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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply By To obtain

Inch-pound to International system units

foot (ft) 30.48 centimeter
foot (ft) 0.3048 meter
foot per second (ft/s) 0.3048 meter per second
cubic foot per second (ft>/s) 0.02832 cubic meter per second
square foot (ftz) 0.0929 square meter
mile (mi) 1.609 kilometer
acre 0.4047 hectacre
acre-foot (acre-ft) 43,560 cubic feet
pound (Ib) 0.4536 kilogram
pound per day (Ib/d) 0.4536 kilogram per day
ton 0.9078 tons (metric)
gallon (gal) 3.785 liter
gallon (gal) .003785 cubic meter
million gallons per day (Mgal/d) 0.04381 cubic meters per second

International system units to inch-pound units

micrometer (pLm) 0.003937 inch
millimeter (mm) 0.03937 inch
square meter (m?) 10.76 square foot

grams per second (g/s) .002205 pounds per second
grams per second (g/s) 190.5 pounds per day
milligrams per day (mg/d) .002205x103 pounds per day
liter per second (L/s) 15.85 gallons per minute

Factors for converting Sl metric units to other miscellaneous units

Concentration, in water

milligrams per liter (mg/L) 1 parts per million
micrograms per liter (mg/L) 1 parts per billion
picograms per liter (pg/L) 1 parts per quadrillion

Concentration, in bed sediment

milligrams per kilogram (mg/kg)

micrograms per kilogram (ug/kg)

parts per million
parts per million
parts per billion

1
micrograms per gram (Ug/g) 1
1
1

picograms per gram (pg/g) parts per trillion

Temperature: To convert temperature given in this report in degrees Fahrenheit (°F) to degrees Cel-
sius (°C), use the following equation: °C = 5/9(°F-32).

Sea Level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)--a geodetic datum derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.

Electrical conductivity is measured as specific electrical conductances, in units of microsiemens per
centimeter (LS/cm) at 25 degrees Celsius.

Abbreviations

DDE  dichlorodiphenyldichloroethylene
DDT  dichlorodiphenyltrichloroethane
PCB  polychlorinated biphenyl
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Sediment-Quality Assessment of
Franklin D. Roosevelt Lake and the
Upstream Reach of the Columbia River,

- Washington, 1992

By G.C. Bortleson, S.E. Cox, M.D. Munn, R.J. Schumaker, and E.K. Block

ABSTRACT

Concentrations of arsenic, cadmium, copper,
lead, mercury, and zinc were elevated relative to back-
ground reference sites in samples of bed sediments
collected from Lake Roosevelt and the Columbia
River, its principal source of inflow. The trace ele-
ments that most often exceeded the sediment-quality
guidelines developed by the Ontario Ministry of
Environment and Energy for benthic organisms were
copper, lead, and zinc. Median concentrations of cop-
per, lead, and zinc in the bed sediment of Lake
Roosevelt were 85, 310, and 970 milligrams per kilo-
gram, respectively. Trace-element concentrations in
suspended sediment in the Columbia River were larger
than concentrations in bed sediment; however, trace-
element concentrations in whole-water samples (sus-
pended-sediment and water phases) did not exceed cri-
teria for fresh-water organisms. Trace-element
concentrations in whole-water samples were relatively
small, reflecting the small suspended-sediment con-
centrations and the large water-diluting capacity of the
Columbia River. The paucity of suspended sediment
in the extensively dam-controlled Columbia River is
indicated by the small concentration of suspended sed-
iment of only 2 to 19 milligrams per liter measured for
river discharges at high flows since completion of the
last major reservoir in 1976. Elevated concentrations
of trace elements in sediments of Lake Roosevelt and
the upstream reach of the Columbia River are largely
attributable to the transport of metallurgical waste and
slag from a smelter discharging to the Columbia River
in Canada.

Dioxins and furans were in both the suspended
sediment and water of the Columbia River, but only a
few of the 17 targeted isomers were detected. The
dioxin isomer 2,3,7,8-tetrachlorodibenzo-p-dioxin, the
most toxic to some laboratory animals, was not
detected. The furan isomer 2,3,7,8-tetrachlorodiben-
zofuran, commonly found in effluent from pulp and
paper mills that use chlorine in the bleaching process,
was found in suspended sediment but not in the water
phase. Octachlorodibenzo-p-dioxin was detected in
suspended sediment and water phases, suggesting that
atmospheric deposition contributes to dioxins found in
Lake Roosevelt. Aside from dioxins and furans, few
of the many other organic compounds associated with
wood-pulp waste, urban runoff, and industrial activi-
ties were detected in the bed sediments of Lake
Roosevelt and its major tributaries.

An analysis of benthic invertebrate communities
in the Columbia River showed evidence of environ-
mental stress, most likely due to the presence of trace
elements in bed sediments or from the loss of physical
habitat from slag deposition. Lethal and sublethal
effects were observed in laboratory toxicity tests of
selected aquatic organisms exposed to bed sediments
collected from the Columbia River near the interna-
tional boundary and from some sites in other reaches
of Lake Roosevelt.

INTRODUCTION

Franklin D. Roosevelt Lake, a reservoir formed
on the Columbia River by Grand Coulee Dam, is the
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largest reservoir, by volume, in Washington and one of
the largest in the Nation in total storage. Located in
north-central Washington, Lake Roosevelt (its com-
mon name) extends about 135 mi upstream from the
dam, reaching to within 15 mi of the international
boundary with Canada (fig.1), and has a surface area
of about 80,000 acres and a full pool elevation of
1,289 ft. The principal inflow to the reservoir is the
Columbia River, which contributes about 90 percent of
the flow from a large drainage area in Canada and the
United States (fig. 2). The flow upstream from Lake
Roosevelt is regulated by nine large reservoirs and
many smaller reservoirs and power plants. In addition
to the Columbia River, four other rivers flow directly
to the lake—the Kettle, Colville, Spokane, and Sanpoil
Rivers. The Pend D’Oreille River flows into the main
stem of the Columbia River just north of the interna-
tional boundary. The lake is bounded by the reserva-
tions of the Colville Confederated Tribes and the
Spokane Tribe and by Ferry, Stevens, and Lincoln
Counties (pl. 1).

The original purpose of the Grand Coulee Dam,
built in the late 1930’s and early 1940’s, was to pro-
vide irrigation water, control flooding, and produce
hydroelectric power. The reservoir, however, devel-
oped into a major recreational and economic resource
for the surrounding area. Between 1985 and 1992, the
number of annual visitors increased from 519,000 to
1,140,000 (Robert Miller, National Park Service,
Grand Coulee, Wash., oral commun., February 1993).
Lake Roosevelt is included in the Coulee Dam
National Recreation Area (pl. 1), which is adminis-
tered by the National Park Service. Many lake resi-
dents own businesses such as sport shops, marinas,
and campgrounds. The Colville Confederated Tribes
and the Spokane Tribe, whose reservations border
parts of the reservoir, also benefit from the reservoir
fishery and other economic opportunities. In recent
years, with the increase in popularity of Lake
Roosevelt as a recreation area, the Tribes have devel-
oped such businesses as houseboat rentals. Water
quality is an important issue to visitors and to those
living in the area whose livelihoods depend on the
lake.

Water- and Sediment-Quality Issues

Water-quality issues in Lake Roosevelt first
received attention in the early 1980’s when studies by
the U.S. Fish and Wildlife Service showed elevated
cadmium and lead concentrations in fish collected near
Grand Coulee Dam. As part of the U.S. Fish and
Wildlife Service’s National Contaminant Biomonitor-
ing Program, whole fish collected near the dam were
analyzed for arsenic, cadmium, copper, lead, mercury,
selenium, and zinc. In the two nationwide collections
during 1978-79 and 1980-81, concentrations of
arsenic, cadmium, lead, and zinc in Lake Roosevelt
fish exceeded the nationwide 85th-percentile concen-
tration for one or both collection periods. Cadmium
concentrations in largescale suckers from Lake
Roosevelt were the largest among 112 stations sam-
pled nationwide (Lowe and others, 1985).

In 1984, fish-tissue samples were collected from
the Columbia River at Northport (fig. 1) and analyzed
for trace metals by the Washington State Department
of Ecology (Ecology). Ecology’s data showed larger
concentrations of lead and cadmium in edible fish tis-
sue (fillets) from Northport than in fillets collected
from nine other rivers in Washington (Hopkins and
others, 1985). The mean lead concentration in fillet
samples collected at the Columbia River at Northport
was 6.4 pg/g. This concentration is about 90 percent
of the unofficial guideline of 7.0 ug/g set by the U.S.
Food and Drug Administration (cited by Hopkins and
others, 1985).

In 1986, when Ecology analyzed whole large-
scale suckers from Lake Roosevelt, its data showed
that concentrations of lead, zinc, and copper were
larger in fish from the Columbia River downstream
from the international boundary and from the upper
reach of the reservoir than in fish from sites farther
downstream (Johnson and others, 1989; 1990). Cad-
mium concentrations in largescale suckers were found
to be large and fairly consistent throughout the reser-
voir.
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When Ecology also analyzed fillets of sport-
fish—chiefly walleye—for arsenic, cadmium, copper,
lead, mercury, and zinc, it found only mercury to be
accumulating in fillets. Even though mercury was
detected in fillets, concentrations did not exceed the
limit of 1 pg/g of mercury (wet weight) for food con-
sumption set by the U.S. Food and Drug Administra-
tion (cited by Johnson and others, 1989). Canadian
studies showed that 11 percent of the walleye caught
near the international boundary between 1980 and
1988 contained mercury concentrations exceeding the
Health Protection Branch guideline of 0.5 pg/g
(Norecol Environmental Consultants, 1989). Another
Canadian study by Smith (1987) reported that mean
mercury concentrations in northern squawfish
exceeded the 0.5 pg/g (wet weight) guideline.
Because mercury concentrations exceeded or
approached the Canadian guideline of 0.5 pg/g of mer-
cury (wet weight), Canadian authorities established a
consumption advisory for walleye caught in the
Columbia River in Canada.

On the basis of samples collected in 1986,
Ecology reported that the reservoir bed sediments con-
tained large concentrations of arsenic, copper, iron,
manganese, and zinc relative to concentrations at ref-
erence sites in Canada (Johnson and others, 1989;
1990). The concentrations of these trace elements in
bed sediments tended to decrease downstream from
the international boundary. Cadmium and mercury,
however, showed a different pattern, having the largest
concentration in the lower reaches of the reservoir.
Lead concentrations displayed a pattern similar to that
of cadmium and mercury but with wider spatial varia-
tion (Johnson and others, 1989).

Dioxins (polychlorinated dibenzo-p-dioxins)
and furans (polychlorinated dibenzofurans) have also
been identified as a water-quality issue in Lake
Roosevelt. In 1988 and 1990, Canadian studies found
large concentrations of furans in fillets of lake white-
fish in the Columbia River downstream of a pulp mill
near Castlegar, British Columbia, about 30 mi
upstream from the international boundary (Mah and
others, 1989; Crozier, 1991). In 1992, the British
Columbia Ministries of Environment and Health
issued health advisories regarding consumption of lake
whitefish and mountain whitefish caught in the
Columbia River directly downstream of the pulp mill
near Castlegar (Kirkpatrick, 1989).

In 1989, Ecology analyzed two sturgeon and
two walleye fillets in Lake Roosevelt for dioxins and

furans. The results were mixed. One of each species
had dioxin and furan concentrations approaching those
found in lake whitefish in Canada, but the other
fish had small concentrations (Arthur Johnson,
Washington State Department of Ecology, written
commun., 1990). Ecology conducted subsequent sur-
veys in 1990 to ascertain whether dioxins and furans
had accumulated in fillets of sport fish and to deter-
mine, by analyzing whole largescale suckers, whether
concentrations of dioxins and furans declined in a
downstream direction. In 1990, when Ecology
(Johnson, Serdar, and Magoon, 1991) analyzed diox-
ins and furans in six sportfish species—burbot, wall-
eye, rainbow trout, kokanee, lake whitefish, and white
sturgeon—it found elevated furan concentrations in
lake whitefish and white sturgeon. In other species,
furan concentrations decreased in this order: kokanee,
rainbow trout, walleye, burbot. In most cases, the
furan concentrations were one to two orders of magni-
tude larger than dioxin concentrations in fillets. Furan
concentrations in whole largescale suckers generally
decreased from the international boundary through
Rufus Woods Lake, downstream from the Grand
Coulee Dam (Johnson, Serdar, and Norton, 1991).
The U.S. Environmental Protection Agency
(USEPA) conducted a nationwide survey of chemical
residues in fish in 1986 and 1987. Compared with
concentrations in fish from the nationwide survey, the
concentrations of dioxins in fish from Lake Roosevelt
ranked in the 55 to 80 percentile range, but furan con-
centrations were in the 75 to 100 percentile range
(Johnson, Serdar, and Magoon, 1991; Serdar, 1993).

The findings of measurable concentrations of
dioxins and furans in fish tissue and of elevated con-
centrations of metals in bed sediments in Lake
Roosevelt in the mid-1980’s prompted the formation
of several citizen action groups, and ultimately the cre-
ation of the Lake Roosevelt Water Quality Council
(Council). The Council, which includes members
from Federal, State, and local governments, Indian
tribes, and the public, was established to manage and
coordinate water-quality studies on the lake and to pre-
pare a Lake Water Quality Management Plan. Under
the Council’s direction, the Lake Roosevelt Water
Quality Study was developed, with the goal of obtain-
ing data needed to develop management strategies for
the lake’s protection. The Council established priori-
ties for study goals, one of the highest being an assess-
ment of the extent and significance of trace elements
and wood-pulp-related compounds in sediments and
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of the effect these elements and compounds may have
on benthic invertebrate communities.

The sediment-quality assessment study was
done by the U.S. Geological Survey (USGS) in coop-
eration with the U.S. Environmental Protection
Agency. The study included analysis of trace elements
and organic compounds in the sediments, bed-sedi-
ment toxicity, and benthic community structure in
Lake Roosevelt and the upstream reaches of the
Columbia River to the international boundary (fig. 3).
The data-collection phase of this study (September
and October 1992) was coordinated with two other
data-collection programs, one in the same study area
by Ecology and the other in the lower reaches of the
Columbia River upstream from the international
boundary in British Columbia by the Columbia River
Integrated Environmental Monitoring Program
(CRIEMP), a coalition of environmental agencies and
industries that study and monitor the Columbia River
upstream from the international boundary.

The Ecology study, also supported by USEPA as
a separate but related trend-monitoring study, mea-
sured, over time, the concentrations of dioxins and
furans in lake whitefish and concentrations of trace
metals in the tissue of largescale sucker. The Ecology
study also involved the collection and analysis of sus-
pended sediment for dioxins and furans and trace ele-
ments in the Columbia River at Northport. Personnel
of the USGS and Ecology worked jointly to obtain
samples and share data collected at Northport (see
later sections in the report). The timing of the USGS
and Ecology studies corresponded to the CRIEMP
study, which analyzed sediment samples and fish
tissue from the lower Columbia River in British
Columbia for trace elements and dioxins and furans.
A comparison of data-collection activities for the Lake
Roosevelt study and the CRIEMP study is shown in
table 1.

Purpose and Scope

This report presents the results of the sediment-
quality assessment of Lake Roosevelt and an upstream
reach of the Columbia River. The report describes the
following aspects of the study:

1. The occurrence and distribution of trace elements in
the bed sediments of the study area;

2. The concentrations and discharge of trace elements,
dioxins, and furans in water and suspended sedi-

ment in the Columbia River entering Lake
Roosevelt;

3. The occurrence in bed sediments of selected trace-
organic compounds related to urban, industrial,
or wood-pulp waste;

4. Results of laboratory tests of the toxicity of bed
sediment;

5. The benthic invertebrate community structure; and

6. Identification of potential long-term monitoring and
investigative studies.

These aspects are discussed in the major sec-

tions of the report, and each discussion includes a

description of a subset of pertinent secondary objec-

tives, an overview of the results, and a description of
specific sampling methods.

Description of the Study Area

The study area included Lake Roosevelt and the
Columbia River upstream from the reservoir to the
international boundary (fig. 1). Lake Roosevelt is situ-
ated in two distinct physiographic subdivisions. The
mid to upper reaches of the reservoir are surrounded
by mountainous terrain of moderate slopes covered by
coniferous forests. The lower reach of the reservoir is
a high-steppe, semiarid desert, characteristic of central
Washington.

The study area is divided into four reaches: the
Northport reach of the Columbia River and the upper,
mid, and lower reaches of Lake Roosevelt (fig. 1).
Northport reach.—The Northport reach of the

Columbia River extends from the international
boundary (river mile, RM, 745) to Onion Creek
(RM 730). The river in this reach is characterized
as mainly a swift river run. The river-reservoir
transition zone shifts depending on the flow and
surface elevation to the reservoir.

Upper reach.—The upper reach is a narrow channel
in the reservoir with few shoreline embayments
and irregularities. It extends from Onion Creek
(RM 730) to Marcus Island (RM 708).

Mid reach.—The mid reach has a wider channel with
an irregular shoreline and extends from Marcus
Island (RM 708) to the Spokane River confluence
(RM 639). It is the longest reach in the reservoir.

Lower reach.—The lower reach has a deep channel
and is influenced by flows from the Spokane
River. It extends from the Spokane River conflu-
ence (RM 639) to Grand Coulee Dam (RM 596).
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Figure 3. Major study components and general sampling scheme.
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Table 1. Summary of data-collection activities for the Lake Roosevelt study and the Columbia River
Integrated Environmental Monitoring Program (CRIEMP) in 1992

[X, samples collected; --, not sampled]

Lake
Type of Roosevelt
Analysis survey study CRIEMP
Community structure
Benthic invertebrates X X
Periphyton -- X
Macrophyte -- X
Fish tissue
White sturgeon Dioxins and furans, muscle -- X
Mountain whitefish! Trace elements, dioxins and furans, muscle X X
Non-fish tissue
Snails Trace elements, dioxins and furans, soft tissue -- X
Caddisflies Trace elements, dioxins and furans -- X
Bed sediment
Particle size X X
Total volatile residue - X
Trace elements X X
Extractable organic halogens X X
Dioxins and furans X X
Chlorinated phenols X X
Resin acids X X
Total Kjeldahl nitrogen -- X
Sediment-toxicity tests
Microtox®, bacterium X X
Ceriodaphnia dubia, water flea X -
Hyalella azteca, amphipod X X
Rainbow trout - X
Daphnia magna, water flea - X

ILake whitefish instead of mountain whitefish collected by the Washington State Department of Ecology during
Lake Roosevelt study.

Sediment-Quality Assessment of Franklin D. Roosevelt Lake and the Upstream Reach of the Columbia River, Wash., 1992



The Columbia River upstream from the interna-
tional boundary has been divided into four reaches by
CRIEMP (fig.1). There are CRIEMP monitoring sites
in each of the four reaches.

Sediment Sources

The drainage basin of Lake Roosevelt contains a
wide variety of igneous, metamorphic, and sedimen-
tary rocks, as well as unconsolidated surficial deposits.
Water and sediment entering the reservoir are from
diverse geologic and physiographic regions. About
90 percent of the flow to the reservoir is from the
Columbia River, with head-waters in the Rocky
Mountains (fig. 2). However, regulation of inflow to
Lake Roosevelt by nine major reservoirs in Canada
and the United States has affected the sediment trans-
port in the Columbia River. Sediment is trapped and
stored by upstream reservoirs, and only small concen-
trations of suspended sediment are carried by the
Columbia River into Lake Roosevelt. Suspended-sed-
tment concentrations have been measured routinely in
the Columbia River at Northport, Wash., between
1974 and 1992 (Miles and others, 1993). The 142 sus-
pended-sediment concentrations ranged from O to
42 mg/L, with a median concentration of 5 mg/L
(Miles and others, 1993). A daily suspended-sediment
discharge based on the median suspended-sediment
concentration of 5 mg/L and the average daily dis-
charge of 99,700 ft3/s (based on 55 years of record) is
1,350 tons per day.

Much of the bed sediment found in the mid and
lower reaches of the reservoir is probably derived from
erosion and slumping of bank deposits along the
shoreline of the reservoir (Jones and others, 1961).
Erosion and slumping of bank sediment is an active
process. Before Grand Coulee Dam was constructed
and the reservoir filled, bank sediments were dry and
stable, but some of these sediments are now saturated
and less stable, and therefore more susceptible to
slumping and sliding (Jones and others, 1961). Bank
sliding is increased by variations in lake levels that
occur in response to dam operations.

Physical and Chemical Characteristics of the
Reservoir

The maximum depth of the reservoir is about
375 ft, the mean depth at full pool is 117 ft, and the
total storage capacity is 9,385,000 acre-ft. From
January through June, the reservoir is drawn down in

preparation for spring runoff; minimum surface eleva-
tions normally occur during April and May. Then
from July through December, the highest surface ele-
vations normally occur. The mean daily water eleva-
tion for the period 1983-92 is shown on figure 4. The
shortest time the water resides in the reservoir (com-
puted by dividing stored volume in the reservoir by
discharge at Grand Coulee Dam) generally occurs
from March through June, and the longest time water
resides in the reservoir is from September through
January. The mean annual water retention time is
about 40 days. High flows into the reservoir normally
occur in May and June and peak in June; stable low
flows usually occur from September through April.
Pool elevations and river discharge can vary daily
because of electric power demand and the operations
of hydroelectric facilities.

The mixing of Columbia River and reservoir
water can be determined from seasonal temperature
profiles obtained in 1980 by Stober and others (1981).
In 1980, in a water year when the mean discharge was
about 10 percent less than the average discharge for
the period of record, the reservoir water to about
French Point Rocks (RM 691) was vertically well
mixed the year round with respect to temperature
because of the large flow of the Columbia River into
the reservoir. Temperature profile measurements
from the surface to the bottom showed a uniform or
nearly uniform temperature in the reservoir from mid-
October to mid-April, indicating a well-mixed water
column. After mid-April, parts of the reservoir had
begun to show a vertical temperature gradient. By
mid-May, the reservoir from Ninemile Creek
(RM 648) downstream to Grand Coulee Dam had a
distinct temperature gradient of 8 C between the sur-
face and bottom. On the other hand, the reservoir
upstream from Ninemile Creek in mid-May was
mixed, as shown by the nearly uniform temperatures
throughout the water column. As the summer pro-
gressed, more of the reservoir developed a temperature
gradient. In July and August 1980, the reservoir
developed a moderate temperature gradient from
Grand Coulee Dam (RM 596) to Hunters (RM 662);
from Hunters (RM 662) to French Point Rocks
(RM 691) the reservoir had only a weakly mixed water
column. Upstream from French Point Rocks, the res-
ervoir was well mixed, or nearly so, even in the sum-
mer.

Because of mixing induced by large flows of the
Columbia River and the short water-retention time,
much of the reservoir is oxygenated throughout the
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year. In 1980, the mean percentage of oxygen satura-
tion in the reservoir ranged from 80 to 119 percent
(Stober and others, 1981).

Columbia River water entering the reservoir has
relatively small concentrations of dissolved solids.
From the water years 1974 to 1993 (20 years), dis-
solved-solids concentrations ranged from 61 to
106 mg/L, and the average concentration was 81 mg/L
(Miles and others, 1993). The smallest dissolved-sol-
ids concentrations occurred from May through

August, concurrent with the largest volume of runoff
to the reservoir.

The transparency of the reservoir water varies
seasonally and is affected by the amount of suspended
material, according to Beckman and others (1985).

Generally, the water is most transparent during the
summer and least transparent in the spring when sur-
face runoff from upstream tributaries carries sus-
pended sediment and reservoir drawdown triggers
erosion and bank slumping.

Lake Roosevelt is moderately enriched in nutri-
ents at some locations according to Stober and others
(1981). When Welch and others (1992) applied their
nutrient model, they found that algal growth in the
main body of the reservoir was limited by nitrogen.
Stober and others (1981) also concluded that nitrogen
concentrations limited the algal productivity in the

main body of the reservoir. The effects of nitrogen or
phosphorus on algal growth may be different in local

areas and embayments of the reservoir.
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elevation of Lake Roosevelt at Grand Coulee Dam, 1983-92.
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Sources of Trace Elements and Organic
Compounds

Trace elements, dioxins and furans, and other
constituents in Lake Roosevelt can originate from the
point and the nonpoint sources discussed below.

Point Sources

Chlorinated organic compounds are discharged
to the Columbia River from a pulp mill located 2 river
miles downstream of Hugh Keenleyside Dam near
Castlegar, British Columbia, (fig. 2) about 30 river
miles upstream from the international boundary. This
mill began operation in 1961 and, until mid-1993, pri-
marily used chlorine in its bleaching process. During
the bleaching process, chlorine reacts with compounds
in wood and PCP’s (polychlorinated phenols used in
wood preservation) if present. PCP’s are found in
wood chips made from wood previously treated with
PCP’s (Butcher, 1992a,b). Some of the products from
these reactions include polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans. The pulp
mill discharges effluent containing organic compounds
into the Columbia River (Butcher, 1992a). However,
in 1991 the pulp mill began modernizing and enlarging
its facilities. In the process of modernization, which
included reduction of chlorine usage, the plant
reduced discharges of furans and by 1993 had reduced
dioxin and furan concentrations in effluent to below
minimum detection limits (Celgar Pulp Company,
1992). The pulp mill has also modified its process so
that the amount of dioxin and furan precursor com-
pounds is reduced (Butcher, 1992b).

A lead and zinc smelter located at Trail, British
Columbia, about 10 river miles upstream from the
international boundary, began operation near the turn
of the century and expanded operations over the years,
and has discharged large quantities of slag to the
Columbia River. Blast furnace slag is treated in a
fume recovery process to remove additional metals
before discharge to the Columbia River. This treated
slag is principally black sand-size material and until
recently has been considered inert and nontoxic
(Nener, 1992). Under the assumption that treated
granulated slag was inert, the smelter was permitted to
discharge up to 1,000 tons per day. The amount of
slag discharged was reduced in the mid-1980’s and
remains at about 450 tons per day (Cominco Metals,
1991a). Treated slag is referred to as slag in this
report. The granulated slag also contains fines; Nener

(1992) reported about 0.5 percent of slag is silt and
clay size—Iess than 0.062 mm in diameter. Silt- and
clay-size material can be transported long distances as
suspended sediment in the Columbia River and Lake
Roosevelt system.

The smelting facility also discharges about
43 Mgal/d of effluent as a slurry of dissolved and sus-
pended material into the Columbia River (K.W. Kuit,
Cominco Metals, written commun., 1991). The efflu-
ent contains such trace elements as arsenic, cadmium,
lead, mercury, and zinc. Since a plan to decrease the
trace-element concentrations in effluent was imple-
mented in the late 1970’s, arsenic, cadmium, lead,
mercury, and zinc concentrations in the effluent report-
edly are substantially reduced (K.W. Kuit, Cominco
Metals, written commun., 1991). A new smelter for
lead, built in the late 1980’s, has further reduced the
mercury concentration in the effluent (Cominco
Metals, 1991a). Current plans call for further reduc-
tions in effluent discharges at the smelter by 1995
(Graham Kenyon, Cominco Metals, written commun.,
April 1993). The smelter company also operates an
ammonia phosphate plant that discharges about
2.5 tons per day of phosphate into the river (Cominco
Metals, 1991a).

Other permitted waste discharges in the
Columbia River downstream from Lower Arrow Lake
are from the municipal wastewater treatment facilities
in Castlegar and Trail, British Columbia. Both cities
have secondary sewage treatment plants that discharge
to the river. The municipal treatment system at Trail
overloads during and immediately following intense
storm flow, causing untreated sewage to discharge
directly to the river (Carl Johnson, British Columbia
Ministry of Environment, oral commun., February
1993). Permitted waste discharges also enter Lake
Roosevelt indirectly. They are mostly the treated
municipal wastes from the city of Spokane discharged
to the Spokane River (fig. 2) and the wastes from the
cities of Colville and nearby Chewelah discharged to
the Colville River tributary.

Nonpoint Sources

Mining activities in the drainage basin may con-
tribute trace elements to the reservoir. Four major
mining districts in the basin are shown on figure 5.
Historically, this area has been intensely mined for
zinc and lead, and less intensively mined for copper,
gold, silver, tin, tungsten, and molybdenum (Bunning,
1985; Mills, 1977). Other mining activities included
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the excavation of dolomite, silica, and clay. Today,
mining activities in the drainage basin have declined to
a comparatively low level, especially those for metal
ore production, with the exception of an active magne-
sium mine located about 15 mi south of Colville.
Even though most mines are no longer active, runoff
still may carry trace elements associated with mine
tailings into the reservoir.

A vast part of the drainage basin in the United
States and Canada is forest land. Only a small part of
the basin land use is used for agriculture, urban, or
industrial activities. Nonpoint-source runoff related to
forest practices and agriculture may contribute herbi-
cides, fertilizers, and sediment to the reservoir. The
bulk of the runoff related to urban activities most
likely originates from the city of Spokane, located on
the Spokane River about 70 river miles upstream of
Lake Roosevelt (fig. 2).

Notable atmospheric sources of pollution near
the study area are wood incineration near Kettle Falls,
air emissions from the smelter operation at Trail,
British Columbia, and urban and industrial emissions
from the city of Spokane (figs.1 and 2). Evaluation of
these potential sources of trace elements and organic
compounds in the Columbia River and Lake Roosevelt
is beyond the scope of this investigation.

Methods of Sampling

This section of the report outlines general proce-
dures used in the study. Later sections will present
specific details for the trace-element and organic-com-
pound analyses, the sediment bioassay, and the charac-
terization of benthic communities. Table 2 lists the
analyzing laboratory and types of analyses done on
bed-sediment, suspended-sediment, and centrifuged
water samples.
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Table 2. Laboratories conducting various analyses from the Lake Roosevelt study area, 1992

Analysis

Laboratory

Bed-sediment samples

Trace elements

Total organic carbon

Particle size

Methylene-chloride
extractable compounds

Chlorinated phenols, resin
and fatty acids, extrac-
table organic halides

Benthic invertebrates

Microtox®

Sediment toxicity tests

Nuclear Radiation Center, Washington State University, Pullman, Wash.

GeoAnalytical Laboratory, Washington State University, Pullman, Wash.

U.S. Environmental Protection Agency and Washington State Department of
Ecology Laboratory, Manchester, Wash.

Battelle Marine Science Laboratory, Sequim, Wash.

Zenon Environmental Laboratories, British Columbia, Canada

U.S. Department of Agriculture Agricultural Research Services Laboratory,
Washington State University, Pullman, Wash.
U.S. Geological Survey, Vancouver, Wash.

U.S. Geological Survey National Water Quality Laboratory, Arvada, Colo.

Zenon Environmental Laboratories, British Columbia, Canada

Chadwick and Associates, Littleton, Colo.

U.S. Fish and Wildlife Service, Ecological Services, Moses Lake, Wash.

Wright State University, Dayton, Ohio

Water and suspended-sediment samples

Dioxins and furans
Trace elements in water
Dissolved organic carbon

Trace elements,
suspended sediment

Total organic carbon,
suspended sediment

Enseco, Sacramento, Calif.

U.S. Geological Survey National Water Quality Laboratory, Arvada, Colo.
U.S. Geological Survey National Water Quality Laboratory, Arvada, Colo.
Battelle Marine Science Laboratory, Sequim, Wash.

U.S. Environmental Protection Agency and Washington State Department of

Ecology Laboratory, Manchester, Wash.
Battelle Marine Science Laboratory, Sequim, Wash.

Methods of Sampling
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Bed-sediment analyses included determinations
of trace-element and organic-compound concentra-
tions, sediment-toxicity tests, and benthic invertebrate
community structure as shown on figure 3. The con-
stituents, tests, and properties determined in bed sedi-
ment are shown in table 2. In addition to the bed-
sediment analyses from the reservoir and the
Columbia River, suspended-sediment and centrifuged
water samples were analyzed for trace elements and
dioxins and furans at one site in the Columbia River
upstream of Lake Roosevelt.

The general strategies and equipment used to
sample the Columbia River in this study were similar
to those discussed by Meade and Stevens (1990), who
have done extensive studies on large rivers. Proce-
dures for collecting and processing samples are out-
lined by the American Society of Testing Materials
(1991a,b) for sediment toxicity tests, by Edwards and
Glysson (1988) for bed and suspended sediment, and
by Britton and Greeson (1987) for benthic inverte-
brates. Some of the analytical procedures are dis-
cussed by Fishman and Friedman (1989) for inorganic
constituents and by Wershaw and others (1987) for
organic constituents.

Bed Sediment

Bed sediment was collected for the present
study from sites along the Columbia River, along the
length of Lake Roosevelt, at the mouths of several trib-
utaries to the lake, at banks along the lake, at public
beaches, at one site downstream from Lake Roosevelt,
and from reference sites in British
Columbia (see plate 1 for site locations). The results
of Ecology’s 1986 survey (Johnson and others, 1990)
of metals concentration gradients in Lake Roosevelt
had showed larger variations in the upper reach of the
reservoir. Consequently, for this study, sample sites in
the Columbia River and the reservoir were spaced at
slightly closer intervals in the upstream reach of Lake
Roosevelt and the Northport reach of the Columbia
River and were spaced more widely but uniformly in
the downstream part of the reservoir (pl. 1). The sam-
ple site numbers, names, and river mile locations are
shown in table 3. Because samples were collected at
sites at midstream or toward either bank, the site des-
ignations include the letters RB, LB, and MS (pl. 1) to
indicate that samples were collected on the right side
(toward the right bank from mid channel when facing
downstream), on the left side (toward the left bank

from mid channel when facing downstream), and near
the midsection (middle) of the channel, respectively.
Numbers 1 and 2 denote different sites toward the
same bank.

Most bed-sediment samples were collected with
a stainless steel van Veen sampler (fig. 6). From each
site, equal volumes of sediment from three to five
nearby locations were mixed to make a composite
sample to increase the area at each site represented by
the sample. For each sample, the top 0.5 to 1 inch
layer of sediment was removed for compositing. The
relatively undisturbed top layer of sediment in the van
Veen sampler indicated that the sediment sampler had
not mixed the sample substantially. Each composite
sample was mixed with Teflon blades in a glass bowl
and then subsampled for selected bed-sediment analy-
ses according to processes shown on figure 7.

Sample processing on the RV Estero took place
in a lab room separated from the main cabin by bulk-
heads fore and aft to minimize possible contamination
from the motor exhaust. A second boat, a 22-foot jet
boat equipped with a large plastic working platform
for sample processing, was used to collect samples
from the swift-moving reaches of the Columbia River
downstream from the international boundary and at
sampling sites in British Columbia. Samples collected
on the jet boat were temporarily stored in Teflon bags
and brought back to the RV Estero for processing.

Trace elements analyzed included but were not
limited to the six key elements of interest: arsenic,
cadmium, copper, lead, mercury, and zinc. Trace-
organic compounds selected for analyses included
methylene-chloride extractable compounds and wood-
pulp-related compounds such as chlorinated phenols.
Total organic carbon and particle-size distributions
were determined for samples from most sites.

Bed-sediment toxicity testing determined
whether the bed sediment would produce toxic
effects—death or reduced reproduction—on three
selected organisms: Hyalella azteca, an amphipod
that lives both in the water column and in the upper
layer of bed sediment; Ceriodaphnia dubia, a water
flea that lives primarily in the water column but is
commonly observed near the sediment surface; and
Photobacterium phosphoreum, a marine bacterium.
This marine bacterium is used in the rapid and inex-
pensive Microtox® toxicity test to identify areas of
toxicity at a large number of sites (Burton, 1992).
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Table 3. Site location, types of sampling, and analyses conducted at sites in the Lake Roosevelt study area

[LB, RB, and MS indicate samples were collected on right side (toward the "right bank" from mid channel), left side (toward the "left bank" from
mid channel), and near the mid-section channel, respectively, numbers 1 and 2 denote different sites toward the same bank; X, sample collected for
constituent or property; --, not sampled or not applicable for tributary river mile; H, Hyalella azteca; C, Ceriodaphnia dubia)

Photo-
bacter- Sedi-
Tribu- Methylene- Wood- ium ment
Site Site name tary Trace Total chloride pulp phos- Benthic toxi-
num- (see plate 1 for River river ele- organic extractable related phoreum inverte- city
ber  complete name) mile mile ments carbon compounds compounds' (Microtox®) brate test
Columbia River and major tributaries
3 Keenleyside Dam LB 781 -- X X -- -- X - -
4 Kootenay River MS 775 12 X X X -- X X HC
5 Kootenay River LB 775 11 X X -- - X - -
6 Pend D’Oreille River LB~ 746 2 X X X -- X - HC
7 Boundary RB 745 -- X X -- -- X X -
8 Boundary LB 745 - X X - - X - HC
9  Auxiliary Gage RB 743 -- X X - - X - -
10 Auxiliary Gage LB 743 -- X X -- -~ X X HC
11 Goodeve Creek RB 738 -- X X -- -~ X X HC
12 Goodeve Creek LB 738 -- X X -- - X - --
14  Fivemile Creck LB 733 -- X X -- - X - HC
15 Onion Creek LB 730 -- X X - - X X HC
16 Onion Creek RB 730 -- X X . - X - -
25 Kettle River RB1 707 43 X X X - X - HC
26  Kettle River RB2 707 43 X X -- - - -- --
27  Kettle River LB 707 43 X X -- -~ -- -- --
29  Colville River MS 700 0.9 X X X -~ X - HC
30 Colville River RB 700 0.9 X X -- - - X -
31 Colville River LB 700 0.9 X X - - -~ - -
52 Spokane River MS 639 6.2 X X - - - .
53  Spokane River LB 639 53 X X X -- X HC
54  Spokane River RB 639 59 X X - - - - -
62  Sanpoil River MS 616 72 X X X - X X HC
63  Sanpoil River LB 616 72 X X - - — - -
64  Sanpoil River RB 616 72 X X - -- - -- -
72 Rufus Woods Lake LB 587 - X X - - X - -
Reservoir
1 Lower Arrow Lake LB1 787 - X X X X X X HC
2 Lower Arrow Lake LB2 787 - X X -- - X - HC
17 China Bend RB 724 - X X -- -- X X HC
18  China Bend MS 724 - X - - - - - -
19 Bossborg RB 717 - X X - - X HC
20  Summer Island RB1 710 - X X -- -- X X HC
21  Summer Island RB2 711 -- X X - - X - _
22 Marcus Island MS 708 - X X X X X - HC
23 Marcus Island RB 708 -- X X -- - -- - -
24 Marcus Island LB 708 - X X - - - X -
28  West Kettle Falls LB 702 - X X X - X -- --
35 Haag Cove RB 697 -- X X -- -- X X -
36 Haag Cove MS 697 - X X - - . . -
37  French Point Rocks RB 691 - X X - .- - - -
38  French Point Rocks MS 691 -- X X X X X X HC

Methods of Sampling
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Table 3. Site location, types of sampling, and analyses conducted at sites in the Lake Roosevelt study area--Cont.

Photo-

bacter- Sedi-

Tribu- Methylene- Wood- ium ment

Site Site name tary Trace Total chioride pulp phos- Benthic toxi-

num- (see plate 1 for River river ele- organic extractable related phoreum inverte- city

Reservoir--Continued

39 French Point Rocks LB 691 - X X - - - - -
40 Cheweka Creek LB 681 -- X X -- - X X -
41  Gifford MS 676 - X X -- - X . -
42  Gifford LB 676 - X X - -- - - -
43  Gifford RB 676 - X X - - - - -

46 Hunters LB 662 -- X X -- - X -- HC
47  Ninemile Creek MS 648 -- X X - - - - -
48 Ninemile Creek LB 648 -- X X -- - -- X -
49  Ninemile Creek RB 648 - X X - - X - --
51 Fort Spokane RB 640 -- X X -- - X -- -
56 Seven Bays MS 634 - X X X . - - -

57 Seven Bays RB 634 - X X - -- X X HC
58 Seven Bays LB 634 - X X - - - - -

61 Whitestone Creek MS 621 -- X X - - X -- HC
66 Keller Ferry RB 612 - X X -- -- X - -
68 Swawilla Basin RB 605 - X X = - - - .
69 Swawilla Basin LB 605 - X X -- - X X -
70 Swawilla Basin MS 605 -- X X X -- - - -

71  Grand Coulee Dam RB 596 -- X X - -- X - HC

Minor tributaries
33 Sherman Creek MS 700 03 X X - - X -- -
44  Hall Creek LB 675 09 X X -- -- -- - -
45 Hall Creek MS 675 0.9 X X -- -- X - -
55 Hawk Creek RB 634 1.6 X X - - X - -
Beach
13 Big Sheep Creek RB? 736 - X X - - - - -
32 Colville River LB 699 -- X X - -- - - -
34 Bradbury LB 694 -- X X -- -- -- -- -
67 Keller Ferry LB 615 -- X X -- - -- - -
Bank

50 Ninemile Creek RB 648 - X - -- - - - -
59 Seven Bays LBI1 636 -- X - -- - -- - --
60 Seven Bays LB2 636 -- X -- - -- - - -
65  Sanpoil River RB 616 -- X - -- - - - -

!Not including dioxins and furans collected in the Columbia River at Northport.
Delta deposit.
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cient amounts of suspended sediments required several
hundred or thousand liters of water to provide enough
sediment for chemical analyses of environmental and
quality-control samples. Second, the mouth of the
Pend D’Oreille at the Columbia River

1s located 9 mi upstream of the sampling section,

and mixing of the two rivers may be incomplete at
the sampling locations on the Columbia River at
Northport. An analysis of mixing within this reach,
performed by Sigma Engineering (1987), was based
on transverse mixing by turbulent diffusion (described
by Fischer and others, 1979) and used channel charac-
teristics for the Columbia River upstream from the
mouth of the Pend D’Oreille River (fig. 1; pl. 1). The
transverse mixing calculation indicated that mixing
was incomplete at about 5 mi downstream from the
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The authors of the current study duplicated the
analysis described by Fischer and others (1979); the
analysis included river channel and flow characteris-
tics measured at a gaging station located midway
between the confluence and the sampling section at
Northport. The results were similar to the earlier
work. Because the two rivers were suspected to be
incompletely mixed, this study used depth-width inte-
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Figure 8. Simplified schematic of trace-element and dioxin and furan sampling of the Columbia

River at Northport, Washington.
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The authors of the current study duplicated the
analysis described by Fischer and others (1979); the
analysis included river channel and flow characteris-
tics measured at a gaging station located midway
between the confluence and the sampling section at
Northport. The results were similar to the earlier
work. Because the two rivers were suspected to be
incompletely mixed, this study used depth-width inte-
grated sampling (Horowitz, Rinella, and others, 1989;
Martin and others, 1992).

To provide a general comparison, water and sus-
pended-sediment samples were collected using two
procedures, each of which was designed to overcome
one of the major challenges to obtaining representative
samples of the Columbia River at Northport. First,
depth- and width-integrating techniques were used to
collect representative samples of the total flow in the
river cross section. However, the small concentrations
of suspended sediment (20-year median value,

5 mg/L) in the Columbia River at Northport limited
the amount of sample that could be obtained in a rea-
sonable time. Second, point-source pumping tech-
niques were used to collect larger quantities of water
and suspended sediment. However, only a small frac-
tion of the river’s cross section was sampled, rendering
the sample non-representative of flow in the cross sec-
tion.
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TRACE AND OTHER ELEMENT
OCCURRENCE IN BED AND
SUSPENDED SEDIMENT

Most trace elements, such as arsenic, mercury,
cadmium, and lead, are strongly associated with bed
sediment. Thus, in most river systems the concentra-
tion of trace elements in bed sediments is far greater
than the concentration of trace elements dissolved in
the water column (Gibbs, 1977; Horowitz, 1991).
Trace elements occur naturally, at a variety of concen-
trations, in the bed sediments of rivers and lakes, and
their occurrence is primarily the result of weathering
of rocks at the Earth's surface. Added to these natu-
rally occurring concentrations may be anthropogenic
contributions from urban, industrial, agricultural, and
other sources. Trace elements associated with sedi-
ments deposited on the reservoir bottom may provide a
record of natural and anthropogenic sources. Data on
trace-element concentrations in suspended and bottom
sediments are needed as a starting point in assessing
the potential availability of trace elements in the Lake
Roosevelt system.

This part of the study addressed the following
specific objectives:

1. To determine the concentrations of selected trace
elements in the bed sediments of the Columbia
River, Lake Roosevelt, and its other tributaries;

2. To determine the concentrations of trace and
other elements in suspended sediment from the
Columbia River as it enters Lake Roosevelt by
using a limited number of samples and available
data;

3. To compare the observed concentrations of selected
trace elements in bed sediments to sediment-
quality guidelines and to concentrations found in
other sediments at reference sites including those
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outside the drainage basin of Lake Roosevelt;
and

4. To identify trace-element sources and other factors
influencing the spatial distribution of trace and
other elements in bed sediments.

Data in this section of the report will show the
following results.

* Relative to reference sites, elevated concentrations
of arsenic, cadmium, copper, lead, mercury,
and zinc were found in bed sediments of Lake
Roosevelt and the Northport reach of the
Columbia River.

* Relative to reference sites, elevated concentrations
of arsenic, cadmium, copper, lead, mercury, and
zinc were found in suspended sediment carried by
the Columbia River at Northport.

* Concentrations of copper, lead, and zinc in the
Northport reach of the Columbia River and Lake
Roosevelt commonly exceeded sediment-quality
guidelines.

In the Northport reach of the Columbia River and
Lake Roosevelt, copper and zinc were found in
large concentrations, relative to reference sites, in
sand-size sediments containing slag particles.

The Spokane River is a potential source of elevated
zinc concentrations in the bed sediments of the
lower reach of Lake Roosevelt.

Methods

Bed-sediment samples were collected from
Lake Roosevelt, the Northport reach of the Columbia
River, major and minor tributaries, and beaches. A
limited number of samples were also collected from
bank deposits along the mid and lower reaches of the
reservoir. Sediment samples for trace-element analy-
ses were collected from a total of 72 sites. Total trace-
element concentrations were determined in bed sedi-
ment at all sites, and at 18 sites total-recoverable con-
centrations also were determined.

Sediment collection and processing procedures
used for this study employed noncontaminating tech-
niques. Collected sediment came in contact with only
glass, plastic, or Teflon during handling. For example,
samples were taken by a Teflon scoop from the center
of a stainless steel sampler without touching the sides
of the sampler, and the samples were placed in a glass
mixing bowl for homogenizing. Homogenized sam-
ples were wet sieved with a teflon blade through a
2-mm nylon screen, and material passing through the

sieve was split into polyethylene sample containers.
All equipment was cleaned between sites as detailed in
appendix A. Before analysis of total trace elements,
sediment samples and quartz sediment blanks were
dried in the sample containers at 60°C for 3 to 5 days
and then ground to a powder of approximately

0.04 mm size by use of a tungsten-carbide mill. Sedi-
ment samples for total recoverable trace-element anal-
ysis were dried but not ground. Methods of collecting
and processing suspended sediment are discussed in
the next major section.

Quality-control samples were submitted to ana-
lyzing laboratories to assess analytical accuracy and
precision. The accuracy of sediment-sample analyses
for total arsenic, cadmium, copper, lead, mercury, and
zinc was evaluated by comparing four laboratory anal-
yses with certified values for the standard reference
materials (table 4). The laboratory-determined con-
centrations were within the certified concentrations in
19 of 24 analyses (six elements times concentrations
of the four blind samples). None of the concentrations
of the six elements (arsenic, cadmium, copper, lead,
mercury, and zinc) was consistently outside of the cer-
tification ranges. Accuracy also was evaluated by
comparisons of trace-element analysis from two labo-
ratories using different methods (table 5). Analysis of
bed-sediment samples resulted in the following rela-
tive percent differences (see glossary): arsenic (0-43),
cadmium (12-33), copper (2-60), lead (0-6), mercury
(12-40), and zinc (0-15). Thirteen of 18 interlabora-
tory samples had relative percent difference values of
25 or less. The precision of the sediment chemistry
analyses was evaluated by comparing analytical
results of duplicates of a composite sediment sample
(table 6). Most sediment analyses agreed within a
range of 0 to 15 relative percent difference; 22 of 24
duplicates had a relative percent difference value of 10
or less. The analytical methods are summarized in
table 7. Data from quality-control samples from this
study indicate good overall data quality.

Selected bed-sediment samples also were analyzed by
the Department of Geology at Washington State University
to determine the proportion of slag particles (by grain
count) in the sample. For each sediment sample, the per-
centage of slag particles was determined by counting the
number of slag particles per 200 grains under a microscope.
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Table 4. Analyzed concentrations of total arsenic, cadmium, copper, lead, mercury, and zinc and
certified concentrations of standard reference material

[Concentrations are in milligrams per kilogram; ICP-MS, inductively coupled plasma mass spectroscopy; INAA, instrumental neutron
activation analysis; cold vapor AAS, atomic absorption spectroscopy; <, less than]

Analyzed concentrations

Analyzed concentrations  Standard reference

Standard reference material 2704-- Buffalo Buffalo
Total material 1646 Estuarine Estuarine Buffalo River River River
trace Estaurine sediment sediment sediment sediment, certified sediment sediment
element Method certified concentration blind 1 blind 2 concentration blind 3 blind 4
Arsenic  INAA 116 *£ 13 10 12 234 £ 08 2] 25
Cadmium 1CP-MS 36 £ .07 <0.5 ls5 345+ 22 3.5 138
Copper  ICP-MS 18 * 3 21 19 986 + 50 100 98
Lead ICP-MS 282 * 18 28 28 161 * 17 152 165
Mercury  Cold vapor AAS 063+t 012 .08 08 147 07 1.5 1.5
Zinc ICP-MS 138 * 6 135 136 438 * 12 437 1429

1Not within certified range

Table 5. Interlaboratory comparison of total trace-element concentrations for three selected bed-
sediment samples

[LB, RB, and MS indicate samples were collected on right side (toward the "right bank" from mid channel), left side (toward the "left
bank" from mid channel), and near the mid-section channel, respectively, numbers 1 and 2 denote different sites toward the same bank;
Laboratory 1, Geoanalytical Laboratory, Geology Department, Washington State University (WSU), Nuclear Radiation Center, WSU;
Laboratory 2, Battelle Marine Sciences Laboratory; see table 7 for method of analysis; relative percent difference of duplicate analysis
(see glossary) is shown in parentheses]

Site Site name Labor- Concentration, in milligrams per kilogram
num-  (see plate 1 for atory-
ber complete name) method Arsenic Cadmium Copper Lead Mercury Zinc
2 Lower Arrow Lake LB2 1 1.9 0.5 7 32 <0.05 60
2 2.8 (38) 0.7 (33) 13 (60) 34 (6) 0.06 (18) 70 (15)
12 Goodeve Creek LB 1 24 5.7 670 370 0.9 3,200
2 37 (43) 7.3 (25) 620 (8) 370 (0) 0.8 (12) 3,200 (0)
57  Seven Bays RB 1 22 23 40 75 0.2 320
2 22 (0) 2.6 (12) 39 (2) 72 (4) 0.3 (40) 320 (0)
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Table 6. Concentrations of trace elements in replicate and duplicate samples

[Replicate samples are from five individual grabs at a sampling site; duplicate samples are identical samples taken from composite sample;
relative percent difference of duplicate analysis (see glossary) is shown in parentheses; LB, RB, and MB indicate samples were collected on
right side (toward the "right bank" from mid channel), left side (toward the "left bank" from mid channel), and near the mid-section channel,

respectively), numbers 1 and 2 denote different sites toward the same bank; --, no data; <, less than]

Site Site name
num- (see plate 1 for

Concentration, in milligrams per kilogram

ber complete name) Date Time  Arsenic Cadmium  Copper Lead Mercury Zinc
Columbia River and tributary
3 Kootenay River LB 10-10-92 1600 <7.0 0.5 20 27 <0.05 120
10-10-92 1601 2.6 <0.5 -- 30 <0.05 -
10-10-92 1602 <5.0 <0.5 - 27 <0.05 -
10-10-92 1603 2.0 <0.5 -- 25 <0.05 --
10-10-92 1604 <5.0 0.9 - 26 <0.05 --
9 Auxilary Gage RB 10-05-92 1640 43 1.1 2,600 270 0.2 13,000
10-05-92 1641 45 1.3 -- 360 0.1 --
10-05-92 1642 59 1.0 -- 430 0.1 -
10-05-92 1643 50 1.1 -- 380 0.2 --
10-05-92 1644 66 O 01.8 -- 420 0.2 --
12 Goodeve Creek LB 10-03-92 1430 22 5.7 670 370 0.9 3,200
10-03-92 1431 24 (8.6) 54 (54) 680 (1.5) 380 (2.6) 0.8 (12) 3,200 (0)
Reservoir
1 Lower Arrow Lake LB1 10-10-92 0900 2.0 0.5 7.0 28 <0.05 49
10-10-92 0901 19 (5.1) <05 (0) -- 28 (0) <0.05 (0) -
20 Summer Island RB1 10-07-92 1440 20 11 300 660 2.7 1,800
10-07-92 1441 16 10 -- 630 1.2 --
10-07-92 1442 20 11 - 640 2.7 -
10-07-92 1443 20 11 -- 630 2.7 --
10-07-92 1444 18 10 -- 640 23 -
51 Fort Spokane RB 10-12-92 1710 21 6.0 79 240 1.1 550
10-12-92 1711 22 46) 57 (5.1) 79 (O 240 (0) 1.1 (0) 540 (1.8)
61 Whitestone Creek MS 10-14-92 1345 16 9.8 76 290 1.4 1,000
10-14-92 1346 18 10 - 310 1.5 -
10-14-92 1347 -- 10 - 310 1.5 -
10-14-92 1348 19 10 - 310 1.6 -
10-14-92 1349 18 11 -- 290 1.5 -
66 Keller Ferry RB 10-15-92 1130 15 39 52 200 0.5 570
10-15-92 1131 14 (68 39 (0 -- 200 (0) 0.5 (0) -
Minor tributary
44 Hall Creek LB 10-10-92 1430 8.0 12 30 50 0.1 150
10-10-92 1431 8.1 (1.2) 14 (15) - 47 (6.1) 0.1 (O -
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Observed Concentrations

Relative to reference sites, elevated concentra-
tions of total arsenic, cadmium, copper, lead, mercury,
and zinc were found in bed sediments of Lake
Roosevelt and the Northport reach of the Columbia
River. Median bed-sediment concentrations for all
reaches of Lake Roosevelt were 16, 6.2, 85, 310, 1.3,
and 970 mg/kg for arsenic, cadmium, copper, lead,
mercury, and zinc, respectively (table 8). Median con-
centrations of arsenic, copper, and zinc in bed sedi-
ment of the Northport reach of the Columbia River
were considerably larger than median concentrations
in Lake Roosevelt; in the Columbia River, median
concentrations of total arsenic, copper, and zinc were
32, 2,600, and 13,000 mg/kg, respectively. Sediments
and soils used as reference sites commonly contained
concentrations of trace elements that were smaller by
an order of magnitude. These reference sites were
shale rock, local soils in northeastern Washington,
soils in western United States, bed and suspended sed-
iments in Lower Arrow Lake in Canada, and bed sedi-
ment from rivers and lakes in other parts of the Nation.

Summary data for trace-element concentrations
in bed sediment for reaches of Lake Roosevelt and the
Columbia River, major and minor tributaries, beach
and banks, and other sediment and soil are shown in
table 8. Concentrations of total arsenic, cadmium,
copper, lead, mercury, and zinc are given for each site
in table 35 at the end of the report.

To provide a comparison of total trace-element
concentrations in Lake Roosevelt with results from
other investigations that used total-recoverable analy-
sis, sediment from a subset of 18 sites was split and
analyzed for total-recoverable trace elements. Total
concentration methods determine the concentrations in
all or nearly all of the sediment sample, and concentra-
tions obtained by these methods are regarded as being
greater than or equal to 95 percent of the actual con-
centration (Horowitz, 1991). Total-recoverable meth-
ods use strong-acid digestion procedures that are not
expected to digest all of the sediment so that the ana-
Iytical results represent less than the “total” or actual
concentration.

A comparison of the results from the total-con-
centration analysis and the total-recoverable analysis
is tabulated in table 9. For cadmium, copper, lead, and
zinc, median total-recoverable concentrations ranged
from 89 to 96 percent of the total concentrations
(95 percent or more of actual); for mercury and
arsenic, median total-recoverable concentrations

ranged from 44 to 64 percent of total concentrations.
However, the range varied from 20 to 134 percent for
individual trace-clement samples. Percents greater
than 100 are possible if the analytical data for (otal
recoverable trace-clement concentrations are larger
than expected and analytical data for total concentra-
tions are lower than expected.

Comparison of Trace-Element
Concentrations in Bed Sediment
to Sediment-Quality Guidelines

Concentrations of trace elements in bed sedi-
ment were compared with sediment-quality guidelines
for fresh-water environments developed by the
Water Resources Branch of the Ontario Ministry of
Environment and Energy, Canada (Persaud and others,
1991; Jaagumagi, 1993). These guidelines are based
on two levels of toxic effects. The first level, termed
the lowest-effect level, represents trace-element con-
centrations that affect sensitive species, but which can
be tolerated by most benthic organisms. The second
level, the severe-effect level, represents trace-element
concentrations at which “pronounced disturbances of
the sediment-dwelling community can be expected”
(Persaud and others, 1991; Jaagumagi, 1993). Con-
centrations at or exceeding the severe-effect level are
considered detrimental to most benthic species.
Guidelines developed by the Ontario Ministry of
Environment and Energy were based on a total-recov-
erable analysis of bulk sediment using dissolution in
aqua regia (hydrochloric:nitric, 3:1 acid digestion;
Jaagumagi and Persaud, 1993).

The total trace-element concentrations exceeded
the severe-effect guidelines at 28 sites in the Northport
reach of the Columbia River and Lake Roosevelt (table
10), but because the total trace-element analysis meth-
ods yield larger concentrations than total-recoverable
methods, the actual number of sites with severe-effects
concentrations may be less. A direct comparison of
trace-element concentrations from total-recoverable
methods used in development of the sediment-quality
guidelines and trace-element concentrations from total
concentration methods used in this study is not avail-
able. However, the total trace-element concentrations
would not be expected to exceed the total-recoverable
concentrations by more than 100 percent, as shown in
table 9. Copper, lead, or zinc exceeded the severe-
effects level concentrations by 100 percent or more at
18 sites in the Columbia River and Lake Roosevelt
(table 10). At several sites copper and zinc exceeded
the severe-effects guideline by more than a factor of
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20. The sites where concentrations exceeded severe-
effect guidelines by more than 100 percent were clus-
tered in the Columbia River and the upper reach of the
reservoir. Total concentrations of arsenic, cadmium,
and mercury all exceeded the severe-effects level at
several sites, but none by more than 60 percent. Addi-

Table 8. Concentration of trace elements in sediment,

tional sediment guidelines and criteria from various
sources are summarized in a report by Bennett and
Cubbage (1991). The sediment-quality guidelines
described in their report were also exceeded at many
sites within Lake Roosevelt and the Northport reach of
the Columbia River.

rock, soil, and slag

[Concentrations are in milligrams per kilogram; median or mean concentrations of trace elements are in parentheses; sediment
concentrations larger than median concentrations of all reaches in Lake Roosevelt bed sediment are in bold type; --, no data or not
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applicable]
Number
Location of samples Arsenic Cadmium  Copper Lead Mercury Zinc
Bed sediments, Lake Roosevelt
Lake Roosevelt, upper reach 5 (median) 20 6.3 300 430 1.4 2,000
Lake Roosevelt, middle reach 18 (median) 15 7.0 98 380 14 930
Lake Roosevelt, lower reach 9 (median) 16 4.7 55 190 5 570
Lake Roosevelt, all reaches 32 (median) 16 6.2 85 310 1.3 970
Bed sediments, Columbia River/Lower Arrow Lake
Columbia River, reach [V} 6 (median) 17 2.8 510 360 0.6 3,800
Columbia River, Northport reach 9 (median) 32 12 2,600 310 3 13,000
Lower Arrow Lake, reach | 2 (mean) 1.7 S 7.0 30 <0.05 54
Suspended sediments, Columbia River/Lower Arrow Lake
Columbia River, reach [V!7 3 (median) 47 18 250 840 55 1,400
Columbia River, at Northport 3 (median) 40 13 360 490 8.7 1,500
Lower Arrow Lake, reach I'7 3 (median) 34 <1 48 46 .05 310
Bed sediment, major and minor tributaries
Colville River 3 (median) 6.0 33 39 68 0.2 260
Kettle River 3 (median) 2.4 <0.5 23 20 <0.05 44
Sanpoil River 3 (median) 7.3 .9 36 23 .05 160
Spokane River 3 (median) 19 6.0 42 120 .1 1,000
Hall Creek 2 (mean) 6.8 1.3 30 38 .09 140
Hawk Creek 1 - 20 1.0 29 35 <0.05 170
Sherman Creek 1 - 1.4 1.8 9.0 49 .10 140
Beach and bank sediments
Beach 3 (median) 32 <0.5 9.0 23 <0.05 75
Bank 4 (median) 19 <0.5 -- 21 <0.05 90
Other sediment and soil
World average shale? - - 13 0.3 45 20 04 95
Soils, Okanogan County? 3 (mean) 3 <2 30 13 04 75
Soils, Spokane and Stevens Counties® 3 (mean) 10 <2 29 19 .07 84
Soils, western United States® -- (mean) 55 -- 21 17 .05 55
Rivers and lakes, United States® 61 (median) 4 - 11 15 .03 47
Slag

Slag, treated® - - 100 10 6,000 870 <0.005 25,000

Taina Tuominen, Environment Canada, written commun., March 1993 (data collected 1990-1991).
2Bowen, 1966.

3Kenneth Ames, U.S. Geological Survey, written commun., April 1993.

4Shacklette and Boerngen, 1984.

SHorowitz, Elrick, and Hooper, 1989a.

5Cominco Metals, 1991b; Kuit, W.J., Cominco Metals, written commun., October 1991; R.W. Abbey, Cominco Metals, written

commun., December, 1993; Nener, 1992.
7Total recoverable trace elements.
*Two samples instead of three.
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Table 10. Total trace-element concentrations in bed sediment exceeding sediment-quality guidelines for
severe-effect level

[Total concentrations exceeding guidelines by 100 percent or more are in bold type; R, Lake Roosevelt site; C, Columbia
River; T, tributary; D, delta deposit; LB, RB, and MS indicate samples were collected on right side (toward the "right bank”"
from mid channel), left side (toward the "left bank" from mid channel), and near the mid-section channel, respectively,
numbers 1 and 2 denote different sites toward the same bank; a severe-effect level is a concentration that would be
detrimental to a majority of benthic species; mg/kg, milligrams per kilogram; --, respective trace-element concentration did
not exceed severe-effect level]

Concentrations of trace elements meeting
or exceeding severe-effect level
(in parentheses)

Site Site name

num- (see plate 1 for Site Arsenic Cadmium  Copper Lead Mercury Zinc

ber for complete name) type (33 mg/kg) (10 mg/kg) (110 mg/kg) (250 mg/kg) (2 mg/kg) (820mg/kg)

6 Pend D’Oreille River LB T -- -- -- -- -- 1,600

7 Boundary RB C 52 -- 3,300 480 -- 17,000

8 Boundary LB C 34 -- 2,700 280 -- 13,000

9 Auxiliary Gage RB C 43 -- 2,600 270 -- 13,000
10 Auxiliary Gage LB C 35 -- 3,000 310 -- 16,000
11 Goodeve Creck RB C -- -- 2,900 310 -- 17,000
12 Goodeve Creek LB C -- - 670 370 -- 3,200
13 Big Sheep Creck RB D -- -- -- -- -- 1,600
15 Onion Creek LB C -- -- 540 340 - 3,600
16 Onion Creek RB C -- -- 800 300 -- 4,600
17 China Bend RB R -- -- 550 480 - 3,000
18 China Bend MS R 33 -- 3,000 430 -- 22,000
19 Bossborg RB R -- -- 230 280 -- 1,400
20 Summer Island RB1 R - 11 300 660 2.7 1,800
21 Summer Island RB2 R - - 170 420 -- 2,000
22 Marcus Island MS R -- - 170 310 -- 1,000
24 Marcus Island LB R -- -- 410 510 -- 2,200
28 West Kettle Falls LB R -- -- 290 440 -- 1,700
35 Haag Cove RB R -- -- 150 490 2.2 1,100
36 Haag Cove MS R -- -- 260 400 -- 1,800
37 French Point Rocks RB R -- - -- 390 -- 930
38 French Point Rocks MS R -- -- 220 570 2.3 1,300
40 Cheweka Creek LB R -- -- -- 550 -- 1,000
41 Gifford MS R -- -- 110 470 2.8 1,000
42 Gifford LB R -- -- 110 480 2.5 940
46 Hunters LB R - -- -- 380 - -
47 Ninemile Creek MS R -- -- -- 270 -- --
52 Spokane River MS T -- 10 -- -- -- 1,800
53 Spokane River LB T -- -- -- -- -- 1,000
54 Spokane River RB T -- - -- -- -- 980
58 Seven Bays LB R -- 10 -- 320 -- 1,100
61 Whitestone Creek MS R - -- -- 290 -- 1,000
70 Swawilla Basin MS R -- -- -- 310 -- 1,100

Sediment-Quality Assessment of Franklin D. Roosevelt Lake and the Upstream Reach of the Columbia River, Wash., 1992



Comparison of Trace-Element
Concentrations in Bed Sediment to
Upstream and Downstream Sites of
Lake Roosevelt

Comparisons of the bed-sediment concentra-
tions of arsenic, cadmium, copper, lead, mercury, and
zinc from Lake Roosevelt and other sites on the
Columbia River upstream and downstream of this
study area or on tributaries to the Columbia River are
shown on figure 9. Trace-element concentrations in
Northport reach of the Columbia River and Lake
Roosevelt sediment were distinctly larger than those
from other sites on the Columbia River. Bed sediment
from a site at the confluence of the Columbia and
Willamette Rivers (see figure 5 for location) showed
similarly elevated concentrations of some of the trace
elements. Inputs from urban and industrial activities
from the Willamette River Basin are possible explana-
tions for elevated concentrations of some trace ele-
ments.

Data collected for this study and data collected
for other studies should be compared qualitatively.
Differences in trace-element concentration from dif-
ferent studies may represent both compositional varia-
tions of the sediment and methodological variations
resulting from different analytical procedures (the pro-
cedures used by the different investigators are shown
in table 11). Although the minimum values of the
total-recoverable concentrations for individual trace
elements may range from 20 to 75 percent of the total
concentration as shown in table 9, the differences are
small compared to the order-of-magnitude differences
observed between Lake Roosevelt and the Northport
reach of the Columbia River and downstream and
upstream sites shown on figure 9.

Spatial Variability and Sources of
Sediment

The spatial variability and sources of trace ele-
ments are discussed in three parts corresponding to
three distinct bodies of water or potential sources of
sediment: the Northport reach of the Columbia River
and Lake Roosevelt, the major and minor tributaries,
and the banks and beaches.

Northport Reach of the Columbia River and
Lake Roosevelt

Total copper and zinc concentrations in bed sed-
iments were elevated in the Northport reach of the
Columbia River and then decreased with distance
downstream in the reservoir sediments (figs. 10 and
11). Copper and zinc concentrations were larger in the
Northport reach of the Columbia River and in the
upper reach of Lake Roosevelt and relatively smaller
(still large compared to reference sites) in the mid and
lower reaches (figs. 10 and 11). For example, median
copper and zinc concentrations were 2,600 and
13,000 mg/kg in the Northport reach of the Columbia
River, and median concentrations of these elements
were 98 and 930 mg/kg in the mid reach of the reser-
voir (table 8), respectively. Several trace elements fol-
lowed a pattern similar to copper and zinc—large
concentrations in the Northport reach that decreased
progressively through the upper and mid reaches. The
pattern of total antimony and iron concentrations in
bed sediment was almost identical to copper and zinc
(fig. 10). Total arsenic, barium, chromium, and man-
ganese concentrations also exhibited similar but less
pronounced patterns (fig. 12). The concentrations of
eight elements (antimony, arsenic, barium, chromium,
copper, iron, manganese, and zinc) were significantly
correlated positively with each other and followed the
same general pattern of larger concentrations near the
international boundary (RM 745) and smaller concen-
trations down reservoir to French Point Rocks (RM
691). Beyond French Point Rocks the concentrations
of seven of these eight elements (manganese was the
exception) remained nearly the same downstream to
Grand Coulee Dam (fig. 12).

Slag particles discharged to the Columbia River
by an upstream smelter facility are a probable source
of the elevated trace-element concentrations in the bed
sediment of the Northport reach and the upper reach of
Lake Roosevelt because (1) slag contains large trace-
element concentrations found in these sediments,

(2) the dominant fraction of slag is sand size, which is
the predominant size of the bed sediments in the
Northport reach of the Columbia River and the upper
reach of Lake Roosevelt, and (3) suspended sediment
entering Lake Roosevelt contained silt- size slag parti-
cles enriched in trace elements.
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