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EXECUTIVE SUMMARY

This research work has been supported by the DOE-FIU Science & Technology Workforce
Development Initiative, an innovative program developed by the U.S. Department of Energy’s
Office of Environmental Management (DOE-EM) and Florida International University’s Applied
Research Center (FIU-ARC). During the summer of 2024, a DOE Fellow intern, Aubrey L.itzinger,
spent 10 weeks doing a summer internship at Drummond Carpenter, PLLC, under the supervision
and guidance of Chad Drummond, Dr. Joshua Davis, and Olivia Bustillo. The intern’s project was
initiated on June 10, 2024, and continued through August 16, 2024. The objective was to model
the potential future risk and dose to a population that may encounter a radioactive waste disposal
cell, using a hypothetical site with characteristics similar to the Oak Ridge Reservation area where
the EMWMF OSWDF is present. The potential exposure to radionuclides over a 10,000-year
period was assessed and five contaminants of concern were focused on: Pu-238, Ni-63, 1-129, Tc-
99, and U-235. These radionuclides were selected due to their relevance in DOE waste streams,
long half-lives, and potential environmental and health impacts. The RESRAD-OFFSITE model
was used to simulate various environmental pathways, including groundwater and surface water
migration, bioaccumulation in plants and animals, and subsequent ingestion by humans.

The analysis revealed that 1-129 and U-235 were the primary contributors to total dose, with peak
doses of 3,780 mrem/yr and 300 mrem/yr, respectively. 1-129, known for its high mobility in
groundwater, poses significant short-term risks, with peak concentrations and doses occurring
within the first 1,500 years. In contrast, U-235 presents a medium- to long-term risk, with both the
radionuclide and its progeny (Pa-231 and Ac-227) contributing to dose over an extended period,
peaking around 8,000-10,000 years. Tc-99, while also highly mobile, contributes much smaller
doses, and Ni-63, due to its low environmental mobility, poses minimal risk. Surface water and
well water concentrations of 1-129 and Tc-99 were significant indicating that groundwater and
surface water contamination would be major pathways of exposure. Sensitivity analyses were
conducted to explore the impact of changing parameters such as unsaturated zone thickness and
contaminated zone thickness. The results showed that decreasing the thickness of the contaminated
zone significantly lowers the peak dose, whereas modifying the unsaturated zone primarily affects
the timing of peak dose. The report concludes that the hypothetical OSWDF (H-OSWDF) model
needs additional mitigation strategies, particularly concerning 1-129 to follow DOE Order 435.1
standards. Long-term management and monitoring would be essential to ensure compliance with
regulatory requirements.
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1. INTRODUCTION

The Department of Energy (DOE) manages large volumes of radioactive and hazardous waste
generated from decades of nuclear weapons production, energy research, and environmental
remediation efforts. Proper disposal of this waste is essential for protecting human health and the
environment, both in the short term and for future generations. DOE's waste disposal strategy
involves specialized facilities designed to safely contain materials such as low-level radioactive
waste (LLW), mixed low-level radioactive waste (MLLW), transuranic waste (TRU), high-level
waste (HLW), and other hazardous materials. These disposal facilities, whether located on-site or
off-site, serve a fundamental role in DOE’s long-term environmental management mission. They
must meet strict performance and regulatory requirements to ensure the safe isolation of hazardous
materials for thousands of years, as radioactive waste poses risks that extend far beyond the
lifespan of typical infrastructure. On-site waste disposal facilities (OSWDF) are vital for the safe
handling and containment of radioactive and hazardous materials that could otherwise pose
significant risks to public health and the environment. These facilities are designed to isolate waste
and prevent the release of radionuclides, heavy metals, and other hazardous chemicals into soil,
groundwater, and air. Many of the contaminants present in DOE waste streams, such as plutonium,
uranium, technetium, and iodine, have long half-lives and remain hazardous for thousands of years.
Other materials, such as heavy metals (e.g., lead, mercury, cadmium) and volatile organic
compounds (VOCs), also pose serious long-term risks if not properly contained. One of the key
goals of these facilities is to prevent the migration of contaminants through environmental
pathways, such as groundwater or surface water. Therefore, the design and operation of DOE
disposal facilities must account for both immediate containment and the potential for
environmental changes over thousands of years (U.S. Department of Energy, 2001).

The long-term safety of waste disposal facilities hinges on their ability to provide effective
containment over extended timeframes, often far exceeding the operational lifespan of the facility
itself. Waste disposal sites are expected to remain effective in isolating contaminants for thousands
of years, necessitating both engineered barriers (such as liners and caps) and the natural geologic
features of the site to prevent contaminant migration. For instance, facilities like the Waste
Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico, are designed to store TRU waste deep
underground in stable salt formations that are intended to self-seal over time, further isolating the
waste from the environment (U.S. Department of Energy, 1992). Similarly, the Oak Ridge
Environmental Management Waste Management Facility (EMWMF) in Tennessee is built with
engineered barriers to safely contain LLW and MLLW from the Oak Ridge Reservation cleanup
activities (U.S. Department of Energy, 2000). Long-term management of these facilities involves
not only the initial disposal of waste but also ongoing monitoring, maintenance, and potential
remediation activities. Post-closure care, which includes groundwater monitoring, cap
maintenance, and regular inspections, is critical for detecting any potential breaches or releases of
contaminants. The DOE must also plan for institutional controls, such as land-use restrictions, that
will prevent future generations from unknowingly disturbing or developing on contaminated land.
Given the long-term nature of radioactive waste, many disposal facilities must be designed to
withstand natural events such as earthquakes, floods, and climate changes that could affect the
integrity of the containment systems. Predicting these events over such long timeframes introduces
significant challenges, making performance assessments a key tool in ensuring the safety of these
facilities (U.S. Department of Energy, 2001).
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Figure 1. The Environmental Management Waste Management Facility (EMWMF) in Oak Ridge, TN (Office
of Environmental Management, 2022).

DOE Order 435.1, "Radioactive Waste Management,” provides the overarching framework for the
management, treatment, and disposal of radioactive waste at DOE facilities. This order outlines
the policies and procedures that DOE must follow to ensure the safe and compliant management
of waste, including the construction and long-term operation of disposal facilities. The primary
goals of DOE Order 435.1 are to protect human health and the environment, limit radiation
exposure to the public, and ensure that all waste is managed by applicable laws and regulations.
The order requires DOE facilities to characterize waste, treat waste, and ensure long-term
containment. DOE 435.1 LLW disposal objectives include limiting the total effective dose
equivalent to 25 mrem (0.25 mSv) per year for the public from all exposure pathways, excluding
radon and its progeny in the air. Additionally, the dose from the air pathway alone must not exceed
ten mrem (0.10 mSv) per year, excluding radon. Regarding radon release, the facility must ensure
that the average radon flux at the surface is below 20 pCi/m?/s, or the radon concentration at the
facility boundary must not exceed 0.5 pCi/L in the air (U.S. Department of Energy, 2001).

Also, under DOE Order 435.1, facilities are required to conduct Performance Assessments (PA)
to evaluate the potential risks associated with waste disposal over time and Composite Analyses
(CA) to evaluate the cumulative impacts of multiple disposal actions or waste streams at a single
site. The PA must assess potential doses to the public and potential releases from the facility over
1,000 years following closure, ensuring long-term environmental protection and public safety.
Dose calculations must account for potential radiation exposure to representative future members
of the public, ensuring that doses remain within established safety limits. This includes considering
the average living habits and exposure conditions of individuals expected to receive the highest
doses. Additionally, the PA must evaluate scenarios involving inadvertent intruders, ensuring that
their exposure remains below 100 mrem per year for chronic exposure and 500 mrem total for
acute exposure, should they accidentally encounter the waste after institutional controls have
lapsed. To ensure buffer zone compliance, the assessment must identify the point of highest
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projected dose or radionuclide concentration beyond a 100-meter buffer zone surrounding the
waste. Furthermore, the PA must consider foreseeable natural processes, such as erosion, seismic
activity, or climate changes, that could disrupt the containment systems and lead to the release of
radioactive materials into the environment. In addition, the assessment includes a sensitivity and
uncertainty analysis to address the variability in input data and assumptions, providing a range of
possible outcomes that can better inform long-term decision-making. A core component of the PA
is demonstrating that radionuclide releases are maintained As Low As Reasonably Achievable
(ALARA), minimizing environmental impacts through effective waste containment. The
assessment must also consider potential impacts on water resources, particularly the risk of
radionuclide migration into groundwater at near-surface disposal sites. Finally, when considering
inadvertent intrusion by future populations, the PA assumes that institutional controls will remain
effective in deterring human access for at least 100 years after closure. Beyond this period, the PA
must evaluate potential exposure scenarios for both chronic and acute exposure situations, ensuring
that any contact with the site will not lead to harmful radiation doses (U.S. Department of Energy,
2001).

The objective of this report is to model the potential future risk and dose to a population that may
encounter a radioactive waste disposal cell, using a hypothetical site with characteristics similar to
the Oak Ridge Reservation area where the EMWMF OSWDF is present. The focus will be on five
key contaminants of concern—Pu-238, Ni-63, 1-129, Tc-99, and U-235—to assess how these
radionuclides will behave over time in the environment. The model will simulate the release of
radionuclides after the hypothetical OSWDF closure and evaluate concentrations of these
radionuclides in water, soil, and food sources. Pu-238 is a highly toxic alpha emitter with a
relatively short half-life of 87.7 years, making it a concern for short- to medium-term risks,
especially in defense-related waste. Pu-238 has U-234, Th-230, Ra-226, and Pb-210 as progeny.
Ni-63, a beta emitter commonly found in reactor waste, is frequently present in low-level and
mixed waste due to its use in metals and equipment. 1-129 is a long-lived radionuclide (half-life of
15.7 million years) that is highly mobile in groundwater, posing significant long-term
environmental risks. Similarly, Tc-99, with a half-life of 213,000 years, is highly mobile and
persistent, making it a key radionuclide for assessing long-term contamination in groundwater.
Finally, U-235, a naturally occurring isotope used in nuclear fuel, has both radiological and
chemical toxicity, with a half-life of 704 million years, posing both short- and long-term risks. U-
235 has Pa-231 and Ac-227 as progeny. This analysis aims to ensure that the hypothetical disposal
site remains safe and meets the DOE Order 435.1 and Performance Assessment standards for
radiological protection. RESRAD-OFFSITE 3.2, developed by Argonne National Laboratory for
the DOE, will be used to model the long-term transport of radionuclides and assess potential
concentrations, doses, and health (Argonne National Laboratory, 2007).
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2. RESEARCH DESCRIPTION

Hypothetical Site Description

The hypothetical On-Site Waste Disposal Facility (H-OSWDF) occupies a primary contamination
area measuring 100 meters by 80 meters. The H-OSWDF, in the model, is situated centrally within
the site, surrounded by various land use areas that represent typical agricultural and residential
land use in the region. The following describes the hypothetical layout of a plot surrounding the
hypothetical disposal facility within the model. To the east of the H-OSWDF (150-200 meters)
lies the fruit, grain, and non-leafy vegetable plot. Further east (200-250 meters) is the leafy
vegetable plot, where crops like lettuce and spinach are grown. To the southeast (250-300 meters)
is the pasture and silage growing area, used for livestock grazing and feed production. Grain fields
are located 300-350 meters east and 250-300 meters north, where crops like wheat or corn are
cultivated. To the north of the H-OSWDF, at 350-400 meters, lies the dwelling site, a small
residential area. All these areas have dimensions of 50 meters by 50 meters. The site also includes
a surface water body located 100-150 meters east of the H-OSWDF, extending 50 meters north to
south and 50 meters east to west, with a volume of 1,000 cubic meters and a mean residence time
of 180 days.

The H-OSWDF is capped with a 4-meter-thick engineered clean cover designed to minimize water
infiltration and protect the underlying waste. The cover has a bulk density of 1.6 g/cm3 and a total
porosity of 0.45, allowing it to support vegetation while preventing erosion. The contaminated
zone beneath the cover extends 6 meters deep, with a bulk density of 1.7 g/cm3 and a total porosity
of 0.40. This zone includes compacted radioactive waste materials. Below the contaminated zone
lies the unsaturated zone, with a thickness of 10 meters and a hydraulic conductivity of 31 m/yr.
The saturated zone (aquifer) beneath the unsaturated zone has a thickness of 30 meters, an effective
porosity of 0.25, and a hydraulic gradient of 0.01.

The model assumes that the H-OSWDF will remain intact for 200 years post-closure, after which
the containment system begins to degrade. Once degradation occurs, radionuclides such as Pu-
238, Ni-63, 1-129, Tc-99, and U-235 will begin to migrate into the surrounding environment, with
potential contamination of soil, groundwater, and surface water. These radionuclides will be
released over 500 years, with 100% of each radionuclide being released by the 700" year.

Model Input

The model used for this work was RESRAD-OFFSITE, a radiological assessment tool developed
by Argonne National Laboratory for the DOE to evaluate the potential offsite transport of
radionuclides from contaminated areas. It simulates multiple environmental pathways to assess
long-term exposure risks to offsite populations. Figure 2, found in the RESRAD User’s Manual,
illustrates the RESRAD pathways used to model the exposure of individuals to residual radioactive
material in the soil. The model considers direct exposure from ground sources and on-site air
contamination, where dust particles can carry radioactive material. Contamination can also occur
through water pathways, with radioactive material entering the plant and aquatic food chains,
which are subsequently consumed by livestock and humans. Livestock can ingest contaminated
plants and water, resulting in radionuclides being present in meat and milk. Humans are exposed
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to these radionuclides through the ingestion of contaminated plant foods, meat, milk, fish, water,
and soil. Exposure through inhalation of contaminated dust is also considered (Argonne National
Laboratory, 2007). However, in this work, the radon pathway was not used. These pathways
culminate in the total effective dose equivalent received by an exposed individual through external
radiation, inhalation, and ingestion. The model begins with a source term, defining the radionuclide
concentrations at the disposal site, and uses parameters like hydraulic conductivity, porosity, and
dispersivity to track contaminant movement. It calculates doses from direct radiation, inhalation,
ingestion, and external exposure to determine potential health risks over time. RESRAD-OFFSITE
accounts for radionuclide decay and barrier degradation to project long-term risks and ensure
compliance with DOE Order 435.1.
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Figure 2. Schematic of the RESRAD-OFFSITE environmental pathways to individual radiation exposure
(Argonne National Laboratory, 2007).

For RESRAD to calculate the concentrations and doses a future population may receive at the site
through the ingestion pathway, livestock ingestion rates and human consumption rates are needed.
It is assumed that a resident farmer would be the future population for the H-OSWDF. The farmer
would rely on water from a local well for drinking, household purposes, irrigation, and livestock
watering, meaning all water used comes directly from the contaminated area. The farmer’s
exposure to radionuclides would occur through various ingestion pathways, including the
consumption of plant foods, meat, milk, fish, and potentially contaminated soil. The assumed
ingestion rates for each food group were obtained from the RESRAD User’s Manual (Argonne
National Laboratory, 2007). The hypothetical ingestion rates are as follows: 160 kg/year for fruits,
vegetables, and grains, 14 kg/year for leafy vegetables, 63 kg/year for meat and poultry, 92 L/year

10
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for milk, and 5.4 kg/year for fish. Additionally, the farmer would consume 510 liters of drinking
water per year, all of which contribute to the potential ingestion of radionuclides in the
contaminated environment surrounding the H-OSWDF. The assumed intakes for livestock in the
scenario include both meat livestock and dairy cows. Meat livestock are expected to consume 50
liters of water per day, while dairy cows consume 160 liters per day, both sourced from a local
well. In terms of feed, meat livestock consume 14 kg of pasture and silage per day and 54 kg of
grain per day, while dairy cows consume 44 kg of pasture and silage and 11 kg of grain per day.
Additionally, both animals are assumed to ingest small amounts of soil from their feed: meat
livestock ingest 0.1 kg of soil from pasture and silage and 0.4 kg from grain, while dairy cows
ingest 0.4 kg of soil from pasture and silage and 0.1 kg from grain. These values were also obtained
from the RESRAD User’s Manual (Argonne National Laboratory, 2007).

As described in the objective, five major radionuclides were modeled in RESRAD for a 10,000-
year time frame. The radionuclides used were Pu-238, Ni-63, 1-129, Tc-99, and U-235. The initial
principal radionuclide concentration was set to 100 pCi/g for the main five radionuclides and zero
for their progeny. For model input, transfer factors, deposition velocities, and partition
(distribution) coefficients are needed for each of the radionuclides and their progeny. Table 1
shows the transfer factors for Meat, Milk, Fruit/Grain/Non-leafy Vegetables, Leafy Vegetables,
Pasture/Silage, and Livestock Feed/Grain for each radionuclide. These transfer factors, expressed
in pCi/kg or pCi/L per pCi/day, represent the ratio of radionuclide concentrations in food products
to the daily intake of radionuclides from contaminated sources. They provide a measure of how
radionuclides move from the environment into the food chain for human exposure through
ingestion (Argonne National Laboratory, 2007). These transfer factor values for the radionuclides
of interest were obtained from Staven et al. 2003.

Table 1. Transfer Factors for the Radionuclides of Interest.

Fruit, Livestock
. Grain, Leafy Pasture,

Milk . Feed

Meat Non-leafy | Vegetables Silage .

Transfer Grain

Transfer Vegetables | Transfer | Transfer

. . Factor Transfer
Radionuclide Factor (pCilL Transfer Factor Factor Eactor
(pCitkg per | ‘P - Factor (pCilkg | (Citkg | i

pCi/day) b (pCilkg per per p-1/kg

pCi/day) . . per

per pCi/kg) pCi/kg) nCilkg)

pCi/kg)

Ac-227 2.29E-03 2.00E-05 5.10E-05 9.40E-05 | 2.00E-05 | 2.00E-05
1-129 5.84E-02 9.00E-03 2.00E-02 2.00E-02 2.00E-02 | 2.00E-02
Ni-63 6.09E-03 1.60E-02 1.77E-02 5.60E-02 2.70E-02 | 2.70E-02
Pa-231 2.08E-03 5.00E-06 5.10E-05 9.40E-05 | 2.00E-05 | 2.00E-05
Pb-210 3.51E-01 2.60E-04 2.53E-03 2.00E-03 | 4.30E-03 | 4.30E-03
Pu-238 2.41E-05 1.10E-06 9.86E-05 1.20E-05 | 7.80E-06 | 7.80E-06
Ra-226 5.88E-02 1.30E-03 9.00E-04 9.80E-03 1.10E-03 | 1.10E-03
Tc-99 6.10E-03 1.40E-04 3.30E-01 4.20E+01 | 6.60E-01 | 6.60E-01
Th-230 7.75E-05 5.00E-06 5.30E-05 3.60E-04 | 3.10E-05 | 3.10E-05
U-234 6.32E-03 4.00E-04 1.64E-03 1.70E-03 1.20E-03 | 1.20E-03

11
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U-235 6.32E-03 4.00E-04 1.64E-03 1.70E-03 1.20E-03 | 1.20E-03

Table 2 shows the deposition velocity and distribution coefficients for each radionuclide. The
deposition velocity was needed for total particulate and respirable particulate. The distribution
coefficient was needed for the unsaturated zone, saturated zone, and all other soils outside the
disposal site (fruit field, grain field, leafy vegetable field, and dwelling site). In the contaminated
zone, where the waste is stored, the distribution coefficient was set to zero. The deposition
velocities and distribution coefficients were obtained from the RESRAD User’s Manual (Argonne
National Laboratory, 2007).

Table 2. Deposition Velocities and Distribution Coefficients for the Radionuclides of Interest.

Deposition Deposr_uon Kd outside . Kdin
. Velocity Kdin
. . Velocity (Total . of waste Saturated
Radionuclide Particulate) (Respirable disposal Unsaturated Zone
Particulate) p3 Zone (cm®/g) 3
(m/s) (cm?/g) (cm?/g)
(m/s)

Ac-227 1.00E-03 1.00E-03 1000 500 200
1-129 1.00E-02 1.00E-02 5 1 0.5
Ni-63 1.00E-03 1.00E-03 50 10 5

Pa-231 1.00E-03 1.00E-03 1000 500 200

Pb-210 1.00E-03 1.00E-03 2000 1000 500

Pu-238 1.00E-03 1.00E-03 2000 1000 500

Ra-226 1.00E-03 1.00E-03 500 100 50
Tc-99 1.00E-03 1.00E-03 1 0.5 0.1

Th-230 1.00E-03 1.00E-03 2000 1000 500
U-234 1.00E-03 1.00E-03 100 10 5
U-235 1.00E-03 1.00E-03 100 10 5

12
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3. RESULTS AND ANALYSIS

The results of this study provide insights into the potential radiological impacts of radionuclide
migration from a hypothetical On-Site Waste Disposal Facility (H-OSWDF) over 10,000 years.
The key radionuclides analyzed include 1-129, Tc-99, Pu-238, Ni-63, and U-235, along with the
progeny of Pu-238 and U-235, each evaluated across various pathways and environmental zones.
The total dose over time, as well as individual contributions from specific radionuclides, were
assessed to determine potential risks and compliance with regulatory dose limits. Sensitivity
analyses were conducted on key parameters such as unsaturated zone thickness and contaminated
zone thickness to explore how variations in environmental and engineering controls could affect
radionuclide migration and resulting doses. The following results highlight the peak doses, the
dominant radionuclides contributing to the dose, and the temporal behavior of radionuclide
transport through surface water, well water, and the environment. Table 3 shows the peak dose (in
mrem/yr) and the time of peak for each of the simulated radionuclides, as well as their respective

progeny.
Table 3. The Peak Dose (mrem/yr) and Time of Peak (years) for All Simulated Radionuclides.

All Radionuclides
Radionuclide | Peak Dose (mrem/yr) | Time of Peak (years)

[-129 3.78E+03 1028
Ni-63 2.73E-07 1484
Pu-238 1.16E-01 4271
Tc-99 3.59E+01 813
U-235 3.00E+02 4246
Total 3.80E+03 1028

Pu-238 and Progeny
Radionuclide | Peak Dose (mrem/yr) | Time of Peak (years)

Pu-238 0.00E+00 0

U-234 1.16E-01 4256
Th-230 1.79E-04 9418
Ra-226 2.91E-03 10020
Pb-210 1.79E-03 10020

U-235 and Progeny
Radionuclide | Peak Dose (mrem/yr) | Time of Peak (years)

U-235 2.95E+02 4207
Pa-231 5.89E+00 8644
Ac-227 6.58E+00 8664

13
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Figure 3. Total Dose (mrem/yr) and Individual Dose (mrem/yr) for All Radionuclides Over Time.

After running the model, radionuclide 1-129 emerges as the most significant contributor to total
dose, as shown in Table 3 and the top-right graph of Figure 3. It peaks with a dose of 3.78E+03
mrem/yr at 1,028 years, making it the primary concern for both short- and long-term safety. 1-129
is a highly mobile radionuclide that persists in the environment for thousands of years, contributing
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significantly to dose via groundwater and ingestion pathways. Its high dose contribution in the
early years after site closure indicates an immediate need for risk mitigation strategies focusing on
1-129. U-235, depicted in the middle-right graph of Figure 3, presents a peak dose of 3.00E+02
mrem/yr around 1,484 years. Although its dose is lower than that of 1-129, U-235 remains a
significant contributor, especially when considering its progeny, which peaks thousands of years
later. U-235's medium-term risk requires careful monitoring, especially as its peak dose period
aligns with the migration of radionuclides into the environment. While the dose from U-235
eventually declines, its progeny contributes to the long-term dose profile.

Tc-99, shown in the bottom-right graph of Figure 3, has a peak dose of 3.59E+01 mrem/yr at 813
years, making it one of the smaller contributors to the total dose. Although Tc-99's dose is
relatively low compared to other radionuclides, it is still relevant in the early stages of post-closure.
Tc-99 is a highly mobile radionuclide that can travel through groundwater, and its peak dose in
the short term requires some attention, though not as much as 1-129 or U-235. Ni-63, shown in the
bottom-left graph of Figure 3, has the lowest peak dose of all radionuclides analyzed, with 2.73E-
07 mrem/yr occurring around 1,484 years. Ni-63's dose is negligible compared to the other
radionuclides, and it is not a significant contributor to the overall dose picture. Nonetheless, it is
still part of the dose assessment due to its presence in low-level waste, but its environmental impact
is minimal in this scenario.
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The graphs (Figure 4) for Pu-238 (top) and U-235 (bottom) progeny provide valuable insights into
the long-term risk associated with the disposal site. In the top two graphs, Pu-238 is shown
alongside its progeny: U-234, Th-230, Ra-226, and Pb-210. U-234 of the Pu-238 progeny peaks
at 4,256 years with a dose of 1.16E-01 mrem/yr. Although this dose is much lower than that of I-
129 or U-235, it contributes to long-term dose risks. For the Pu-238 progeny, Th-230, Ra-226, and
Pb-210 contribute to the dose well beyond 10,000 years. The doses of these progeny remain
relatively low, but their persistence poses a long-term risk that will require management for
thousands of years. The bottom graph of Figure 4 shows the contributions from U-235 and its
progeny, including Pa-231 and Ac-227. U-235 peaks at 4,207 years with a dose of 2.95E+02
mrem/yr, but its progeny peak much later. Pa-231 and Ac-227 both peak at 8,644 years, each with
doses around 6.00E+00 mrem/yr, with Ac-227 being slightly larger. This highlights the long-term
persistence of U-235 and its progeny, which continue to contribute to the total dose profile long
after the parent radionuclide's peak dose has passed. The analysis shows that while 1-129 is the
largest contributor to dose in the early stages (first 1,000 years), the long-term risk is driven by
progeny from Pu-238 and U-235. These progeny have much lower dose levels compared to the
parent radionuclides, but their persistence in the environment makes them important contributors
to long-term risk.

When comparing these results to dose limits set by DOE Order 435.1, it's critical to evaluate
whether the H-OSWDF complies with the guidelines. The dose limit for the general public is 25
mrem/yr, and for an inadvertent intruder (someone who unknowingly interacts with the
contaminated site), the limit is 500 mrem/yr. In this scenario, the peak doses for both 1-129 and U-
235 far exceed the 25 mrem/yr limit, suggesting that mitigation strategies would be necessary to
reduce these doses to acceptable levels. Additionally, the total peak dose for the site (including all
radionuclides) reaches approximately 3,800 mrem/yr, which significantly exceeds both the public
and intruder dose limits. The immediate focus of risk management should be on 1-129, given its
dominant contribution to the dose in the early years post-closure. However, the long-term risk
posed by the progeny of Pu-238 and U-235 makes it critical to develop long-term monitoring and
mitigation strategies to ensure that doses remain below regulatory limits.
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1-129 Dose (mrem/yr) for Waterborne Pathways
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Figure 5. Dose (mrem/yr) of 1-129 (top) and U-235 (bottom) for Each Individual Waterborne Pathway Over
Time.

Figure 5 shows the graphs for 1-129 (top) and U-235 (bottom) of the doses contributed by different
waterborne pathways over time, highlighting the key exposure routes for these radionuclides. 1-1-
29 and U-235 were chosen for pathway analysis as they were the largest contributors to the overall
dose, as seen in Table 3 and Figure 3. For 1-129, the top graph shows that meat ingestion is the
dominant pathway, contributing the highest dose at the peak of around3.5
mrem/yr at approximately 1,875 years. Following this, milk ingestion and plant ingestion also
show significant contributions, albeit at lower levels, with doses of around 1.9 mrem/yr and 0.42
mrem/yr, respectively. Soil ingestion, direct radiation from soil, and ingestion of fish contribute
the least, with almost negligible dose contributions. The dose from all pathways for 1-129 declines
rapidly after the peak, becoming not impactful beyond 2,000 years. The dominance of the meat
pathway reflects the strong bioaccumulation of I-129 through livestock, which consumes
contaminated plants and water. The bottom graph for U-235 displays a very different dose
distribution over time, with much lower doses peaking later. The total dose is dominated by plant
ingestion, which reaches a peak of around 3.0E-02 mrem/yr after 10,000 years. Meat and milk
ingestion also contribute significantly, with doses peaking at 2.7E-02 mrem/yr and 6.0E-03
mrem/yr, respectively. Unlike 1-129, the contribution from soil ingestion and direct radiation from
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the soil is more noticeable in the U-235 graph, albeit still relatively small. This suggests that U-
235’s distribution coefficient and half-life properties may cause prolonged exposure through
environmental pathways that bioaccumulate over time, leading to later peak doses. In both cases,
the primary pathways for exposure are through ingestion of plants, meat, and milk, highlighting
the significance of these food pathways in long-term radionuclide exposure. The higher
concentrations of U-235 in plants compared to 1-129 may be due to differences in their chemical
behavior and environmental interactions. U-235 is a heavy metal that binds to soil particles and is
more readily absorbed by plant roots, leading to longer-term bioaccumulation. In contrast, 1-129 is
more mobile in water, which allows it to disperse more easily, reducing its long-term availability
for plant uptake. Additionally, U-235’s longer half-life and persistence in the soil enable
continuous absorption by plants, while 1-129 may be washed away or diluted over time.
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Figure 6. Surface Water Concentration (pCi/L) for All Radionuclides Over Time.
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Figure 6 shows the surface water concentrations of various radionuclides over a 10,000-
year period, highlighting both short-term and long-term impacts of radionuclide release from the
disposal site into surface water pathways. 1-129 and Tc-99 exhibit the highest concentrations
among the primary radionuclides, peaking around 1,875 years and 1,165 years, respectively. 1-129
reaches a maximum concentration of approximately 4.4 pCi/L, and Tc-99 peaks at about 7 pCi/L.
For reference, the Nuclear Regulatory Commission’s (NRC) maximum contaminant level
(MCL) for drinking water is1 pCi/L for I-129 and 900 pCi/L for Tc-99. This indicates that
while 1-129 exceeds the NRC limit for surface water, Tc-99 remains well below the threshold,
though still notable due to its relatively high concentration compared to the other radionuclides.
U-235 shows a much slower increase in concentration, peaking after 10,000 years at around 0.7
pCi/L. This value is lower than the NRC’s MCL for uranium in drinking water, which is 30
micrograms per liter (roughly 20 pCi/L depending on isotope mix) (United States Department of
Environmental Protection, 2022). The gradual rise in U-235 concentration reflects its slow release
and long half-life, which leads to extended environmental presence but with lower surface water
concentrations compared to 1-129. For the progeny of Pu-238 and U-235, the concentrations
increase significantly after 10,00 years, showing the delayed impact of parent radionuclide
decay. Pa-231 peaks at around 6E-4 pCi/L, the highest concentration among the progeny,
while Ac-227 and U-234 reach similar concentrations just below 5E-4 pCi/L. These values are
well below typical regulatory limits, as progeny concentrations tend to be much lower than those
of the parent radionuclides. This suggests that while the progeny are present in surface water over
long timescales, their concentrations do not pose a significant risk individually. The graph for Pb-
210, Ra-226, and Th-230 shows concentrations that are considerably lower, with peaks around 5E-
8 pCi/L. These progeny begin to increase near 10,000 years, reflecting their role in the decay
chains of heavier radionuclides like U-235 and Pu-238. Despite their long-term presence, these
progeny have minimal impact on surface water concentrations due to their low levels. Ni-63 shows
the smallest concentrations, peaking around 4,500 years at less than 2E-18 pCi/L, far below any
regulatory thresholds. Ni-63 has low mobility in the environment in this scenario and is not a
significant contributor to surface water contamination. Overall, Figure 6 suggests that long-term
radionuclide contamination from the H-OSWDF would primarily be driven by 1-129 and Tc-99.
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Well Water Concentration (pCi/L)
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Figure 7. Well Water Concentration (pCi/L) for All Radionuclides Over Time.

Figure 7 shows the well water concentrations of radionuclides over a 10,000-year period. I-
129 and Tc-99 display the highest concentrations in well water, similar to their surface water
behavior. 1-129 peaks at around 16,600 pCi/L and Tc-99 reaches nearly 22,000 pCi/L, occurring
at approximately 1,000 years and 812 years respectively. These values significantly exceed
the NRC’s maximum contaminant level (MCL) of drinking water for 1-129 (3 pCi/L) and Tc-
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99 (900 pCi/L), indicating that these radionuclides pose a substantial contamination risk to
groundwater in the short term (United States Department of Environmental Protection, 2022). U-
235 behaves differently, showing a much slower increase, peaking at around 2,300 pCi/L at 4,000
years before gradually declining. This indicates that while U-235 contributes to long-term well
water contamination, its concentrations are more prolonged and moderate compared to I-
129 and Tc-99. The progeny of Pu-238 and U-235, represented by Ac-227, Pa-231, and U-234,
also exhibit a delayed peak, with concentrations rising after 5,000 years. These concentrations,
though lower than the parent radionuclides, indicate the gradual release of decay products into
groundwater. For the U-235 progeny, Pb-210, Ra-226, and Th-230 demonstrate a slow and steady
increase. These values, although much smaller than the parent radionuclides, are notable in the
long-term context, reflecting the delayed release of these radionuclides into groundwater as a result
of decay processes. Ni-63 shows a non-impactful contribution to well water contamination,
peaking early at extremely low levels around 1E-18 pCi/L, indicating minimal environmental
mobility and risk.

Sensitivity Analysis of Unsaturated Zone Thickness
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Figure 8. Sensitivity Analysis of Total Dose (mrem/yr) for Varying Unsaturated Zone Thickness (5, 10, and 20
meters) Over Time with 10 Meters Being the Existing Conditions.

Figure 8 shows a sensitivity analysis of the total dose received over time for different thicknesses
of the unsaturated zone in the model, specifically comparing 20 meters, 10 meters (the original
scenario), and 5 meters. The results show that the thickness of the unsaturated zone influences the
peak dose received. The scenario with a 20-meter-thick unsaturated zone results in the lowest peak
dose. This is likely due to the greater volume of soil providing more time for radionuclides to
attenuate as they move downward, thereby reducing the dose reaching the receptor. The peak dose
occurs slightly later compared to the other scenarios, suggesting a delay in contaminant transport
through the thicker layer. The 5-meter scenario results in the highest peak dose. The thinner
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unsaturated zone allows radionuclides to reach the groundwater and receptor more quickly and
with less attenuation, leading to a higher dose over a shorter period. The peak is more pronounced
and occurs earlier than in the other scenarios, suggesting faster contaminant breakthroughs.
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Figure 9. Sensitivity Analysis of Total Dose (mrem/yr) for Varying Contaminated Zone Thickness (2, 6, and
18 meters) Over Time with 6 Meters Being the Existing Conditions.

Figure 9 shows the sensitivity analysis of the contaminated zone thickness, which lies directly
beneath the cover but above the unsaturated zone. Three thicknesses were tested: 18 meters, 6
meters (original scenario), and 2 meters. The results show a significant impact of contaminated
zone thickness on the total dose received over time. The scenario with the thickest contaminated
zone (18 meters) results in the highest peak dose. This is because a thicker contaminated zone
stores more radionuclides, leading to a greater release when the contaminants begin to migrate.
The peak dose occurs earlier and is more pronounced than in the other scenarios, reaching
approximately 11,000 mrem/yr. The scenario with the thinnest contaminated zone (2 meters)
results in the lowest peak dose, at just over 1,000 mrem/yr. The thinner zone limits the amount of
radionuclides available for release, leading to a smaller peak and a delay in contaminant transport.
This scenario provides the lowest overall risk compared to the others. This analysis shows that
reducing the contaminated zone thickness limits the dose and delays the contaminant release,
which may be beneficial for long-term safety and compliance with dose limits. Changing the
contaminated zone thickness has a more significant impact on the peak dose compared to changing
the unsaturated zone thickness. While changing the unsaturated zone primarily affects the timing
and duration of the dose rather than the magnitude. While both zones influence dose behavior, the
contaminated zone plays a more direct role in determining the peak dose, whereas the unsaturated
zone moderates how contaminants move through the system over time.
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4. CONCLUSION

The Department of Energy (DOE) manages large volumes of radioactive and hazardous waste
generated from nuclear weapons production, energy research, and environmental remediation
efforts. Proper disposal of this waste is critical to protecting human health and the environment for
current and future generations. DOE's waste disposal facilities, such as On-Site Waste Disposal
Facilities (OSWDF), are designed to safely isolate hazardous materials like low-level radioactive
waste (LLW) and mixed low-level radioactive waste (MLLW). These facilities must meet stringent
performance and regulatory standards to ensure long-term containment and prevent environmental
contamination over thousands of years. The analysis conducted in this report focuses on modeling
the potential risks associated with a hypothetical OSWDF. Five radionuclides—Pu-238, Ni-63, I-
129, Tc-99, and U-235—were selected for evaluation due to their radiological significance and
long-term environmental persistence. The RESRAD-OFFSITE model was used to simulate
radionuclide migration and assess their potential impact on groundwater, surface water, and the
food chain over a 10,000-year timeframe. The results showed that 1-129 posed the highest
immediate risk, with a peak dose of 3.78E+03 mrem/yr at 1,028 years, while U-235 contributed
significant long-term risks with a peak dose of 3.00E+02 mrem/yr around 4,246 years.

Key findings from the analysis show that radionuclides like 1-129 and Tc-99 are highly mobile and
have the potential to exceed EPA regulatory limits for drinking water. Surface water
concentrations of 1-129 reached 4.4 pCi/L, above the NRC maximum contaminant level of 1 pCi/L.
Similarly, well water concentrations for 1-129 and Tc-99 reached values far exceeding NRC limits,
highlighting the need for immediate attention to mitigation strategies in post-closure scenarios. In
addition to assessing the primary radionuclides, the analysis also examined the contribution of
progeny from Pu-238 and U-235. These progeny contribute to long-term dose, with U-234, Pa-
231, and Ac-227 peaking well beyond the 10,000-year mark, though at lower concentrations
compared to their parent radionuclides. The sensitivity analysis on the unsaturated and
contaminated zone thicknesses revealed that increasing the contaminated zone thickness results in
a more significant impact on peak doses compared to changes in the unsaturated zone. A thicker
contaminated zone allows for greater storage of radionuclides, leading to higher peak doses when
contaminants are released, whereas the unsaturated zone influences the timing of peak doses.

When compared to DOE Order 435.1 dose limits, the total peak dose of 3,800 mrem/yr far exceeds
the allowable 25 mrem/yr for the public and 500 mrem/yr for inadvertent intruders. This indicates
the need for additional mitigation measures, such as reducing contaminated zone thickness or
increasing barrier efficiency, to ensure compliance with regulatory standards and protect public
health in the long term for this hypothetical OSWDF.
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