Performance Assessment 4-47 



Area 5 Radioactive Waste ManaEement Site Nevada Test Site 

Nuclide 

’H 

Table 4.27 Rank Correlations Under Case (3) and Case (4) 

Rank Correlation 

Case (3) Case (4) 

0.122 0. €02 
1 

24’Arn 

237Np+D 

1 0.475 I 0.466 I I I4C 

0.005 0.010 

0.006 -0.013 

I 240Pu I I 0.004 1 -0.008 

239Pu 

235U+D 

23 lpa 

227A~+D 

-0.01 1 0.040 

0.059 0.037 

-0.0 17 0.037 

-0.006 0.03 7 

238U+D 

2 3 4 u  

230Th 

~~ ~ 

0.433 0.748 

0.50 1 0.748 

0.040 0.748 

I -0.026 I 0.748 I 226Ra+D I 
I -0.014 I -0.002 I Z 3 2 n  I 

I 228Ra+D I -0.0 19 I -0.014 t 
I -0.014 I -0.005 I 228Th+D I 

4-3.3 Radon Flux Sensitivity and Uncertainty Analysis 

Lindstrom el LIE. (1 994) performed a sensitivity analysis of CASCADR9 that considered 
source term concentration, background radon concentration, half-life, porosity, period and 
amplitude of the atmospheric pressure wave, and eddy diffusivity of the atmosphere soil 
mixing layer. The most important parameters for cases where the source term was larger 
than the background concentration, in decreasing order of significance, were porosity, half- 
life, and source term concentration. The uncertainty in radiological half-life was assumed to 
be negligible and its effect was not examined. Uncertainty in radon flux results was assessed 
by setting the porosity and 226Ra source term to boundTc 12.3 0 0 12.5 123.7 112.6 T 0 0 12.6 347.8 112.m
(bylueson )Tj
/TT2 1 TJ
0 Tc 8.9 0 0 13.18632.9 112.6 Tmaound examndTc 12.f
-0.28 Tc312.3 0 0 12.6 465.7 112.6 Tm
(the )Tj
-0.02 Tc 11.9 0 0 12.47932.9 112.6 Tm6(effect )Tj
/TT5 1 Tf
-0.01 Tc 16.5 0 0 12.5c 10.9 112.6 Tmo(in )Tj
/TT0 1 T001 Tc 11.9 0 0 16.4 73. 29227 Tm
(fled. )Tj
/TT5 1 Tf
-0.01 Tc 12.4 0 0 12.102922 29227 TmIhan 
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Uncertainty Case 

Uncertainty in the radon results for the shallow land burial waste cells was assessed by 
varying waste cell thickness, waste porosity, soil porosity, and radium inventory. Waste cell 
thickness is not constant for all pits and trenches at the Area 5 RWMS. A single case 
(Case [ 13) was run to assess the importance of waste cell thickness. The thickness used, 
7.9 m (25.9 ft), corresponds to the thickest cell constructed at the RWMS, Pit 3 (P03U). The 
results indicate that the KsLB factor decreases slightly with the increase in thickness fiom 4.9 
to 7.9 m (16.07 to 25.9 ft) (Table 4.28). It was concluded that waste cell thickness over the 
range of values observed at the RWMS has a negligible effect on radon flux uncertainty. 
Three cases were run to assess the significance of uncertainty in porosity (Table 4.28). The 
porosity values selected represent the bounding values for both soil and waste, The maxim- 
um porosity observed for shallow alluvium is approximately 0.50 (REECo, 1993~). For the 
waste, lower porosity will increase the flux by increasing the concentration of the gas source 
term. The lowest reasonable porosity value for waste was assumed to be the same as that of 
the alluvium, 0.36. Because radon flux will scale linearly with the radium concentration, 
specific modeling cases were not analyzed. 

kLB Factor 
(m s-l) I Cap Porosity 1 Waste Porosity I Waste Cell 

Thickness (m) 

Table 4.28 Uncertainty Cases and Results for the Radon &Factors for Shallow Land Burial. Varied 
parameters are listed. All other parameters are as in the base case (see Ta&k 3.11). 

Base Case 

Case 1 

4.9 0.36 0.67 5.6 x lo'* 

7.9 0.36 0.67 5.3 x 

Case 2a 

Case 2b 

. Case 2c 

4.9 0.50 0.67 1.2 x 10-7 

4.9 0,36 0.36 1.4 x 10-7 

4.9 0.50 0.36 2.3 x 10-7 

The uncertainty in radon flux fiom Pit 6 was assessed in a similar fashion (Table 4.29). The 
porosity of similar material was always assumed to be the same; that is, the cap and backfill 
soil porosities are always the same, and the upper and lower cell waste porosities are always 
the same. The selected combinations represent bounding values. 

Radon fluxes for two bounding cases for the shallow land burial cells are presented in 
Table 4.30. Case 2b, representing a combination. of the best estimate alluvium porosity and 
worst-case waste porosity, meets the flux standard. Case 2c, which includes the worst-case 
porosity for alluvium and waste, fails to meet the flux standard. The alluvium porosity is 
very well known from site characterization studies and can be controlled through design 
specifications. Therefore, Case 2b is believed to be a more credible bounding case for 
shallow land burial. Similar conclusions can be drawn for the Pit 6 cases. The radon flux 
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Case 3c 

Table 4.29 Uncertainty Cases and Results for Radon K-Factors for Pit 6 (P06U). Varied parameters 
are listed. All other parameters are as in the base case (see Table 3.11). 

0.50 0.36 OSO 0.36 2.7 x lo-’ 8.7 x lo-’’ 

Bounding Case 

Case 2b 

Table 4.30 Radon Flux Results for Bounding Uncertainty Cases 

10,OOO Year Flux (pCi m-z s-l) Maximum Flux {pCi m-2 sdl) 

14 392 

Case 3c 

I Case 3b I 14 

28 756 I 
392 

scales linearly with 226Ra source term concentration. Because the 10,000-year flux for the 
base case was estimated to be 5.6 pCi m-2 s-I, an underestimate of the source term concen- 
tration by a factor of four would be sufficient to exceed the limit. Uranium-234 will be a 
major source of 226Ra over the next 10,000 years and is believed to be underreported in the 
site inventory. However, the site inventory was revised upward by more than a factor of two 
to correct for underreporting. It is unlikely that a factor of four uncertainty remains in the 
activity of 234U. Therefore, source term uncertainty alone does not appear to be sufficient to 
cause the limit to be exceeded. Credible uncertainty cases for porosity do not appear SUE- 
cient to cause noncompliance. 

The bounding uncertainty cases for Pit 6 are also presented in Table 4.30 as Cases 3b and 3c. 
The results are very similar to those obtained for shallow land burial and similar conclusions 
can be drawn for the upper (low-level) waste cell. This is expected because the upper cell 
controls the radon flux. Therefore, the results for Pit 6 are insensitive to parameters for the 
waste in the lower cell. After the first 700 years, the only difference between Pit 6 and the 
shallow land-burial problem is the thickness of the waste cell. The model has been shown to 
be relatively insensitive to waste cell thickness. 
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4.4 Interpretation of Analysis Results 

4.4.1 Interpretation of Doses to Members of the General Public 

To interpret the results presented in Section 4.1.1 for members of the general public, it is 
necessary to consider the conservative assumptions inherent in the underlying calculations 
and the sensitivities and uncertainties associated with these calculations. The following 
discussion reviews the conservative assumptions in the estimated release rates to the ' 

accessible environment and in the calculations of subsequent transport, exposure, and dose. 
The results are then interpreted in light of these conservative assumptions and the model 
sensitivities discussed above. 

In Section 3.2.2, the models and equations describing the assumptions made to estimate the 
release rate of radionuclides from the waste to the near-field environment were presented. 
Four main pathways of release were identified in the conceptual model: (1) diffusion of 
volatile radionuclides through the soil cap, (2) root uptake of radionuclides fiom the waste to 
overlying soil, ( 3 )  transport of radionuclides as a result of soil excavation by burrowing 
animals, and (4) resuspension of radionuclides to the air from contaminated surface soil. 
Whenever possible, reasonable parameter values, representative of the NTS, were selected. 
Nevertheless, because of the lack of data or poor quality of some data, conservative values 
(values which tend to maximize the estimated doses) were selected for many parameters. 
Conservative assumptions inherent in estimates of release rates characterizing these pathways 
are listed below. 

To evaluate the release of potentially volatile radionuclides, the entire inventories of 3H 
and I4C are assumed to be immediately available for diffbsion, as HTO and I4CO2 (Section 
3.2.2.1). 

Diffusive flux is assumed proportional to the initial concentration of the volatile 
radionuclide, until the entire inventory is depleted. In reality, the driving force or 
concentration gradient would decline as .diffusion occurs. 

Exchange of 3H or I4C with hydrogen or carbon in the vadose zone during diffusion to the 
surface is neglected. 

To evaluate the release of nonvolatile forms of 3H and I4C, the entire inventory of these 
r adionuclides is assumed nonvolatile. 

Five percent of the root biomass is assumed to penetrate to depths below 2.4 m (7.9 ft). 
This is highly conservative, as evidence to date indicates most roots are within 1.5 m 
(4.9 ft) of the surface (Section 3.2.2.5). 
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The annual amount of soil excavated by insects is maximized by conservatively assuming 
a 10-year colony lifetime and selecting an upper-limit value for the percentage of soil 
excavated from depths greater than 1.5 m (4.9 €t). 

Conservative assumptions inherent in estimates of dose from the release of radionuclides 
from the undisturbed site include the -following: 

Transient visitors are assumed to spend up to 2,000 hours per year at the site. 

The neglect of shielding by structures in the transient occupancy scenario. 

The assumption that inhalation of suspended soils occurs continuously during the time of 
occupation (i.e.7 no indoor residency occurs). 

The use of a conservative estimate of the annual average mass loading parameter, M,, of 
lo4 g soil per rn-3 of air. 

The lack of a correction for source area size in the mass loading equation, so the facility is 
assumed to have an infinite area. 

The use of conservative values for deposition velocity and foliar interception fiaction. 

The open rangeland and resident farmer scenario assumes that the entire vegetable intake 
is produced at the off-site residence and that all milk and meat products consumed are 
produced in contaminated areas at the RWMS. 

11 is extremely conservative to assume that all the beef and milk consumed is produced at the 
Area 5 RWMS. As much as 81 percent of the dose in the open rangeland scenario is due to 
consumption of milk. It is assumed that this milk is obtained entirely from cattle grazing on 
contaminated native vegetation at the RWMS. Dairy production on unirrigated Mojave 
Desert rangeland would be an extremely marginal activity. It is unlikely that the entire milk 
intake could be produced at the RWMS. Eliminating the milk pathway reduces the dose in 
the open rangeland scenario at 10,000 years to 0.03 mrem yr-' and the maximum dose to 
0.3 rnrem yr-'. 

The model sensitivity results in Section 4.3.1 indicate that for 226Ra7 which contributes most 
of the dose in the transient occupancy scenario, and a large portion of the dose in the open 
rangeland scenario, the amount of contaminated soil brought to the surface by burrowing ants 
is the most important model parameter. However, because conservative parameters were 
selected to estimate the transfer rate, Kbl, it is not reasonable to assume a significantly larger 
value for this parameter than the one used in the base case. 

Model sensitivity results for 14C, a nuclide with a large soil-plant concentration factor, 
indicate that root uptake is the most sensitive parameter. The root uptake model is 
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conservative because it assumes 5 percent of the plant roots penetrate to a depth of 4.4 m 
(1 4.4 ft). Site-specific data suggest that perennials native to the area rarely root below 2 m 
(6.6 ft). The Area 5 RWMS inventory does not currently contain high-activity concentrations 
of nuclides concentrated by plants such as 14C, ”Tc, and r291. Therefore, the current models 
suggest that sensitivity to plant uptake does not appear to be as important as sensitivity to 
burrowing animal transpoi-t. 

The results presented in Section 4. I. 1 indicate that TEDE to members of the general public 
fr0.m the Area 5 RWMS facility through all pathways and through the atmospheric pathway 
are less than 10 m e m  yr-I at any time, and less than 1 mrem yr-’ during the first 10,000 years 
after closure for the two most probable scenarios, transient occupancy and open rangeland. 
The TEDE estimated for a resident farmer at the site boundary was slightly higher. The peak 
dose during the compliance period occurs at closure and is 6 mrem yr’’ from the release of 
3H. Doses decreased to approximately 4 mrem yr-’ at the end of 10,000 years. An 
uncertainty analysis of inventory and release rate constants suggests that it is unlikely that the 
performance objective will be exceeded. 

Subsidence was found to have three potential impacts. If subsidence causes cap thinning, the 
release of nonvolatile radionuclides increases. The increase is largest for radionuclides with 
high plant-soil concentration factors. This may cause doses to increase significantly if the 
land is used for agriculture. Subsidence also has the potential to initiate a groundwater 
pathway if accompanied by ponding and infiltration of run-on. Subsidence potentially may 
increase the release of volatile radionuclides. However, the timing of subsidence and 
radioactive decay of the inventory tends to minimize the impact of increased release of 
gaseous radionuclides. All performance objectives were met when subsidence was included 
in the conceptual model of radionuclide reIease. 

4.4.2 Interpretation of Radon Flux Results 

The flux of 222h from waste disposal cells at the Area 5 RWMS has been estimated 
considering its diffusive and advective transport in the air-filled pore space. The radon flux 
was estimated to be approximately 6 pCi rne2 s-’ at 10,000 years for both shallow land burial 
trenches and Pit 6 using best estimate parameters in the base case release scenario. The flux 
increases to I0  pCi rne2 s-* at 10,000 years for a subsided cap. These results were shown to 
be most sensitive to waste porosity and waste 226Ra activity concentration. Bounding values 
for waste porosity and 226Fh activity concentration were not suacient to generate cases that 
exceed the 20 pCi rnW2 s-’ flux limit at 10,000 years. These results suggest that although 
waste streams currently being received at the Area 5 RWMS and disposed at a depth of 2.4 rn 
(7.9 ft) are very close to the flux limit at 10,000 years, it is unlikely that the standard will be 
exceeded. Because the final closure cap is very likely to be thicker than 2.4 m (7.9 fi), the 
fluxes can be expected to be attenuated to below 20 pCi rn-’ s-*. 

~~ 
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4.4.3 Interpretation of Doses to Inadvertent Intruders 

Three intruder scenarios were evaluated €or the Area 5 RWMS. The intruder scenarios have 
been analyzed primarily to set conservative waste concentration limits for various waste 
disposal options. The intruder performance objective is the limiting criterion in the near-term 
because natural release processes from the undisturbed site operate very slowly. Over 
thousands of years, the models of undisturbed site performance suggest that natural transport 
processes can cause certain long-lived radionuclides to accumulate in the shallow soils. 
However, soil concentrations and doses in the intruder-agriculture scenario still bound the 
results for the members of the public for the inventory below 2.4 m (7.9 fi). For deeper 
source terms, natural release processes are expected to be reduced, and the postdrilling 
scenario is expected to be the bounding scenario. 

Intruder scenarios represent an extremely conservative method of setting waste concentration 
limits. It is unlikely that these events will ever occur or that the projected doses will ever be 
realized. In addition, very conservative assumptions have been made, including: . 

The assumption that intrusion and chronic exposure can begin within 100 years after site 
closure. The arid conditions at the Area 5 RWMS will probably ensure that many of the 
waste forms present will remain intact and identifiable as refbse for many hundreds, if not 
thousands, of years. It is unlikely that an intruder would disperse refbse over an area that 
was intended to be used as a residence and ranch. 

The assumptions that the intruder spends 70 percent of their time on site, respires at the 
rate of 8,400 m3 yr-’, and is exposed to a dusting loading of 1.5 x 3 0-4 g ma3. These are 
conservative values that contribute to the inhalation dose, which is a major route of expo- 
sure. The high occupancy factor also contributes to the external doses, which is the other 
major exposure pathway. The intruder’s residence is assumed to transmit 70 percent of 
incident photons. 

The assumption that 25 percent of the intruder’s entire diet consists of food produced in 
the contaminated zone. Although this is physically possible, it is unlikely that an individ- 
ual would ever use such a small area this intensively. Furthermore, the extreme climate, 
deep groundwater resources, and poor soils at Area 5 would make most agricultural 
activities extremely expensive. However, ingestion is a minor pathway for most of the 
radionuclides disposed at the Area 5 RWMS and these conservative assumptions have 
little impact on the total dose. 

All volatile radionuclides are assumed to be released at a maximum rate to a 2-m (6.64 
mixing zone and into the intruder’s residence. 

Conservative assumptions are made within the intruder scenarios to account for the great 
scenario uncertainty. Waste concentration limits derived from these conservative analyses 
will provide reasonable assurance of meeting the performance objectives. 
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The drilling scenario involves exposure to soil with a significantly greater activity 
concentration than occurs in the subsequent chronic postdrilling scenario. Therefore, the 
drilling scenario was evaluated for comparison with the performance objectives. The total 
effective dose equivalent was estimated to be 0.15 mrem at 1 00 years and 0.17 mrem at 
10,000 years for a driller penetrating a shallow land burial trench. The results for Pit 6 were 
22 mrem at 100 years and 23 mrem at 10,000 years. The doses are significantly less than the 
500 mrem limit and provide reasonable assurance of compliance. 

Two chronic intruder scenarios were considered in the performance assessment. The 
intruder-agriculture scenario describes the exposure of an on-site resident to soil contami- 
nated with waste fiom a construction excavation. This scenario was analyzed to determine 
the concentration of wastes that could be disposed below the current 2.4-rn (7.943) depth of 
burial. This scenario was analyzed for the shallow land burial inventory only. The total 
effective dose equivalent at 100 years was estimated to be 84 mrem yr- * . At 10,000 years, 
the estimated doses increase to 157 mrem yr-l. The increasing dose within 10,000 years is 
due almost entirely to production of 226Ra fiom the decay of 238U decay chain members. 
Under the current interpretation of the performance objectives, the shallow land burial 
inventory meets the 100 mrem yr-' intruder dose limit at 100 years, but exceeds it at some 
time before 10,000 years. However, this conclusion should be considered in light of the 
conservative assumptions noted above and the extremely low doses estimated for the more 
realistic exposures to the general public described in Section 4. I .  As will be shown below, 
the shallow land burial inventory meets the concentration limits for wastes disposed below 
4 m (1 3.1 fi). Therefore, this inventory can be brought into compliance with the current 
performance objectives by installing a final closure cap at least 4 m (1 3.1 fi) thick. 

The postdrilling scenario is similar to the intruder-agriculture scenario except that the volume 
of waste exhumed is less. As a consequence, the activity concentration and thickness of the 
contaminated zone is also less. This scenario is used to derive concentration limits for wastes 
disposed below the depth of common construction excavations or conservatively 4 m 
(1 3.1 ft). The estimated TEDE for the shallow land burial inventory was 0.70 rnrern yr-I at 
100 years and 0.7 1 rnrem yr-' at 10,000 years. The predicted doses are well below the per- 
formance objective throughout the 10,000-year compliance period. However, if the lower 
cell of Pit 6 is assumed to be filled with thorium waste, the performance objective cannot be 
met. The predicted TEDE for Pit 6 filled with thorium waste was 163 rnrern yr-' at 100 
years and increases slightly to 178 mrem yr-' at 10,000 years. The radon flux analysis in 
Section 4.1.4 indicated that increasing the depth of burial effectively eliminates the radon 
release problem. The thorium waste streams fail the postdrilling intruder analysis because of 
external irradiation fiom 228Th+D and 228Ra+D and lesser contributions from inhalation of 
z32Th+D. 

The results presented above assume an activity concentration for the thorium waste stream 
that is equivalent to materials disposed from FY 1989 to FY 1993. As of the end of 
FY 1993, 18 Ci of 232Th had been received for disposal in Pit 6. An inventory limit can be set 
as the product of the activity concentration and waste cell volume (5,600 m3 [197,762 ft']). 
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This leads to a total inventory limit for the lower cell of Pit 6 of 174 Ci of 232Th. Preliminary 
estimates of the total 232Th inventory at FEMP indicate the inventory is significantly less than 
the 174 Ci limit and that this inventory can be placed in Pit 6. Compliance with the perfor- 
mance objectives for Pit 6 can be assured by implementing a 232Th inventory limit for the 
lower cell. 

The dose to an intruder fiorninhalation of short-lived progeny of radon was estimated in 
Section 4.2.4. These analyses showed that the dose from radon released fiom the buried 
waste zone far surpasses the dose from the contaminated zone on the surface. Therefore, a 
single analysis is applicable to all intruder scenarios. The results of the analyses indicate that 
reasonable protection is provided out to 10,000 years, when at least 4 m (1 3.1 ft) of cap is 
present for attenuation of the fluxes. The NCRP has estimated that an average individual 
receives approximately 200 mrem yr-' from background exposure to radon (NCRP, 1987). 
With a 4-m (1 3.14) cap present, the highest CEDE from buried waste was 107 m e m  yr-', 
approximately one-fourth of the annual background exposure. 
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5.0 PERFORMANCE EVALUATION 

A performance assessment is the systematic analysis of the risks posed by a waste- 
management system to the general public and the environment and a comparison of those 
risks to the performance objectives. This section summarizes the results of the performance 
assessment presented in the previous sections and compares those results with .the perfor- 
mance objectives. Additionally, the implications of the performance assessment for site 
characterization, site monitoring, waste operations, and future performance assessments are 
discussed. 

5.1 Comparison of Performance Assessment Results With the 
Performance Objectives 

This performance assessment assesses the risk to two populations. The risk to the general 
public has been assessed through the analysis of several scenarios of varying probability. 
The base case and subsided case scenarios represent reasonably probable scenarios for the 
release of radionuclides from diflering waste forms to the accessible environment. Estimates 
of upward release of volatile and nonvolatile radionuclides were greater for the subsided 
case. The differences are small, however, compared to the overall uncertainty in the analysis. 
The most significant difference between the two release scenarios was their potential for 
downward release to the aquifer. Downward transport is not credible for the base case 
scenario. Subsidence, combined with extreme bounding estimates of run-on and infiltration, 
can potentially cause downward transport to the aquifer. This scenario is considered an 
extreme bounding case due to the conservative estimates of subsidence, infiltration, and 
retardation. 

The release scenarios have been combined with three pathway scenarios for exposure of the 
general public. The transient occupancy scenario and open rangeland scenario are considered 
the most probable. The resident farmer is considered an extremely unlikely scenario 
analyzed for comparison purposes. It was not evaluated for compliance purposes. 

The risk to hypothetical intruders has been assessed through the analysis of three extremely 
conservative, yet widely used, scenarios. These analyses were performed to set waste 
concentration limits. 

The doses estimated for the members of the general public under the most likely scenarios 
were extremely low (Table 5.1). The highest TEDE predicted for all pathways during the 
compliance period was 0.8 mrem yr-'. Average United States residents are estimated to 
receive 360 mrem yr-' from background radiation sources o\JCRP, 1987b). For an average 
member of the general public, 0.8 mrem yr-' represents an increase in annual dose of one- 
fifth of one percent. 

Performance Assessment 5- 1 



Area 5 Radioactive Waste Management Site Nevada Test Site 

Protect Groundwater Resources 

2'6b "I- t 2 e R . a  < 5 pci L-' 

Gross Alpha < 15 pCi L-' 

Table 5 1  Maximum Performance Assessment Results for Members of the General Public in the 
Transient Occupancy and Open Rangeland Scenarios 

Not Detected? 0.3 pCiL-' Complies 

6 pCi L" 9 pCi L-' ' Complies 

I 0.2 mem yr-' 0.2 mrem yr-' I I 10 mrern yr-l from Airborne Emissions 
Excluding Radon 

Zero Release to 
Aquifer in 10,000 

Years 

Dose from Man-made Beta-Gamma 
Emitters < 4 mrern yr-' 

Complies 

1 mrem yr-' Complies 

I 6 pCi m-2 s-' 10 pCi m-' s-' I I Average Annual 222Rn Flux Less Than 
20 pci m-2 s-' Complies 

' - lndicates natural background level. 

The much less likely resident farmer scenario combined with the base case and the subsided 
case release scenarios yields greater doses. However, even for these extreme bounding 
scenarios, the performance objectives were met. 

Several characteristics of the Area 5 RWMS contribute to the low dose estimates. The high 
potential evapotranspiration, low rainfall, and thick vadose zone prevent radionuclides from 
being leached from the waste to the aquifer. The extremely low water content of the near- 
surface alluvium minimizes the potential for upward advection and diffusion of dissolved 
solutes. The potential for release by plant uptake is reduced by the low productivity and 
shallow rooting depth of native floral communities. These characteristics combine to 
minimize the release of radionuclides from the intact waste disposal units. 

The impact of radionuclides released from the facility is minimized by the low population 
density and limited land use options near the site. The probability of residential or urban 
development at the site is low because of the lack of surface water or shallow groundwater. 
Agricultural development is rendered unlikely by the lack of water, poor soils, and extreme 
temperatures. 

Exposures through airborne pathways (gases and suspended particulates) were also extremely 
low. The greatest TEDE in the transient occupancy and open rangeland scenarios from 
exposure to airborne radioactivity, excluding radon, was 0.2 mrem yr-'. Radon emissions 
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were estimated to remain below 6 pCi m-2 s-' for 10,000 years after closure for the base case 
and to increase to 10 pCi m-2 s-' for the subsided case. The highest atmospheric dose, 6 
mern yr-', was estimated for a resident farmer at the site boundary at closure. However, it is 
unlikely that a resident farmer would reside at the site boundary during active institutional 
control. If this scenario is delayed for 100 years, the atmospheric dose decreased to 0.03 
mrem yr- I .  

Protection of groundwater resources are ensured by the natural properties of the disposal site 
rather than the performance of engineered barriers or stabilized waste forms. Site charac- 
terization studies have demonstrated that the vadose zone is approximately 235 rn (770.9 fi) 
thick and that the water potential gradient is upward in the upper 35 m (1 14.8 ft). Water in 
the upper 35 rn (1 14.8 ft) of the alluvium tends to move upward rather than downward to the 
aquifer. Although there is a potential for upward migration, upward advection and diffusion 
are rendered negligible by the extremely dry conditions. A modeling study of transient con- 
ditions in the vadose zone suggests that infiltrating precipitation does not affect the water 
content and water potential profile below a depth of about 0.25 m (0.82 ft). Therefore, the 
zone where waste is placed is expected to remain dry under the current climatic conditions. 
Subsidence, combined with ponding of run-on, has the potential to initiate a groundwater 
pathway, but the uppermost aquifer is still expected to meet drinking water standards. 

Sensitivity analyses indicate that the release models are most sensitive to upward biological 
transport parameters. The values selected for these parameters are viewed as conservative 
and the model results are expected to be bounding values. The radon transport model was 
found to be most sensitive to porosity and the 226Ra source term. Although the estimated 
fluxes are near the performance objective limit, there are no credible waste porosity values 
that would cause the flux estimates to exceed the limit. Subsidence was found to increase the 
upward release of nonvolatile and volatile radionuclides and to have the potential to initiate 
downward release to the aquifer. AH performance objectives were met for the subsided 
cases. 

Three intruder scenarios were evaluated for comparison with the performance objectives. 
The results obtained for the acute drilling scenario were well below the performance 
objective and were bounded by the chronic scenarios' results (Table 5.2). 

The shallow land burial inventory was found to be in compliance with the performance 
objectives when analyzed in the postdrilling scenario, but exceeded the limit when analyzed 
in the a n d  



Area 5 Radioactive Waste Management Site Nevada Test Site 

100 mrem Chronic Scenario 
Agriculture 
Past dr ill ing 

Table 5.2 Performance Assessment 'Results for Intruder Scenarios. Results are based on current 
waste management practices. Conclusions regarding compliance are based on 
implementation of trench activity limits and installation of a final closure cap. 

157 mrem yr-' 
0,7 mrem yr-' 

500 mrem Acute Scenario 
Drilling 

Not Applicable 
178 mrem yr-' 

Conclusion 

CornpliedComplies 

Complies+ 
Complies/CompliesJ 

Assumes installation of 4 m (1 3.1 fi) cap at closure. 
Assumes implementation of waste concentration limit or inventory limit. 

The inventory assumed for Pit 6 was found to exceed the performance objective when 
analyzed in the postdrilling scenario. This analysis used an estimated mean activity 
concentration based on wastes received from FY 1989 to FY 1993. The analysis results 
exceeded the performance objective because of the 232Th concentration assumed for the lower 
cell. The 232Th inventory limit set for Pit 6, 174 Ci, greatly exceeds the activity disposed by 
the end of FY 1993, which was 18 Ci. Therefore, compliance with the performance objec- 
tives can be assured by implementation of an inventory limit or activity concentration limit. 
Preliminary information indicates that the entire inventory of Th waste at FEMP is less than 
the 174 Ci limit set for Pit 6. 

5.2 Maintaining Doses As Low As Reasonably Achievable 
(ALARA) 

DOE low-level waste disposal performance objectives require that releases of radioactivity to 
the general environment be maintained ALARA. Maintaining releases ALARA requires a 
process of optimization of radiation protection considering economic and social factors 
(ICRP, 1982). Cost-benefit analysis can be used to identify optimum protection. The 
optimum disposal option maximizes the net benefit, B, given by: 

B = Y - (P + X + Y )  

where: 

V = thegrossbenefit, 
P = cost of the project (excluding radiation protection), 
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X = cost of radiation protection, and 
Y = cost of the health detriment. 

The gross benefit of each disposal option is likely equivalent if the same waste inventory is 
disposed. If the gross benefit can be assumed to be constant for each disposal option, the 
optimum solution corresponds to the minimum value of (P + X + Y) or the total cost. The 
cost of the project is expected to be mostly due to the cost of disposal operations (construc- 
tion and filling of disposal cells), the cost of fmd closure of the site, and any maintenance 
costs incurred during institutional control. The cost of radiation protection in the future after 
institutional control can be assumed to be effectively zero. The cost of the health detriment 
can be estimated in its simplest form as: 

c Y = as, 

where: 

a 
SEC = collective dose commitment. 

= monetary cost assigned to unit of collective dose, and 

The collective dose commitment can be estimated as: 

a 0  

where: 

HE(t) 
N(H,, t) = population frequency distribution of TEDE 
a 
b 

= total effective dose equivalent, 

=: start of compliance period, and 
= end of compliance period. 

Considering the disposal option evaluated in the performance assessment, the collective dose 
commitment can be estimated after several assumptions. Assume that for the transient 
occupancy and open rangeland scenarios, a single family unit of five persons is exposed 
throughout the compliance period and that each person receives the TEDE estimated in the 
performance assessment. The compliance period is assumed to begin at closure and end at 
10,000 years. The collective dose commitments for the transient occupancy and open 

~~ 
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rangeland scenarios combined with the base case release scenario are 13 and 6 person-rems, 
respectively. The collective doses for the subsided case increased to 18 and 13 person-rems 
for the transient occupancy and open-rangeland scenarios, respectively. Assigning a con- 
servative monetary cost of $10,000 per person-rem, the maximum cost of the health 
detriment becomes $1 80,000 for the transient occupancy scenario and $130,000 for the open 
rangeland scenario. Subsidence adds a health detriment cost of $50,000 for the transient 
occupancy scenario and $70,000 for the open rangeland scenario. 

Other disposal options that could reduce doses at the Area 5 RWMS might include increasing 
the depth of burial, increasing the thickness of the closure cap, installation of engineered 
barriers, elimination of void spaces, or installation of thick durable biological intruder 
barriers. Qualitatively, the potential cost of these options appears very much greater than the 
low costs of the health detriment estimated above. Moreover, none of these options is likely 
to reduce the cost of the health detriment to zero. Therefore, it is very unlikely that addi- 
tional protective measures would be considered ALARA. 

5.3 Continuing Work for Site Characterization, Waste Acceptance 
Criteria, Site Monitoring Programs, and Future Performance 

. Assessments 

Performance assessment results can guide site characterization, selection of waste acceptance 
criteria, site monitoring, and future assessment activities. This assessment identifies upward 
transport mechanisms as the most likely release pathways. An increased understanding of the 
hydrologic and biologic processes operating in the near surface will reduce uncertainty in 
performance assessment models and increase confidence in the selected depth of burial. 

The performance assessment assumes that there is no upward advection and diffusion based 
on the dry ambient water content of the near-surface alluvium and modeling results which 
suggest that infiltrating water does not penetrate to the depth of buried waste. The transient 
infiltration modeling was based on preliminary evapotranspiration data collected from 
1 ysimeter and micrometeorology experiments. These experiments should be continued to 
increase confidence in performance assessment results and to develop data that may be used 
to validate unsaturated transport codes. The results of the performance assessment are 
strongly dependent on the conclusion that transport to the aquifer is not occurring. The 
ly simeter and micrometeorology experiments provide additional evidence supporting the 
conclusion that recharge is negligible and will bolster performance assessment results. 

Contamination of groundwater was found to be possible if subsidence is followed by ponding 
and infiltration of significant quantities of run-on. Potential options for reducing or mitigat- 
ing subsidence should be identified. The performance assessment subsidence analyses 
should be repeated for these options using more reasonable estimates of subsidence and 
infiltration. Results from these analyses should be used to select the preferred option using 
an ALARA analysis. 
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The results of the performance assessment can be used to set waste concentration limits. 
These limits should be developed and justified as a performance assessment maintenance 
activity. 

The sensitivity analysis of the radionuclide release model indicated that the model was most 
sensitive to the quantity of buried waste excavated by invertebrates for nuclides with low 
plant-soil concentration factors. For nuclides with high plant-soil concentration ratios, model 
results were found to be most sensitive to uptake by plants with roots in the buried waste. 
Relatively little site-specific data are available concerning the ability of insects or plants to 
transport materials to the surface Erom the depth of burial. Uncertainty could be reduced with 
additional data on the occurrence, population densities, excavation rates, and the depth 
distribution of invertebrate burrows in Frenchman Flat. No site-specific data were identified 
concerning invertebrate burrowing. Reliable data on the rooting depth of native perennial 
plants in Frenchman Flat should be collected. Site-specific studies reported to date are, in all 
cases, anecdotal. More rigorous investigations of native and introduced plant rooting depth 
are worthy of consideration. Productivity of native floral communities has been studied and 
reported for many years at several plots within Frenchman Flat and Rock Valley. Plant 
productivity and biomass are comparatively well known. Plant-soil concentration ratios have 
been well studied and site-specific values are available for Pu and Am. Plant-soil concen- 
tration ratios show a high degree of variability due to the difficulties of controlling chemical 
and biological conditions during uptake experiments. It is doubtful that additional site- 
specific measurement will significantly reduce variability in this parameter. A great deal of 
plant-soil concentration data would be required to significantly reduce uncertainty in this 
parameter . 

The performance assessment results support current sitemonitoring efforts. Few release 
mechanisms were identified that would lead to detectable radioactivity in environmental 
samples during the operational period. Site-monitoring results are consistent with this 
conclusion. The only release pathway expected in the near term is difision of gases. The 
only gaseous nuclide with an inventory sufficient to be detected in environmental samples 
is 3H. Site-monitoring results have detected 3H in soil, vegetation, and air only. The absence 
of nonvolatile radionuclides in surface soils and vegetation suggests that containers remain 
intact or that few roots reach the buried waste. Sampling of cap soil and vegetation for 
nonvolatile radionuclides may provide an early indication of container failure. 

In view of the lack of movement of water to the water table, it is extremely unlikely that 
radionuclides fiom the disposal site will ever be detected in the groundwater. Groundwater 
monitoring could be reduced in frequency and limited to screening analyses such as 3H, gross 
beta, and gross alpha. Vadose zone monitoring offers an earlier indication of release and is 
preferred to groundwater monitoring. 

The performance assessment results indicate the importance of depth of burial at the Area 5 
RWMS. This analysis suggests that there are wastes being received at the Area 5 RWMS 
that require a depth of burial of up to 4 to 5 m (13.1 to 16.4 fi). Depth of burial is a design 
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feature that can be controlled by the site operator. Future performance assessments should 
continue to evaluate the adequacy of the depth of burial and closure cap design. Future 
performance assessment models could be significantly improved with the completion of a 
closure cap design and development of conceptual models of long-term cap performance. 
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6.0 . PREPARERS 

6.1 Principal Investigators 

Gregory .L Shott 

M.S. Health Physics, Georgia Institute of Technology - 1996 
M.S. Ocean and Fishery Science, University of Washington - 1984 
B.S. Biology, University of New Hampshire - 198 1 

Gregory J. Shott is a Certified Health Physicist (CHI?) with ten years of experience in 
environmental monitoring and waste management. Gregory Shott acted as the project 
manager, prepared the intruder pathway analysis, and assisted in the preparation of all 
radiological analyses. 

Lawrence E. Barker 

Ph.D. Statistics, Florida State University - 1979 
M.S. Statistics, Florida State University - 1976 
B.S. Mathematics, University of Kentucky - 1975 

Lawrence Barker has been with Bechtel Nevada since 1989, where his statistical 
expertise has contributed to the solutions of many problems in waste management, 
environmental monitoring, and site characterization. He was on the faculty of the 
Department of Mathematics at the University of Tennessee for five years. His work 
has recently appeared In Soil Science Society American Journal, as well as numerous 
DOE publications. Lawrence Barker prepared the Monte Car10 uncertainty analyses 

. and acted as an editor for the performance assessment. 

Stuart E. Rawlinson 

Ph.D. Geology, University of Alaska - 1990 . 

M.S. Geology, University of Alaska - 1979 
B.S. Geology, California State University, Long Beach - 1974 
A.A. Liberal A r t s ,  Los Angeles Harbor College - 1972 

Dr. Stuart Rawlinson is a Certified Geologist with the American Institute of 
Professional Geologists, a Certified Geologist in Alaska, and a Certified Environmental 
Manager in Nevada. He has 20 years’ experience in development, management, and 
implementation of geological and related technical studies for site characterization, 
performance assessment; and assessments of natural resources and natural hazards. 
Dr. Rawlinson has been with Bechtel Nevada and predecessor contractors since 1988, 
using his expertise in support of the DOEMV Ofice of Environmental Management. 
He previously worked for the State of Alaska Division of Geological and Geophysical 

~~ 
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Surveys, and for the Outer Continental Shelf Environmental Assessment Program 
through the University of Alaska. Dr. Rawlinson contributed primarily to the 
introductory and summary sections, and served as editor of the document. 

Michael J .  SuI& 

Ph.D. Soil Science, University of California, Davis - 1984. 
M.S. Atmospheric Science, University of California, Davis - 1979. 
B.A. Physics, University of Montana, Missoula - 1976. 

Michael Sully is the principal hydrologist in charge of the site characterization of flow, 
transport properties, and field investigation of soil-plant-water interactions. He has 
served as an assistant professor at the Department of Hydrology and Water Resources 
at the University of Arizona, and as an experimental scientist at CSIRO Division of 
Environmental Mechanics in Canberra, Australia. He has submitted numerous 
research articles for both nationd and international publications. 

Beth A. Moore 

M.S. 
B.S. 
A.A. 

Hydrology, University of Idaho - 1983 
Geology and Marine Sciences, Pennsylvania State University - 1978 
Computer Programming, Midland College, Texas - 1993 

Beth More is a hydrogeologist with over 16 years’ experience in waste site 
characterization and hydrogeology. Ms. Moore has been with the U.S. D O E M  since 
1995 as Project Manager for Low-Level Waste Performance Assessments and Site 
Characterization in the Waste Management Program. She previously worked as a 
consultant and contractor to the U.S. DOE and U.S. EPA. 

6.2 Contributors 

David E. Cawifield, Bechtel Nevada 
Camilla W. Deckert, Bechtel Nevada 
Lane W. Elletson, Bechtel Nevada 
Angelos N. Findikakis; Bechtel San Francisco 
Thomas M. Fitanattrice, Bechtel Nevada 
Frederick T. Lindstrom, Bechtel Nevada 
Deron G. Linkenheil, Bechtel Nevada 
Ann Moylan, Bechtel Nevada 
Laura McDowell-Boyer, Oak Ridge National Laboratory, Grand Junction, Colorado 
Subhash C. Mehrotra, Bechtel Oak Ridge 
Curtis J. Muller, Bechtel Nevada 
Shannon M. Parsons, Bechtel Nevada 
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Laura McDowell-Boyer, Oak Ridge National Laboratory, Grand Junction, Colorado 
Subhash C. Mehrotra, Bechtel Oak Ridge 
Curtis J. Muller, Bechtel Nevada 
Shannon M. Parsons, Bechtel Nevada 
John S. Schrneltzer, Bechtel Nevada 
Eric A. Strassburger, Bechtel Oak Ridge 
David J. Thorne, Oak Ridge National Laboratory, Grand Junction, Colorado 
Vefa Yucel, Bechtel Nevada 
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5.5 Waste Acceptance Criteria Statements 

Address each of the following waste acceptance criteria (WAC). Provide a brief 
statement of the NVO-325 criteria objective. State the regulatory or other 
reference(s) as provided in the WAC and provide a brief discussion of how each 
waste stream will comply with the individual criteria. In addition, where 
compliance is procedurally controlled, reference the applicable procedure@). 
For example: 

1) Closure: The package closure shall be sturdy enough that it will not be 
breached under normal handling conditions and will not serve as a weak 
point for package failure (per NVO-325, 5.5.1.3.4. 

Compliance Method: Waste containers shall be dosed with metal clips 
and banding, per procedure XXXX, to prevent breaching under normal 
handling conditions. 

2) Fume Liquids: LLW disposed at the NTS waste management sites shall 
contain as tittle free liquids as is reasonably achievable, but in no case 
shall the liquid equal or exceed 0.5 percent by volume of the external 
waste container @er NVO-325,5.5.1.1 .C). 
Compliance Method: This criteria is evaluated by process knowledge, 
waste segregation, visual verification, and evaluation of the waste 
stream (e.g., contaminated soil) utilizing the Paint Filter Test, per 
procedure XXXX, W, and XXXX. Absorbent will be added, per 
procedure XXXX, as a precautionary measure to absorb any moisture 
that may form due to condensation attributed to the variations in 
temperature and humidity from state-of-generation to NTS. Packages 
will also be reviewed by Real-Time Radiography (RTR) prior to package 
certification. Any packages suspected of having greater that 0.5 percent 
free liquids will be segregated and marked to prevent inadvertent 
shipment to NTS. 

5.5.1 Low-level Waste Acceptance Criteria 

Defense waste accepted at NTS must be radioactive and meet the waste form 
criteria outlined below. These requirements are minimum requirements for all 

~~ 
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Waste Stream Information 

types of wastes and are intended to facilitate handling and provide heatth and 
aafeAy pratection of personnel at the disposal site. 

W.1.1 Oensral Waste Form Criteria 

These waste form criteria are based on cument DOE L W  management policies 
and practices per DOE Order 5820.2A guidelines. Any waste s t r m s  not 
meeting these basic requirements must be evaluated on a case-by-case basis 
and must not comptomise the performance objectivas for the disposal site or 
violate any permit requirements. 

A Thnsuranlcs: U W  must have a transuranic nuclide concentration less 
than 100 nCig. The mass of the waste container, including shielding, 
shall not be used in calculating the speciftc actrvity of the waste. 

B. Hazardous Waste Components: LLW offered for disposal at NTS 
waste management sites shall not exhibit any characteristics of, or be 
listed as, hazardous waste as identified in T i e  40 CFR 261, 
"Identification and Listing of Hazardous Wasten or state-of-generation 
hazardous waste regulations. 

C. F m  Liquids: Free liquids mean liquids which readily separate from the 
solid portion of a waste under ambient temperature and pressure 
conditions. 

LLW disposed at the NTS waste management sites shall contain as little 
free liquids as is reasonably achievable, but in no case shall the liquid 
equal or exceed 0.5 percent by volume of the external waste container 
and shall meet the following criteria: 

Bottles, cans, or other similar well-drained containers may 
contain residual liquids. 
Where practicable, residual liquids in well-drained containers 
shall be mixed with absorbent or solidified so that free liquids are 
no longer observed. 
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Waste Stream Information 

D. 

E. 

If absorbent materials are added to a waste for control of free 
liquids, the generator must calculate the volume of liquid in the 
waste and use a quantity of sorbent material sufficient to absorb 
a minimum of twice the calculated volume of the liquid. Please 
note when significant differences of temperature exist between 
the generating site and the disposing site, provisions for 
additional absorbent materials must be made for a‘Ffected waste 
forms. 

To demonstrate compliance with the free liquids requirement, the 
generator may be required to use Method 9095 (Paint fitter Test) 
as described in “Test Methods For Evaluating Solid Wastes, 
PhysjcaVChernical Methods.” (EPA Publication No. SW-846) The 
Paint Filter Test may not be applicable to certain waste forms; 
e.g., concrete. If the generator determines that the waste form is 
not conducive to the Paint Filter Test, documentation must be 
provided to substantiate the claim. 

Particulates: Fine particulate wastes shall be immobilized so that the 
waste package contains no more than 1 weight percent of less-than- 
10-micrometer-diameter particles, or 15 weight percent of less-than- 
200-micrometer-diameter particles, Waste that is known to be in a 
particulate form or in a form that could mechanically or chemically be 
transformed to a particulate during handling and interim storage shall be 
immobilized, 

When immobilization is impractical, othar acceptable waste packaging 
shall be used, such as the following: 

Overpacking Q.e., 55-gallon drum inside 83- or 85-gallon drum); 
9 steel box with no liner; 

wooden box with a minimum of 6-mil sealed plastic liner; 

steel drum with a minimum of 6-mil sealed plastic her. 

Gases: LLW gases shall be stabitized or absorbed so that pressure in 
the waste package does not exceed 1.5 atmospheres at 20* C. 
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F" 

1 

Compressed gases as defined by Tile 49, CFR 173.300, including 
unpunctured aerosol cans, will not be accepted for storage or disposal. 
Aerosol cans will have puncture disfigurements recognizable by (RTR). 
Expended gas cylinders must have the valve mechanism removed. 

Stabilization: Where practical, waste shall be treated to reduce 
volume, promote waste minimization, and provide a more structurally 
and chemically stable waste form. 

Structural stability can be accomplished by crushing, shredding, and 
placing a smaller piece inside an opening of a larger piece, such as 
nesting pipes. 

Chemical stabilrty must be documented to show that significant 
quantities of harmful gases, vapors, or liquids are not generated. 
Wastes shall not react with the packaging during storage, shipping, and 
handling time. 

Where stabilization is required for the waste to meet this waste 
acceptance criteria, it must b8 shown that the stabilization process is 
adequately controlled. Conttd is shown through the use of procedures, 
sampling, test plans, etc., and the results of such controls shall be made 
available for examination and approval. 

u. Etiologic Agents LtW containing pathogens, infectious wastes, or 
other etiologic agents as defined in Title 49, CFR 173.386 will not be 
accepted for disposal at NTS. 

H. Chelating Agents: LLW containing chelating or cornplexing agents at 
concentrations greater than 1 percent by weight of the waste form will 
not be accepted. 

1. Polychlorinated Biphenyls (PCBs): PCB-contaminated LLW will not 
be accepted for disposal at NTS unless the PCB concentration meets 
municipal solid waste disposal levels of 50 ppm or less. See Title 40, 
CF=R 761.60 for PCB disposal requirements. 
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J. Explosives and Pyrophorics: L W  containing explosive and/or 
pyrophoric material in a form that may spontaneously explode or 
combust, if the container is breached, will not be accepted. 

5.5.1.2 General Regulatory Waste Package Criteria 

The NTS waste package criteria include regulatory criteria to meet applicable 
DOE, EPA, and DOT rquirements and criteria established to meet site-specific 
requirements at NTS waste management sites. Defense waste shipped to NTS 
waste management sites for disposal or storage must be packaged in 
accordance with all DOE and DOT regulations. These include the requirements 
of DOE Order 1540.1, "Materials Transportation and Traffic Management"; 
Titles 49, CFR 173.448, "General Transportation Requirements"; 49 CFR 
173.474, "Quality Control for Construction of Packaging," and 49 CFR 
173.475, *Quality Control Requirements Prior to Each Shipment of Radioactive 
Materials." 

A 

B. 

Design: Type A packaging shall be designed to meet Title 49 CFR 
173.41 1, "General Design Requirements," and Title 49 CFR 173.41 2, 
"Additional Design Requirements for Type A Packages." Type A 
packages must have been evaluated under the DOE T w  A package 
Certification Program (see MLM-3245, "DOT 7A Type A Certification 
Document" or succeeding DOE pubtication). Type B packaging must 
meet the applicable requirements of Title 10 CFR 71. Strong, tight 
packaging used for shipping limited quantities and low Specific activity 
LLW excepted by Titles 49 CFR 173.421 and 173.425, respectnrely, 
must be constructed so that it will not teak during normal transportation 
and handling conditions. 

Nuclear Safety: The quantity of fissile radioactive materids shall be 
limited so that an infinite may of such packages will remain subcritical. 
This quantity shall be detetmined on the basis of a specific nuclear 
safety analysis, considering credible accident situations, and taking into 
account the actual materials in the waste. See Title 49 CFR 173.451, 
"Fissile Materials - General Requirements." 
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D. 

E. 

F” 

G. 

Nuclear Heating: The quantii of radioactbe materials shail be limited 
for each waste matrix and package type so that the effects of nuclear 
decay heat will not adversely affect the physical or chemical stability of 
the contents or package integrity. See Title 49 CFR 173.442, ‘Thermal 
Limitations,” for temperature limits of accessible external package 
surfaces. 

Radiation Levels: The external radiation levels for packages shall not 
exceed 200 millirem per hour on contact during handling, shipment, and 
disposal unless specifically excepted by DOT regulations. See Tile 49 
CFR 173.441, “Radiation Level Limitations.” Type B containers that will 
be unloaded by remote procedures will be addressed on a case-by- 
case basis. 

Extsrnal Contamination: Packages shall be within DOT 
contamination limits upon receipt at NTS. See Titte 49 CFR 173.443, 
“Contamination Control .” On-site generators refer to current NTS 
external contamination limits. 

Activity Limits: The activity limits fisted in Title 49 CFR 173.431 , 
“Activity limits for Tvpe A and Type B Packages,” shall be met. Where 
applicable, the activity limits of Tiles 49 CFR 173.421, “Limited 
Quantities of Radioactive Materials,” and 49 CFR 173.425, ‘Transport 
Requirements for Low-Specific ActrVity Radioactive Materials,’’ shall be 
met for strong, tight packages. See Section 5.5.5.2 for additional 
requirements for actniity limits outside of this range. 

Multiple Hazards: Waste containing multiple hazards shall be 
packaged according to the level of hazard as defined in Title 49 CFR 
I73,2, “Classification of Material Having More than One Hazard.” 

5.5.1.3 NTS Specific Package Criteria 

me use of properly designed packaging reduces the chance of radiological or 
occupational safety Occurrences during transportation, handling, and disposal 
operations. tn addition, preplanning the size and load of each package is 
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C. 

D. 

E. 

F. 

G. 

Nuclear Heating: The quantity of radioactive materials shall be limited 
for each waste matrix and package type so that the effects of nuclear 
decay heat will not adversely affect the physical or chemical stability of 
the contents or package integrity. See Tile 49 CFR 173.442, ‘Thermal 
Limitations,” for temperature limits of accessible external package 
surfaces. 

Radiation Levels: The external radiation levels for packages shall not 
exceed 200 millirem per hour on contact during handling, shipment, and 
disposal unless specifically excepted by DOT regulations. See Title 49 
CFR 173.441, “Radiation k e l  Limitations.” Type B containers that will 
be unloaded by remote procedures will be addressed on a case-by- 
case basis. 

External Contamination: Packages shall be within DOT 
contamination limits upon receipt at NTS. See Title 49 Cm 173.443, 
“Contamination Control.“ On-site generators refer to current NTS 
external contamination limits. 

Activity Limits: The activity limits listed in Tile 49 CFR 173.431 , 
“Activity Limits for Type A and Type B Packages,” shall be met. Where 
applicable, the actwity limits of Titles 49 CfR 173.421 ). “Limited 
Quantities of Radioactive Materials,” and 49 CFR 173.425, ‘Transport 
Requirements for tow-Specific ActMty Radioactive Materials,” shall be 
met for strong, tight packages. See Section 5.5.5.2 for additional 
requirements for activity limits outside of this range. 

Multiple Hazards: Waste containing multiple hazards shall be 
packaged according to the level of hazard as defined in Title 49 CFR 
173.2, “Classification of Material Having More than One Hazard.” 

5.5.1.3 NTS Specific Package Criteria 

me use of properly d8Signed packaging reduces the chance of radiological or 
occupational safety occurrences during transportation, handling, and disposal 
operations. Ipaddition, preplanning the size and load of each package is 
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E. Weight: In addition to the weight limits set for specific packaging 
designs, NTS imposes limits of 4,082 kg (9,ooO pounds) per box and 
544 kg (1,200 pounds) per 208-litw (55-gallon) dmm. Packages 
exceeding 4,082 kg (9,OOO pounds) require crane or large forklift 
removal and must be approved by REECdWMD prior to shipment. 
Shipments of this type must be in a removable-top or removable-side 
trailer. 

F. Loading: Waste packages shall be loaded to ensure that the interior 
volume is as efficiently and compactly loaded as practical. High density 
loading will allow efficient RWMS space utilization and provide a more 
stable waste form that will reduce subsidence and enhance the long- 
term performance of the disposal site. 

G. Nonstandard TLpe A Packaging: Use of DOT Type A packages not 
previously evaluated under the DOE Type A Package Certification 
Program (see MLM- 3245, etc.) will nut be permitted. 

H. Package Protection: The generator shall take the following 
precautions to protect the waste package after closure. 

1. The preshipment storage envirwrment shall be controlled to avoid 
adverse influence from weather or other factors on the 
containment capability of the waste packaging during handling, 
storage, and transport. The generator preparing waste for 
preshipment storage shall take all reasonable precautions to 
preclude the accumulation of moisture on or in packages prior to 
their arrival at the M S .  

2. A form of Tamper Indicating Device (TID) shall be applied to each 
waste container, once certification actions have been completed. 

3. Each waste package shall be prepwed for shipment so as to 
minimize damage during transit. Minor damage incurred during 
transit, not attributable to poor packaging, will be repaired at the 
RWMS without charge to the waste generator. Costs for repairs of 
damage caused by waste generator or canier negligence as well 
as any necessary decontamination to meet DOE Order 5480.1 1 
will be charged to the waste generator. 

A-8 Performance Assessment 



Area 5 Radioactive Waste Management Site Nevada Test Site 

_ _ _ _ _  - 

Waste Stream Information 
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I. Marking and labeling: Each waste package shall have the following 
information: 

1. Marking and labeling as required in Tile 49 CFR 172, subparts D 
and E. 

2. Signed NV-211 “Packaging Certification” label (revision date 
January 27,1989) (see Figure 8, page 76). lf the waste is 
unpackaged bulk, a signed NV-211 label must accompany the 
shipment papers. These labels can be obtained from REECd 
WMD. 

3. Shipment number in the following sequence: Two alpha character 
generator-site-designator codes assigned by WMD (see Appendix 
D); one alpha character for type of ,waste L for UW,  M for MW, T 
for TRU, or X for TRUMW; two numerical characters for current 
fiscal year; three numerical characters for shipment sequence. 
Example: MDLQOOOI would mean a shipment from EG&G Mound 
of U W  in fiscal year I990 and the first shipment, 

4. Package number shall be six characters (alpha, numeric, or 
combination) with no duplication within that shipment. 

5. Approved 13-digit waste stream identification number (see Section 
5.1). 

6. Package weight in units of pounds and kilograms. 

Note: Except for the required DOT labels and NV-211, these items 
must be clearly and legibly placed on the container using 
alphanumeric characters of at least one-half inch in height. The 
information that is included on the barcode label (see next 
section) does not need to be duplicated. 

J. Barnoding: The shipment, package, and waste stream identification 
numbers shall be barcoded according to the following standards: 

1. cOde39. 

2 Medium to high density, high density preferred. 
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3. 

4. 

5. 

6. 

7. 

1 .O" high barcode. 

Human readable interpretation (tlR1) 0.50" high printed below the 
barcode. 

Spacing between barcode and HRI will be 0.10". 

Minimum left and right margin (quiet tones) will be at least 0.25". 

All barcodes and HRI will be stacked with a minimum separation of 
0.50" and in the following order: shipment number, container 
number, and waste stream identification number. (See Figures 6A 
and 6B.) 

Note: Waste Stream ID number will not have the dash bwwded. 

lRY5000000001. 
MAMPLE: LRY5-000000001 Would be bWmdad a~ 

8. A total of two barcode labels shall be placed on each box or 
nonstandard package near the top and on opposite sides. Drums 
will have a total of two barcode labels, one on top of the drum lid 
and one on the side near the top. 

9. A sample barcode must be submitted to WMD prior to the first 
shipment to ensure that WMD equipment can be used to read the 
barcode. WMD will provide barcodes if you are a low-volume 
generator (less than 10 shipments per year) and do not have the 
equipment to print barcodes. Contact WMD at least one month in 
advance to arrange for the barcodes. 

K. On-Site Transfer: On-site transfer must be in accordance with NV 
54XG.1A, NV Radiological Safety Manual, and applicable DOT 
requirements. For the transfer of unpackaged bulk material having 
external contamination, that contamination shall be fixed, covered, or 
contained sufficiently for safe transfer. 
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A5L92001 

000001 

LRYl000000001 
MINIMUM REQUIREMENTS FOR HloH DENSITY BARCODE UBEL 

NTS Dofen# Wad. Acceptma Crttaris. CertMCrfkn, and Ttndw Requlroments 
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000001 

LRYI 000&I00001 

~~ 
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Waste Stream Information 

5.5.2 Additional Criteria for Mixed Waste 

tn addition to meeting all of the U W  WAC, MW offered for disposal at the Area 
5 RWMS Mixed Waste Management Unit (MWMU) must meet the criteria 
described below. 

Note: MW will not be accepted for bulk disposal in the Area 3 RWMS. 
MW containing asbestos will be handled on a case-by-case 
basis. State-of-generation requirements for identifying, 
treatment, and disposal will also apply. 

A Free Liquids: MW disposed at the NTS shall contain no free 
liquids. 

Residual liquids in well-drained containers shall be mixed with 
absorbent or solidified so that free liquids are no longer 
observed. 

If absorbent materials are added to a waste for control of free 
liquids, the generator must calculate the volume of liquid in the 
waste and use a quantity of sorbent material sufficient to absorb 
a minimum of twice the calculated volume of the liquid. Please 
note when significant differences of temperature exist between 
the generating site and the disposing site, provisions for 
additional absorbent materials must be made for affected waste 
forms. 

To demonstrate the absence of free liquids, the generator may 
be required to use Method 9095 (Paint Filter Test) as described in 
‘Test Methods For Evaluating Solid Wastes, PhysicaVChernical 
Methods.” (EPA Publication No. SW-846) The Paint Fitter Test 
may not be applicable to certain waste forms; e.g., concrete. tf 
the generator determines that the waste form is not conducive to 
the Paint Filter Test, documentation must be provided to 
substantiate the claim. 

~ ~~~ 
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D. 

E. 

F. 

5.5.3 

Treatment: AII MW accepted for disposal at the MWMU must compty 
with land disposal restrictions for the hazardous component(s) as 
specified under Title 40 CFR 268, "Land Disposal Restrictions" unless 
treated as specified under Title 40 CFR 268, Subpart D, Treatment 
Standards. " 

Reactive Wastes: All reactive wastes must be treated in accordance 
with Tile 40 CFR 268, Subpart D, Treatment Standards." 

Potentially lncompatible Wastes: Wastes must be identified by the 
most appropriate compatibility group listed in Tile 40 CFR 264, 
Appendix V, "kunples of Potentially Incompatible Waste," to ensure 
that incompatible wastes are not shipped or disposed together. 
Incompatible MW shall be packaged in accordance with Title 40 CFR 
264.1 77, 'Special Requirements for Incompatible Wastes." 

Marking and Labeling: MW packages of 11 0 gallons or less must be 
marked in accordance with Title 40 CFR 262.32(b). Intrasite shipments 
shall be marked and labeled in accordance with the above requirements 
as well as NV 54XG.1AI "DOE"  Radiological Safety Manual." Marking 
and labeling of the waste packages shall be for the hazardous 
component in addition to the radioactive component. Limited quantity 
MW must be classified according to the requirements for hazardous 
components as defined by Title 49 CFR 173.2. 

Package Protection: The requirements of Title 40 CFR 264, Subpart 
I, "Use and Management of Containers," shall be met for MW packages. 

Additional Criteria for TransuranidTransuranic Mixed Waste 

Requests for storage of all TRU waste will be considered on a case-by-case 
basis. 

TRU waste must meet all the LLW WAC including DOWHQ designation, 
application to DOE", and participation in the waste generator approval 
process- TRU waste is only accepted at the NTS for interim storage prior to 
shipment to the Waste isolation Pilot Plant (WIPP). In addition, the generator 
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will be required to provide documentation with their application that the waste 
is certified to the WlPP WAC. 

5.5.4 Additional Criteria for Bulk Waste 

Bulk waste is disposed of in Area 3, It generdty exists in a form not suited to 
the conventional packaging requirements of Area 5. In addition to meeting the 
LLW WAC, bulk U W  must meet the requirements of Tile 49 CFR 173.425(c). 
NTS-generated bulk waste must be transported in accordance with NV 
SXG.IA, "DOVNV Radiological safety Manual," and applicable DOT 
requirements. 

Bulk waste containers must be approved by DOUNV. Bulk waste containers 
may be returned to the generator after decontamination to meet NV 54XG.lA, 
"DOWNV Radidogical Safety Manual," off-site rdeasa limits. Decontamination 
and return of bulk waste containers will incur additional operational costs for 
the generator. 

Note: MW will not be accepted for bulk disposal. 

5.5.5 Additional Criteria for Case-by-Case Waste 

In addition to meeting LLW WAC, the following case-by-case waste types 
offered for disposal at the NTS must meet the criteria described below. 

5.5.5.1 Weight 

Packages exceeding 4,082 kg (9,000 pounds) require crane or large forklift 
removal and must be approved prior to shipment. Shipments of this type must 
be in a removable-top trailer or removable-side trailer and will incur additional 
operational costs for the generator. 

5.5.5.2 Activity limits 

Activity timits outside the range of Section 5.5.1.2.F shall meet the 
requirements of Title 10 CFR 61 (see Section 5.5.5.4). Material requiring remote 
handling will incur additional operational costs for the generator. 
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5.5.5.3 Radioactively Contaminated Asbestos 

All raulated asbestos that is friable or otherwise capable of giving off friable 
asbestos dust must be wetted with a wafer and surfactant mix and stored in 
two plastic bags whose combined thickness quats at least 6 mil. The plastic 
bags must be werpacked in a leak-resistant wood or metal container that 
m a s  applicable shipping requirements for the radioactive content of the 
package involved. Sharp edges and corners within the package shall be 
padded or otherwise protected to prevent damage to the plastic inner wrap 
during handling, shipping, and disposal. Because the asbestos must be wetted 
during abatement activities, an absorbent must be added to ensure 
compliance with the free liquid requirement for UW, see Section 5.5.1 .I .C. 
For further refarence on regulated asbestos, see 40 CFR 61.1 40-61.157 and 
state-of-generation regulations. All U W  containing regulated asbestos shall be 
packaged, marked, and labeled in accordance with the requirements of 40 
CFR 61.1 50. 

Note: Any regulated asbestos waste must be segregated into a 
separate waste stream. 

S W D @  containers are accepted on a case-by-case basis. 

5.5.5.4 DOE Comparable Gmater-Than-Class-C as Defined in I 0  CFR 
61.55 

Disposal systems for such waste must be justified by a site-specific 
perfonance assessment through the National Environment Policy Act (NEPA) 
process and with the concurrence of EM-32 for all EM-1 disposal facilities and 
of NE-20 for those disposal facilities under the cognizance of NE-1. 

Disposition of waste designated as greater-than-class-C, as defined in Title 10 
CFR 61.55, will be handled as special case waste. Greater-than-class-C waste 
will be considered for disposal on a case-by-case basis depending on existing 
site-specific waste classification limits or limits that may be developed based 
on performance assessments, 
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General Stratigraphy Beneath the NTS 

The stratigraphy beneath the NTS can be broadly classified, based on a hydrologic 
fiamework, into eight primary units with associated lithologic character as diagramed in 
Figure B. 1 (Winograd and Thordarson, 1975). Figure B. 1 is a highly idealized conceptual 
perspective of a very complex region. Because of erosion and structural deformation, the 
complete stratigraphic section does not exist everywhere within the NTS, as seen on a 
surficial geological map of the area, 

The stratigraphic units were deposited over long periods of geologic t h e  under varying 
depositional environments. The lithologies range from older sedimentary rocks overlain by 
younger volcanic deposits of ash-fall and ash-flow tuff, and minor basalts. The topmost unit 
on which the Area 5 RWMS is located consists of unconsolidated valley fill alluvium. These 
units are described below from bottom to top, oldest to youngest. 

Lower Clastic Rocks 

The lowermost strata, which rests on Precambrian crystalline basement rock, are Precambrian 
sedimentary deposits. These deposits represent some of the first sediment deposited in the 
Cordilleran miogeosyncline, a gently subsiding, marine, depositional basin that was located 
off the western edge of North America. The Cordilleran miogeosyncline was a depositional 
basin from the Precambrian through Devonian period. The earliest deposits in the 
Cordilleran miogeosyncline were predominantiy sandstones, siltstones, and shales derived 
from sediment eroded Erorn the craton. These deposits have been classified into four 
fornations (Burchfiel, 1964): the Zabriskie Quartzite, Wood Canyon Formation, Stirling 
Quartzite, and the Johnnie Formation. The lower half of the Carrara Formation is also 
commonly included in the lower clastic rocks. These units are predominantly composed of 
quartzite and shale-siltstone layers, with a total thickness estimated at over 3,000 m 
(9,840 ft). 

The clastic rock units are highly fractured, although fractures are commonly completely 
sealed by quartz, calcite, and mica-chlorite ingrowths. The only major outcrop in the NTS 
region is on the northeast side of the Halfpint Range (Frizzell and Shulters, 1990). Elsewhere 
within the NTS, the unit is believed to be buried deep beneath overlying units of Paleozoic 
limestone and Tertiary volcanic rocks. 

Lower Carbonate Rocks 

The lower clastic rocks are directly overlain by a succession of carbonate rocks. These 
carbonate rocks consist of limestone and dolomite deposited when clastic deposition originat- 
ing from the craton decreased, providing a clear, calm-water environment suitable for 
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carbonate-producing organisms. Occasional influxes of sediment from the craton are 
recorded as minor sandstone, siltstone, and shale deposits interbedded with the carbonate 
rocks. This lower carbonate succession contains the Carrara Formation, Bonanza King 
Formation, Nopah Formation, Pogonip Formation, Eureka Quartzite, Ely Springs Dolomite, 
Laketown Dolomite, Sevy Dolomite, Simonson Dolomite, and the Guilmetted Formation. 
The Cmara Formation at the base of this succession contains sandstone and siltstone which 
are considered transitional with the underlying lower clastic rocks. These thick carbonate 
units are collectively more than 4,570 m (1 4,990 ft) thick. 

The carbonates are highly fractured and locally brecciated near fault traces. Most outcrops 
exhibit three or more sets of joints and high-angle fractures (Winograd and Thordarson, 
1975). According to core logs, the fracture fill consists of breccia and clay gouge, calcite, 
and dolomite. Although clay gouge fill provides strong evidence for the existence of fault 
planes, the most common fill materials are calcite and dolomite, followed by quartz and iron- 
manganese oxides. 

Upper Clastic Rocks 

During the late Devonian Period (360 Ma), an island arc collided into the North American 
craton. The resulting Antler Orogeny resulted in uplift and deformation of the deposits of the 
Cordilleran miogeosyncline. Evidence of the colIision is seen in the Roberts Mountains in 
central Nevada, where deep marine facies were thrust as far as 160 km (100 mi) over thinner 
platform deposits. The Antler Orogeny initiated a long period of alternating depositional 
environments. Influx of immature clastic sediments, due to turbidity and debris flows shed 
off the craton during periods of uplift during the Mississippian Period (330 Ma), probably 
formed the Eleana and Chainman Shale Formations. The Eleana Formatibn consists of a 
thick section of fine-grained sandstone to quartz-pebble conglomerate and comprises the 
upper clastic rocks unit, whereas the Chainman Shale is primarily finer grained shale. Near 
Yucca Flat, the unit is upwards of 1,210 m (4,000 ft) thick; however, outcrops are limited in 
the vicinity of Frenchman Flat to CP Basin. 

Upper Carbonate Rocks 

During the late Mississippian to Permian Period (330 to 240 Ma), when the basin 
experienced more stable, shallow-marine conditions, the 1,3 OO-rn (4,265 ft)-thick upper 
carbonate unit was deposited. This unit is composed of the limestones of an undivided 
carbonate rock succession and the Bird Spring Formation. These units are typically thin 
bedded and fossiliferous. During the Mesozoic Era, this unit, along with the underlying 
upper clastic rocks, was eroded from most of the NTS. Although study of the unit has been 
limited, visual inspection reveals that it has a similar fracture pattern and joint fill to the 
lower carbonate units (Winograd and Thordarson, 1975). 

~ ~~ 

Performance Assessment B-5 



Area 5 Radioactive Waste Management Site Nevada Test Site 

Granitic Stocks 

The Mesozoic and early Cenozoic periods were dominated by granitic intrusions and thrust 
faulting. In the vicinity of Frenchman Flat, no intrusive bodies are present. The only 
significant occurrence of intrusive bodies on the NTS is in the extreme northern and north- 
western portions of Yucca Flat. Here, coarse porphyritic monzonite-granite and quartz- 
monzonite magmas were extruded into limestone of the Pogonip group (Frizzell and Shulters, 
199 1). 

During the Nevadan Orogeny, granitic intrusions were emplaced throughout the western 
United States. During the slightly younger Sevier Orogeny, the great compressional strain in 
the crust, caused by the subduction of the Pacific plate, thrust older Paleozoic strata over 
younger strata. Better-known thrust faults from this event are the Lee Canyon, Wheeler, and 
Keystone thrusts. These strike roughly north and northeast along the Spring Mountains, 55 
to 95 km (34 to 60 mi) to the southeast of the NTS (Fleck, 1970; Burchfiel, 1974). Sedi- 
mentation was sparse throughout the area during this time, as shown by the unconformity on 
the stratigraphic column (Figure B. I )  where rocks of Mesozoic and Early Ceiiozoic age 
should exist. This suggests that either very little strata were initially deposited during the 
Mesozoic or Early Cenozoic, or that these units eroded after deposition. 

Ash-Flow and Ash-Fall Tuffs 

Significant deposition of ash-fall and ash-flow tuff began during the Oligocene Epoch. This 
phase included silicic volcanism and associated deep crustal extension, producing both 
rotated and tilted block features and strike slip faulting. Volcanic activity climaxed approxi- 
mately 1 1 Ma ago with the eruption of pyroclastic sheets in localized areas of the NTS 
(Christiansen et al., 1977; Byers et al., 1976). Between nine and fourteen Ma, extensive 
caldera complexes formed, producing (in order of decreasing abundance) ash-flow tuff, ash- 
fall tuff, and rhyolite lavas. During eruptive hiatuses, minor erosion and sedimentation 
produced minor beds of conglomerate, tuffaceous sandstone, and fieshwater limestone. The 
total thicknesses of the volcanic units vary, with thicker deposits generally located closer to 
the volcanic center. At the NTS, well over half of the exposed rock in the major mountain 
ridges contain some form of tuff or tuffaceous sediment, and the tuff often lies buried deep 
beneath valley fill alluvium (Frizzell and Shulters, 1990). In Frenchman Flat, the total 
thickness of tuff may be more than 1,060 m (3,500 ft). 

Typically, the ash-fall tuff units (bedded tuff) underlie the ash-flow units (welded tuff). Ash- 
fall tuff results from relatively prolonged periods of volcanic activity when variable thick- 
nesses of tuff are emplaced near eruptive centers via precipitation fiom heavily laden ash 
clouds. The resulting units are generally fine-grained, well-sorted, and highly stratified. 
Their mode of emplacement precludes welding often experienced upon cooling, creating 
highly porous and friable rocks. Accordingly, they do not exhibit a high degree of jointing 
and are often highly altered to zeolites and clay minerals. 
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Ash-flow tuffs, however, are consolidated rock formed by catastrophic explosions of hot 
pyroclastic material (volcanic ash and gases). The resulting deposits exhibit neither bedding 
nor sorting and could have taken years to cool after emplacement. During cooling, they 
experience much compaction and internal welding of particles. The degree of welding is 
generally greater in the center of the unit, resulting in a dense zone of little porosity 
sandwiched between zones of partial welding. Subsequent cooling of these units produces 
marked jointing and foliation patterns (Ross and Smith, 196 1 ; Smith, 1960). Such distinc- 
tions are important because the structure and mode of emplacement between ash-flow and 
ash-fall tuffs plays a considerable role in determining the difference between the two in 
water-bearing and transmission capabilities. 

Basalts 

Although the Miocene was dominated by silicic volcanism (i.e., ash-fall and ash-flow tuffs), 
minor basalt flows occurred in Frenchman Flat. The only basalts exposed at the land surface 
near the RWMS are Miocene in age. These basalts include the Basalt ofNye Canyon (Crow, 
1990), dated at about 7.3 1 Ma; and the Basalt of Scarp Canyon, dated at about 8.7 Ma (RSN, 
1994). The Basalt of Frenchman Flat, dated at about 8.6 Ma, was encountered at about 
290 m (950 ft) below the surface in drillholes UE-51 and UE-5k. 

The transition from predominantly silicic volcanism to basaltic volcanism occurred 
approximately 10 Ma (Chistiansen and Lipman, 1972). Since 7.3 Ma, only scattered, short- 
duration volcanic activity occurred in Nevada: The volcanic rocks are primarily basaltic 
cinder cones and lava flows (Sawyer et al., 1990; Stewart, 1980). All the lavas were most 
prevalent near their respective eruptive centers such as the Timber Mountain Caldera to the 
northwest of the RWMS and the Wahmonie-Salyer Center to the immediate west, near Skull 
Mountain. The lava flows are localized in extent; however, they can be of significant 
thickness close to their origin. Their primary hydrologic importance is restricted to the 
vicinity of east-central Jackass Flats, Because these flows are not in the immediate vicinity 
of Frenchman Flat, they are not included in the stratigraphic column. 

Alluvial Valley Fill Sediments 

The most recent deposits in the region are those that fill the valleys and basins due to faulting 
and erosion of the surrounding mountain ranges. They consist of typical alluvial fan and 
playa deposits, and are generally poorly sorted and stratified. The alluvial fan deposits are 
primarily composed of subangular pebbles and cobbles of tuff, carbonate, and sandstone in a 
sand and silt matrix (RSN, 1991). Alluvial fan deposits contain evidence of several deposi- 
tional subenvironments. The most common subenvironments are streamflow, sheetflow, and 
debris flow deposits. The alluvial fan itself is divided into the upper fan, .the midfan, and the 
distal fan. The upper fan is dominated by coarse-grained s t r e d o w  and debris flow 
deposits. The midfan acts as a transition zone, with finer-grained debris flow and streamflow 
deposits and an increase in sheetflow deposits. The distal fan is dominated by sheetflow 
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deposits and only minor streamflow deposits. The distal fan may be transitional to the playa 
deposits in the lowest point of the basin. Some accumulation of calcium carbonate has been 
observed in the B and BC soil horizons as coatings on clasts and pebbles from soil trenches 
in Frenchman Flat. Minor, discontinuous calcrete layers have also been identified in the near 
surface alluvium, suggesting past periods of stability on the fan surface. Because of their 
discontinuity, however, they are not believed to have a significant effect on groundwater flow 
within the basin. The alluvium, very thick in most valleys within the NTS, is estimated to be 
at least 500 to 600 m (1,640 to 1,968 ft) beneath central Yucca Flat and Frenchman Flat, and 
about 320 m (1,050 ft) beneath central Jackass Flats. 

SEISMOLOGICAL RISK ANALYSIS 

Intensities of Historical Earthquakes 

Although the western margin of the NTS lies within an area beiieved to have a high risk for 
potential Seismicity, activity has historically been low to moderate. The most recent earth- 
quake of significance was of magnitude 5.6, occurring on June 29,1992. Its epicenter was 
approximately 15 km (9 mi) to the southwest of the Area 5 RWMS near Skull Mountain, at a 
depth of 10 krn (6 mi). The Area 5 RWMS was unaffected. In August 197 1, an earthquake 
of magnitude 4.3 occurred along the Cane Spring Fault zone, approximately 7.2 km (4.5 mi) 
northwest of the RWMS. An earthquake of 4.5 magnitude occurred in February 1973 along 
the Rock Valley Fault system, approximately 7.2 km (4.5 mi) southwest of the RWMS. No 
surface displacement was associated with these two earthquakes. 

There is a marked trend for increased seismic events in southern Nevada having a magnitude 
greater than 5.0 on the Richter scale to the northwest of the NTS. This parallels preexisting 
planes of weakness thought due to a 250-km- (1 55-mi)-long rift that formed 14 to 17 Ma ago 
in north-central Nevada (Stewart et al., 1975; Zoback and Thompson, 1978; and Zoback and 
Zoback, 1980). 

Rogers et al. (1 977), Campbell (1 980), Battis (1 978), and Hannon and McKague (1 975) 
conducted seismic hazard studies of the NTS. They agree that the predicted maximum 
magnitude for an earthquake ranges from 5.8 to 7.0, with peak accelerations of 0.7 to 0.9 g. 

Seismicity as a result of underground nuclear testing has been observed since 1963. Before 
the current moratorium on testing, tests with yields from 20 to 200 kilotons resulted in 
earthquakes of magnitude from 4.8 to 5.7 on the Richter scale (Hunter et al., 1982). The 
current moratorium eliminates anthropogenic seismicity as a concern. 

An early analysis by the Energy Research and Development Administration (ERDA, 1977) 
indicated that 95 percent of the disturbances and aftershocks associated with nuclear testing 
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were within 14 km (8.6 mi) of the detonation site. Accordingly, it would be advisable to 
allow at least 14 km (8.6 mi) distance between the RWMS and hture detonations, should 
testing resume. 

Forecast for Recurrence of Seismicity 

The estimated return period for the largest amplitude earthquakes expected (5.8 to 7.0) ranges 
from 12,700 to 15,000 years (Table B.l). These data suggest that there is a possibility for the 
occurrence of a large earthquake somewhere within the NTS during the next 10,000 to 
15,000 years. 

Table B.1 Compilation of Estimated Seismic Hazard Analyses for the NTS 

Seismic Hazard Analysis 

Campbell (1 980) 

H m o n  and McKague .( 1975) 
I 1 I I I 

Richter Scale 

An approximation of the seismic risk to the NTS region can be calculated using the binomial 
distribution (Parzen, 1960): It is common to examine a sequence of independent events for 
which the outcome is either a success (an earthquake of magnitude 6.8 or greater occurs in a 
given year) or failure (no earthquake of magnitude 6.8 or greater occurs). This assumes that 
the probability @) of a success remains constant over time and that each year represents an 
independent Bernoulli trial. Given these assumptions, the risk (probability that at least one 
earthquake will occur over a given period) can be calculated from the weUl-known binomial 
distribution. 

If there are y1 independent trials and, on each trial the probabiIity of a success is p ,  then for 
x - 0 ,  1,2 ,..., n, 

P(number  uf successes is x )  
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where: 

n! f o r x  =0,1,2,  . . . ,n. [ :) = x !  ( n - x ) !  

Because the probability of a success (earthquake of magnitude 6.8 or greater) is assumed to 
be a constant 7.87 x 10'' yr-' (1/12,700 yr), and because the probability that there are 
0, 1,2, . . .y 10,000 earthquakes sums to one, the probability there are one or more 
earthquakes of magnitude 6.8 or greater is: 

Risk = 
1 - P(no successes) = 

These calculations suggest there is a 54.5 percent chance of one or more earthquakes greater 
than 6.8 in the next 10,000 years. Note that if the calculations are repeated with the less 
conservative return time of 15,000 years, the probability of an earthquake falls to 0.486. 

Despite the moderate risk of seismic damage, the limited use of engineered structures at 
Area 5 RWMS makes the site intrinsically less prone to significant earthquake damage than 
an aboveground facility or a facility using engineered belowground vaults. Unless a major 
earthquake centered on the Area 5 RWMS occurred, at worst only limited compaction, 
caused by the consolidation of alluvium, might be expected. Given the large return times 
.associated with the largest events, coupled with the small likelihood that an event would be 
centered upon the Area 5 RWMS, it is unlikely that the integrity of the RWMS would be 
compromised. 

VOLCANIC RISK ANALYSIS 

Data concerning the hazards of future volcanism in the NTS region have been acquired fiom 
ongoing assessments of the volcanic hazard at Yucca Mountain, located approximately 
45 km (28 mi) west of the RWMS. The close proximity of Yucca Mountain to the RWMS 
suggests that the volcanic hazard associated at the RWMS can be garnered fiom the data 
gathered at Yucca Mountain. 

Crowe et al. (1 983) concluded that M e r  silicic volcanism was not realistic, given the age 
evidence by Christiansen ef al. (1977) and Byers et al. (1976) for the ash-flow and ash-fall 
tuffs in nearby caldera systems. The most recent volcanism, associated with the Death 
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Valley-Pancake Range Volcanic Belt (Wells et al., 1990), has been basaltic. The Death 
Valley-Pancake Range Volcanic Belt, a 50-h- (3 1 -mi)-wide swath of activity that transects 
the NTS trending north-south throughout southern Nevada, is characterized by cinder cones 
and lava flows of limited extent (Figure B.2). Crowe and Can (1980) identified four tectonic 
settings within the NTS where the risk of recurrent basaltic volcanism was assessed. Their 
data suggest the immediate vicinity of nearby caldera ring fracture zones or rift grabens 
possess the greatest likelihood for renewed volcanism. Ongoing studies at the proposed 
high-level waste repository at Yucca Mountain indicate significant activity in the past from 
the Timber Mountain-Oasis Valley Caldera and Lathrop Wells Volcanic Fields (Byers et al., 
1976; Crowe, 1990). Closer to the Area 5 RWMS, approximately 19 km (12 mi) west- 
southwest, lies the Wahrnonie-Salyer Volcanic Center. The youngest basalt exposed at the 
land surface nearest the RWMS is that of Nye Canyon (Crow, 199Q dated at about 7.3 1 Ma 
(RSN, 1994). 

Basalt flow and rubble, intercalated with near subsurface alluvium, occur in two nearby 
drillholes. Basalt flows were encountered 290 m (950 ft) below the surface, approximately 
2.4 km (1.5 mi) north of the Area 5 RWMS in borehole UE-5i and roughly 2.7 lun (1 -6 mi) to 
the north-northeast in borehole UE-5k. The ages of the flows in UE-5i and UE-Sk have been 
determined at 8.6 and 8.4 Ma, respectively (RSN, 1994). Approximately 2.3 km (1.4 mi) 
northwest of the Area 5 RWMS in Pilot Well UESPW-3, two major lithologic tuff units were 
penetrated and identified from Pilot Well cuttings (REECo, 1993). One silicic ash-flow tuff 
unit, encountered from 188 to 280 m (617 to 920 ft) below the surface, was identified as the 
Ammonia Tanks Tuff of the Timber Mountain Group (late Miocene). Below this unit lies a 
bedded tuff unit of the Ammonia Tanks Tuff that extends at least to the total borehole depth 
(291 m [955 ft]). 

Crowe and Carr (1 980) and Metcalf (1 983) assessed volcanic risk assessment for the NTS 
region. These studies agree that the probability of an event is exceedingly small. 
Christiansen et al. (1 977) and Byers et al. (1 976) determined that silicic volcanic activity at 
the NTS climaxed 10 to 1 1 Ma ago, when an extensive network of calderas ejected a large 
volume of pyroclastic flow over much of the NTS. Because older calderas seldom show 
renewed activity during.a hiatus after extended periods (10 Ma) of activity (Crowe and Carr, 
1980), Crowe el al. (1 983) concluded that the occurrence of additional silicic volcanism in 
the area was highly unlikely. More recently, Crowe (1 990) suggested that the location with 
the highest probability for a small volume event was Lathrop Wells or Sleeping Butte 
volcanic centers, 50 to 75 km (3 1 to 47 mi) west of the RWMS. 
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1995 

1. Request l.a.(2)(a): Provide a discussion of how the Zero Flux Plane (ZFP) formed 
over the past thousands of years and how it might evolve over the next several thousand 
years. 

Response: One possible explanation of the development and formation of the Zero 
Flux Plane (or Zone) has been provided in Section 2.4.2.2 “Subsurface Hydrology,” 
under the section entitled “Evolution of Vadose Zone Conditions over Time.” 

Turning to the second part of the request, future evolution of the zero flux zone, 
prediction of the flux distribution in the alluvium of Frenchman Flat depends on 
knowledge of the hydraulic properties ofthe alluvium and the nature of the boundary 
conditions. If we assume that the hydraulic properties of the alluvium do not change, 
prediction of the nature of the zero flux zone over the “next several thousand years” 
requires a prediction of climate change and corresponding vegetation change over that 
time period. Ignoring the influence of changing vegetation on the moisture regime in 
the alluvium, changes in matric potential under changing surface fluxes for the simple 
case of steady vertical flow in the presence of a stable groundwater table are illustrative. 
If the climate were to remain the same or become drier, the matric potential profile 
would either remain the same or be shifted to increasingly negative potentials. This 
represents either no change or an increase in the evaporative flux (q>O). As the 
evaporative flux through the surface decreases, corresponding to a change to a wetter, 
cooler climate, the matric potential increases. The flux can decrease to a point at which 
the upward matric potential gradient exactly balances the downward gravitational 
gradient and flow ceases. This is the condition observed in the static zone or Zero Flux 
Zone observed in the portions of profiles in Area 5. As the flux becomes directed 
downward, the potential profiles shift to less negative potentials and the flux of water 
throughout the entire profile is downward. 

If, due to climate change in the absence of adaptation by the vegetation, fluxes were to 
increase in Area 5, the upper portions of the matric potential profiles would first shift to 
less negative values. In time, as the wetting fiont moved downward, the vertical extent 
of the static zones would shrink from the top until the gradient of the total potential was 
downward throughout the entire profile. 

2. Request l.a.(2)(b): Explain the low levels of chloride in pilot well UE5PW-2 below 30 
meters. 

Performance Assessment c-1 



Area 5 Radioactive Waste Management Site Nevada Test Site 

Response: One possible explanation of the lower chloride levels in UESPW-2 is 
presented in Section 2.4.2.2, “Subsurface Hydrology,” under the section entitled 
“Chloride Profiles.” 

3. Request La.(2)(c): Explain how a disturbed soilhediment profile can be expected to 
perform as well as the natural profile over the performance period. 

Response: Disturbed profiles analogous to native alluvium covers are currently being 
monitored in two weighing lysimeters located in Frenchman Flat near the Area 5 
RWMS (Levitt et al., 1996). Water retention relations measured for soil samples 
obtained from both lysimeters are plotted in Figures 2.31 and 2.32. The water retention 
model used for the Area 5 Performance Assessment (Revision 2.0) is superimposed for 
comparison. While the model deviates from the measured curves at very low water 
contents, it is in good agreement between a volumetric water content of 0.10 and near 
saturation. The calculations of water flux under unit gradient conditions were made 
using a volumetric water content of 0.10. 

Water content monitoring conducted by Levitt el al. (1 996) indicated no increase of 
water content below a depth of 1.5 m (5 ft) under vegetated conditions for 1995, a year 
characterized by above average precipitation. Under bare soil conditions, the water 
content at a depth of 1.7 m (5.6 ft) increased from 0.055 to 0.075, while the total storage 
in the lysimeter has decreased during 1995. The elevated water contents at depth are 
probably due to irrigation water applied during revegetation of the entire site during 
1994. 

4. Request f.a.(2)(d): Estimate downward percolation rates from the chloride and stable 
isotope data from the pilot wells and the science trench boreholes. 

Response: A response cannot be provided for the second part of this request. Stable 
isotope ratios of deuterium and oxygen-1 8 are used to indicate the occurrence of 
processes which change the isotopic composition of water (Domenico and Schwartz, 
1990). Processes commonly observed through analysis of stable isotope ratios are 
evaporation, CO, exchange, and exchange with rock minerals. Stable isotope ratios are 
not used to estimate the magnitude of water fluxes. 

The Science Trench Boreholes extend only as deep as 36 m (1 19 ft) and show chloride 
accumulation throughout the profile sampled. As noted by Tyler et al. (1996), an 
accumulating profile is not at steady state and, as such, it is inappropriate to apply 
chloride mass balance methods for estimating current recharge. 

Chloride data from deeper in the profile can be used to estimate the paleorecharge rate. 
Estimates of paleorecharge are provided in Section 2.4.2.2, “Subsurface Hydrology,” 
under the section entitled “Chloride Profiles.” 
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5.  Request 1.ae(2)(e): Compare the chloride and stable isotope data from the RWMS with 
Prudic’s data and analyses. 

Response: A response cannot be provided for the second part of this request. Stable 
isotope ratios of deuterium and oxygen-1 8 are used to indicate the occurrence of 
processes which change the isotopic composition of water (Domenico and Schwartz, 
1990). Processes commonly observed through analysis of stable isotope ratios are 
evaporation, C02 exchange, and exchange with rock minerals. Stable isotope ratios are 
not used to estimate the magnitude of water fluxes. Furthermore, Prudic (1 994) did not 
analyze stable isotope data. 

Prudic (1994) estimated the age of water and the downward percolation rate below a 
depth of 10 m (33 fi) at a site in the Amargosa Desert south of Beatty, Nevada; and at 
the Ward Valley site in California. Age estimates were made using chloride concentra- 
tion profiles. Prudic’s results are discussed and compared with data for the Area 5 
RWMS in Section 2.4.2.2, “Subsurface Hydrology,” under the section entitled “Chloride 
Profiles. ” 

6. Request l.a.(2)(f): Discuss whether consideration of the topography of the RWMS 
could help explain the observed differences in the chloride profiles. 

Response: Before addressing the above issue specifically, it is important to note that 
despite variations in the recharge history observed for each borehole, the chloride 
profiles demonstrate that recharge is not occurring under the current climate with the 
most recent cessation of recharge beginning at about 20 to 30 ka. The influences of 
topography are discussed in Section 2.4.2.2, “Subsurface Hydrology,” under the section 
entitled “Chloride Profiles.” 

7. Request 1.a0(2)(g): Discuss variations within the chloride and stable isotope data sets. 

Response: The chloride and stable isotope data are discussed in Section.2.4.2.2, 
“Subsurface Hydrology,” under the section entitled “Environmental Tracers in the 
Vadose Zone.” 

8. Request loa.(2)(h): Provide a more complete analysis of the matric potentials of each 
of the wells, as discussed above. Discuss the effect of this analysis on the depth of the 
ZFP. 

Response: The matric potentials are discussed in added detail in Section 2.4.2.2, 
“Subsurface Hydrology,” under the section entitled “Water Potential.” 

9. Request lea.(2)(I): Provide additional data and discussion to support the assertion that 
pore water is disconnected. 
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10. 

11. 

Response: Additional discussion has been provided in Section 2.4.2.2, f‘subsurface 
Hydrology,” under in the section entitled “Water Content.” 

Request l.b.(2): Please provide codinnation of the unsaturated hydraulic conductivity 
value derived from the van Genuchten and Mualem methods. 

Response: Additional discussion of the applicability of unsaturated hydraulic 
conductivity values has been included in the Section 2.4.2.2, “Subsurface Hydrology,” 
under the section entitled “Unsaturated Hydraulic Conductivity - Soil Moisture 
Retention Relations.” 

Request l.c.(2)(a): Please discuss the sensitivity of the conceptual model for 
unsaturated zone flow and transport to the assumed residual water content. 

Response: The conceptual model of the hydrology for the Area 5 Performance 
Assessment (Revision 2.0) was developed from the Pilot Well and Science Trench 
Boreholes site characterization data. These data show a net upward driving force for 
liquid water from the zero flux zone, some 35 m (1 15 ft) deep, to the surface (Zone I), 
and a net downward tendency for flow through Zone 111. These data also include tracer 
measurements indicating that infiltrating water has been removed by evaporation from 
the upper vadose zone for thousands of years. Based on the site characterization data, it 
was also concluded that conditions were too dry for significant upward advection and 
diffusion to occur. 

Although it is true that an estimate of the residual moisture content in the alluvium was 
retrieved from the characterization data, the value of residual moisture content alone did 
not determine a hydrological conceptual model. The residual moisture content is a 
modeling parameter. In this particular case, it was used to define the van Genuchten 
relationship of unsaturated hydraulic conductivity with water content. While it is true 
that higher parameter values of residual water content may yield higher values of 
unsaturated hydraulic conductivity at a given water content, this will affect modeling 
predictions rather than the conclusions made from the site characterization data. 

The site characterization data does not define the dynamic conditions in the very near 
surface where conditions may be periodically altered by atmospheric conditions. The 
purpose of the UNSAT2 14-year infiltration scenario was to investigate, on a 
preliminary basis, dynamic conditions in the very near surface. The UNSAT2 simu- 
lation, may have shown a greater depth of water penetration into the top meter of 
alluvium if a more conservative parameter set (including a lower residud water content) 
had been used. This in turn may have afEected our conclusions about the magnitude of 
upward advection and diffusion. However, given the shallow burial of this source term 
and the assumption that plants and animals penetrate directly into the waste, it is 
unlikely that upward advection or diffusion would be significant relative to transport by 
plants and animals. 

~ 
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12. 

13. 

14. 

15. 

We view site characterization data to be superior to modeling results. Our long-term 
goal is to use site characterization data fiom the Area 5 lysimeters and micrometeoro- 
logical station to calibrate a model such as UNSAT-H. This model will then be 
available to estimate perfarmance of the system under conditions that cannot be 
observed directly. 

Request I.c.(2)(b): Please discuss the sensitivity of the vadose zone travel time to 
unsaturated hydraulic conductivity values. 

Response: A Monte Carlo analysis of unretarded travel time has been included in 
Appendix D. 

Request l.c.(Z)(c): Please discuss the sensitivity of the depth of the Zero Flux Plane to 
climate. 

Response: A qualitative discussion of the effects ofa  wetter climate are discussed in 
Section 2.4.2.2, “Subsurface Hydrology,” under the section entitled “Evolution of 
Vadose Zone Conditions over Time.” 

Request 1.e42): Please discuss the significance of the above-mentioned statement 
(page D-12) in light of the conceptual model for water movement in Zone I. 

Response: The statement referenced on page D-12, “. . . it is not reasonable to consider 
vapor flow as an important mechanism for water movement in the vadose zone,” is 
incorrect. Vapor flow is important for water movement. The statement has been 
clarified to state that, “. . . it is not reasonable to consider vapor flow as an important 
mechanism for radionuclide migration in the vadose zone.” Tritium is the only radio- 
nuclide that could migrate by this mechanism. Tritium has been handled separately 
using very a conservative model. 

Request Z.b.(l): Please provide a description of actions taken by waste operations in 
response to the recommendations in Sections 5.2 and 5.3 of the performance assessment. 
Please include any plans, schedules, and actions that will be taken in response to 
recommendations, as well as those actions already taken. 

Response: Many of the recommendations made in the PA have to do with waste 
acceptance criteria and waste acceptance procedures. As such, these issues are most 
appropriately addressed by the Radioactive Waste Acceptance Program (RWAP) 
maintained by DOENV. Current waste acceptance criteria are defined in NVO-325 
(Rev. 1 >, Nevada Test Site Defense Waste Acceptance Criteria, Certijication, and 
Transfer. This document was being revised during preparation of the Area 5 Perfor- 
mance Assessment. Performance assessment requirements will be implemented in the 
waste acceptance criteria. 

~ ~~~~ 
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16. Request 3h.(l): Please discuss the potential for trench cap subsidence and its effect on 
the long-term site behavior in meeting the performance objectives. Include in this 
discussion the long-tern effects of cap erosion following subsidence, localized infiltra- 
tion, and the subsequent migration of solutes. The discussion should include both 
downward migration and upward migration. 

Response: Subsidence was evaluated by adding an additional release scenario for a 
subsided trench. Additional sections have been added to Chapters 2,3, and 4 describing 
the potential for subsidence, its consequences for release and its consequences for each 
pathway scenario. 

17. Request 3.b.(2): Please describe plans, if any, for closure cap studies. 

Response: In FY 1996, the Integrated Closure Program has three primary tasks being 
conducted by BN staff: Integrated Closure, U3axbl Closure, and Closure Engineering 
(activities are listed with the U3axbl Closure task). Some activities conducted as part of 
the Integrated Closure Program in the past have been transferred to the Low-Level 
Waste Performance Assessment task: 

Gas Generation. Qualitatively evaluate the potential for disposed wastes to generate 
gases and vapors, and model movement of such products within the waste and cover. 

. Subsidence Monitoring. Develop a subsidence monitoring plan. Install stations and 
monitor subsidence on existing interim closure covers. Information to optimize final 
cover design. 

Hvdrologv Monitoring. Install psychrometers and monitor moisture within existing 
interim closure caps. Information to optimize final cover design. 

The above activities and others (e.g., flood hazard assessment) being conducted under 
the Low-level Waste Performance Assessment task provide data required in general for 
the Integrated Closure Program, but also specifically will provide initial information 
requested by the Peer Review Panel; results of this work will be available at the end of 
FY 1996. The hydrology monitoring work above, work being conducted by Desert 
Research Institute in FY 1996, and work proposed by BN for FY 1996 are now being 
redefined to be complimentary and avoid duplication. Activities being conducted by 
Desert Research Institute in FY 1996 are: 

Closure Studies. Determine impacts of subsidence on transport of radioactive waste 
fiom Area 5 trenches and Greater Confinement Disposal. Numerical simulation of 
subsidence rates and surface water drainage. 

Closure Working Group Support. Model the current cover design to determine 
hydrologic performance. Include subsidence and increased precipitation. 
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An activity proposed by BN for FY 1996 is: 

Waste Cell Flow Regime. Simulate the flow regime in a waste cell below a 
subsidence induced depression in the surface of a cover. Includes transport through 
backfiIVimpermeable containers and calibration and verification of flow and transport 
models. 

The U3axbl Closure task being conducted by BN in FY 1996 will provide data required 
in general for the Integrated Closure Program and for closure of U3axb1, but specifically 
BN will provide initial information requested by the Peer Review Panel. Activities of 
the U3axbl Closure are listed below. 

Conceptual Design S U D D O ~ ~ .  Provide consultation specifically for the U3axbl 
conceptual design report and subtasks for closure engineering, including meetings, 
writing, and review. 

Title I and 11 Design. Provide Title I and 11 designs of a closure cover for U3axbl. 

Value Engineerinn Study. Provide a value engineering study of the closure cover for 
U3axbl. 

Alternative Evaluation Study 

- 
- 
- 

At-grade Cover. Develop an at-grade demonstration cover. 
Subsidence Mitigation. Evaluate methods to minimize subsidence. 
Waste Form Ontimization. Determine waste forms that will minimize 
subsidence. 

Phvsical Properties. Determine the physical properties of cover materials. 

Geotechnical Studies 

- Seismic Effects. Determine the effects of ground motion fiom nuclear testing on 
the U3axbl closure cover. 
Waste Form Inventory, Area 5 .  Complete an inventory of waste forms and 
packaging started in FY 1995. 
Potential Subsidence. Area 5 .  Based on an inventory of waste forms and 
packaging, assess the potential for subsidence in Area 5.  

- 

- 

Risk Analysis. Assess risk to the public and environment, and the cost associated 
with various design options ranging fiom basic to elaborate. 

Closure Plan. Develop a closure plan for U3axbl. 
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18. 

19. 

20. 

21. 

Groundwater Monitoring Waiver. Develop a request for waiver of groundwater 
monitoring for U3axbl. Provide support to revision of the Area 5 groundwater 
monitoring waiver. 

Annual review and update of the Integrated Closure Program provides for inclusion of 
activities that address known or newly identified gaps in data. The FY 1996 review and 
update is anticipated to considerably modify the Program, primarily by establishing 
dates for permanent closure of specific waste cells and identifying activities that have to 
be accomplished to reach those goals. Although the cover is designed to accommodate 
increased infiltration (as resulting from ponding in surface depressions caused by 
subsidence), and withstand erosion for long periods of time, tasks will be conducted in 
FY 1996 and outyears to increase understanding of processes or events that potentially 
compromise performance of the cover. 

Request 4.b: Please provide the results of an analysis of the resident farmer scenario. 

Response: The performance assessment has been revised to include a resident farmer 
scenario for consistency. Analysis methods appear in Section 3.2.4.5 and results are 
presented in Section 4.1.1.3. 

Request 5.b.(a): Please update the inventory to include these radionuclides and discuss 
the impact of the radionuclides on the projected doses. 

Response: The inventory has been modified to include 99Tc estimated to be present in 
Fernald enriched uranium waste streams. The inventory was not revised to include 
additional 239Pu in Mound 238Pu waste streams because this quantity was estimated to be 
small relative to the existing inventory. Overall results were unaffected by these 
additions. 

Request 5.b.(b): Please provide a sensitivity and uncertainty analysis on the influence 
of the inventory uncertainties. What is the uncertainty in the inventory and what effect 
would overestimates and underestimates have on the projected radiation doses estimates 
for Area 5? Discuss the possibility that the inventory estimates could be uncertain 
enough to cause the site to exceed the performance objectives. 

Response: A Monte Car10 analysis of inventory uncertainty has been included in 
Section 4.3 “2, “Inventory Sensitivity and Uncertainty.” 

Request 6,a.(2): Please provide justification for the selection of dust loading of 
5.65 x loq4 g mm3 (intruder-construction scenario) and 1.54 x 

agriculture scenario). Why are these values given to three significant figures? Did the 
EIS describe the source of these mass loadings? What is the basis of the text on page 
3-232 indicating that a mass loading of 1.54 x g m-3 is low because of the wetness 
of the drill cuttings? 

g mq3 (intruder- 
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22. 

23. 

24. 

25. 

26. 

27. 

Response: References and justification for these parameters have been added to the 
revised text in Section 3.3. 

Request 6.b.(2): Please provide the source or justification for the value of the shielding 
factor. 

Response: References for the shielding factor has been added to the revised text in 
Section 3,3. 

Request 6.c.(2): Please provide the basis for the mational Council on Radiation 
Protection] NCRP estimate of 0.6 pCi/g. 

Response: The NCRP data cited in the performance assessment was derived from the 
work of Lowder et al. (1964). 

Request 6.d.(2): Please provide the basis or justification for this value [of the indoor 
fiactional mass loading 3.  

Response: A reference for the indoor fractional mass loading has been added to the text 
in Section 3.3. 

Request 6.e.(2): Does the DCF for 238U reflect the yield-weighted contribution from 
234Pa? If not, please provide revised dose estimates including 234Pa. 

Response: The external dose conversion factor for 238U+D appearing in Table E.3 of 
the Performance Assessment (Revision 2.0) did not include the contribution of 234Pa. 
The dose conversion factor has been revised and all results updated. Overall, this 
correction had a negligible impact on the results. 

Request 6.f.(2): Do the concentrations of radionuclides on plant surfaces include the 
contribution fiom rain splash? If not, please give the rational for excluding this process. 

Response: The perfoxmance assessment does not explicitly model rain splash. Our 
decision not to include rain splash is based on the low and infrequent precipitation at the 
NTS, minor contribution of ingestion pathways to the doses estimated in this assess- 
ment, and compensating addition of soil ingestion. The soil ingestion rates used in the 
performance assessment include soil intakes from ingestion of soil on vegetation. This 
was believed to compensate for the processes of rain splash, which is only one of several 
processes leading to contamination of plant surfaces with soil particulates. 

Request 7.(2): Please describe the hydrological regime at Cane Springs in relation to 
that at Area 5. 
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Response: Cane Spring is approximately 14 km (8 mi) southwest of the Area 5 
RWMS. It discharges between 8 and 1 1 liters per minute from volcanic tuff of the Oak 
Spring Formation (Moore, 196 1). The water-bearing formation is likely perched and 
localized (Moore, 1961) and fed by recharge in the surrounding mountains. Transmis- 
sion of water is through fiactures (Moore, 1961), but likely includes inherent porosity. 

Cane Spring is approximately 1,280 m (4,225 ft) above mean sea level. The elevation at 
the Area 5 RWMS is approximately 975 m (3,217 m) above mean sea level. The Area 5 
RWMS is underlain by alluvium approximately 400 m (1,320 ft) thick, 
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D.1 Hydrologic Conceptual Model Development 

This appendix describes the development of the hydrologic conceptual model for the Area 5 
RWMS. The hydrologic conceptual model describes the processes controling the movement 
of water within the vadose zone. The model has been interpreted to identify processes that 
could lead to the release of radionuclides fiom the source. 

Hydrologic and climatic characterization data are available for the NTS (Winograd and 
Thordarson, 1975; Schoff and Moore, 1964), and for the Area 5 RWMS (PEECo, 1993a,b,c; 
French, 1993; Snyder et al., 1993; RSN, 1991a,b; Sully et al., 1995; Lindstrom et al., 1992; 
and Detty et al., 1993). Additional studies have been pexfonned to determine the hydrologic 
behavior of other sites with similar environments (Gee et al., 1994; Fouty, 1989; Fischer, 
1992; Scanlon, 1994; Scanlon and Milly, 1994; Scanlon et al., 199 1). These may be applied, 
by analogy, to the performance assessment of the Area 5 RWMS. 

A preliminary hydrologic conceptual model has been developed from site-specific hydrologic 
data (Section 2.4.2.2). This model proposes that the movement of moisture in the vadose 
zone beneath the Area 5 RWMS can be delineated into four regions of liquid movement: 

ZoneI: 

Zone 11: 

Zone 111: 

Zone IV: 

An upper zone, approximately 35 m (1 1 5 ft) in depth, where a high 
evapotranspiration rate at the surface creates a large negative hydrauIic 
potential for upward liquid flow and drying at the near-surface. 

A static zone where the gradient is negligible. The depth and thickness of the 
static zone varies with location. At Pilot Well UESPW-1 the static zone 
occurs fiom 40 to 90 m (13 1 to 295 ft). 

An intermediate zone below the static zone and extending down 150 to 220 m 
(492 to 722 fi), dominated by gravity drainage or vertical downward flow. 
The top of the intermediate zone occurs at 90 m (295 fi) in Pilot Well 
UESPW-1. The high water potentials and low water contents in this zone 
suggest that flow is under a quasi-steady-state condition. This condition was 
reached a considerable time after the end of a much wetter climatic period 
when recharge was higher. 

A lower zone, immediately above the water table, where the hydraulic 
potential is near zero and the water is under a capillary fringe condition with 
relatively static conditions producing little flow. 

Additionally, site characterization data indicate that the alluvium can be considered as a 
homogenous, isotropic medium (Sully ef al., 1993; Jstok et al., 1994). This appendix 
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focuses on the processes controlling the movement of water in Zone I and their implications 
for radionuclide transport. The upper 35 m (1 15 ft) of the alluvium (Zone I) is emphasized 
because all disposal units are within this zone. 

Five hydrologic processes have the potential to affect water movement wi& Zone I 
(Figure D.1). These processes are: 

Transient precipitation-infiltration events. 
Variable seasonal evapotranspiration. 
Vapor flow driven by thermal gradient. 
Upward andor downward advective liquid flow. . Upward diffusion of nuclides within liquid phase driven by concentration gradient. 

The timing and magnitude of precipitation and evapotranspiration are major factors 
controling water movement in the vadose zone. The sole source of water in the system is 
precipitation. High evapotranspiration removes much of the precipitation entering the system 
before it can infiltrate to significant depths. The dry conditions that prevail most of the time 
in the near surface lead to extremely low unsaturated hydraulic conductivities and little 
movement of moisture. The natural hydrologic conditions at the Area 5 RWMS act to reduce 
the potential for radionuclide release and transport. 

D.1 .I Screening of Hydrologic Processes 

This section describes the results of a preliminary evaluation of the significance of 
hydrologic processes. It is based on site characterization data and results from analogous 
desert sites. 

D. I . I. I Precipitation 

Precipitation is the sole source of water entering the vadose zone. The duration and intensity 
of precipitation is highly variable in Frenchman Flat, ranging from short, intense isolated 
thunderstorms in the summer to longer, lower-intensity events in the winter. 

The longest record of daily rainfall near the Area 5 RWMS (as of 1995) covers a 3 1 -year 
period, from 1963 to 1994, recorded by the National Oceanographic and Atmospheric 
Administration (NOAA) at Well 5B (Table D. l), of which the most recent 14-year period is 
available on electronic media. Over this period, the mean annual rainfall was 12.55 cm 
(4.9 in). The annual total was highly variable ranging from a minimum of 2.90 cm (1.1 in) to 
a maximum of 23.42 cm (9.2 in). Figure D.2 shows the 14-year period used in hydrologic 
modeling in Section 2.4. 
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PRECIPITATION 

EVAPOTRANSPlRATlON 

Uouo ROW O W E N  BY NEOATNE 
POTEN17AL ORADlEM 

----- -------I-- 

ZERO FLUX PLANE 

LDUID FLOW DRIVEN BY POSITIVE 
POTEMlAL GRADIENT 

Figure D.1 Potential Hydrological and Meteorological Processes Affecting Water Movement in the 
Vadose Zone at the Area 5 RWMS, (Arrows depict direction of flow and gross relative 
magnitude only; not drawn to vertical scale.) 
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Table D.1 (continued) 

YR 

82 

83 

84 

a5 

86 

87 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YEAR 

0.787 18,694 0 787 1.016 4.293 0.965 2.057 0.305 1.676 2 134 2.565 0.533 I .575 

2.438 0 330 2.261 1,118 0.279 0.05 1 0.076 9.500 3.099 0.38 1 1.372 1.422 22.327 

6 655 6 426 0.425 0.668 3. i75 5.690 23.419 

1 

- 0 406 - 0.127 - - 

0.584 0.6 10 I .702 0.483 8.33 1 1.372 0.127 0.254 0.025 0.178 0.279 2.7 18 - 

3.048 0.864 2.210 0.254 0.813 - 1.397 2.565 0.076 1.219 1.65 I 1.067 15.f54 

2.083 0.559 0.610 1.143 5.004 0.203 1.803 0.813 - 2.489 t 524 1.753 17.983 

MEAN 1.575 1.499 I .397 

- - MIN + 

MAX 5.029 7.087 6.096 

SD 1.575 1.98 1 1.626 

t "-" indicates zero precipitation. 

0.737 0.762 0.305 I .067 1.346 0,940 0.635 1.032 1,219 12.548 

- - - 2.896 

4.216 5.004 2.235 6.655 9.500 5.486 2.870 3.53 I 5.791 23.419 

1.016 1.016 0.483 1.448 2.032 1.321 0.787 1.168 I .524 5.410 

- - - - - - 
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Figure D.2 Daily Precipitation Data Collected for Well 5B at Frenchman Flat From 1980 to 1994 
(NOAA) 
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D.1 #I .2 Evapotranspiration 

Evapotranspiration (ET) includes evaporation from bare soil, due to solar radiation and 
transpiration of water from the subsdace into the atmosphere via vegetation. Evapo- 
transpiration varies widely, depending upon the species of vegetation, soil structure, 
temperature, and supply of water. Evapotranspiration can refer to either potential evapo- 
transpiration (ET,,,) or actual evapotranspiration (ETAm). ETpoT is that amount of 
evaporation that would arise from a soil if enough water were always available to meet the 
evaporative demand. As soil dries, it becomes increasingly difficult to transmit water from 
the wetter areas within the soil. profile to the surface, where evaporation takes place. This 
inhibits the evaporative process, making the actual evapotranspiration, ETACT, considerably 
less than ETpOT. Evapotranspiration may be determined either fiom an energy balance 
analysis, by empirical calculation, or by pan evaporation measurements (Monteith et al., 
1990; Jensen et a/.,  1990). 

At the Area 5 RWMS, ETpoT varies with net radiation, relative humidty, and wind speed. 
Because of high average temperatures, low humidity, and high rates of ground surface 
insolation on the NTS, ET,, is relatively high and ranges from 169.8 to 178.5 cm yr-’ (66.8 
to 70.2 in yr-’) in Area 6 (French, 1993). Because the elevation of Area 6 is greater than that 
of the Area 5 RWMS, using ETpoT values fiom Area 6 for the RWMS is very conservative. 
The annual value of ETpoT is quite high compared to the mean annual value for precipitation 
(1 70 cm versus 12 cm [66.9 vs. 4.7 in]). 

Accordingly, the vast majority of the precipitation falling on the Area 5 RWMS is lost to the 
atmosphere before or after infiltration. Experimental and modeling studies in the similar 
climate of the Chihuahuan Desert of Texas have also shown shallow and rapid recycling of 
precipitation (Scanlon, 1994; and Scanlon and Milly, 1994). These authors showed that the 
vast majority of movement of both liquid and water vapor was limited to the upper 30 crn 
(1 1.8 in) of soil. Because the climatic conditions of precipitation, evaporative demand, and 
the soil conditions of the Chihuahuan Desert are comparable to that at the NTS, Scanlon and 
Milly’s results also should be applicable to the Area 5 RWMS. This conclusion is supported 
by matric potential profiles measured at the Area 5 RWMS (REECo, 1993a,b,c). 

ESTIMATION OF THE ANNUAL ET AT THE AREA 5 RWMS 

To understand the significance of ET in the near-surface alluvium, it is desirable to know 
ETAcr on an annual basis. For this reason, and as part of the ongoing site characterization 
study, a water balance monitoring program has been initiated using two weighing lysimeters 
to measure ETAcT at the Area 5 RWMS. In 1995, two lysimeters were undergoing calibra- 
tion, Because these data were not available for this performance assessment, Penman’s 
(1 948) combination equation was used to estimate the daily ET,,,. 

The Penman equation estimates the maximum ETpoT at the soil surface from the temperature 
and vapor pressure of the evaporating surface, the difference in energy flux at the surface, 

~~ 
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atmospheric pressure, and wind speed. The micrometeorology station at the Area 5 RWMS 
records these variables. A modified form of the Penman equation (Jensen et al., 1990) is: 

4- 6.43 Wf(eZo - ez)  

where: 

Et" 

A 
A 

T 
e" 
Y 
CP 
P 
Rn 
G 

potential evapotranspiration; 
latent heat of vaporization (M kg-'); 
slope of saturation vapor pressure curve (4098 e')/(T+237.3)2, (kPa "C-I); 
Tetens (1 930) and Murray (1 967); 
dry bulb temperature (C"); 
saturation vapor pressure (Wa); 
psychrometric constant (C, P)/(0.622 A = 66.8 kPa "C-I), ( P a  "C-')'; 
specific heat of moist air at constant pressure (1 .O 13 kJ kg""C); 
atmospheric pressure (kPa); 
net radiation (MJ rn-2 d- l); 

average daily sensible heat flux to the soil (MJ m-* d"l); 

difference between incoming solar radiation and outgoing long-wave radiation 
fiom the soil surface; 
linear wind coefficient or function; 
saturation vapor pressure over water (Wpa); 
actual vapor pressure at z level above ground surface (kPa); and 
vapor saturation deficit. 

The linear wind coefficient or wind function is given by: 

where: R, > 0 
Rn 5 0 
u2 

a,,, = 0.27 and b, = 0.526 
a, = I .  14 and b, = 0.401 (Frere and Popov, 1979), and 

= wind speed at 2 m above ground surface (km d-l). 
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The potential ET at the Area 5 RWMS was estimated using the modified Penman equation 
above and data collected at the micrometereorolgy station. Because the micrometeorology 
data set available at the time of analysis was limited to 2 1 1 days (from January 1, 1993, 
through July 30, 1993), the ETPoT was calculated for roughly half a year through the summer 
solstice on June 2 1 .  The data show a consistent rise in the evaporative demand from the 
winter months into the summer. A fourth-order polynomial was fit to the data to smooth the 
scatter within the individual data points and provide a smooth curve relating the evaporative 
demand to the time of year (Figure D.3). The fitted curve for the first 6 months of the year, 
where the independent variable x denotes day of the year (January 1 = 1 ,  January 2 = 2, etc.), 
was: 

ET = - 2 . 2 8 7 E - 8 x 4  + 7 . 5 8 0 E - 6 x 3  
Pot 

- 6.430E-4x2 + 0 . 0 4 5 0 ~  + 0.978, 

The coefficient of determination (9) for this model was 0.84. The ET,,, for the rest of the 
cycle, from the s m e r  solstice through the end of December, was approximated by 
reflecting the curve (mirror image) about the summer solstice, which yielded a plausible set 
of values for the entire year. 

D.1 .I .3 Vapor Flow Driven by Thermal Gradient 

Water transport by vapor flow at the Area 5 RWMS involves vertical diffisive fluxes driven 
by vapor pressure gradients. These vapor pressure gradients may be caused by ( 1 )  spatial 
variations of water content, which are associated with the matric potential gradient, which 
influences the vapor pressure driving force; and (2) surficial warming of the soil due to 
incident solar radiation, which can produce a thermal gradient. These two vapor flow 
mechanisms are termed isothermal and nonisothennal (thermal), respectively. 

Isothermal vapor flow is generally neglected in transport analyses because the effects only 
occur extremely close to the surface, and are otherwise very small in magnitude. Scanlon and 
Milly (1 994) found that upward isothermal vapor flow at a Chihuahuan Desert site was 
significant only within the top 5 cm (1.9 in) of the soil profile. Based on these data, there is 
no reason to believe that upward isothermal vapor flow in the Mojave Desert has any 
significant impact on radionuclide transport at the RWMS. 

Thermal vapor flow plays a larger role in the subsurface. Thermal gradients lead to vapor 
pressure gradients because the vapor pressure of water is strongly dependent on temperature. 
The direction of vapor flow due to thermal gradients varies seasonally and daily. In the 
upper 10 to 20 cm (3.9 to 7.8 in) of alluvium, the solar radiation at the surface causes a 
negative thermal gradient which quickly fades with increasing depth, driving water vapor 
within the pore spaces of the alluvium downward below the surface. In the winter, the 
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Figure D.3 Potential Evapotranspiration Calculated With a Modified Form of the Penman 
Equation (Jenson ef al., 1991) Using Micrometeorological Data Collected at the Area 5 
RWMS 
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thermal gradient is upward, and the tendency for vapor movement is up and out of the soil 
into the atmosphere. This cyclical behavior also occurs on a daily basis as well. This 
conceptual model of vapor movement is supported by Scanlon and Milly (1 994). They 
showed that although both thermal and isothennal vapor fluxes are small below 30 cm 
( I  1.8 in), water movement in the Chihduan  Desert was dominated by the thermal vapor 
flux. The magnitude of thermal vapor flux in the subsurface was extremely small, and 
ranged from 1.5 m yr-I, at a depth of 0.5 m (1.6 ft), to 0.17 mm yr-I, at a depth of 5 m 
(1 4.4 fi). The high degree of climate-induced surface heating tended to cause downward 
movement of soil water vapor from the surface after each rainfall. The vapor flow quickly 
died away once the water content was removed from the near surface. 

Because Frenchman Flat and the Chihuahuan Desert have similar climates, one would expect 
Scanlon and Milly’s findings to hold at the Area 5 RWMS as well. Although thermal vapor 
flow may remain as an import process for water movement, it is not believed to play an 
important role in radionuclide migration. Tritium is the only radionuclide that could be 
transported by this mechanism. 

D.1 .I .4 Advective Liquid How 

Advective movement of water is driven by a difference in the total potential at various 
locations within the soil profile. The rate and direction of movement depend on both the 
magnitude and sign of the total gradient, as well as the hydraulic conductivity (K(0)) at the 
prevailing water content (0) (ie., the drier the soil, the less the hydraulic conductivity). 
Figure Dd I shows two separate arrows for advective transport of liquid; LIQ-POT and LIQ+poT. 
LIQwPoT reflects the upward flow of liquid driven by a negative water potential gradient, 
which results from the high evaporative demand at the land surface. This upward flux 
nonnaliy dominates under ambient conditions at the Area 5 RWMS. LIQ+POT indicates a 
downward direction of liquid fiow driven by a positive water potential gradient, which might 
occur after infrequent infiltration events. 

UPWARD ADVECTION DRIVEN BY POTENTIAL GRADIENT 

Because the matric potential profile data from the Science Trench Boreholes (REECo, 1993~) 
and the Pilot Wells (REECo, 1993b) show strong total potential gradients from a depth of 30 
to 35 m (99 to 1 15 ft), water will tend to move upward in this zone. Dissolved nuclides could 
conceivably travel upward with the water and eventually be transported to the surface or to 
the root zone. Although the alluvium’s low water content will cause the magnitude of flux to 
be very small, the velocity of liquid water movement from the waste cell to the surface and 
associated travel time can be estimated. 

.- 
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METHOD OF ANALYSIS 

The mean travel time for upward advection was determined by discretizing the smoothed 
water potential profile and using a step-wise constant approximation for dl(r/dz. Isotropic 
conditions can be assumed (REECo, 1993c; Istok et al., 1994; Sully et al., 1993). 

Darcy's law for isotropic vertical unsaturated flow, ' 

may be used to calculate the velocity (v) of the pore fluid (v=qJn, where n is the water-filled 
porosity). Because upward flow occufs only within the top 30 to 35 m (99 to 115 ft) of 
alluvium, data from the Science Trench Boreholes (REECo, 1993c) was used rather than 
from the Pilot Wells (REECo, 1993b). Using a mean smoothed matric potential profile of the 
top portion over all of the Science Trench Boreholes (Figure D.4), the slope of the profile 
dqidz was discretized into segments (Figure D.5). A step-wise approximation of the Darcian 
flux along the profile was generated by assuming that the value for d@/dz is constant within 
each segment. 

The unsaturated hydraulic conductivity was estimated using the geometric mean soil-water 
characteristic data obtained fiom the Science Trench Boreholes (Figures D.6 and D.7, and 
Table D.2). A relation between water content and matric potential was obtained by fitting 
water retention data to a model by van Genuchten (1 978; 1980) of the form: 

r 1 -m 

where 0, is the volumetric water content (cm3 ~ r n - ~ ) ,  8, is the saturated volumetric water 
content, 8, is the residual volumetric water content, is the matric potential (cm), and 01, 

(cm-'), and n are fit parameters. The parameter m is related to n as m=l-l/n. The 
unsaturated hydraulic conductivity function K(B) was obtained by substitution of the van 
Genuchten model parameters into the Mualem (1 976) model for unsaturated hydraulic 
conductivity. Doing this we obtain: 

D-I2 Performance Assessment 



n E 

- 
0 -- 

10 - 

20 - 

c 

c 

30 - 

c 

land surface 

2.4 m 

8.5 m 

0 -50 -1 00 -150 -200 

MATRIC POTENTIAL (bars) Y 

Figure D.4 Smoothed Average Depth Pmfde (modified power function) Calculated From Near- 
Surface Matric Potential Data. Surface data was collected for alluvium from tbe 
Science Trench Boreholes (REECo, 1993~). Diagram of a shallow land burial low-level 
waste cell at the Area 5 RWMS is included to indicate the average vertical dimensions 
of a generic waste cell with respect to tbe land surface (including a temporary 2.4-m 
cap of native alluvium). 
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Figure D.5 Methodology Used to Discntize the Smoothed Matric Potential Pmfde in the Alluvium 
From the Science Trench Boreboles. The diagram sbows the discretization for a 
hypothetical segment "d," where the change in water potential with depth is assumed to 
be linear. 
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Table D.2 Descriptive Statistics for Hydraulic Properties (fitted van Genuchten parameters) From All 
Science Trench Borehole Core Samples (UeST-1, ST-ZA, ST-2, ST-4, ST-5, ST-6, ST-7). 
“Min” and “max” are minimum and maximum; “mean” and “s” are, respectively, the 
geometric mean and arithmetic standard deviation (REECo, 1993~). 

where K, is the saturated hydraulic conductivity and S the effective saturation defined by: 

The mean matric potential within each segment was translated into water content using 
Equations D.6 and D.7 (Figure D.6). 

The average travel time for liquid water to flow from 2.4 m (8 ft) below the soil surface (top 
of the emplaced waste) to the soil surface was calculated using the computer programs 
UPPROF and UPPFLOW. UPPROF calculates water potential as a function of depth below 
the surface, using an equation fitted to the Science Trench Borehole data in Figure D.4. A 
table of water potential values was calculated, which was used as input for the program 
UPFLOW. 

UPFLOW sums the travel times for liquid flow through each segment, from any point within 
the profile (Figure D.5 and Equation D.4), to determine the total travel time for a given 
distance of interest, such as the distance required for water.to travel 2.4 m (8 ft) up from the 
projected uppermost surface of the waste cell to the land surface. 
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RESULTS FOR UPWARD ADVECTIVE LIQUID FLOW 

The calculations described above suggest that the total time for liquid water to travel 2.4 m 
(8 fi) up fiom the top of the emplaced waste to the land surface (based on matric potential as 
the only driving force) is about 5 x 10' years (0.000048 mm yP) .  The distance traveled in 
10,000 years is estimated to be less than 1 cm (0.16 in). This extremely long travel time is 
the result of the very low water content in the alluvium. Based on these calculations, upward 
advection of contaminants is not expected to be a concern under the dry ambient conditions 
that occur most of the time in the vadose at the Area 5 RWMS. Radionuclides will traveJ 
negligible distances within 10,000 years and most will decay to insignificant levels before 
reaching the surface. 

D I  .I .5 Upward Diffusion of Nuclides Within the Liquid Phase Driven by a 
Concentration Gradient 

The limited infiltration of water at the surface suggests the potential for upward diffusion of 
nuclides through the temporary 2.4 m (8 ft) cap to the surface. The movement of solutes in 
soil systems was recognized early on to be influenced by the moisture content of the soil as 
well as the concentration gradient (Heslep and Black, 1954; Stewart and Eck, 1958). This 
movement can be described by Fick's fust law adapted for unsaturated media as: 

dC F = -D(8) -  
dx 

where the mass flux of diffusing substance (F) passing through a given unit area cross section 
per unit time is proportional to the concentration gradient (dC/dx) multiplied by the diffusion 
coefficient (D(0)). In porous media, the effective diEfusion coefficient D(0) becomes very 
small as the water content of the soil decreases because (1)  a continuous liquid phase to 
support diffusion is absent, (2) an increase of the viscosity of water near the grain boundaries, 
and (3) adsorption of the solute onto the grain boundaries themselves (Olsen et al,, 1965). 

Because the upward diffusion in the alluvial pore spaces requires a continuous phase of liquid 
water in which to take place, diffirsion will not yield any significant additional flux of 
nuclides away fiom the system under the present dry conditions. This conclusion is 
supported in the literature by studies involving C1- in Ca2' saturated systems (Porter et al., 
1960) where zero transmission was observed at water contents ranging from 0.077 to 0.155 in 
a loam soil. Because the average background water content of the alluvium at the RWMS is 
at most 0.10 to 0.12, difhsive transport of radionuclides is not expected to be important. In 
the near-surface alluvium, volumetric water content can be as low as 0.02. Under these 
conditions diffusion of dissolve solutes is expected to be negligible. 
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D.? .I .6 Summary of Screening Analysis 

A preliminary screening analysis of hydrologic processes affecting water movement in the 
vadose zone has been performed. The implications of these processes for radionuclide 
transport has been evaluated. Although thermal vapor fluxes at analog sites have been found 
to be significant, this process is not a viable mechanism for radionuclide transport. While a 
potential for upward advective flow exists, the prevailing dry conditions of the alluvium 
reduce hydraulic conductivities to such low levels that most radionuclides will decay before 
reaching the accessible environment. Upward diffision also is not likely to be of any 
significance under ambient dry conditions. Because of the extremely dry nature of the 
alluvium and the prevailing climate at the Area 5 RWMS, liquid advection and diffision stre 

too small to significantly affect the movement of radionuclides out of the waste cells. 

D.2 Transient Infiltration Modeling 

In the previous section, it was shown that under the conditions that prevail most of the time at 
the Area 5 RWMS, the alluvium is too dry to allow significant advection of moisture or 
diffusion of solutes. These conclusions were based on site characterization data that repre- 
sent measurements collected at one point in time. Because precipitation and ET can vary, 
additional study of the transient effects of infiltration was performed. 

D.2.1 Numerical Model Selection and Reasoning 

To model unsaturated liquid flow, an unsaturated flow code was required that was capable of 
simulating transient infiltration arising fiom discrete precipitation events and a seasonal 
evapotranspiration rate. A one-dimensional analysis was deemed sufficient for the Area 5 
RWMS because (1) the site characterization data indicate that the hydrologic properties of the 
alluvium are isotropic and homogeneous (Sully et al., 1993; Istok et al., 1994), and 
(2) precipitation and evapotranspiration occur over a wide area of terrain producing only 
vertical gradients and flow in the subsurface within the boundaries of the waste cells. The 
UNSAT2 computer code (Davis and Neuman, 1983) was the code selected. 

D.2.1 .I Code Description 

The UNSAT2 computer code was originally documented by Neuman ef al. (1974) and 
applied to various flow problems by Feddes et al. (1 974), Kroszynski and Dagan (1 979,  Wei 
and Shieh (1979), and Zaslavsky and Sinai (1981). The model is intended for one- or two- 
dimensional simulation of unsaturated flow in porous media. 

The method of solution is based on a lumped-mass Galerkin f ~ t e  element scheme. 
Quadrilateral and triangular elements, generated by a companion program named GRIDDER 
(Guman, 1993), were used. The Galerkin method produces a set of simultaneous linear 
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algebraic equations which are eventually solved for matric potential at all nodes at any given 
time, using a Gaussian elimination scheme specifically tailored for symmetric positive- 
definite banded-type matrices. 

Acceptable boundary conditions include prescribed head, prescribed flux, and various 
atmospheric limited conditions such as seepage faces and infiltratiodevaporation. Transient 
conditions are allowed for by changing both the type and/or value of boundary conditions by 
a restart feature. 

D.2A “2 Theoretical Framework 

The governing equation solved in the UNSAT2 code is Darcy’s Law for variably saturated 
flow or Richard’s equation. Combined with the mass continuity equation in vertical one- 
dimensional form for homogeneous isotropic media, the equation is: 

where: 

hydraulic conductivity, 
water potential, 
time, 
depth dimension, 
specific moisture capacity = 80/a*, 
volumetric water content, 
source/sink term, 
specific storage, and 
0 in unsaturated zone, 1 in saturated zone. 

Equation D.9 states that the amount of liquid advection and/or drainage into or out of a 
discrete elementary volume of porous material due to a matric gradient, is equal to the change 
in storage within the volume, plus or minus additional outside sources or sinks. The specific 
storage is assumed constant In time in saturated regions, and zero in unsaturated flow regions, 
because only in saturated systems is storage affected to any degree by compressibility effects. 
Hysteresis in either the moisture characteristic curve, 0(*), or the specific moisture capacity, 
C(rcI>, is not considered in the code. 
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Dn2n1.3 Code Requirements 

UNSAT2 was originally developed for use on an IBM system, and was documented for a 
CDC 6600/7600 mainfi-me system. The program has been written in standard FORTRAN- 
77. Computer memory and peripheral disk storage requirements are a function of the size of 
the problem (i.e., number of defining nodes and/or elements). Because of the implementation 
of the finite element method, large amounts of core memory are not normally required for 
successful simulations. 

Initial testing revealed that a 7,000-node 2-D simulation is possible on an IBM 80486-66 
MHz PC with 16 Mb memory utilizing a 32-bit FORTRAN compiler operating under the 
WINDOWS" 3.1DOS operating system. Because the performance assessment simulations 
were one-dimensional, the PC provided more than enough resources to accompIish the 
modeling task. 

The input data required by UNSAT2 include the sirnulation title, output control, general 
simulation control data (number of nodal points, maximum number of iterations, simulation 
time, step size, etc.), porous material properties (porosity, hydraulic properties), and nodal 
point and element information (type of boundary conditions, etc.). 

Initial conditions are satisfied by providing the matric potential at every node within the 
domain. Hydraulic properties must be specified for each material if the simulation involves a 
heterogenous system. These include saturated hydraulic conductivity, specific storage, 
porosity, relative conductivity as a function of moisture content, and matric potential as a 
function of water content. Functional relationships supplied as a user option within the 
program include the van Genuchten model, the Gardner model, the Garner-Russo model, or a 
user-defined formulation. 

D.2.1.4 Output Options 

The current version of UNSAT2 provides an output file containing the x, y, z coordinates, 
matric potential, nodal number, and total head values at the end of the simulation. The 
plotting program used, TECPLOP, needed input in a different format. Thus, several 
modifications were added to the code to provide input for TECPLOT? In particular, a new 
subroutine called UNPLOT was added to provide a real-time visual interface to UNSAT2 
when one-dimensional simulations were performed. UNPLOT allows the user to observe the 
evolving matric potential and water content profiles and iteration process during the 
simulation. Additional segments of code were added to the main program and to the 
subroutines MOIST and FEM to allow the user to output matric potential and moisture 
content versus the nodal coordinate system into an output file, suitable for use as an input file 
for the plotting program TECPLOT? 
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Parameter Description 

Saturated hydraulic conductivity 

Column length 

Initial infiltration rate 

Transient infiltration rate 

Pare size parameter 

Residual water content 

Saturated water content 

Simulation time 

D.2.1.5 Numerical Code Verificafion 

~ ~~ 

Symbol Value for Simdation 

Ks 1.0 crn hr-I 

L 100 crn 

q A *  0.1 cm hr-’ 

qB* 0.9 cm hr-’ 

U 0.01 cm-‘ 

0, 0.20 

8s 0.45 

t 1 h  

Verfication and Validation 

Code verification refers to the degree to which a computer code can accurately reproduce or 
reflect the mathematics used to describe the natural phenomena being simulated. Generally, 
a mathematical model is considered verified when the results f o m  a model can be shown to 
be accurate approximations to exact analytical solutions, even if the exact analytical solution 
does not reproduce the natural phenomena itself. Thus, verification is simply a test to 
determine if the mathematical representation within the model is sound and enor-free. 
Validation, on the other hand, has been defined by various authors as either (1) “assurance 
that a model, as embodied in a computer code, is a correct representation of the process or 
system for which it is intended” (NRC, 1984); or as (2) “a process whose objective is to 
ascertain that the code or model indeed reflects the behavior of the real world” (DOE , 1986). 

To verify that the numerical code in UNSAT2 could accurately reproduce the underlying 
mathematics of Richard’s equation (Equation D.9), a comparison of the solution obtained 
from UNSAT2 for a transient problem was compared to the exact analytic solution presented 
by Yeh and Srivastava (1 991). 

A one-dimensional unsaturated flow simulation was performed with UNSAT2 for a 100-cm- 
(40-in)-long soil column in which the hydraulic properties are described by the Gardner 
exponential model (Gardner, 1958). The parameters used in the simulation are presented in 
Table D.3, The UNSAT2 results were compared with the analytical solution. The UNSAT2 
results and the analytical solution were found to be in excellent agreement (Figure D.8). 

Table D.3 Parameter Values Used for Verification Test of UNSAT2 Flow Code 
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Figure D.8 UNSAT2 Solution (solid lines) versus the Analytical Solution of Yeh and Srivastava 
(1991) (boxes) for Wetting Profile Simulation for a 100-cm-long Soil Column with a 
Water Table at the Bottom. (102 nodal points, 50 erements, 100 max iterations, 0.25 
initial time interval, 0.05 min time interval, 1.1 multiplier, 0.1 max iteration error.) 
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Only through site characterization and monitoring over an extended period of time can 
sufficient confidence be gained that the model reflects the real site over a broad range of 
conditions. Because of the site-specific nature of this process, validation of the UNSAT2 
code is not yet possible due to unavailability of relevant data. When enough data become 
available for the environmental conditions at the RWMS, it will be possible to validate the 
code against a range of conditions. 

However, the code has been validated numerous times at other locations. The reader is 
referred to the UNSAT2 manual (Davis and Neuman, 1983) for specific instances in which 
the UNSAT2 simulation results were compared to laboratory and field data. In particular, the 
code was validated for two laboratory experiments involving drainage from a one-dimen- 
sional column experiment, and a two-dimensional flume test (Skaggs et al., 1970; Duke, 
1973; and Hedstrom et al., 1971); and one two-dimensional field scale study (Neuman et al., 
1974) which investigated the water loses due to evapotranspiration and leakage to a lower 
aquifer on a potato field in the Netherlands. All three simulations essentially agreed with 
field andor laboratory observations. 

D.2.2 Model Assumptions and Parameters 

The transient modeling case was developed to describe the hydrologic environment in the 
near surface of the Area 5 RWMS under typical atmospheric conditions involving transient 
infiltration arising from time-varying precipitation and evapotranspiration. The assumptions 
and parameters used in the numerical model are described below. This modeling case was 
analyzed to determine if transient infiltration could lead to wetter conditions in the vadose 
zone that would allow upward advection or difision to proceed at significant rates. 

D.2.2.1 Hydraulic Properties of Alluvium 

The following assumptions were made about the hydraulic properties of the alluvium. 

The hydrologic properties of the alluvium are homogeneous and isotropic. This includes 
porosity , saturated hydraulic conductivity , moisture retention, and unsaturated hydraulic 
conductivity. 

Water content of the alluvium is very low near the surface and increases only slightly with 
depth (from 5 percent at the surface to about 10 percent at a depth of 37 m [122 ft]) 
according to a smooth function as indicated by the Science Trench Borehole data 
(Figure 0.4). 

Liquid flow is the only process of hydrologic consequence, and it occurs only in the 
vertical direction. 
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D.2.2.2 Model Boundary Conditions 

The simulation was performed using the longest record of tabulated daily precipitation data 
available for the Area 5 RWMS, a 14-year record collected within Frenchman Flat at 
Well 5B (Table D. I ) .  Daily variation in evapotranspiration was estimated in Section D. 1.1.2 
from a modified form of the Penman equation (Jensen ef al., 1990). 

Because the simulation was one-dimensional in the vertical direction, the boundary 
conditions both at the soil surface and at depth were specified. The soil surface boundary 
condition was variable; i.e., the upper boundary condition was changed every 24 hours. The 
magnitude of either evaporation or infiltration occurring at the nodes along the soil surface 
was a function of the water content history in the soil and the weather conditions each day 
during the 14-year simulation. Daily data were used because the actual rate of evaporation 
each day may be limited by the ability of the soil to transmit water upward to the surface. 
Conversely, the actual rate of infiltration may be limited by the infiltration capacity of the 
soil. 

The simulation began with daily rainfall data from January 1, 1980, and ended with daily 
data from December 3 1, 1993. Rainfall over each 24-hour period was treated as a positive 
flux. On days in which there was no precipitation, the evapotranspiration rate, as calculated 
from the Penman equation, was averaged over each 24-hour period and applied as a negative 
flux at the surface nodes. 

The bottom boundary condition was set at the water table as a prescribed head condition 
(Jr=O). 

D .2.2.3 Initial Conditions 

The initial conditions assumed for the simulation include the water potential profile or water 
content distribution in the alluvium with depth. This condition was set equal to the smoothed 
average water potential profile shown in Figure 0.4 from the Science Trench Borehole data 
(REECo, 1993~). 

D.2.2.4 Model Domain Discretization 

The one-dimensional domain was modeled with a 28 1 -rectangular-element grid network of 
564 nodes. The domain discretization was very fine, both at the soil surface (0.01 m 
C0.39 in]) and at the water table, and expands to 2 m (6.6 fi) in the center of the domain. 

D .2.2.5 Parameter Selection 

The hydrologic parameters used in the simulation were derived fiom data in the Science 
Trench Borehole Report (REECo, 1993~). These included the geometric mean for saturated 
hydraulic conductivity, residual and saturated water content, and the van Genuchten fitting 
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Rainfall infiltration rate 

Evapotranspiration rate 

Pore size parameter 

van Genuchten parameter 

Residual water content 

parameters alpha (a) and (n) for the average water characteristic curve. These values are 
summarized in Table D.4 and Figures D. 6 and D. 7 .  Because the alluvium can be treated 
hydrologically as an isotropic homogeneous medium (Sully et al., 1993; Istok et al., 1994), 
no layering was incorporated into the model. 

- variable - daily 

- variable - daily 

a 1.9 m-] 

n 1.83 1 

0, 0.075 

a 

Table D.4 Parameter Values Used for the Transient Infiltration Model Using the UNSAT2 Flow Code 

Number of elements 

Nodal spacing 

NUMEL 28 1 

- variable - 1 cm to 2 rn 

Saturated water content 0s 0.361 I I I 

Simulation time 

Number of nodes in grid I "P I 564 I 

t 14 yrs 

D.2.3 Model Results and Conclusions 

The water content profile from the simulation was output every day in which the precipitation 
was greater than 1 cm (.39 in), and at the end of every year as shown in Figure D.9. Two 
conclusions can be drawn from the results: 

The maximum depth of infiltration during the simulation was less than 0.5 m (1.6 ft) (0.20 
to 0.25 m [ O h 5  to 0.82 fi]). 

The water content profile at each years'-end shows that the evaporative demand was 
responsible for reducing the water content in the near surface during the year and was the 
major factor in preventing water fiom moving deeper down the profile. 

.. 
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Figure D.9 Transient Modeling Case Showing the Evolution of the Water Content Profile 
According to the UNSAT2 Flow Code for a 14-Year Simulation of the Area 5 RWMS 
Using Actual Daily Precipitation Data and Estimated Potential Evapotranspiration 
Calculated With the Penman Equation 

_ _  
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The simulated results show that under the conditions modeled (indicative of the current arid 
climate regime), most of the precipitation available for recharge is recycled back to the atmo- 
sphere because of the large daily evaporative demand at the surface. Even though the 
simulation was for a limited period of time (14 years), these results are a strong indication 
that water is unlikely to infiltrate to the depth of buried waste under current climatic 
conditions. 

0.3 Estimate of Travel Time 

Site characterization data and transient modeling strongly support the conclusion that 
recharge of the aquifer is not occurring through the alluvium at the Area 5 RWMS. The 
vadose zone beneath the Area 5 RWMS is thick and dry. In the unlikely event that recharge 
were to occur, travel times are likely to be so great that significant radioactive decay would 
occur before radionuclides could reach the aquifer. This section provides an estimate of the 
unretarded travel time as additional evidence that groundwater transport is not a credible 
exposwe pathway at the Area 5 RWMS. 

The travel time of water infiltrating through the disposal unit to the water table is determined 
by the saturated hydraulic conductivity, the volumetric water content, and the unsaturated 
hydraulic conductivity curve of the soil. Previous analyses of travel times have assumed 
homogeneous and isotropic conditions based on the results of Sully et al. (1 993) and Istok 
et al. (1 994). Although this is a reasonable assumption, variation on a scale of 1 to 2 m (3 to 
6 ft) does occur, both with respect to the measured hydrologic parameters and grain size 
distributions. 

The implication of heterogeneity is that the travel time will vary from point to point within 
the unsaturated zone because of the natural variation in hydrologic properties in the various 
layers of alluvium. Snyder and Gustafson (1 994) observed that these naturally occurring 
horizons (or layers o f  alluvium) are laid out in thicknesses varying from approximately 0.6 to 
2.4 m (1.9 to 8.5 ff). 

A realistic approach would be to sum the travel time for each horizon between the disposal 
unit and the water table. Implementing this method, however, requires absolute knowledge 
of the number of horizons occurring between the waste and the water table, as well as the 
hydrogeologic properties of each horizon. Because this exact information is unavailable, a 
direct calculation is impossible. What is possible, however, is a simulation where the number 
of horizons for the profile under the Area 5 RWMS is estimated from Snyder and Gustafson 
(1 994). Then, each layer can be assigned the appropriate hydrologic properties from proba- 
bility density functions @df s) which were derived horn the core samples of the Pilot Wells 
and Science Trench Boreholes. The travel times derived from this simulation will take into 
account both the uncertainty and sensitivity of hydrologic properties and thicknesses of 
alluvial layers under the Area 5 RWMS. 
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METHOD 

The travel time for water to flow from the bottom of the static zone to the capillary fringe 
region (i.e. Zone 111) was simulated by calculating the individual travei times through 
individual layers, and summing them over the entire thickness of the unsaturated zone. 
Because the hydrologic parameter values used in the simulation varied according to pdf s 
taken from core data, a range of simulated travel times was obtained for which statistical 
significance was assigned. 

Two separate sets of 7,500 simulations were performed, one in which the individual 
thickness of each alluvial layer was assumed to be a constant 1.6 m (5.2 ft) thick (an average 
value taken from the range of 0.6 to 2.6 m [ 1.9 to 8.5 ft] found by Snyder and Gustafson 
[ 1994]), and another in which the thickness of individual layers was allowed to vary 
according to a uniform probability distribution between 0.6 and 2.6 m (1.9 to 8.5 ft). 

The travel time was calculated according to Darcy's law for unsaturated flow by using the 
specified thickness and hydrogeologic properties for each particular horizon. The total travel 
time was calculated via the equation: 

T = t 5 .  = 
j = l  j =  1 

where: 

the total travel time to the water table, 
the thickness of each individual alluvial layer, 
the travel time through each individual alluvial layer, 
the volumetric water content, 
unsaturated hydraulic conductivity, 
matric potential, 
depth, 
an index corresponding to an individual layer of alluvium, and 
the total number of layers of alluvium to the water table. 

(D. 10) 

Because [dq/dz] is close to zero, travel time is primarily determined by K(8). 

Because 7,500 realizations were recorded, statistical probabilities were generated (i.e., the 
probability that the travel time will be less than any specified value was estimated by the 
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number of times the simulated travel time was less than that specified value). Point estimates 
of the travel time were obtained from the mean or median of all the realizations. 

ASSIGNMENT OF SITE-SPECIFIC PDF'S FOR THE HYDROGEOLOGIC PROPERTIES AT THE 
AREA 5 RWMS 

The hydrogeologic properties according to the specified pdf s were chosen for each horizon 
down to the water table, using data from REECo (1 993a,b). Sully et al. (1  993) and Istok 
et a2. (1 994) studied variograms of hydrogeologic properties of soil at depth near the Area 5 
RWMS. They found no evidence for vertical heterogenity and showed that variograms of 
soil characteristics either have short correlation lengths or exhibit a pure nugget effect. 
Hence, hydrogeologic properties can be modeled as statistically independent among horizons. 

The individual hydrogeologic parameters varied via Monte Car10 analysis within each layer 
were: 

0,, or residual moisture content (percent), 
€I,, or saturated moisture content (percent), 
CI and n, the van Genuchten (1 980) curve fitting parameters (a - cm-l, n - dimensionless), 
K,, saturated hydraulic conductivity (cm sec- I), 

@, matric potential (cm of water). 

As hydrogeologic parameters within a given horizon are often strongly dependent, 
conditional pdf s were determined (pdf's for the above parameters were determined 
sequentially, and were allowed to depend on hydrogeologic conditions previously chosen). 

RESIDUAL MOISTURE CONTENT, 8,, (PERCENT) 

Ten percent of the observed values of 8, equal 0.00; the nonzero values occur over a 
continuum. This prevents a purely continuous pdf, such as the normal or lognormal, from 
being an adequate model. However, a normal distribution with mean 6.1 1 and standard 
deviation 2.38 fits the nonzero values well (as measured in percent). Hence, the chosen 
model is that, with probability 0.1,8, is 0.00 and with probability 0.9,8, has a normal 
distribution with mean 6.3 1 and standard deviation 2.38. The adequacy of this model is 
demonstrated in Figure D. 10, where the empirical cdf (step function) and the theoretical cdf 
of the model are plotted on the same axis. The similarity of the two cdf s indicates that this 
distribution is adequate. 
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Figure D.10 Comparison of Empirical and Fitted cdf s for Residual Moisture Content 

SATURATED MOISTURE CONTENT, O,, (PERCENT) 

An examination of the data shows that larger values of 8, are often associated with larger 
values of 8,. A regression analysis (12 = .184, p value of F-test = 0.002) indicates that the 
model 

6, (percent) = 29.80 + 0.502 0,(percent) + €1, 

where E 1 (1 ) 0 0 62rally
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La (a) (uoitltrr) 

OD io 

Figure D.12 Plot of ln(a), Unitless, versus n, Unitless, Along With Fitted Curve 

THE VAN GENUCHTEN ( I  980) CURVE FITING PARAMETER, n, (UNITLESS) 

The parameter m is defined as 1 - l/n; hence, if m can be modeled, n can be calculated. An 
examination of the data shows that larger values of m are often associated with larger values 
of 8,. A regression analysis (9 = 628, p value of F-test less than 0.001) indicates that the 
model 

In( 1 - MI) (witless) = -1.80 + 0.093 10, (percent) + €3 , 

where €3 is normally distributed with mean 0.00 and standard deviation 0.210, fit the data 
reasonably well. A plot of the observed values, together with the fitted line, appears in 
Figure D. 13. 

SATURATED HYDRAULIC CONDUCTIVITY, Ks, (CM SEC-') 

No statistically significant relationships were found between K, and depth, or any of the other 
fitted parameters. As was found in previous studies (e-g., Istok et al., 1993), the natural 
logarithm of K, was found to be normally distributed. Using only data from the Pilot Wells, 
the mean and standard deviation of the natural logarithm of K, were found to be -7.52 and 
1.538, respectively. Using only data fkom the Science Trench Boreholes, the mean and 
standard deviation of the natural logarithm of K, were found to be - 7.8 1 and -1.167, 
respectively. Here, the data sets were combined, resulting in a respective mean and standard 
deviation, on the natural logarithmic scale, of -7.75 and I .259. 

~ 
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0 

Figure D.13 Plot of In(1 - l/n) = rn (Unitless) versus Residual Moisture Content (Percent), Along 
With Fitted Line 

MATRIC POTENTIAL, W, (CM OF WATER) 

Travel time depends both on Jl(z), matric potential as a function of depth, and dq(z)/dz, the 
derivative of +(z) with respect to depth. Matric potential, @(z), is modeled here by regress- 
ing the natural logarithm of observed depths on the natural logarithm of the negative of 
observed values of @ in Zone 111, with the resulting model: 

ln(z) (meters) = 8.404 - 1.723 In(-*) (bars) + €4, 

where €4 is normally distributed with mean 0.0 and standard deviation 0.305 (9 = 0.874, p- 
value of F-test less than 0.001). As the regression of ln(+) on ln(z) gives a very similar 
curve, the issue of which variable to treat as dependent and which to treat as independent is 
of little concern. In the simulations, uncertainty in @ was accounted for via the term €4. A 
sensitivity analysis showed that dl(r/dz had little impact on travel time. Therefore, thls factor 
was treated deterministically. 

PERFORMANCE OF THE HYDROLOGIC PARAMETER MODEL 

The adequacy of the fitted pdf s is best demonstrated by a comparison of the K(0) curves 
observed fiom empirical data (REECo, 1993a,b) and the simulated K(B) curves. This is 

~~ ~~ 
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Figure D.15 Simulated Values of Log(K(0)) 

Table D.5 Descriptive Statistics for 7,500 Realizations of Unretarded Travel Time (years) 

Variable (0.6-2.6 m) 

Prediction intervals for travel time can be obtained via the corresponding percentiles of the 
realizations. Accordingly, 

There is a 95 percent probability that the travel time under the assumption of constant 
horizon thickness is between 33,084 to 98,627 years. 

Similarly, there is a 95 percent probability that the travel time under the assumption that 
horizon thickness is uniformly distributed between 0.6 and 2.6 m (1.9 and 8.5 ft) is 
between 3 1,795 to 10 1,944 years. 
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The cumulative distribution function (cdf) for the constant horizon thickness case appears in 
Figure D.16. The cdf for the variable horizon thickness case appears in Figure D.17. In both 
figures, the horizontal axis, marked in logarithmic scale, gives the number of years required 
for infiltrating water to travel to the water table. The vertical axis gives the probability that 
the water will have traveled to the water table within that time. It can be readily seen that the 
two cdf s differ little. Differences occur primarily at the very large travel times (more than 
200,000 years). 

The following conclusions can be derived from Table D. 5 and Figures D. 16 and D. 1 7: 

Travel time is relatively insensitive to assumptions concerning horizon thickness, as long 
as horizon thickness remains within the range of what was reported in Snyder and 
Gustafson (1 994). Hence, the inaccuracy introduced by assuming constant thickness 
horizons is small. 

Mean and median travel times from the simulations are less (approximately 15 to 
20 percent) than what was estimated in previous deterministic analyses. However, 
predicted unretarded travel times are still quite large, on the order of tens of thousands of 
years. 

The Monte Carlo realizations indicate that the probability of infiltrating water traveling to 
the water table in less than 30,000 years is very small. In both sets of realizations, ninety- 
nine realizations out of a hundred (probability 0.99) resulted in a travel time of greater 
than 29,600 years. 

In all realizations, unretarded travel time was more than 19,000 years. As there were 
7,500 realizations under each model, the probability of travel time being less than 10,000 
years is vanishingly small. 

Unretarded travel time estimates are provided here as an additional supporting argument for 
ignoring the groundwater pathway under current condictions. In the extremely unlikely event 
that transport to the aquifer were to occur (or is occurring now), the probability of contami- 
nants reaching the aquifer in 10,000 years is negligible. If retardation is considered, travel 
times become sufficiently long to allow most radionuclides to decay to negligible concentra- 
tions before reaching the aquifer. 

D.4 Summary of Hydrologic Conceptual Model and Its 
I m pI ications for Water-Med iated Release of Rad ion ucl ides 

The hydrologic conceptual model adopted for the performance assessment is based on site 
characterization data and modeling studies. A model, based solely on site characterization 
data, proposed four zones of vertical water movement. All. waste disposal cells at the 
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Figure D.16 Cumulative Distribution Function of 7,500 Monte Carlo Realizations of the Base Ten 
Logarithm of the Time Required for 



Area 5 Radioactive Waste Manapement Site Nevada Test Site 

Area 5 RWMS are located in Zone I, a 35-m- (1 15-ft)-thick surface zone where the potential 
for water movement is upward. Under the usual ambient conditions, the alluvium in Zone I 
is so dry that upward liquid advection occurs at negligible rates. The potential for diffusion 
of solutes is also eliminated in Zone I by the extremely dry conditions. Monte Car10 
estimates of travel time suggest that if recharge were to occur, the travel time would greatly 
exceed 10,000 years. 

A transient modeling case was evaluated to assess the potential for rainfall to infiltrate to the 
depth of buried waste. Liquid advection and diffusion could OCCUT at greater rates in Zone I 
after infrequent precipitation, if infiltrating rainwater were to penetrate to the.depth of the 
waste. The modeling study suggests that the evaporative potential at the surface is so high 
that infiltrating water penetrates only a short distance before it is returned to the atmosphere. 
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Am 

Ba 

Table E.l Radionuclide-Specific, Soil-Plant Dry Mass Concentration Factors and Transfer Parameters 
for Milk and Beef. 

4.0e-002 Romney et ai., 198 1 4.0e-007 3.5e-004 

5.1 e-002 CR from Ng et aZ., 1982 3.5e-004 I Se-004 

1 Element I B~~ f Bjy Reference I F, a (day kg-*) 1 Fb a (day kg-’) 

C 

C1 

I *c 1 3.5e-004 I BvfromBaesetal., 1984 I 2.0e-005 1 2.5e-005 

5.5e+000 NRC, 1977 I .2e-002 3.1 e-002 

7 .Oe+00 I Bv from Baes et a/., 1984 1 Se-002 8.0e-002 

Cm 

co 

cs 

Eu 

H 
1 

I Bi I 5.0e-003 I BvfromBaes etal., 1984 I 5.Oe-004 1 4.0e-004 

I Se-005 Bv from Baes et al., 1984 2.0e-005 3.5 e-004 

2 .Oe-003 2.0e-002 2.4e-00 1 

6.0e-002 Gilbert et al., 1988 7.0e-003 2.0e-002 

CR from Ng et al., 1982 

4.0e-003 Bv from Baes et al., 1984 2.0e-005 5.0e-003 

1.2e-002 I 1 .Oe-002 I 4.8e+000 MRC, 1977 I 

Ni 

NP 

7.4e-002 CR from Ng et al., 1982 1 .Oe-003 . 6.0e-003 

1.9e+000 CR from Ng et al., 1982 5 .Oe-006 5.5e-005 

I 1  I 3.le-001 1 CRfromNg etal., 1982 I 1.0e-002 I 7.0e-003 

Pa 

Pb 

Pd 

PU 

I I I I I 
I I 1 I 

2.5e-004 Bv from Baes et al., 1984 5.Oe-006 1 .Oe-005 

9.0e-003 Bv from Baes et al., 1984 2 Se-004 3 .Oe-004 

4.0e-002 Bv from Baes ef al., 1984 1 .Oe-002 4.Oe-003 

2.0e-003 Romney et al., 1981 1 .Oe-007 5 ,Oe-O07 
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Ra 

Table E.l (continued) 

1.5e-003 Bv from Baes et al., 1984 4.5 e-004 2.5e-004 

Element % 

I Sm 1 4.0e-003 I Bv from Baes etal., 1984 1 2.0e-005 I 5,0e-003 

Bjv Reference F m  (day kg-'1 Fb a (day kg-') 

I Sn 1 6.0e-003 I Bv from Baes etal., 1984 1 1.0e-003 I 8.0e-002 

Sr 

Tc 

3.5e+000 'CR from Ng et al., 1982 1 Se-003 3 .Oe-004 

1 .Se+000 Bv from Baes et ul., 1984 1 .Oe-002 8.5e-003 

Th 8Se-005 Bv from Baes et al., 1984 5 .Oe-006 6.k-006 

W 

Zr 

' From Baes et al., 1984, except for H-3 and C-14, from NRC, 1977. 

4.0e-003 Bv from Baes et al., 1984 6.0e-004 2.0e-004 

8.1 e-002 CR from Ng et al., 1982 3 .Oe-005 5 Se-003 
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CI . 

Ni 

Table E,2 Fractional Release Rates far Root-Uptake Module. 

I 1 4 

6.2 1 e-5 2.32~-5 

6.57e-8 2..45e-8 

Element 

9.95e-7 

3.23e-6 

I H  I 4.26e-6 1 1.59e-6 

2.26e-7 5.10e-8 2.19e-6 

7.32e-7 1.65e-7 7.12e-6 

I c  I 4.88e-6 I 1.82e-6 

_ _ _ _  .. 

co 

Kr 

Sr 

Zr 

Tc 

Pd 

Sn 

I 

2.13e-7 7.9%-8 

0,00e+000 O.OOe+OOO 

3.1 le-6 1.16e-6 

7.19e-8 2.68e-8 

1.33e-6 4.97e-7 

3.55e-8 1.33e-8 

5.33e-9 1.99e-9 

2.75e-7 1.03e-7 

4 S3e-8 1.69e-8 

5.3 8e-7 

8.06e- 8 

4.17e-6 

6.8%-7 

E Ra 

1.22e-7 2.76e-8 1.19e-6 

1.83e-8 4.13e-9 1.78e-7 

9.46e-7 2.14e-7 9.20e-6 

1 .%e-7 3.51e-8 1.5 1 e-6 

I Ac 

8.06e-7 

5.38e-8 

3.55e-9 I 1.33e-9 

1.83e-7 4. I3e-8 1.78e-6 

1.22e-8 2.76e-9 1.19e-7 

4.44e-9 I 1.66e-9 6.72e-8 

1.2 1 e-7 7.99e-9 I 2.98e-9 

1.53e-8 3.44e-9 1.48e-7 

2.7%-8 6.20e-9 2.67e-7 

1.33e-9 4.97e-010 

3.1 Ie-010 1.16e-010 

2,02e-8 

4.70e-9 

I Subsided Case 

4.58e-9 1.03e-9 4.45e-8 

1.07e-9 2.4 le- 10 1.04e-8 

6.45e-5 I 1.46e-5 I 3.3le-6 1 1.42e-4 

7.39e-5 I 1.68e-5 I 3.79e-6 I 1.63e-4 

9.41e-4 I 2.14e-4 I 4.82e-5 1 2.08~-3 

4.70e-5 I 1.07e-5 I 2.41e-6 I 1.04e-4 

1.09e-6 1 2.47e-7 I 5.58e-S I 2.40e-6 

2.02e-5 I 4.58e-6 1 1.03e-6 1 4.45e-5 

5.38e-8 I 1.22e-8 1 2.76e-9 I 1.19e-7 

Performance Assessment E-3 



Area 5 Radioactive Waste Management Site Nevada Test Site 

NP 
PU 

Table E.2 (continued) 

1.69e-6 6.29e-7 2.5%-5 5.80e-6 1.3 le-6 

1.78e-9 6.63e- I 0 2.69e-8 6.lOe-9 1.38e-9 

Am 1 3.55e-8 I 1.33e-8 I 5.38e-7 1 1.22e-8 I 2.76e-9 

Cm 1 1.33e-11 I 4.97e-I2 I 2.02e-10 1 4.58e-11 I 1.03e-11 

K3 Y f i  
(subsurface 

soils to 
shallow 
soils) 

2.52e-9 

7.42e-9 

1.19e-7 

5.64e-5 

5.93e-8 

1.19e-7 

4.45e- 10 
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Table E.3 Radionuclide Half-Lives and Dose-Conversion Factors. 

AC-227 
Th-227 
Ra-223 
Rn-2 19 
Po-2 15 
Pb-211 
Bi-211 
T1-207 
Po-211. 
Am-24 1 
Am-243 
Np-239 
Ba- 133 
Bi-207 
c- 14 
C1-36 
Cm-243 
Cm-244 
Cm-248 
CO-60 
(3-135 
CS-137 
Ba- 137111 
EU- 1 52 
EU- 154 
H-3 
1-129 
Kr-85 
Ni-59 
Ni-63 

Pa-233 
Pa-23 I 
Pb-2 10 
Bi-2 I0 
Po-2 10 
Pd- 107 
PU-23 8 
PU-239 
PU-240 
PU-24 1 
PU-242 
PU-244 
u-240 
Np-240m 
Ra-226 
Rn-222 
PO-2 1 8 

Np-237 

2.18e+001 

4.32e+002 
7.3 8e+003 

1.05e+001 
3.34e+00 1 
5.73e+003 
3.0 I e+005 
2.85e+00 1 
1.8 1 e+OO 1 
3.39e+005 
5.27e+000 
2.30e+006 
3.02e+00 1 

1.36e+00 1 
8" 80e+000 
1.23e+00 1 
1.57e+007 
1.07e-t.00 1 
7.50e+004 
1.00e+002 
2.14e+006 

3.28e+004 
2 -23 e+OO 1 

6.50e+006 
8.78e+00 1 
2.4 1 e+004 
6.57e+003 
1.44e+00 1 
3.76e+005 
8.26e+007 

1.60e+003 

1 .TOe+OO 1 

4.5 Oe+000 
4.50e+000 

3.20k-003 
4.90e-003 

3.00e-003 
2.90e+000 
2.3 Oe+000 
1.60e.t.00 1 

7.1 Oe-003 
5.00e-002 

6.00e-003 
9.1 Oe-003 
6.30e-005 

0.00e+000 

2.10e-003 

2.60e-002 

2.80e-00 1 

2.00e-004 
5.40e-004 
3.90e+000 

1.1 Oe+00 1 
6.70e+000 

1.40e-004 
3.80e+000 
4.3 Oe+000 
4.30e+000 
8.60e-002 
4.10e+000 
4 00e+000 

1.1 Oe+000 

6.70e+003 1.1 Oe+000 

5.20e+002 
5.20eM02 

6.90e-003 
1.40e-002 
2.40e-005 
2.00e-002 
3.50e+002 
2.70e+002 
1.90e+003 
1 SOe-00 1 
4.50e-003 
3.20e-002 

2.20e-00 1 

9.50e-005d 
1.80e-00 1 
0.00e+000 
1.30e-003 
3.00e-003 
4.90e+002 

1.30e+003 
2.10e+001 

2.60e-00 1 

1.30e-002 
4.60e+002 
5.1 Oe+002 
5.1Oe-t-002 
l.OOe+OO 1 
4.80e+002 
4.8Oe+002 

7.90e+000 

2.70e-002 
5.60e-00 1 

1.20e+000 
5.9Oe+000 

1 SOe-003 

9.80e-005 
5.5Oe-005 
1.00e+00 1 
2.40e-005 
2.3 Oe+OOO 

4.40e+000 
4.8Oe+OOO 
0.00e+000 
8.10e-003 
1.40e+00 1 
O.OOe+OOO 
0 .OOe+OOO 
6.90e-00 I 

1.20e-00 1 
3.80e-003 

8.40e-006 

3.60e-001 

0.00e+000 
9.50e-005 
1.80e-004 
9.20e-005 
3.70e-006 

1.30e+000 
8.00e-005 

7,0Oe+OOO 
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Table E.3 (continued) 

Bi-2 14 
PO-2 14 
Ra-228 
AC-228 
Sm-151 
Sn- 126 
Sb- 126m 
Sb-126 
Sr-90 
Y-90 
TC-99 
7%-228 

PO-2 16 
Pb-2 12 
Bi-212 
Po-2 12 
Th-229 
Ra-225 

Fr-22 1 

Bi-2 13 
T1-209 
Po-2 13 
Pb-209 
Th-230 
Th-232 
U-232 
U-233 
U-234 
U-23 5 
Th-23 1 
U-236 
U-238 
Th-234 

Ra-224 

AC-225 

At-2 1 7 

Pa-23 4m 
Pa-234 
Zr-93 

5.75e4-000 I .20e+000 4.20e-t-000 

9.00e+00 I 3.40e-004 2.90e-002 
1.00e+005 2.70e-002 9.60e-002 

2.86e+001 1.30e-00 1 1.30e+000 

2.13e+005 1.30e-003 7.50e-003 
1.91e+000 3.80e-001 3.1 Oe+002 

7.70e4-004 
1.40e+O 10 
7.20e+00 1 
1.59e-1-005 
2.44e+005 
7.04e-1-008 

5.30e-001 
2.80e+000 
1.30e+000 
2.70e-001 
2.60e-00 1 
2.50e-001 

2.50e-00 1 
2.30e-001 

2.00e+003 

1.20e+002 
1.20e-t-002 

1.53e+006 2.20e-003 3.50e-00 1 

3.70e+000 

6.20e-007 
1.70e+00 1 

1.50e-002 

7.80e-005 
1.56e+00 1 

8.90e+000 

7.60e-004 

4.60e-004 
8.70e-004 
2.50e-004 
4.70e-00 1 

1.30e-004 
8.26e-002 

3.30~~004 

6.50e-005 
Nb-93m 

ORNL/GJ - January 12, 1995 
a Radioactive daughters listed are those assumed to be in equilibrium with parents in the environment and are not tracked 

separately in the calculations. Dose factors include contributions from these daughters. 
From DOE, 1988b. 
From Eckeman and Rymm, 1993. 
Corrected by a factor of 1.5 to include dose from dermal absorption. 
External dose factor for Kr-85 is the air-submersion dose factor, in mrem y-' per pCi m-3 in air. 
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Radioiuclide 

Ac-227 

Table E.4 

Concentration (Ci m-$) Activity (Ci) at 10,000 yr (Ci) 

2.1 e-007 1 he-002 2.0e-003 

Maximum Activity and Activity Concentration in the Surface Soil Compartment for the 
Base-Case Release Scenario. 

Maxinylm 
~ ~~ 

Maximum Activity 

~~~~~ 1 Am-241 I 4.0e-009 I ~ 3 .Oe-004 1 .Oe-009 

011-248 

CO-60 

cs-I35 

cs-137 

Eu- 152 

Eu- 154 

H-3 

H-3 

1-129 

Ni-59 

Ni-63 

Np-23 7 

Pa-23 1 

Pb-2 10 

Pd- 107 

Pu-23 8 

Pu-239 

Am-243 2.1 e-0 12 1.6e-007 a 

4.4e-0 I8  3.3~-013 2.3e-0 13 

1 " 1 e-0 12 8.3e-008 a 

6.0e-013 4.5e-008 2.4e-008 

8.3e-0 1 1 6.2e-006 a 

3.6e-019 2.7e-0 14 a 

2.7e-0 14 2.0e-009 a 

4.8e-005 3.6e+000 0 
2.3 e-006 1.8e-00 1 a,c 

1 .Oe-O 13 7.5 e-009 3.5e-009 

1.9e-013 1.4e-008 1.1 e-008 

2.le-010 1.k-005 a 

1.5e-009 1.2e-004 6.4e-005 

2.1 e-007 1.6e-002 2.0e-003 

5.5e-006 4.3e-001 1.3e-002 

1.2e-0 13 9.0e-009 4.7e-009 

4.4e-009 3.3e-004 a 

4.4e-007 3.3e-002 3.1 e-002 
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Pu-240 

Pu-24 1 

Pu-242 

Table E.4 (continued) 

4.4~-008 3.3e-003 3 .Oe-003 

7.1 e-010 5.3e-005 a 

1.6e-0 1 1 1.2e-006 8.0e-0 17 

Activity 
at 10,000 yr (Ci) Rad ion uclid e I Concentration (€3 I Maximum 

Pu-244 

Ra-226 

1.k-020 . l.le-015 2.1 e-0 1 7 

5.5e-006 4.1 e-00 1 I .3e-002 

Ra-228 

Sm-151 

Sn- 126 

1.4e-008 1 .Oe-003 6.6e-004 

5.0e-013 3.8e-008 a 

7.6e-014 5,7e-009 4.3e-009 

1 Tc-99 I 3:9e-011 1 2.9e-006 I 2.0e-006 

Th-22 8 

Th-229 

Th-230 

Th-232 

1.4e-008 1 .Oe-003 6.6e-004 

6.3e-011 4.7e-006 5.6e-007 

5.5e-006 4.1 e-00 1 I .7e-002 

1.4e-008 1 .Oe-003 6.6e-004 

I . 3.0e-012 I 2.2e-007 1 a 

U-235 

U-236 

U-238 

Zr-93 

1 U-233 I 9.2e-011 I 6.9e-006 I 1.6e-006 

2.2e-007 1.7e-002 1.1 e-002 

6.4e-009 4.8~-004 3 .Oe-004 

7.6e-006 5.7e-001 3.6e-001 

4.8e-0 13 3.6e-008 2.0e-008 

6.3e-006 1 4.7e-001 I 2.0e-00 1 

Peak occurs before 10,000 years; therefore, 10,000-year value is not used in dose calculations. 
Values shown are for the H-3 peak during institutional control at 17 years; used to caiculate maximum off-site inhalation, 
external, and crop-ingestion doses. 
Values shown are the H-3 values at 100 years; used to calculate maximum off- site milk and beef ingestion doses (cattle 
are not assumed to be grazed on site before 100 years). 
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H-3 

H-3b 

U-23 8 

U-234 

Th-23 0 

Ra-226 

Pb-2 10 

PU-240 

Th-232 

Ra-228 

Th-22 8 

Am-24 1 

PU-239 

U-235 

Pa-23 1 

AC-227 

Np-237 

Table E.5 Calculated Of€-Site Air Concentrations for Nonvolatile Radionuclides at 10,000 Years 
and at the Maximum for the Base Case Release Scenario. 

100 3.2e-20 2.5e- 19 0.0 0.0 

6 1,000 1 .Oe-20 2.2e- 19 6.5e-21 1.4e- 19 

665,000 8 5 2  1 1.8e-19 3 Se-2 1 7.4e-20 

71 1,000 7.4e-2 1 1.6e-19 3 .Oe-22 6.3e-21 

7 13,000 7.4e-2 1 1.6e-19 2.3 e-22 4.9e-2 3 

7 13,000 7.4e-2 1 1.6e-19 2.3e-22 4.9e-21 

7,000 5.9e-23 1.2432 1 5.4e-23 1.1 e-21 

56,000 1.8e-23 3.9e-22 1.2e-23 2.5e-22 

56,000 1.8e-23 3.9e-22 1.2e-23 2.5 e-22 

56,000 1.8e-23 3.9e-22 1.2e-23 2.5 e-22 

1,000 5.5e-24 1.2e-22 1.8e-29 3.9e-28 

15,000 6.0e-22 1.3e-20 5 he-22 1.2e-20 

60,000 3 .Oe-22 6.4e-2 1 1.9e-22 4.le-21 

199,000 2.8e-22 5.9e-2 1 3.7e-23 7.7e-22 

199,000 2.8e-22 5.9e-2 I 3.6e-23 7.7e-22 

53,000 2.1 e-24 4.4e-23 1,1 e-24 2.4e-23 
a 

a Air concentration at Cane Springs of no consequence before 100 years postclosure; location is on site during institutional 
control period. 
Air concentrations for €3-3 at 100 years used to calculate maximum dose, at which time grazing is first assumed to occur 
over facility. 

Performance Assessment E-9 



Area 5 Radioactive Waste Management Site Nevada Test Site 

AC-227 

Th-228 

Th-230 

Pa-23 1 

U-234 

U-23 5 

U-23 8 

Table E.6 Maximum Doses for the Combined Base Case Release and Transient Occupancy 
Scenario. 

199,000 I .7e-0 1 5.2e-02 2.2e-0 1 

56,000 5.1 e-04 4.8e-02 4.9e-02 

7 1 1,000 2.le-01 9.5e-04 2.1 e-0 1 

199,000 3.2e-02 5.7e-03 3.8e-02 

665,000 9.8e-02 3.6e-04 9.9e-02 

60,000 . 3.2e-03 2.4e-02 2.7e-02 

61,000 l.le-01 1.4e-0 1 2.5e-0 1 

PU-239 15,000 2.7e-02 1.8e-05 2.7e-02 

Sum 9.7 1 

Table E.7 Doses for the Combined Base Case and Transient Occupancy Scenario at 10,000 Years. 

Sum 59e-01 
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6.le-08 

1.7e-08 

9.3e-06 

7.5e-06 

Table E.8 

5.2e-04 3.9e-05 4.3e-08 9.0e-07 

1.8e-06 2.9e-07 1.8e-07 3.8e-06 

1 .Oe-03 1.6e-04 3.5e-09 7.5e-08 

7.9e-04 2.2e-04 2.le-08 4.5e-07 

Maximum Doses for Nonvolatile Radionuclides in the Base Case and Open Rangeland 
Scenario. 

3.2e-04 

1 H-3' I 100 1 1.7e-11 I 1.3e-10 I 1.7e-07 

1.1 

C-14 6,830 7.5e-13 5.8e-12 5.4e-07 

Pb-210 713,000 1.3e-06 2.8e-05 l.le-05 

Ra-226 713,000 4.9e-07 1.0e-05 I.le-06 

Ac-227 199,000 1.6e-05 3.3e-04 4.9e-07 

1 Ra-228 I 56,000 I 6.5e-10 I 1.4e-08 I 2.9e-09 

I Th-228 I 56,000 I 4.8e-08 I 1.0e-06 I 7.9e-10 

I Th-230 I 71 1,000 I 2.0e-05 I 4.2e-04 I 4.4e-07 

I Pa-231 . I 199,000 I 3.le-06 I 6.5e-05 I 3.6e-07 

1 Th-232 1 56,000 I 2.5e-07 I 5.2e-06 I 5.8e-09 

9.4e-07 7.9e-03 1.3e-03 

4.2e-06 4.3 e-02 1.5e-02 

2.4e-04 7.3e-01 I .2e-01 

2.3e-05 1.9e-0 1 1 Se-02 

1.2e-07 I 1.3e-05 I 2.2e-06 1 3.8e-12 I 8.le-11 
I . I 

7.6e-06 I 7.2e-02 I 3.3e-03 1 1.3e-09 I 2.8e-08 

2.6e-07 I 2.5e-03 1 l.le-04 I 9.0e-08 I 1.9e-06 

4.le-06 I 6.5~-05 I 9.8e-05 1 9.le-10 I 1.9e-08 

8.0e-06 1 7.7e-02 I 3.5e-03 1 5.3e-07 I l.le-05 

7.4e-06 I I.4e-05 I 9.2e-06 I 6.8e-11 I 1.4e-09 

7.4e-07 I 1.3e-06 I 9.2e-07 I 3.4e-12 I 7.2e-11 

3.2e-07 1 8.2e-07 1 9.8e-05 I 9.3e-11 I 2.0e-09 

a While maximum off-site air concentration occurs at 17 years, maximum dose occurs at 100 years, which corresponds to 
the earliest time that cattle are assumed to graze on site. The dose from ingestion of beef and milk dominates the dose for 
H-3. 
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H-3" 0.0 0.0 0 0  0.0 0.0 0.0 0.0 0.0 

(2-14 6.7e-13 5.2e-12 4.9e-07 3.8e-06 3.8e-02 1.3e-02 1.8e-11 1.4e-10 

Pb-2 10 4.le-OX 8.6e-07 3Se-07 7.4e-06 2.3~-02 3.7e-03 5.6e-10 1.2e-08 

Ra-226 1.5e-08 3.2e-07 3.3e-08 7.0e-07 6.0e-03 4.6e-04 1.Oe-06 . 2.2e-05 

AC-227 2.le-06 4.3e-05 6.4e-08 1.3e-06 5.6e-04 9.6e-05 2.5e-08 5.3e-07 

Ra-228 4.2e-10 8.8e-09 1.9e-09 3.9e-08 3.3e-04 2.5e-05 2.8e-08 5.8e-07 

Th-228 3.Ie-08 6.5e-07 5.le-10 l.le-08 1.2e-06 1.9e-07 1.2e-07 2.4e-06 

Th-230 8.0e-07 1.7e-05 1.8e-08 3Ae-07 4.0e-05 6.6e-06 1.4e-10 3.0e-09 

Pa-23 1 4.0e-07 8.4e-06 4.6e-08 9.8e-07 I .Oe-04 2.8e-05 2.8e-09 5.8e-08 

Th-232 1 he-07 3.3e-06 3.7e-09 7.9e-08 8Se-06 1.4e-06 2.5e-12 5-2e-11 

U-234 3.8e-06 8.le-05 1.5e-07 3.le-06 3.0e-02 1.4e-03 5.5e-10 1.2e-08 

I 

------- 

Table E.9 Doses at 10,000 Years for Nonvolatile Radionuclides in the Base Case and Open 
Rangeland Scenario. 

W-235 2.0e-07 4.1 e-06 

Np-237 4.7e-09 1.0e-07 

U-238 6.6e-06 1.4e-04 

PU-239 2.4e-06 5.le-05 

PU-240 2.3e-07 4.9e-06 

Am-24 1 8.0e-14 1.7e-12 

Sum 1.7e-05 3.5e-04 

7.9e-09 1.7e-07 I he-03 7.2e-05 5.7e-OX 1.2e-06 

l.le-07 2.3e-06 3.6e-05 5.4e-05 5.0e-10 l.le-08 

2.4e-07 5.le-06 4.9e-02 2.2e-03 3.4e-07 7.2e-06 

3.3e-07 7.0e-06 1.3e-05 8.7e-06 6.4e-11 1.3e-09 

3 2e-08 6.7e-07 1.2e-06 8.4e-07 3.le-12 6.6e-11 

5 le-14 l.le-12 2.8e-12 3.3e-10 3.le-I6 6.6e-15 

1.9e-06 33e-05 1.5e-01 2,le-02 1.6e-06 3.4e-05 

~ 
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