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(ABSTRACT)

The objective of this research was to measure the concentrations of the cadmium,

chromium, copper, lead, mercury and zinc in bass and carp taken from the Occoquan Reservoir

in Virginia with three purposes in mind.  First, to determine whether the amounts of metals

present represent any hazard to humans when the fish are used as food.  Second, to assess the

degree of change in the concentrations over time when compared with a previous study.  Third,

to discover whether the geographical patterns of metal concentrations point to source areas of

elevated stream contamination.

Fish were collected from three stations. Liver and fillet samples were prepared using wet

digestion techniques and analyzed using an atomic absorption spectrophotometer.  Average

concentration in the edible fillet of all fish sampled for all metals studied were below published

action levels.  Eleven out of sixty-four bass had levels of lead in the fillet above a US FDA action

level of 0.25 µg/g.  Zinc and copper in bass livers, and zinc in carp livers were significantly

higher than in fish sampled in the earlier study.  However these increases could be caused by

seasonal variations, and not be indicative of a long-term increase in metals levels.  Bass from the

arm of the reservoir that passes through the most highly developed area of the watershed were

found to have significantly higher liver copper levels and fillet mercury levels, than did bass

taken from the other stations.
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CHAPTER 1.  INTRODUCTION

Background

The release of trace metals into the environment is of concern both for the potential

damage to the ecosystem as well as possible human health effects.  Chronic and acute effects of

high levels of trace metals on aquatic life are well documented (Förstner and Wittmann 1981,

Moore and Ramamoorthy 1984, USEPA 1984 A-E, USEPA 1980).  Likewise, the negative

impact of metals on human health has also been investigated (Ellis et al. 1984, Enserink et al.

1991, Fulton et al. 1989, Magnavita 1989, Nakagawa 1990, Neggers and Stitt 1986, Nriagu 1984,

Sherlock 1985, Tsuchiya et al. 1987, USEPA 1984 A-E, USEPA 1980). Pathways of exposure to

humans from an aquatic ecosytem include ingestion of contaminated water and ingestion of fish

and shellfish.

Fish can accumulate metals in three ways: through diet, directly from the water, and from

sediment (Biddinger and Gloss 1984, Dallinger et al. 1987).  Terms such as bioconcentration,

bioaccumulation, and biomagnification have been used to discuss this accumulation.

Bioconcentration is defined as the chemical (metal) residue obtained directly from the water.

Bioaccumulation is the residue obtained from both food and water, and biomagnification is the

process of bioaccumulation where tissue levels of toxicants increase in higher trophic levels

(Biddinger and Gloss 1984).  In a review of the literature, Biddinger and Gloss (1984), found
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evidence of biomagnification only in regard to mercury accumulation, though food was a major

source of accumulation of zinc in fish.  Dallinger et al. (1987), maintained that the uptake of

metals through food chains is an important factor even if biomagnification does not occur. Other

research has supported this (Berg et al. 1995, Douben 1989, Patrick and Loutit 1978, and Renfro

et al. 1975).

The Occoquan Reservoir located in Northern Virginia, serves as a potable water supply

source for Fairfax County.  It is also used for recreational boating and fishing.  In the late 1970's

studies were conducted to assess the processes affecting transport and fate of trace metals into the

watershed (Randall et al. 1980) including the degree of trace metal contamination of fish tissue

(Gawlik 1979).  Major sources of metals to the watershed included stormwater runoff and

sewage loading from a municipal wastewater treatment plant. Copper Sulfate is also used in the

reservoir as an algaecide and this treatment is a major source of copper.  In 1993 and 1994 (the

two years samples were collected for this study), 50,900 and 65,600 lbs respectively of copper

sulfate was introduced into the watershed for this purpose (Post 1998). In addition, it was found

that increased urbanization generally resulted in increased metal loading from runoff.  It was also

seen that the reservoir acts as a collector of metals with the majority of metals attaching to

bottom sediments (Randall et al. 1980). Other researchers have shown a connection between

urban runoff and elevated metal concentrations in fish (Campbell 1994).

In analyzing trace metals in fish from the Occoquan Reservoir, Gawlik (1979) collected

samples from three sites on the reservoir and analyzed them for the following metals: cadmium,

chromium, copper, lead, zinc and mercury.  These elements were chosen because they had been
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"shown to have the greatest impact on man, aquatic organisms, and the Occoquan basin" (Gawlik

1979).   These results were compared with those of metal levels in fish taken from a control

reservoir (Pelham reservoir) which received little urban runoff.  Mercury levels in muscle of bass

over 1500 g (3.3 lbs.) were found to exceed the 0.50 µg/g action level, with the average

concentration of mercury in bass being 0.271 µg/g in the Occoquan Reservoir. Concentrations in

the fillet tissue for copper, lead, and zinc of all fish studied did not exceed levels considered

dangerous for human consumption.  Cadmium and chromium went undetected in all fish fillets.

Table 1 summarizes the average concentrations of the metals detected in the Largemouth Bass

and Common Carp samples analyzed by Gawlik. Concentrations of all observed metals did not

vary significantly in bluegill and bass from the Occoquan Reservoir when compared to those

from the control reservoir.

Gawlik (1979) concluded that "nonpoint pollution from urbanized areas of the Occoquan

Watershed have little effect on the concentration of heavy metals in the fillet and liver tissue of

these fish."  Abnormally high concentrations of copper and zinc were found in the liver tissue of

carp, but no comparisons could be made due to the absence of carp in the control reservoir.

Of the metals studied, cadmium, lead, and mercury have been seen to be the ones of most

concern for human health.  Mercury, with its high toxicity and ability to biomagnify, is of

particular concern.  Copper, zinc, and chromium are essential trace elements and have rarely been

seen to accumulate to levels in edible fish tissue dangerous to human consumption.
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Table 1. Average concentrations of trace metals (µg/g wet weight) in fish from the Occoquan
Reservoir (collected in 1978) (Gawlik 1979).

Metal Bass Fillet Bass Liver Carp Fillet Carp Liver
Cd         <0.05         <0.05         <0.05           0.23
Cr         <0.05         <0.05         <0.05         <0.05
Cu           0.51           5.27           0.61         19.48
Hg           0.271             -           0.116             -
Pb         <0.5         <0.5         <0.5         <0.5
Zn           7.04         23.65           8.62       120.50
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Tables 2 and 3 show levels of Cd, Cr, Cu, Pb, Hg, and Zn in fish that have been found by

other researchers in "uncontaminated" and "contaminated" waters. The usefulness of inter-

comparison of published data is in question, however, as many factors affect reported values of

metal concentration.  Fish species and size, environmental factors, etc., affect these

concentrations.  Analytical methods have also been found to play a role in determining the

reported  metal levels, and there is no standard of methodology in the published research.  Sadiq

et al. (1991) studied digestion temperature and sample weight as factors in ascertaining mercury

concentrations in fish.  They found that the concentration of Hg recovered increased with an

increase in digestion temperature, up to the point where volatilization occurred.  Similarly,

recoveries of Hg decreased with an increase in sample weight.  Settle and Patterson (1980) found

analytical errors in most published data on lead levels due to contamination of samples, reagents,

and controls used in the laboratory.  Ultra-clean methods are needed in order to prevent this

contamination.

Schmitt and Finger (1987) studied the effects of sample preparation on measured

concentrations of eight elements (including Pb, Cd, Cu, and Zn) in fish tissue.  Concentrations

were found to be significantly lower in ultra-clean processed samples than those that were

normally processed.  They concluded that it "should be acknowledged that reported

concentrations of certain elements are only estimates", and that "results should be interpreted

with the awareness that external contamination could have occurred." Comparisons of published

metal levels in fish should take these concerns into consideration.
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Table 2. Concentrations of metals (µg/g) in fish from "contaminated" sources.

Concentration, µg/g
Location Species Weight Tissue Cd Cr Cu Pb Hg Zn Reference

Lake Kariba, Zimbabwe Tilapia Dry Muscle 2 - 2.9 6.5 - 23.9 Berg et al.. 1995
          " Kapenta Dry Whole 3.1 - 5.3 12.4 - 127.9 "
          " Tigerfish Dry Muscle 1.6 - 2.9 4.9 - 19 "
Gállego and Cinca Rivers, Spain Common Carp Wet Muscle - - - - 1.27 - Raldúa and Pedrocchi, 1996
          " Northern Pike Wet Muscle - - - - 1.97 - "
Arabian gulf Various Dry Gills 1.15 6.23 3.705 9.94 - - Al-Yakoob et al.. 1994
East Tennessee Streams Bluegill Wet Muscle - - - - 0.59 - Southwort et al.. 1994
          " Red breast Sunfish Wet Muscle - - - - 0.82 - "
Various Ontario Lakes White Sucker Dry Muscle - - 3.9 - - 23.3 Miller et al.. 1992
          " White Sucker Dry Liver - - 90 - - 213 "
Chashma Lake, Pakistan Various Wet Muscle 0.41 1.3 0.483 1.49 0.646 2.33 Tariq et al.. 1991
Wabigoon River, Canada Northern Pike Wet Muscle - - - - 0.49-1.1 - Parks et al.. 1991
          " Yellow Perch Wet Muscle - - - - 0.35-0.42 - "
India Catfish Wet Muscle - 1.0-1.669 - - - - Khasim et al.. 1989
          " Rohu Fish Wet Muscle - 0.8-1.294 - - - - "
Lake Ontario Salmon Wet Muscle 0.11 - - 0.28 - - Cappon 1987
          " Trout Wet Muscle 0.10 - - 0.25 - - "
Ohio stream Creek Chubs Dry Whole - 5.30 - - - 166 Reash and Berra 1986
Santa Catarina River, Mexico Various Wet Whole - - 2.70 6.50 - 73.9 Villarreal-Treviño et al. 1986
Big River, Missouri Smallmouth Bass Wet Muscle - - - 0.09 - - Czarnezki 1985
          " Longear Sunfish Wet Muscle - - - 0.23 - - "
          " Sucker Wet Muscle - - - 0.48 - - "
Spokane River Rainbow Trout Dry Liver - - - - - Saltes and Bailey 1984
Palestine Lake, Indiana Bluegill Dry Whole 3.40 - - - - 220 Atchison et al.. 1977
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Table 3. Concentrations of metals (µg/g) in fish from "uncontaminated" sources.

Concentration, µg/g
Location Species Weight Tissue Cd Cr Cu Pb Hg Zn Reference

Upper Benue River, Nigeria Various Wet Muscle - - 0.2 13.3 - 37.3 Eromosele et al. 1995
Lakes Geriyo & Njuwa, Nigeria Various Wet Muscle - - 0.2 24.5 - 39.5 "
East Tennessee Streams Bluegill Wet Muscle - - - - 0.08 - Southwort et al. 1994
          " Red breast Sunfish Wet Muscle - - - - 0.08 - "
Various Ontario Lakes White Sucker Dry Muscle - - 3.5 - - 22 Miller et al. 1992
          " White Sucker Dry Liver - - 49 - - 121 "
Lake Tangonika, Africa Various Wet Muscle - - 0.41 - - 7.5 Benemariya et al. 1991
Wabigoon Lake, Ontario Northern Pike Wet Muscle - - - - 0.05-0.07 - Parks et al. 1991
          " Yellow Perch Wet Muscle - - - - 0.02-0.04 - "
Rawal Lake, Pakistan Various Wet Muscle 0.132 0.446 0.437 1.72 0.788 2.99 Tariq et al. 1991
Ohio stream Creek Chubs Dry Whole - 3.8 - - - 143 Reash and Berra 1986
Mutek Lake, Poland Various Wet Whole <0.02 - 0.21 0.61 0.076 7.63 Zamojski et al. 1986
Sites Throughout U.S. Smallmouth Bass Wet CHFT * 0.03 - 0.68 0.17 0.11 23.82 Lowe et al. 1985
Uncontaminated Indiana Sites Bluegill Dry Whole 0.09 - - - - 110 Atchison et al. 1977
Par Pond, South Carolina Bluegill Dry Whole 0.29 0.16 2.19 - - 173.2 Giesy and Wiener 1977
          " Various Dry Whole 0.13 0.17 3.83 - - 147.8 "
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Since the time of Gawlik's study, the population of the Occoquan watershed basin has

greatly increased-- from 1980 through 1990 the population of the watershed increased from about

230,000 to approximately 360,000 inhabitants (USDC 1993).  This has resulted in expanded

urbanization as well as elevated sewage loading. Industrial activity has increased as well,

including the construction of a waste-to-energy conversion facility within two miles of the raw

water intake at the reservoir outlet.  All of these changes are expected to have increased the metal

loading into the reservoir.  In addition, as the reservoir was seen to act as a collector of metals

(Randall et al.. 1980), it is likely that the metal levels have been steadily increasing in the

reservoir, especially in the sediments.

Research Objectives

The major objective of the study described in this thesis was to measure the concentrations

of the elements cadmium, chromium, copper, lead, zinc, and total mercury on a wet weight basis

in fish fillet and liver tissue, with these purposes in mind:

1)  To determine whether the amounts of the metals present represent any hazard to

humans when the fish are used as food.

2)  To assess the degree of change in the concentrations over time when compared with the

results of the Gawlik study.

3)  To discover whether the geographical patterns of metal concentrations point to source

areas or identify specific causes of elevated stream concentrations.
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CHAPTER 2.  LITERATURE REVIEW

Sources and Effects of Trace Metals in the Environment

Cadmium.

Current uses of cadmium include electroplating, rustproofing, pigments, plastic stabilizers,

batteries, solders, and electrical applications.  Cadmium is also a byproduct of the mining and

refining of zinc and other base metal ores, as it is found in association with these metals in the

natural environment (Merian 1990, Nriagu 1990, Moore and Ramamoorthy 1984).  Major

sources of cadmium to aquatic ecosystems are domestic wastewater, urban runoff, weathering,

industrial effluents (textile, pulp and paper mills, etc.), base metal mining and smelting and

refining of metals, agricultural runoff, atmospheric deposition, coal burning, and incineration

(Randall et al. 1980, Merian 1990, Nriagu 1990).

Cadmium accumulates to the highest degree in the first trophic level (aquatic plants), with

concentrations tending to decrease with increasing trophic level, a biopurification effect perhaps

taking place (Nriagu 1990).  Direct contact with sediments appears to have an affect on the

accumulation of cadmium in aquatic organisms more so than a food chain affect (Biddinger and

Gloss 1984).  Accumulation of cadmium in the muscle tissue of fish has been seen by some

investigators, but not to levels generally considered hazardous for human consumption (Cappon

1987, El Nabawi et al. 1987).  Cadmium appears to accumulate to a greater extent in the liver

than the muscle tissue as was seen by Heit (1979) in a study of largemouth bass (Morone

saxatilis) and by other researchers (El Nabawi et al. 1987, Moore and Ramamoorthy 1984).
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Cadmium is considered one of the most toxic metals to humans.  Ingested cadmium

accumulates in the kidney and liver, causing renal tubular damage in the kidney.  This damage

leads to tubular proteinuria, or the loss and excretion of protein in the urine.  Other signs of

tubular damage include excretion of glucose, amino acids and copper, as well as changes in the

metabolism of calcium and phosphorous.  Extreme cases result in excessive calcium loss leading

to bone diseases such as osteomalacia and skeletal deformities.  The debilitating condition Itai-

itai disease is a particularly painful as well as deadly ailment that has been linked to chronic

cadmium poisoning, along with other inducing factors (poor nutrition, pregnancy, lactation, etc.)

It is marked by skeletal deformation, causing patients to become bedridden and can lead to death

over a long period of time (incubation periods of five to thirty years have been observed).  The

first outbreak of itai-itai disease occurred in Japan in 1947 and was eventually traced to rice

contaminated with cadmium from a zinc mine (USEPA 1984 A, Meran 1990, Nogawa et al.

1984, Fox 1988, Förstner and Wittman 1981, Moore and Ramamoorthy 1984).

Nakagawa et al. (1990) studied patients who had been diagnosed with itai-itai disease as

well as those who had not been diagnosed with itai-itai, but were suffering from renal

dysfunction due to cadmium poisoning. The cumulative survival rate of the patients was found to

be significantly lower over a twenty-year period than was that of a control group.

Cadmium is also known to adversely affect reproduction, and has been linked to cancer and

hypertension (USEPA 1984 A, Nriagu 1990).  It has also been seen to cause a redistribution of

zinc in the body, which may impair organ function (Sherlock 1985).  Smoking of tobacco

products provides a source of cadmium through inhalation and this can lead to pulmonary

emphysema (USEPA 1984 A).
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Cadmium accumulates in the liver and kidney, and in particular the renal cortex.  A

cadmium level of 200 mg/kg in the renal cortex is generally considered the critical concentration

where tubular damage may occur, and is the level used by the Environmental Protection Agency

and the World Health Organization in determining criteria for cadmium exposure (USEPA 1984

A).  Kjellström et al. (1984) have suggested the use of the "population critical concentration"

(PCC) as a measure of response rate in a population.  In analyzing the literature they calculated

that a 10 % response rate for cadmium in kidney cortex would likely be in the range of 180-220

mg/kg.  One problem in developing response rates for cadmium in the renal cortex is that once

serious damage occurs there is an increase in the urinary excretion of cadmium and thus a drop in

the kidney concentration.  Ellis et al. (1984) developed a dose response relationship for cadmium

concentrations in the liver. They studied cadmium workers and developed a linear logistic

regression model to describe the dose-response relationship for liver cadmium:

ln[p/(1-p)] = 0.118 × liver cadmium (ppm) - 5.00

P is the individual's probability of having kidney dysfunction.  This model predicts a 10%

probability of having kidney dysfunction at a liver cadmium level of 23.8 ppm.  Nicholson et al.

(1983) studied ultrastructural level effects of cadmium on the kidneys of seabirds and mice.

They found potentially irreparable kidney damage (tubulorrhexis) at cadmium concentrations

below the 200 mg/kg kidney cortex level, and cautioned that a review of accepted safe levels of

cadmium was required, and that more research is needed to assess these levels.

Based on the 200 mg/kg critical concentration in the kidney cortex, the World Health

Organization recommended 400-500 mg Cd as a provisional tolerated weekly intake for man
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(Mahaffey et al. 1975, Merian 1990).  The Food and Drug Administration calculated an average

intake of cadmium for 15 to 20 year old males of 51.2 mg/person/day, or 358.4 mg/week

(Mahaffey et al. 1975). Other estimates for cadmium intake range from 70 to 210 mg/week

(Sherlock et al. 1983, USEPA 1984 A, Merian 1990).  In addition to this intake from food,

smokers are estimated to absorb 0.025-0.05 mg Cd for each cigarette (USEPA 1984 A).  Legal

limits imposed throughout the world for Cadmium in fish and fishery products have ranged from

0.05 to 5.5 µg/g (Shereif and Mancy 1995).

An adequate diet protects against the adverse affects of cadmium. Deficiencies in iron,

zinc, copper and calcium have been shown to increase cadmium absorption in the body.

Ascorbic acid and protein have also been shown to interact with cadmium. (Fox 1988)  Dietary

deficiencies are important in the development of itai-itai disease and people with diet

deficiencies are considered special risk groups for cadmium poisoning (USEPA 1984 A).

 Chromium.

Chromium is used in leather tanning (Khasim et al. 1989), electroplating, production of

stainless steel, bricks, mortars, ramming gun mixes, and in furnace repair. Emission into the

aquatic environment is through metal finishing processes, mining effluents, municipal waste

water effluents (Moore and Ramamoorthy 1984), atmospheric dusts and urban runoff (Randall et

al. 1980).

Many researchers have concluded that there is little uptake and bioaccumulation of

chromium in fish (Reash and Berra 1986, Moore and Ramamoorthy 1984).  Reash and Berra

(1986) found that the difference between chromium levels in creek Chubs (Semotilus

atromaculatus) from polluted streams as compared to control streams was much less than the
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difference in the chromium concentrations in the water itself.  Some accumulation did occur, and

in cases of extreme contamination, chromium levels in fish could accumulate to dangerous

levels. Khasim et al. (1989) examined fish from a stream heavily contaminated by a chromate

producing industry and found chromium concentrations at levels dangerous to human

consumption.

In humans, chromium is an essential trace element that makes insulin more effective in the

transport of glucose across cell membranes (Lim et al. 1983).  Toxic effects have been found to

occur at levels much higher than those that cause deficiencies, and generally natural levels barely

meet human diet requirements (USEPA 1984 B).  Extreme concentrations of chromium can have

toxic effects and these include systemic action as well as lesions on skin, respiratory passages,

and lungs (USEPA 1984 B).  Chromium has also been found to contain mutagenic properties and

has been linked to cancer (Moore and Ramamoorthy 1984, Nriagu 1988).  In the 1960's fatal

incidents of lung cancer were linked to chromium poisoning by dust inhalation in factory workers

in Japan (Förstner and Wittmann 1981).    The USEPA (1984 B) calculated an acceptable daily

intake (ADI) of 0.175 mg/d/man for hexavalent chromium and 357 mg/d/man for trivalent

chromium.

Copper.

Copper is a widely distributed metal that is used in the electrical, construction, plumbing

and automotive industries.  The sources of copper to the aquatic ecosystem include wind blown

dust, mine tailings and flyash discharges, fertilizer production, sewage effluents, and urban

runoff.  Copper is also used as a biocide in the control of algae on lakes and reservoirs, and as
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mentioned before this is a major source of copper to the Occoquan Reservoir (Randall et al.

1980, Moore and Ramamoorthy 1984, Förstner 1984).

  In fish, copper has been found to accumulate mainly in the liver (Heit 1979, Moore and

Ramamoorthy 1984), with concentrations in the muscle tissue relatively low.  No evidence of

biomagnification (where concentration increases through the trophic food web) has been found

with regard to copper.  According to a U.S. Fish and Wildlife study, levels of copper in fish

tissue in the United States appear to have declined between the years 1978 and 1981 (Lowe et al.

1985).  Copper residues in fish muscle tends to decline with age and size of fish (Moore and

Ramamoorthy 1984, Timmermans et al. 1989).

Copper is an essential element, and low levels of copper intake can result in nutritional

deficiency in humans (USEPA 1984 C). Mean intake of copper in adult diets have been

calculated at 10.2 mg/week and 11.2 mg/week by Sherlock et al. (1983) and the U.S. Food and

Drug Administration (Pennington et al. 1984 A) respectively.  Both these values are below the

Food and Nutrition Board’s estimated safe and adequate daily dietary intake ranges (ESADDI) of

14 through 21 mg/week (Pennington et al. 1984 A). Calculated mean intake rates for males and

females from infancy to sixty-five years old were also found to be below the low end of the

ESADDI ranges for each respective grouping (Pennington et al. 1984 B).  This would appear to

indicate that there is more danger from too little copper as opposed to too much.  Extremely high

concentrations of copper can be acutely toxic however (USEPA 1984 C).    Effects of copper

toxicity include nausea, vomiting, epigastric pain, diarrhea, jaundice, hemolysis, hemoglobinuria,

hematuria, and oliguria, with extreme cases causing coma.  Copper has also been linked to cancer

(Nriagu 1988).  Toxic levels of copper have not been clearly defined, though 15 mg of copper per

day has been suggested as a level that may cause observable adverse effects (USEPA 1984 C).
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Legal limits imposed throughout the world for Copper in fish and fishery products have ranged

from 10 to 100 µg/g (Shereif and Mancy 1995).

Lead.

Sources of lead to the aquatic environment include atmospheric transfer and fallout from

gasoline combustion and metal smelters, and mine wastes (Abbasi and Soni 1986, Flegal et al.

1990, Moore and Ramamoorthy 1984) as well as storm water runoff and sewage effluents

(Randall et al. 1980, Clarkson et al. 1984).  Contamination of the atmosphere by lead is

widespread. It has been estimated that the concentration of lead in North America is from 100 (in

remote areas) to 100,000 times higher than the natural levels of lead in the atmosphere that is

believed to have existed in prehistoric times (Setttle and Patterson 1980).

Many studies have shown that lead will accumulate in fish tissue (Gawlik 1979, Cappon

1987, El Nabawi et al. 1987, Tariq et al. 1991, and Villarreal-Treviño et al. 1986).  However, no

fish in the studies had concentrations of lead in edible tissue at levels currently believed to be a

danger to human health.  Heit (1979) found that lead accumulates to a somewhat greater extent in

the liver than in muscle tissue in a study of striped bass (Morone saxatilis), and other researchers

have supported this (Moore and Ramamoorthy 1984, El Nabawi et al. 1987).  Lead levels in fish

in the U.S. were declining from 1972 to 1981 according to the U.S. Fish and Wildlife Service

National Contaminant Biomonitoring Program (Lowe et al. 1985).

In humans, lead has been seen to have toxic effects on the hemopoietic system, central

nervous system, reproductive system, and the immune system.  It is also known to negatively

impact renal function and has been linked to cancer and teratogenicity (Nriagu 1988, Flegal et al.
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1990, USEPA 1984 D).  The hemopoietic system was considered the "critical organ" by the

Environmental Protection Agency in developing their water quality criteria for lead.

Several studies have shown a negative correlation between lead levels in blood and teeth

and performance on an assortment of tests in school children.  In a study of first and second

graders, Needleman (1984), used a variety of I. Q. type tests as well as teacher assessments, and

found that students with high lead levels on average scored lower on the tests and were less

attentive in class.  In a similar study, Fulton et al. (1989) studied children ages six through nine

and found a negative correlation between blood lead levels and test scores on the British Ability

Scales tests.

There is much discussion of what constitutes dangerous levels of lead in humans, and these

levels have been lowering as more information is gathered.  Needleman (1984) has proposed that

blood levels as low as 13 mg/dL in children could negatively impact "psychometric intelligence,

attention, auditory and language function and classroom behavior."   The Environmental

Protection Agency's current recognized level of lead toxicity is 10-15 mg/dL, and it has been

proposed that there may be no threshold for lead toxicity (Flegal et al. 1990). These levels are of

particular concern considering that the Second Health and Nutrition Examination Survey done in

1980 found mean blood lead levels of children under five years old to be 16 mg/dL, though these

levels were declining from previous years (Neggers and Stitt 1986).

Blood lead levels are a function of the intake of lead from all sources.  Ingestion of food

contaminated by lead is believed to be the major source for adults.  The FAO/WHO Joint Expert

Committee on Food Additives recommended 3 mg/week (429.0 µg/day) as the Provisional

Tolerable Weekly Intake of lead for adults (Sherlock 1985) and the FDA has proposed that 100

µg/day be the maximum intake of lead for children under five years old.  The Food and Drug
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Administration determined a mean dietary intake of lead in adults of 60.4 µg/day in its total diet

survey program in 1975 (Mahaffey et al. 1975).  Sherlock (1985) studied the relationship

between dietary intake of lead and blood lead concentrations.  This relationship was expressed by

the following equation:

blood lead (mg/dL) = 24 (lead intake mg/week)1/3 + 3.9

in a study of bottle fed infants in Scotland.  Using 10 mg/dL as a blood level threshold, this

equation would give a maximum safe lead intake of approximately 0.017 mg/week.  This is

considerably lower than the 0.7 mg/week recommended for children under five years old by the

FDA.  Recommendations have also been established for the maximum safe intake level of lead in

food.  The FDA established an emergency action level of 250 µg/kg (0.25 ppm) for lead in foods

(other than fruit beverages) packed in lead-soldered cans (US FDA, 1994).  The FAO/WHO

established 300 ng/g (0.3 ppm) as the maximum safe level (Czarneski 1985, Settle and Patterson

1980, Schmitt and Finger 1987).  Recommendations of 1.0 µg/g (1.0 ppm) and 2.0 µg/g (2.0

ppm) have been made by health organizations in Finland (Verta 1990, Paulsson and Lundbergh

1989) and Australia (El Nabawi et al. 1987) respectively. Other legal limits imposed throughout

the world for lead in fish and fishery products have ranged from 0.2 to 6.0 µg/g (0.2 to 6.0 ppm)

(Shereif and Mancy 1995).

 In the mid-1970's it was discovered that many of the reported measurements of lead were

inaccurate (Flegal et al. 1990).  Settle and Patterson (1980) found that many if not most of the

laboratories analyzing lead concentrations were doing so incorrectly because reagents, nutrients,

and controls used in the lab and field studies were unknowingly contaminated with lead.  They
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further estimated that lead intake in present day American diets to be more than 100 times that of

prehistoric peoples, and the skeletal concentrations in Americans to be 500-fold above

prehistoric concentrations due to wide spread contamination, particularly of canned tuna.

Because of these excessive lead levels as compared to natural levels, they went on to theorize

that "numerous perturbations of cellular biochemical processes are being caused by excess lead,"

and concluded that an unrecognized form of toxic lead poisoning may be affecting present day

Americans.

Mercury.

Some uses of mercury are as a cathode in electrolyte preparations, electrical devices,

industrial instruments, laboratory applications, fungal control and dental amalgams (USEPA

1984 E, Moore and Ramamoorthy 1984).  Discharges of mercury to aquatic systems include

natural weathering, consumption and discarding of mercury containing goods, fuel burning,

materials processing and municipal sewage effluents (Randall et al. 1980, Moore and

Ramamoorthy 1984).

Mercury is known to accumulate in fish tissues to levels that are dangerous to human

consumption (Förstner and Wittmann 1981, USEPA 1984 E, Clark and Topping 1989).  Direct

uptake of mercury from the water and uptake from food are both important pathways of

bioaccumulation (Biddinger and Gloss 1984).  Mercury is the only trace element in which the

process of biomagnification has been clearly shown to occur (Lowe et al. 1985, Gawlik 1979,

and Förstner and Wittmann 1981).  The process of mercury bioaccumulation is enhanced by the

methylation of mercury by microorganisms (Förstner and Wittmann 1981, Moore and

Ramamoorthy 1984, Clarkson et al. 1984, Abelson 1970, Hodson 1988).  Methylmercury is more
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toxic than inorganic mercury, and it is more readily assimilated by living organisms (less tightly

bound to sediments, more water-soluble and more volatile).  Most of the mercury found in fish

tissue is methylmercury (Bloom 1992, Allen-Gil et al. 1995).

Mercury is a strong neurotoxin in humans and intake of fish and seafood containing high

levels of methylmercury is the major source of mercury poisoning in man.  The first known

outbreaks of mercury poisoning occurred in 1953 in Japan in residents living around Minamata

Bay (Förstner and Wittmann 1981, Moore and Ramamoorthy 1984, Clarkson et al. 1984).  It

affected primarily fishermen and their families and the symptoms included weakening of

muscles, lessened vision, damaged cerebral function, and gait and limb dysfunction.  Many cases

resulted in paralysis, coma and death.  Several other outbreaks of Minamata disease (as

methylmercury poisoning came to be known) have occurred since then in Japan and elsewhere,

and most have been traced to the consumption of mercury contaminated fish.

A large number of infants developed cerebral palsy during the major outbreaks of

methylmercury poisoning (Skerfving 1988).  Methylmercury is known to easily cross the

placenta and has been found in fetal tissue (Clarkson et al. 1984).  Because of this, pregnant

women have been advised to limit their intake of seafood in certain areas of the world (Skerfving

1988).  Skerfving (1988) studied methylmercury levels in mothers, their infants and breastmilk.

He found a close correlation between blood mercury levels in mothers and newborn babies, with

the babies having higher levels than the mothers.  Most mercury in breast milk was inorganic,

and the organic levels were lower than the intake of the mothers. Since infants may be more

susceptible to mercury intoxication than adults, Skerfving recommended that lactating mothers

and pregnant women should limit their intake of methylmercury-contaminated fish as well as

pregnant women.
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The World Health Organization endorses a maximum safe daily intake of 30 mg mercury

(USEPA 1984 E).  This was based on an average daily intake of 300 mg Hg as methylmercury

yielding a blood concentration of 200 ng Hg/mL, a minimum level known to be associated with

adverse affects.  A safety factor of ten was incorporated to attain the recommended 30 mg

Hg/day. In a study of the relationship between blood mercury levels and consumption, Sherlock

(1985) developed the following dose-response equation for adults consuming fish contaminated

with methylmercury:

blood mercury concentration (ng/mL) = 0.8 Intake (mg/day)

Using this equation, an intake of 250 mg/day would result in the 200 ng Hg/mL first toxic effect

level.  With a safety factor of ten, a maximum safe daily intake of 25 mg methylmercury is

indicated. The United States Food & Drug Administration (US FDA 1994) established an action

level of 1 ppm (1 µg/g) for mercury in fish, and recommended that consumption of fish with

levels averaging 0.5 ppm (0.5 µg/g) should be limited to about 14 ounces/week (Foulke, J.E.

1994).

Zinc.

Zinc is used in galvanizing iron and steel, zinc diecast products, batteries, brass, and

printing and dyeing textiles.  Discharges into the environment include eroded soil particles,

vegetable emissions, non-ferrous metal production, wood combustion, waste incineration (Moore

and Ramamoorthy 1984), as well as sewage effluents (Randall et al. 1980, Clarkson et al. 1984).
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Zinc has been shown to bioaccumulate to a certain degree in fish (Villarreal-Treviño et al.

1986, Tariq et al. 1991, Timmermans et al. 1989).  In a study of six different species of fish by

Villarreal-Treviño et al. (1986), zinc accumulated to higher levels in the fish than existed in the

aquatic environment.  There is some disagreement in the literature upon the degree to which zinc

biomagnifies.  Timmermans et al. (1989) studied fifteen species of freshwater macroinvertebrates

from a littoral food web.  Predators were found to have a higher concentration of zinc than their

prey, which would appear to indicate the process of biomagnification.  Many other studies have

shown no indication of biomagnification of zinc levels in fish species, but the importance of food

as a source for zinc has clearly been demonstrated (Biddinger and Gloss 1984).  Zinc

accumulates to a greater degree in the liver as opposed to the edible muscle tissue (Gawlik 1979,

Heit 1979).  Zinc is an essential element and fish have a homeostatic mechanism for controlling

excess zinc levels with metallothionein, which acts as a metal binding protein, though its role in

not completely understood (Hodson 1988, Biddinger and Gloss 1984).  Perhaps as a result of

this, zinc has generally not been seen to accumulate in fish to levels that would be considered

dangerous for human consumption (Moore and Ramamoorthy 1984, Biddinger and Gloss 1984).

Like chromium and copper, zinc is an essential trace element in humans.  It plays a part in

biosynthesis of nucleic acids, RNA polymerates, DNA polymerate, hormone metabolism,

immune response, and stabilization of ribosomes and membranes (Moore and Ramamoorthy

1984).  The U. S. Food and Nutrition Board's Recommended Dietary Allowances of zinc are 15

mg/day, 5 mg/day and 10 mg/day for adults, infants and toddlers respectively (Pennington et al.

1984 A, B).  The U.S. Food and Drug Administration (FDA) assessed the level of zinc in the

diets of selected age-sex groups in the United States in their Selected Minerals in Foods Survey,

1982 to 1984 (Pennington et al. 1984 B).  Levels of zinc were less than 80 % of the RDA in all
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the groups studied except infants, 14-16 year boys, and 25-30 year men.  Sherlock et al. (1983)

analyzed the diets of a group of adults in Ayr, Scotland and found the mean zinc intake to be 6.97

mg/day, more than 50 % below the RDA of 15 mg/day for adults.  As with copper and chromium

there is probably more danger from too little zinc as opposed to too much zinc in the diet.  The

body exerts homeostatic control over the metabolism of zinc in order to maintain optimal levels

and prevent or lesson the effects of these problems occurring (Elinder 1984).  Extreme levels of

zinc have been seen to have a toxic effect caused by synergistic and antagonistic interactions with

other metals, in particular cadmium and copper (Moore and Ramamoorthy 1984, USEPA 1980).

Zinc has also been linked to cancer (USEPA 1980). Legal limits imposed throughout the world

for zinc in fish and fishery products have ranged from 30 to 1000 µg/g (Shereif and Mancy

1995).

Cumulative Effects.

Several researchers have studied the interactions and cumulative effects of metals on

humans and aquatic life and these effects should be taken into consideration.  Enserink et al.

(1991) studied the combined impact of eight trace metals including Cd, Cr, Cu, Pb and Zn on

populations of Daphnia magna.  They found that there was an additive chronic toxicity of the

metals that appeared to be independent of relative contributions. Tsuchiya et al. (1987) studied

female rats exposed to a combination of Cd, Mn, Cu, Zn, Fe, and Pb, as an initial step of the

study of the combined toxicity of metals resulting from maternal exposure in humans.  They

found that cadmium played an important role in depressing fetal development, but that

interactions of the other metals were necessary for the depression.
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Factors Affecting Accumulation of Trace Metals in Fish

Many factors affect the accumulation of trace metals in fish tissue.  These factors include

those having to do with fish species, such as trophic status and metabolism, physical differences

in fish of the same species (size, age, sex), and water quality factors, such as metal concentration,

alkalinity, and water temperature.

Significant variations have been found in metals concentrations of different fish species

from the same source (Kidwell et al. 1995, Benemariya et al. 1991, Nicoletto and Hendricks

1988, Mathers and Johansen 1985 Gawlik 1979, Giesy and Wiener 1977).  With regard to Hg,

much of this variation can be attributed to diet or trophic status (Benemariya et al. 1991,

Zamojski et al. 1986, Lowe et al. 1985, Nicoletto and Hendricks 1988, Mathers and Johansen

1985).  In a study of mercury concentrations in Walleye (Stizostedion vitreum) and Northern Pike

(Esox lucius), Mathers and Johansen (1985) found that mercury accumulated to a greater

maximum concentration and at a faster rate in Walleye than in Pike taken from the same lake.

The total diet of Walleye was found to be more highly contaminated with mercury than that of

Pike in the lake.  Mercury is also considered the one metal in which biomagnification occurs, so

the trophic status of a particular fish would have an effect on its mercury concentration.  In other

words, a piscivorous fish would be expected to have a higher concentration of mercury than one

that was predominantly herbivorous from the same waters. The U.S. Fish and Wildlife Service

(Kidwell et al. 1995, Lowe et al. 1985) found evidence of this in its National Contaminant

Biomonitoring Program.  In comparing predators and bottom feeding fish sampled from the same

area, the predacious fish invariably had higher levels of mercury.  Kidwell et al. (1995), also

found that bottom feeders had higher levels of cadmium and zinc than did predators. Food has
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been found to be an important source of zinc (Renfro et al. 1975), cadmium (Wood 1974),

copper, lead, and chromium (Patrick and Loutit 1978) in fish tissue as well, and differences in

feeding habits would be expected to have an effect on concentrations of these metals.

 Physiological needs differ between species and this affects uptake, both from dietary

sources and directly from the water, and elimination of trace metals, especially in regard to the

essential elements (zinc and copper) for which fish have developed homeostatic boundaries

(Lowe et al. 1985, Giesy and Wiener 1977). Environmental pressures differ among species, even

those that live in the same body of water.  For example, bottom-feeding fish are affected by

different environmental pressures and water quality factors than those that spend more of their

time near the surface of the water. These environmental influences greatly affect how metals are

accumulated. Other influences that cause differences in metal concentrations between species are

metabolism and growth rate (Lowe et al. 1985, Rodgers et al. 1987, Douben 1989).  These

factors can also vary between fish of the same species and with time and changes in

environmental pressures.

There are many factors that affect the accumulation of metals within individual fish of the

same species.  These include physical aspects of the fish, such as age, size, and sex, as well as

environmental elements that can change with time and space.  Many of these factors are

interrelated.  For example, metabolism rates are affected by water temperature, which in turn is

an aspect of seasonal influences.

In a study of tropical fish fed tubificid worm contaminated with metals (Cr, Cu, Mn, Fe, Pb

and Zn), Patrick and Loutit (1978) found that young fish accumulated greater amounts of Zn, Pb,

Fe and Cu than older fish.  Moore and Ramamoorthy (1984) also found a decrease in trace metal

content with an increase in age. Gawlik (1979) found an increase in mercury content with age in



25

bluegill, bass and carp, but no correlation between age and the other metals studied (Cd, Cr, Cu,

Pb and Zn).  Benemariya et al. (1991) found no correlation between age of five freshwater fish

and levels of zinc, copper, and selenium.

Fish size, which is often correlated with age, has also been shown to affect trace elemental

levels to differing degrees.  Gawlik (1979) found a positive correlation between mercury levels

and weight and length of fish, but no correlation between weight and length and levels of Cd, Cr,

Cu, Pb and Zn.  This agrees with the finding of increased mercury accumulation with increased

age, as age and size were highly correlated.  Other researchers have also shown this positive

correlation between mercury levels and fish size (Lange et al. 1994, Parks et al. 1991, Zamojski

et al. 1986, Luten et al. 1987).  Czarneski  (1985) found an increase in lead levels as a function

of length in some smallmouth bass and longear sunfish studied, but not in others from different

areas, and no correlation in black redhorse lead levels and size.  Flos et al. (1983) found no

correlation between chromium levels and body weight in goldfish.  Likewise, Benemariya et

al.(1991) found no link between fish length and levels of zinc, copper and selenium in freshwater

fish. In an investigation of stone loach fed tubificid worm contaminated with cadmium, Douben

(1989) found that larger fish (greater weight) had a lower body burden of cadmium.

Fish sex is another factor that has been shown to affect metal accumulation in some

studies.  Nicoletto and Hendricks (1988), in a three year study of rock bass, redbreast sunfish,

pumpkinseed and bluegill, found that females contained higher levels of mercury than males of

each species.  These differences appeared to be related to the onset of reproduction, and the

researchers theorized that the higher levels of mercury in the females were due to an increase in

consumption to meet reproduction demands.  Rincón et al. (1987), on the other hand, found no

statistical correlation in mullet between the concentration of mercury and sex.
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Consumption rate, metabolism and growth rate have all been shown to affect accumulation

of metals (Lowe et al. 1985, Nicoletto and Hendricks 1988, Johnston et al. 1991, Rodgers et al.

1987, Douben 1989). These factors are strongly influenced by environmental elements.

Generally, it has been found that increases in metabolism and consumption elevate trace metal

levels in fish.

Douben (1989) studied metabolic and consumption rates in fish (stone loach) fed tubificid

worms with an enhanced cadmium content.  He found that rates of uptake and metabolism

increased with water temperature and that this brought about a higher cadmium body burden in

the fish.  Growth rate on the other hand has been shown to be negatively correlated with respect

to metal accumulation (Verta 1990, Rodgers et al. 1987, Douben 1989).  Verta (1990) studied

this effect on fresh water fish and mercury accumulation in a small lake.  The lake was

overfished to decrease fish abundance.  This lead to an increase in growth rate due to a decrease

in competition for food.  Northern pike were found to have a clear increase in growth rate, which

corresponded to a decrease in mercury in the fish.

Environmental factors greatly influence how metals are accumulated in fish. Factors such

as pH, alkalinity, and hardness affect metals speciation and partitioning in water.  Other factors

such as organic content, presence of other metals and water temperature influence the way in

which metals are treated in the aqueous environment.

Several researchers have studied the effect of pH on metal accumulation.  Iivonen et al.

(1992), in a field study of fourteen lakes, found that accumulation of lead, cadmium, copper, zinc

and nickel in fish were negatively correlated with pH.  Wren et al. (1991) and Haines et al.

(1992) also reported a negative correlation with accumulation of metals in fish and pH in field

studies.  In a laboratory setting, Rodgers et al. (1987) found no direct correlation between pH and
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accumulation of mercury by Daphnia magna, rainbow trout (Salmo gairdneri) and walleye

(Stizostedion vitreum).  They hypothesized that other water quality factors associated with low

pH account for the findings of increased metal accumulation in acid stressed waters.  Lithner et

al. (1995) showed that a decrease in pH resulted in an increase in the Bioconcentration Factor for

lead and copper in Perca fluviatilis and Esox lucius.

Wren et al. (1991) found that alkalinity and hardness were both negatively correlated with

mercury levels in certain fish.  Iivonen et al. (1992) found that the accumulation of lead, and

cadmium increased with decreasing alkalinity.  They also found a negative correlation between

calcium and magnesium concentrations in the water (hardness) and the accumulation of zinc and

cadmium by aquatic plants.  Köck et al. (1995) found a negative correlation between cadmium

and lead uptake with alkalinity, and a positive correlation with zinc.  Pagenkopf et al. (1974)

studied the manner in which hardness, alkalinity and pH affect the complexation of copper in

water.  They argued that copper (II) was the chemical species that is toxic to fish and that

alkalinity controls the copper (II) concentration by affecting the complexation of copper ions.

The degree of complexation increases with increasing alkalinity.  Similarly, hardness influences

metal accumulation by forming insoluble carbonates and by adsorption of metals on calcium

carbonate (Förstner and Wittmann 1981). Thus, by affecting speciation, complexation and

partitioning of metals, alkalinity and hardness, along with pH, affect how metals are taken up and

accumulated by fish.

Microbial activity has also been shown to affect the accumulation of metals in aquatic

organisms.  The best known case of this is the methylation of mercury, as described previously.

Methyl mercury is known to be a strong neurotoxin, and it is this form that is of most concern.

Though methylation of mercury can be achieved through abiotic means, microbial transformation
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is generally considered more important (Johnston et al. 1991).  Mercury methylation is a factor of

mercury levels in the water and sediment, organic loading (determines the amount of bacterial

activity), dissolved oxygen levels (Hodson 1988), pH, water temperature (Bodaly et al. 1993),

and the effects of other metabolic processes (Wood 1974).  Changes in these factors will affect

the amount of methylation and ultimately the mercury levels in fish.  Johnston et al. (1991)

demonstrated this by finding a relationship between the ratios of flooded terrestrial area to water

volume of the reservoir itself and variations in mean mercury levels in fish.  The assumption was

that the increase in methyl mercury production is proportional to the amount of organic matter

added to the system by the impoundment of the reservoir.  This process of methylation by

microorganisms has also been seen in regard to lead, arsenic and selenium (Förstner and

Wittmann 1981).  Other effects of microbes includes the production of dimethylmercury (which

is more volatile than methylmercury), the reduction of methylmercury to elemental mercury and

methane (Wood 1974), and the leaching of metals (especially under acidic conditions) (Förstner

and Wittmann 1981).

The amount of organic matter in the water can be a factor in the accumulation of trace

metals in fish.  As discussed above, organic matter plays an important role in the process of

mercury methylation by bacterial activity.  Wren et al. (1991), found a positive correlation

between mercury levels in walleye and northern pike and dissolved organic carbon (DOC).  Fjeld

and Rognerud (1993) found a similar correlation between total organic carbon (TOC) and

mercury concentrations in brown trout.  Organic matter has also been shown to be a factor in the

accumulation of other metals, though the processes are not as well understood.  Iivonen et al.

(1992) found some evidence that the bioaccumulation of lead, cadmium and zinc in fish may be

reduced with increasing TOC.
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The presence of certain metals in the water has been found to have an effect on the

bioaccumulation of other metals.  This is particularly true in the case of selenium and its

interactions with mercury.  Selenium has been found to reduce the availability of mercury for

bioaccumulation and to decrease its toxicity (Paulsson and Lundbergh 1989, Kosta et al. 1975).

Paulsson and Lundbergh (1989) studied a lake treated with sodium selenite.  Mercury content of

pike (Esox lucius), perch (Perca fluviatilis) and roach (Leuciscus rutius) decreased by over fifty

percent within one year of the initial treatment, and maintained or improved on this decreased

level over the three year period in which the lake was maintained at a high selenium level.

Ringdal and Julshamn (1985) studied the effect of selenium on mercury accumulation in cod

(Gadus morhua) in a laboratory setting over a thirty-two day period.  They found no significant

effect on the mercury accumulation in the muscle of the fish, and varying affects on the uptake in

the liver and the brain.  However, this study was done over a relatively short period and did not

take into account the effects of selenium on the methylation of mercury by microorganisms.

Pelgram et al. (1994), showed that exposure to cadmium affected the total body concentration of

copper and vice versa in juvenile Tilapia exposed to the metals in a laboratory experiment.

Seasonal variations in fish metal levels have been observed (Ashraf et al. 1992, Köck et al.

1996), and most of these can be traced back to seasonal changes in the environmental factors that

affect metal bioaccumulation.  For example, as warmer waters have been found to increase fish

metabolism which in turn increases rate of metal uptake (Douben 1989, Köck et al. 1996), the

assumption that metal levels would therefore be higher in the summer months as opposed to the

winter months seems sound.    Ashraf et al. (1992) found this to be the case in a study of seasonal

variation of trace metal (including Cd, Cr, Cu, Pb, Zn and Hg) concentrations in freshwater fish

(Labeo rohita) in Pakistan.  Köck et al. (1996) observed a similar effect with Arctic char
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(Salvelina alpina) with respect to cadmium and lead.  Post et al. (1996) showed that seasonal

variation in environmental temperature, body size, diet, and prey availability create seasonal

variation in the rate of methyl mercury uptake in yellow perch (Perca flavescens).  They also

found that mercury uptake was primarily from aqueous sources during the spring and fall and

primarily from food sources in the summer.  Bodaly et al. (1993) found a positive correlation

between water temperature and mercury methylation and a negative correlation between

temperature and demethylation, which resulted in a positive correlation between water

temperature and fish mercury levels.

Variations in runoff affect metal levels in the water and sediment and this can likewise

affect the level of metal accumulation in fish tissue.  Grimshaw et al. (1976) found that levels of

dissolved zinc in the River Ystwyth were related to discharge variations, with concentrations

highest at low flows and during the first stages of runoff.  Zinc yield in the river was found to be

highest during winter discharges.  Other researchers (Randall et al. 1980, Norris et al. 1981) have

shown a correlation between rainfall, flow rates and dilution and trace metal levels in water and

sediment.
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CHAPTER 3.  MATERIALS AND METHODS

Description and Location of Sampling

  Fish were collected from three sampling stations in the Occoquan Watershed (Figures 1):

1)  Bull Run station (BR)-- located at and upstream of Bull Run Marina

2)  Fountainhead station (FH)-- located at Fountainhead Marina

3)  Reservoir outlet station (RO)-- located at the outlet to the reservoir.

The Bull Run Station (BR) located at and upstream of Bull Run Marina, Manassas, Virginia,

received flow primarily through the heavily urbanized areas of Manassas Park and Manassas in

northern Virginia.  The Fountainhead station (FH), centered around Fountainhead marina was

selected as the main body of the reservoir.  The Reservoir Outlet station is located at the

reservoir's dam near the town of Occoquan, Virginia.  This station is also the closest to the waste-

to-energy conversion facility in Fairfax County, Virginia.
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Figure 1.  Occoquan Basin, showing locations of sampling stations.
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Samples and sample collection

 Two species of fish were sampled at all locations: Common carp (Cyprinus carpio), and

largemouth bass (Micropterus salmoides).  Unfortunately, only one carp sample was collected

from the Bull Run (BR) station.  Sampling was performed in October 1993, and September 1994.

Common carp is a sediment feeder, while largemouth bass are piscivorous in nature.

Both carp and bass were collected by electroshocking with the help of the Virginia

Division of Game and Inland Fisheries using a Smith and Root Type 6 Electro-Fisher.  Upon

capture, the fish were tagged, weighed and measured in the field.  Weighing was done on a

balance and measurement on a conventional fishery measuring board.  Weights were expressed

in grams (g) and lengths in millimeter.  Identification numbers were assigned to each fish, and a

tag was secured through the opercutlar opening.  The fish were than placed on ice for transfer to

the Occoquan Laboratory in Manassas for further processing.  The following information was

entered in a field log for each fish caught:  tag number, species, location caught, length and

weight.  At the Occoquan Laboratory the fish were filleted and dissected.  The left, skin-off fillet

and the liver were packed separately in polyethylene bags and immediately frozen.  Fish were

stored at 10 °F at Manassas Frozen foods, approximately one-half mile from the laboratory.

Laboratory techniques

All metal surfaces; such as blender blades, forceps, and knives were Teflon coated

(Applied Coatings, Inc., Pequannock, New Jersey) to reduce metal contamination.  Reagents and
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dilutions were made with double deionized milli-q (DI) water.  Labware was initially washed in

distilled water containing a metal-free detergent before being acid washed with Hydrochloric

Acid (HCL), rinsed with DI water and allowed to dry.

Sample preparation.

Samples of flesh or liver weighing three grams or less required no special preparation.

Samples of flesh larger than three grams were homogenized with an electric blender.  The

samples were partially thawed and added to the blender in small pieces.  When the sample was

completely homogenized, the homogenate was placed in precleaned sealable plastic bags and

returned to the freezer.

Laboratory Analyses

Acid digestion.

 All fish tissue was digested for analysis of cadmium, copper, chromium, lead, and zinc

using the following method (adapted from McDaniel 1991,and Adeloju et al. 1994) .  A 0.6 to

1.0 gram sample of tissue was measured to the nearest .0001 gram using an analytical balance

and placed in a 300x25 mm o.d. Pyrex digestion tube for each sample.  12 mL of Fisher Optima

grade nitric acid was added to each tube in two aliquots of 6 mL each using a previously

calibrated 10 mL Oxford pipet.  The tubes were placed on a Technicon BD-40 Block Digester

System and manually maintained at a temperature of 140 ±  20 °C for two hours.  The tubes were

allowed to cool before six (6) mL of 30% hydrogen peroxide was added to each using a 10 mL

Oxford pipet.  After the initial reaction had stopped the tubes were returned to the block digester
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and again heated to 140 ±  20 °C for an additional hour.  After the samples had cooled they were

transferred to 100 mL volumetric beakers using a glass funnel.  The tubes were rinsed three times

with 0.15% nitric acid, with the rinsate transferred to the volumetric beaker through the funnel.

The volume in the beaker was made up to 50 mL using 0.15% nitric acid in milli-q water.

Fish tissue was digested for analysis for mercury using the following method, which is a

modification of the method described by Sadiq et al. (1991).  Approximately 0.5 grams of tissue

was measured to the nearest .0001 gram using an analytical balance and transferred to a 300 mL

glass BOD bottle.  Standard solutions were added to spiked samples at this time (see Quality

Control).  5 mL of 0.15% nitric acid was added using a 5 mL glass pipet.  Eight (8) mL of

concentrated sulfuric acid and 4 mL of Fisher Optima grade nitric acid were added to each bottle.

A 100 mL glass stopper was dropped into the neck of each bottle to aid in reflux of the mercury

during heating and the bottles were sealed with DuraSeal tape.  The bottles were then heated for

three hours in a covered water bath maintained at 95 °C.  The bottles were removed from the

water bath, allowed to cool and 15 mL of 10% potassium permanganate solution was added to

each, followed by 8 mL of potassium persulfate.  The bottles were again sealed with DuraSeal

and placed back in the water bath for an additional hour at 95 °C.  The bottles were removed

from the water bath, allowed to cool and 45 mL of 0.15% nitric acid was added to each.  Prior to

analysis, a slight excess (approximately 6 mL) of sodium chloride-hydroxylamine hydrochoride

(12%/24%) was added to completely reduce the potassium permanganate.  The samples were

than transferred to an autosampler and analyzed for mercury by cold vapor technique.  A 0.2 %

sodium borohidrite solution was used as a reductant and was added automatically by the Perkin

Elmer Flow Injection System during analysis (Mcintosh and Weiz 1992).
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Metals Analysis.

Cadmium, copper, chromium, and lead in the digested samples were analyzed by graphite

furnace techniques using a Perkin-Elmer Model 5100 PC Atomic Absorption Spectrophotometer

(AAS) with a model 5100 ZL graphite furnace and model AS-70 autosampler.  Dilutions were

made (1:4, or 1:5) automatically when necessary to keep the sample within the calibration range

of the instrument.

Copper samples that fell outside of the calibration range of the instrument even after

dilution were reanalyzed by flame atomic absorption using the Perkin-Elmer model 5100 atomic

absorption spectrophotometer (AAS), and the AS-90 autosampler.  Likewise, samples were

analyzed for zinc using AAS flame techniques.

Mercury – Analysis of mercury was performed using the Perkin-Elmer model 5100 AAS

and the Perkin-Elmer FIAS 400 (Flow Injection Atomic Absorption -- Cold Vapor Technique).

The AAS was standardized using prepared dilutions from commercial 1000 ppm stock

solutions of all metals.  Reagent blanks, and spiked tissue samples were carried through the

analysis to provide corrections for any interferences and to evaluate analytic recovery precision

and accuracy (see Quality Control).

The averaged, observed metal concentration for each fish in the fillet and liver tissue as

well as the sample number, weight, length and sampling date are presented in the appendix.

Quality Control

A comprehensive quality control (QC) program was followed during the sample analyses

to assess the analytical accuracy and precision of the data obtained.  Four types of QC samples
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were analyzed toward this end: duplicate samples, spiked samples, standard reference material

samples, and blanks.

Precision.

Duplicate samples were analyzed to measure precision.  Precision can be defined as the

agreement between the numerical values of two or more measurements that have been obtained

under identical conditions.  On average, one duplicate sample was analyzed for every seven

samples analyzed.  Precision is stated in terms of absolute difference (AD) and relative percent

difference (RPD).  AD is defined as the absolute value of the difference between two results.

The RPD is defined as the ratio of the absolute value of the difference between two results and

the mean of the results.  AD and RPD were calculated using the following equations:
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where:

1C = Concentration of the trace metal in the sample.

2C = Concentration of the trace metal in the duplicate.

When AD and RPD approach zero, complete agreement is achieved between duplicate

sample pairs, indicating a high degree of precision.  Table 4 summarizes the AD and RPD

calculations for each metal.  Note that with the exception of chromium, whenever RPD is above

20%, AD is much less than the MDL for that metal.
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Blank analyses.

Reagent blanks were analyzed to assess the degree of contamination contingent in the sample

analyses procedures used.  Reagent blanks were analyzed on average one every ten samples.  The

results of these analyses were averaged for each sample run, and this average concentration was

subtracted out of the calculated concentrations in the samples to effectively blank correct the

sample values.  In most cases, for the elements that had measurable concentrations in the samples

(copper, zinc), the reagent blank concentrations were negligible when compared to sample

concentration.  The exceptions to this were chromium and mercury.  There were six mercury

runs, and average reagent blank concentrations ranged from -0.11 to 2.43 µg/L, or <0 to >100%

of the average mercury concentrations in the samples. Blank correcting using these numbers

resulted in an obvious bias in the data results (i.e. samples analyzed on the runs with high reagent

blanks, had "corrected" concentrations much less that those analyzed on the runs with low

reagent blanks).  Because of this bias, two data sets were used when making population estimates

and comparisons based on the analytical results: the "uncorrected" concentrations and the blank

corrected concentrations. Again this was only done with the mercury data, for the other metals

studied only the blank corrected data was considered. Chromium exhibited relatively high blank

concentrations in the first five sample runs, but this improved greatly with the later runs.

Chromium will be discussed further in a separate section.

 Accuracy.

Accuracy is the closeness of agreement between an observed result and the true value for a

sample analysis.  Several types of samples were used to assess accuracy.  The first of these were
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Table 4. Average absolute difference (AD) and relative percent difference (RPD) calculations of
duplicate samples for each metal and analytical method.

Metal Analysis MDL (µg/g) AD (µg/g) RPD N
Cd furnace 0.25 0.058 48% 27
Cr furnace 0.3 1.64 56% 24
Cu furnace 0.7 1.07 18% 27
Cu flame
Pb furnace 0.3 0.094 56% 23
Hg cold vapor 0.04 0.019 10% 7
Zn flame 3 5.80 18% 20
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instrument spikes.  Instrument spikes were created when a known concentration of standard was

added automatically to a previously digested and analyzed sample just prior to its reanalysis on

the AA.  Digested spikes were created by preparing a duplicate sample and adding a known

concentration of standard prior to its digestion.  Analytical accuracy for these two types of spikes

is expressed as the percent recovery of the element that has been added to the environmental

sample at a known concentration before analysis.  The percent recovery values were calculated

using the following equation:

Recovery = 100
S

S-S

a

os ×

where:

sS = Total mass of the element detected in the spiked sample.

oS = Mass of the element detected in the unspiked sample.

Sa = Mass of the element added to the sample.

The average percent recovery values for each element for the instrument spikes and

digested spikes are summarized in table 5.

In addition to these spiked samples, a standard reference material (SRM) was purchased

from the National Research Council of Canada (CNRC) and analyzed for cadmium, chromium,

lead and zinc.  The SRM (CNRC sample number DORM-1) was analyzed in triplicate and the

results of this analysis are summarized in table 6.
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Table 5. Percent Recovery for Instrument and Digested Spikes for Trace Metals.

Metal Type Analysis Average
Recovery

N

Cd Digested Spike Furnace 109% 27
Instrument Spike Furnace

Cr Digested Spike Furnace 255% 24
Instrument Spike Furnace

Cu Digested Spike Furnace 125% 17
Instrument Spike Furnace
Digested Spike Flame 120% 10

Instrument Spike Flame
Pb Digested Spike Furnace 99% 22

Instrument Spike Furnace
Zn Digested Spike Flame 92% 20

Instrument Spike Flame
Hg Digested Spike Cold Vapor 89% 9

Instrument Spike Cold Vapor
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Table 6. Results of analysis of Standard Reference Material.

Metal Actual Conc.
(as provided by
manufacturer)

(µg/g)

SRM #1
(µg/g)

SRM #2
(µg/g)

SRM #3
(µg/g)

Average
(µg/g)

Average
Recovery

Cd 0.043 < 0.25 < 0.25 < 0.25 < 0.25 -
Cr 34.7 10 9.7 10.1 9.9 29%
Cu 2.34 2.3 1.9 3.5 2.6 111%
Pb 0.065 < 0.3 < 0.3 < 0.3 < 0.3 -
Zn 25.6 34 33 33 33.3 130%



43

Method Detection Limit.

Method Detection Limits (MDL) were determined using a modification of the basic

procedures outlined in 40 CFR Ch. 1, pt. 136, Appendix B (USEPA 1994).  MDL is defined as

"the minimum concentration of a substance that can be measured and reported with 99%

confidence that the analyte concentration is greater than zero"  (USEPA 1994).  MDL was

estimated by taking replicate aliquots of a sample, and processing each through the entire

analytical method and calculated using the following formula:

MDL = t(n-1,1-α = 0.99) (S)

where:

MDL = the method detection limit

t(n-1,1-α = 0.99) = the students' t value appropriate for a 99%
confidence level and a standard deviation estimate with n-1 degrees of
freedom.

S = standard deviation of the replicate analyses

n = number of replicates

The calculated MDL for each of the metals analyzed is shown in Table 7.

Chromium.

A decision was made to disregard the chromium data developed in this study based on the

poor QC performance during the analyses, and considering that of the metals analyzed,

chromium is one of the least likely to create a human health problem in people consuming fish

from the Occoquan Reservoir.  Poor precision (AD = 1.64, RPD = 56%), poor accuracy
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Table 7.  Detection limits (MDL) For Metals Analysis.

Metal Limit
(µg/g Wet Weight)

Cd 0.25
Cu 0.7
Cr 0.3
Pb 0.3
Zn 3
Hg 0.04
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 (recovery of spiked tissue = 255%, SRM recovery = 29%), and high digestion blanks lead to a

lack of confidence in the chromium data.

Statistical Procedures

Whenever a tissue sample was analyzed more than once, an average of the trace metal

concentrations was taken and reported.  The reasons for treating the data in this fashion may be

justified as follow: 1)  Samples were taken from fish homogenate which were thought to be

representative of the entire tissue being analyzed; 2) Statistical analysis would have been difficult

due to a varied number of replicate (most sample were analyzed once, some as duplicates, some

in triplicate) and 3)  Though the resultant conclusions concerning the data may be weaker, the

final statistical analysis can be considered reliable and the conclusions would likely not differ had

all the individual analytical data been entered in the analysis of variance (from Gawlik 1979).

The data were analyzed utilizing Microsoft Excel 95 and Minitab Statistical Software,

Release 8.  Histograms of the data were plotted and indicated that in most cases the distributions

appeared more log-normal than normal.

Linear regression models were developed to assess the correlation of metals levels in fish

with weight and length.  With the exception of mercury in Bass fillets, this correlation was not

significant (α=0.05).  Therefore it was not considered necessary to correct concentrations for

weight and length when making comparisons between populations.  The one exception to this

was mercury in bass fillets, which was found to be highly correlated with fish weight at a

significant level of α=0.0005.  A two sample student t-test was run to test the null hypothesis that

there was no significant difference between the average weight of Gawlik's bass samples and the
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bass collected for this study.  The t value for this test was -0.25 indicating that the null hypothesis

could not be rejected at the α = 0.1 level.  Therefore no correction for weight was deemed

necessary for mercury fillet concentrations.

Comparisons of metals concentrations between populations were computed using the

Wilcoxon Rank Sum Test (Mann-Whitney Test) and the independent-sample t-test.  The

Wilcoxon Rank Sum Test was utilized to test the null hypothesis (Ho) that the populations from

which the two data sets have been drawn have the same median metals concentration. This test

does not assume that the distributions of the data sets are normal, but it does assume equal

variance. The independent sample t-test was utilized to test Ho = means of logarithmic metals

concentrations were equal. The logarithmic metals concentrations were used since the t-test

assumes a normal distribution and the populations were assumed to be lognormal.  For this test,

population variances were not assumed equal (Gilbert 1994, Minitab 1991).
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CHAPTER 4.  RESULTS

Table 8 lists the number of fish analyzed for those metals that were detected.  Table 9

shows percentage of samples that were below the detection limits for the different metals in the

fillet and liver tissue of the bass and carp samples.  Lead and cadmium concentrations were

generally below detection limits.  The appendix provides the tag number, location caught, date

caught, species, and average metal concentrations in fillet and liver tissue of each fish analyzed

in the study.

The arithmetic mean (x ), standard deviation (s), median, minimum and maximum values

obtained for those metals detected in the bass and carp from the Occoquan Reservoir are reported

in Table 10.  Figures 2 through 7 are box and whisker plots of the copper, mercury, and zinc

concentrations in the fillet and liver from all samples analyzed compared with plots of Gawlik's

data for these metals (Minitab 1991).  The statistical comparison of sampling stations using the

Wilcoxon Rank Sum Test and the student t-test for logarithmic Copper, Mercury and Zinc

concentrations at a significance level of α=0.05 are presented in Table 11.  Similar tests were

performed comparing the Occoquan Pooled (BR+FH+RO) data of this study (Roach) with

Gawlik's Occoquan Pooled data (Gawlik) from 1978 (Gawlik 1979) and the results are presented

in table 12.
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Table 8.  The Number of Fish Analyzed From Each Station for the Different Trace Metals in the
Fillet (F) and Liver (L) Tissue.

Trace Metal Number Analyzed From Each Station
Fish and

Tissue Type
BR FH RO

Largemouth Bass Cadmium (F) 13 25 26
Cadmium (L) 13 25 27
Copper (F) 13 24 26
Copper (L) 13 25 26
Lead (F) 13 25 26
Lead (L) 13 25 27

Mercury (F) 13 24 27
Zinc (F) 13 25 26
Zinc (L) 13 25 27

Common Carp Cadmium (F) 1 17 12
Cadmium (L) 1 17 13
Copper (F) 1 17 12
Copper (L) 1 17 13
Lead (F) 1 17 12
Lead (L) 1 17 13

Mercury (F) 1 17 12
Zinc (F) 1 17 12
Zinc (L) 1 17 13
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Table 9.  Percentage of Concentrations below MDL for the Different Trace Metals in the Fillet
(F) and Liver (L) Tissue.

Metal Bass (F) Bass (L) Carp (F) Carp (L)
Cadmium 100% 78% 100% 48%
Copper 54% 0% 33% 3%
Lead 83% 95% 100% 94%
Mercury 14%(2%) - 53%(0%) -
Zinc 3% 0% 13% 0%

(  ) Percentage of mercury concentration below MDL if not blank corrected
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Table 10. Summary of Metal Concentrations (µg/g wet weight) in Fillet and Liver of Largemouth
Bass (LB), and Common Carp (CC), from the Occoquan Reservoir.

Fish Metal Tissue Mean x (s) Median Min. Max. N
LB Cd F < 0.25 < 0.25 < 0.25 < 0.25 64

L < 0.25 < 0.25 < 0.25 3.77 65
Cu F 2.3 (4.50) 0.8 < 0.7 28.4 63

L 13.3 (15.92) 8.1 2.1 94.1 65
Pb F < 0.3 < 0.3 < 0.3 1.80 64

L < 0.3 < 0.3 < 0.3 1.70 65
Zn F 7.4 (8.26) 4.7 < 3 64.8 64

L 39.7 (12.44) 36.9 14.5 76.6 65
Hg F 0.23 (0.129) 0.19 < 0.04 0.80 64
Hg (BC) F 0.17 (0.139) 0.14 < 0.04 0.75 64

CC Cd F < 0.25 < 0.25 < 0.25 < 0.25 30
L 0.61 (0.812) < 0.25 < 0.25 3.14 31

Cu F 1.4 (1.46) 1.0 < 0.7 6.8 29
L 24.6 (31.30) 17.1 < 0.7 132.1 31

Pb F < 0.3 < 0.3 < 0.3 < 0.3 30
L < 0.3 < 0.3 < 0.3 0.43 31

Zn F 9.6 (6.76) 7.3 < 7 25.8 30
L 332.9 (289.5) 260.0 21.8 1228 31

Hg F 0.16 (0.11) 0.15 0.04 0.067 30
Hg (BC) F 0.04 (0.132) < 0.04 < 0.04 0.59 30

Hg (BC) = blank corrected mercury data
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BOPF

GBOPF

COPF

GCOPF

Figure 2.  Copper (µg/g wet weight) in fish fillet from the Occoquan Reservoir. (BOPF =
Largemouth Bass, present study; GBOPF = Largemouth Bass, Gawlik study; COPF = Common
Carp, present study; GCOPF = Common Carp, Gawlik study.)
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BOPL

GBOPL

COPL

GCOPL

Figure 3. Copper (µg/g wet weight) in fish liver from the Occoquan Reservoir (BOPL=
Largemouth Bass, Present study; GBOPL= Largemouth Bass, Gawlik study; COPL= Common
Carp, present study; GCOPL= Common Carp, Gawlik study.)
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Figure 4.  Mercury (µg/g Wet Weight) in Fillet of Largemouth Bass From the Occoquan
Reservoir (BOPF= Present Study, Not Blank Corrected; BOPFBC= Present Study, Blank
Corrected; GBOPF= Gawlik Study.)
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Figure 5. Mercury (µg/g Wet Weight) in Fillet of Common Carp From The Occoquan
Reservoir (COPF= Present study, Not Blank Corrected; COPFBC= Present Study, Blank
Corrected; GCOPF= Gawlik Study.)
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Figure 6.  Zinc (µg/g Wet Weight) In Fish Fillet From The Occoquan Reservoir
(BOPF=Largemouth Bass, Present Study; GBOPF= Largemouth Bass, Gawlik Study; COPF=
Common Carp, Present Study; GCOPF= Common Carp, Gawlik Study.)
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Figure 7.  Zinc (µg/g Wet Weight) In Fish Liver From The Occoquan Reservoir. (BOPL=
Largemouth Bass, Present Study; GBOPL= Largemouth Bass, Gawlik Study; COPL= Common
Carp, Present Study; GCOPL= Largemouth Bass, Gawlik Study.)
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Table 11.  Comparison of Stations Using the Wilcoxon Rank Sum Test at a Significance Level of
α=0.05 for Trace Metal Concentrations and the Student t-test for Log Trace Metal
Concentrations in Fillet and Liver Tissue for Largemouth Bass and Common Carp.

Fish
Trace Metal Tissue Test Station Comparison

Largemouth Bass Copper Fillet Both FH≈RO>BR
Liver Both BR>FH≈RO

Zinc Fillet Both FH≈RO≈BR
Liver Both FH≈BR≈RO

Mercury Fillet WRST BR≈FH≈RO
t-test BR>RO; BR≈FH;FH≈RO

Mercury (BC) Fillet WRST BR≈RO≈FH
t-test BR>RO≈FH

Common Carp Copper Fillet Both RO≈FH
Liver Both FH>RO

Zinc Fillet Both RO≈FH
Liver Both FH≈RO

Mercury Fillet Both RO≈FH
Mercury (BC) Fillet Both RO≈FH

BR=Bull Run, FH=Fountainhead, RO=Reservoir Outlet
(BC) = blank corrected mercury data
WRST = Wilcoxon Rank Sum Test
t-test = two sample student t-test of log transformed metal concentrations.
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Table 12.  Comparison of Metal levels in fish from current study (Roach) with Gawlik's study
(Gawlik) Using the Wilcoxon Rank Sum Test at a Significance Level of α=0.05 for Trace Metal
Concentrations and the student t-test for log trace metal concentrations in Fillet and Liver Tissue

for Largemouth Bass and Common Carp.

Fish Metal Tissue Test Study Comparison
Largemouth Bass Copper Fillet Both Roach>Gawlik

Liver Both Roach>Gawlik
Zinc Fillet Both Gawlik>Roach

Liver Both Roach>Gawlik
Mercury Fillet Both Gawlik≈Roach
Mercury (BC) Fillet Both Gawlik>Roach

Common Carp Copper Fillet Both Roach>Gawlik
Liver WRST Roach≈Gawlik
Liver t-test Gawlik>Roach

Zinc Fillet Both Gawlik≈Roach
Liver Both Roach>Gawlik

Mercury Fillet Both Roach>Gawlik
Mercury (BC) Fillet Both Gawlik>Roach

(BC) = Mercury blank corrected data
WRST = Wilcoxon Rank Sum Test
t-test = two sample student t-test of log adjusted metals concentrations.
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CHAPTER 5.  DISCUSSION

Cadmium

Cadmium went undetected (< 0.25 µg/g) in the fillet of all fish (Bass and Carp) analyzed.

This is consistent with the results that Gawlik (1979) achieved in fish sampled in 1978. Fourteen

bass liver samples and 15 carp liver samples had detectable concentrations of cadmium.  Average

concentration of cadmium in carp liver samples was 0.61 µg/g, however the median

concentration was <0.25 µg/g (see table 10).  Average concentration in the bass livers was <0.25

µg/g.  Nriagu (1990) found that cadmium accumulates to the highest degree in the first trophic

level (aquatic plants), with concentrations decreasing with increasing trophic level.  The

piscivorous bass can be considered at a higher trophic level than the bottom feeding carp.

Biddinger and Gloss (1984) believed that direct contact with sediments affect accumulation of

cadmium in aquatic organisms more so than a food chain affect.  In either case, cadmium

concentration would be expected to be higher in carp than in bass, and this appears to be the case

here.

Gawlik (1979) observed no detectable cadmium (> 0.05 µg/g) in the bass liver tissue he

analyzed from the Occoquan Reservoir, as compared to fourteen bass livers in the current study

with concentrations over 0.25µg/g.  Gawlik’s carp liver concentrations averaged 0.23 µg/g, as

compared to average concentrations of 0.61 µg/g in the current study.  This appears to be

indicative of an increase in cadmium concentrations in the two populations.  However, the large

number of non-detects (78% below MDL) makes it impossible to perform statistically

meaningful comparisons.  The apparent increase in cadmium concentrations could be attributed

to seasonal variations in metal uptake by fish, as further discussed under copper.
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The higher levels of cadmium in the liver of bass and carp when compared with

concentrations in the muscle are consistent with the findings of other researchers (El Nabawi et

al. 1987, Heit 1979, Moore and Ramamoorthy 1979).  Because of this tendency, the liver should

give a better indication of the cadmium concentration in the immediate environment.

Since cadmium went undetected in the fillet of all fish sampled, there appears no risk

associated with cadmium contamination in consuming fish from the Occoquan reservoir.  No

action levels for cadmium contamination of fish tissue have been set in the United States,

however limits imposed throughout the world have ranged as low as 0.05 µg/g, which is below

the detection limit of this study.

Copper

Copper concentrations in both Largemouth Bass and Common Carp were significantly

higher in the liver tissues over the fillet tissue at the α=0.05 level.  This is expected as one of the

chief functions of the liver is to remove toxins and copper has been shown to accumulate in the

liver ( Heit 1979, Moore and Ramamoorthy 1979).  The liver tissue should thus give a better

indication of the copper concentrations in the immediate environment (Gawlik 1979).  Copper

concentrations in the liver of Carp were significantly higher than concentrations in Bass liver.

Carp are bottom feeders and thus are exposed to the high levels of copper partitioned to the

sediment.  However, copper levels in the fillet of Bass were higher than that of Carp.  This may

indicate that Carp are better able to regulate copper levels.

The copper liver concentrations were significantly higher in bass taken from Bull Run (BR)

than in bass taken from both the Fountainhead (FH) and reservoir outlet (RO) stations.
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Unfortunately, this trend could not be confirmed with Carp, as only one Carp sample was taken

from the BR station.  The Bull Run arm of the Occoquan Reservoir has been called the polluting

arm (Gawlik 1979) because it passes though the most heavily developed area of the watershed.

In addition, a continuous copper sulfate feed is operated during the summer in Bull Run upstream

of the sampling area.  The opposite was true of concentrations in the fillet tissue of largemouth

bass.  FH and RO had significantly higher concentrations than those from BR.  However,

comparison of liver tissue is believed to give a better indication of the trace metals present in the

immediate environment.  Concentrations of copper in the liver tissue of carp were significantly

higher in fish taken from FH than in those taken from RO. FH is between BR and RO, and would

be more impacted by contaminant loading from Bull Run.  Another consideration in statistical

comparisons of the stations is that there is no guarantee that fish taken from a particular station

had resided in that particular station for any period of time.

In comparing the copper concentration data developed with this study with that of Gawlik's

in 1978, several things must be kept in mind.  First of all, somewhat different analytical methods

were used, and this has been shown to affect reported metals concentrations (Sadiq et al. 1991).

Secondly, Gawlik's samples were collected in the early Spring of 1978.  The samples analyzed in

this study were collected in the late summer and early fall of 1993 and 1994.  Seasonal variations

in metals concentrations in fish are well documented (Ashraf et al. 1992, Douben 1989) and have

been attributed to changes in metabolic rates due to water temperature and general activity levels

of fish.  Most studies have shown a peak in metals concentrations in fish during the summer

months.  In the case of the Occoquan Reservoir, copper sulfate is applied as an algaecide in the

reservoir during the summer months. In 1993 and 1994, totals of 50,900 pounds and 65,600
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pounds respectively of copper sulfate was applied to the reservoir from June through October of

each year (Post 1998).

With those considerations in mind, the following observations are made.  Sample data from

all three sampling stations were pooled together and statistically compared with the pooled data

from Gawlik's study.  Concentrations in the liver and fillet of Largemouth Bass, and in the fillet

of Common Carp were significantly higher at the α=0.05 level in this study than in Gawlik's

study.  Concentrations in Carp liver were found to be either not significantly different (Wilcoxon

Rank Sum Test) or significantly higher in Gawlik's study (t-test at α=0.05).  This would seem to

give some evidence that copper concentrations are increasing in the Bass population of the

reservoir, however, the higher concentrations could also be attributed to the seasonal variation

and the seasonal copper sulfate loading.

Legal limits imposed throughout the world for Copper in fish and fishery products have

ranged from 10 to 100 µg/g (Shereif and Mancy 1995).  Two out of sixty-three bass sampled had

copper fillet concentrations greater than 10 µg/g, while all were below the 100 µg/g limit.

Average concentrations were 2.3 µg/g and median concentrations were 0.8 µg/g, indicating that

in most instances there is no public health hazard due to copper in fish from the reservoir.

Lead

Lead went undetected (<0.3 µg/g) in the fillet of all Carp sampled and in the fillet of all but

eleven (out of sixty-four) Bass samples.  Only three Bass liver samples and two Carp liver

samples had measurable concentrations of Lead. In 1978, lead went undetected (<0.5 µg/g) in all

Bass and Carp samples analyzed by Gawlik 1979.  Using Gawlik's MDL, only four bass fillet
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samples and three bass liver samples in the current study had measured concentrations greater

than 0.5 µg/g.  There is not enough evidence to show any increase in lead levels in the fish since

the time of Gawlik’s study.

The eleven bass fillet samples with measurable concentrations of lead in the fillet, had

concentrations above the FDA action level 0.25 µg/g for lead in food (other than fruit beverages)

packed in lead-soldiered cans (US FDA 1994).  However, average and median concentrations

were well below the 0.30 µg/g MDL of the study.  This would seem to indicate that while there is

reason for some concern in consuming bass from the Occoquan Reservoir due to lead

contamination, in most cases there is little public health hazard.

Mercury

If not blank corrected, mercury was detected (> 0.04 µg/g wet weight) in all but 2% of bass

fillets and in all carp fillets.  If blank corrected, 14% of bass fillets and 53% of carp fillets are

below the detection level (Table 9).  This is further evidence of the bias caused by blank

correcting for mercury.  Most of the carp samples were analyzed in the last four or five analytical

runs, which had the highest blank concentrations and thus the highest correction factors.  Mean,

standard deviation, median, minimum and maximum concentrations in bass and carp fillet for

mercury and blank corrected mercury are summarized in Table 10.

With one exception, station comparisons of mercury concentrations showed no significant

difference between stations with regard to bass and carp fillet samples.  The exception to this was

bass fillets, where the t-test indicated a significantly higher concentration of mercury in the

samples from the Bull Run station (BR) over the Reservoir Outlet (RO) station (for blank
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corrected and not corrected) and a significantly higher concentration at BR over Fountainhead

samples (only for blank corrected samples.)  This result is not surprising, as Bull Run flows

through the most highly developed section of the watershed. However the Wilcoxon Rank Sum

Test did not show this relationship but indicated that there was no significant difference between

these stations (Table 11).  Again, there is no reason to believe that fish collected in one part of

the reservoir have been there for any significant amount of time.

Mercury concentrations were higher in bass fillets than in carp fillets, and concentration

was positively correlated with weight for bass.  This was expected due to biomagnification of

mercury in fish, which has been well documented (Förstner and Wittmann 1981,Gawlik 1979,

Lowe et al. 1985).

Comparison of mercury concentrations from this study with those of Gawlik's (1979) were

inconclusive.    If the non-blank corrected data are used there was no significant difference

between the concentrations found in the bass fillets of the two studies.  If blank corrected,

Gawlik's samples had significantly higher concentrations.  For carp, the uncorrected data showed

significantly more mercury in the fillets from the present study over Gawlik's study.  However if

the blank corrected data are used, the relationship reverses (see Table 12).  In either case, any

increase or decrease in mercury concentration in fillet of bass and carp taken from the reservoir

appears minor.

No samples tested had a concentration in the fillet higher than the FDA action level of 1.0

µg/g.  Only one Bass fillet and one Carp fillet had a concentration above the old FDA action

level of 0.5 µg/g.   Gawlik had found that mercury concentration in fillet of bass from the

Occoquan watershed exceeded the 0.5 µg/g (wet weight) action level when fish weights exceeded

1500 g.  The one Bass fillet in the current study with a mercury concentration over 0.5 µg/g came
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from a fish that weighed 1500 g, so this conclusion remains true to a certain extent (there were

bass over 1500 g with mercury concentrations less than 0.5 µg/g in this study.)  This suggests

that there is no significant health risk due to mercury in consuming fish taken from the reservoir.

Zinc

Zinc was detected in all but 3% of the bass fillet samples and 13% of the carp fillet samples

and in all liver tissue analyzed.  Mean, standard deviation, median, minimum and maximum

concentrations in bass and carp fillet and liver are summarized in Table 10.  Concentrations were

statistically higher in liver tissue over fillet, a finding that is supported in the literature (Gawlik

1979, Heit 1979).

Zinc concentrations in the liver of carp are significantly higher α<0.0001 than

concentrations in the liver of the bass samples, but there is no significant difference at α=0.1

when comparing the fillet samples.  As with carbon, zinc appears to partition to the liver (Heit

1979). Therefore, the liver is likely the better indicator of environmental zinc conditions than

fillet samples.  Average concentration of zinc in carp liver was more than thirty times that of the

concentration in the fillet.  For bass, the relationship was only 5:1 liver to fillet concentration.

Zinc is an essential element and fish are known to have a homeostatic mechanism for controlling

excess zinc levels (Hodson 1988, Biddinger and Gloss 1984).  Carp are exposed to more zinc

from the sediments than bass and the difference is seen in the liver concentrations.

Station comparison of zinc concentrations show no significant difference between stations

with regard to bass and carp fillet and liver samples (see Table 11).

Average zinc concentrations in the liver of carp and bass from this study were significantly

higher than those reported by Gawlik (1979) (39.7 µg/g vs. 23.65 µg/g for bass and 333 µg/g vs.
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120.5 µg/g for carp).  Again, while this may be a result of an overall change in the aquatic

environment, it may also simply reflect a seasonal trend.  Average zinc concentrations in the

fillet of bass were significantly higher in the results reported by Gawlik (1979) over those found

in this study. There was no significant difference between the average fillet concentrations of

carp in the two studies.  As discussed above, however, the liver is a more accurate gauge of

environmental zinc conditions.

Legal limits imposed throughout the world for zinc in fish and fishery products have

ranged from 30 to 1000 µg/g (Shereif and Mancy 1995).  One bass fillet sample had a zinc

concentration of 64.8 µg/g, but no other fillet samples were above the minimum limit of 30 µg/g.

Average fillet concentrations were 7.4 µg/g for bass and 9.6 µg/g for carp, well below this limit.

This indicates that there is little public health concern due to zinc contamination in those

consuming bass and carp for the Occoquan reservoir.

Further Discussion

The data generated in this study and in Gawlik’s study give some indication that metal

contamination of fish in the Occoquan Reservoir has increased.  Cu, Pb, and Zn concentrations in

bass livers averaged (though not always statistically significant) higher in the present study than

in the bass studied in 1978.  Cd and Zn concentrations were higher in carp livers.  The fillet

tissue studied gave some conflicting evidence, but liver concentration is a better gauge of

environmental contamination of these metals than the fillet.  Hg accumulates in the muscle, and

only the fillet’s were analyzed for Hg content.  When the non-blank corrected (which is believed

to more accurately convey the actual Hg levels in the fish) Hg data was compared with Gawlik’s,
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an increase in the average concentration of Hg in carp fillets was seen.  These results would

indicate a general increase in the metal contamination of bass and carp in the Occoquan

Reservoir.  However, as previously discussed, this apparent increase in metals concentrations

could be the result of seasonal variations.  The samples for the present study were collected in the

late summer, when fish are most active, and metal concentrations in fish are presumed to be at

their highest (Ashraf et al. 1992, Douben 1989).  Gawlik collected his samples in the early

spring, a relatively low point in fish metal contamination.  Future studies may want to analyze

fish throughout the year to determine the amount of seasonal fluctuation in this particular

reservoir.  There are two good arguments however for concentrating the study of fish metals in

the summer: 1) Levels are at their highest, and therefore the worse case scenario can be studied,

and 2) Most recreational fishing is done during the warmer months, and thus more fish are likely

to be consumed by humans in the summer.

Bull Run has been called the “polluting arm” (Gawlik 1979) of the Occoquan Reservoir.

In the current study, the livers of bass collected from the Bull Run station had significantly higher

concentrations of copper as compared to the bass livers from the other two stations.  Only one

carp was collected from BR so comparisons were impossible, however, the copper

concentrations in carp livers from the Fountainhead station were significantly higher than those

from the reservoir outlet station (RO).  FH is the first station downstream from Bull Run and thus

impacted by it.  Mercury concentrations in bass fillet were also found to be higher in bass taken

from BR than in bass from FH and RO.  No other significant geographical trend can be identified

from the data.  Bull Run flows through the most highly urbanized area of the Occoquan

Watershed.  Randall et al. 1980 found that increased urbanization generally caused increased

metal loading from runoff, and this data would appear to support the view that increased loading
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has affected metal contamination in the fish population of the reservoir.  As stated before,

however, there is no guarantee that fish captured at one station have been in that particular area

for any length of time.

Has metal contamination of the Occoquan Watershed made fish captured from the

reservoir unsafe for human consumption?  Average concentrations in the edible fillet of both bass

and carp for all trace metals studied were well below published action levels, indicating that there

is little public health hazard caused by metals in consuming fish from the Occoquan Reservoir.

But that is the averages of the populations, and there were several instances of individual fish

with metals concentrations above safe eating levels.  In the case of copper, two (out of sixty-four)

bass sampled had fillet concentrations greater than ten µg/g, which was the lowest published

action level from around the world (Shereif and Mancy 1995).  Eleven bass fillets had lead levels

above the 0.25 µg/g FDA action level (US FDA 1994).  While no fish had a mercury fillet

concentration above the FDA action level of 1.0 µg/g, one bass sampled was above the 0.5 µg/g

level, which the FDA recommends that children under five should limit their consumption of.

One bass fillet had a zinc concentration above the lowest level set throughout world (Shereif and

Mancy 1995).

One or two fish out of fifty or sixty sampled should be considered outliers and little

concern be made about them.  Nevertheless, these cases do show that the potential is there for the

metals concentrations in the fillet to reach levels that could be harmful to human health if

consumed.  The eleven bass sampled with fillet lead concentrations above the 0.25 µg/g action

level are of particular concern, especially as some researchers believe that current maximum

levels of lead consumption are set too high (Sherlock 1985, Flegal et al. 1990).
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Other factors should be considered in evaluating metals levels and human health.

Children and infants are generally more susceptible to metal toxicity than adults.  Mercury has

been seen to travel readily through the placenta and Skerfving (1988) found that newborn infants

had higher blood levels of mercury than their mothers.  Other populations have an increased risk

of metal toxicity.  Poor nutrition has been shown to increase cadmium absorption in the body and

people with diet deficiencies are considered special risk groups for cadmium poisoning (Fox

1988, USEPA 1984 A).  Cigarette smoking is an additional source of cadmium through

inhalation (USEPA 1984 A).  Workers exposed to metal contamination through industrial

processes are special risk groups as well.

There are also possible cumulative effects of multiple metal contamination.  Tsuchiya et

al. (1987) found that the interaction of a combination of metals increased Cd toxicity.  Extreme

levels of zinc have been seen to have a toxic effect caused by synergistic and antagonistic

interactions with cadmium and copper (Moore and Ramamoorthy 1984, USEPA 1980).

Cadmium causes a redistribution of zinc in the body, which may impair organ function (Sherlock

1985).

In discussing mercury levels in largemouth bass, Gawlik (1979) said that "intuitively, a

person considering eating fillet of large bass from waters of the Occoquan Watershed…should

not consume them on a daily basis."  I would echo this statement, except to change it to all bass

from the watershed.
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CHAPTER 6.  CONCLUSIONS

From the results of this study, the following conclusions were derived:

1. Mercury concentrations in fillet tissue of bass and carp from waters in the Occoquan

Watershed were not found to exceed the FDA's action level of 1.0 µg/g (wet weight) in any of the

samples studied.  One bass and one carp sample did exceed the old action level of 0.5 µg/g (wet

weight).  However, the average concentrations of mercury in bass and carp from the Occoquan

Watershed were 0.23 µg/g and 0.16 µg/g respectively, suggesting that there is no public health

hazard due to mercury contamination to those consuming bass or carp from the watershed.

2. There was no conclusive evidence that mercury concentrations have increased (or

decreased) in the fillet of bass and carp from the reservoir since the time of Gawlik's study in

1978.

3. The liver appears to give the best indication of changing environmental conditions

when comparing copper and zinc concentrations in fish.  Taking this into account, there is some

evidence that there has been an increase in uptake of zinc and copper by bass in the reservoir, and

an increase in zinc uptake by carp, since the time of Gawlik's study in 1978.  However, the

increases seen could have been caused by seasonal variations.

4. Zinc and copper in the livers, and mercury in fillets were found to be significantly

higher in bass collected from the Bull Run station than in bass collected from the other stations

sampled.  Bull Run passes through the most highly developed area of the watershed and

presumably suffers the most impact from point and non-point discharges to the reservoir.  These

results support this assumption.
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5. Average concentrations in the fillet of all bass and carp sampled for all trace metals

studied were well below published action levels for the metals of concern, indicating that there is

little public health hazard caused by metals in consuming fish from the Occoquan Reservoir.

However, eleven bass fillets did have lead levels above the FDA’s action level of 0.25 µg/g for

lead in food packed in lead-soldiered cans (US FDA 1994), and concentrations went above

published action levels in one or two bass with regard to copper and zinc.  Because of these

levels, those catching bass from the Occoquan Reservoir should avoid consuming them on a

daily basis.
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APPENDIX

Age, weight, length and average trace metal concentrations (µg/g wet weight) in fillet (F) and

liver (L) tissue for Common Carp (C) and Largemouth Bass (B) sampled from Bull Run (BR),

Fountainhead (FH), and Reservoir Outlet (RO).
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Tag
#

Tissue Date caught Species Station length
(mm)

weight
(gm)

Cd (µg/g) Cr (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Hg
(µg/g)
B.C.

Hg (µg/g)

1 F 10/13/93 B FH 299 369 <MDL 3.11 8.15 0.40 6.7 0.112 0.193
L 10/13/93 B FH 299 369 0.30 <MDL 11.78 <MDL 34.4

2 F 10/13/93 B FH 286 369 <MDL 1.24 1.38 <MDL 5.1 0.106 0.159
L 10/13/93 B FH 286 369 <MDL <MDL 12.87 <MDL 39.6

3 F 10/13/93 B FH 416 1050 <MDL 1.05 <MDL <MDL 3.2 0.070 0.160
L 10/13/93 B FH 416 1050 <MDL <MDL 5.46 <MDL 37.6

4 F 10/13/93 B FH 264 284 <MDL 0.67 0.77 <MDL 4.5 <MDL <MDL
L 10/13/93 B FH 264 284 <MDL <MDL 8.05 <MDL 32.2

5 F 10/13/93 B FH 424 1280 <MDL 1.49 <MDL <MDL 3.6 0.186 0.225
L 10/13/93 B FH 424 1280 <MDL <MDL 9.73 <MDL 58.7

6 F 10/13/93 B FH 310 369 <MDL 0.50 <MDL <MDL 6.9 0.210 0.202
L 10/13/93 B FH 310 369 <MDL <MDL <MDL <MDL 25.8

7 F 10/13/93 B FH 300 340 <MDL 10.02 4.19 <MDL 6.8 0.050 0.120
L 10/13/93 B FH 300 340 <MDL <MDL 8.08 <MDL 34.2

8 F 10/13/93 B FH 428 1250 <MDL 1.42 3.43 <MDL 6.4 0.392 0.385
L 10/13/93 B FH 428 1250 0.67 <MDL 3.79 <MDL 47.1

9 F 10/13/93 B FH 395 879 <MDL 0.36 0.80 <MDL 6.5 0.290 0.334
L 10/13/93 B FH 395 879 <MDL <MDL 34.01 <MDL 54.1

10 F 10/13/93 B FH 374 624 <MDL <MDL <MDL <MDL 7.2 0.126 0.163
L 10/13/93 B FH 374 624 <MDL <MDL 7.23 <MDL 59.3

11 F 10/13/93 B FH 350 624 <MDL 1.89 3.72 <MDL 4.5 0.366 0.425
L 10/13/93 B FH 350 624 <MDL <MDL 11.90 <MDL 38.6

12 F 10/13/93 B FH 457 1560 <MDL 0.89 1.93 <MDL 3.6 0.332 0.396
L 10/13/93 B FH 457 1560 0.38 <MDL 63.97 <MDL 65.9

13 F 10/13/93 B FH 376 822 <MDL 4.70 2.14 0.40 4.9 0.073 0.187
L 10/13/93 B FH 376 822 <MDL <MDL 10.83 <MDL 53.0

14 F 10/13/93 B FH 283 340 <MDL 1.51 1.85 <MDL 4.3 <MDL 0.076
L 10/13/93 B FH 283 340 <MDL <MDL 8.61 <MDL 37.4

15 F 10/13/93 B FH 356 567 <MDL 14.07 20.20 0.80 12.6 0.206 0.200
L 10/13/93 B FH 356 567 <MDL <MDL 3.47 <MDL 24.2

16 F 10/13/93 B FH 274 312 <MDL 10.81 28.43 1.30 18.5 <MDL 0.072
L 10/13/93 B FH 274 312 <MDL <MDL 4.29 <MDL 30.8

17 F 10/13/93 B FH 234 198 <MDL 20.91 <MDL 1.80 64.8 0.148 0.141
L 10/13/93 B FH 234 198 <MDL <MDL 2.65 <MDL 38.0

18 F 10/13/93 B FH 260 255 <MDL 0.40 2.24 <MDL 4.9 <MDL 0.170
L 10/13/93 B FH 260 255 <MDL <MDL 5.84 0.30 14.5

19 F 10/13/93 B FH 267 255 <MDL 0.66 <MDL <MDL 4.2 0.118 0.193
L 10/13/93 B FH 267 255 <MDL <MDL 3.05 <MDL 37.9

20 F 10/13/93 B FH 257 227 <MDL 1.07 3.41 <MDL 4.7 <MDL 0.117
L 10/13/93 B FH 257 227 <MDL <MDL 16.66 <MDL 45.1

21 F 10/13/93 B FH 348 539 <MDL <MDL <MDL <MDL 5.2
L 10/13/93 B FH 348 539 <MDL <MDL 4.65 <MDL 36.8

22 F 10/13/93 B FH 497 2070 <MDL <MDL 0.84 <MDL <MDL 0.486 0.480
L 10/13/93 B FH 497 2070 0.28 1.18 26.17 <MDL 37.4

23 F 10/13/93 B FH 253 227 <MDL <MDL <MDL <MDL 6.1 0.090 0.160
L 10/13/93 B FH 253 227 <MDL <MDL 5.97 <MDL 28.6
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#

Tissue Date caught Species Station length
(mm)

weight
(gm)

Cd (µg/g) Cr (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Hg
(µg/g)
B.C.

Hg (µg/g)

24 F 10/13/93 B FH 401 1500 <MDL <MDL <MDL <MDL 7.2 0.745 0.795
L 10/13/93 B FH 401 1500 0.29 <MDL 13.70 <MDL 62.4

25 F 10/14/93 B BR 430 1247 <MDL 0.92 <MDL <MDL <MDL 0.288 0.323
L 10/14/93 B BR 430 1247 <MDL <MDL 63.90 <MDL 58.9

26 F 10/14/93 B BR 311 419 <MDL <MDL 1.10 <MDL 4.1 0.242 0.288
L 10/14/93 B BR 311 419 <MDL <MDL 7.17 <MDL 31.5

27 F 10/14/93 B BR 350 475 <MDL 7.18 <MDL <MDL <MDL 0.101 0.224
L 10/14/93 B BR 350 475 0.55 0.33 14.90 <MDL 49.3

28 F 10/14/93 B BR 482 1843 <MDL <MDL <MDL <MDL 4.7 0.398 0.426
L 10/14/93 B BR 482 1843 <MDL <MDL 12.03 <MDL 50.3

29 F 10/13/93 B FH 463 1560 <MDL <MDL <MDL 4.6 0.256 0.374
L 10/13/93 B FH 463 1560 <MDL <MDL 5.63 <MDL 29.6

30 F 10/14/93 B BR 405 1030 <MDL <MDL 1.06 <MDL 3.4 0.308 0.359
L 10/14/93 B BR 405 1030 <MDL <MDL 22.76 <MDL 36.9

31 L 10/14/93 B BR 269 240
32 F 10/14/93 B BR 419 1220 <MDL 7.00 <MDL <MDL 9.7 0.292 0.318

L 10/14/93 B BR 419 1220 0.30 <MDL 94.11 <MDL 76.6
33 F 10/14/93 B BR 315 406 <MDL 9.33 0.83 1.25 6.9 0.051 0.190

L 10/14/93 B BR 315 406 <MDL <MDL 13.43 <MDL 36.5
34 F 10/14/93 B BR 303 338 <MDL 17.17 <MDL <MDL 3.5 0.104 0.227

L 10/14/93 B BR 303 338 0.33 <MDL 14.58 <MDL 45.0
35 F 10/14/93 B BR 260 216 <MDL <MDL <MDL <MDL 4.2 0.175 0.168

L 10/14/93 B BR 260 216 <MDL <MDL 7.82 <MDL 29.4
36 F 10/13/93 C FH 580 2920 <MDL 0.52 1.77 <MDL 3.9 0.142 0.208

L 10/13/93 C FH 580 2920 <MDL <MDL 81.13 <MDL 206.4
37 F 10/13/93 C FH 652 4790 <MDL <MDL <MDL <MDL 5.8 0.143 0.223

L 10/13/93 C FH 652 4790 3.14 <MDL 9.04 <MDL 460.0
38 F 10/13/93 B RO 300 312 <MDL <MDL 0.103

L 10/13/93 B RO 300 312 <MDL <MDL 5.13 0.80 63.4
39 F 10/13/93 B RO 285 255 <MDL 1.17 1.44 <MDL 9.8 0.069 0.144

L 10/13/93 B RO 285 255 <MDL <MDL 6.55 <MDL 26.8
40 F 10/13/93 B RO 278 284 <MDL 1.05 5.23 <MDL 11.0 0.081 0.159

L 10/13/93 B RO 278 284 3.77 <MDL 18.02 <MDL 41.6
41 F 10/13/93 B RO 263 227 <MDL 22.61 1.61 <MDL 10.4 0.235 0.228

L 10/13/93 B RO 263 227 0.36 <MDL 4.21 <MDL 43.4
42 F 10/13/93 B RO 308 340 <MDL 1.13 <MDL <MDL 4.1 0.125 0.189

L 10/13/93 B RO 308 340 1.05 1.72 12.67 <MDL 52.9
43 F 10/13/93 B RO 495 1930 <MDL <MDL <MDL <MDL 4.5 0.243 0.309

L 10/13/93 B RO 495 1930 <MDL <MDL 33.19 <MDL 35.7
44 F 10/13/93 B RO 300 312 <MDL 1.78 9.86 <MDL 8.2 0.148 0.244

L 10/13/93 B RO 300 312 <MDL <MDL 4.37 0.60 35.1
45 F 10/13/93 C RO 727 5070 <MDL <MDL <MDL <MDL 10.8 0.167 0.160

L 10/13/93 C RO 727 5070 <MDL 0.45 132.06 0.40 282.0
46 F 10/13/93 B RO 373 680 <MDL 0.63 1.85 <MDL 5.2 0.251 0.242

L 10/13/93 B RO 373 680 <MDL <MDL 11.77 <MDL 40.8
47 F 10/13/93 B RO 248 198 <MDL <MDL <MDL <MDL 8.6 0.161 0.154
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weight
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Cd (µg/g) Cr (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Hg
(µg/g)
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Hg (µg/g)

L 10/13/93 B RO 248 198 <MDL <MDL 5.20 <MDL 41.5
48 F 10/13/93 B RO 265 227 <MDL <MDL <MDL <MDL 6.0 <MDL 0.114

L 10/13/93 B RO 265 227 <MDL <MDL 11.63 <MDL 55.3
49 F 10/13/93 B RO 487 1840 <MDL 0.83 6.80 <MDL 6.6 0.361 0.454

L 10/13/93 B RO 487 1840 0.33 <MDL 18.40 <MDL 33.5
50 F 10/13/93 B RO 459 1390 <MDL 1.50 1.43 <MDL 3.4 0.292 0.371

L 10/13/93 B RO 459 1390 0.25 <MDL 30.50 <MDL 43.9
51 F 10/14/93 B BR 303 400 <MDL <MDL <MDL <MDL 6.7 0.101 0.193

L 10/14/93 B BR 303 400 <MDL <MDL 3.80 <MDL 28.1
57 F 10/14/93 B BR 257 187 <MDL <MDL <MDL <MDL 11.8 0.138 0.169

L 10/14/93 B BR 257 187 1.39 0.42 6.10 <MDL 27.6
58 F 10/14/93 B BR 301 295 <MDL 48.58 1.09 1.37 13.9 0.154 0.240

L 10/14/93 B BR 301 295 <MDL <MDL 29.50 <MDL 41.1
60 F 10/14/93 B BR 252 188 <MDL 12.22 3.26 <MDL 8.9 0.179 0.211

L 10/14/93 B BR 252 188 <MDL <MDL 9.50 <MDL 32.3
61 F 10/14/93 C BR 730 5500 <MDL <MDL <MDL <MDL 7.2 0.045 0.169

L 10/14/93 C BR 730 5500 <MDL <MDL 5.20 <MDL 249.0
101 F 9/14/94 C RO 760 5440 <MDL 1.36 4.97 <MDL 18.4 <MDL 0.191

L 9/14/94 C RO 760 5440 3.02 1.28 2.80 <MDL 107.0
102 F 9/14/94 C RO 639 4310 <MDL <MDL 0.152

L 9/14/94 C RO 639 4310 <MDL <MDL 24.90 0.40 240.0
104 F 9/14/94 C RO 685 4080 <MDL 0.30 1.91 <MDL 13.2 <MDL 0.145

L 9/14/94 C RO 685 4080 1.45 <MDL 2.70 <MDL 121.0
105 F 9/14/94 C RO 651 3740 <MDL <MDL <MDL <MDL 4.5 <MDL 0.156

L 9/14/94 C RO 651 3740 <MDL <MDL 1.50 <MDL 85.8
106 F 9/14/94 C RO 696 4760 <MDL <MDL 0.98 <MDL 15.6 0.054 0.176

L 9/14/94 C RO 696 4760 1.79 <MDL 4.60 <MDL 176.0
107 F 9/14/94 B RO 478 1700 <MDL <MDL <MDL <MDL 11.3 0.286 0.369

L 9/14/94 B RO 478 1700 <MDL <MDL 29.60 <MDL 45.9
108 F 9/14/94 B RO 216 120 <MDL 2.00 1.01 0.45 25.0 0.078 0.197

L 9/14/94 B RO 216 120 <MDL <MDL 2.60 <MDL 32.1
110 F 9/14/94 C RO 678 4200 <MDL 0.30 1.92 <MDL <MDL <MDL 0.134

L 9/14/94 C RO 678 4200 <MDL <MDL <MDL <MDL 117.0
111 F 9/14/94 C RO 682 4080 <MDL <MDL 1.22 <MDL 25.8 0.062 0.197

L 9/14/94 C RO 682 4080 <MDL <MDL 1.10 <MDL 1048.0
112 F 9/14/94 C RO 683 4760 <MDL <MDL 1.96 <MDL 19.5 0.085 0.181

L 9/14/94 C RO 683 4760 0.41 0.31 23.40 <MDL 469.0
113 F 9/14/94 C RO 650 3970 <MDL <MDL 1.66 <MDL <MDL 0.134 0.127

L 9/14/94 C RO 650 3970 <MDL <MDL 3.00 <MDL 21.8
114 F 9/14/94 C RO 672 4310 <MDL 0.38 1.57 <MDL 13.7 <MDL 0.089

L 9/14/94 C RO 672 4310 <MDL <MDL 1.00 <MDL 1228.0
115 F 9/14/94 C RO 669 4540 <MDL 0.41 0.77 <MDL 5.4

L 9/14/94 C RO 669 4540 <MDL <MDL 5.70 <MDL 88.2
116 F 9/14/94 C RO 664 4420 <MDL <MDL <MDL <MDL <MDL <MDL 0.128

L 9/14/94 C RO 664 4420 <MDL <MDL 2.10 <MDL 721.0
117 F 9/14/94 B RO 305 405 <MDL 5.12 0.73 <MDL <MDL 0.201 0.193
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L 9/14/94 B RO 305 405 <MDL 1.36 8.50 <MDL 24.5
118 F 9/14/94 B RO 411 920 <MDL <MDL 1.01 <MDL 3.3 0.357 0.387

L 9/14/94 B RO 411 920 <MDL <MDL 4.70 <MDL 34.0
119 F 9/14/94 B RO 308 390 <MDL 3.86 0.76 <MDL 3.5 <MDL 0.113

L 9/14/94 B RO 308 390 <MDL <MDL 2.10 <MDL 25.1
120 F 9/14/94 B RO 275 250 <MDL <MDL 0.66 <MDL 5.5 0.043 0.088

L 9/14/94 B RO 275 250 <MDL <MDL 3.70 1.70 24.4
121 F 9/14/94 B RO 255 230 <MDL <MDL 1.36 <MDL 3.5 0.091 0.084

L 9/14/94 B RO 255 230 <MDL <MDL 3.50 <MDL 18.2
122 F 9/14/94 B RO 241 260 <MDL <MDL <MDL <MDL 5.2 <MDL 0.061

L 9/14/94 B RO 241 260 <MDL <MDL 11.10 <MDL 43.1
123 F 9/14/94 B RO 248 210 <MDL <MDL <MDL <MDL 2.2 <MDL 0.112

L 9/14/94 B RO 248 210 <MDL <MDL 16.30 <MDL 60.5
124 F 9/14/94 B RO 205 120 <MDL <MDL 0.65 <MDL 8.5 0.289 0.329

L 9/14/94 B RO 205 120 <MDL <MDL 3.40 <MDL 29.7
125 F 9/14/94 B RO 221 130 <MDL <MDL 0.91 <MDL 7.6 0.140 0.183

L 9/14/94 B RO 221 130 <MDL <MDL 3.00 <MDL 33.1
126 F 9/14/94 B RO 206 110 <MDL 3.11 1.57 <MDL 4.7 0.084 0.160

L 9/14/94 B RO 206 110 <MDL <MDL 3.10 <MDL 33.4
127 F 9/14/94 B RO 215 120 <MDL <MDL <MDL <MDL 4.3 0.166 0.210

L 9/14/94 B RO 215 120 <MDL <MDL 3.70 <MDL 33.8
128 F 9/14/94 B RO 215 110 <MDL <MDL 1.21 <MDL 8.2 0.144 0.183

L 9/14/94 B RO 215 110 <MDL <MDL 4.60 <MDL 30.7
129 F 9/14/94 B RO 411 920 <MDL 1.97 2.72 <MDL 5.0 0.112 0.106

L 9/14/94 B RO 411 920 <MDL <MDL 6.40 <MDL 53.8
130 F 9/14/94 C FH 645 2610 <MDL <MDL 2.24 <MDL 22.3 0.056 0.192

L 9/14/94 C FH 645 2610 1.11 <MDL 28.40 <MDL 261.0
131 F 9/14/94 C FH 740 5100 <MDL <MDL 1.93 <MDL 4.8 <MDL 0.134

L 9/14/94 C FH 740 5100 0.89 <MDL 29.30 <MDL 338.0
132 F 9/14/94 C FH 575 2610 <MDL <MDL <MDL <MDL 6.2 <MDL 0.046

L 9/14/94 C FH 575 2610 0.11 <MDL 23.20 <MDL 260.0
133 F 9/14/94 C FH 670 4080 <MDL 3.12 2.46 <MDL 7.3 0.161 0.190

L 9/14/94 C FH 670 4080 0.31 <MDL 68.80 <MDL 200.0
134 F 9/14/94 C FH 580 2720 <MDL <MDL <MDL <MDL 6.8 <MDL 0.046

L 9/14/94 C FH 580 2720 <MDL <MDL 45.50 <MDL 270.0
135 F 9/14/94 C FH 710 4540 <MDL <MDL 6.83 <MDL 9.8 <MDL 0.108

L 9/14/94 C FH 710 4540 0.77 <MDL 28.10 <MDL 209.0
136 F 9/14/94 C FH 560 2380 <MDL <MDL 1.32 <MDL 13.2 <MDL 0.060

L 9/14/94 C FH 560 2380 <MDL <MDL 93.80 <MDL 481.0
137 F 9/14/94 C FH 605 2950 <MDL <MDL <MDL <MDL 7.7 <MDL 0.093

L 9/14/94 C FH 605 2950 <MDL <MDL 19.40 <MDL 867.0
138 F 9/14/94 C FH 730 5670 <MDL <MDL 1.57 <MDL 19.3 <MDL 0.129

L 9/14/94 C FH 730 5670 0.72 <MDL 20.30 <MDL 129.0
139 F 9/14/94 C FH 705 5100 <MDL <MDL <MDL <MDL 9.6 0.109 0.183

L 9/14/94 C FH 705 5100 1.29 <MDL 46.80 <MDL 201.0
140 F 9/14/94 C FH 625 3290 <MDL 0.36 62.65 <MDL 4.8 0.053 0.084
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L 9/14/94 C FH 625 3290 0.85 <MDL 2.30 <MDL 172.0
141 F 9/14/94 C FH 585 2720 <MDL <MDL 0.71 <MDL 12.7 <MDL <MDL

L 9/14/94 C FH 585 2720 <MDL <MDL 5.40 <MDL 613.0
142 F 9/14/94 C FH 730 5330 <MDL <MDL <MDL <MDL 8.6 0.585 0.673

L 9/14/94 C FH 730 5330 0.55 <MDL 4.50 <MDL 79.9
143 F 9/14/94 C FH 650 3740 <MDL <MDL <MDL <MDL <MDL 0.057 0.170

L 9/14/94 C FH 650 3740 0.45 <MDL 29.90 <MDL 223.0
144 F 9/14/94 C FH 680 3970 <MDL <MDL <MDL <MDL 10.8 <MDL 0.218

L 9/14/94 C FH 680 3970 0.76 <MDL 17.10 <MDL 395.0
B.C = Blank Corrected Hg data
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