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During the period of single-pass reactor operation at the Hanford Site, 1944-1971,

large volumes of low-level radioactive wastes were released to the river in reactor

effluents. In 1960 these releases averaged 540 TBq e. Sampling of the river water,

flora, and fauna showed a rapid decrease in radionuclide concentrations with distance

downstream from the reactors. One mechanism for removal of radionuclides from the

Columbia River was their association with stream-borne sediments and subsequent

deposition to the streambed. This created inventories of radioactively-contaminated

sediments behind dams, where sediment trapping efficiency is high. Previous studies have

shown that Lake Wallula, the reservoir behind McNary Dam, retained high radionuclide

concentrations in sediments deposited during the single-pass reactor operation period.

Dredging of these sediments could place the material within the human environment,

creating a variety of radiation exposure pathways. Two radiation exposure scenarios are

formulated wherein 34 400 m3 of dredged material from Lake Wallula is placed in an

Upland Material Placement Area. The RESRAD computer dose assessment code is used

Redacted for Privacy



to estimate exposure from deposition of this material. A source term is formulated from

radionuclide concentrations reported in the literature. A resident farmer scenario models

exposure to residents living directly on the dredged material. Internal exposure pathways

include the ingestion of plants, meat and animal products from animals grazing within the

material placement area, as well as inhalation of radionuclides on air-suspended

contaminated soil and inadvertent soil ingestion. An external exposure scenario models

exposure received by non-resident users of the dredged material disposal area through

direct exposure, inhalation, and soil ingestion. Maximum radiation dose received in the

resident farmer scenario is 1.06 mSv Maximum dose received in the external scenario

is 0.286 mSv y'. Naturally-occurring radionuclides account for most of the exposure in

both scenarios. In the most conservative estimate in this study, radiation exposure due to

the presence of man-made radionuclides in dredged material results in an exposure equal

to about 30% of the federal dose limit to members of the public.
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A Radiological Safety Evaluation for Disposal of
Dredged Material from Lake Wallula

1 INTRODUCTION

The construction of the Hanford Engineer Works* as a part of the United States Army

Corps of Engineers nuclear weapons development project, the Manhattan Engineer

District, was an undertaking of staggering scope. To move from a laboratory model of the

plutonium production process to full, wartime production in such a short time is a feat

unparalleled in the history of human achievement. Similarly monumental are the global

political effects of the creation of nuclear weapons technology. Without attempting to

enumerate these, it may be said that the responsibilities associated with possession of

nuclear weapons, and the requirement to assure that they will never be used, will burden

humankind forever.

Another burden imposed by the creation of nuclear weapons technology is the

necessity to evaluate and, in some cases, remediate the radioactive contamination of the

environment that occurred during the production programs. Nuclear weapons production

facilities, under the administration of the United States Department of Energy (DOE),

shifted their mission to this evaluation and remediation during the 1980's. The DOE has

designated the Hanford Site, in southeastern Washington state, as the "flagship" of its

environmental remediation efforts (Gerber 1992).

So called by the Manhattan Engineer District (MED) and E.I. duPontNemours & Co., the original prime contractor.
The first name under the MED was the Gable Project, then simply the Hanford Project. The HEW gave way to the
Hanford Works when the Atomic Energy Commission (AEC) took over in 1947, then General Electric (GE)
changed the name to the Hanford Atomic Products Operations in 1953. Generally, the site was known as the
Hanford Works. The name changed to the Hanford Reservation under the Energy Research and Development
Administration, finally becoming, in 1977 under the U.S. Department of Energy (DOE), the Hanford Site.
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In the early phases of the nuclear weapons project it was decided to pursue fission

bombs utilizing both 235U and the newly discovered man-made element plutonium. The

manufacture of the plutonium was to be based upon a process first designed at the

University of Chicago. Several sites were considered for the location of the plutonium

manufacturing complex. The major requirements for the site were:

1. A supply of clean water, about 1.6 m3 s-1 (25 000 g m4).

2. Approximately 100 000 kW of electricity.

3. Sufficient space that laboratory facilities could be located within about 13 km

(8 mi) of the manufacturing area, and that a hazardous manufacturing area of

about 19 km by 26 km (12 mi by 16 mi) could be accommodated.

4. No town with 1000 or more people within 32 km (20 mi) of either a reactor or

a processing plant.

5. No main highway within 16 km (10 mi).

6. A climate that would not interfere with the manufacturing process (Groves

1962).

The search quickly narrowed to the Pacific Northwest, and at the head of the list of

possible sites was one near Hanford. Further on-site inspections revealed that the town

site of Hanford met the search conditions very closely. It was a sparsely populated area,

near railroads, the nearby Grand Coulee Dam could readily supply the necessary

electricity, and the area's open winters were favorable to construction. In addition, the

reactors could be located directly on the Columbia River, which could be used as a source
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of extremely pure, cold water for disseminating waste heat generated in the fission

production process (Groves 1962).

During the period of operation of the eight original design reactors, called single-pass

reactors, at the Hanford site (1944-1971), the most important pathway for the entry of

radionuclides to the general environment was the Columbia River (Farris et al. 1994a).

Studies were performed on background levels of radioactivity in the Columbia River

prior to the operation of the first reactor. Monitoring continued throughout the years in

order to ensure that levels of radionuclides downstream of the Hanford site remained

within applicable limits. It was determined that, during the period of operation of reactors,

the total dose to members of the public was, in fact, "within appropriate limits and that the

radioactive wastes generated by the plants [were under] sound and continuous control"

(Foster and Soldat 1966).

A further goal of these studies, in accordance with the culture of the 1950's and

1960's, was to evaluate the Columbia River and other streams for their effectiveness as

disposal media for the radioactive materials entrained in reactor effluent. Discharge to

streams was considered an effective method of dispersal of radioactive materials (Davis

1958), even the most attractive means of disposal of low-level liquid radioactive wastes

(Sayre et al. 1963).

Although reactor effluents released mega-curie levels of radioactive material to the

Columbia River (Gerber 1992), initial concentrations were quickly diluted when effluent

was mixed with the river's large flow volume. Other processes acted to further reduce

levels of radioactivity in the river water.
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One removal process was the association of some radionuclides with sediment

particles carried by the stream. This association, and the subsequent deposition of the

contaminated sediments, created an inventory of stored radioactive material at the bottom

of Lake Wallula (Also called McNary Reservoir). Other radionuclides, such as 51Cr,

106Ru, 124SD , and 140Ba did not readily associate with sediment and remained in solution.

These were distributed along the length of the Columbia River and in the Pacific Ocean

(Becker 1990). A number of studies have characterized the effect of these radionuclides

on the biota of the Columbia River and the Columbia River estuary (Cushing and Watson

1966, Becker 1990, and others).

With the cessation of operation of the last single-pass reactor, radionuclides in the

river and in river flora and fauna dropped quickly to insignificant levels (Becker 1990),

reaching "essentially unmeasurable" concentrations within 18 or 24 months (Cushing et al.

1980) Measurements of radioactive materials in the river show that the most significant

long term source of possible radionuclide introduction to the Columbia River is that of the

long-lived isotopes contained in the sediments of McNary Reservoir (Beasley et al. 1986).

In 1977, researchers from the Battelle Memorial Institute published a study that

characterized Lake Wallula's inventory of sediment-bound radioactive material in detail.

One of the its conclusions was that it presented "no hazard to human or animal

populations" (Robertson and Fix, 1977).

There is no reason to question this conclusion. In fact, as the radionuclides

impounded at the bottom of Lake Wallula decay, any hazard they might once have posed

dwindles. However, removal or exposure of the contaminated material and its
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reintroduction to the general environment could conceivably create new radiation

exposure pathways. A recent study (Wu 1994) determined the radiation dose from

radionuclide concentrations in the top 15 cm of Lake Wallula sediments. Re-suspension

of the contaminated material to the stream could introduce radionuclides to the river, and

Wu modeled radiation exposure from the resultant exposure pathways, ingestion of

drinking water, fish, and shellfish contaminated in this way. Wu also estimated radiation

dose from y-photon emitters resulting from proximity to dredged material. This external

pathway in Wu's study contributed the lion's share of radiation exposure, approximately

77% for the maximally-exposed individual (Wu 1994).

The issue of dredged material removed to the general environment, as a potential

source of radiation exposure is of enough concern to Oregonians to warrant a more

detailed model. This is perhaps especially true in light of possible changes to the

management of the Columbia River that may be imposed by efforts to aid the recovery of

Pacific Northwest salmon runs. In this paper a detailed analysis of radiation exposure

pathways associated with dredged material and its disposition will be developed.

Radiation hazards will be estimated using an environmental dose assessment computer

code (RESRAD 5.44M). The computer modeling will be based upon two scenarios

inspired by dredged-material disposal methods currently practiced by the Army Corps of

Engineers.

A description of the sources of radioactive contamination in the Columbia River, the

processes associated with the radioactive material transport and deposition, and sediment

Personal Communication with Mary Lou Blazek, Oregon Department of Energy, October 12, 1994.
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sampling furnish the background information for this study. Radionuclide sampling results

are summarized in order to provide an estimated radionuclide inventory for radiation

exposure modeling. Corps of Engineers practices with regard to Columbia River dredging

and disposition of dredged material are discussed, and credible exposure scenarios based

upon these are developed.

The methodology used to calculate estimated radiation exposure is described, as are

the attributes of the computer code and the bases for selection of the parameter values

used in the computer runs. The results are a range of values for expected radiation

exposures for both scenarios. Uncertainties inherent in the dose estimates generated are

discussed, and the dose estimates are related to regulatory dose limits and health effects

due to exposure to low levels of radiation.
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2 LITERATURE REVIEW

2.1 The Columbia River

The Columbia River flows a distance of 1230 miles from Columbia Lake in British

Columbia, Canada, to the Pacific ocean near Astoria, Oregon . It forms the boundary

between the states of Oregon and Washington along its lower part. The river drains an

area of rugged terrain of approximately 1.1 x 106 km2 (4.2 x 105 mil) (Beasley and

Jennings 1984), which includes the northern Cascade Range, the northern Rocky

Mountains, and the low-lying Columbia Plateau (Haushild et al 1973).

Tributary rivers to the Columbia along its length from the Hanford Site to the ocean

are the Snake, Umatilla, John Day, Deschutes, Klickitat, Sandy, Willamette, Lewis,

Kalama, and Cowlitz. Flow and sediment transport are affected by storage and controlled

release from impounded waters behind dams, called "pools" by the Corps of Engineers.

Dams along the lower Columbia are McNary dam immediately downstream from the

Hanford Site, John Day Dam, The Danes Dam, and Bonneville Dam. The Ice Harbor

Dam is just upstream from the confluence of the Snake and Columbia Rivers near the

Wallula Gap. Figure 1 shows the Hanford site, the Columbia River, and the location of

important structures and features important to this study (Haushild et al. 1973).

Water is discharged from dams for the purposes of generating hydroelectric power,

supplying irrigation water, as well as flood control, channel maintenance, and water

temperature control. During the period of single-pass reactor operation, it was also used

for the dilution of radioactive waste in reactor effluents (Haushild et al 1973).
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Figure 1. The Columbia River and the Hanford Site
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Flow volume of the Columbia River averaged over 88 years of sampling was 5493

m3 s 1 (194 000 ft3 s-1). Maximum flow volume during that period was 35 113 m3

(1 240 000 ft3 s-1) in 1894, while the minimum was 991 m3 (35 000 ft3 s''). During the

duration of the study (after completion of all dams save for John Day Dam), the daily

averaged discharge at The Dalles Dam was 2265 m3 s "1(80 000 ft3 s-1) (Haushild et al.
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1973). Daily discharge at Pasco, Washington vary from 1600 m3 s1 to 11 000 m3 s-1

(Nelson and Haushild 1970).

Mc Nary Dam is about 145 km (91 mi) downstream from the reactors, and its

reservoir, Lake Wallula, is about 80 km (50 mi) long, extending eastward and northward

past Richland. The Snake River joins the Columbia River 55 km (34 mi) upstream from

the dam, near Pasco (Nelson and Haushild 1970).

2.2 Sources of Radionuclides in the Columbia River

Environmental sampling of the Columbia River for radionuclides began in 1944, prior

to the beginning of reactor operation at Hanford (Foster and Soldat 1966). This was to

establish a baseline level of radionuclide content in the river as it was anticipated that

reactor operation would release significant quantities of radionuclides to the stream

(Becker 1990). Protection of the environment was an issue even at this early stage.

Project chief Gen. Leslie R. Groves, U.S.Army, understood that the project would incur

"the everlasting enmity of the entire Northwest if [it harmed] a single scale on a single

salmon" (Maj. Gen. T.M. Robins, Army Corps of Engineers, to Gen. L.R. Groves, in

Groves, 1962).

Though weapons-production activities released up to 11 100 TBq y "1(300 000 Ci y')

of radioactivity to the river (Beasley and Jennings 1984), they were not the only source of

radionuclides. Naturally-occurring radionuclides washed down the Columbia River

drainage contributed more or less constantly to the radioactive material inventory in Lake

Wallula.
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Fallout from nuclear weapons testing is the third source of radionuclides in the

Columbia River. Samples taken from sediments impounded behind Ice Harbor dam have

been used as controls to determine the relative level of radionuclides from this source

(Beasley and Ball 1980, Beasley et al. 1981, Beasley and Jennings 1984).

2.2.1 Operation of Weapons-Production Reactors

Certainly the highest contributor of radionuclides to the Columbia River was the

operation of the single-pass plutonium production reactors. These operations created an

average daily radionuclide discharge of 540 TBq (14 500 Ci) in 1960 (Gerber 1992). The

first, (B Reactor) began operation in September 1944, reaching full power in December of

that year. D and F Reactors started up in February 1945. In all, eight reactors of this basic

design were built (Becker, 1990). The last of these (KE Reactor) was finally shut down in

January 1971. The ninth plutonium production reactor constructed at Hanford was a dual-

purpose design. Excess heat removal in the reactor was provided by a "closed-loop"

system, in which coolant water was retained in the primary reactor coolant loop alternately

cooling the reactor and providing steam for the generation of electricity. In terms of long-

lived radionuclide storage in sediments, radionuclide releases to the river from this, the N

reactor, were negligible (Robertson and Fix 1977).

The single-pass design was a light water-cooled, graphite-moderated reactor utilizing

natural (unenriched) uranium. In this type of reactor, uranium fuel encased in aluminum

cladding undergoes neutron bombardment within the reactor "pile." This bombardment

causes some of the uranium atoms to split, or fission. This process yields a number of

fission products, as well as several neutrons, which are emitted at high energy. Quantities
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of these "fast" neutrons are slowed down or "moderated" within the graphite. These in

turn cause more fission events. Some of these neutrons serve to activate (add a neutron

to) atoms of the 238U isotope of uranium, transforming it into 235t, which then beta-decays

to 239Np, which in turn beta-decays to 239Pu. Plutonium-239 is the desired product in this

reaction.

The fission reaction creates large amounts of heat. It is this heat in the dual-purpose

and commercial design reactors which furnishes the energy to make steam for power

generation. In the single-purpose reactors, it was necessary to remove heat to prevent

them from reaching temperatures that might cause damage to the graphite pile or to the

fuel slugs. This was accomplished using the once-through coolant cycle.

Columbia River water was drawn from the river through intakes built along the south

side of the Hanford Reach. Racks and a system of traveling filters kept debris from

entering the system. Municipal-type water treatment processes were used to filter

impurities from the raw river water. Alum flocculation was performed in periods of high

turbidity, and the water was held in basins to allow the flocculus to settle. After this, the

water was filtered through layers of sand, anthracite, and gravel. Sulfuric acid was added

to neutralize the pH, and sodium dichromate to mitigate corrosion of system piping. Once

treated, the water was pumped through the reactor core by high-pressure, high-volume

pumps (Becker 1990).

Fuel in the reactor was contained in metal tubes in the graphite that ran the length of

the pile. Fuel slugs were inserted at the face of the reactors, pushing irradiated slugs out

the back. Cooling was accomplished by passing the water between the fuel and the wall of
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the metal tube. A secondary tube, or jacket, allowed additional cooling to take place

when coolant water passed through the space between the tubes (Becker 1990).

Though the water had been treated and filtered, it still contained most of its impurities

in the form of dissolved and small suspended solids. Some of this material was activated

when passing through the reactor. This activation accounts for most of the large amount

of radioactivity contained in the used coolant water.

Failure of the fuel slug cladding also contributed to radioactivity in river water.

Imperfections in the aluminum jacket allowed fission products and small fuel particles to

leak into the coolant. This was a relatively rare event, occurring, over the course of the

operation of the single-pass, reactors, around 2000 times (Farris et al 1994a). When this

was detected, through an increase in effluent activity, the reactor was shut down until the

affected slug could be removed.

Once the water had passed through the reactors, it was held in basins to allow it to

cool thermally. This also had the effect of reducing the levels of radiation from activated

impurities in the cooling water by about 50%. The water was then pumped back to the

river through large pipes with their outlets on the river bed. The water, still warm and

containing large amounts of radioactive activation products, was quickly diluted as it

entered the stream (Becker 1990).

More than 100 radionuclides were released to the river. Most of these products had

extremely short half-lives, resulting in a rapid decrease in water-borne radioactivity. The

dilution was sufficient that most radionuclides were not easily detected more than a short
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distance downstream (Haushild et al. 1973). Concentrations were monitored closely to

ensure that radionuclide levels in drinking water and exposure through all related water-

borne pathways remained below levels as regulated at the time (Foster and Soldat 1966).

2.2.2 Natural Sources of Radionuclides

Most bodies of water contain small concentrations of radioactive material released

from the rocks and minerals that the water travels through and acts upon. The most

common natural contaminants are 238U, Ra, and 232Th. Concentrations of these isotopes

are usually very low: Ra content in river water is about 1/10 000 that of associated

igneous rock (Spiers in Davis 1958).

Naturally-occurring radionuclides are present in Columbia River water in average

concentrations of 0.11 Bq (3 x 10-9 p.Ci mr1), through weathering and erosion of

radionuclide-bearing materials. Notable among these are 4°K and isotopes of Ra, U and

Th (Beasley and Jennings 1984). Naturally-occurring radionuclides are subject to the

same transport and dispersion in the same way as man-made radionuclides. These

processes are discussed in section 2.3, below.

Naturally-occurring radionuclides contribute significantly to the dose equivalent

estimates generated by models associated with Lake Wallula sediments. In fact, radiation

dose from naturally-occurring radionuclides is in general almost an order of magnitude

greater than that from anthropogenic radionuclides (Beasley and Jennings 1984).
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2.2.3 Fallout from Global Nuclear Weapons Testing

Fallout from the detonation of nuclear weapons during testing results in the

distribution of around 90 radioactive species, mostly of medium atomic weight. Half-lives

vary from the order of seconds to many years. Distribution of these radionuclides through

the atmosphere and their subsequent deposition over the earth's surface and entrainment

in precipitation result in their uptake by surface waters. Re-concentration may occur in

rivers and lakes, though the movement of some radionuclides is inhibited by sorption to

soil particles (Davis 1958).

2.3 Fate of Radionuclides Released to the Columbia River

Radionuclides entering surface waters are subject to several dispersion mechanisms,

including transport, intermedia transfer, decay, and transformation. Transportation of

radionuclides is accomplished by water movement, including advection and diffusion at the

point of release according to ambient conditions in the medium, and by sediment

movement (Till and Meyer 1983). Decay is a physical characteristic of each radionuclide.

Intermedia transfer is effected in the case of this study by sorption of radionuclides onto

sediments. Transformation is related to the daughter products of the radionuclides in

question.

Dissolved radionuclides released into the Columbia River were thus effectively

depleted by four processes: Physical (radioactive) decay, sorption and assimilation on

sediments and in biota, deposition in the channel, and, for those which remained in

solution, transportation and eventual discharge to the ocean (Nelson and Haushild 1970,

Robertson et al. 1973, Haushild et al. 1975).
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Some radionuclides were effectively removed from the river by their transportation

downstream. These radionuclides either remained in solution or were associated with

extremely fine sediment particles. Trapping efficiencies of dams are less than 100% for

extremely fine sediment particles, and in periods of high flow volume larger sizes of silts

may remain suspended as well. Two radionuclides, "Cr and 65Zn (60.1% and 34.5%

respectively), accounted for nearly all the radioactivity measured at Longview,

Washington, when concentrations of the five most significant radionuclides were examined

while the single-pass reactors were in operation (Haushild et al. 1975).

2.3.1 Stream-Borne Sediments

The makeup and concentration of stream-borne sediments is an important factor in

the dispersion of radioactive wastes in streams (Sayre et al. 1963). Sedimentation

processes are complex and have been studied in detail by the United States Geological

Survey (Professional Paper 433).

Sediments can be divided into two categories based on particle size: bed-load

sediments and suspended load sediments. Suspended-load sediments are those with

sufficiently small size to remain suspended in a naturally turbulent stream. Coarser bed

sediments are moved along the bottom of the stream (Sayre et al. 1963).

Streams are typically capable of transporting silt and clay fractions, those of particle

size 0.062 mm or less, as suspended or wash load. The concentration of these materials is

dependent upon environmental considerations of the drainage area of the stream, such as

amount and type of precipitation, soil type, land use, slope and other characteristics of the

drainage system (Sayre et al. 1963). Concentrations of these materials necessarily vary
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over time depending upon climatic factors. Storms, for instance, typically cause an

increase in the concentration of suspended sediments in the Columbia River because the

resultant increased sediment discharge is greater than the corresponding water discharge

(Haushild et al. 1973).

2.3.2 Sediment Distribution in the Stream

Total sediment discharges in the area of the reactors depend upon flow and weather

conditions. Low flow conditions result in concentrations of several milligrams of fine-

grained sediments per liter of river water. Concentrations during the spring freshet

(runoff) are several hundred milligrams per liter and are evenly divided between sand and

fine-grained sediments (Nelson and Haushild 1970).

The Columbia River shows typical variations of water and sediment discharge for

streams wherein the reservoir storage area is less than the annual runoff. Water and

sediment discharges are both relatively low and constant from September to April or May.

Flow volume and sediment discharge increase to maximum rates in mid-June and decrease

from June to August (Haushild et al. 1973).

Nelson and Haushild reported total sediment discharges for both the Snake and

Columbia Rivers recorded at Pasco during a period from 1962-1966. Daily average

sediment discharges recorded during this period were 3 650 000 kg for the Columbia

River and 4 190 000 kg for the Snake. Minimum daily discharges were 139 000 kg for the

Columbia River and 38 000 kg for the Snake. Maximum daily discharges were

80 500 000 kg for the Columbia and 622 000 000 kg for the Snake (Nelson and Haushild

1970).
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Turbulence in the stream ensures continuous fluid movement in the vertical direction,

transporting fluid as well as suspended sediment. This would also assure uniform vertical

distribution of sediment at a given stream cross section. Gravitational forces impose an

additional downward force and create a condition wherein upward forces move sediments

toward lower concentrations and downward forces move them toward higher

concentrations (Sayre et al. 1963).

Colloidal sediment, or particles of very small size, are less likely to be affected by

downward vectors due to the possibility of their continued suspension due to Brownian

movement and electrolytic forces. This means that they are suspended independent of

turbulence forces and may be transported at a velocity roughly equal to that of the stream

itself (Sayre et al. 1963).

Suspension of uniformly-distributed colloidal sediments in a turbulent stream should

remain constant. This is borne out by the observed behavior of clay and silt in natural

turbulent streams, whose concentration is practically uniform. Observations show that

larger-size particles such as sand are not so distributed and that their concentration

increases toward the bottom of the stream (Sayre et al. 1963). In other words, they tend

to "settle out" of the stream while clay and silt remain suspended.

2.3.3 Sediment Deposition

Channel controls act on stream flow to influence sediment transport. Impoundment

of a stream behind a dam can result in the deposition of the entire suspended sediment

load, causing at the same time the separation of silt and clay from the larger-sized particles

by deposition in different locations. Deposition of sediments in a conceptual reservoir
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would begin with the larger-sized particles at the upstream end of the reservoir. The finer

sediments would be progressively deposited, with the smallest particles being deposited

near the dam itself (Sayre et al. 1963).

The trapping efficiency of a structure such as McNary Dam, which is the most

important channel control to this study, is 100% for all sizes other than clays. For clays

deposition is listed as from 80-100% (Sayre et al. 1963).

2.3.4 Association of Radionuclides with Sediments

Association of radionuclides in low level liquid radioactive wastes with sediments

results in a concentration of radioactive material many thousands of times greater on the

surface of sediment particles than in the surrounding water (Glenn 1973). This association

may be with the sediments themselves or with something in or on the sediments, such as

organic material (Osterberg et al. 1966).

Sorption is the physical association of one substance with another through the

processes of adsorption and absorption. Adsorption is the attachment of a solute to the

surface of a sorbent. Absorption is the inclusion of a solute within a sorbent. A number of

processes are included among sorption and desorption mechanisms including ion-exchange

capacity, complexion-hydrolysis, oxidation-reduction, and polymer and colloid formation

(Till and Meyer 1983). Adsorption is predominant in the association of radioactive

materials with stream sediments, though it is difficult to separate the two processes. For

that reason, the more general term, sorption, is used. Sorption of radioactive material

with fluvial sediments involves both types of interaction (Sayre et al. 1963).
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Sorptive potential of a radionuclide is quantitatively described by its equilibrium

distribution coefficient, Kd. This is described for our purposes by the expression

= Amount of radionuclide sorbed on sediment
1Cd

Amount of radionuclide in solution

A number of variables influence this value. Concentration of sediment and

radionuclide, radionuclide state, type of sediment, contact time (Till and Meyer 1983) and

pH range of the solvent are all factors. What has been determined to be the most

important characteristic of sediments with regard to sorptive capacity is particle size

(Sayre et al. 1963), as cation exchange capacity increases with decreasing particle size

(Glenn 1973).

There is a similar relationship between sorptive capacity of sediments and surface area

available for the sorption of radionuclides. Sorptive capacity increases with surface area,

and surface area increases with decreasing particle size. Surface area of larger particles or

bed sediments range from 60-140 cm2 per cm3 of sediment while suspended sediments

have surface areas from 350-27 400 cm2 per cm3 of sediment. Thus, the surface area of

suspended sediments is typically much greater than those particles contained in the bed

sediments, and the suspended sediment has very much greater potential for the sorption of

radionuclides in liquid effluents than bed sediments (Sayre et al. 1963).

Radionuclides introduced to the stream from reactor effluent were mostly in the

solute phase (Glenn 1973). The stream of the Columbia River at the point of discharge

flows rapidly and carries little suspended sediment. The stream bed itself at this point is
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native bedrock armored with gravel with few or no sediment deposits (Haushild et al.

1975).

Immediately downstream of the confluence of the Columbia and Snake rivers, mixing

of the two streams is limited; the Columbia remains mostly within the deep channel on the

west side of the river and the waters of the Snake to the east in a relatively shallow

channel. At the constriction of Wallula Gap, the two streams are effectively fully mixed

(Haushild et al. 1975). Radionuclides in the reactor effluents released upriver can be

considered to be homogeneously mixed with sediments entrained in the waters of the

Columbia and Snake Rivers at this point.

2.3.5 Radionuclide and Sediment Transport in the Columbia River.

The radionuclide removal efficiency of sediments in the Columbia River was

dependent on factors discussed above. It was high enough to create the belief that

"sorption of radiocontaminants by stream sediments [was] the rule rather than the

exception" (Sayre et al. 1963). Nelson et al. (1966) compared radionuclide transport at

Pasco and Vancouver to determine the degree of depletion over this distance. They found

depeletion values between 10% for 124Sb and "Cr and 80% for several others. Laboratory

experiments performed by Carritt and Goodgal (1953) determined that from between 10%

and 90% of various radioactive substances were sorbed by sediments (results quoted in

Sayre et al. 1963), supporting the field measurements. Depletion values changed, however

during the spring freshet, when sediments were more likely to remain in the stream and as

a result of the re-suspension of stored inventories of sediment-associated radionuclides

due to scouring of the stream bed (Nelson et al. 1966).
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Though the majority of sediment-associated radionuclides in the Columbia River were

determined to reside in Lake Wallula (Nelson et al. 1966), models describing radionuclide

origins in the Columbia River must necessarily consider sediment transport (Glenn 1973).

Generally, it is unnecessary to consider transport of the coarser sediment sizes due to the

fact that trapping potential for these sizes is very high in all conditions behind dams. Fine

sediments are much more likely to be scoured during the spring flood.

Coarse sediments tended to be deposited in deep, fast flowing areas of the river, while

shallower, relatively slowly moving parts contained finer sediment deposits.

Radionuclides in the coarser deposits tended to be uniformly mixed because of the

downstream migration of dune formations. Finer sediments showed vertical stratification

of radionuclide concentrations. At the time of measurement, higher concentrations existed

at or near the surface, decreasing to insignificant levels by around 0.3 m in depth

(Haushild et al. 1975). Ongoing sedimentation has reversed this trend, with lower

concentrations occurring in surface sediments than in those buried beneath.

Comparisons of the ratios of two radionuclides with differing half-lives can be used to

determine the relative age of the nuclides in two samples. Samples of this ratio in reactor

effluents compared with samples taken downstream during the spring freshet (of 1964)

showed that "considerable" amounts of previously-deposited sediments were scoured and

resuspended, then transported downriver (Nelson et al. 1966).

As an example of these processes, Nelson et al. calculated a depletion of about 65%

of the 65Zn in reactor effluent between the Hanford Site and McNary Dam. Their

estimated total inventory in this reach was about 250 TBq (6700 Ci) of 65Zn, and they



22

calculated that about 44 TBq (1200 Ci) was scoured and removed during the spring

freshet, about a third of one year's deposition. In fact, due to scouring, radionuclide

transport at Vancouver was at times greater than at Pasco (Nelson et al. 1966).

Comparison of total stream-borne radioactivity shows less difference. Samples at

Pasco and at Vancouver were taken during the period of January 1964 to September

1966. The average daily radioactive discharge at Pasco was 340 TBq (9190 Ci) and 245

TBq (6630 Ci) at Vancouver, a decrease of about 28% in the intervening distance.

Chromium-51 made up 96.4% of the total radionuclides measured (its source was in

sodium dichromate added to Columbia River water prior to its use in the reactors)

(Haushild et al. 1973). Chromium-51's relatively low affinity for sorption to sediments

(Nelson et al. 1966) and the scouring of stored radionuclides in bed sediments may

account for this relatively low depletion of total radioactivity over this range of the river.

2.4 Sediment-Bound Radionuclide Inventories in Lake Wallula

Radionuclides in Hanford Site reactor effluents were discharged to the Columbia

River and mixed with water and sediments borne by the Columbia and Snake Rivers.

They were transported downstream, where, by entering the waters impounded behind

McNary Dam, sediments selected by size progressively dropped out to be stored in the

sediments accruing in Lake Wallula. Within Lake Wallula, the average particle diameter

of sediments deposited to the bed decreases with downstream distance (Nelson and

Haushild 1970). Accumulation of deposited sediment tends to be concentrated on the

Oregon side of the river between Wallula Gap and the dam, with deposits ranging between

3 m and 7 m in depth (Robertson and Fix 1977). Deposits of fine silt sediments are 1 to 5



23

m thick and extend from near the Oregon shoreline to approximately 500 m out and from

Port Kelley to the dam. These are the most significant deposits due to their high affinity

for sorption of radionuclides. A previously undiscovered sediment deposit was identified

along the Washington shore. This deposit and deposits in mid-channel were thinner and

composed mostly of sand (Robertson and Fix 1977).

The swift current in the reach of the river prior to McNary Reservoir ensures that the

streambed is composed of large-size sediments: coarse sand, gravel, and rocks. During

the operating period of Hanford reactors, this reach of the streambed contained relatively

low concentrations of radionuclides, calculated to be 1.0 MBq (271xCim-2). Finer

sediments in Lake Wallula contained 11.5 MBq ni2 (310 }Xi ni2)(Nelson et al. 1966),

reflecting the higher capacity for sorption of radionuclides of smaller-size sediment

particles. Additionally, some activity in the coarser material may have been due to small

material (clay particles) embedded in pores and fissures in gravel and rocks (Nelson et al.

1966).

A survey performed in 1965 determined that despite ongoing sedimentation in

McNary reservoir, sediment deposits were thin in most areas from Wallula Gap to the

dam. Only one cross section near the dam itself and parts of other cross-section showed

thicker deposits (Haushild et al. 1975). Due to the intervening years of sedimentation, this

profile has changed considerably.

Some elements of the behavior of sorbed radionuclides discovered by the U.S.

Geological Survey invited further research. In 1976-1977 Robertson and Fix performed a

detailed survey of areal and vertical radionuclide distribution of the Columbia River, with
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emphasis on the sediments deposited in Lake Wallula, as this had been determined to be

the "major reservoir of residual Hanford-origin radionuclides in the Columbia River

system" (Robertson and Fix 1977).

This first attempt to determine specific vertical radionuclide distribution in Columbia

River bed sediments utilized deep-sea piston coring techniques to sample the entire

thickness of the fine sediments in Lake Wallula. The deepest deposits were those that had

accumulated between the initial impoundment of water behind McNary Dam (in 1953) to

about 1960 (Robertson and Fix 1977). For the present work, the concentrations of each

core were averaged over the entire depth. The average concentration of each core is

presented in Table 1.

By 1977, short-lived radionuclides had decayed to insignificant levels. Hanford-

origin radioactive material accounted for less than half of the total radioactivity of surface

sediment samples: Potassium-40 accounted for 48% of the total, 226Ra for 4%, and 228Th

for 1.8% (Robertson and Fix 1977). Deeper sediments retained higher concentrations of

Hanford-origin radionuclides. Some mixing of buried material with surface sediments

occurred as a result of scouring during the annual spring freshet. A sample was analyzed

for age by using 65Zn as a radiotracer. It was shown that the sample of sediment deposited

between April 1971 and February 1972 consisted of about half newly-deposited sediments

and half of older, re-suspended material (Robertson et al. 1973).



Table 1. Concentrations of Radionuclides from 11 Core Samples in Lake Wallula
Averaged Over the Depth of the Sample (Bq kg"') (Robertson and Fix 1977)

Location* 60Co 54Mn I "CS 152,134E11 226R 228Th 40K 238p 239,240N 241Am

A 6.6 27 22.3 414 20.1 597.6 NRt NR NR

B 84.1 5 62 125.6 67.1 18.3 59.0 NR NR NR

C 77.1 2 77.8 164.7 116.3 20.0 650 0.048 1.6 0.14

D 79.8 4.8 56.5 84.6 43.8 12.6 406.9 NR NR NR

E 118.2 11.3 143.4 263.9 78.4 11.5 313 NR NR NR

F 210.6 4.3 91.1 283.4 110.6 19.2 648.3 NR NR NR

G 233 3.3 149.1 188.9 159 21.7 665.6 0.09 2.0 0.42

H 179.5 5.4 147.2 360.3 123 17.9 624 NR NR NR

I 293 4.5 119.9 360.6 121.1 18.8 616 0.091 1.7 0.37

J 160 4.1 124.2 136.6 138.3 18.5 641.3 0.044 0.97 0.22

K 161.3 3.0 126.4 136.2 103.6 17.4 572.1 NR NR NR

AVG 145.8 4.8 102.2 193.4 100.4 17.8 526.7 0.068 1.6 0.29

*Locations of core samples move downstream from the upper end of Lake Wallula.

tValues not reported.
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The study found that surface sediments contained the lowest concentrations of

radionuclides in the deposition areas. Relatively uncontaminated sediments continue to

accumulate at different rates within the reservoir. The highest estimated by Robertson et

al. (1973) was 30 cm 31-1 at a point 16 km upstream from the dam on the Oregon side of

the river. The lowest was observed at the same distance from the dam on the Washington

side. The sedimentation rate on the Oregon side was estimated to be 10 to 13 cm y"'

(Robertson et al. 1973). Up to 40 cm of fresh material had accumulated since the

shutdown of the last reactor in 1971 and the sample period, 1976 (Robertson and Fix

1977).

Generally, in the absence of any known mixing mechanism, older sediments are

considered to be overlain by newer material (Osterberg et al. 1966). This assumption

implies that correlation may be made between periods of radionuclide release to the stream

(or to the stream's drainage basin) and concentrations at given depth in deposited

sediments.

Robertson and Fix used 137Cs deposited from global nuclear weapons testing as a

tracer to determine sedimentation rates behind Priest Rapids Dam (just upstream from the

Hanford Site). Correlating the maximum concentration of this radionuclide with the

period of 1961-1963, when the highest fallout of this radionuclide occurred, they

determined that sediment accrued at the rate of about 1.8 cm 3T-1 at this location

(Robertson and Fix 1977). Using the same technique, a maximum concentration of 60Co

was found to exist in a layer of sediment in Lake Wallula whose deposition was

determined to have occurred around 1963 (Robertson and Fix 1977).
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Today, radionuclide concentrations in the top 15 cm of Lake Wallula Sediments are

routinely reported (Jaquish and Bryce 1989, Woodruff and Hanf 1992) as a part of the

environmental monitoring program at the Hanford Site. Average concentrations of eight

radionuclides in surface sediments measured in 1988 are presented in Table 2.

Table 2. Radionuclide Concentrations (Bq kg )
in Lake Wallula Surface Sediments*

6°Co

"Sr

134Cs

137Cs

110 ± 0.99

9.0 ± 0.17

16.0 ± 0.16

7.0 ± 2.55

235U

238U

238PU

239'240PU

130 ± 0.18

120 ± 2.88

0.18 ± 0.0016

0.037 ± 0.0037

Jaquish and Bryce 1989. Concentrations are maximum
concentrations reported with counting error to 2a .

A realistic dose estimate will consider differences in concentrations between

radionuclides in surface and deep sediments when formulating a radiation exposure model.

The concentrations of the surface layers of sediments in Lake Wallula are low enough so

that their uncertainties overlap those measured at Priest Rapids Dam, which did not

receive radionuclides from the Hanford reactors (Woodruff and Hanf 1992). The total

amount of sediment deposited since the generation of the anthropogenic radionuclides will

have a great impact on any possible radiation exposure.

The 1977 study suggests an average sedimentation rate of 5-18 cm y1 in Lake

Wallula. Another study (Beasley et al. 1986) proposes very much lower values, as shown

in Table 3, and an overall, average figure of about 3 cm y-1.
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Table 3. Sedimentation Rates in Lake Wallula*

Location Oregon Shore Mid-Channel Washington Lake Wallula
Side Overall

7+3 cmyl 4±2 cmy'l 2+ 1 cmy'l 5 ±3 cmy-1

*Beasley et al. 1986

Naturally-occurring radionuclides from the Columbia River drainage basin are added

to storage with new sediments. This occurs at a rate dependent upon stream flow and

weather. In general, the concentrations of naturally-occurring radionuclides on surface

sediments may be assumed to be have reached a steady-state condition (Glenn 1973),

wherein input of naturally-occurring radionuclides is balanced by the process of

radioactive decay. This conclusion is borne out by the relatively small variation of

concentration by depth of the natural radionuclides 4°K and 226Ra. Concentrations of 228Th

also remain fairly constant with depth in the sample core; this is probably due to the

presence of its parent 232Th, and the existence of a secular equilibrium between the two

isotopes.
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3 DEVELOPMENT OF A RADIATION EXPOSURE MODEL

3.1 Radiation Exposure Assessment

To assess a potential health effect as a result of radiation exposure, it is necessary to

relate an exposed individual or population in some manner to a given source term. A

source term is defined as a description of quantity and type of radionuclide release. It

must disseminate its effects in some way through the environment in order to expose the

individual or population of interest. Exposure pathways are routes by which radioactive

materials are moved to some point where they cause radiation exposure.

Radioactive material distributed in soils can be taken in through the ingestion of

plants grown in the contaminated soil. Cattle grazed on vegetation growing in

contaminated soil may concentrate radioactive materials in their tissues, passing it on to

humans through the ingestion of meat, milk, and milk products. Radionuclides released

into the air may be breathed in and, settling, contaminate the ground surface becoming

available to plants and animals, once again passing into the body through ingestion of plant

and animal products. Radioactive material in water can be directly ingested by drinking or

it can contaminate aquatic foods. Sufficiently energetic radiations can result in external

exposure from radioactive material deposited on and in the soil, air, and water. An

illustration of potential radiation exposure pathways is presented in Figure 2.

Activities at the Hanford Site released radionuclides through the environment in

several ways. These included direct releases to the river, deposition in soil on the Hanford

Site, and release of radioactive material to the air during the processing of irradiated fuel.
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Figure 2 Radiation Exposure Pathways*
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Exposures to the public through these pathways has been discussed in great detail in the

reports of the Hanford Environmental Dose Reconstruction Project (Farris et al. 1993a

and b), which seeks to estimate the highest doses received over the history of the

operation of the Hanford site. In general, it was found that the highest dose to any
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individual was due to intake of131I transported through the air, deposited as surface

contamination and passed to the critical population group (CPG) through the ground-

forage-milk pathway (Farris et al. 1993b).

Today the site releases only very small amounts of radionuclides to the unrestricted

environment. The largest source of possible radiation exposure due to a source off-site is

considered to be the long-lived radionuclides stored in bed sediments in the Columbia

River.

3.2 U.S. Army Corns of Engineers Activities

The buried radioactive material associated with Lake Wallula sediments represents

"no radiological hazard to human or animal populations" (Robertson and Fix 1977).

Significant radiation exposure from this material is possible only if the material is placed in

the human environment in some manner. This would require its removal from the river by

dredging, or its exposure by the lowering of the river level

3.2.1 Dredging Activities in the Columbia River

The Corps of Engineers maintains the overall responsibility for the development and

maintenance of rivers and harbors to accommodate water-borne shipping (USACE 1994).

In the Columbia River, the concern is to maintain a navigation channel to a depth of 14

feet below minimum pool elevation. The navigation channel, which is generally 250 feet

wide, is sounded periodically to ensure that this depth is maintained. When it is found that

sedimentation has decreased the depth sufficiently, the area is dredged to a depth of 16



32

feet below minimum pool elevation, minimum depth-of-channel and an additional two feet

to allow for sedimentation*.

Other dredging projects in the Columbia River are oriented toward a similar end, for

instance dredging entrances to harbors, boat ramps, or public dock facilities. One example

was a dredging project performed at the Port of Kennewick in 1993 (Wells 1994).

Nothing in the stated mission of the U.S. Army Corps of Engineers in the Portland or

Walla Walla districts implies that there would ever be a need for dredging behind dams,

nor were any records of such activity located in the headquarters of the Portland District.

No staff engineer was able to recollect any such activity or anticipate any reason why

dredging behind dams might be necessary, as current policy is to allow siltation to proceed

in reservoirs unchecked, except with regard to the navigation channelt.

Records are not complete, at least as far as the author, and the best-informed

opinions of the Corps of Engineers staff at the Portland headquarters have been able to

determine. For the purposes of this project, a hypothetical dredging project behind

McNary Dam is postulated in order to formulate a rough assessment of possible radiation

doses associated with the disposal of contaminated dredged material. This will be

accomplished by studying records associated with the 1991-1992 emergency dredging in

the area of John Day Dam.

Personal Communication with John Gomick, U.S. Army Corps of Engineers, Portland Division and other
engineering staff personnel, Spring 1994.

t Ibid.
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3.2.2 Disposal of Dredged Material

The Corps of Engineers uses several disposal methods for dredged material. The

usual way is to pump the material up from the river bed and discharge it back to the river

downstream, where it is redistributed over the river bed. Often these underwater disposal

areas are themselves within the confines of the navigation channel.

Upland disposal areas are used as well, and the author located several of them

associated with dredging projects during 1992. These disposal areas are usually remote,

though within a short distance of the river. An example of this is Undeveloped Upland

Material Placement Area W-229-UD at Rock Creek Park on the Washington side of the

Columbia River. This area is designed to accept 34 400 m3 (45 000 y3) of dredged

material (USAEDP 1992a). The site itself is in an undeveloped area adjacent to park

facilities including a parking lot, boat ramp, and a rest room. The sediment is disposed in

an area far from park facilities and, due to the nature of the terrain, not casually accessible

by users of the park. A map of the disposal area is reproduce in Figure 3.

Another example is the disposal site used in association with dredging of the

downstream navigation lock entrance at The Dalles Dam. This site is on a tongue of land

jutting from the front of the dam. Material disposal capacity for this site is not listed

(USAEDP 1992b). Access is via a road from the face of the dam itself, and it is unlikely

that the general public could reach the disposal area. There is little beach, and the sides of

the peninsula where sediments are disposed are very steep. The current is swift at this

Personal Communication with John Gornick, U.S. Amy Corps of Engineers, Portland Division and other
engineering staff personnel, Spring 1994.
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Figure 3. Map of Upland Material Placement Area W-229-UD.

*USAEDP 1992a

point, discouraging casual access by boat. The Columbia River bridge for highway 197

passes over the disposal site, but there is no direct access. See Figure 4 for a map of this

upland material placement area.
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Figure 4. The Upland Material Placement Area at John Day Dam *

,

26. 1616 1 VI 111 10160 01161717 17 105

is1:19V8410 9 N as 17 17 17 ISM 1.612 "
ad 1111010 1111111!612

*USAEDP 1992b

By special arrangement with the Corps of Engineers, dredged material may be turned

over to individuals or groups who wish to use it for fill or for other purposes. A 1992

project removed 49 300 m3 (64 500 y3) (estimated) near the Port of Morrow, near

Boardman, Oregon (between Columbia River miles 268 and 269). Removed material was

to be placed at a location at the Port of Morrow for "re-handle and final placement by Port

of Morrow equipment and personnel" (USAEDP 1992c)
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3.2.3 Exposure of Radioactively-Contaminated Sediments

Though at this time no need to dredge behind dams can be foreseen, two possible

mechanisms could result in the future exposure of bed sediments. As mentioned above,

siltation is allowed to continue unabated in Corps reservoirs. This means that at some

point in the future, sediment deposits will impinge on the surfaces of reservoirs by lining

the beaches or by creating islands. Also, of great current interest is the study of the

impact on Pacific Northwest salmon runs of the complex of dams which harness the

Columbia and Snake rivers.

The presence of the dams has eliminated spawning areas and provided barriers to

salmon returning from the sea to spawn. River management structures and procedures

have slowed the velocity of the stream to the extent that it also affects young salmon.

Formerly, the Columbia's swift current swept young salmon out to sea despite the fact

that their instinct is to swim upstream. The low velocity of the Columbia River pools

inhibits this function and many fail to reach the Pacific feeding grounds. The lower

velocity and longer time in the river makes them more vulnerable to predation, and the

dams themselves often prove to be an insurmountable barrier to their downstream

progress (Jewett 1995).

Though a start was made in 1995 to lower reservoirs in order to mitigate this

problem, it will be several years before the program's efficacy will be known. Most

biologists agree that saving Pacific Northwest salmon runs will require drastic changes to

the river: "if salmon and steelhead are to survive...slack water streams are going to have to

run more like natural rivers" (Jewett 1995).
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A study of the salmon problem was recently published by the National Academy of

Science's National Research Council. It determined that the Columbia-Snake river dam

complex has had a "deadly impact" on salmon runs. Though this study does not propose

dam removal or reservoir drawdowns at this time (NRC 1995), certainly some activities

associated with salmon recovery could affect reservoirs in the future.

Drawdown of the reservoir may require that extensive dredging take place in order to

maintain proper depth-of-channel. Lowering the water level may expose sediment

deposits containing radionuclides associated with sediment particles. Construction

associated with fish ladders or other dam structures to aid the passage of salmon could

require dredging and disposal of bed sediments.

3.3 Source-Term Model

Literature values for concentrations of man-made radionuclides in Lake Wallula

sediments were discussed in chapter 2. The spectrum of radionuclides in Lake Wallula

sediments consists of two distinct components. Anthropogenic radionuclides from

Hanford reactor effluents and fallout are associated with deeply buried sediments. An

upper layer is made up of new sediments with a lower level of radioactive contamination.

To create a realistic exposure model, it will be necessary to formulate a two-part

source term model. This will consist of a uniformly-contaminated slab of sediment

representing the older material on the Oregon side of Lake Wallula, covered by another

slab of the newer, less-contaminated material that has accrued since 1971.

Robertson and Fix used a similar slab model when calculating total inventories of

radionuclides in Lake Wallula. It was based on the seismic profiling of the river bottom
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that was performed in conjunction with their study. They proposed a 3 m-thick slab

extending from the Oregon shore to 500 m offshore along the 40 km (24.8 mi) reach

between Wallula Gap and Mc Nary Dam. They assumed a material density of 2.4 g cm-3

and estimated a total of 1.4 x 1011kg. This allowed them to calculate the radionuclide

inventories reproduced, with decay corrections to 1995 (t = 19), in Table 4.

Table 4. Radionuclide Inventories in Deep Sediments in Lake Wallula *

Original Original 1996 1996
Radionuclide Inventory (Bq) Inventory (Ci) Inventory (Bq) Inventory (Ci)

49K 7.03 x 1013 1900 7.03 x 1013 1900

55Fe 1.48 x 1014 4000 9.35 x 1011 25

60Co 2.22 x 1013 600 1.85 x 1012 49

137Cs 1.74 x 1013 470 1.12 x 1013 304

152154Eu 1.92 x 1013 520 7.24 x 1012 196

239'240PU 2.33 x 1011 6.3 2.33 x 1011 6.3

54Mn 3.48 x 1011 9.4 7.03 x 104 0.0

241Am 5.55 x 1010 1.5 2.22 x 1010 1.45

228Th 2.33 x 1012 63 2.39 x 109 0.1

226Ra 7.03 x 1012 190 6.97 x 1012 188

65Zn 6.66 x 1011 18 2.00 x 103 0.0

*Robertson and Fix 1977. Uncertainty was not reported with these estimates.
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The inventory of the naturally-occurring radionuclide 4°K has remained essentially

unchanged due to its very long half life (1.26 x 109 y). Others, such as 65Zn and 54Mn have

decreased to insignificance. For dose estimation purposes, these will be neglected. In this

table, this seems to have occurred with 228Th as well, but due to the fact that it is in secular

equilibrium with its parent isotope, 232Th, which has a half-life of 1.4 x 1010 y, the

inventory has in fact remained constant.

The measurements taken by Jaquish and Bryce (Table 2) reflect radionuclide

concentrations in only the first 15 cm of sediment. If it is assumed that these reflect the

radionuclide concentrations in the entire layer covering the deeply buried sediments

measured by Robertson and Fix , it is possible to model a uniformly-contaminated slab for

covering sediments in a similar way to the one discussed above.

The overall sedimentation rate in Lake Wallula is estimated to be 5 ± 3 cm y-1

(Beasley et al. 1986). The area modeled by Robertson and Fix is near the Oregon shore

with a higher sediment accumulation estimate, but the use of the lower figure will add

conservatism to this model. Therefore, since 1977, between 50 and 140 cm (mean =

90 cm) of new material has accumulated. Surface-sediment radionuclide concentrations

have been decay-corrected to 1995 (t = 7) in Table 5.

Concentrations of deep sediment activity are based on an analysis of the 11 core

samples taken by Robertson and Fix in Lake Wallula. In the 1977 study, material from a

number of depth intervals for each core were counted. Depth intervals were 2.6, 5, and

10 cm, depending on the length of the core. Radionuclides that showed little variation
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with vertical depth, the naturally-occurring radionuclides 4°K, 226R a, and 228Th, were not

counted at all depth intervals.

Concentrations of each radionuclide over the entire core were averaged, and the

averages for all cores were compared. This model uses the highest average concentration

from among the 11 cores for each radionuclide. Dose estimates are calculated with a

triangular distribution of radionuclide concentration utilizing the lower limit, mean, and

upper limit of the 95% confidence interval. These values are reported (with those for the

upper layer) in Table 5.

Reporting the single highest average concentration from all cores plus or minus 3o

will yield some estimate of the variation of radionuclide concentrations while maintaining

conservatism in the model. For the naturally-occurring radionuclides, the counting error

was estimated and multiplied by three to reflect a 95% confidence interval. These

measures may generate only a crude reflection of actual uncertainty in this source term

model. More rigorous statistical methods were found to be unsatisfactory for the

following reasons.

1. Sample population is small. Jaquish and Bryce report only four samples for their

1988 values. The 1977 study took 11 cores, of a different type than the later work.

The small sample militates against the assignment of statistics pertaining to a

"normal" distribution.

2. Areal distribution of core samples within the sampling area is not well defined.

Increasing radionuclide concentration with downstream distance from the reactors is
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apparent, as is the presence of higher radionuclide concentrations on the Oregon side

of the river. However, development of a detailed contour map of radionuclide

concentrations is not possible with this limited data set.

3. Statistical methods for ecological studies of this kind are not well-developed at this

time.

Table 5. Radionuclide Concentrations for Model Source Term*

Radionuclide

"Co

'37Cs

90Sr

152,154Eu

235U

238u

238pu

239,240x,_

Concentration in Surface Layer
(mBq g'1).F

5.3 ± 0.66

24.89 ± 2.35

1.82 ± 0.28

Not Reported

8.14 ± 7.8

32.9 ± 27.5

0.021 ± 0.015

0.41 ± 0.055

Concentration in Buried Layer
g-1):

24.1 ± 3.2

96.4 6.9

Not Reported

135.6 ± 24

Not Reported

Not Reported

8.6 x 10"5 ± 4.0 x 10-5

2.0 ± 0.8

226-Ra

228Th

Not Reported 665.5 ± 26.0

Not Reported 137.2 ± 11.6

Not Reported 2.0 x 10-5± 4.6 x 10-6

*Error reported to 3a.

Jaquish and Bryce 1989

:Robertson and Fix 1977
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Concentrations of the naturally-occurring radionuclides 40K, 228Th, and 226Ra were

not reported in the more recent sampling. Since the concentrations of these remain

relatively constant with depth as measured by the full -depth core samples, it will be

assumed that their concentrations in the upper sediments are equal to those determined by

Robertson and Fix.

3.4 Sediment-Related Exposure pathways

Resuspension of surface sediments and integration of the associated radionuclides

into drinking water and aquatic food were considered by Wu (1994). He demonstrated

that the external exposure to gamma emitters was the pathway of the most significance,

while ingestion of drinking water and aquatic foods combined contributed only a small

percentage of the total dose.

To compliment his work, this study models internal and external radiation exposure

based on the usual techniques of dredged material disposal. Presence of dredged material

in accessible locations implies the possibility that humans may take up residence near, or

even on it. Recreational users of the river banks may receive radiation exposure from y-

emitters. There is a chance of occupational exposure to individuals working at facilities

using the material as fill.

Is it likely that any individual or group will receive these types of exposure? It is

perhaps imprudent to neglect the possibility, however remote, when current dredging and

disposal methods are considered. It is current practice to model the radiation exposure

scenario that will result in the highest possible exposure which can then be used as an

upper limit or "bounding value," of which actual exposure received by any individual will
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be only a small fraction. It is also necessary to compare the risk associated with any such

radiation exposure with that undergone by individuals associated with possible

remediation activities, if any.

3.5 Formulation of Exposure Scenarios

From the considerations discussed above, the author makes the following

conclusions:

1. A large-scale dredging of McNary reservoir, resulting in the removal of the most

radioactive material at the river's bottom is unlikely, and any scenario formulated

using this material as its source term will be highly conjectural.

2. If this assumption is neglected and it is stipulated that all or part of the material may

be removed at some future time, it is certain that it will be removed with its covering

layer, 50-140 cm of relatively uncontaminated sediment. Thus, any scenario

modeling radiation exposure from dredged sediment must consider a range of

possible concentrations to reflect the unknown amount of mixing of the more highly-

contaminated deeper sediments with less-contaminated newer material.

3. It is conceivable that sediments, dredged at some future time for some hypothetical

reason, would be disposed of in one of the manners describe above. For the current

study, it is assumed that the dredged material would be disposed of in a similar

manner to that at the Rock Creek Park Undeveloped Upland Disposal Area (see

section 3.2.2).

4. Drawdowns of the river could expose some sediments in place. As these will remain

covered, resultant exposure would be very low. The external exposure scenario in
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this model will furnish a conservative estimate of dose from this source should this

eventuality occur. The 2000 h residency time reflects occupational residency. This

residency exceeds any likely recreational use of the river bank or exposed beds as

recreational use is typically estimated at 500 h.

The most conservative case for radiation exposure related to dredged sediments is the

resident fanner scenario intrinsic to RESRAD. This involves the construction of a house

directly on a dredged material disposal site, planting of a garden in the contaminated

material, and consumption of animal products from animals grazing on vegetation growing

on the material. Radiation dose is the highest possible in this scenario as it results from

both external and internal exposure, the latter from a number of exposure pathways.

The resident farmer scenario will use the following assumptions.

1. Material will be dredged from the river and disposed to an upland disposal area.

2. The amount of material to be placed in this disposal area is 34 400 m3, the same as

the Rock Creek Park Upland Disposal Area described above.

3. The material is placed in a layer 2 m thick. This forms an area of contaminated soil

17 200 m2 or 1.72 ha (4.72 acres) in extent.

4. Material is removed from the entire depth of the sediment layer, incorporating both

surface and deep contamination layers. The upper layer is 90 cm in thickness, the

lower layer 3 m. The mean of the estimated amount of sedimentation

since 1977 is 90 cm. The use of the mean accrual rate reflects a conservative

estimate; the average accrual rate was used to estimate this thickness, and the
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highest radioactive material concentrations exist in the area of the reservoir with the

highest accrual rates.

5. The amount of material removed over the hypothetical depth of 390 cm comprises an

area of 8822 m2.

6. Total amount removed of the upper layer is 7940 m3, or 19 000 000 kg. That

removed from the deep layer is 26 465 m3, 63 520 000 kg. These are calculated

using the reported density of 2.4 g cm 3 (Robertson and Fix, 1977). When mixing is

predicted, it is assumed that the two layers will be mixed in these proportions, 0.30

and 0.70 respectively.

7. Concentrations of natural radionuclides 238U, 4°K, 228Th and, 226Ra are equal in both

layers.

Further assumptions will be made concerning the hypothetical exposure population.

These will be discussed on the section relating to model parameters.
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4 MODELING METHODOLOGY

4.1 Dosimetric Methodology

Dose assessment is the determination of the total effective dose equivalent (TEDE) to

some critical population group as the result of some suite of radionuclides in the

environment. The TEDE is made up of dose equivalents for internal and external radiation

exposure. The internal dose equivalent is determined by modeling the behavior of a given

radionuclide as it passes into, through, and out of the body. For those radionuclides

incorporated into the tissues of the human body, the dose commitment, resulting from the

residence of the material is integrated over a period of 50 years.

The International Committee on Radiation Protection (ICRP) has designed radiation

exposure models for most radionuclides, and developed standard dose-equivalent factors.

Given the intake of a radionuclide, its concentration and physical or chemical form, the

uptake (that portion retained by the body), dose factors can be used to calculate the

commitment and resultant dose.

Dose factors for external exposure calculate the effective dose equivalent for different

types of environmental contamination given concentration, geometry of the exposure, and

radionuclide makeup of the source.

These dose factors have been integrated into computer dose assessment codes. The

use of dose estimation codes has allowed researchers to predict radiation exposure from a

wide range of sources over a large number of exposure pathways. Due to the fact that

computers can perform very large numbers of calculations in a short time, dose

estimations can be performed for detailed scenarios considering using appropriate
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parameters associated with the exposure. Variation of parameter values by the researcher

can tailor a model to particular sites and populations.

4.2 The RESRAD Code

The RESRAD code was developed by researchers at the Argonne National

Laboratory for determining allowable soil concentration guidelines for residual radioactive

material. It is designed to determine radiation dose to hypothetical individuals living on a

contaminated site, through a variety of radiation exposure pathways (Yu et al. 1993).

For dose calculation, the code integrates the dose conversion factors developed by

the ICRP. The version used for this study, RESRAD 5.44M, also incorporates Monte-

Carlo simulation capacity for use in uncertainty and sensitivity analyses.

4.3 Selection of Parameter Values

The RESRAD code contains a number of user-defined parameter values to calculate

its dose estimates. These are related to the exposure scenario and to physical, geological,

and hydrological characteristics of the site to be modeled. Selection of appropriate

parameter values is a complex process involving the application of knowledge with regard

to these factors. In many cases, the site may not have been characterized in enough detail

to make an informed parameter value selection. RESRAD furnishes default values that

may be used to represent general or common values, which are designed to "always

represent the most conservative value if multiple choices exist" (Yu et al 1993).

Obviously, the more that is known about a site and the more specifically relevant

parameters may be defined, the more accurate a dose estimate will be. If less is known,
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parameter values must be chosen that may represent a "conservative" value. Parameters

used in RESRAD for this study are discussed below.

4.3.1 Exposure Pathways

These are directly related to the scenarios which are discussed above. The pathways

available in the RESRAD code are external y exposure, exposure to radionuclides through

inhalation and the ingestion of plants, meat, milk, aquatic food, drinking water, and soil.

For the non-resident external exposure scenario the external exposure, inhalation

exposure, soil ingestion, and radon pathways were activated. For the resident farmer

scenario the external, inhalation, plant ingestion, meat ingestion, and milk ingestion

pathways were activated. With a relatively thin layer (2 m) of contaminated soil, well

water would probably remain contamination-free for some time.

4.3.2 Contaminated Zone Parameters

These parameters reflect physical attributes of the radionuclide-bearing material.

Area and thickness of the contaminated zone are discussed above. The value for this

model is between the allowed values of 0.0001 m2 and 1 x 10" m2. The length parallel to

aquifer flow is the travel distance of the aquifer flow through the contaminated zone,

rigidly defined as the distance between the two parallel lines perpendicular to aquifer flow,

one at the upgradient edge, the other at the downgradient edge of the contaminated zone.

The model value is equal to the length of the side of the contaminated area, about 130 m.

For this study, no cover was assumed, therefore the cover density parameter was not

used. Density of removed sediment was assumed to be 2.4 g cm-3, based on



49

measurements of highly compacted sediment from the river bottom (Robertson and Fix

1977). The erosion rate of the contaminated zone was left at the default value,

0.001 m

4.3.3 Cover and Contaminated Zone Hydrological Data

Generally, these are specific values of factors affecting the transmission of

groundwater through the cover, which is assumed to be uncontaminated, and the

radionuclide-bearing layer. Values for each of these parameters are necessary for the

solution of the flow and solute transport equations intrinsic to the RESRAD code.

Total porosity (cover and contaminated zone) is the total amount of space in the

voids between soil particles. Effective porosity is the proportion of the total available for

water storage. Estimates of values for different soils are presented in Yu et al. (1993).

For the clay soil in this model 0.42 and 0.06 were used. These values are also input for

the cover material, if any.

Hydraulic conductivity is the rate at which water moves through a porous medium as

a result of a given hydraulic gradient, such as rainfall, irrigation, or surface water or

aquifer flow (Till & Meyer 1983). Lacking site specific information, the default value of

100 m y' was used.

The rate of water loss through evaporation of water to the atmosphere and the

removal of water by plant roots and its subsequent evaporation is called the

evapotranspiration coefficient. Sublimation, (evaporation of ice or snow) is considered to

be a part of this process as well (Driscoll 1987). In RESRAD this is a fractional value,

and for the arid climate near Hanford, a value of 0.5 seemed appropriate.
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Precipitation in this area averages 16 cm y' (Schreckhise et al. 1993). Irrigation type

and amount influences radionuclide leaching through the contaminated zone, saturated

zone and into groundwater. Irrigation amount was set at 1 m y' (this hypothetical

location, like Rock Creek Park, is close to the river, a ready source of irrigation water).

The overhead irrigation method was specified.

The runoff coefficient is the proportion of precipitation that flows to surface water

(Driscoll 1987).

The accuracy for the water/soil computations option allows the user to minimize run

time of the RESRAD code to reflect the accuracy of his or her parameter values. It is a

user-defined level of accuracy for solution of the transport equation.

4.3.4 Saturated Zone Hydrological Data

This information relates to water flow rates in the saturated zone, which is defined as

that layer of soil below the water table where voids in the soil are assumed to be filled or

saturated with water. Excepting the first parameter, pH, these values are defined the same

way as those listed above for the contaminated zone.

4.3.5 Occupancy, Inhalation and External Dose Parameters

RESRAD uses fractions of a year to denote residency at the contaminated location,

which is a central aspect of the code. Default values for residency are 0.25 (of the year)

outdoors, and 0.5 indoors, leaving 25% for time spent off-site. A shielding factor of 0.7 is

used for indoor time. Calculations of typical housing materials thickness and value for

mass-attenuation showed that this is the best general value (again, for lack of specific
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information). For the resident farmer scenario in this study, default occupancy times were

accepted. Occupancy was set at 2000 h (0.228 y) for the external exposure scenario. All

time in residence for this scenario was spent outdoors.

Breathing rate is another parameter in the occupancy group. The values used in

RESRAD are from the ICRP Reference Man study, and are generally accepted for "light

work" activities. Mass loading is the amount of resuspended material in the air. No

specific figures were available, so the general value of 0.002 g cm-3 was used. The

dilution length, the distance wherein contaminated dust settles out or is replaced by non-

contaminated dust indoors, was left at 3 m.

4.3.6 Ingestion and Dietary Parameters

These allow dose estimates to reflect information about diet, sources of food, and

contamination of water and fodder for livestock. Food grown and consumed on-site was

assumed to be cereal, and made up between 25-100% of the total for this category.

Home-gown meat raised on contaminated fodder (25%) made up 50-100% of the diet.

The maximum doses reflect the higher consumption of contaminated food. The dose

estimate was not very sensitive to variation in the consumption factor; this is mostly due to

the relatively small proportion of dose from the internal pathways. Soil ingestion is

another dietary parameter. The default value of 36.5 g y' was raised to 50, a more

generally acceptable value.
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5 VALIDATION AND VERIFICATION

Verification of a computer code is simply the process by which an experimenter

ensures that the code adequately performs the function for which it was created. This

includes verifying that the mathematical construction of the code reflects the appropriate

model of appropriate process and ensuring that the code does what it is designed to do. A

method of verifying results generated by a computer code is by comparing them with

values calculated in another way, for example by hand calculation.

Validation is the process of comparing one computer code's results with those

generated by another computer code that has, by peer review, been shown to effectively

model the radiation exposure.

5.1 Benchmarkin2 of the RESRAD Code

Benchmarking of a computer code is the process of comparing its results with those

of another, proven computer code to assess its performance. RESRAD was compared

with five computer codes and the uncodified methodology described in NUREG/CR-5512,

Residual Radiaoactive Contamination from Decomissioning; Volume 1; Technical Basis

for Translating Contamination Levels to Annual Total Effective Dose Equivalent. The

computer codes used in this comparison were GENII, GENII -S, DECOM, PRESTO-

EPA-CPG, and PATHRAE-EPA (Faillace et al. 1994).

Conclusions of this study stated that the RESRAD code predicted doses due to the

inhalation and ingestion of radionuclides very close to GENII and PATHRAE. The values

for external exposure were not as close. RESRAD predicted much higher doses from
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60Co than the others. It was determined, however, that the RESRAD dose estimate

generated by RESRAD was "more reasonable" than the others (Faillace et al. 1994).

Additionally, the author has performed a number of comparisons between RESRAD

and GENII, and between each code and calculations performed by hand. After

adjustments for different parameter sets, dose predictions correspond well on a consistent

basis. Dose calculations performed by hand also compared well with the values generated

by both computer codes.

For the purposes of this study, it will be assumed that the RESRAD code has been

adequately benchmark tested.

5.2 Validation of the RESRAD Code

Validation is the comparison of the results of a computer dose assessment with

measured results or those calculated in a different manner. Consistent use ensures that the

RESRAD code is constantly verified. For this study, a measurement performed by the

Washington Department of Health will be used to validate a part of the dose estimate

(Wells, 1994). Results will also be compared with Wu's methodology: Wu developed his

own computer dose estimation code. Though no benchmarking or validation was

reported, it is useful to compare results as his code incorporates ICRP dose factors in the

same manner as RESRAD.
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6 RESULTS AND DISCUSSION

6.1 Results of the Computer Model

An individual spending 2000 h directly on this hypothetical disposal area, due either

to occupational or recreational reasons, would receive between 0.25 and 0.286 mSv 314

TEDE (between 25.2 and 28.6 mrem y''), assuming the material were disposed in 1996.

The peak dose occurs in the first year. Occupancy of the contaminated site for 500 h

would result in a maximum dose of 0.083 mSv y'' (8.3 mrem y-1), for 1000 h occupancy

the maximum dose is 0.19 mSv y"' (19 mrem y').

The resident farmer scenario yields a much higher dose estimate reflecting greater

residence time and dose from radionuclide commitment through various ingestion

pathways. An individual dose of between 0.93 and 1.06 mSv TEDE (93 to 106 mrem)

would be received in the first year of deposition (1996). Fractional contributions of each

radionuclide to this dose estimate and contributions by pathway are demonstrated in two

graphs, Figures 5 and 6.

Decrease in total maximum dose with time is shown in Figure 7. Dose decrease is

due to physical decay of the radionuclides and their removal from the contaminated zone

through leaching processes. A computer run was made to determine the sensitivity of the

dose estimate to variations in the values of leach rates. The mechanism for determining

leaching rates involves radionuclide-specific distribution coefficients. In the leaching

sensitivity run, these dimensionless modifiers were set at a very high level (60 000) to

reflect little affinity for removal of radionuclides from soil by water transiting the

contaminated zone. Overall, dose decreased more slowly over the period of concern
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Figure 5. Dose Contributions to Resident Farmer Exposure Scenario
from Major Radionuclides in Lake Wallula Sediments
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Figure 6. Dose Contributions to Resident Farmer Scenario
from Various Radiation Exposure Pathways
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Figure 7. Decrease in Dose with Time,
Resident Farmer Exposure Scenario
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reaching about 60% of the initial value at 1000 y. After this period, annual TEDE would

stabilize, reflecting the very long half-lives of the natural-origin radionuclides.

The first run of the radionuclide suite yielded the rather surprising dose contribution

of 3.86 mSv TEDE (386 mrem) from natural 226 in dredged sediments. Unlike all other

radionuclides in the dose estimates, the peak dose estimate was not in the first year, but

72 y after deposition. This reflects the buildup of the 222Rn progeny, to the point where

precursor and progeny are in secular equilibrium. Radon-222 accounts for most of this

3.86 mSv. The average annual effective dose equivalent to persons from exposure to Rn

in the United States is estimated to be 2.0 mSv (200 mrem), approximately 55% of the
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annual average EDE from all sources (BEIR 1990). The dose contribution for 226Ra itself

in this model is a maximum of 0.41 mSv EDE.

6.2 Comparison with an Independent Measurement and Dose Estimate

The 1994 special report by the Washington State Department of Health identifies a

sample taken of dredging performed by the Corps of Engineers at the Port of Kennewick.

They counted a sample of this material for 6°Co in order to correlate it with literature

values. The concentration they found was 0.0085 Bq eel (0.23 pCi e). This value was

lower than was expected from the minimum 6°Co concentration in the most highly-

contaminated strata discovered by Robertson and Fix, 0.021 Bq g' (0.56 pCi g'1) (Wells

1994). This may be due in part to the fact that sediments radionuclides and the waters of

the Snake and Columbia Rivers were not considered to be fully mixed upstream of Wallula

Gap, which is downstream of this dredging project. Even so it is perhaps useful to

correlate the values with those for "Co in this study. They are reported in Table 6.

Table 6. Comparison of 60Co Concentration
with Independent Estimates

Description Concentration (Bq g')

WSDH measurement 0.0085

WSDH minimum expected value 0.021

This study minimum value 0.44

This study median value 0.50

This study maximum value 0.74
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It can only be said that the values are within an order of magnitude or two, but this reflects

the increasing concentrations of radionuclides in sediments with downstream distance

from Wallula Gap to the dam; only samples from Lake Wallula itself were considered in

the present study.

The scenario used by Wells in modeling radiation exposure from proximity dredged

sediments (from the deeper layer) used an occupancy time of 500 h in the first year and

predicted a "maximum annual dose" of 0.074 mSv (Wells 1994) in the first year. The

CRSP dose assessment code was developed by Wu for his 1994 study. Results from each

of these, along with results from the present work are presented in Table 7.

Results of this study compare favorably with those of the WSDH, but few of their

parameter values and assumptions are reported. Wu's value is about a factor of four

below the result of this study. This is due to his use of mostly surface sediment

radionuclide concentration values, whereas Wells used the "maximum measured

concentrations of artificial radioactivity in deeply buried sediments."

Table Z Comparison of Several Estimates of Non-Resident Exposure

Study Residence Time
500 h

Residence Time
2000 h

Current Study 0.083 mSv 50 0.286 mSv 5/4

Wells 1994 0.074 mSv 3,4 Not Performed

Wu 1994 Not Performed 0.08 mSv 51-1
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6.3 Uncertainty in Model Results

There are two sources of uncertainty in radiation exposure models. Systematic error

reflects error in the ability of the exposure model to model physical processes.

Uncertainty of parameters and other data used in ecological models is the result of

measurement errors, natural variability, and a lack of detailed knowledge about a given

parameter (Kirchner 1990).

There are many sources of uncertainty in this study. Of the first magnitude is that

associated with the fact that dredging activities that would bring this material to the

surface cannot be foreseen. In order to reliably quantify this uncertainty, it would be

necessary to know the location and extent of the dredging project and the location and

proposed method for disposal of the dredged material. More rigorous knowledge of the

areal distribution of radionuclide concentrations in the reservoir, or at least in the area of

concern, would be necessary as well.

For this reason, estimates have incorporated all reasonable conservatism, in order to

capture any likely maximum radiation dose. A great number of assumptions were made

regarding the hypothetical disposal site. Even so, parameter values were chosen to

conform to the model as rigidly as practicable. The author's intent is that most of the

uncertainty lies in the source term itself.

Averaging the concentration of each radionuclide for each core and reporting the

standard deviation of the concentration to 3a is an attempt at attaching some idea of

variation among the samples. The four naturally-occurring radionuclides, 40K 228Th, 238U,
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and 226Ra, had less fluctuation of concentration by depth. Their estimated counting error

was reported at 3a.

The uncertainty shell in RESRAD was used to model a triangular distribution of

radionuclide concentrations based on the mean and the upper and lower limits of the

confidence interval. The lower end of the interval reflected mixing of the more

contaminated deep layer with the upper layer of less-contaminated sediments, as did the

mean value. The upper limit of the triangular distribution reflected the higher

concentration (in the deep sediment layer), with no mixing of the two layers.
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7 CONCLUSION

7.1 Regulatory Limits for Radiation Exposure to the Public

The Nuclear Regulatory Commission promulgates exposure limits to members of the

general public from their licensees. The EPA promulgates these limits for DOE facilities.

The basic exposure limit for members of the general public is 1 mSv 374 (100 mrem y-1) (10

CFR 20.1301) from radionuclides defined by the Atomic Energy Act as licensed material.

These have been described in this study as man-made or anthropogenic. The total mean

dose (+ 3a) for the resident farmer scenario, 1.06 mSv y' does not exceed this regulation,

as radiation dose from licensed material is at the highest 0.315 mSv 3,4 (31.5 mrem y').

These dose estimates are intended to reflect the very highest dose that can result from

disposal of contaminated sediment in Lake Wallula. Construction of a house and farm on

publicly-owned and controlled park and dam sites is simply not possible at this time.

Occupational exposure for employees of businesses utilizing this dredged material as fill is

a greater possibility. Fortunately, dose from this scenario is very much lower, less than the

EPA guideline of 0.30 mSv y"'.

7.2 Health Effects and Risk from Low Levels of Radiation Exposure,

Acute or deterministic effects of radiation dose only appear in individuals who receive

very large exposures, 3 Sv (-300 rem). Damage associated with extremely low levels of

ionizing radiation exposure is confined to stochastic effects, in this case, cancer induction.

The probability and frequency of this effect is extremely difficult to quantify.
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One reason for this is the lack of experimental data. No direct data currently exist

regarding cancer induction due to very low levels of exposure. Estimates of cancer

induction as a result of exposure to low-levels of ionizing radiation are based on studies

wherein individuals received relatively large doses, 0.10 Sv ( 10 rem), such as

Hiroshima and Nagasaki survivors, Marshall Islanders, and radium dial painters (BEIR

1990). Health effects from low levels of radiation exposure are extrapolated from these

high dose, high dose-rate studies.

The shape of the curve of the extrapolation is a matter of controversy in the health

physics community. Some researchers argue for a curve with a "threshold" below which

there are no effects, some argue that a linear, no-threshold curve is appropriate.

There is also evidence that at very low levels, exposure may have a hormetic effect.

Current regulations in the United States reflect that any risk has some probability of

stochastic effects, or the linear, no-threshold model.

A direct extrapolation (linear, no-threshold) of cancer risk from the highest dose

estimate in this study is about 0.0054: 540 deaths per 100 000 (females have the higher

risk) exposed to 1 mGy y' (BEIR 1990), which is approximately equal to the 1.06 mSv

generated in the present "resident farmer" dose estimate. When compared to the

"background" risk of cancer, 0.20 or 1 in 5, (BEIR 1990) it is apparent that it will be very

difficult to statistically prove an increased induction of cancer from this source.

The linear, no-threshold model of cancer induction from low levels of ionizing

radiation is today being called into question. Cohen (1995) used an examination of

radiation carcinogenesis from Rn decay products to test the linear, no-threshold theory.
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His conclusion was that his inability (and that of other researchers) to find any correlation

could only be explained by the failure of the linear no-threshold model.

7.3 Recommendations for Additional Study

This study has generated higher dose estimates than several previous projects, based

on the highest concentration values and the exposure scenario that would yield the highest

dose to the critical population group. Admittedly, a great deal of uncertainty is intrinsic to

this model, yet even the most conservative assumptions have led to a radiation exposure

that is, at most, only around 30% of the federal dose limit.

Any new studies of the question of radiation dose from Lake Wallula sediments

would necessarily address the lack of a highly-detailed characterization of the distribution

of radionuclides in the reservoir. A very large sampling program would be necessary to

establish this. In-depth characterization of the site to receive the dredged material would

be necessary as well, to determine site-specific values for parameters in the computer

model.

Given the high costs associated with such research, the relatively low concentrations

of the ever-diminishing man-made radionuclides in Lake Wallula, and the low resultant

dose in the most conservative exposure scenario, further research is not warranted prior to

any routine dredging operations.

More study might be considered to be worthwhile if both of the following conditions

are met: a specific dredging project would result in removal of the entire (lower) layer of

sediment in an area suspected to contain high radionuclide concentrations (i.e., near the

dam on the Oregon side of the reservoir), and if the dredged material were to be placed in
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a sensitive area, such as within a campground near a dam*, or some location where

members of the public might establish long-term residence.

At the campground on the downstream side of John Day Dam, the juxtaposition of gill-net fishing platforms and
(apparent) long-term campsites, this suggested itself as a real possibility.
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APPENDIX

A discussion of Wu's Fish Ingestion Internal Radiation Exposure Pathway

One of the pathways investigated by Wu (1994) estimated committed dose from the

ingestion of Columbia River fish that had concentrated radionuclides in their tissues

following resuspension of bed sediments to the stream. Though Wu used conservative

values for fish consumption, a recent study identified a very much higher value for native

American populations living along the Columbia River (CRITFC 1994).

Using Wu's methodology without alteration, a new committed effective dose

equivalent value for his fish consumption pathway was generated. Values for fish

consumption used by Wu and those generated by the EPA study along with the exposure

values associated with each and their contribution to effective dose equivalent are

presented in the table below.

It should be borne in mind that these dose values for fish ingestion contain a great

deal of uncertainty as at least a part of the specified intake of fish would include

anadromous species. Anadromous fish, such as salmon, spend relatively little of their life

Radiation Dose to the Maximally-Exposed
Individual from Wu's Fish Ingestion Pathway.

Source Fish Consumption CEDE-Fish* TEDE'

EPA 520/1-84-021 33 kg y' 0.89' 10.4'

CRITFC 1994 62 kg y' 1.67t 11.8t

Computed by Wu (1994)
tComputed using Wu's methodology with new fish consumption value
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cycles within the Columbia River, and perhaps only a vanishingly small proportion of this

in proximity to the maximum radionuclide concentrations that were used for the exposure

model. Also, though many salmon pass through the Hanford Site during their spawning

migration, they do not feed at this period of their life cycle (Davis 1958).

At the time of the full operation of the Hanford reactor complex, radionuclide levels

in marine and anadromous fish were considered to be too low for evaluation of any

resultant dose (Foster and Soldat 1966). Despite this fact, equivalency of radionuclide

inventories in resident and anadromous fish is a conservative approach used by Farris et al.

(1994) in the Hanford Environmental Dose Reconstruction Project.




