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Linking Legacies

Fizeau. This 11-kiloton atmospheric nuclear explosion, code-named "Fizeau," was one of 210 atmospheric nuclear tests conducted

by the United States. Of the 1,054 nuclear tests explosions conducted by the U.S., 904 were detonated at the Nevada Test Site. All
U.S. nuclear explosions since 1962 have been underground. Event Fizeau, Operation Plumbbob, Yucca Flat, Nevada Test Site, Neuada.
9:45 A.M., September 14, 1957.

Barrels of transuranic waste sit on a concrete pad in temporary storage. This waste is contaminated with traces of plutonium. More
than 300,000 barrels of such waste from nuclear weapons production are buried or stored around the country. Cleanup efforts
throughout the weapons complex will add to the volume of this waste. Transuranic Waste Storage Pads, E Area Burial Grounds,
Savannah River Site, South Carolina. January 7, 1994.
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Underground uranium mine near Grants. New Mexico. Prospectors discovered rich deposits of uranium
in the area in 1950. initiating 40 years of mining activity in the region . Grants. New Mexico . August 19. 1982
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A remote monitoring camera inside the Defense Waste Processing Facility allows workers to monitor
operations in the worlds largest high-level nuclear waste processing facility. This facility fills canisters with
high-level nuclear waste solidified in glass. The waste was generated by reprocessing operations, which
extracted plutonium for use in nuclear weapons. The waste-filled canisters are stored awaiting the availability
of a geologic repository for permanent disposal. Savannah River Site, South Carolina. June 15, 1993.

INTRODUCTION

INTRODUCTION
In the aftermath of the Cold War, the United States has begun addressing the environmental
consequences of five decades of nuclear weapons production. In support of this effort,
the National Defense Authorization Act for Fiscal Year 1995 directed the Department of
Energy (DOE) to describe the waste streams generated during each step in the production
of nuclear weapons.
Accordingly, this report responds to this mandate, and it is the Department’s first
comprehensive analysis of the sources of waste and contamination generated by the
production of nuclear weapons. The report also contains information on the missions
and functions of nuclear weapons facilities, on the inventories of waste and materials
remaining at these facilities, as well as on the extent and characteristics of contamination
in and around these facilities.
Other DOE reports have provided much of this information separately, but this analysis
unites specific environmental impacts of nuclear weapons production with particular
production processes. The Department used historical records to connect nuclear weapons
production processes with emerging data on waste and contamination. In this way, two
of the Department’s “legacies”-nuclear weapons manufacturing and environmental
management-have become systematically “linked.”
In reality, the two legacies were never separate. The secrecy surrounding nuclear weapons
made a disconnect between the two seem natural. However, the greater openness within
the nuclear weapons complex now makes this new linkage possible, even necessary.
By connecting the Department’s inventories of nuclear weapons materials, waste, surplus
facilities, and contamination with the processes that generated them, and describing
their present status, Linking Legacies quantifies the current environmental results of past
activities. The goal of this report is to provide Congress, DOE program managers, nongovernmental analysts, and the public with an explicit picture of the environmental results
of each step in the nuclear weapons production and disposition cycle. This new knowledge
from the past can serve as a guide for the future, influencing ongoing activities like
waste minimization and pollution prevention and control.
This new knowledge may also encourage us to addressdwo questions during our planning
and program implementation: What could we have done differently in the past that
would have lightened our burden today? What should we be doing now that can most
effectively avoid further environmental problems in the days to come?
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Glovebox for handling plutonium is a sealed environment kept under negative pressure and, when
necessary, filled with inert gas to keep the plutonium inside from igniting in air. Safety procedures require
workers to wear anti-contaminationclothing and to handle plutonium through rubber gloves attached to the
wall of the box. Plutonium Finishing Plant, Hanford Site, Washington. December 17, 1993.

1 BACKGROUND
AND SUMMARY
OF FINDINGS
In 1942, the United States of America began to develop technology capable of producing nuclear weapons
under the U.S. Army Corps of Engineers’ Manhattan Engineer District (known as the Manhattan Project).
Initial effortsresulted in the first atomic bombs used at the end of World War 11. With the enactment of
the Atomic Energy Act of 1946, nuclear weapons development and production was transferred to the
newly-created civilian Atomic Energy Commission (AEC). AEC developed and managed a network of
research, manufacturing, and testing sites, focusing the efforts of these sites on stockpiling an arsenal of
nuclear weapons. Initially, the nuclear weapons production network was small and scattered, relying on
many small, privately owned facilities. In the late 1940s and early 1950s, during a period of great expansion of the nuclear weapons complex, most of these functions were consolidated into a complex of large,
centralized, government-owned production facilities.
Congress abolished AEC in 1975. Its nuclear weapons production mission was incorporated into the
Energy Research and Development Administration (ERDA), which was subsumed into DOE in 1977.
Stockpiling nuclear materials and weapons required an extensive manufacturing effort that generated
large volumes of waste and resulted in considerable environmental contamination. Growing concerns
about safety and environmental problems caused various parts of the weapons-producing complex to be
shut down in the 1980s. These shutdowns, at first expected to be temporary, became permanent when the
Soviet Union dissolved in 1991. Although the nation continues to maintain a reduced arsenal of nuclear
weapons and a limited production capability, the Department has largely suspended nuclear weapons
production activities and begun to downsize the weapons complex as part of the stockpile stewardship
and management program. Production materials and facilitiesonce considered vital to national defense
have become excess to the Department’s current mission needs. The primary missions of many former
nuclear weapons production sites are now environmental restoration, waste management, nuclear
material and facility stabilization, and technology development.
In 1989, the Secretary of Energy created the Office of Environmental Restoration and Waste Management
(later renamed the Office of Environmental Management) to consolidate budgets and staff devoted to
similar environmental tasks within the Department into a single DOE program office. The Office of
Environmental Management (EM), through the Department’s many field and operations offices, is acting
to mitigate the risks and hazards posed by the legacy of nuclear weapons production. Essentially all of
the identified legacy waste and environmental damage situations have been, or are being, addressed
under the provisions of federal and state law, including the Federal Facility Compliance Act and the
agreements made pursuant thereto.

ther DOE Reports on the
Potential Human Health Impacts
uclear Weapons Production
Legacy of Nuclear Weapons Production
e enwonmental legacy of nuclear weapons production.

tal Management Report, DOEIEM-0232 and 1996
update, DOE/EM-0290.
- Estimates the life-cycle activities and costs of the DOE Environmental Management Program.
Risks and the Risk Debate: Searchingfor Common Ground, (1996).

- Evaluates the risks that the Department’senvironmental legacy poses to its workers, the public,
and the environment.
I
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Surplus facilities. Hanfords B Reactor was the first plutonium-productionreactor in the world. Plutonium created in this reactor
fueled the first atomic explosion in the Alamogordo desert on July 16,1945 and it formed the core of the bomb that exploded over
Nagasaki on August 9,1945. Built in less than one year, the B Reactor operated from 1944 until 1968. It has been designated a
National Historic Mechanical Engineering Landmark. 100-B Reactor Area, Hunford Site, Washington. July 1 I , 1994.

Although the Department is committed to long-term cleanup of the nuclear weapons complex, it is not
possible to return all contaminated DOE sites to unrestricted public use. Nuclear material and facility
stabilization, remediation, and waste management will be supplemented with monitoring, land-use
restrictions, and other institutional controls to protect human health and safety over the long term.

THEFOURELEMENTS
OF

THE

ENVIRONMENTAL
LEGACY

Section 3154 of the National Defense Authorization Act for Fiscal Year 1995 directs the Department to
describe each step of the complete cycle of production and disposition of nuclear weapons components
by the Department of Energy of all waste streams generated before 1992 (See Appendix D). The goal of
Linking Legacies is to provide Congress with as comprehensive and accurate a picture as possible of the
environmental results of each step of the weapons production and disposition cycle. The report broadly
applies the term ”waste streams” to include four major legacy elements:
Waste, including high-level, transuranic, low-level, and hazardous waste, byproduct material as
defined under Section lle(2) of the Atomic Energy Act of 1954, as amended, and other waste;
Contaminated environmental media, which include soils, groundwater, surface water, sediments,
debris, and other materials;

Surplus facilities once used for nuclear weapons production that are no longer needed and are slated
to be deactivated and decommissioned; and
Materials in Inventory, which includes all materials not used in the past year and not expected to be
used in the upcoming year.

2
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Detailed reports on each element
are found in Chapters 3 through 6.
This report analyzes the origins
of the Department's current
waste inventories. It does not
document or recreate historical
waste generation, management
practices, or releases.
Contaminated environmental
media are included in this report
because many waste streams
were managed in a manner that
resulted in releases to the environment. Surplus facilities and
materials in inventory are also
included because, like waste and
contaminated media, they require
long-term management even if
they are not technically considered "waste."
The Department suspended
much of its nuclear weapons
production activities prior to
1992. Since that time, a large
number of potential release sites,
wastes, and facilities have been
characterized, and many waste
management and cleanup
activities have been completed.
The data in this report reflect the
status of the environmental
legacy of the nuclear weapons
complex as of mid-1996.

WHATIS NOTCOVERED
IN THIS REPORT
Materials in Inventory. Plutonium is one of the most challenging of the Department
of Energy's ten categories of Materials in Inventory. The steel cans shown here
have been approved by the U.S. Department of Transportationfor shipping
plutonium oxide powder and metal across the nation. They are the same kinds of
containers used in the commercial food industry. DOE Z R inner shipping component of
a DOT 6 M shipping container. Plutonium Finishing Plant, Hanford Site, Washington.
December 16, 1993.

The
are not
discussed in this report because
they either fall outside the scope
of the congressional mandate,
are unidentifiable and
unquantifiable, or are not under
the purview of the Department of Energy:

Wastewater outfalls, stack emissions, and other releases not in identifiable or quantifiable contaminated environmental media;
Contaminated facilities in use, including active waste management facilities;'

'

Although individual facilities that remain in use are excluded, sites at which thosefacilities are located are included if they contain other legacy
elements.

3

LINKING LEGACIES

Complexities of the legacy. This facility at the Oak Ridge National Laboratory blended transuranic and low-level radioactive waste
with concrete grout, which it then injected into rock fissures deep underground. This technique is termed “hydrofracture,” and it
was a standard practice at Oak Ridge for 30 years until it was discontinued in 1983. The Department of Energy plans to install a
system to detect and monitor contaminants migrating from the grout into surrounding groundwater, although nothing can be done
to remove the radioactive grout itself. One of the Department’s surplus facilities, the Old Hydrofracture Facility will be dismantled
and its injection wells plugged. The process of dismantlement will generate radioactive waste, but the radioactive scrap metal may
be recycled. The large rust spots visible in the photo are the result of hammer blows delivered decades ago to dislodge drying
concrete from inside the tank walls. Old Hydrofracture Facility, Melton Valley, Oak Ridge Resewation, Oak Ridge, Tennessee. January 10,
1994.

Materials in use or in strategic reserves;
Nonradioactive hazardous waste disposed of at commercial facilities;2
Nonhazardous, nontoxic, and nonradioactive waste, e.g., sanitary waste that does not require special
management;
Waste, environmental contamination, surplus facilities, and superfluous materials from the military
deployment of nuclear weapons, such as surplus missile silos and contaminated groundwater at bases
for strategic bombers;
Waste, environmental contamination, surplus facilities, and superfluous materials managed by the
commercial nuclear industry, ( e g , spent nuclear fuel from nuclear power plants and commercial lowlevel waste disposal facilities);

Risk and cost implications of the environmental legacy of nuclear weapons production; and
Social, economic, and political legacies of nuclear weapons production and the Cold War.
These materials are presumed to have been treated, stored, and disposed of i n n manner that obviates the need for continued munagement. A n y
environmental impacts of treatment, storage, and disposal services paid for by DOE would be indistinguishablefrom the impacts of the
management of non-DOE wastes. However, in several cases DOE is a potentially responsible party for hazardous waste sites listed on the
EPA National Priorities List, under the Comprehensive Environmental Response, Compensation and Liability Act (CERCLA),commonly
known as Superfund.

4
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Contaminated environmental media. From 1944 until 1957, untreated liquid low-level radioactive waste from the Oak Ridge
National Laboratory was discharged into White Oak Creek, which then flowed directly into the Clinch River. Today, the waters of
White Oak Creek carry sediments contaminated with strontium-90, tritium, cesium-137, cobalt-60, and PCBs. These contaminants
come from past laboratory discharges and waste storage area seepages. To insure that most of the contaminated particles settle out
of the creek water before it flows into the Clinch River, the Department of Energy has constructed a state-of-the-art embayment
dam, and, above it, White Oak Lake (pictured here). White Oak Lake, one milefrom O a k Ridge National Laboratory, Oak Ridge,
Tennessee. January 11, 1994.

PROCESSES
THAT GENERATED
THE LEGACY
OF NUCLEAR
WEAPONS
PRODUCTION
This report describes nuclear weapons production activities in terms of eight general groupings of
manufacturing processes; a description of each is essential to gain an understanding of the analyses in
this report. The eight general groupings of activities are:
Uranium Mining, Milling, and Refining

Chemical Separations

Isotope Separation (Enrichment)

Weapons Component Fabrication

Fuel and Target Fabrication

Weapons Operations

Reactor Operations

Research, Development, and Testing

A brief description of each of these processes is contained in Chapter 2. A more detailed discussion of the
processes can be found in Appendix B.

Nonweapons activities also took place at the DOE weapons complex sites. These activities generated
waste and contaminated media similar in character and quantity to those resulting from nuclear weapons
production. Nonweapons activities are grouped into the following two categories in this report:

5
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Support for the Naval Nuclear Propulsion Program. The Naval Nuclear Propulsion Program is a joint
DOE and US. Navy program responsible for the design, testing, construction, and operation of nuclear
propulsion systems for surface warships and submarines. The Department produced highly-enriched
uranium for the Navy at its nuclear weapons complex facilities. DOE continues to accept spent nuclear
fuel from Naval nuclear reactors. From 1952 until 1992, Naval reactor fuel was processed to recover
enriched uranium for reuse in the weapons programs.
Non-defense Research and Development. A wide variety of non-defense programs have been
administered by DOE and its predecessor agencies. Since the beginning of the “Atoms for Peace”
program in 1954, the federal agencies charged with administering and regulating the production and
uses of atomic power have supported research and development of civilian uses of nuclear energy.
These agencies have led the effort to develop nuclear power plants, supplied enriched uranium to
civilian reactors, and constructed and operated prototypes and demonstration plants. The Department
and its predecessor agencies have also managed many research programs addressing energy supply
and basic and applied science and technology.

SUMMARYOF FINDINGS
The major findings about the origins and characteristicsof each element of the environmental legacy are
summarized here. Chapters 3 through 6 present detailed results and conclusions for each element.

This report summarizes the volumes, locations, and radioactivity (where applicable) for each of the four
legacy elements. Other measures that assist in explaining the size and scope of the legacy are included.
This report quantifies the portion of each legacy element that resulted from nuclear weapons programs,
and it allocates the nuclear weapons-related portion of each legacy element among the eight weapons
production process steps.
The data in this report support several general conclusions:

The largest portion of the environmental legacy of nuclear weapons production resultedfrom the production of
plutonium and highly-enriched uranium. Assembly of weapons from thesefissile materials added relatively liffle.
Fissile materials production encompasses uranium mining, milling, and refining, uranium enrichment,
fuel and target fabrication, reactor operations, and chemical separations processes. Fissile materials
production for nuclear weapons has been discontinued.

One operation accounted for more waste and contamination than any of the other smen steps in the nuclear weapons production process: chemical separations, which involves dissolving spent nuclear fuel rods and targets
in acid and separating out the plutonium and uranium using a chemical process. Waste generated by
chemical separations processes accounted for more than 85 percent of the radioactivity generated in the
nuclear weapons production process. In addition, chemical separations generated 71 percent of the
contaminated water and 33 percent of the contaminated solids (soil, rubble, debris, sludge, etc.). Finally,
24 percent of the contaminated surplus facilities for which the Department is responsible were attributed
to chemical separation operations.
These environmental concerns, which have now been quantified in this report, are among the reasons the
Department has begun developing alternatives to traditional chemical separations technologies to
stabilize spent fuel and targets for long-term safe storage and permanent disposal. Initial results indicate
that substantial safety and cost benefits can result from using these alternative technologies. Making this
information available and acting on it can help to stabilize irradiated materials, thereby improving
nuclear safety, saving money, and promoting nuclear nonproliferation.

The scope of the DOE Environmental Management program is mostly attributed to the nuclear weapons programs
of the Departmenf and its predecessor agencies. Weapons production attributed for 68 percent of the waste
volume and 89 percent of the waste radioactivity. Also, 81 percent of the volume of contaminated media
and 76 percent of the surplus facilities legacy resulted from weapons-related activities. By mass, 49
6
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Major Findings
Waste (Chapter 3):
Waste Tym Data 380.000 cubic meters ( I00 million gallons) of high-level wasfe. 220,000 cubic meters (So million
gallons) of transuranic waste, 3.3 million cubic meters (870 million gallons) of law-level waste, 32 million cubic meters
(8.5 billion gallons) of I Ie(2) brprodua material, I46,OOO cubic meters (38.5 m i l l i i gallons) of mixed low-level Wane.
and 79.000 cubic meters (28 million gallons) of other waste.
68 percent of waste by volume is from weapons production.

89 percent of waste radioactivity is from weapons production, I I percent is from nonweapons p r o m s .
89 percent of waste by volume is I Ie(2) byproduct material from uranium mining, milling, and refining.
94 percent of waste radioactivity is in high-level waste from nuclear weapons and nonweapons chemical
separation.
Contaminated Environmental Media (Chapter 4):
Contaminated Solid Media 79 million cubic meters (2 I billion gallons).

95 percent of contaminated solid media is soil.
70 percent of contaminated solid media is contaminated with radionudides, 14 percent with hazardous substances,
I6 percent both.
93 percent of contaminated solid media by volume is from nuclear weapons production.
32 percent of solid media contamination is associated with chemical separation for nuclear weapons production, 37
percent with research, development, and testing nuclear weapons II percent with fuel and target fabrication from
nuclear weapons production; and 20 percent with other DOE activities.
ContaminatedWater 1.800 million cubic meters (475 billion gallons).
More than 99 percent of contaminated water is groundwater.

14 percent of contaminated water is contaminated with hazardous constituents, 57 percent by radionuclides, 29
percent both.

81 percent of contaminated water by volume is from nuclear weapons production.
70 percent of water contamination is associated with chemical separation for nuclear weapons production, I9
percent with various nonweapOns activities,and I I percentwith other D O E activities.

Surplus Facilities (Chapter 5):
Number of Facilities Approximately 5. I00 facilities.

76 percent of facilities are weapons-related.
Materials in Inventory (Chapter 6):
Total Mass 820 million kilograms (I ,800 million pounds).

49 percent of materials in inventory by mass K from weapons production.

71 percent of materials in inventory by mass is depleted uranium and I9 percent is scrap metal.
Enrichment for weapons production produced 38 percent of the material by mass, and enrichment also produced
much of the nonweapons material. including much of the depleted uranium, scrap metal, and lithium.

I

percent of the Department’s materials in inventory were procured for, used in, or created by, nuclear
weapons programs. The balance of the legacy waste, contamination, materials, and facilities is largely
attributable to nuclear energy or energy research programs.
The distinction between the legacy of nuclear weapons and other U.S. government nuclear activities is not always
clear. For example:
The same mines and m i l l s that provided uranium to AEC for nuclear weapons production also provided uranium to AEC for nonweapons programs, including use in naval propulsion reactors, research
and test facilities, and commercial power plants.

7
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Methodology
ESTABLISH FRAMEWORK

Identify universe of legacy materials

’ Define eight weapons productionprocess categories:
Uranium Mining, Milling, and Refining
Isotope Separation (Enrichment)
Fuel andTarget Fabrication

ent Fabrication
Weapons Operations
Research, Development. and Testing
Define the R u r legacy elements:
Waste
Contaminated Media
Surplus Facilities
Materials in Inventory
Peer Review of Analytical Framework

GATHER
DATA
Identify sources of data for each legacy element
Compile data on historic site missions

A~GN
MATERIALS
TO THE FOUR LEGACY
ELEMENTS

After 1964, uranium enrichment in the United
States was increasingly devoted to naval propulsion reactors, research and test facilities, and
commercial nuclear power plants, even though it
took place in the same plants that had produced
enriched uranium for nuclear weapons. Furthermore, enriched uranium from nonweapons programs was often recycled back to nuclear weapons
programs, and enriched uranium produced for the
weapons programs was reused in nonweapons
programs.
Nuclear reactors and chemical separation plants
constructed and operated primarily to support
nuclear weapons production have also produced
nuclear materials for nonweapons programs.

METHODOLOGY
To prepare this report, the Department gathered the
latest data available for each of the four legacy
elements (waste, contaminated environmental
media, surplus facilities, and materials in inventory). The data were analyzed to categorize each
element of the legacy according to the nuclear
weapons process or nonweapons activity from
which it resulted. This methodology required
assumptions and expert judgment where specific
data were not available.

Compare data between sources

A summary of the methodology used to prepare
this report is shown in the text box ”Methodology.”
More detailed information about the methodology
Eliminate excluded materials
used to measure and categorize each legacy
element is found in Chapters 3 through 6.
ATTRIBUTE
MATERIALS
TO WEAPONS
AND NONWEAPONS
CATEGORIES
IN PRODUCTIONPROCESSES
DATA
SOURCESAND LIMITATIONS
Identify doublesounted and unquantified materials

Jnitial assignment based on site of origin
Investigate historical operations conducted at sites
Identify data gaps and develop assumptions
Revise assignments as necessary based on information
about specific historical operations and assumptions

Most of the data sources used for this report
contain information compiled for reasons different
from those underlying this report. As a result,
some judgments were necessary in interpreting and
adapting the existing information to satisfy the
requirements of Section 3154 of the National
Defense Authorization Act for Fiscal Year 1995.

Specific issues concerning the data for each legacy element are discussed in detail in Chapters 3 through
6. The quantities of waste, contaminated environmental media, surplus facilities, and materials in
inventory attributed to the weapons programs and to particular processes are not precise. However, they
represent the Department’s best judgment based on available data.
While this report covers all four legacy elements in an effort to respond fully to the congressional request,
the Department is not able to provide the same level of detail for contaminated environmental media,
surplus facilities, and materials in inventory as it does for waste. It was possible to present a detailed

8
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Waste. A painted plastic owl deters birds and mice from nesting among drums of transuranic waste inside a storage dome at the
Los Alamos National Laboratory. The drums contain waste contaminated with plutonium and other long-lived radioactive heavy
elements. Nuclear weapons research, design, and development generated most waste stored here. Transuranic Waste Storage Dome,
Building 48 East, Technical Area 54, Area G, Los Alamos National Laboratory, N m Mexico. Februa y 24, 1994.

description of volumes, locations, radionuclide content, and hazardous constituents for most waste
because mature data are readily available. Data in this report for the other elements are not as complete.
Key issues for each legacy element include:

Waste - The Department can provide a reasonably accurate inventory of its waste volumes and characteristics. However, changes between 1942 and 1992 in the definitions of waste categories have caused
uncertainty in the categorization of some waste.
Contaminated Environmental Media - Characterization of some potential release sites is not yet complete.
The Department is engaged in a multi-year effort to characterize these remaining sites. Additionally,
there are different ways to define and quantify contaminated environmental media.
Surplus Facilities - Counting the number of surplus facilities provides only a limited understanding of
this element. Size, extent of contamination, condition, type of construction, and other factors vary
considerably among the Department’s surplus facilities. Some facilities had multiple uses, with each
activity responsible for a portion of contamination. With limited information on hand, some judgment
was required to attribute certain facilities to the weapons program or to specific processes. Finally, the
number of surplus facilities will change in the future when the Department declares additional facilities to be surplus, and as surplus facilities are decommissioned.

Materials in Inventory - The Department began only in the last year to quantify and characterize its
materials in inventory. Although the Department has obtained comprehensive, centralized inventory
information on ten categories of materials in inventory through the Materials in Inventory Initiative,
there are many additional materials at Department-owned facilities that have not been examined.

9
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2. NUCLEAR
WEAPONS
PRODUCTION
PROCESSES
AND HISTORY

Hanford N Reactor opening ceremony. President John F. Kennedy spoke at the opening ceremony for the Hanford N Reactor,
which was designed to produce steam for electricity generation in addition to plutonium for the nuclear weapons stockpile.
It was Hanfords ninth and last production reactor. The N Reactor was shut down permanently in 1986. 100-N Area, Hunford
Site, Washington. September 1963.

OVE
RVI Ew
It is necessary to understand the operation and history of the nuclear weapons complex to properly
attribute the resulting waste, contaminated media, surplus facilities, and materials in inventory. Understanding the processes begins with understanding nuclear weapons themselves and the activities that
went into making their materials and components. This chapter briefly describes nuclear weapons, their
production processes, facility locations, and the history of events that generated today’s legacy. Appendix B provides more detailed history and more technical descriptions of key nuclear weapons production
processes.
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The "Gadget." Dr. Norris E. Bradbury stands next to the worlds first nuclear explosive device, code-named the "Gadget,"which
yielded the equivalent of 21,000 tons of TNT when it detonated at 5:30 AM on July 6, 1945. Dr. Bradbury became the director of the
Los Alamos National Laboratory in 1945 and served as head of the lab until 1970. Jornada Del Muerto Valley, New Mexico. July 1945.

BACKGROUND
A nuclear weapon is a complex device consisting of many parts. A number of these parts require special
materials in their manufacture; all of them have rigorous specifications for assembly. The essential
ingredients of all nuclear weapons are fissile materials. Fissile materials are isotopes capable of being
split or "fissioned" by a low energy neutron. Fission releases energy and additional neutrons and energy
in the process leading to a self-sustaining chain reaction. Figure 2-1 illustrates the generic design elements of a nuclear weapon and explains the basic principles of its operation.

Most of the nuclear weapons complex was devoted to producing fissile and other nuclear materials.
Nuclear materials production started with mined and milled uranium. Uranium was either enriched to
high uranium-235 levels for direct use in nuclear weapons, or it was used to produce plutonium. In
plutonium production, reactor fuel and targets made of uranium were irradiated in nuclear reactors then
chemically processed to recover unused uranium and to extract plutonium. Tritium was produced in a
similar fashion by separating lithium isotopes, then manufacturing lithium targets which were irradiated
in reactors, then chemically processed to recover the tritium. Figure 2-2 illustrates a simplified flow of
materials within the nuclear weapons complex.
The numerous activities that went into making nuclear materials and weapons and storing or disposing
of the waste were conducted at hundreds of sites across the country. Some of the sites were owned by
DOE and its predecessor agencies and operated by contractors; others were privately owned, but worked
under contract with DOE; still others provided DOE and its operations contractors with needed services
and supplies. Table 2-1 lists the major sites associated with the process categories and Figure 2-3 gives
their locations.
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Figure 2- I. Generic Design Elements of a Modern NuclearWeapon
Neutron

Permissive Action h n k

Aerodynamic

This diagram is a symbolic representation
of the design elements of a nuclear weapon.
None of the symbols represent actual designs.

\I

Before Firing

Implosion

Nuclear explosions are produced by initiating and sustaining nuclear chain reactions in highly compressed material which can

undexgo both fission and fusion. Modem strategic, and most tactical, nuclear weapons use a nuclear package with two assemblies:
the *primary,"which is used as the initial source of energy; and the "secondary," which provides additional explosive power. The
primary contains a central core, called the "pit," typically composed of plutonium-239 and/or highly enriched uranium (HEU), and
other materials. Plutonium-239 and HEU are fissile materials, capable of sustaining a chain reaction. HEU contains large fractions of
uranium-235. The pit is surrounded by a layer of high explosive.

I

The primary nuclear explosion is initiated by detonating the layer of chemical high explosive that
surrounds the "pit" which in turn drives the pit material into a compressed mass at the center of
the primary assembly. Compression causes the fissile material to become supercritical. A neutron
generator initiates a fission chain reaction in this supercritical mass. The implosion process is
illustrated in the inset above.

Primary
Detonation

E l
Boosting

In order to achieve higher explosive yields from primaries with relatively small quantities of pit
material, a technique called "boosting" is used. Boosting is accomplished by injecting a mixture of
tritium (T) and deuterium (D) gas into the pit. The implosion of the pit along with the onset of the
fissioning process heats the D-T mixture to the point that the D-T atoms undergo fusion. The
fusion reaction produces large quantities of very high energy neutrons which flow through the
compressed pit material and produce additional fission reactions.
Radiation from the explosion of the primary can be contained and used to transfer energy to
compress and ignite a physically seperate secondary component containing thermonuclear fuel.
The secondary assembly may be composed of lithium deuteride, uranium, and other materials. As
the secondary implodes, the lithium, in the isotopic form lithium-6, is converted to tritium by
neutron interactions, and the tritium product in turn undergoes fusion with the deuterium to create
a thermonuclear explosion.

I

Nonnuclear
Components

I

Nonnuclear components include contact fuses, radar components, aerodynamic structures, arming
and firing systems, deuterium and tritium gas transfer systems, permissive action link coded
controls, neutron generators, explosive actuators, safing components, batteries, and parachutes.
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Figure 2-2. How Nuclear Weapons are Made
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Table 2- I. Functional Processes at the Major Sites
MAJOR SITES

PROCESS

Minine & Milling Uranium Mill Tailing Remedial Action (UMTRA) Project mining
and milling sites; other commercially-owned domestic mines; other commercially- and government-owned mills; foreign suppliers

Uranium Mining,

Milling, and Refining

O r e Samoling Fernald and Middlesex
Refining Fernald and Weldon Spring; (natural, depleted, and enriched uranium
reactor fuel and targets); Oak RidgeY-12 (weapon parts and highly enriched
reactor fuel); Oak Ridge K-25, Paducah, and Portsmouth Gaseous Diffusion
Plants (production of UF, feed)
Uranium: Oak Ridge K-25; Paducah; and Portsmouth Gaseous Diffusion Plants

2

Isotope Separation

Lithium: Oak Ridge Y- I 2 COLEX and ELEX Plants
HeawWater: Savannah River Site Heavy Water Plant; Dana Heavy Water Plant

HEU: Savannah River Site 300 M Area
3

Fuel and

Other Uranium: Ferna1d;Ashtabula; Hanford 300 Area; and Savannah River Site
300 M Area

Target Fabrication

-

Enriched Lithium: Oak RidgeY- I 2 and Savannah River Site M Area

Hanford B, D. F, H. DR, C. KW, KE. and N Reactors

4

Reactor Operations

Savannah River Site: R, P, K, L,and C Reactors

5

Chemical Separations

Weapons Plutonium: Hanford 200 East and West Areas (PUREX. RED0X.T and
B Plants. 23 I -Z Plant); Savannah River Site (F Canyon complex)

-

Uranium Recycling Hanford (PUREX, UO, Plant, REDOX. U Plant); Savannah
River Site (H Canyon complex); Idaho National Engineering Laboratory (Idaho
Chemical Processing Plant)
Tritium: Savannah River Site (Tritium Facility 230H Series)

6

Weapons Component

Plutonium: Rocky Flats; Hanford 234-5 Plutonium Finishing Plant; Los Alamos
(TA-2 I and TA-55)

Fabrication

Hiehlv Enriched and Depleted Uranium: Oak RidgeY- 12; Rocky Flats
Tritium flncludinn recovery and recvclind: Mound; Savannah River Site (Tritium
Facility)

Lithium4 Deuteride llncludinn recovery and recvclinek Oak RidgeY- I 2
Plutonium Recyclinn: Rocky Flats; Los Alamos (TA-55); Hanford Plutonium
Finishing Plant

7

~

~~

Research. DevelopmenS
and Testing

-

Assembly and Dismantlemenc Sandia; Pantex; Burlington
Modifications & Maintenance: Pantex; Burlington; Sandia; Clarksville; Medina
Modification Centers

a

Other Nonnuclear: Pantex; Oak Ridge Y- 12; Mound; Kansas City; Pinellas

Weapons Operations

~

~

~~

National Laboratories: Los Alamos; Lawrence Livermore; Sandia (New Mexico
and California)
Test Sites: NevadaTest Site; Bikini and Enewetak Atolls; Christmas and Johnston
1slands;Amchitka IslandTonopah Test Range; Salton SeaTest Base
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Figure 2-3. Department of Energy Nuclear Weapons Sites
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NUCLEAR
WEAPONS
PRODUCTION
PROCESS
AND HISTORY
Since the inception of the Manhattan Project in late 1942, the nuclear weapons complex has changed
dramatically. The initial phase of its development, beginning during World War I1 and conducted by the
U.S. Army Corps of Engineers Manhattan Engineer District (MED), involved the rapid construction of
three sites: one for uranium enrichment (Oak Ridge, Tennessee); one for plutonium production (Hanford,
Washington); and one for the research, design, and production of the first wartime atomic weapons (Los
Alamos, New Mexico). A large number of private contractors supported these three sites by processing
uranium ore into reactor fuel and enrichment feed stock.
After the war, authority over the nuclear weapons complex transferred to the recently-formed Atomic
Energy Commission (AEC). Over the next decade, a major expansion coincided with a shift toward
government-owned production facilities. Redundant facilities ensured that nuclear weapons production
would not be interrupted by a problem at any single site. By the rnid-l950s, all of the major weapons
complex facilities had been established.
Budgetary considerations and an abundance of formerly scarce nuclear materials resulted in a shift from
redundant sites to single-mission sites and a shutdown of some sites and materials production facilities in
the mid-1960s. However, in the early 1980s, several of these weapons production facilities were modernized and restarted.

Significant Events: Uranium Mining, Milling, and Refining
DuringWWI1,the United States purchased the uranium content of high-assay uranium ore from the Belgian Congo
(now Zaire), supplemented with ore and concentrate from Canada and the Colorado Plateau of the western US.
Imported uranium ores and concentrates were stored at several locations in NewYork City, upstate New York, and Oak
Rdge.Tennessee during WWII.

WWll sampling and assaying was accomplished at several sites, including the Middlesex Sampling Plant in New Jersey.
MED and early AEC uranium refining involved contractors inTonawanda and Niagara Falls, New Yo&, Cleveland, Ohio;
Beveriy, Massachusetts; St Louis, Missouri; Deepwater and Bloomfield. New Jersey; Canonsburg, Pennsylvania;
and Ames. Iowa.
9

From I946 until I97 I, AEC bought uranium ore and concentrate from Australia, Canada, Portugal, South Africa, and the
selgian Congo (later Zaire).
In 1947. K-25began refiningits own UF6 feed. UF, feed plants were built a t the Portsmouth and Paducah enrichment
plants in the early 1950s.
In 1948, AEC instituted an incentive program t o stimulate the domestic mining and milling of uranium. The amount of
imported uranium was soon matched by domestic supplies. AEC's domestic uranium program was managed by the Grand
Junction, Colorado office.

Post-war refining was consolidated at the Mallinckrodt ChemicalWorks in St Louis, Missouri and the government-owned
Feed Materials ProductionCenter (FMPC) in Fernald, Ohio, which opened in 1952.
In 1956,the Weldon Spn'ng plant near St Louis, Missouri was converted from a conventional ordnance production facility
and began refining operations. It assumed the functions of the downtown St Louis uranium refining plant, which shut
down in 1958.
Sampling was consolidated at Middlesex, New Jersey in the mid- 1940s and moved to Fernald, Ohio and Weldon Spring.
Missouri in the mid- 1950s.
The UF, production plants at K-25. Portsmouth, and Paducah closed in 1962. After that time, commercial suppliers in
Metropolis, Illinois converted uranium t o UF, feed. UF, tails were also recycled into the enrichment plants as feed.
The Fernaid refinery was on standby from I962 until the Weldon Spring, Missouri plant was closed in 1966.

U.S. government uranium ore purchases ended in 1962, and uranium concentrate purchases halted in I97 I .
The Fernald uranium refinery closed in 1972. although processing of recycled uranium a t FMPC continued until 1989.
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America's first uranium refinery. Here and in surrounding buildings, the Mallinckrodt Chemical Works converted raw uranium
yellowcake into uranium oxide, green salt, and uranium hexafluoride. The Manhattan Project used uranium processed here as fuel
for the world's first nuclear reactors and in the atomic bomb dropped on Hiroshima. After 15 years of operations, the downtown St.
Louis uranium refinery closed in 1957. This uranium contaminated building was demolished in 1996. S t . Louis Sash and Door Works
Building, St. Louis Downtown Site, St. Louis, Missouri. January 24, 1994.

In the late 1980s and early 1990s, environmental and safety concerns and the end of the cold war caused
many nuclear weapons production sites to shut down. However, a few key nuclear weapons production
sites remain in operation at the present time.
The remainder of this chapter describes the eight weapons production process categories, identifies the
major sites involved in each category, and briefly describes some of the major events in the history of US.
nuclear weapons production.

Uranium Mining, Milling, and Refining'
Mining and milling involve extracting uranium ore from the earths crust and chemically processing it to
prepare uranium concentrate (U,O,), sometimes called uranium octaoxide or "yellowcake." Uranium
ores and concentrates are sampled and assayed to determine uranium content, as well as impurities and
the existence of other constituents. About half of the uranium used in the U.S. nuclear weapons complex
was imported from Canada, Africa, and other areas. The remainder came from the domestic uranium
industry that grew rapidly in the 1950s. The first imported uranium, high-grade "pitchblende" ore
containing up to 65 percent uranium oxide by weight, was milled in Canada and by domestic contractors.
After World War 11, imported uranium was purchased in the form of already-milled concentrates and
high-grade ores. Domestic uranium was purchased as either ore or concentrate.

'

Miningand rqfzningofother materials used in nuclear weapons production, such as iron, aluminum, lead, beryllium, copper, nickel, mercury,
lithium, boron, silver, and gold are not covered in this report. Their nuclear weapons program use represents only a small portion of total
output.
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Uranium concentrates were refined, or chemically converted, to purified forms suitable as feed materials
for the next step in the process. Examples of these feed materials are uranium hexafluoride (UF,) for
enrichment at gaseous diffusion plants, and uranium tetrafluoride (UF,), or metal, for fuel and target
fabrication. Refining, as discussed in this report, also involves the recycling of various production scraps,
production residues, and uranium recovered from fuel reprocessing.
Wartime uranium refining was performed by various contractors in several Eastern states. After the war,
AEC built government-owned uranium refineries in Fernald, Ohio and Weldon Spring, Missouri.
Most domestic uranium mining and milling that occurred in open-pit or underground mines and at
nearby mill sites resulted in very large volumes of slightly radioactive sand-like residues called mill
tailings, which typically contain radioactive thorium, radium, radon, and nonradioactive heavy metals in
low concentrations. The U.S. government also purchased a small amount of uranium concentrates from
in situ solution mining, which produces no tailings. Uranium refining resulted in lesser amounts of
tailings and other byproducts than were created through mining and milling. These byproducts are
characterized chiefly by the presence of thorium, radium, and radon.
Isotope Separation (Enrichment)
Enrichment is the process of separating naturally occurring isotopes of the same element. The three
elements that have been isotopically enriched in large quantities for use in the nuclear weapons complex
are uranium, lithium, and hydrogen.2

Uranium Enrichment - Uranium enrichment began with natural uranium (NU) and resulted in enriched
uranium (EU) and depleted uranium (DU). Uranium found in nature contains approximately 0.71
percent of the isotope uranium-235, the remainder being almost entirely uranium-238. EU is processed
uranium containing more than a 0.71 percent concentration of uranium-235; DU, contains less than 0.71
percent uranium-235. Highly enriched uranium (HEU) contains 20 percent or more of uranium-235; it

Significant Events: Uranium Enrichment
MED initially investigatedfour processes for the enrichment of uranium: gas centrifuge, thermal diffusion, electromagnetic spectrograph, and gaseous diffusion.
The US. Navy built a pilot scale thermal diffusion plant at the Philadelphia Naval Yard in 1944.
During WWII, the S-50 thermal diffusion plant and the K-25 gaseous diffusion plant fed they- I2 electromagnetic
separation plant to produce the HEU for the Little Boy bomb. All of these plants were located in Oak Ridge,Tennessee.
The S-50 andY- I2 enrichment plants shut down in I945 and 1946, respectively.

K-25 was expanded between I946 and 1954, and gaseous diffusion plants were built at Paducah. Kentucky and Piketon,
Ohio (the Portsmouth Plant) in the early and mid-1950s.
The K-25. Portsmouth, and Paducah plants operated in series, with Paducah as the feed point, and its low enriched
product split between K-25, which produced LEU and HEU, and Portsmouth, which produced HEU.
The K-25, Portsmouth. and Paducah plants ceased producing HEU for weapons purposes in 1964, dramatically decreasing their output, while production of LEU for production reactor fuel continued.

K-25, Portsmouth, and Paducah increased their output in the late 1960s in response to growing demand for enriched
uranium for the U.S. Naval Nuclear Propulsion Program and the nuclear power industry. Portsmouth produced the
HEU for the Navy propulsion reactors.

K-25 was shut down completely in 1987.
Under the Energy Policy Act of 1992. the Portsmouth and Paducah plants were leased by DOE to the newly created
United States Enrichment Corporation which continues to operate them.

’
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Boron isotope separation was also carried out, as were experiments with separating isotopes of plutonium and removing minor isotopes of
uranium from irradiated uranium.
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was fashioned into weapons components and also used as a reactor fuel, whereas low enriched uranium
(LEU) and NU are used as reactor fuel for the production of plutonium. DU was used in weapon components and as targets for the production of plutonium-239. All of the uranium enriched during the Manhattan Project was HEU for weapons components. However, as early as 1950, LEU was used for reactor
fuel.
The first U.S. uranium enrichment facilities were located in Oak Ridge, Tennessee. Additional enrichment
plants were later built in Piketon, Ohio and Paducah, Kentucky.
Uranium enrichment has resulted in large amounts of DU in storage, large surplus facilities, uraniumcontaminated scrap metal (from facility dismantlement), PCB-contaminated waste and uranium, technetium-99, and organic solvent contamination of soils and groundwater.

Lithium Enrichment - Lithium enriched in the lighter lithium-6 isotope was placed in production reactors
to produce tritium and was also chemically compounded with deuterium to be used as a component in
nuclear weapons. Natural lithium is about 7.5 percent lithium-6 and 92.5 percent lithium-7. Lithium was
enriched at the Y-12 Plant in Oak Ridge, Tennessee using the column exchange (COLEX) and electric
exchange (ELEX) processes. Both lithium enrichment processes used large amounts of mercury, and as a
result, mercury is a major feature of the contaminated environmental media legacy at Y-12.
Heavy Water Production - Heavy water is used as a source of deuterium for weapons and as a moderator
and coolant for nuclear reactors. Natural water contains small amounts of deuterium (0.015 percent),
which was concentrated by a combination of hydrogen sulfide-water chemical exchange, water distillation, and electrolytic processes. Heavy water plants were located in Newport, Indiana and at the Savannah River Site in South Carolina.

I

Significant Events:
Lithium Enrichment
They- I 2 plant in Oak Ridge,Tennessee was
tasked with the development of tithium isotope
technology in 1950.
cesses were develop
an organic exchange
(OREX). the ELEX process. and the COLEX
process.
plant

Significant Events:
HeavyWater Produ
DuringWWII, small amounts of h
for research came from a
including material capture
amount produceddomesttca
and fractional distillation, an
for the Manhattan Project inTail,
Columbia. Canada.

Production-scalelithium enrichment using the
ELEX process began at they-12 plant in 1953.
Two large COLEX production plants were built
in 1955.
The ELEX production plant was shut down in
1956. One of the COLEX plants was shut
down in I959 and the other continued
production until 1963.
The Li, stockpile is stored at the Y- I2 and K-25
Plant Lithium “tails” depleted in the Li, isotope
are stored at the K-25 and Portsmouth plants,
and a stockpile of unprocessed lithium feed is
stored at K-25.

RdCtorS.

The Dana heavy water plant in Newport,
was shut down in 1957.
The Savannah River Site heavy water pla
stopped deuterium production in I982
staged shutdown. Re-enrichment of sma
amounts of degraded, recycled deuterium
continues using a moderator rework unit at the
Savannah River Site.
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Fuel and Target Fabrication
Fuel and target fabrication consists of the foundry and machine shop operations required to convert
uranium feed material, principally metal, into fuel and target elements used in nuclear materials production reactors. Some later production reactors used separate fuel and target elements, while early production reactors used the same elements for both fuel and targets. Uranium ingots were extruded, rolled,
drawn, swaged, straightened, and outgassed to produce rods and plates. The rods were machined,
ground, cleaned, coated, clad, and assembled into finished fuel.
Reactor fuel and target fabrication was initially carried out by private contractors and at the Hanford,
Washington and the Savannah River, South Carolina production reactor sites. Within a decade, government-owned plants in Fernald, Ohio and Weldon Spring, Missouri took over part of this mission, supplying the fuel manufacturing plants at Hanford and the Savannah River Site.
Chemical conversion of uranium feed to metal and processing of uranium scrap and residue resulted in
low-level waste and environmental contamination with uranium, acids, and solvents. Uranium metallurgy and machining also resulted in facilities becoming contaminated with uranium.
~~~

Significant Events. Fuel andTarget Fabrication
*During the Manhattan Project, fuel for the Clinton X- I0 reactor (later ORNL) and the Hanford B, D. and F production
reacmrs was manufactured by companies in Detroit, Michigan; Columbus, Cleveland.Toledo,Warren, and Hamilton, Ohio;
Reading, New Kensington, and Springdale, Pennsylvania; Bridgeport,Connecticut; and Chicago. Illinois.
By the spring of 1945, Hanford‘s 300 Area had assumed all of the fuel fabrication responsibilities for the site’s reactors
except extrusion. Hanford extruded uranium rods onsite from I946 to 1948.then shifted t o rolled rods supplied by
offsite private contractors. Hanford rolled uranium rods from I950 to 1952.
Hanford nmnubmred lithium targets for tritium production from I949 to I952 and again from I965 t o 1967. The site
also made bismuth w e t s for pdonium-2 I0 production and lead-cadmium rods used as a neutron-absorbing“poison” to
c o n m l reacturs.
The M Area at the Savannah River Site was built in I952 to clad and assemble fuel elements for the five production
M Area manufactured lithium-aluminum targets for tritium production and targets for
krtonium-238, and other isotopes.

iningfor Hanford and the new Savannah River Site reactors was taken
which opened m 1952, and the Weldon Spring plant in Missouri which opened in 1956.
private conbattors in Adrian, Michigan, and moved to Ashtabula, Ohio in I96 I. Fernatd produced mfled uranium rods
onsite.
To meet the demands of supplying fuel for I 3 operatingproduction reactors. private contractors continued to support
Fernald and Wetdon Spring by machining uranium slugs in the 1950s.
In the 1950s. production reactor fuel changed in several respects: natural uranium was replaced by LEU. solid cyiinders
were replaced by tubes, and, with the opening of the N Reactor at Hanford in 1963. aluminum-cladfuel was supplemented
by fuel dad with zirconium.

By the time N Reactor started up at Hanford in late 1963. there were sufficient stocks of LEU at krnald to supply the
reactor without requiringadditional LEU from the gaseous diffusion plants.
Weldon Spring shut down in 1966,and Fernald subsequently assumed all of the fuel fabrication mission.
9
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In 1968.the savannah River Site converted to HEU fuel and DU targets. The HEU was supplied by recycling research,
Naval and productbn reactor spent fuel and recovering the HEU at the h n a h River Site H Canyon and INEL ICFT
Weapons-grade HEU stored at Y- I 2 was also used to supply some fuel for Savannah River Site reactors. Fernald continued
to supply LEU dugs for the N Reactor and the DU targets for the Savannah River Site reactors.
Hanford’s 300 Area made only N Reactor fuel after I97 I.The facilities shut down in I972 and later resumed production
of N Reactorfud in 1981.
Fuel and target fabrication at Hanford’s 300 Area ceased permanently in I987 with the closure of N Reactor. Production
a t the Savannah River Site M Area and Fernald ended in I989 with the shutdown of the last Savannah River Site reactor.
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Reactor Operations
Reactor operations include fuel and target loading and removal, reactor maintenance, and the operation
of the reactor itself. Experimental reactors were built by MED in the Chicago area, Oak Ridge, and
Hanford. Nine full-scale production reactors were located at Hanford, Washington, and five others were
built at the Savannah River Site in South Carolina.
Almost all of the radioactivity in the environmental legacy of nuclear weapons production was created by
reactor operations. Irradiated fuel and targets are highly radioactive. The components of the reactor
cores also became highly radioactive over time. However, the waste volume attributed to this activity is
primarily composed of low-level waste from reactor support operations. The highly radioactive spent
fuel and target materials typically went on to chemical separations, but an inventory of unprocessed
spent fuel and targets remain in storage. Cooling the reactors contaminated several large bodies of water
including the Columbia River at the Hanford Site and PAR Pond at the Savannah River Site. The reactors
also required a large number of support facilities that are now surplus.

Significant Events: Reactor Operations
Five prototype, tesqand research reactors operated in the U.S. during W W I I - o n e at
the University of Chicago, two in the Palos Forest Preserve outside Chicago, one in
Oak Ridge, and one at Hanford. Three full-scale production reactors (B, D, and F) were
operatingat Hanford by mid- 1945.
To limit radiation damage t o the reactor’s core, the B Reactor at Hanford was shut
down in I946 and restarted in 1948.
Between I948 and 1955,Hanford built five more production reactors (H, DR, C, KW,
and KE). During their life cycles, the original eight Hanford reactors (including B. D,
and F). produced weapons-grade plutonium and small quantities of other isotopes (e.g.,
polonium-210 and tritium).
AEC established the Savannah River Site near Aiken. South Carolina, in I95 I. Five
production reactors (R, P, L, K.and C) at the Savannah River Site manufactured tritium,
weapons-grade plutonium. and other isotopes (including uranium-233, neptunium.
plutonium-238 and -242, americium. and curium).
A ninth Hanford reactor. N Reactor, began operating in late I963 to make weaponsgrade plutonium. fuel-grade plutonium for the experimental breeder reactor program,
and steam to generate electric power- N Reactor also made uranium-233 and small
amounts of tritium.
R Reactor at the Savannah River Site was shut down in 1964.

All of the original eight Hanford reactors were shut down between I964 and I97 I as a
result of the decreased need for weapons-grade plutonium.
L Reactor a t the Savannah River Site was shut down in I968 when the Savannah River
Site reactors were converted to use HEU fuel and DU targets.
Beginning in I98 I,DOE began to blend excess fuel-grade plutonium from
N Reactor with super-grade plutonium from Savannah River Site t o produce
weapons-grade plutonium.

L Reactor at the Savannah River Site was restarted in 1985.
N Reactor at Hanford was shut down permanently in 1987.
By 1990. all available N-Reactor-produced fuel-grade plutonium had been blended.
P, 1 K. and C reactors continued to operate at the Savannah River Site until late 1988.
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Significant Events: Chemical Separation
The bismuth phosphate process for extracting plutonium from irradiated uranium was demonstrated in a pilot plant
alongside the Oak Ridge X-I0 Reactor in 1944.
TheT Plant in the Hanford 200 West Area and B Plant in the Hanford 200 East Area opened in I944 and 1945, respectively. The plants separated plutonium from spent fuel using the bismuth phosphate process. The B andT Plants at
Hanford shut down in I952 and 1956, respectively. Together the two plants processed 7,000 metric tons of spent fuel.
The REDOX process was developed at Hanford in the late 1940s and used in the site’s REDOX plant (also known as the S
Plant) from I95 I through 1967. The REDOX Plant at Hanford operated until June 1967,processingover 19,000 metric
tons of spent fuel during its lifetime.
The PUREX process was demonstrated at Knolls Atomic Power Laboratory in Schenectady, NewYork and used at F and
H Canyons at the Savannah River Site and the PUREX Plant at Hanford. The F Canyon began operation in November
1954. H Canyon started up in July 1955,and Hanfordf PUREX Plant started up in the Hanford 200 East Area in
January 1956.
The Idaho Chemical Processing Plant (ICPP) a t the Idaho National Engineering Laboratory began using variants of PUREX
to process spent Navy and experimental reactor fuel for recovery and recycling of the HEU in 1953. A new “head end”
dissolving facility using the fluorinel dissolution process, was built at ICPP in the mid- 1980s.
The ICPP shut down in 1992. During its operation, it recovered a total of 3 I.5 metric tons of uranium from spent Naval
(5. I metric tons), research, and test reactor fuel.
The U Plant at Hanford. originally built during WWll t o separate plutonium but used instead as a training facility, was
modified and used to recover enriched uranium from the site’s high-level waste storage tanks from 1952 until 1958.
U Plant employed a process similar t o PUREX.
The PUREX Plant at Hanford was placed on standby in I972 because of an excess of separated fuel-grade plutonium.
After the Savannah River Site reactors began using HEU fuel and DU targets in i968, the F Canyon was given the mission
of processingthe inadiated DU targets and producing plutonium-239 as well as americium, curium, and other isotopes; H
Canyon was assigned to process the HEU spent fuel and to recover uranium-235, neptunium-237, and plutonium-238.
A t Savannah River Site, plutonium-238 recovery operations shifted t o the new HB Line in 1985.
The PUREX Plant at Hanford was restarted in 1983. After restart, a new line at PUREX was used to convert plutonium
nitrate solutions to more stable plutonium oxide. The plutonium oxide was transferred t o the Plutonium Finishing Plant
(PFP) in the Hanford 200 West Area for conversion to metal.
Hanford‘s WREX Plant operated intermittently in the late 1980s and closed permanently after a short cleanout run in

1990.
The first Savannah River Site tritium facility was built in FArea in I955 t o recover tritium from irradiated lithium-6 targets.
A new, larger facility in HArea replaced it in 1958. and the current Savannah River Site tritium facility began operating in
1993.
Since 1968,the Hanford B Plant has been used to remove, encapsulate, and store radioactive cesium and strontium from
the Hanford high-level waste tanks.
ln 1953, the original bulk reduction building of U Plant, 224U Building, was modified and started operating as the UO,
Plant The UO, Plant solidified recovered uranium from U Plant, REDOX, and PUREX. The plant shut down from I972
until 1984, shut down again in 1990. and operated for a brief period of time in 1994.

A t the Savannah River Site during the 1980s the FA Line solidified recovered DU. HB Line prepared neptunium-237 and
plutonium-238 and FB Line produced plutonium-239.
The FB Line at the Savannah River Site shut down in December I989 for maintenance, and the F Canyon shut down in
September I99 I as a result of safety concerns. H Canyon also shut down in I99 I in response to the Secretary of
Energy’s determination to discontinue spent fuel reprocessing.
F Canyon restarted in I996 to stabilize nuclear materials.
The PFP (234-5 Z Building) at Hanford converted plutonium nitrate into more stable plutonium oxide and metal from
I950 until 1980, and again from I984 until I 990.
Due t o a I985 accident at the PFP,plutonium oxide from Hanford was sent to LANLTA-55 for conversion t o metal for
several months.
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Chemical Separations
Chemical separation is the process of dissolving spent nuclear fuel and targets and isolating and concentrating the plutonium, uranium, and other nuclear materials they contain. This category also includes the
reprocessing of spent nuclear fuel to recover, purify, and recycle uranium for reuse in the nuclear weapons programs and the recovery of uranium from high-level waste at Hanford. Three basic chemical
separation processes were used on a production scale in the United States: bismuth phosphate, reduction
oxidation (REDOX), and plutonium uranium extraction (PUREX). Chemical separation plants were
located at Hanford, Washington; the Savannah River Site, South Carolina; and the Idaho National Engineering Laboratory.
Chemical separation of spent fuel and target elements produced large volumes of highly radioactive,
high-level waste, and large quantities of low-level radioactive wastewater, solid low-level waste, and
mixed low-level waste. Processing of plutonium and other transuranic isotopes also results in transuranic waste. Waste generation per unit of dissolved heavy metal decreased by a factor of approximately
100 between 1945 and 1960. Very large volumes of water from chemical separation plants3-containing
low levels of radionuclides and hazardous chemicals-were discharged to the ground, resulting in soil
and groundwater contamination.

Hanford workers sit down to dinner at one of eight mess halls at the Hanford ConstructionCamp, built on the former site of the
town founded between 1905 and 1910 by Judge Cornelius Hanford. The constructioncamp housed 50,000 people at its peak in 1944,
and included two movie theaters, a post office, a bank, and a bowling alley. Hanford Construction Camp, Washington. 1944.

'

The Department has estimated that the Hanford 200 Areas, where the site's chemical separation plants are located, discharged nearly 350
billion gallons of wastewater to the ground between 1945 and 1991.
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Significant Events: Component Fabrication
Mos of the components for the WWll Manhattan Project bombs were made at Los Alamos. New Mexico. Some parts
were made offSie by ordnance plants, machine shops, and other suppliers.
Hanford took over the manufacture of plutonium pits at the Plutonium Finishing Plant in 1949.
They-I2 Plant in Oak Ridge.Tennessee began making uranium weapon parts in I948 and lithium deuteride weapon parts
in the mid-1950s.
Although it was no longer the lead site for nuclear component fabrication after 1949, Los Alamos National Laboratory
was a backup production facility and designed, developed, and fabricated these components for test devices. The original
plutonium production area built at Los Alamos in late 1945. DP Site (also known as TA-2 I).was replaced by TA-55 in
1978.

High explosive main charges were produced at the SaltWells Pilot Plant at China Lake Naval Ordnance Station in
California from the fall of I946 through 1954.
The Mound Laboratory in Miamisburg, Ohio was built t o manufacture polonium-beryllium initiators and other weapon
parts in 1946.
The Burlington Army Ordnance Plant in Iowa, primarily a weapons assembly facility, also made high explosive main charges
from 1947 until 1975.
The Pantex Plant near Amarillo.Texas. was converted from a WWll conventional munitions plant in I95 I to serve
primarily as a weapons assembly plant, although Pantex also manufactured high explosive weapons components.
The Kansas City Plant in Missouri began making nonnuclear weapon parts (electronics, rubber, plastic foams, adhesives,
outer casings, and others) in 1949.
Steel component fabrication functions were moved from various sites across the nation t o the South Albuquerque Works
in New Mexico in 1952.

Also in 1952, the Rocky Flats Plant near Golden, Colorado began manufacturing plutonium, HEU. and DU pit parts. Rocky
Flats assembled parts from Hanf0rd.Y- 12, and the South AlbuquerqueWorks into completed pits.
The Savannah River Site began loading tritium into weapon components in 1955,
The Pinellas Plant was built in Largo, Florida, in I957 to produce precisely timed neutron generators t o initiate chain
reactions in nuclear weapons.
Mound was assigned new production functions beginning in 1955, including detonators, cable assemblies, and firing sets
and stopped producing initiators after the Pinellas Plant began producing accelerator-type neutron generators in 1957.
Rocky Flats ceased making HEU Components in I962,leavingY- I 2 Plant as the sole site for these components.

AEC eliminated Hartford's plutonium component manufacturing mission in 1965, leaving Rocky Flats the sole source of
plutonium components.
Production of beryllium components became part of normal operations at Rocky Flats in 1958.
The South AlbuquerqueWorks closed in 1966, transferring its stainless steel pit component and tritium reservoir
fabrication missions to Rocky Flats.
Mound began tritium work in I954 and, in 1969, began retrieving tritium from retired weapons t o be recycled and sent t o
Savannah River Site for purification and reuse.
Plutonium xrap and residue recycling operations were performed at the Hanford PFP,Rocky Flats, the Savannah River Site,
and Los Alamos National Laboratory.
From I968 to l990,Y- I 2 received recovered high-enriched UO, from ICPP and uranium nitrate from Savannah River Site
H Area and reduced it to HEU metal, which was either stockpiled or used as fuel in the Savannah River Site production
reactors.

Due to the end of the Cold War, the DOE mission t o fabricate weapons Components was terminated. Rocky Flats
production activities ended in late 1989. and Mound and Pinellas ended their production activities in 1995. Y- I 2 now
receives and stores nuclear weapon components and processes and stores HEU and lithium-6.
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Weapons component fabrication includes the manufacturing, assembly, inspection, bench testing, and
verification of specialized nuclear and nonnuclear parts and major subassemblies. Also included in this
category is chemical processing to recover, purify, and recycle plutonium, uranium, tritium, and lithium
from retired warheads, and from component production scrap and residues, as well as the maintenance,
recharging, dismantlement, and materials recovery conducted separately on individual components.
The major nuclear component fabrication sites were Los Alamos National Laboratory in New Mexico; the
Rocky Flats Plant, near Boulder, Colorado; the Y-12 Plant in Oak Ridge, Tennessee; and the Plutonium
Finishing Plant in Hanford, Washington. Nonnuclear components were manufactured chiefly at the
Mound Plant in Miamisburg, Ohio; the Kansas City Plant in Missouri, the Pinellas Plant in Largo, Florida;
and the Pantex Plant near Amarillo, Texas.
Like many conventional manufacturing processes, nonnuclear component fabrication activities have
resulted in hazardous waste and contamination of environmental media and facilities by solvents and
heavy metals. High-explosive manufacturing has resulted in facilities and environmental media contaminated with explosives. Fabrication of nuclear components led to the presence of nuclear materials
(especially plutonium) in waste, contaminated environmental media and surplus facilities, and created
stockpiles of nuclear materials, much of which are no longer needed for the nuclear weapons program.
Weapon Operations

Weapon operations includes the assembly, maintenance, and dismantlement of nuclear weapons. Assembly is the final process of joining together separately-manufactured components and major parts into
complete, functional, and certified nuclear weapon warheads for delivery to the Department of Defense
@OD). Maintenance includes the modification and upkeep of a nuclear weapon during its life cycle."
Dismantlement involves the reduction of retired warheads to a nonfunctional state and the disposition of
their component parts. The dismantlement process yields parts containing special nuclear materials, high
explosives, hazardous materials, and other components with hazardous and nonhazardous properties.
Some parts are returned to the facility where they were originally produced. Other parts either are
maintained in storage (e.g., plutonium pits) or are dispositioned onsite. Disposition processes include

Significant Events: NuclearWeapons Operations
In July 1945, MED acquired part of Oxnard Field (now Kidand Air Force Base) in Albuquerque, New Mexico and
converted it into a weapons assembly site (Sandia Base).

I

Technical Area 2 at Sandia Base assembled nuclear weapons until 1957.
The IowaAnny Ordnance Plant in Burlington was converted to a weapons assembly plant in 1947. Assembly functions
performed at Sandia Base were vansferred t o the Burlingtonassembly plant by 1949.
The Pantex Plant, near Amarillo.Texas was converted to a nuclear weapons assembly plant in I95 I.
Both the Burlington and Pantex Plants performed assembly activities between I95 I and 1975, when Burlingtonfunctions
were transferred to Pantex.
Until 1962, AEC stored fissile cores and initiators in separate facilities on military nuclear weapons stockpile storage sites.
Maintenance and modificationwere also done at the bases.
Two supportingplants were constructed in 1958, the Clarksville Modification Center on the Fort Campbell Military
Reservation in Clarksville.Tennessee and the Medina ModificationCenter in Medina,Texas. These sites performed tasks
such as weapon repair and modification and component modificationand testing. Clarksville closed in I965 and Medina
closed in 1966.
Final assembly of test devices has been performed at the NevadaTest Site since it opened in I95 I and at the Pacific and
other test sites.

'

Field replacement of limited-life components by the military is not included in this cntegoy.
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crushing, shredding, burning of main high-explosive charges, and firing of small energetic components.
DOE is the steward of the weapon until all components have been stabilized, stored, and disposed.
Weapon operations were chiefly done at the Pantex Plant near Amarillo, Texas; the Iowa Army Ordnance
Plant in Burlington, Iowa; Technical Area 2 of Sandia National Laboratory; and the Clarksville, Tennessee
and Medina, Texas modification centers.
The environmental legacy resulting from assembly and maintenance is relatively small compared to the
legacy resulting from the other weapons production steps. This is partly because all the radioactive
materials handled in this process are generally in the form of sealed weapons components.

Research, Development, and Testing (RD&T)
Weapons research and development were conducted at MED, AEC, and DOE weapon laboratories and
test areas and as a small part of the mission of other laboratories (DoD laboratories are not included in
this analysis). As used in this report, nuclear weapons RD&T includes the design, development, and
testing of nuclear weapons and their effects. Localized RD&T to support specific site missions (such as
fuel fabrication) is generally considered in this report to be part of each site’s mission.
The main U.S. nuclear weapons research and development facilities are the Los Alamos, Lawrence
Livermore, and Sandia National Laboratories.
Nuclear weapons research and development activities have produced a broad assortment of waste and
large volumes of contaminated soil and debris.

Testing - The United States has conducted a total of 1,054 nuclear tests, including 24 joint U.S.-United
Kingdom tests. These tests have been conducted for several purposes: 891 detonations were primarily to
prove that a weapon or device would function as designed, to advance weapon design, or to verify the
reliability of weapons in the stockpile; 100 detonations were chiefly to explore the effects of nuclear
weapons; 88 were safety experiments and 4 were storage- and transportation-related experiments; 24
were joint U.S.-United Kingdom detonations; 7 detonations were to develop means of detecting nuclear
explosions from a great distance; and 35 detonations explored nonmilitary uses of nuclear explosives.
(Some tests comprised multiple detonations.)

Significant Events: NuclearWeapons Research and Development
Much of the early theoretical and experimental work leading to development of nuclear weapons was conducted in
Europe in the first four decades of the twentieth century.
American universities made several important contributions t o the development of nuclear physics in the 1930s.
By mid- 1942,government support resulted in research becoming concentrated at Columbia University in New Yo& the
University of California in Berkeley, and the Universityof Chicago Metallurgical Laboratory.
The U.S.Army Corps of Engineers began construction at Los Alamos in 1942. Scientists assembled from many research
laboratories and universities were tasked with research. design, and engineering of the first nuclear weapons. Many other
research institutions and universities also contributed to the development of the atomic bomb.
On November I, 1949. Sandia Laboratory was formed from the Sandia branch of Los Alamos on the grounds of Oxnard
Field (now KirtlandAir Force Base) near Albuquerque. New Mexico. The mission of the new laboratory was the design of
nonnuclear components of weapons.
AEC established the University of California Radiation Laboratory in Livermore, California as a second nuclear design
laboratory in 1952. The facility is now known as the Lawrence Livermore National Laboratory.
In 1956.a branch of Sandia National Laboratory was established at Livermore, California
Most of the DOE National Laboratories, including Oak Ridge, Brookhaven. Argonne, and Idaho, have performed basic
research that has contributed to nuclear weapons development.
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U.S. nuclear weapon testing has been carried out principally in the South Pacific and at the Nevada Test
Site near Las Vegas, Nevada. However, several tests have been performed at other locations.
Testing has resulted in large areas of contaminated soil and other environmental media, some highly
contaminated, Some safety experiments have resulted in significant quantities of plutonium dispersed on
the surface. Underground explosions have left underground cavities filled with a vitrified mixture of soil
and explosion residues. Surface subsidences have resulted from the collapse of the underground cavities.

U.S., Soviet, British, French, and Chinese atmospheric nuclear weapons tests have collectively increased
the current average annual effective radioactive dose equivalent to the population by a fraction of one
percent.

Significant Events: NuclearWeaponsTesting
During I944 and 1945, nonnuclear testing for the Manhattan Project was done at four sites: the Salton SeaTest Base,
Muroc Air Base and China Lake Naval OrdnanceTesting Station in California. and Wendover Field in Utah.
*The f i r s t U.S. nuclear weapons test, code-named“Trinity,” was near Alamogordo. New Mexico, on July 16.1945.
Bikini Atoll in the South Pacific was the initial site of MED and AEC weapons testing following the end ofworldWar 11.
Between I946 and 1958.23 tests took place at Bikini.
Enewetak Atoll in the South Pacific was used for 43 atmospheric nuclear tests between I948 and 1958. including the first
thermonuclear test in 1952.
Atmospheric nuclear weapon tests have also been carried out in the upper atmosphere o r at sea in the Johnstonand
Christmas Island areas (I2 and 24 tests, respectively, at the 2 sites between I958 and 1962). the Pacific Ocean (4). and at
high altitude over the South Atlantic Ocean (4).
*The NevadaTest Site was established in I95 I and was originally known as the Nevada Proving Grounds. There have been
928 nuclear tests at The Nevada Test Site since it was opened, including 100 atmospheric tests.
A t the NevadaTest Site, test shots Pascal A & B and Rainier were the first attempts to gather data for underground
containment, and prepared the way for confining all tests underground in accordance with the Limited Test Ban Treaty.
Since 1963, all U.S. nuclear tests have been conducted underground.
A number of transportation experiments involving the detonation of high-explosive charges without producing a nuclear
yield were carried out on the Nellis Air Force Range adjacent t o the NevadaTest Site in I957 and 1963.
Weapons-related nuclearTest Faultless was detonated in central Nevada in early 1968.
Two megaton-range weapons-related tests were conducted on Amchitka Island, Alaska, in I969 and I97 I.
Underground nuclear explosions for the “Vela Uniform” project t o improve the capability to detect, identify,and locate
underground nuclear explosions were carried out in Fallon, Nevada; Hattiesburg, Mississippi; Amchitka. Alaska;and the
Nevada Test Site between I963 and I97 I .
Between I96 I and 1973.35 nuclear devices were detonated at a number of continental sites (including t2he Nevada Test
Sie) as part of the“Plowshare” program t o investigate the use of nuclear explosives in excavation and natural gas and oil
production. These tests are not considered to be part of the nuclear weapons development legacy.
Salton Sea Test Base in California was used in the 1940s and 1950s as a sea level ballistics range to obtain performance
data on inert nuclear weapons prototypes. Salton Sea activities were transferred t o the Tonopah Test Range in I96 I.
TheTonopahTest Range in Nye County, Nevada, was established in I957 for the testing of nonnuclear systems and
components of bombs. Typical tests conducted at this site include bomb delivery systems, bomb delivery retardation
chutes, and artillery shell trajectories.
Restoration for Bikini Atoll was performed in I969 by a joint AEClDoDlDepartment of Interior effort organized around a
Naval Sea Task Group.
*The Enewetak Proving Ground was placed on standby after Operation Hardtack I in I958 and officially abandoned in
1960. It was remediated by a joint DOEIDoDIDepartment of Interior effors with the actual cleanup performed by the
A m y Corps of Engineers between I978 and I980 and managed by the Defense Nuclear Agency.
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Hanford "Tank Farm." The million-gallondouble-walled carbon steel tanks buried here hold high-level nuclear waste from
Hanfords plutonium production program. The double-walled tanks have replaced Hanfords older, single-walled tanks which have
leaked approximatelyone million gallons of high-level radioactive waste into Hanford soil. 200 Area, Hanford Site, Washington.
July 12, 1994.

OVE
RVI E w
The term "waste" in this report refers to solids and liquids that are radioactive, hazardous, or both. These
materials have, in the past, been disposed of by shallow burial, sea burial, or by deep underground
injection.' Waste not yet disposed of or which await a decision on their method of disposal, are accumulated in containers, tanks, silos, buildings, and other structures. Also awaiting disposal are previously
disposed waste that have been retrieved in site cleanups and are currently in storage.
Waste is measured in terms of its volume (cubic meters) and its radioactivity content (curies)? Waste
from nuclear weapons production managed by the Department of Energy includes 24 million cubic
meters of waste containing about 900 million curies. DOE manages another 12 million cubic meters of
waste containing 110 million curies which has resulted from nonweapons activities. The total from both
sources is 36 million cubic meters and about one billion curies? Some key information about the waste

'

Hydrofracture (an underground injection disposal technology) and sea disposal of radioactive waste have been discontinued.
A curie is a unit of radioactivity expressed in terms of nuclear disintegrations per second. lt provides a measure of the immediate radioactive
emission of the radionuclides in the waste, but it does not take into account the type of particles or amount of energy released per disintegration
or the shieldingeffect of the waste's physical matrix. The number of curies will decrease over time at a rate that depends on the particular
isotopes in the waste.

By contrast, commercial spent nuclearfuel is estimated to contain 29 billion curies.
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legacy is provided in the text box. The
methodology section of this chapter further
describes the data sources and documents
used in the process to determine the
volume, characteristics, and sources of the
waste legacy.

DEF I NIT I oN s

AND

CATEG o R IEs

This chapter identifies and describes the
major categories of waste in the nuclear
weapons legacy and provides information
on the volume of waste and amount of
radioactivity in each category, the location
of the waste, and the activities that generated the waste. The waste legacy includes
seven major categories:
High-level waste
Transuranic waste
Low-level waste
Mixed low-level waste
lle(2) byproduct material
Hazardous waste
Other waste

Key Information about the Waste Legacy
Uranium mining, milling, and refining generated the largest
volume of weapons waste (61 percent by volume). The largest
volume of this waste is disposed I I e(2) byproduct material (i.e.,
uranium mitt tailings). States with the largest volumes of waste
from weapons production are Colorado, Utah, New Mexico, and
Texas.
Weapon operations produced the smallest volume of waste
(less than I%).
Most of the radioactivity in the waste legacy is contained in highlevel waste, attributed to the chemical separation process. All
high-level waste remains in storage, except for about one million
gallons that has leaked from storage tanks at Hanford.Washington. Most of the high-level waste is located at the three DOE
sites performing chemical separation for weapons production
located in Idaho. South Carolina, and Washington. Because of
differences in the materials processed, the age of the waste, and
waste management practices, the radioactive content of the
Department’s high-level waste (in curies per cubic meter) varies
greatly from site to site.
Radioactivity in waste from uranium mining, milling,and refining,
enrichment and fuel and target fabrication is due generally to
natural radioactivity (e.g., uranium, thorium, and their daughter
products). Radioactivity in waste from the other processes is
due primarily to reactor-generatedfission products and
transuranic isotopes.
Portions of all waste categories,except high-level waste, have
been disposed. However, much of this waste was originally
disposed of under conditions considered inadequate by today’s
standards.

This categorization takes into account the
The Office of Waste Management oversees much greater
radioactive and chemically hazardous
quantities of radioactivity than the Office of Environmental
properties of the waste and is the primary
Restoration. This radioactivity is contained primarily in high-level
factor used by the Department in determinwaste. The Office of EnvironmentalRestoration, however,
ing how a waste should be managed.
manages a larger volume of waste than the Office of Waste
These categories correspond to distinct
Management
waste classes subject to external federal or
state requirements or DOE’S internal
system of orders. Waste is classified as radioactive if it contains, or is presumed to contain (based on
available data), radioactive source, special nuclear, or byproduct material regulated under the Atomic
Energy Act (AEA). Some naturally-occurring and accelerator-produced radioactive materials are also
managed as radioactive waste, although they are not subject to the AEA. Waste that does not contain
hazardous or radioactive constituents or that contains them at below regulated levels does not appear in
this report. This waste does not require long-term monitoring or care and does not pose the same risks as
waste in the other categories.

High-level Waste
High-level waste is the highly radioactive waste resulting from the chemical processing of spent nuclear
fuel and irradiated target assemblies. It includes liquid waste produced directly, and any solid waste
derived from the liquid, that contains a combination of transuranic elements and fission products in
concentrations that require permanent isolation? High-level waste also includes some other radioactive
waste that is combined with high-level waste from fuel reprocessing. The intense radioactivity primarily

‘

Thedefinition and management requirementsfor high-level waste are set forth in DOE Order 5820.2A, the Nuclear Waste Policy Act, and
numerous NRC regulations.
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Million-gallon double-walled carbon-steel tank under construction. A total of 149 single-shell tanks and 28 double-shelltanks
like this one contain high-level radioactive waste from Hanford’splutonium production operations. This tank design supercedes
Hanfords older single-walled tanks, many of which have leaked. Some one million gallons of waste are believed to have leaked
from the older single-shell tanks. The new double-walled tanks are expected to last for 50 years. By that time, the Department of
Energy anticipates that a sucessful long-term solution for the disposal of high-level waste will have been developed. 200 Area Tank
Farm, Hanford Site, Washington. November 16, 1984.

determines how high-level waste is managed. However, the presence of hazardous constituents and the
regulatory status of the waste are also important factors in high-level waste management decisions.
Much of the Department’s high-level waste also is either known or presumed to contain hazardous
constituents subject to regulation under Subtitle C of the Resource Conservation and Recovery Act
(RCRA) and is regulated as mixed waste.
High-level waste is formally defined in the Nuclear Waste Policy Act; in Title 10 of the Code of Federal
Regulations (CFR), Part 60;and in DOE Order 5820.2A, which governs the Department’s management of
radioactive waste. By virtue of these definitions, nearly all high-level waste resulting from nuclear
weapons production included in the legacy is attributed to chemical separations. Spent fuel from commercial nuclear power reactors is not included in the definition of high-level waste in the Nuclear Waste
Policy Act or 10 CFR Part 60. The Department categorizes spent fuel, including fuel and targets from
weapons production reactors, research reactors, and some power reactors, as materials in inventory rather
than waste. Spent fuel is discussed in Chapter 6 of this report.
The radioactivity in high-level waste comes from fission fragments and their daughter products resulting
chiefly from the splitting of uranium-235 in production reactor fuel. These fission fragments and their
daughter products are collectively known as ”fission products.” Although radiation levels and health
risks caused by short-lived fission products decrease dramatically in a few hundred years, risks attributable to long-lived isotopes in high-level waste will not change over thousands of years. During most of
the initial decay period, most of the radioactivity is caused by cesium-137, strontium-90, and their shortlived daughter products. After the radioactivity from fission products decays to lower levels, radioactiv-
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Figure 3- I. High-levelWaste Radioactivity Categorized by Process
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Notes:
(1) Data compiledfrom the Integrated Data Base (1DB) Report, Revision 11, September 1995. (See Endnotes a. k, and q).
(2) Waste category assignments are made in accordance with the process set forth in Endnote r.
(3) Nuclenr weapons and nonweapons allocations and allocations to individual weapons production process categories are determined subject to the prwess setforth
in Endnotes.

ity from long-lived isotopes, including plutonium, americium, uranium, daughter products from these
elements, technetium-99, and carbon-14, becomes the dominant component and will pose the largest
long-term potential risk.
Most of the Department’s liquid high-level waste is stored in either a highly acidic or a highly caustic
solution, or as a saltcake or sludge. Most of the liquids, sludges, and other forms of high-level waste also
contain toxic heavy metals, and some of the high-level waste also contains organic solvents (e.g., hexone,
tributyl phosphate) and cyanide compounds.
Of the total volume of 380,000 cubic meters, about 92 percent (350,000 cubic meters) of the Department’s
high-level waste is the result of weapons production and 8 percent is the result of nonweapons activities.
None of the high-level waste is attributed to DOE activities supporting the Naval Nuclear Propulsion
Program (NNPP). Of a total radioactive content of 960 million curies, about 90 percent is from weapons
production and 10 percent was generated by nonweapons activities (Figure 3-1). Nearly all high-level
waste, both weapons and nonweapons, was produced by chemical separation activities, and a small
amount of high-level waste is attributed to reactor operation; no high-level waste resulted from the other
six weapons production process categories? All high-level waste at Idaho National Engineering Laboratory is attributed to weapons production because it resulted from the reprocessing of spent nuclear fuel to
recover highly-enriched uranium for the nuclear weapons program. A portion of the high-level waste at
Hanford and the Savannah River Site and all of the high-level waste at West Valley Demonstration Project
is attributed to nonweapons activities. Most nonweapons high-level waste resulted from Hanford and
West Valley Demonstration Project reprocessing of spent fuel from the Hanford N Reactor to produce fuel
grade plutonium for civilian power reactor programs. Additional nonweapons high-level waste was the
result of commercial reprocessing of spent fuel from electric utility power reactors conducted at West
Valley Demonstration Project.
Over 99 percent of the radioactivity now present in high-level waste is from radionuclides with half-lives
of less than 50 years (Figure 3-2). Longer-lived radionuclides make up the remaining fraction of one
percent of the current radioactivity. After several hundred years, the short-lived radionuclides will have
decayed and will no longer comprise most of the radioactivity.

’ High-level waste attributed to reactor operation consists of ion exchange resins used to remove radionuclides from spent nuclearfuel storage
basins containing corroded fuel and sludgefrom the bottom of these pools at Hanford.
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Figure 3-2. High-level Waste Radioactivity Categorized by Half-life
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Notes:
(I) Data compiledjrom the Integrated Data Base (IDBj Report,
Reuision 11, September 1995. (See Endnotes a andq).
(2) This analysis of radionctiuity accounts for approximately 94% of
the radioactivity in high-level waste. Approximately 55 million
curies of HLW at Savannah River Site are not categorized by half
life, making up the remaining 6%.
(3) Waste category assignments are made in accordance with the
methods explained in Endnote r.
(4) Nuclear weapons and nonweapons allocations and allocations to
individual nuclear weapons production process categories are
determined subject to the processes set forth in the endnotes.

The Office of Environmental Management manages all of the Department's high-level waste at the four
sites where it was originally generated: Hanford Site, Idaho National Engineering Laboratory, the
Savannah River Site, and West Valley Demonstration Project.6 Hanford manages the largest volume of
high-level waste; but a larger amount of radioactivity in high-level waste is located at the Savannah River
Site (Figure 3-3). The Department has begun to vitrify the high-level waste at the Savannah River Site
and West Valley Demonstration Project.

Hanford - At Hanford, high-level waste alkaline liquid, salt cake, and sludge are stored in 149 single-shell
underground tanks and 28 double-shell underground tanks. Some transuranic waste and low-level waste
is also stored in the tanks but all tank waste is classified at Hanford and managed as high-level waste.
The Department is currently processing Hanford tank waste by evaporation to reduce its volume and is
transferring pumpable liquids from the single-shell tanks to the double-shell tanks. Some single-shell
high-level waste tanks have leaked, releasing approximately one million gallons of waste to the environment. During the 1940s, a relatively small amount of high-level waste was discharged directly to the soil.
West Valley Demonstration Project is a nonweapons site, owned by New York State and managed by DOE.
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Figure 3-3. Four Sites Managing High-level Waste
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Total Volume

SRS
320 million Ci

__--2,100m’
220,ooO m’

58%
Nuclear Weapons
351,000 m’
92%

-INEL
11,ooOm’

490 million Ci

Hanford
19,OOO m’
61%

Nonweapons
31,000 m’
8%

51%
45%

Nuclear Weapons
862 million Ci
90%

Nonweapons
94 million Cl
10%

Notes:
(1) Data compiledfrom the lntegrated Data Base (IDBJ Report, Reuision 11, September 1995. (See Endnotes a, k, and qJ.
(2) Waste Category asssignments are made in accordance with the process explained in Endnote r.
(3) Nuclear weapons and nonweapons allocations and allocations to individual weapons production process categories are determined subject to the process set forth
in Endnotes.

Hanford high-level tank waste liquids and solids both contain an average of about 800 curies per cubic
meter (Ci/m3).
Hanford also manufactured approximately 2,200 highly radioactive capsules containing concentrated
cesium and strontium salts. Some of these high-level waste capsules had been leased for use offsite, and
are being returned to Hanford. They are the most highly radioactive high-level waste managed by the
Department containing tens of millions of curies per cubic meter. The capsules contain over 40 percent of
the high-level waste radioactivity at Hanford, in a volume of less than four cubic meters. Nearly 300
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Worker with empty cesium capsule. Between 1968 and 1983, Hanford recovered and encapsulated cesium-137and strontium-90
from high-level radioactive waste. DOE and its predecessors leased many of these capsules as intense radiation sources for
industrial applications. The capsules deteriorated over time, and the last one was returned to DOE in 1996. The capsules are stored
in Hanfords B Plant, the World War I1 chemical separations plant that produced them. Waste Encapsulation and Storage Facility,
B Plant, 200 Area, Hanford, Washington. November 16, 1984.

capsules have been dismantled, while the remainder are being stored, pending selection of an appropriate
stabilization method prior to disposal.

Savannah River Site - High-level waste at the Savannah River Site is composed of alkaline liquid, salt cake,
sludge, and precipitate, and is stored in double-shell underground tanks. The volume of high-level tank
waste at the Savannah River Site is only about half as large as Hanford tank waste, but it contains about
one and one-half times the amount of radioactivity. Hanford tank waste is less radioactive than the tank
waste at the Savannah River Site because much of the radioactive cesium and strontium has been removed and concentrated in the capsules, the waste is older and has had more time to decay, and the
waste has been mixed with other waste. Savannah River Site high-level tank waste liquids and solids
each contain an average of about 4,000 Ci/m3.
ldaho National Engineering Laboratory - High-level waste at Idaho National Engineering Laboratory is
composed of acidic liquid and calcined solids. The acidic liquids are stored in underground tanks and
include actual high-level waste as well as sodium-bearing waste that is managed as high-level waste.
High-level waste calcine is an interim solid waste form made by processing the liquid waste. The calcine
is stored in bins. More than 90 percent of the radioactivity in Idaho National Engineering Laboratory
Of the 640 tons of spentfuel reprocessed at West Valley Demonstration Project, 380 tons cnmefrom the Hanford N Reactor. West Valley
Demonstration Project reprocessing produced about 530 kilograms of plutonium from the N Reactor spentfuel. Nearly 900 kilograms of
plutoniumfrorn commercial spentfuel were sent from West Valley Demonstration Project to Hanford as well. However, nearly all of the
plutonium produced wasfuel-grade, rather than weapons-grade, and was intended for nonwenpons purposes. Most ofthe plutonium was used
in breeder reactor and zero-power reactor programs. Even though most of the spentfuel camefrom DOE, the commercial reactor fuel generally
had a higher "burn up," and as a result, most of the radioactivity in West Valley Demonstration Project high-level waste camefrom reprocessing commercial fuels.
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high-level waste is present in the calcine, which contains an average of about 12,000 curies/cubic meter.
Liquid high-level waste from Idaho National Engineering Laboratory only contains about 300 Ci/ m3.

West VuZZey Demonstration Project - Unlike high-level waste managed at Hanford, Idaho National Engineering Laboratory, and the Savannah River Site, the high-level waste at West Valley Demonstration
Project was not generated by DOE and is not attributed to weapons prod~ction.~
West Valley Demonstration Project, which operated from 1966 to 1972, was the site of the only commercial nuclear fuel reprocessing plant operated in the United States. In accordance with the 1980 West Valley Demonstration Project
Act ,DOE is responsible for demonstrating high-level waste solidification at the facility. New York State
currently owns both the site and the waste.
In terms of both volume and radioactivity, the amount of high-level waste at West Valley Demonstration
Project is much less than that at Hanford, the Savannah River Site, or Idaho National Engineering Laboratoy. This high-level waste is stored in tanks and consists of alkaline liquid, sludge, and ion-exchange
resin. The high-level waste at West Valley Demonstration Project is similar to that at Idaho National
Engineering Laboratory in that the radioactivity in the former’s high-level waste is present primarily in
the solid high-level waste (i.e., sludge and resin). Although nearly 90 percent of the volume of West
Valley Demonstration Project high-level waste is in liquid form (containing about 1,700 Ci/m3), over 90
percent of its radioactivity is present in the waste that is in solid form (containing 150,000 Ci/m3).
Under federal law, DOE high-level waste will eventually be disposed of in geologic repositories after it
has been treated to produce solid waste forms acceptable for disposal, and repository facilities become
available. The DOE Office of Civilian Radioactive Waste Management is responsible for characterizing
the Yucca Mountain repository site in Nevada, constructing a repository, and disposing of DOE high-level
waste, DOE nuclear spent fuel, and commercial spent nuclear fuel in accordance with the Nuclear Waste
Policy Act. The only planned offsite transfers of high-level waste are those from the current storage sites
to the repository. At all four sites, the Department is currently pretreating some high-level waste to
reduce its volume and produce solid waste forms acceptFigure 3-4. Transuranic WasteVolume
able for safer long-term
storage. At two of these sites,
.~
Cateeorized bv DisDosition
treatment to produce final waste forms for repository
disposal is underway. The Defense Waste Processing
Total Volume
(220,,000 m3)
Facility at the Savannah River Site began producing vitrified
final waste forms in May 1996. A facility for vitrifying highlevel waste at West Valley Demonstration Project began
operations in July 1996. Final treatment of high-level waste at
Hanford and Idaho National Engineering Laboratory is now

-

in the planning stage.

, .

Hydrofracture
Disposed
9,500 m3

The Department is currently generating, and expects to
4%
generate, relatively small quantities of new high-level waste.
Generation of this waste decreased substantially during the
late 1980s and early 1990s when the Department stopped
reprocessing spent nuclear fuel. In the future, new highNotes:
( 1 ) Delta compiledfiom the [ n t e p t e d Dntn Bnse (IDB) Report, Reviston 11,
level waste will continue to be generated from several
Septemh-r 1995, nnd the Enurronmenlnl Restoralion Core Dntnnbase.Mny
sources, including the maintenance and eventual deactiva1996.
(2) Wnste category asssignments are mnde in m o r d a n u with the methods
tion and decommissioning of the chemical separation
explained in Endnote r.
(3) Wnste uolums areukuhfedsubject to the Jimitntions lisled rn Endnotes
facilities and processing of some nuclear fuel and target
f, h, nnd k
elements at the Savannah River Site. However, the quantity of new high-level waste is expected to be small in comparison to the currently stored inventories. In
addition, the Department is seeking to develop alternative technologies capable of stabilizing nuclear
materials without generating additional waste. Only the new waste from nuclear fuel and target processing (i.e., chemical separation) actually meets the high-level waste definition, but new waste from other
sources is managed as high-level waste because it contains very high concentrations of radionuclides.
Transuranic elements are those with atomic numbers greater than 92, heavier than uranium. All are artificially produced by neutron
irradiation, and all are part of the actinide group of elements.
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Transuranic waste storage. A radiological control technician Scans the ground for contamination at a transuranic waste storage
facility in Idaho. Beneath each concrete plug is a vault for storing three or four drums of remote handled transuranic waste. Most of
the vaults are currently empty. Waste stored in these vaults is mostly from nonweapons research at the nearby Argonne National
Laboratory-West. Intermediate Level Transuranic Waste Storage Facility, Radioactive Waste Management Complex, ldaho National
Engineering Laboratory, Idaho. March 17,1994.
Figure 3-5. Transuranic WasteVolume and Activity Categorized by HandlingType
(Nuclear Weapons and NonweaponsTransuranic Waste Combined)

Uncategorized
150,000 m3
Remote Handled 1.100 ma:1%
Non-mixed, Remote Handled 540 m’ >1%
Mixed 2 m’ 0%

Total Radioactivity

Contact Handled
25.000 m3
11%

Notes:
( 1 ) Dntn compiled horn the Intemnted Dnta B n r (1DB) Report, Revision
11, Septe&bpr i995, and theEnuironmenta1 Restoration Core

Datnbase, May 1996. (See Endnotes a and c).
(2) Waste wlumes nre cnlcuhted subject to the limitntions luted in
Endnotes f, h, and L.
(3) hdimtiui!y content of w t e IS ulkulnted subject to the Iirnitntions
listed in Endnotes 1, m, n, 0,nnd q.
(4) Wnste ategory msignments nre mnde in llccordnnce with the methods
Pxphrned in Endnote r

Mixed,
Remote Hand1

emote Handled

300,000ci
0%

Uncategorized
1.8 million CI
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Figure 3-6. TransuranicWasteVolume and Radioactivity Categorized by Process
Total Volume
(220,oOo m‘)

-

Research,
Development
and Testing
36,OOOm’
16%

Fuel and Target Fabrication 4,800 ma 2%
Reactor Operations 830 m’ <1%
Ennchment 3 ma 4 %
Weapons Operations m’ 4%

-

Nonweapons - Naval Support 6,500 m’ 3%

-

onweapons - Other
24,000 m’

Total Radioactlvlty
(approximately 3.8 million Ci)

uel and Target Fabrication 28.000 Ci 1%
eactor Operabons 4.800 Ci 4%
nrichment 34 CI <1%
Research,
Developmen
and Teshng
310,OOOCi
8%

onweapons Naval Support 44,000Ci 1%

Notes:
(1) Data cornpiledfrom the I n t e p t e d Data Bnse (IDB) Report, RPutsion 11, September 1995, and the Env~ronmentalResforatiorr Corr Dutubase &lay 1990. (Scr Endnotes a nndc)
(2) Waste volumes are cnlculated subject to the limitations listed in Endnotes f. h, and k.
(3) FhfiWiuity content of waste is ahlafedsubject to the limitations listed in Endnotes 1. m. n. o. and q.
(4) Waste cntcpryllssipments are mnde in accordance with the methods explained in Endnote r.
(5) Nuchr m p m and mnwenpm nllocntions and allocntions to individual weapons production prccess cntegorus are ddnrninrd subject to the limitations explained in Endnotes t and u

Transuranic (TRU) Waste
Transuranic (TRU) waste is waste that contains alpha-emitting transuranic elements8with half-lives
greater than 20 years whose combined activity level is at least 100 nanocuries per gram of waste at the
time of assay. Like high-level waste, TRU waste is formally defined in DOE Order 5820.2A. TRU waste is
further categorized according to its external surface radiation dose rates. Waste with dose rates exceeding
200 millirem per hour requires special handling and is classified as remote-handled TRU waste. TRU
waste below this level is called contact-handled TRU waste. Because of the long half-lives of many TRU
isotopes, TRU waste can remain radioactive for hundreds of thousands of years. Some of the common
TRU radionuclides present in TRU waste include plutonium-239, -240, -241, -238, and -242; americium241; and curium-244. Other important radionuclides that can be present in TRU waste, primarily remotehandled TRU waste, are fission products, reactor activation products, and their resulting daughter
products, including strontium-90, yttrium-90, cesium-137, barium-137, cobalt-60, and europrium-152, 154,and -155.
Most TRU waste is the result of the weapons production process and contains plutonium. TRU waste
from weapons production results almost exclusively from fabrication of plutonium weapons components,
recycling plutonium from production scrap, residues, or retired weapons, and chemical separation of
plutonium. Considerable amounts of TRU waste also contains hazardous constituents subject to regulation under RCRA (mixed TRU waste), and some contains polychlorinated biphenyls (PCBs) subject to the
Toxic Substances Control Act. TRU, mixed-TRU, and PCB-TRU waste have been combined in this
analysis because the primary factor used to determine how the waste will be managed is the concentration of TRU radionuclides in the waste rather than the waste‘s chemical composition. However, the
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