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ABSTRACT

This report provides a summary of research performed to determine the
physicochemical forms and fate of copper in effluents from power stations adjacent
to aquatic ecosystems with water that differs in salinity, pH, and concentratiors of
organic and inorganic constituents. In addition, research performed to evaluate
responses of selrcted ecologically and economically important marine and
freshwater organisms to increased concentrations of soluble copper is reviewed.

The same parameters were measured and the same analytical techniques were used
throughout the study.

Copper concentration and speciation, in influent and effluent waters collected from
eight power stations using copper alloys in their ccoling systems, showed that the
quantities of copper associated with particles, colloids, and organic and inorganic
ligands differed with the site, season, and mode of operation of the station. Under
normal operating conditions, the differences between influent and effluent waters
were generally small, and most of the copper was in bound (complexed) species
except when low pH water was cir-ulated. However, copper was high in
concentration and present in labile species during start-up of watar circulation
through some cooling systems and during changeover from open-cycle to
closed-cycle operation.

The toxic response to copper differed with the species and life stage of the organism
and with the chemical form of copper in the water. Our primary emphasis was on
acute effects and most of the testing was performed under controlled laboratory
conditions. However, sublethal effects of copper on a population of bluegills living
in a power station cooling lake containing water of low pH and on a population
exposed to increased soluble copper in the laboratory were also assessed.
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PREFACE

This study had three purposes: (l) to study the behavior of potentially toxic
substances introduced to surface waters from nuclear power stations; (2) to
determine the magnitude of the impact of these substances on representative,
ecoromically important species; and (3) to develop models to predict the behavior
and the impact of these substances. The thrust of this research was to investigate
the impact of corrosion products from cooling systems, in particular, copper.
Copper is of special interest because it is toxic to aquatic organisms.

The author thanks the staff of the participating power companies for their excellent
cooperation and advice and the members of their research teams for their assistance
in the execution of this research project. Special thanks goes to Dr. Phillip Reed,
the NRC manager for this project, for his encouragement and support.

The author acknowledges the continuing support received trom the Ecological
Research Division of the Office of Health and Environmental Research of the U.S.
Department of Energy for research that complemented this study and facilitated its
execution.
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CHEMICALS IN EFFLUENT WATERS FROM NUCLEAR POWER STATIONS:
DISTRIBUTION, FATE, AND EFFECTS OF COPPER

EXECUTIVE SUMMARY

Use of surface waters in the operation of nuclear power stations may degrade the
quality of the ambient water. The objectives of this research project were: (1) to
obtain data on the behavior of potentially toxic substances introduced into surface
waters by nuclear power stations or produced by chemical reactions of substances
released from nuclear power stations in the receiving water; (2) to determine the
magnitude of the effects of these substances on representative, economically
important aquatic species and (3) to develop models to predict their behavior and
impact. These substances include corrosion products that are leached by water
circulating in cooling systems and chemicals that are added to the coolant. Of

special interest are corrosion products of copper because of their adverse effects on
aquatic organisms.

The kinds and quantities of copper species present in influent and effluent waters
were determined in samples collected from power stations located adjacent to
marine, estuarine, and freshwater ecosystems. Copper concentration and speciation
differed with the site, season, and mode of operation of the station. Under normal
operating conditions, the differences between influent and effluent waters were
generally small and, at those sites where measurements of chemical form were
taken, most of the copper was in bound (complexed) species. An exception of this
was found at H.B. Robinson Nuclear Power Station where water circulated through
the condensers was low in pH (<6). Here, copper concentrations were higher than
those trom other stations, the differences between influent and effluent waters
were greater, and larger amounts of labile copper were found.

During start-up of water circulation through cooling systems and during changeover
from open-cycle to closed—cycle operation, however, copper was high in
concentration. The size, chemical form, and duration of the copper pulse released
during start-up and changeover differed with factors such as the interval between

shutdown and start-up, preconditioning of the condenser tubing, and hydrodynamic
conditions.

Copper sensitivity of a group of ecologically and economically important aquatic
organisms was evaluated. Our primary emphasis was on acute effects, and most of
the testing was performed under controlled laboratory conditions and in flowthrough
bioassay systems. The toxic response to copper differed with the species and life
stage of the animal and with the chemical form of copper in the water. In general,
early life history stages were more sensitive than adults. Some primary producers
and early life stages of higher trophic organisms were found to be very sensitive to
low levels of labile copper.

Sublethal effects of copper on bluegills were assessed in populations living in the
intake and discharge zones of the H.B. Robinson Nuclear Power Station. These
populations showed structural abnormalities and reduced reproductive capacity.
Tissue analyses showed elevated copper concentrations in the livers. Liver
metalloproteins were separated and quantified. The results indicated that the
metallothionein detoxification system in the bluegills was saturated and copper was
present in some metalloprotein pools in levels that may impair metabolic functions.



Experiments were conducted in the laboratory to determine the concentrat.ons of
copper in effluents and the durations of exposure that bluegills can tolerate without
adverse sublethal effects. Bluegills exposed to increased concentrations of labile
copper showed increases of copper in the fractions of the soluble proteins in their
liver that contain metallothionein and metalloenzymes. These increases were
related to exposure time and concentration.

INTRODUCTION

Pollutants released into aquatic ecosystems as byproducts of nuclear power
production vary with the type of cooling system used and with the chemicals added
to the water to control specific maintenance problems. Those substances from
cooling systems include metals such as Cu, Ni, Al, Zn, and Ti in condenser tubing;
those from additives include chlorine, chromate, ammonia, dispersants, anc
detergents. Of these pollutants, copper is of special interest because of its adverse
effect on aquatic organisms. Copper was implicated in the abalone kill that
occurred in the discharge cove of the Pacific Gas and Electric nuclear power station
at Diablo Canyon before the Cu-Ni tubing in the cooling system was replaced by Ti
tubing. Copper was also responsible for the reduced commercial value of oysters
harvested at Chalk Point, the site of the fossil-fueled power station operated by
Baltimore Gas and Electric.

An important factor affecting the distribution and final fate of copper released into
aquatic environments is its physicochemical form. When the metal is discharged, it
is partitioned among the soluble and particulate fractions of the water and the
bedload sediments (Fig. 1). Discharged soluble copper may be sorbed onto either
particulate material that is suspended in the water column or particles in the

surface layer of the bedload sediments. Discharged particulate copper may remain
in suspension or may be deposited in the bedload sediments. The form in the soluble
fraction is related to the inorganic and organic constituents in the water: the form

in the particulate fraction is related to the kinds of chemical sit=s present on the
particles.

Physicochemical form also affects the toxicity of copper. Considerable information
is available on the resporise of aquatic organisms to copper (Refs. 1-7).
Environmental factors known to alter the physicochemicz! form of copper and, in
turn, its toxicity include pH, the prescnce o1 norganic carbon and phosphorus,
exchange reactions between suspenced sediments and water, and the presence of
other metals or toxicants.

Numerous attempts have been made in the past to quantify the physicochemical
forms of copper in water systems (Refs. 7-11). Field measurements have been made
using a variety of techniques. The validity of some measuremenis is in question
because of the sampling and analytical methods used. Furthermore, comparison of
results from different sites is difficult because the techniques used by different
investigators are rarely the same.

This study was initiated (1) to determine the physicochemical forms and effects of
copper in effluents from power stations adjacent to ecosystems with water systems
that differed in salinity, pH, and concentration of organic and inorganic constituents
and (2) to evaluate the responses of a selected group of ecologically and
economically important marine and freshwater organisms to increased
concentrations of soluble copper. The same parameters were measureC and the
same analytical techniques were used throughout the study.
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Figure |. Hypothetical model of the partitioning of copper among compartments in
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To accomplish our first objective, sampling programs were conducted in the intake
and discharge zones of eight different nuclear power stations situated in widely
different geographical locations (Table 1). At each station we made a series of
collections and n.easured a number of parameters in the water, suspended particles,
and bedload sediments using state-of-the-art methods (Table 2). Detailed
information on the sites, collection methods, and analytical techniques is available
in a series of reports (Refs. 12-16).

To accomplish our second objective, toxicity studies were conducted on both marine
and freshwater organisms. Responses to acute levels were defined by exposing

organisms to a range of concentrations from those producing immediate mortality to
those producing no visible effect. We exposed early life and adult stages of
organisms to copper in temperature-controlled, flowthrough bioassay systems and
characterized the physicochemical form of the copper in each test system.
Responses to sublethal levels were evaluated by exposing the organisms to low levels
of copper and quantifying the changes in detoxification systems, in morphology, and
in growth and development. Results from our investigations are available in a series
of reports (Refs. 12, 17-24). Information from our investigations provides the kinds
of data needed to understand the behavior of copper in ecosystems and the potential
toxic effects on organisms of copper released from cooling systems and from other
urban and industrial sources.

EXPERIMENTAL PROCEDURES

COPPER ANALYSES

Water samples were collected through an all-plastic system that had been
acid-washed and rinsed with double-distilled water, then rinsed again with
double-distilled water immediately before use. Water samples were filtered in situ
through a 0.4-um (pore size), Nuclepore 293-mm (diam) membrane filter and
collected into specially cieaned containers. The water was analyzed for total,
labile, and bound copper, the particles for dry and wet weights and for total copper
content.

Total soluble copper in freshwater and estuarine samples was determined by direct
in‘ection of acidified samples into a HGA 2100 model graphite furnace attached to a
model 303 Perkin Elmer Atomic Absorption Spectrophotometer (AAS); marine
samples were preconcentrated by solvent extraction of organic chelates (Ref. 25)
before analysis on the AAS. Labile copper was measured by ion exchange and
polarographic analysis. The Riley and Taylor method (Ref. 26) was used to
determine the Chelex-]00-labile copper; the Florence and Batley method (Ref. 27)
was used to determine the anodic stripping voltametry (ASV)-labile copper.
Particulate copper was determined on the material collected on the Nuclepore
filters after wet and dry weights were determined. The samples were ashed for
48 hours at 450°C, digested with acid, and then diluted to volume in preparation for
analysis on the AAS.

DISTRIBUTION COEFFICIENTS

The copper distribution coefficient . ;) of particles was determined for each of
several samples of unfiltered water by radiolabel techniques. Triplicate |-L bottles
of water were spiked with 6%Cu, placed in a water bath at 12 to 14°C, and then
shaken continuously for 24 hours before filtratior. The entire sample of water was
filtered through a 0.45-um (pore size) Millipore filter. After filtration, the bottle
and filtration apparatus were rinsed with 25 mL of 0.1 N HCl| to remove sorbed



Table 1. Location of power stations in the survey, the source of the cooling water
used, the total number of field collections made, and the year(s) in which the study
was conducted.

Collections

Power station Nearest major city Cooling water Number Years
Marine Ecosystems

Diablo Canyon San Luis Obispc, CA Pacific Ocean 3 1977-78

San Onofre San Clemente, CA Pacific Ocean 4 1977-78
Estuarine Ecosystems

Saiem Salem, NJ Delaware River 4 1978-80

Surry Williamsburg, VA James River 3 1978-80

Freshwater Ecosystems

Fort St. Vrain Denver, CO Well water and 3 1978
St. Vrain creek

H.B. Robinson Florence, SC Pee Dee River 3 1978-80

Kewaunee Manitowoc, MI Lake Michigan 3 1978

Vermont Yankee Brattleboro, VT Connecticut River 5 1978-79

Table 2. Parameters measured in field studies conducted at power stations.

Compartment Parameter Instrument
Waterd Conductivity Conductivity meter
Temperature Thermometer
pH pH meter

Total dissolved copper
Labile vs bound copper

Dissolved organic carbon
Complexing capacity

Atomic absorption spectrometer
Polarograph

lon-exchange resin (Chelex 100)
Carbon analyzer

Polarograph

Suspended Total, nonfilterable residue Atomic absorption spectrometry
particles copre:
Total, wonfilterable residue Filtration apparatus
Copper distribution Gamma-well radionuclide
coefficient counter
Particulate organic carbon Carbon analyzer

2 Water analyzed was filtered through a 0.4 um Nuclepore filter.




64¢cy. Activities of 6%Cu were determined in the unfiltered water, in duplicate
samples of the filtrate, in the material on the filter, and in the acid wash. Recovery

of the added radionuclide was generally >95%.

Each K4 was calculated from the data and the following relationship:

5 fs \s
4 -1 W oo (N

where fs = frac.ion of 6%Cu on filter,
(1 - fs) = fraction of 6%Cu in filtrate,
Vv = weight of water (g),
W = dry weight of particles (g).

The K4 as defined is dimensionless, and greater sorption of 64%Cy to the particulate
fraction results in a higher K.

MOLECULAR-WEIGHT FRACTIONATION

Two 2-L aliquots of filtered water that had been stored at 4°C since collection were
spiked with 4Cu, allowed to equilibrate a minimum of 12 hours, and then subjected
to ultrafiltration (Fig. 2). One of the 2-L aliquots was photo-oxidized with UV light
to reduce the concentration of dissolved orgaric matter. Two drops of 35% H;0,
were added to each 100 mL of water to accelerate the oxidation. The -eaction rate
was also increased by the increase in temperature that occurs during irradiation
(60°C). Ultrafiltration was performed with standard Model 402 cells, which
contained magnetic stirrers (Amicon Corporation, Lexington, Mass.). The nominal
molecular weight retentions of the membranes used in this test are as follows:

XM-100A, 100,000; UM-10, 10,000; and UM-2, 1,000,

Each ultrafiltration experiment was initiated by transferring 270 mL of the
""Cu-spiked water to an ultrafiltration cell. The water was stirred for 3 minutes,
three 10-mL aliquots were removed for counting, the remaining 240 mL were
subjected to positive N, pressure and constant stirring until 120 mL of filtrate was
collected, and then the cell was vented. The filtrate was sampled serially to
monitor the changes in 6%4Cu concentration; a 10-mL sample was taken from each of
the first, second, and third 40-mL aliquots of the filtrate. The retentate was
sampled only after venting. The filters were removed and placed in vials for
counting. The cell assembly was rinsed well with 50 mL of 0.1 N HCI, and a 10-mL
aliquot of this acid wash was counted. Recovery of the 64Cu present in the initial
test solution was calculated from the 5#Cu concentrations in the different fractions.

APPAENT COMPLEXING CAPACITY

The complexing capacity was determined using the method of Ref. 28. The |0-mL
samples of filtered water were aliquoted into cups and then spiked with quantities of
copper that would result in a range in concentrations of added copper. The spiked
samples were equilibrated 15 to 18 hours at 10°C, and then an analysis of labile
copper was performed on each sample. The area of the copper peak on each
voltam%grsm was determined and plotted on tne Y-axis versus ccncentration of
added Cu¢*. The complexing capacity of the sample corresponds to the labile
copper concentration intercepted on the abscissa.
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ORGANIC CARBON ANALYSIS

Analyses for organic carbon were performed on the soluble and particulate fractions
of water filtered through glass equipment that had been heated to 450°C to destroy
organic material. The filter and filtrate were analyzed for particulate and soluble
organic carbon, respectively, with an Oceanography International Carbon Anaiyzer
by the standard persulfate oxidation method (Ref. 29).

BIOASSAYS

Each species was exposed to concentrations of copper that ranged from those
producing no apparent effect to those producing an immediate effect. Most
bioassays were conducted in flowthrough systems. Mortalities were generally
recorded daily for adult stages, every 4 to 6 hours for early life stages. From the
family of curves derived from cumulative mortality versus duration of exposure,
lethal concentrations (L.Csg/time) were determined. The concentration of
Chelex-100-labile copper in the water was determined in each test system.

METALLOPROTEIN ISOLATION

Livers from bluegills were placed in three volumes per weight of nitrogen-
saturated, 50 mM Tris-HCI (pH 7.6) containing 10% sucrose, | % 2-mercaptoethanol,
and 200 K.LU. of Trasylol and then homogenized on ice with a polytron. Duplicate
aliquots of each homogenate were reserved for metal analysis.

Homogenates were centrifuged at 115,000 gravities for 90 minutes at 0°C. The
final clear supernatants (S-115s) were saturated with N(g), frozen immediately with
liquid nitrogen, and stored at -70°C until they were chromatographed. Duplicate
aliqunts of each S-115 and the pellets were reserved for metal analysis.

The S-115s of the livers were processed on a Waters high performance liquid
chromatograph (HPLC) fitted with a Varian TSK 3000 SW gel permeation column
(22 x 300 mm). To separate copper metalloproteins, aliquots of the S-115s were
injected and eluted with a 0.15 M NaCl and 50 mM Tris-HCI buffer solution (pH 7.6
at 25°C) at a flow rate of 4 mL/min. Molecular absorbance at 280 nm was
monitored continuously and the 35 fractions collected were analyzed for metals.
The column was standardized using proteins of known molecular weights.

COPPER PARTITIONING IN ABIOTIC COMPARTMENTS
WATER SAMPLLS

Total Copper Concentration

Total copper in influent and effluent waters of power stations during normal
operations differed greatly (Table 3). Some of the differences between influent and
effluent waters are related to the quantities of water circulated through the
condensers, the inorganic and organic constituents in the water, and the age and
kind of alloy used in the condenser tubing. In this study, the number of sample
collections was limited; consequently, the data are not meant to characterize each
site but to indicate the variation that can be expected between different types of
ecosystems and between different sampling times in a given type of ecosystem.



Total copper concentrations in effluents following start-up of water circulating
through the cooling system and changeover from open-cycle to closed-cycle
operation were much larger than those during normal operation (Table 3). The
greatest differences between intake and discharge waters were found during
start-up of water through the condenser tubing after an enforced shutdown
(Refs. 13,30). At the Diablo Canyon Nuclear Power Station, the highest
concentration reported at the time of start-up in 1975 was 7700 ug Cu/L;
concentrations after 10 minutes and 1440 minutes (24 hours) of continuous operation
fell to 900 and 67 ug Cu/L, respectively. This pulse was released during the testing
of the cooling system; Diablo Canyon Station has never pgenerated electricity.
Warrick et al. (Ref. 30) also reported that, in general, the longer the period between
shutdown and start-up, the greater the amount of corrosion products that were
formed on the Cu-Ni alloy surface. The large volume of loose corrosion products
found in the condenser tubings <consisted of copper trihydroxlchloride
[CuCl2*3 Cu(OH),)

Increased concentrations in the discharge waters at Diablo Canyon were seen
immediately after water began to circulate on October |1, 1977 (Ref. 12). Although
titanium replaced the copper-nickel tubing in the main system at Diablo Canyon,
part of the auxiliary pumping system still contained copper. Our first sample, taken
about 5 minutes after the water began to flow, contained 28 ug Cu/L. Copper levels
dropped rapidly; after 3.5 hours little difference could be seen between the intake
and discharge waters.

The first water discharged after a start-up at Salem Unit Il contained large
quantities of particles that were high in copper; copper concentration in the
particles was 170 yg/g dry weight compared to 6.6 in those in the influent water
(Ref. 13). Copper in the soluble fraction of the water was only 0.6 ug/L. This was

lower than the 0.9 measured before start-up in the water from the intake zone.

Pulses of copper were released during changeover at Vermont Yankee Nuclear
Power Station. The mode of operation of the statior, is changed from open-cycle to
closed<cycle before the onset of the warm summer months. Two mechanical
draft-type towers are put into operation. The wood in both towers has been treated
with Cupranol, a copper-containing preservative.

Young et al. (Ref. 31) reported that the total copper contributed from power station
cooling systems into the Southern California Bight is 2.] metric tons per year.
Although this is a considerable amount, it is smaller than they reported from other
sources. They estimated the annual input of copper in metric tons per year into the
Southern California Bight from known sources to be the following: municipal waste,
507; antifouling paints, 180; storm runoff, 42; and dry fallout, 31.

Soluble and Particulate Copper

We found large differences in the quantities of copper in the soluble (<0.44um) and
particulate (>0.44um) fractions of effluent from power stations (Table 3). Because
soluble copper discharged into waters from a point source may not remain in
solution but be sorbed onto particles, an increase of copper in the particulate

fraction may not indicate a release of particulate copper but only an increase in the
amount of copper sorbed to particles already present in the water.




Table 3. Ranges in concentration of soluble (<0.4 ym) and particulate (>0.4 um)
copper, maximum total copper, and maximum difference in copper (ACu) between
influent and effluent waters. Copper concentrations are in /L.

Maximum

Fraction total Maximum
Power station Soluble Particulate copper ACu
Marine Ecosystems
Diablo Canyon 0.5-1.9 <0.1 -1.3 3.2 -
Diablo Canyond 26 1.9 28 27
San Onofre 0.2-1.8 <0.1 - 1.5 3.3 N2
Estuarine Ecosystems
Salem 2.3-5.0 2.9 - 5.6 11 24
Salem3 0.6 >2500 >2500 >2500
Surry 2.0 - 3.7 4.9 - 21 25 4.2
Freshwater Ecosystems
Fort St. Vrain 3.3-5.2 7.8 - 26 3] 20
H.B. Robinson 18 - 61 13-19 79 22
Kewaunee 3.1 - 4,1 0.7 =13 18 10
Vermont Yankee 3.2 - 4.0 0.8 -5.0 8.4 5.1
Vermont YankeeD 24 25 49 4]

@ Concentration following start-up of water circulating through the condenser

system after a shutdown.
b Concentration following changeover from open-cycle to closed-cycle operation.

The properties of particles suspended in the water column depend in part on their
mineral composition and on the seasonal changes in biological productivity in the
waters. Binding sites on the particles are generally heterogeneous, and different
types of copper associations with the particles may ensue. Copper may be sorbed at
metal oxide surfaces, exchange with ions within clay minerals, bind to organic
matter, or complex with a ligand sorbed at a binding site. Because of the
heterogeneity of the sites and the complexity of the interactions occurring, the
chemical reactions taking place are difficult to define. Consequently, we performed
empirical measurements of distribution coefficients and copper concentrations to
provide useful information for determining the fate and distribution of the released

copper.

Particles suspended in the water column differed in copper content, weight, organic
carbon content, and affinity for copper as measured by their distribution
coefficients (Table 4). Increases in copper concentration in the particulate fraction
of the water may result from increases in number of particles of a given
concentration, or increases in the amount of copper associated with each particle.

The amount of particulate material in suspension in the water differed greatly with
the ecosystem (Table 4). The amounts of nonfilteraterable residues were in water
collected during a period of high runoff from land at Salem and Surry. High amounts

probably
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fable 4. Maximum values of parameters measured in particles collected in effluent
from different power stations.

Nonfilterable Particulate
Power Copper, residue, organie Distribution
Pt
station bg/g mg dry wt/L carbon, mg/L coefficients

Marine Ecosystems

Diablo Canyon 290 i
San Onolre

Estuarine Ecosystems

Sa ]>‘>‘lﬂ

Surry

Freshwater Ecosystems
Fort St. Vrain
H.B. Robinson
Kewaunee

Vermont Yankee

result in increased quantities of the copper that are available to filter feeders and
Jeposited in the vicinity of the power station. The latter result would depend on the
rate of water flow in the ecosystem and the size and density of the particles in the
water column. A measure of the copper affinity to particles that are natural to the
waters was obtained from the distribution coefficient (K ). Average values were
igh at San Onofre, Diablo Canyon, Vermont Yankee, and Kewaunee (Table 4). The
lower values obtained at Fort St. Vrain, Salem, and Surry may be related to the high
complexing capacities of these waters.

)

Ain important factor controlling the copper concentration in particulate material is
uptake by planktonic organisms. The process is most evident during the time of
plankton biooms (Ref. 32). Knauer and Martin (Ref. 33) studied the uptake of
copper and other metals by plankton in Monterey Bay, Calif., and observed seasonal
hanges in the metal content of the plankton. They attributed these changes to
accumulation of these metals during seasons of low productivity when the

availability of the metal was high.

Young et al. (Ref. 31) measured the concentrations of soluble and particulate copper
in influent and effluent waters from eight power stations in the Southern California
Bight that have copper-nickel ailoys in their cooling systems. They reported a mean
value of total copper of 1.12 g/L for the influent waters and an increment of
0.31 ug/L for the effluent over the influent water. These mean values were derived
from all observations on all eight stations. The particulate copper species were
approximately 29% of the total copper in both the influent and effluent waters. The
concentrations they reported for the particulate fraction may be lower than those
reported by others because they leached the particles collected on the filters with
acid rather than put them totally into solution.




Copper Speciation

Species of copper have been classified as labile or bound (Ref. 34) and as very iabile,
moderately labile, slowly labile, and nonlabile (Ref. 35). The groups are defined by
the experimental conditions under which the measure.nent is made. Techniques used
to differentiate between copper species include solvent extraction (Refs. 25, 36-38),
ion exchange (Refs. 12-15, 26, 39,), electrochemistry (Refs. 13-15, 20, 27, 28,
40-44,), ultrafiltration (Refs. 12-15, 45, 46), gel filtration chromatography (Ref. 44),
and ion specific electrodes (Refs. 47-49). For convenience, we will use the terms
labile and bound as proposed by Florerfce and Batley (Ref. 39) even though they are
imprecise. We refer to the following as labile species: ions, ion pairs, readily
dissociable (labile) inorganic and organic complexes, and easily exchangeable copper
sorbed on either colloidal inorganic or organic matter. Inorganic anions to which the
copper may be complexed are hydroxides, carbonates, chlorides, sulfates,
phosphates, and nitrates; organic anions are amino acids, amino sugars, alcohols,
urea, etc. We shall refer to those forms that are irreversible or slowly reversible as
bound  species: stable copper-organic  complexes, copper bound to
high-molecular-weight organic material, some inorganic complexes, and copper
occluded in, or sorbed tightly on, highly dispersed colloids. Included in this group of
bound species is a large fraction of copper complexed to humic substances
(refractory organic material that makes up a large fraction of organic material in
natural waters).

Large differences were found in the quantities of labile and bound copper in effluent
waters at different power stations (Table 5). Quantities were found to differ with
season as well as with the type of ecosystem. Concentrations of labile and bound
copper were measured in 1977 during start-up at Diablo Canyon (Ref. 12), in 1979
during changeover from open-cycle to closed-cycle operation at Vermont Yankee
(Ref. 14), and in 1980 during start-up of Unit Il at Salem (Ref. 13). Following
start-up at Diablo Canyon and changeover at Vermont Yankee, the pulse of copper
discharged was primarily in solution and in Chelex-100 (ion exchange resin) labile
forms. We can expect, then, that the labile copper released would remain as such
until it is diluted with sufficient volume of water to provide the ligands required to

complex the copper.

The results obtained at Diablo Canyon and Vermont Yankee were in contrast to
those obtained at Salem. During start-up at Salem, the pulse of copper was
primarily in the form of particles, and only small amounts of labile copper were
released. At Salem the condenser tubes were pretreated with a commercially
available product, CI-50. Additional studics of copper speciation in effluents during
start-up are required to confirm the usefulness of pretreatment with chemicals.

Discussions of chemical forms of copper in the soluble fraction of waters are
included in some recent reviews of copper (Ref. 7, 10, 11, 50). It is well accepted
that the chemical form of copper is important in controlling geochemical and
biological processes. Consequently, attempts have been made both to calculate and

to measure copper speciation.

Concentrations of copper species have been calculated from equilibrium chemical
models. These models are used to predict the way in which specified amounts of
metals and ligands are partitioned by competing reactions in the solution and solid
phases. Nordstrom et al. (Ref. 51) compared the 12+ available computerized models
for equilibrium calculations in aqueous systems. They evaluated consistency among
programs by comparing the log of the molar concentrations of free ions and

12



lable 5. Ranges in concentrati

effluents from power stations.®

References

A -
Viarine Ecosyste
: P AL
d4Nyon, |

Unolre,

rort St. Vrain, CO
H. B. Robinson, S(
Kewaunee, W]
vermont Yankee, VT

"

Cchange resin was used to differentiate between labile and bound
species. At a miniimum, three collections were made, and triplicate samples were
inalyzed.
Y Values obtained in water collected after start-up ol water circulation through the
cooling systen
“ No data available.

Value obtained in water ccllects changeover from open-cycle to

losed-cycle operation.

complexes for two test solutions: a hypothetical seawater and a hypothetical river
water. They proposed that the lack of agreement for minor species reflects
primarily differences in the thermodynamic data base of each chemical model.
although other factors such as activity coefficient cale ulations, redox assumptions,
temperature corrections, alkalinity corrections, and the number of ¢ omplexes used
also may affect the results. Many of the models do not include interactions with
organic ligands. Others suffer from the omission of polynuclear and mixed-ligand
complexes (Retf. 9). When more experiments are performed and the data generated
are incorporated into the models, we can expect the predictive capabilities of the
models to improve.

Molecular-Weight Fractionation
oo wepnt rractionation

A better understanding of the kinds of speciation reactions occurring can be
obtained if information is available on the quantities of solubie copper in different
molecular-weight fractions (MWFs). The distribution of copper among MWFs
differed with the ecosystem (Table 6). The avei.ge per« entage ot soluble copper
that was in the four different MWFs in untreated water from San Onofre was about




lable 6. Average percentages ot b%Cu in different molecular-weignt fractions of

ultrafiltered effluent waters collected at power stations.

Uy Molecular-weight fractions
’ ) nnn Wl DR
treatment >1,000 >10,000

r > & /
(h) U J < g’;',‘": - l vf/,r/() J

Marine Ecosystems

San Onolire

Diablo Canyon

Estuarine Ecosystems

Surry
Salem

Freshwater Ecosystems

£ A e e
Vermont Yankee

iK.ewalnee

Fort St. Vrain

H.B. Robinson

the same. Photo-oxidation of the water resulted in an inCreased percentage in the
<1000 MWF containing the labile forms which are considered to be more toxic than
bound forms. In untreated water from Diablo Canyon, the largest percentage of
copper was in the >10,000 < 100,000 MWF; photo-oxidation of the water resulted in
increases in both the <1000 and the >100,000 MWFs. The increased percentage of
copper in the >100,000 MWF is probably the result of the formation of colloidal
copper or of the adsorption of copper to other metal colloids.

The pattern of copper distribution among MWFs in treated and untreated water was
similar for effluents from Salem and Surry. The percentage of copper in the
<1000 MWF was sinaller in these samples than in those from marine ecosystems and
larger than in those from freshwater ecosystems. An important factor controlling
speciation in estuarine waters may be the formation of chloro complexes; samples
with increased salinity had increased percentages of copper in the <1000 MWF.

In untreated waters from Fort St. Vrain, Kewaunee, and Vermont Yankee, the |lowest
percentage of copper was found in the <1000 MWF and the highest in the >10,000
< 100,000 MWF. The greatest changes that occurred in copper distribution upon
photo-oxidation of the waters were a decrease in percentage in the >10,000
< 100,000 MWF and an increase in percentage in the >100,000 MWF.




Ihe copper distribution in the MWFs of waters from H.B. Robinson aiffered
those from the other freshwater sites; higher percentages were found in the
and > 1,000 < 10,000 MWFs. Destruction of organis compounds by UV treatmeni
resulted in increases in the percentages in the <1,000 and >10,000 <100,000 MWFs.
A possible explanation for the higher percentage in the > 10,000 < 100,000 than in

the > 100,000 MWF is that smaller colloids are present in waters of lower pH.

Apparent Comj plexing Capacity (ACC)

T'he impact on ecosystems of the addition of copper fron point sources is related to
the concentration in the water of ligunds that bind copper tightly. If, in the water,
the concentration of ligands is considerably higher than that of copper, then ligands
are available to react with added copper and this results in a change in the
physicochemical form of the added copper. The formation of tightly associated
copper-ligand complexes results in a form of copper that is less toxic to some biota
(see following discussion on speciation effects) and that has a lower affinity for
suspended matter (R-f. 16).

I'he measurement of ACC of waters has been reviewed recently (Ref. 52). The
methods used to determine ACC include solubilization, biological response,
voitametry, ion exchange, and selective ion electrodes. Investigators using
solubilization include Kunkel and Manahan (Ref. 53), Campbell et al. (Ref. 54),

Elder et al. (Ref. 55), Kerr and Quinn (Ref. 56), Avnimelech and Raveh (Ref. 57):
those using biological response include Davey et al. (Ref. 58), Gachter et al.
(Ref. 59), Gillespie and Vaccaro (Ref. 60); those using voltametry include Chau
(Ref. 61), O'Shea and Mancy (Ref. 62), Smith (Ref. 46), Campbell et al. (Ref. 54),
Juinker and Kramer (Ref. 63), Hm’w k and Dillard (Ref. 64), \hlm yan and Woodward

(Ref. 65), Figura and McDuffie (Ref. 66), Harrison et al. (Ref. 12), Hoffman et al.

(Ref. 67), Hart and Davies (!wt. 68), Lazar et ul (Ref. 69), Harrison Edl.
(Refs. 13,14); those using ion exchange include Vvan den Berg and Kramer (Ref. 70)
and those using selective ion electrode include Ramamoorthy and Xushner (Ref. 71)
and Giesy et al. (Ref. 72). The values obtained for con plexing capacity range fron
32,000 for an oil field brine (Ref. 53) to | for pristine waters off the ~oast of
California (Ref. i2). In general, the complexing capacities of marine waters are
lower than those for estuarine and freshwater ecosystems.

Data on ACC are availabie for a limited number of effluents {rom seven power
stations (Table 7). The ACC for the receiving water of the marine ec osystems a
both San Onofre and Diablo Canyon Nuclear Power Stations was low, approximately
I yg Cu/L. Consequently, it can be expected that any labile copr r added to the
eltluent waters at these stations will remain primarily as such and be in chemical
forms that are considered to be toxic to the biota. The ACC at estuarine and
ireshwater ecosystems was generally higher and more variable. It is expected that
higher concentrations of humic and fulvic acids would be present in estuarine and
freshwater ecosystems than in marine ecosyztems because of both runoff from land

and the high productivity of most estuarine and freshwater ecosystems.

BEDLOAD SEDIMENTS

Ihmu bution ( oefficients

The copper affinity of intact bedload sediments from the intake anu disc harge zones
at the stations differed greatly (Table 3). In samples from a given collection,

distribution coelficients of the <150qum fraction were higher than intact sediment.




Table 7. The apparent complexing capacity of effluent waters from power stations.

Complexing capacity, }g Cu/
Fall W inter Spring Summer

Marine Ecosystems?
Diablo Canyon, CA

"

San Onofre, CA

Estuarine Ecosystems'
Salem, NJ
Surry, VA

Freshwater Ec (\S\‘;Yf‘”'\ﬁl‘

““Fort St. Vrain, CO
Kewaunee, Wl
Vermont Yankee, VT

a Ref. 12.

Y No collection.
Ref. |3.

9 Ref. 4.

The distribution coefficients of suspended particles were considerably higher than
those of bedload sediments (cf. Tables 4 and 8).

( opper Corc entrations

Copper concentrations in intact bedload sediments differed by more than a factor of
ten from station to station (Table 9). Highest copper concentrations were found at
Fort St. Vrain, the lowest at San Onofre. Increased copper in sediments is important
because of potential contamination ol bottom-dwelling animals with copper and of
potential remobilization of copper from the sediments.




Table 8. Distribution coefficients of bedload sediments collected at nuclear power
stations.

[)l'%(".ur’&(‘

Intake
Power station Intact <] 50um Intact <] 50um

Marine Ecosystems

San Onolre . 460
Diablo Canyon Z 7,500

Freshwater Ecosystems
Vermont Yankee 1,600 ( 3,300
Kawaunee = 110

Fort St. Vrain - ,20 3,100

Estuarine Ecosystems
Surry

14,000b

490
Salem 7,800 )( 11,000b

4 No samples collected.
The <62-um fraction was used in these analyses.

D

Table 9. Copper concentrations of bedload sediments (Lg/g dry weight) collected at
nuclear power stations.

Intake 5 __Discharge
Power station Intact <150um Intact <|50um

Marine Ecosystems
San Onofre
Diabio Canyon

Freshwater Ecosystems
Vermont Yankee
Kewaunee
Fort St. Vrain

Estuarine Ecosystems
Surry 7 362
salem 584

@ The <62-um fraction was used in these analvses.




IMPACT OF COPPER RELEASES

The data acquired from our field sampling at nuclear power stations can be used to
assess the extent to which ecosystems may be impacted by the copper released.
Many of the parameters measured had large seasonal differences. Consequently,
average values do not reflect the ce~ditions tha’ m~», have adversely affected
biota. In Table 10 are compiled the maximum va. i each parameter measured.
By comparing these values, we can better identify .nose stations where copper
releases may be a problem.

MARINE ECOSYSTEMS

Copper concentrations in the abiotic compartments measured at San Onotre were
low (Table 10). Values were also low at Diablo Canvon except during start-up of
water circulating through the cooling system. At both sites differences in copper
concentrations between the intake and discharge waters were small during normal
operations. Most of the copper in the discharge water was in bound forms under
normal operating conditions. Because the addition of copper to the water was small
ind sufficient organic ligands were present to complex most of the copper, we can
expect little or no impact from the release of copper from San Onofre or Diablo
Canyon Power Stations during normal operation and without addition of chemicals to
the effluents.

Adverse effects from copper releases may occur when water circuiation is started
up again through the condenser systems after a shutdown and when *he coolant
waters are chlorinated to prevent fouling of the condenser tubing. . detected
elevated concentrations of copper in the discharge waters during start-up at Diablo
Canyon. The maximum concentration of 28 pg Cu/L that we obtained was low

compared to the 1800 and 7700 ug Cu/L reported earlier, because the Cu-Ni alloy in
the main cooling system was replaced by titanium. The only copper now present is
in a small auxiliary system. Most of the increase in concentration was due to labile
copper, the chemical form that is toxic to biota.

The presence of large amounts of labile copper probably resulted from the absence
of ligands to complex the copper; our analyses of the waters show that the
complexing capacities were low. We _an expect then that any pulse of labile copper
released into the waters at San Onofre and Dable Canyor. will remain labile until it
is diluted with a sufficient volume of water to provide the additional ligands to
complex the copper.

Chlorination results in the degradation of organic matter in the water. This
practice may affect the biota by changing the chemical form of potentially tecxic
metais in the discharge waters. Organic ligands that bind copper may be destroyed
and the concentrations of labile copper increased. The impact of the destruction of
organic matter would be greatest when copper concentrations are at seasonal highs.

Bedload sediments collected in the discharge area of both the San Onofre and Diablo
Canyon Power Stations were low in copper, and the copper distribution coefficients
f the sediments were low. The sediment from both sites consisted primarily of
sand, and iittle organic matter was present. These results indicate little or no build

up of copper in the sediment at either site and a small potential for build up in the
future.




.

Sand

£ through the cooling syster

d-Cycle 10 open< > operation.




FRESHWATER ECOSYSTEMS

During the normal operation of power stations, the total copper concentrations in
the discharge waters were considerably higher in freshwater ecosystems than in
marine ecosystems. Maximum values ranged from |0 at Vermont ankee to
79 g Cu/L at H.B. Robinson (Table 10). Also, copper concentration differed
greatly between the intake and discharge waters. Most of the copper in the water
column at both Kewaunee and Fort St. Vrain was in the particulate fraction. Except
at H.B. Robinson, labile copper was only a small fraction of the total. The high
concentration of labile copper at H.B. Robinson is most likely because the pH cf the

water is <é6.

The total concentrations of copper in the effluent waters from power stations
located at freshwater sites is in the range reported as toxiC to aquatiC organisms.
However, not all of the copper may be available to the organisms. Of concern would
be the effects on filter-feedi.g organisms because they may accumulate copper
from both the soluble and particulate fractions of the water. When most of the
copper is bound or associated with particles, the important entry route of copper
into the biota may be from the food chain rather than from the water.
Concentrations of copper in the biota living in the discharge areas of Fort St. Vrain,
H.B. Robinson, and Vermont Yankee may be higher than in those at other sites. Of
special interest is the impact of the copper released at Fort St. Vrain. Not only are
the total copper concentrations high here, but also the discharge zone impacted may
be the largest. At this site discharge waters are delivered to a 25-acre pond before
they overflow into offsite waters. To assess copper availability to food chain
organisms at Fort St. Vrain, concentrations of copper in organisms in different
trophic levels in the holding pond must be compared to concentrations in the same
organisms from a control site.

The maximum complexing capacity of the water measured at each of the four
freshwater sites was much higher than any determined at marine sites. During the
seasons of the year when the complexing capacity is large, addition of labile copper
would probably have a minimum impact.

Of corcern in freshwater systems that have large quantities of copper present is the
effect of chlorination on biological availability of the copper. Not only may
chlorination destroy organic ligands in solution, it may also destroy organic ligands
associated with the particles in suspension. Chlorination may result in sufficient
change in the physicochemical form of the copper to produce a toxic response in
sensitive organisms.

High concentrations of copper were detected in suspended particles in the
freshwater ecosystems sampled. The maximum concentration determined at
Kewaunee, 3600 pyg Cu/g, was more than ten times higher than the maximum
determined at the two marine sites. This high value does not seem to be correlated
with high particulate organic carbon, chlorophyll, or copper in the bedload sediments.

Bedload sediments at Fort St. Vrain contained high concentrations of copper. The
total organic carbon at this site was also high, and the sediment contained a fair
amount of silt. Oxidation of organic material in the sediments may cause Eh
changes in the sediment that result in the release of copper into interstitial waters.
This copper may enter the water column by diffusion across the sediment-water
interf~ce or by mixing with the overlying water when bedload sediments are
resuspended by currents or from feeding or locomotion of animals.




TUARINE ECOSYSTEMS

Lopper concentrations in water collected at Surry and Salem in January were higher

than those obtained at other times and are given in Table 10. In Januarv the salinity

the water was low, and the nonfilterable residue was nign; these data suggest that

ruroff from the land was large.

lotal copper concentrations in the dist narge waters at both dalem and Surry were

high, and when a large percentage of the copper was in the particulate fraction,
little ditference was detected between intake and discharge waters (Ref. 13). The
copper contributions from land runoff may have obscured any additions of copper
from the cooling systems.

At both Salem and Surry very little of the total copper was in labile forms and the
complexing capacity of the waters was high. These results indicate that sufficient
ligands are available in the water to bind considerable quantities of copper.
However, estuarine ecosystems may be affected by copper during chlorination.
ecause total copper concentrations are in the range that results in toxic effects on
some biota, destruction of soluble and particulate organic matter may result in
Changes in form that affect the copper availability to the biota.

tbedload sediments at Surry and Salem had similar concentrations of copper, but
were not as high as those at Fort St. Vrain. Sediments were collected relatively
Close 1o the stations; areas may exist that have higher concentrations than we

easured.

re data are needed before the in pact of the release of copper Into estuarles can
e assessed. The information obtained to date indicates that potential problems
nay exist because of the high concentrations that were found and the changing
conditions in the water column. The combination of high copper concentrations and
particle loads indicate that significant quantities of copper may be
accumulated by filter feeders such as oysters.

COPPER TOXICITY TO REPRESENTATIVE AQUATIC ORGANISMS

we lound the response of aquatic organisms to copper differed greatly with trophi
level and with life history stage; the 48-hour L( 50S determined ranged from 10 to
9900 (Table 11). Also, the toxicity curves generated from the mortality date
differed i slope and placement with species and life stage (Fig. 3). Of the
organisms tested, oyster embryos were the most sensitive and crayfish the least

+

sensitive 1o copper.
PRIMARY PRODUCERS
Macro« YSUS pyr 1fera

Lametophytes of the giant kelp, Macrocystis pyritera, were found to be sensitive to

copper (Ref. 17). Complete inhibition of growth occurred when gametophytes were
exposed continuously to copper concentrations of 500 ug/L or more. Vegetative
growth was inhibited significantly by continuous exposure to 50 g Cu/L or more.
I'he production of eggs by female gametophytes was inhibited by spikes of
30 ug Cu/L. Ihe total concentrations of copper were measured in most
experiinents. In those where labile copper concentrations were measured, they were
consiuerably lower than that of total copper.




Table 11. Toxicity of copper to some representative aquatic organisms.

Copperd
(g /L) Endpoint Organism Lifestage

Marine Organisms

> 30 Growth inhibition Giant kelp Gametophyte
650 48-h LCsq OystersP Adult
10 48-h LCsq Oysters Embryonic
460 48-h LCsg Anchovy Adult
400 24-h LCsqg Anchovy Larval
200 96-h LCs Anchovy Embryonic
440 24-h LCgy Herring Adult
2000 24-h LCg Herring Larval
240 96-h LCsq Herring Embryonic
Freshwater Organisms
>2600 96-h LCsq Clam Adult
28 24-h LCy Clam Larval (veliger)
600 24-h LCqy Clam Larval (juvenile)
9900 48-h LCsy Crayfish Adult
1200 48-h LCgq Crayfish Larvae
3700 480-h LCsq Crayfish Embryonic
540 24-h LCj Carp Adult
180 24-h LCsq Carp Larval
240 24-h LCsq Carp Embryonic

a4 Copper concentration to achieve endpoint.
b Corrected tor sheil closure.

Photomicrographs of the gametophytes on the grids on which they were grown
recorded the physical appearance of control and treated cultures. Fig. 4 shows a
control culture after 6 weeks of growth; Fig. 5 shows the effect of exposure to
50 ug Cu/L for the same period. The copper-exposed gametophytes were stubbier in
appearance than the controls ano lacked the distincitve sexual characteristics of
control plants. Photomicrographs showing ii.e effects of 6 weeks of exposure to 75,
100, 150, and 200 ug Cu/L are presented in Figs. 6, 7, 8, and 9, respectively. The
treated cultures show a growth pattern characterized by fewer and shorter
filaments that seem to branch randomly. At 200 yg Cu/L, the plants exposed for
6 weeks did not seem to have progressed past the growth level that would have been
reached by some control cultures after only | or 2 weeks.

The physiological toxic effects of copper on M. pyrifera gametophytes can be
divided into three general categories. First, acute copper toxicity is characterized
by traumatic expulsion of the cell contents. This is probably the result of cell
membrane disintegration and was observed at spikes of 500 yg Cu/L or more.
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Figure 3. Toxicity curves constructed for some different species and life stages of
aquatic organisms.

Second, acute copper toxicity is characterized by :arying degrees of growth
inhibition, resulting from the interference of coper with photosynthesis,
respiration, and enzyme function. At copper concentraiions nominally between 50
and 200 g Cu/L, when the metal-induced stress is continued for 4 to 6 weeks, the
gametophytes disintegrate at a rate directly related to the amount of copper in the
medium. For pulsed exposures of |-week-old gametophytes to mid-range copper
concentrations, the recovery of vegetative growth to control levels takes
approximately 2 to 3 weeks. Whether sexual maturation is impaired by the

metal-induced stress during the vegetative phase is a question that needs to be
answered.

Third, subacute toxic effects were observed with initial spikes of 30 and
50 g Cu/L. At these levels, initial concentrations of labile copper (probably less
than 10 yg Cu/L) block the production of eggs in female gametophytes. Whether
this interference occurs at one or several key enzymatic reactions is unknown. With
initial copper spikes of 10 and 20 ug Cu/L, litiie or no labile copper was available to
the gametophytes because the biologically active metal forms are readily complexed

by the ligands naturally present in the seawater and by those ligands exuded by the
plant.
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Figure 5. Six-week-old culture of Macrocystis pyrifera gametophytes: continuous

exposure to 50 ug Cul/l..
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Other Primary Producers

A wide range of response of primary producers te copper has been demonstrated
(Reis. 7,8). Copper appears to affect basic physio ogical processes such as
photosynthesis, growth, and nitrogen {ixation and to result in distinct morphological
changes. However, little is known about its primary mode of action.

EFFECTS OF COPPER SPECIATION

Reduction in copper toxicity to primary producers has been observed both in the
presence of chemicals known to bind copper and of organic chelators found in
natural waters (Refs, 48, 73-80). The reduction has been attributed to the decrease
in concentration of the free metal ion (Refs. 48, 76-78, 80-83). However,
Wagemann and Barica (Ref. 79) state that the effectiveness of copper as an algicide
in six prairie, hard-water lakes (pH 8.0 to 9.4 and high concentrations of dissolved
organic matter) can be understood more readily if in addition to CuZ* and CuOH*,
the species Cu(OH)9 were also considered to be toxic to algae. They call the sum
of the three copper species the "total toxic copper."

Some investigators have proposed that primary producers may excrete orgar.ic
substances and thus a'ter the toxicity of their environment (Refs. 84, 85),
Gnassia-Barelli et al. (Ref. 84) aemonstrated that Cricosphaera elongata liberated
organic substances into culture media that complexed and detoxified copper; the

molecular weight range of the organic substances was between 500 and
10,000 daltons.

BIVALVE MOLLUSCS

Both a freshwater bivalve and a marine bivalve were tested (Refs. 20, 19). The
adult stages of both species were considerably less sensitive to copper than were the
early life history stages (Table 11). Also, the adult oyster Crassostrea gigas was
considerably more sensitive than the freshwater clam, Corbicula manilens' = Our
studies indicated that the closure response of shelled bivalves is important for the
prevention of adverse effects. Both adult and larval stages tolerate puises of copper
that are high in concentration by closure of the valves of the shell. Because of the
high sensitivity of oyster larvae 1u copper, they were used to evaluate the effect of
organic chelators on the response to copper (Ref. §6).

_(_)zsters

The family of mortality curves (time vs concentration) from oysters was unlike that
from other organisms in that the greatest mortality at 96 hours occurred at
intermediate rather than high copper concenirations. However, by correcting the
duration of each oyster's exposure to cepper by a factor related to the amount of
time the shells were open, we obtained typical mortality curves,

Significant mortalities occurred at copper concentrations of 2200 /L and higher.
Data analysis yields a 48-hour LCsq of €50 ug/L, a 96-hour LCsq of 430 /L, and an
incipient lethal concentration (lLC% of 230 ug/L. The incipient lethal concentration
is the concentration that kills 50% of the population during an exposure that is
sufficiently long that acute lethal action has ceased. The percentage of copper in
labile forms in the bioassay water ranged from 73 to 89.
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Distribution of $%Cu in oysters after 24-hour exposure differed among oysters
maintained in water containing either high or low copper concentrations. Copper
flux into tissues increased with the copper concentrations in the water, indicating
little metabolic regulation. These data indicate that copper accumulated by oysters
is proportional to the exposure concentration.

Oysters can reduce their exposure to copper by preventing the entrance of water
into their mantle cavities by tightly closing the valves of their shell. This closure
may protect the oyster from episodic releases of copper. Therefore, oysters may
not be the best biological indicator of metal pollution, because they do not circulate
water continuously, but close the valves of their shell during adverse environmental
conditions.

The effect of copper on oyster embryo mortality was determined in a series of
48-hour experiments in a static bioassay system. Fertilized eggs were exposed to
copper concentrations ranging from 5 to 100 ug/L in filtered, sterilized, natural
seawater. All embryos that failed to reach the D-hinge larval stage by 48-hour were
recorded as abnormal. The 48-hour LC g was 12 g copper/L.

The effects of copper on development were determined by observing exposec
populations of embryos at 12-hour intervals from 24 to 72 hours. The greatest
effect on the exposed populations occurred between 24 and 36 hours after
fertilization. This is the time of shell deposition and transition from trochophore to
veliger larvae; affected larvae failed to deposit a shell and died as trochophores by

72 hours.

Destruction of the naturally occurring chelators in the culture water by UV

photo-oxidation resulted in doubled embryo abnormality at 10 g Cu/L. Adding any
of five organic chelators (EDTA, sodium citrate, glycine, oxalate, and humic matter)

to the seawater increased embryo survival.

Analysis cf the bioassay water for copper by differential pulse anodic stripping
voltametry (ASV) revealed that a significant fraction of the copper was labile.
Embryo abnormality was attributed to the labile copper species because abnorrnality
decreased when copper cheiators were added.

Freshwater Clams

The sensitivity to copper of larval and adult stages of the freshwater clam,
Corbicula manilensis, was determined by exposing clams to concentrations ranging
from 10 to 12,000 ug Cu/L. Concentrations of total and labile copper were
measured in the bioassay water. In addition, copper concentrations were determined
in tissues of adult clams.

Sensitivity of adult clais was assessed in four different experiments that were 4 to
10 weeks long. At concentrations of <3000 g Cu/L in the bioassay water, the
valves of the shell were open about the same amount of time. However, at
concentrations of 6,000, 9,000, and 12,000 g Cu/L, the valves remained closed.

The toxicity curve obtained from the combined mortality data indicates a 96-our
LCsqgof 22,600 g Cu/L for adult clams. An ILC could not be determined from the
data but seems to be <10 pg Cu/L. Because the animals responded to high
concentrations of copper by tightly closing valves of their shells, 48-hour and
24-hour LC 508 could not be determined.
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Copper concentrations in adult clams held in water to which copper was added were
higher than in those in the control water and were dose related. Evidence for loss of
copper just before or at death was obtained.

A timetable of development was determined to interpret the effects of copper
exposur. of larvae. The response to copper depended on life stage and decreased
markedly for successive developmental stages. Experiments conducted on the
veliger and juvenile larvae vyielded 24-hour LCsps of 28 and 600 g Cu/L,
respectively. Trochophore larvae were sensitive to copper concertrations as low as

> ug Cu/L. The sensitivity of each stage was related to the amount of larval shell
deposition.

The fully shelled veliger and juvenile larvae immediately closed their shells at all
Copper concentrations and kept them closed throughout the experiment. Control
larvae were always actively swimming with the velum or foot extended. (Fig. 10a).
The initial high mortality of veliger larvae exposed to low levels of copper may be
attributed to the presence of early veligers or late trochophores that do not have
fully developed shells (Fig. 10b). These larvae cannot close their shells and were
therefore constantly exposed. Dead veliger and juvenile larvae were found either
Intact with gaping shells or disintegrating with closed shells (Fig. 10c).

Other Bivalve .\10“}1_5(_‘_5;

More data are available for bivalve molluscs than for other classes of molluscs
(Refs. 7, 8). Lower LC 50 values are usually obtained using flowthrough rather than
static bioassay systems. Some of the lowest values were obained for marine clams.

CRUSTACEA

The copper sensitivity of adult, embryonic, and larval stages of the crayfish
Procambarus clarkii was determined with flowthrough bioassay methods (Ref. 23).
Four adult experiments were performed lasting up to 1,350 hours and using copper
concentrations ranging from 230 to 11,600 g Cu/L. Tissue analysis was performed
on adult crayfish exposed to copper.

The toxic response to copper was determined for two groups of crayfish embryos
that differed in age at the time exposure was initated. Th~ first group used embryos
in which 50% had hatched 240 hours after the start of exposure; the second group
used embrycs in which 50% had hatched 600 hours after the start of exposure.

The toxic response to copper was determined for three groups of crayfish larvae.
The first group of larvae was exposed to copper for 250 hours as embryos and then
exposed through larval development. The second group was exposed to copper
48 hours after hatching and consisted of first instars. The third group was exposed
to copper 120 hours after hatching and consisted of second instars. Embryonic and
larval exposures ranged from 100 to 2750 g Cu/L.




Figure 10. Photomicrographs of early life stages of clams: (a) control larva showing
velum and foot extended; (b) control late trochophore or early veliger larva;
(c) veliger larva at death after expocure to copper.




The 480-hour LCsq for adult crayfish was determined to be |300 pg Cu/L. The
remains of adult crayfish showed significant dose-related increases in tissue copper
concentration over controls. Though not dose related, the gills showed significant
increase in copper concentration at exposures of 480 ug Cu/L and greater.

The mortality of crayfish embryos was related to their age at the start of copper
exposure. Embryos exposed early in their development had much poorer hatching
success than those exposed later. The 480-hour LCsp for early crayfish embryos
was calculated to be 3790 ug Cu/L.

Larvae exposed to copper just after hatching appeared to be more sensitive than
larvae exposed through embryonic development. Crayfish larvae exposed to copper
developed black discolorations of the gill filaments. No difference between first
and second instar larval copper sensitivity was found. The &80-hour LCsq for
crayfish larvae was calculated to be 120 yg Cu/L. The larva was the most sensitive
life-history stage for P. clarkii. Also, larvae exposed to copper were smaller and
appeared to be at earlier stages of development than control larvae (Fig. 11).

Othe: Crustacea

Sensitivity to copper has been defined for a number of both marine and
freshwater crustacea (Refs. 7, 8). Sensitivity of crustacea to copper, like that of
other aquatic organisms, is dependent on the chemical form of the copper and on
bioassay conditions. As in other groups of organisms, crustacea early life stages are
generally more sensitive than adults. Copper in low concentrations is of special
importance to crustacea because the primary respiratory pigment is hemocyanin, a
copper-containing pigment, and not her..oglobin.

EFFECTS OF COPPER SPECIATION ON INVERTEBRATES

Data are available on the reduction of heavy metal toxicity to invertebrates by
organic chelating agents. Lewis et al. (Refs, 87, 88) reported an increase in the
survival of the calanoid copepod Euchaeta japonica in water eariched with EDTA
and in water to which soil extracts had been added. Andrew (Ref. 89) showed that
toxicity of copper to Daphnia correlated well with cupric ion activity measured with
an ion-specific electrode. Young et al. (Ref. 90) suggested a relationship between
polarographically labile copper an&_copper toxicity; i their studies, an increase of
7 ug/L labile Cu resulted in significant mortality to dev loping shrimp zoeae.
Borgmann (Ref. 91) evaluated the effect of complexing agents on copepod
production. Harrison et al. (Ref. 86) found that added organic chelators reduced the
toxicity of copper to Crassostrea giqaa embryos; the ability of the chelator to
reduce toxicity was related to its log K value. They also reported that destruction
of the naturally occurring copper-binding organic matter in the seawater by UV
photo-oxidation reduced embryo survival.

F'sHES

The responses of different life stages of both a marine and freshwater fish to acute
levels of copper were evaluated. The northern anchovy, Engraulis mordax, was
selected as a representative mari;.. fish because of its economic importance and
because early life stages are present in the vicinity of power stations. The common
carp, Cyprinus carpio, was selected because it is present in the vicinity of power
station and iIs an important aquaculture species. The response of the freshwater
bluegill, Lepomis macrochirus, to sublethal concentrations of copper was




Figure 11. Photomicrographs of crayfish larvae: (a) control larva on left was newly
hatched and on right was |3 days old; (b) two larvae on left were exposed to
25 w Cu/L for 2 weeks and on right to control water; (c) two larvae on left were
exposed to 50 ug Cu/L and on right to control water.
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evaluated to try to establish the cause of the reduced reproductive capacity and
increased structural deformities that were observed in bluegills from the
impoundment adjacent to the H.B. Robinson Steam Electric Plant.

Northern Anchovy

The effects of copper on the embryonic and larval stages of the Northern anchovy
were in. :stigated (Ref. |¥) because copper is known to be one of the most toxic
heavy metals to a variety of marine species, and it is discharged into coas.~| waters
by the release of municipal waste waters, power station effluents, and the 1se of
marine antifouling paints. Anchovy early life stages were used hecause ,. tural
mortalities that occur during the early stages of marine fish have been suggested to
be a major factor in reducing the size of a given year-class of fisn. Pollutants that
have an impact on the survival of fish embryos or larvae might further reduce the
size of a given year-class of fish.

The anchovy life stage most sensitive to copper was the embryo. For anchovy
embryos, the |2-hour LC s0 was 200 g Cu/L, and the estimated ILC was
190 ug Cu/L. A sensitive period of embryonic development was noted to be prior to
closure of the blastopore. The |2-hour LCsq, 24-hour LCgq, and ILCsq for anchovy
larvae were 460, 400, and 370 g Cu/L, respectively. The percent of the total
copper in the labile (noncompiexed) form for all concentrations used during testing
averaged 96%. Some larvae that hatched from embryos that were exposed to
200 pg Cu/L showed structural abnormalities (Fig. 12).

During an earlier study, we examined the sensitivity of the early stages of another
marine fish, the Pacific herring. The anchovy and herring have very different
spawning strategies. The anchovy spawns a fragile, pelagic egg and the herring
spawns a tough, demersal egg. For both species the embryo was most sensitive,
though the demersal embry. was six times more sensitive than the pelagic embryo.

cCommon ( .1r_D_

Experiments were performed to determine the acute toxicity of copper to adults,
newly hatched larvae, and embryos of the common carp, Cyprinus carpio (Ref. 21).
Concentrations of total and Chelex-100-labile copper were measured in the bioassay
water. In addition, we determined the amount of copper in muscle and liver tissues
of some experimental adult carp.

Sensitivity of adult carp was assessed in three different experiments. The toxicity
curve generated from the combined mortality data indicated that the 48-hour L( 50
was 170 g Cu/L and the ILC was 120 g G /L. Analyses of the bioassay water
showed that more than 65% of the copper was in Chelex-100-labile forms. Copper
concentrations in muscle and liver tissues taken from carp exposed to incr:ased
copper concentrations in the bioassay water did not significantly difier from
concentrations in the same tissues in control animals.

Toxic respense to copper was determined for groups of embryos that were 4 to 6, 8
to 10, and 20 to 24 hours old. The sensitivity to copper appeared to decrease with
increased age. The 48-hour LCspn and ILC for 6 to 8-hour carp embryos was
230 yg Cu/L. The percent of larvae that hatched decreased with InCreasing copper
concentrations in the water and in “‘reased wit! Increasing age o. the embryo at the







time the experiment began. More than 65% of the copper in the bioassay water was
in Chelex-100-labile forms. Also, newly hatched larvae of embryos exposed to
100 yg Cu/L had structural deformities (Fig. 13).

Effects of copper on newly hatched larvae were agetermined; the 48-hour LCs, and
ICL were 120 and 110 pyg Cu/L, respectively. No change in sensitivity with age was

established. Copper in the bicassay water was primarily in Chelex-100-labile forms.
Bluegills

In a previous study of copper concentration and speciation in the intake and
discharge waters of the H.B. Robinson Nuclear Power Station, we determined that
copper was present in chemical forms and amounts that could potentially cause
adverse effects on some fish populations (Fig. 14), Also, our results and those of
others indicated that liver copper concentrations were high in some bluegills fron
the copper-impacted area of the cooling lake. We investigated the kinds and
quantities of metals associated with the metalloproteins in livers of bluegills,
because cadmium, copper, mercury, and zinc can be detoxified by binding to
metallothioneins (MTs) (Ref. 22).

Bluegills were collected from the « ooling lake near the effluent discharge from the
power station, near the water intake to the cooling system, and from a « ontrol pond
ind were examined for total metal in muscle and liver tissues. Much lower
concentrations of copper were found in muscle than in liver tissue. Also, copper

evels in the environment were reflected in liver but not in muse le tissue.

Livers from bluegills from the three sampling sites were removed, homogenized, and
centrifuged and the supernatant fluids processed on a high performance liquid
chromatograph (HPLC) to separate proteins on the basis of their molecular weight.
Eluate from the gel-permeation column was monitored continuously for UY
absorbance (proteins containing aromatic amino acids absorb UV light at 280 nm)
and the 35 fractions collected were analyzed for copper, cadmium, and zinc.
Elution profiles of the supernatant fluids showed large differences in the kinds and
juantities ol metals associated with metalloproteins present in the bluegills fron
the three sites. Copper concentrations in the low molecular weight (LMW) protein
fraction, which contains MTs considered to be sites of detoxific ation, were highest
in bluegills from the discharge site and lowest in those from the control pond.
Increased quantities of copper in the intermediate molecular weight (IMW) and high
molecular weight (HMW) protein fractions, which contain metalloenzymes
considered to be sites of toxic action, were found in bluegills living in the discharge
site. Also, data were obtained on these same fish that indicate that copper

displaced zinc from metalloenzymes in the HMW and IMW protein fractions.

ts Iindicate that the 'abile copper released from the cooling system of the

B. Robinson Nuclear Power Station accumulated in the livers of bluegills living in

the Intake and discharge sites, Furthermore, copper was present In livers of
luegills from the discharge site at concentrations that coul I potentially interfere
with normal metabolic activity and hence impair reproduction and development.

vere also exposed to increased soluble copper under controlled laboratory
'2). Laboratory populations were exposed to « opper concentrations
to 160 ug/L at pH > and to 80 ppb at pH 7.5 (Fig. 15). Liver
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Figure |3. micrographs of carp larvae: (a) larvae hatched from embryos

maintained : (b) larvae hatched from embryos maintained in water

ontaining




‘igure 14, Bluegills collected from the H.B. Robinson cooling lake: (a) bluegill with
deformed mouth . “ts; (b) bluegill with depressed operculum.

37



Figure 15. Facility where bluegills were exposed to increased soluble copper. Water

was circulated continuously in the 760-L tanks. Initially, each tank contained about
bluegills that were 6 to § cm In length.



metalloprcteins were separated into> LMW, IMW, and HMW protein fractions using
HPLC. There was an increase in the amount of copper associated with the LMW,
IMW, and HMW protein iractions with increased exposure concentration and
duration. Comparison of the distribution of copper among the metalloprotein
fractions in fish exposed to &0 pg Cu/L at pH 5.5 and 7.5 indicated that larger
amounts oif copper were associated with the HMW protein fraction in fish
maintained at the lower pH.

Other Fishes

Large differences have been seen in the sensitivity of fishes to copper (Refs. 7, 8).
Considerable more data on copper toxicity are available for ‘reshwater than marine
tish. Of special interest are the effects of copper on early life stages. The
mortalities that occur in these stages influence the strength of a given year-class
and i1t is generally these stages that are most sensitive to ¢ opper.

EFFECTS OF COPPER SPECIATION ON FISHES

Reduced toxicity of copper to fishes has been related to the formation in the water
of organic and inorganic complexes of copper. A number of investigations indicated
tha* the presence of organic chelators in the water reduced the toxic response
(Refs. 92-96). The toxic response is also reduced by the formation of copper
inorganic complexes that are related to the concentration of inorganic ions in the
water. It has been well documented that sensitivity to copper is inversely related to
hardness and alkalinity (Refs. 97-100). According to Stiff (Ref. 98) and Chapman
and McCrady (Ref. 99), the phenomenon occurs because more copper carbonate
complexes form at the higher alkalinities that accompany the higher hardness values.

Increased toxicity of copper to fishes has been related to decrease in the pH of the
water. Howarth and Sprague (Ref. 101) examined the interactions of pH and
hardness on the toxicity of copper to rainbow trout. An increase in toxicity with a
decrease in pH was apparent only in low-hardness waters. Adverse effects on
bluegills living in the cooling lake at the H. B. Robinson Nuclear Power Station were
attributed to increased concentrations of labile copper in this low-pH, blackwater
ecosystem (Ref, 22).

It is generally accepted that Cu“* is toxic to fishes. However, it is not clear that it
is the only toxic form of copper. Shaw and Brown (Ref. 96) concluded that Cu?* ar.d
CuCO13 are the forms toxic to rainbow trout (Salmo gairdnerii). Pagenkopf et al.
(Ref. 102) indicated that Cu?* and CuOH* are toxic. Andrew et al. (Ref. 103)
stated that copper toxicity is directly related to activities of (‘uﬁ‘,.—('uOH', and
Cup(OH)5*, Engel and Sunda (Ref. 104) attributed the toxicity of copper to the

+

activity of Cu* Chakoumakos et al. (Ref. 100) considered (uz’, CuOH?*, and
( «.(\‘-H)fH to be important copper species that caused toxicity within the pH range
they tested. However, the calculated importance of the ( u(OH)Q depended on the
stability constant used in the model to calculate species inforrnation.

There is only limited information on the toxic ity of different chemical forms of
copper, and it is not known whether all aquatic organisms are sensitive to the same
chemical forms. For some organisms, the sites on the membranes critical in
accumulating copper may bind only Cu“*. However, the loss of Cu?* from the
water (as for ¢ xample, when it is taken up by an aquatic organism) will result in the
tormation of more Cu“* from dissociation of the other labile forms of copper with
which it is in equilibrium. Under these circumstances, it is expected that the entire
labile pool of copper could be available to the organisms.




Toxicity to copper is also related to the physiological state of the organism
(Refs. 7, 8). Factors affecting the physiological response of the organism include
salinity, temperature, dissolved O, pH, and light. Also important is the condition
of the organism (life history stay ¢, life cycle change, size, activity) and any previous
exposure to copper or other metals that results in acclimation or adaptation.

Copper toxicity i1s also affected by the rate at which copper is absorbed by the
organism. This could result from differences among organisms in the permeability
to copper of surfaces across which transport occurs. Quantities accumulated may
differ with the concentrations of copper and competing metals in the water, the
salinity, and the physiological state of the organism.

The relationship between concentration in the water and quanti..®s accun ulated
depends on how copper is metabolizeu. In some organisms, copper concentrations
are not regulated and tissue concentrations are dependent on the concentration in
the water and the duration of the exposure. In others, concentrations are regulated
and selected tissue copper levels are relatively constant except when concentrations
in the environment are so high that the influx of copper exceeds the efflux and total
storage capacity of the tissues.

MODEL DEVELOPMENT

A mathematical model was developed to simulate the fate of copper in a
marine environment (Ref. 105). The model describes the kinetics of copper
transformation in solution from copper ions and labile complexes to tightly bound
organic complexes, and the kinetics of sorption on suspended particles. It is
imbedded in a two-dimensional finite-element model that can simulate advection
and diffusion processes in natural waters. The model was tested by simulating
realistic conditions of a slug discharge of copper ions with the cooling water from a
nuclear power plant. The model performed correctly under the conditions assumed.

RECOMMENDATIONS FOR FUTURE STUDY
COPPER PARTITIONING STUDIES

|. Behavior of Copper in Cooling Lakes and Ponds. When copper is discharged
continuously into either cooling ponds or lakes having slow turnover rates, a large
potential exists for accumulation of copper in the ecosystem. An example of such
accumulation was found at the pond at the Fort St. Vrain Nuclear Power Station.
Here, blowdown from the cooling tower is discharged into a 25-acre pond; the water
from the pond overflows into St. Vrain Creek, part of the naturai, offsite water
system. In this pond we found high concentrations of copper. Not only was the
difference in total copper concentration large between the wea’crs entering and
discharging from the station property, but in one collection the ~oncentration was
greater in discharge water than in the blowdown water. In addition, the copper
concentrations in bedload sediments were about ten times higher than those from
other sites.

The distribution and ultimate fate of copper discharged into bodies of water wi'n
slow turnover rates must be determined in representative cooling ponds and lakes .
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Z. dSediment/Water Interface. In marine and freshwater ecosystems containing
sediments with a high atfinity for copper, the deposition and mobilization of copper
into and from the bottom sediments are very significant components ol the copper

cycle. Bedload sediments are in a dynamic stage with the overlying water and can
aCtl as a copper sink or source depending on reactions o« curring In the sediment and
water.

Two important ways that copper In bedload sediments can reenter the water column
are Dy resuspension ol particles and by diffusion across the sedimeni water
interface. Resuspension depends on the size and composition of the particles, the
rate of water flow across the surface, and disturbances from the locomotion or
feeding of bilota. Diffusion depends on physical, biological, and chemical processes
occurring in the sediment. These processes can result in changes in redox potential

PH in the sediment and alter the phvsicochemical form and behavior of the
copper. The rates of movement of copper across the interface under conditions that
OCCur In the disCharge zones of nuclear power stations must be evaluated

3. Chlorination Effects. Water is commonly chlorinated to reduce foulir g In the

condenser tubing of pow tation cooling systems. This practice may affect the
Diota directly as chiorine or 1ts reaction products or indirectly by affecting the

chemical form of potentially toxic metals in the dis« harged water. Because one of

the results ol chlorination is the degradation of organic matter, organic ligands that
oinG copper may be destroyed and the concentration of labile copper increased.
Juch a result would be important in estuarine and Ireshwater ecosystems wher
opper concentrations are high but the copper is in bound forms rather than labile

s. Information is needed on the chemical form of copper in water during
nlorination. Chemical forms should nonitored when the complexing capacity is

DOtTh hig! na Iow In the ecosysten

+. dtart-up of Coolant Water Flo It has been argue hat the high concentrations

observed after start-up at Diablo Canyon were unique to that power plant. Changes
concentration and chemical forms of copper discharged during start-up at

wer stations must be documented to assess the impgact of continued use ol
In COOlINE systems and to determine the need for countermeasures.

anges In copper concentration are needed from representative
power stations on marine, freshwater, and estuarine ecosystems.

>. Effect of lonic Composition on Copper Speciation. In estuarine ecosystems the

percentage of soluble copper in each of the molec ular-weight fractions examined
differed greatly in samples collected when runoff from land was high and when it
w. At both the Salem and Surry Stations, a greater percentage of the soluble

er was present in the <1000 molecular-weight fraction at 10°/oo salinity than

!

00. The decrease in the percentage of copper that is associated with this low
molecular-weight fraction with decreased salinity, although evident both in the
presence and absence of naturally occurring, dissolved organic matter, was more
pronounced In Its absence. At higher salinities copper-organic complexes may
lissociate, and small copper-inorganic complexes may form. Information 1S needed
on “he chemical speciation of copper in water of different anionic and cationic
composition and 1n water containing different kinds and quantities of organic
ligands. These data can be used in mathematical models to predict the chemical

forms of copper under changing environmental conditions.




6. Impact on Kelp-Forest Communities. An important resource of open coastal

ecosystems is the kelp community. Because kelp beds provide 100d and shelter for a
large number of species, they are important in maintaining the productivity ol ar
ecosystem. We must assess the effects of periodic chlorination, heavy metal
leachates, and elevated temperature regimes on the structure of forest communities.

7. Effect of Organic Matter Content In Particles. Additional field and laboratory

d

experiments are needed to determine the effect of the organic matter content In
bedload seciments and in suspended particles on ccpper partitioning.

8. Effects of Titanium Tubing in Cooling Systems. Copper-nickel tubing has bees

replaced by titanium tubing in units at a number of ruclear power stations. We must
determine the quantity and fate of titanium leached from cooling systems of nuclear
power stations and assess the toxicCity ol titanium to biota.

9. Effects of Particle Size. Sorption of copper is related to particle size. More
information is needed on the role of particle size on the '\(i of bedload sediments
and suspended particles. Also, further study is required ol the particulate material
released during start-up when copper-nickel tubing is treated with Cl->0 to reduce

corrosion. Our data indicate that the treatment resulted in low labile copper
concentrations, the form of copper considered 1o D€ n ost toxic to biota. However,
before this treatment is adopted for general use, the total quantities of particulate
copper released and the chemical composition, size distribution, and toXxicity of the
particles need to be evaluated. This information would permit an assessment ol the
potential distribution of the material in the environment and impact on indigenous
blota.

|0. Seasonal Changes in Complexation to Organic Matter. Our ultrafiltration
results indicate that dissolved organic matter plays an important role in determining
the chemical form of copper in water, but little information is available about the
quantities of organic r atter involved in copper binding and how these vary with
scason. This organic matter must be characterized more precisely so that the
source can be identified and isolated. Organic matter could be added to effluent
waters during start-up to minimize the impact of releasing labile copper.

|1. Variability in Complexation to Dissolved Organic Matter. Large differences in
ACC were noted in the water samples collect at the different nuclear power
stations. Also, our ultrafiltration studies indicated that the distribution of soluble
copper among different molecular-weight fractions differed with sample collection
time. However, the number of field studies we periormed was 100 few to
characterize this variability. Because complexation affects the bioavailability and
distribution of copper reieased in effluents, more data are neded on the seasonal
changes in kinds and quantities of dissolved organic matter in the water.

|2. Effect of Low pH Waters. The major physicochemical forms of copper in the
H.B. Robinson water appear to be different from those at other freshwater sites.
Additional data are needed to establish whether the copper partitioning anc binding
behavior was attributable to the lower pH of the water system and/or to differences
in the kinds and quantities of organic ligands present.

The partitioning between the soluble and particulate forms of copper as well as the
nature of the physicochemical forms may affect its availability to the biota.




Therefore, it is imj int to further study the effe i environmental factors and
seasonal variations on t ypeclation, sedimentatior ind bioavailaability to copper

In the ecosystems.

oncentration and Toxicity of Copper to Oysters. As
- e ] St o ¢ .

osystems, we determined the etffect ol copp on

ilable that Indicate oysters accumulate increased

salinities, the effect of changes in salinity on the

are 1 10 areas ol lower salinity by some growers to "fatten then
pracCtice may result i letrimental changes in oysters if the sensitivity to
ncreased a alinities. Alterations that might be expected are
lincreased water and decreased organic matter in

tent, and discoloration of the shell. he eiflect ot

sensitivity of both adult and embryonic oysters must be

vvsters. Copper concentrations in oysters living in the
nigher during some seasons ol the year than the

-

g wet weight. ne concentrations 1n water that
oncentrations in oysters are not known. In laboratory

water containing 25 ug Cu/L had concentrations as
onditions ol uptake and l0ss were
entrations in effluent waters are generally less

t as steady state ¢

nbient concentration, the relationship between
oysters must be defined in water with copper

iiabllity oi Particulate Copper. Filter-feeding shellfish commonly inhabit
produce In areas ol estuaries receiving effluents from nuclear power stations.
past, adverse ellecCts on oysters living in the vicinity of other power stations
have been reported. These include reduced commercial value because of
liscoloration of shells and greening of soft tissues. An evaluatior is needed of the
ivallability ol particulate copper released during start-up and periods of high
and ol the potential impact of this copper on the loading of detoxification
s. The quantities of copper bound to n etal-binding proteins and incorporated
in granules should be monitored with changes in season and following start-up of
water tlowing through the condensers. These kinds of data could be used to to
determine whether detoxification capabilities are being exceeded during start-up
and are resulting in adverse effects on the general health of shellfish populations.

Effects of Copper. The effect of copper on mortality has been
evaluated in a group of aquatic organisms. These data are useful in assessing the
effects of episodic releases of high levels of copper, but are of limited value in
assessing the effects of continuous exposure to the considerably lower levels of
copper that are present In the vicinity of many power stations.

Low levels of pollutants, singly or in combination, result in stressed populations.
Stress may reduce the potential for growth of an organism, its reproductive
; its ability to resist further change, or its chances of survival.




Manifestations of stress may take place at different levels of organization in the
organism. Small changes may occur in the morphological, physiological, cytological,
and biochemical conditions of the organisms and may invelve both somatic anc ge
cells.

Representative aquatic organisms must be evaluated with sensitive tests to identily
populations in jeopardy so that appropriate measures can be adopted belore
irreparable changes occur in the environment.

5. Interactions of Power Station Pollutants. Biota living in the discharge area of
nucleai power stations might be c\po:cc to increased copper, detergents,
dispersants, chlorine, and temperatures. >ome nformation Is available on the
response of organisms to these factors separately, tut little or no data are available
on the interaction of these environmental stresses. Data are needed on the
synergistic effects of pollutants on different life stages of important food organisms

and on key food~chain organisms.

6. Effects of Copper-Laden Sediments on Demersal Embryos. Experiments should

be conducted to determine the role that copper-laden interstitial waters and
sediments play in the toxic exposure of demersally spawned fish embryos. Fish
embryos spawned in near-bottom environments are exposed not only to copper In the
water column, but also to sediments that may contain high concentrations ol
copper. This copper may be mobilized fromn the sediments to the sediment-water
interface at concentrations many times above ambient water concentrations. Based
on copper exposure in water only, the demersal spawning behavior, as representec by
the Pacific herring embryo, seems to be more sensitive than the pelagic anchovy
embryo (ILCs of 33 and 190 yg Cu/L respectively). Demersal embryos should be
exposed to sediments contaminated with known levels of copper.

7. Relationship © Qyoviviparous Spawning Strategy to f_opper Sensitivity.
Fin

ExpeFiments should be conducted in which the effect ol sublethal adult exposure is
related to the embryonic and larval development of ovoviviparous fishes. ‘he
anchovy and herring represent the pelagic and demersal spawning strategies,
respectively. An additional spawning strategy that should be examined is that
employed by the ovoviviparous fishes. Embryos of such fishes are retained in the
lumen of the ovary until shortly before yolk sac absorption is complete. Fewer
embryos and larvae are produced compared with other spawning strategies, and
sublethal impacts on adults carrying embryos may have gross effects on fecundity.

8. Effects of Copper in Food. Aquatic plants have been shown to concentrate
copper from the water, and because some aquatiC organisms are detritus feeders,
they accumulate copper body burdens through ingestion of copper-laden plant
material. Further studies examining the toxicity of copper uptake through food are
required before the impact of power-station-related copper releases on aquatic
organism can be completely assessed.

9. Copper Accumulation by Freshwater Clams Exposed to Sublethal Concentrations
of ( opper. Copper concentrations in ¢ lam tissues were higher in all animals held in

water to which copper was added. We do not know whether the copper
concentrations in tissues increase with increasing concentrations in the water or
reach a maximum value at a given copper concentration. The relationship between
copper concentrations in tissues and water should be investigated both in field and
laboratory studies to obtain data on concentration factors and the effect of the
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chemical form of copper on its accumulation in tissues. These data are needed for
models to predict tissue copper burdens and tc recommend limits or copper

concentrations to preveiit narm to the biota.

. Physiological Effects of Exposure to Sublethal Concentrations of Copper on

eshwater Clams. Copper concentrations as low as 10 ug/L increased the mortality

adult clams. In addition we obtained evidence of reduced feeding as a result of
ncreased copper. More data are needed on the effe ts of continuous exposure to
low levels of copper on other physiological processes. This information can be used
to assess impairment of the ability of these animals to cmpete effectively witl

others in the environment.

compare concentrations and

emical forms of copper in the fluid in the mantle ¢ and in surrounding waters

to determine whether the mantle changes the availability of copper to the organism.

Effects of Subletha! If carp live in the

zones of nuclear powe tations whose cooling systems contain copper
their entire life cycle to small increases in

pper conce. tration in t . Information 1s needed about the ~ffects of suct

a
Xposures on reproductive pacity. Carp early life history stages from pristine and
olluted ecosystems mi (@amined to determine whether there are differences

mor tality rates, numbe abnormal individuals, and percent of eggs that hatch.

3. Detoxification of pper _in Carp. Copper concentrations in muscle and liver

tissues of carp were highly —\1__3" and did not appear to be related to exposure
oncentrations. The effect of increased concentrations of copper In tissues may not

e reiated to the total copper present but to the concentration of an active form.

nformation is available indicating that heavy metals can be detoxified by
>mplexing with MTs. Data are needed on the concentrations of copper in the

alloprotein pools of adult carp exposed to increased concentrations of copper

ne organo-metal concentrations to deleterious effects

ntrations.

he relationshir of

t
e

tissue copper conc

4. T in Adult Bluegills. The kinetics of MT production in
’ | required for depuration of the copper bound
to MTs will termine in part the frequency of intermittent high concentrations of
opper In the water that can be tolerated with a minimum of adverse effects on
iuegill populations.

in Eariy Life History Stages. The role of MTs in early life stages should be
—— L = O T L TPORCS. :
determined. No information is available regarding now the MT-detoxification
system Is activated and how the capacity of the system changes with development.
These kinds of data are required to schedule pulse releases from nuclear power

stations so that the impact to eggs, larvae, and fry of bluegills is minimized.

7. Criteria must be Established for the Selection of Appropriate Concentration
Factors (CFs) Tor Models to Predic® the Ouantities AT?ODR@_FTEA-E%?F:(?—AEF{E
Food Chains. The CFs calculated from Tield and labo atory data may dilfer
greatly. More information is needed on factors affecting t1e metabolism of copper
In aquatic organisms to select the appropriate CF value to evaluate a specific

ecosystem.
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