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The world’s first full-scale nuclear reactors and chemical reprocessing plants built at the Hanford Site in
the desert of southeastern Washington State produced two-thirds of the plutonium generated in the
United States for nuclear weapons. Operating these facilities also created large volumes of radioactive
and chemical waste, some of which was released into the environment exposing people who lived down-
wind and downstream. Hanford now contains the largest accumulation of nuclear waste in the Western
Hemisphere.

Hanford’s last reactor shut down in 1987 followed by closure of the last reprocessing plant in 1990.
Today, Hanford’s only mission is cleanup. Most onsite radioactive waste and nuclear material lingers
inside underground tanks or storage facilities. About half of the chemical waste remains in tanks while
the rest persists in the soil, groundwater, and burial grounds. Six million dollars each day, or nearly
two billion dollars each year, are spent on waste management and cleanup activities. There is significant
uncertainty in how long cleanup will take, how much it will cost, and what risks will remain for future
generations.

This paper summarizes portions of the waste management history of the Hanford Site published in the
book ‘‘Hanford: A Conversation about Nuclear Waste and Cleanup.” (Gephart, 2003).

� 2010 Elsevier Ltd. All rights reserved.
1. Site selection

‘‘I thought the Hanford Site was perfect the first time I saw
it. . . we found the only place in the country that could match the
requirements for a desirable site.” Colonel Franklin Matthias,
Sanger (1995).

In the early 1940s, scientists and government officials ex-
pressed concern about the hazardous nature of new types of radio-
active materials to be generated from the industrial-scale
production of plutonium. This was a public and worker safety
problem facing the Manhattan Project, which was responsible for
building the world’s first nuclear weapon industrial complex in
the shortest possible time. For expediency, officials circumvented
typical pilot-scale engineering steps normal to constructing proto-
type chemical factories.

For security and safety, General Leslie Groves, army commander
of the Manhattan Project, and his staff wanted to avoid any acci-
dent taking place in the eastern United States that might release
large quantities of radiation—causing a ‘‘Congressional investiga-
tion to end all Congressional investigations” (Groves, 1962). Such
publicity would destroy project secrecy and likely halt work on
plutonium production facilities. Therefore, site selection shifted
from the more populated areas near Chicago, Illinois and Knoxville,
ll rights reserved.
Tennessee to the western United States in the states of Montana,
Washington, Oregon, and California.

General Groves’ team selected a sparsely settled desert site,
now known as Hanford, located along the banks of the Columbia
River in southeastern Washington State. Hanford offered various
advantages including electricity, abundant river water for cooling
and contaminant disposal, a railroad line, sand deposits, nearby
hills for encamping security, and a mild, dry climate to expedite
construction.

In March 1943, the federal government acquired 1740 square
kilometers of land in Washington State1 (Fig. 1).

The 1300 residents living there were given 2 weeks to 3 months
to leave. Government officials paid former residents for the land—
cents to a few tens of dollars per acre (Sanger, 1995). The cost for
all land acquired was $5.1 million. Lawsuits delayed some pay-
ments until higher fair market land values were negotiated.

The government then hired nearly 50,000 workers for Hanford.
Site construction began in earnest and in relative secrecy.

The first nuclear reactor (B Reactor) and reprocessing plant
(T-Plant) began operating in late 1944—less than 2 years after
Enrico Fermi and his team of physicists at the University of Chicago
proved a controlled nuclear chain reaction was possible.

Informally, Du Pont officials gave the B Reactor just a 60%
chance of working (Gephart, 2003). Candidly, General Leslie Groves
1 Today, the Hanford Site covers 1518 square kilometers.
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Fig. 2. This 1954 billboard underscored the importance of Hanford workers not
talking about their jobs with anyone who did not have a need to know (US
Department of Energy).

Fig. 1. The Hanford Site covers an area over half the size of the state of Rhode
Island.
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told his onsite Hanford manager, Colonel Matthias, ‘‘If the reactor
blows up, jump in the middle of it, and save yourself a lot of trou-
ble.” (Sanger, 1995).

Hanford produced the plutonium used in the world’s first nucle-
ar explosion at the Trinity Site, New Mexico, in July 1945 and in the
atomic bomb dropped on Nagasaki, Japan, the following month.

Facilities located in Fernald, Ohio, and Weldon Spring, Missouri,
prepared most of the uranium metal shipped to Hanford. Further
milling, metal cladding, and fuel preparation took place in the
southern tip of Hanford called the 300 Area. Nearly 20 million ura-
nium fuel slugs were prepared there.2 These slugs resembled short
metal cylinders measuring about 23 cm long and 3.5 cm wide. The
last reactor constructed onsite, known as N Reactor, used larger ura-
nium slugs.

The secrecy of site operations, spent fuel reprocessing, pluto-
nium production, and waste management prevailed for years after
the Atomic Energy Commission took control of Hanford manage-
ment from the militarily run Manhattan Project in 1947 (Fig. 2).
2 Most uranium used inside Hanford reactors was unenriched or only slightly
enriched. Unenriched uranium contained 99.3% (by mass) uranium-238 and 0.7%
uranium-235. Enriched uranium held slightly more uranium-235. Fuel containing
enriched uranium was inserted along the outer edges of a reactor core to generate
extra neutrons for creating additional plutonium where the neutron flux was lower
compared to the core’s center.
2. The first reactors and reprocessing Plants

‘‘Nothing like this had ever been attempted before. . . the great
risk involved in designing, constructing, and operating plants such
as these without extensive laboratory research and semi-works
experience simply had to be accepted.” General Leslie Groves
Groves (1962).

Between 1943 and 1963, nine block-shaped reactors rose along
the shoreline of the Columbia River in what is known as the 100
Area (Fig. 3). Tens of thousands of finely machined and tightly
stacked graphite blocks formed the core or ‘‘pile” inside each reac-
tor. The graphite slowed neutrons for easier capture by uranium-
235 atoms, enabling those atoms to fission.

Inside each reactor, the fragmented uranium-235 atoms released
fast-moving neutrons then captured by more abundant uranium-
238 atoms also contained in the fuel slugs. In less than 3 days, a por-
tion of the uranium-238 changed into plutonium-239—the metal of
choice for nuclear bombs. One uranium atom out of about every
4000 uranium atoms converted to plutionum-239.

Hanford reactors came in different sizes and power levels. The
size of each reactor’s core ranged from 7 to 11 m per side. Between
200 and 390 metric tons of uranium fuel were inserted into 1000 to
more than 3000 aluminum tubes running through each reactor’s
core. (Miller, 1976; Miller and Steffes, 1987). B Reactor had an ini-
tial power level of 250 MW (Du Pont, 1946). Power levels increased
to 4400 MW when Hanford’s largest reactors, named KE and KW,
were built in the mid-1950s in response to the escalating Cold
War (Fig. 4).

Chemically treated river water flowed through sealed pipes in-
side each reactor to cool them. These chemicals adjusted the
water’s pH, prohibited algal growth, removed dissolved solids,
and lessened metal corrosion (Foster et al., 1954). The fission of
the uranium-235 atoms and the resulting radiation releases heated
reactor water to near the boiling point. Pumped water remained
inside the reactor for a few seconds before discharge. Helium gas
circulated through the air-sealed pile to remove moisture and reac-
tor-generated gases that absorbed neutrons. Later, carbon dioxide
was added to the helium flow, reducing radiation-induced swelling
of the reactor’s graphite core.

In the first eight reactors built, surface basins temporarily
stored the heated, yet now irradiated, cooling water before its dis-
charge or leakage into the Columbia River.
Fig. 3. Illustration shows Hanford’s nine reactors built along the southward flowing
Columbia River and five reprocessing plants and other support facilities in the 200
East and West Areas. The reprocessing plants are located 8–16 km south of the
reactors. Image not to scale.



Fig. 4. This 1987 aerial photograph shows the two K Reactors (adjacent to stacks)
plus support facilities built along the shoreline of the Columbia River. Similar
layouts typified other reactors (US Department of Energy).

Fig. 5. This photograph, taken in 1944, shows the world’s first reprocessing facility
(T-Plant). The facility is 245 m long (US Department of Energy).

Fig. 6. Hanford facilities processed 96,900 metric tons of uranium fuel.

Table 1
Tonnage of uranium fuel chemically dissolved and treated inside Hanford reprocess-
ing plants.

Plant Fuel reprocessed (metric tons) Operating history

T and B Plants 8100 (8%) 1944–1956
REDOX Plant 22,400 (23%) 1952–1967
PUREX Plant 66,400 (69%) 1956–1972, 1983–1990
Total 96,900 (100%) –

3 Plutonium production in the United States occurred inside 14 government-owned
reactors (9 at Hanford and 5 at Savannah River) plus 6 reprocessing plants (4 at
Hanford and 2 at Savannah River).

4 Weapons-grade plutonium consists of 94% or greater (by mass) plutonium-239.
The remaining 6% is plutonium-240 plus minor amounts of other plutonium isotopes.
Fuel-grade plutonium contains 82–94% plutonium-239.
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Radioactive products from Hanford rather than natural radioac-
tivity now dominated radiation levels into the river. These radio-
nuclides were known as activation products, created when
elements dissolved in the water captured neutrons released during
the fission of uranium, transforming stable, non-radioactive ele-
ments into unstable, radioactive elements.

When the metal cladding enclosing uranium fuel ruptured,
some fission products escaped into the Columbia River before reac-
tor operators diverted the contaminated water to a nearby trench
or liquid disposal site. Nearly 2000 fuel elements ruptured during
the 43 years Hanford reactors ran.
Once irradiated, uranium fuel was dangerously radioactive and
thermally hot. Originally, operators considered 60–65 days ade-
quate for spent fuel to cool before chemically stripping out the plu-
tonium, an activity known as reprocessing (Cooper, 1943; May,
1944). This permitted large amounts of short-lived radionuclides
time to decay into non-radioactive elements, or at least reach
lower concentrations. Reprocessing was done near the center of
the Hanford Site in the 200 East and West Areas.

When pressure mounted for increased plutonium production,
fuel was sometimes reprocessed 30–60 days after irradiation
(Goldberg, 1998). Inferential evidence suggests that in 1945 some
fuel may have been reprocessed less than 3 weeks after irradiation.
By the late 1950s to early 1960s, the average storage time in-
creased to between 200 and 250 days (US Department of Energy,
1997).

Various chemical precipitation and solvent extraction tech-
niques separated plutonium from unwanted radionuclides and
chemicals. This took place inside large rectangular concrete build-
ings called reprocessing plants or ‘‘canyons.”

Workers built five reprocessing plants in the 200 East and West
Areas. Starting in late 1944 and 1945, T and B Plants used a bis-
muth phosphate batch processing technology (Fig. 5).

Higher efficiency and safer solvent extraction technologies
functioned in both the REDOX (Reduction-Oxidation) and PUREX
(Plutonium Uranium Extraction) Plants beginning in the 1950s.
The fifth plant, U Plant, which operated from 1952 to 1958 to re-
cover uranium from tank waste, did not reprocess spent fuel.

The largest reprocessing plant called PUREX, stretched 305 m
long, 50 m wide, and 30 m tall. As much as 40% of the height of
all reprocessing plants rested underground. The lower level con-
tained remotely operated chemical cells where hot solutions of so-
dium hydroxide and nitric acid dissolved spent fuel and their metal
jackets, and recovery of such desired radionuclides as plutonium
and uranium took place.

Hanford reprocessed 96,900 metric tons of uranium (Fig. 6;
Table 1). During the early years, T and B Plants reprocessed 2 met-
ric tons of fuel each day. This increased to as high as 30 metric tons
per day after the PUREX Plant came online in 1956 (Anderson,
1990).

Located in the 200 West Area, the Plutonium Finishing Plant
made weapons-grade plutonium metal from plutonium-laced ni-
trate solutions shipped from Hanford’s reprocessing plants. This
facility operated from 1949 to 1989.

Onsite reprocessing recovered 67.4 metric tons of plutonium
(Fig. 7) (Usdin, 1996). This comprised 65% of the nation’s supply
of 104 metric tons of plutonium generated inside government
reactors.3

Hanford produced 54.5 metric tons of weapons-grade pluto-
nium and 12.9 metric tons of fuel-grade plutonium.4 Most of the



Fig. 7. Hanford produced 67 metric tons of weapons- and fuel-grade plutonium.
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remaining 35% of the nation’s plutonium supply came from the
Savannah River Site, South Carolina.
3. Waste and nuclear materials

‘‘The disposal of contaminated waste in present quantities and
by present methods. . . if continued for decades, presents the grav-
est of problems.” Williams (1948).

Underground tanks received the most radioactive waste dis-
charged from reprocessing plants (Fig. 8).

Cribs, trenches, French drains, reverse wells, and ponds ac-
quired uncontaminated to slightly contaminated liquids plus cool-
ing water. Radioactively contaminated reactor water flowed into
the Columbia River. Shallow trenches and storage facilities bore
solid waste, and concrete stacks rising above reactors and
reprocessing plants released gasses into the air. More than 1600
Fig. 8. Workers install the steel roof on a double-shell tank built in 1984 to store
highly radioactive waste. Following construction, all tanks were buried under-
ground with their tops about 3 m below the surface (US Department of Energy).
waste sites once existed at Hanford (US Department of Energy,
1999).

Reprocessing spent fuel in the 200 East and West Areas gener-
ated the largest volume of site waste—more than 85% of the liquid
releases generated during plutonium production and all tank waste
(US Department of Energy, 1997).

Hanford waste and nuclear materials can be informally catego-
rized as contained waste and nuclear materials, buried and stored
solid waste, and released waste.5
4. Contained waste and nuclear materials

Underground tanks, buildings, and concrete basins hold Han-
ford’s contained waste and nuclear materials. Some structures
are contaminated; others are not. The largest are the reactors
and reprocessing plants. Filters, pipes, reactor cores, and other por-
tions of Hanford facilities may still contain 1 million curies of
radioactivity.

From 1944 through 1988, Hanford generated nearly 2 million
cubic meters of tank waste (Agnew, 1997). Liquid evaporation, dis-
charge to the ground, chemical treatment, and tank leakage re-
duced this volume by 90%—to 200,000 cubic meters6 (Hanlon,
2003). This is about 60% of the tank waste existing across the nuclear
weapons complex. Today, Hanford tanks hold about 190 million cu-
ries of radioactivity and 170,000 metric tons of chemicals. Each cubic
meter of tank waste contains nearly 1000 curies of radioactivity.

Adding large volumes of sodium hydroxide to the acid waste
stream, generated from reprocessing spent fuel, transformed the
stream into a caustic solution before being pumped into under-
ground storage tanks. The pH was adjusted because acidic waste
would dissolve the carbon-steel tanks; wartime shortages made
it impossible to construct tanks from more acid-resistent stainless
steel. The resultant tank liquids contain high concentrations of al-
kali, salt, aluminate, and cesium-137.

The 177 underground tanks built in the 200 East and West
Areas are grouped into 18 tank farms. Eighty-five percent or 149
of these are single-shell tanks constructed between 1943 and
1964. These range in volume from 210 cubic meters to 3800 cubic
meters. Their life expectancy for containing liquid waste was
20 years (US Department of Energy, 1998).

Sixty-seven single-shell tanks have leaked or are suspected to
have leaked as much as 5700 cubic meters of sodium nitrate-
and cesium-contaminated liquids into the underlying sediment.
The first waste leak was confirmed in 1959 (Gephart, 2003).

To improve containment, 28 double-shell carbon–steel tanks
were constructed between 1968 and 1986. Volumes ranged from
3800 to 4200 cubic meters, with design lives as long as 50 years.

Over the years, drainable liquids inside single-shell tanks were
pumped into the newer double-shell tanks. Thick waste sludge and
semi-dried salt cake remained behind. To date, no double-shell
tank has leaked, though the oldest ones have reached the end of
their design life.

Nuclear materials stored onsite include 1936 stainless-steel
capsules containing 110 million curies of radioactive cesium and
strontium, plus their decay products. These are kept in water-filled
pools inside the Waste Encapsulation and Storage Facility adjoin-
ing B Plant in the 200 East Area. From 1967 to 1985, these radio-
nuclides had been recovered from tank waste to reduce the heat
5 All waste and nuclear material inventories in this article are approximations
based upon reports, conversations, assumptions, and calculations. Most estimates of
curies present are decayed to the year 2009. Numbers are rounded and will change
over time due to radioactive decay, improved knowledge, and site cleanup.

6 If placed inside standard-sized railroad tanker cars, this volume of tank waste
would fill enough tanker cars to assemble a train 42 km long.



Fig. 9. Poorly characterized radioactive and non-radioactive solid waste was buried
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and radiation load inside tanks so they could receive newly gener-
ated waste.

For years, 80% of the US Department of Energy’s (DOE) remain-
ing irradiated uranium fuel remained stored inside two aging
water-filled concrete basins at the KE and KW Reactors. Spent fuel
removal began in 2000 and was completed four years later with
dried and repackaged fuel rods stored in the Canister Storage
Building located in the 200 East Area. The fuel weighed 2100 met-
ric tons and contained less than 40 million curies of radioactivity as
of 2009.

This uranium fuel had been irradiated inside N Reactor and
moved to the K Basins between 1975 and 1989 for storage. Because
the PUREX Plant was not restarted in the late 1980s, this fuel re-
mained unprocessed. Some fuel corroded. Water leaks released
radionuclides into the soil and groundwater near the K Reactors.

An additional 30 metric tons of irradiated fuel from non-Han-
ford production reactors are also stored onsite.
onsite during the early years of Hanford (US Department of Energy).
5. Buried and stored solid waste

Solid waste consists of boxes, crates, and drums holding mate-
rials such as clothing, rags, and tools contaminated with chemicals
and/or low levels of radioactivity. Some radioactivity comes from
such long-lived transuranic elements as plutonium, neptunium,
and americium.

As of the late 1990s, 75 solid waste burial grounds existed at
Hanford (US Department of Energy, 1997) containing 700,000
cubic meters of solid waste buried or stored in facilities. About
97% was buried in landfills, and more than 95% is classified as
low-level waste (Duncan et al., 1995). This waste contained
6 million curies of radioactivity and 65,000 metric tons of chem-
icals. An estimated 590 metric tons of uranium and 360 kilo-
grams of plutonium may exist in solid waste buried within the
200 Area (Wodrich, 1991).

Before 1970, solid waste was not well characterized or sorted
(Fig. 9). For example, transuranic and non-transuranic contami-
nated materials were packed together along with a variety of
chemicals and combustibles. The waste was not buried to enable
later retrieval, repackaging, and offsite shipment. Solid waste bur-
ied since 1970 is better characterized. Today, any new solid waste
burial takes place in the 200 West Area. Shipments of container-
ized transuranic waste are now trucked to the Waste Isolation Pilot
Plant in New Mexico for storage in an underground salt formation.

Beginning in the late 1990s, the six-acre 618-10 and nine-acre
618-11 burial grounds, located in southern Hanford, received con-
siderable attention because of their content and contribution to
subsurface contamination. From 1953 to 1967, these sites received
low- and high-activity waste from nuclear fuel experiments and
other research conducted in the 300 Area. Groundwater samples
revealed elevated levels of tritium—as much as 400 times above
drinking-water standards near 618-11 (Hartmann et al., 2001).
As much as 11 kg of dispersible plutonium, as well as slivers of
irradiated uranium fuel and other waste materials, might be buried
at these two sites (Peterson et al., 2001).
7 A total of 1.7 billion cubic meters equals the average volume of water flowing
down the Columbia River every 5 days.
6. Released waste

Perhaps 1 million curies of radioactivity and 100,000–
300,000 metric tons of chemicals remain in the soil and groundwa-
ter beneath Hanford. Most exist in or near the center of Hanford
where reprocessing plants once operated and waste tanks are
buried.

During the first months of spent fuel reprocessing in late 1944,
mildly contaminated liquids were simply dumped into depressions
on the ground (Brown and Ruppert, 1950). There liquids seeped
into the sandy soil, adding contaminants to the sediment and even-
tually the groundwater. Some liquids evaporated, leaving radioac-
tive salt residue for plant and animal uptake. Contaminants also
blew downwind, enlarging marked radiation zones, and exposing
workers and the public. Such uncontrolled waste disposal and dis-
persal became unacceptable.

Liquids were then pumped down ‘‘reverse” wells. While this re-
moved contaminants from the near surface, it injected them closer
to and sometimes directly into, the underlying aquifer, bypassing
the chemical sorptive benefit of overlying sediment.

Within months, most well use also discontinued except for
disposal of small waste quantities (Du Pont, 1945). Liquids were
then pumped into shallow buried box-like structures called cribs,
gravel-filled tile fields, French drains (vertical buried concrete
pipes), and open trenches later backfilled with gravel. These ap-
proaches to liquid waste management continued into the late
20th century.

As much as 1.7 billion cubic meters of uncontaminated to
slightly contaminated liquids7 were discharged into 30 ponds and
unlined ditches—most in or near the 200 East and West Areas
(Hartman and Dresel, 1998). This provided a hydraulic driving force
moving contamination deeper and faster into the subsurface than
otherwise possible.

Hanford may contain as much as 28,300 cubic meters of soil con-
taminated from radionuclides contained in liquid waste streams re-
leased near reprocessing plants (Gee et al., 2007). According to
Kincaid et al. (2006), and Corbin et al. (2005), and conversations with
Hanford staff responsible for tracking onsite waste inventories, some
225,000 curies of cesium-137; 180,000 curies of tritium; 52,000 cu-
ries of strontium-90; 50,000 curies of plutonium; and 700 curies of
technetium-99 may exist in the Hanford soil and groundwater from
past liquid discharges and tank leaks.

In 2008, groundwater plumes covering 185 square kilometers
or 12% of the Hanford Site contain contaminants such as metals
(e.g., chromium), chemicals (e.g., nitrates, trichloroethene, and car-
bon tetrachloride), and radionuclides (e.g., tritium, iodine-129, and
technetium-99) at concentrations above safe drinking-water stan-
dards or other guidelines (Poston et al., 2009). Smaller pockets of
cobalt-60, cesium-137, uranium, and plutonium contamination
are also found.

Geochemical reactions with Hanford sediments retain some
contaminants, such as cesium-137, strontium-90, and cobalt-60,
effectively immobilizing them except under conditions of extreme
saline or acidic conditions (Gee et al., 2007). However, tritium,
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technetium-99, and iodine-129 are mobile, enabling those
radionuclides to potentially move deep in the vadose zone and into
the unconfined aquifer. Certain radionuclides, such as uranium and
transuranic elements, can undergo chemical sorption on the sur-
face of or into the crystalline structure of sedimentary minerals,
effectively holding them in place.

Groundwater travel time along the 16-km stretch separating the
200 East Area from the Columbia River is a few decades for the most
mobile contaminants. For example, tritium first reached the river
20 years after disposal. Groundwater travel time to the river from
the 200 West Area may approach a century or longer because sed-
iment comprising the underlying aquifer has a lower permeability
than beneath the 200 East Area.

For the same reason, broad plumes of contaminated groundwa-
ter emanate from the 200 East Area while contaminated ground-
water beneath the 200 West Area covers a far smaller region.

In addition to leaked tank waste entering the soil, nearly
500,000 cubic meters of treated and untreated tank waste were
intentionally discharged to the ground (Agnew, 1997). This oc-
curred between 1946 and 1958. This waste contained more than
275,000 metric tons of chemicals and 60,000 curies of radioactivity
(Waite, 1991).

Laboratory studies of contaminated sediments collected from
beneath tanks demonstrate that ion exchange, precipitation and
dissolution, plus surface complexation reactions can retard the
migration of select radionuclides (Zachara et al., 2007). The use of
such information, coupled with subsurface geohydrologic studies,
is irreplaceable in supporting regulatory decisions influencing con-
taminant removal, stabilization, and/or monitoring.
7. Past radionuclide releases into the atmosphere and Columbia
River

‘‘The following measurements on thyroid activity of sheep in re-
gions adjacent to the Plant [Hanford] were obtained under condi-
tions which avoided the excitement of public curiosity.” (Herde,
1946).

Today, small amounts of radionuclides are released from Han-
ford into the air and Columbia River. During 2008, the average
member of the public received a radiation dose of 0.0009 mrem
from Hanford releases (Poston et al., 2009). A maximally exposed
individual received 0.04 mrem during the same year.

The average radiation dose a member of the public receives
from the natural environment each year is about 300 mrem. There-
fore, a radiation dose of 0.0009 mrem per year received from living
near Hanford equals what an average person gains in 2 min of
exposure to the natural environment.

Radionuclide releases and doses were higher in the past. Over
140 million curies of radionuclides were discharged into the atmo-
sphere and Columbia River between the mid-1940s and the mid-
1960s (HEDR, 1994).
8 When discharged, the temperature of reactor water was 67oC higher than river
temperature (Foster et al., 1954). When river water levels remained low and all
reactors operated, the ambient river temperature for the first 90 km downstream
increased by 3�C (Becker, 1990).
8. Radionuclide releases into the atmosphere

The atmosphere received 32 million curies of radioactivity re-
leased in stack gases venting reactors and reprocessing plants.

Twelve million curies originated from the reactors. Heeb
(1994) reported that between 1944 and 1970, 10 million curies
were discharged into the atmosphere from the operation of the
first eight reactors. Later, N Reactor emitted an additional 2 mil-
lion curies. More than 99% of these releases were argon-41 with
small amounts of carbon-14 and tritium. The Hanford Dose
Reconstruction Report (HEDR, 1994) and Heeb (1994) reported
these releases resulted in an increased radiation dose to the
public of 2–4 mrem per year. This was about a 1% increase from
natural background radiation levels for people living near
Hanford.

Between 1944 and 1972, the four reprocessing plants dis-
charged 20 million curies of radioactivity into the atmosphere
(HEDR, 1994; Heeb, 1994; Napier, 1992). Most came from kryp-
ton-85 (18.5 million curies).

However, neither argon-41or krypton-85 contributed much to
the public’s radiation exposure because these elements are noble
gases and do not accumulate inside the body; also, their energy
levels are thousands to millions of times less than other radionuc-
lides of concern such as iodine-131.

Napier reported that six radionuclides discharged from repro-
cessing plants contributed most to public radiation doses (Napier,
1992). These radionuclides were iodine-131, ruthenium-103,
ruthenium-106, strontium-90, plutonium-239, and cerium-144.
However, 99% of this dose came from just one radioisotope—io-
dine-131.

Most iodine releases (697,000 out of 740,000 curies) occurred
between 1944 and 1949 before the first two reprocessing plants
(T and B) had stack filters installed.

People living adjacent to and downwind of Hanford received the
highest dose. The range in dose to the thyroid of an adult living at a
maximally exposed location was 10–150 rad (HEDR, 1994). The
range in dose to the thyroid for a child at a maximally exposed site
was higher: 54–870 rad.

Early in Hanford operations, onsite officials recognized they had
an iodine-131 problem. However, ‘‘revelation of a regional iodine-
131 problem would have had a tremendous public relations im-
pact,” including employees hesitant to work onsite (Stannard,
1988). Secrecy surrounded the monitoring of iodine uptake in live
animals. Therefore, Hanford staff, masquerading as US Department
of Agriculture specialists trained in testing the ‘‘health and vigor”
of farm animals, visited local ranchers where they serendipitously
passed a radiation detector across the necks of cattle to detect
radionuclide uptake.

The Center for Disease Control and Prevention and the Fred
Hutchinson Cancer Research Center published thyroid disease
study results in 2002 (CDC, 2002). These centers could not find
an association between Hanford’s past iodine releases and thyroid
disease. However, the report stated ‘‘the findings do not prove that
Hanford radiation had no effect. . . if there is an increased risk of
thyroid disease. . . it is probably too small to observe using the best
epidemiologic methods available.”
9. Radionuclide releases into the Columbia River

Between 1944 and 1971, the Columbia River received an esti-
mated 110 million curies of radioactivity from activation products
released by the operation of Hanford’s first eight reactors (Heeb
and Bates, 1994).8

River water cooled these single-pass reactors. The ninth reactor
re-circulated cooling water.

Most radionuclides existed in small amounts or had short half-
lives. For example, manganese-56, with a half-life of 2.6 h, contrib-
uted nearly two-thirds of the curie load released. Most of this
radioisotope decayed away before reaching down-river popula-
tions. The five radionuclides contributing most (94%) of the esti-
mated radiation dose people living downstream received were as
follows:



Fi
ra
De

304 R.E. Gephart / Physics and Chemistry of the Earth 35 (2010) 298–306
Radionuclide
g. 10. This 1965 photograph records the inside of a truck-mou
diation counter hauled to schools to monitor radiation levels
partment of Energy).
Curies
Sodium-24
 12,600,000

Phosphorus-32
 230,000

Neptunium-239
 6,300,000

Zinc-65
 490,000

Arsenic-76
 2,500,000
Additional radiation releases resulted from the periodic failure of
uranium fuel slugs. These longer-lived fission products remain bur-
ied in the river sediment, especially in slack waters downstream of
islands or in sediment behind dams. Examples include cobalt-60,
strontium-90, cesium-137, uranium-238, and plutonium-238,
-239, and -240 (Patton, 1998). According to the Washington State
Department of Health (Wells, 1994), if these sediments were
dredged and placed atop the ground, the maximum average yearly
radiation dose to a person over their lifetime would be 1.6 mrem.

The largest radionuclide releases to the Columbia River oc-
curred between 1956 and 1965 when most reactors operated
simultaneously. An average of 10,000–12,000 curies per day was
discharged (HEDR, 1994).

During these times, a typical nearby resident may have received
a yearly radiation dose increase of 1–5 mrem per year (HEDR,
1994). However, a person who significantly used the river and
ate large quantities of fish might have received a 50- to 130-mrem
increase in their annual dose—a 15–45% increase compared to
background levels. Some Native Americans may have accumulated
ten times this dose because they consumed more river fish than
the general population (Till et al., 2002).

To detect radionuclide uptake in the public, especially children,
schools along the path of the Columbia River hosted visits of
whole-body radiation counters operated by Hanford personnel
(Fig. 10).

Today, radioactivity flowing down the Columbia River is signif-
icantly reduced. Low but detectable amounts of radionuclides,
chemicals such as nitrates, and various metals still enter the river
from Hanford plus upstream ore mines and agricultural runoff.

For example, water analyses reported by Poston et al. (2009) de-
tected an average of 7 curies of radioactivity dissolved in river
water before it entered Hanford. About 90% of this radioactivity
comes from tritium—both naturally occurring tritium and that con-
tained in fallout from past atmospheric testing of nuclear weapons.
nted whole-body
in children (US
Most of the remaining radioactivity originates from naturally
occurring uranium and potassium.

As river water passes along the northern and eastern boundary
of Hanford, groundwater from beneath the site enters through
shoreline springs and direct discharge. Downstream of Hanford,
an average of 11 curies of natural and human-made radioactivity
flow in the river each day. Compared to upriver water samples, this
4 curie-per-day increase mostly originates from Hanford tritium-
contaminated groundwater. Sometimes iodine-129, technetium-
99, and strontium-90 levels are higher downstream of Hanford
(Poston et al., 2009).
10. Hanford today

‘‘The greatest immediate need is to recognize the importance of
factoring the future into present decision-making.” (National
Academy of Public Administration, 1997).

Hanford is perhaps the largest and most complex environmen-
tal cleanup site in the United States. It is a macrocosm of the envi-
ronmental and nuclear material management problems facing the
federal government at sites once used for uranium mining, nuclear
weapons research, material production, and bomb testing.

Today, nearly 350 million curies of mostly cesium-137 and
strontium-90 plus 350,000–550,000 metric tons of chemicals re-
main onsite from the plutonium production mission (Table 2). Of
the human-made radioactivity existing across the nuclear weapons
complex, 35% of it lingers at Hanford.

Hanford’s plutonium production era ended when N Reactor
closed in 1987 and the PUREX Plant shut down in 1990. Now all
reactors and reprocessing plants are permanently closed.

In May 1989, DOE, the US Environmental Protection Agency,
and the Washington State Department of Ecology entered into an
agreement to clean up Hanford, and better manage the treatment,
storage, and disposal of hazardous materials (Washington State
Department of Ecology, 1989). This agreement, known as the
Tri-Party Agreement, was the first cleanup agreement signed by
DOE.

The fundamentals of chemical and nuclear-based processing
that once framed decision-making were now steeped in a new
environmental, health, and social language never before applied
to Hanford. Independent oversight grew, and public input to deci-
sion-making became commonplace.

Initial cleanup schedules and costs were overly optimistic. Two
decades later, the once anticipated 10- to 30-year cleanup program
has stretched well into the mid-21st century as harder problems
are faced. For the first time, Hanford cleanup costs reaching
$100 billion—just covering tank waste—are being reported (Gov-
ernment Accountability Office, 2009).

Hanford’s present remediation strategy centers upon (1) clean-
up of lands bordering the Columbia River; (2) shrinking the site’s
active waste management area to less than 50-square-kilometers
inside the Central Plateau where the 200 Areas are located; (3)
Table 2
General waste and nuclear material inventories at the Hanford Site. Numbers are
approximate and rounded updated after Gephart (2003).

Waste or material Volume Curies (million) Chemicals (metric tons)

Tank waste 200,000 m3 190 170,000
Solid waste 700,000 m3 6 65,000
Soil/groundwater 1.0 billion m3 1 100,000–300,000
Facilities 5 million m3 1 –
Nuclear materiala 700 m3 150 –

a These 150 million curies are contained in 2100 metric tons of spent fuel
(<40 million curies) now in dry storage inside the Canister Storage Building plus
1936 cesium and strontium capsules (110 million curies) held in the Waste
Encapsulation and Storage Facility.
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remediating tank farms plus the remaining waste sites and facili-
ties and (4) implementing institutional controls and long-term
stewardship over waste forms and contaminants remaining onsite.

Though considerable attention has focused on the challenge of tank
waste remediation, there is growing awareness of the lack of knowl-
edge and capability hindering the effective remediation of contami-
nants released into the vadose zone and groundwater aquifer.

The National Academies has reported upon these gaps (National
Research Council, 2000, 2009). Examples include the following:

� Locating and characterizing the concentrations, speciations,
release rates, and movement of contaminants distributed
within a heterogeneous sedimentary environment.
� Characterizing the coupled physical, chemical, and biological

properties of the subsurface controlling contaminant fate and
transport.
� Creating validated conceptual and predictive models to depict

subsurface dynamics and contaminant behavior spanning the
molecular to field scale.
� Developing less costly and more effective contaminant treat-

ment, recovery, containment, and stabilization techniques
through integrated laboratory and field test programs.
� Advancing subsurface monitoring technologies including novel

sensors, detectors, and data transmission techniques.

Without this advanced knowledge and capabilities, it will be
difficult to perform reliable performance assessments supporting
regulatory decisions or planning/executing remedial actions where
projected outcomes match field results.

How long Hanford cleanup will take and how much it will cost
remains uncertain. What we do know is that cleanup activities
must be framed upon informed debate, social consensus, defensi-
ble standards, achievable goals, and high-quality science and
technology.
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