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ABSTRACT

Copper concentrations were measured in the soluble and particulatt fractions of
water samples and bedload sediments collected in intake and discharge areas of
the Surry and Salem Nuclear Power Stations during normal operations. Additional
samples of water and suspended particles were collected during startup of Unit 2
at the Salem Power Station.

In water samples collected from Surry, total copper ranged from 6.5 to 24 7 and
labile copper from 0.5 to 2.9 pg/L; in those from Salem, total copper ranged from
6.7 to 10.6 and labile from 0.9 to 3.8 pg/L. At both sites the highest total copper
concentration was measured in January 1979 during a period of high runoff. In
general, differences between influent and effluent waters were small; the
maximum was 4.2 pg Cu/L. Copper concentration in the water during startup of
Unit 2 of Salem was high initially (>2500 pg Cu/L) but was almost entirely in the
particulate fraction; labile copper wa: only 0.6 pg/L. The apparent complexing
capacity (ACC) of the waters from Surry ranged from 6 to 40 and those from
Salem from 5 to 60 pg Cu/L. Ranges in dissolved organic carbon were smaller, 2.9
to 5.1 and 2.2 to 5.0 mg C/L for Surry and Salem, respectively, and showed no
relationship with ACC. Ultrafiltration of discharge waters indicated that, in most
samples, the largest fraction of copper in the untreated water was in the
> 10,000 < 100,000 molecular weight fraction;in waters treated to destroy dissolved
organic carbon, it was generally in the >100,000 molecular weight fraction.

The partitioning of copper between the soluble and particulate fractions of the
water was highly variable. At Surry, the percentage in the particulate fraction
ranged from 67 to 85; at Salem, it ranged from 43 to 69 during normal operation
and was >95 during startup. Also for the particles the total copper, the copper
distribution coefficients (K s), and the rates of copper sorption differed with thed
sampling period.

Copper concentrations in intact bedload sediments from the intake area of Surry
ranged from 2.3 to 26 and of Salem from 36 to 74 pg/g dry weight; those in the
discharge area of Surry ranged from 13 to 30 and of Salem from 3 to 67. We noted
considerable spatial heterogeneity both at the intake and discharge areas, and
higher copper concentrations in the <62-pm fraction than in intact sediments.
Copper K s of intact bedload sediments from Surry and Salem were 5,100 andd
6,400, respectively.

.
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FOREWORD

This study is part of a larger research project having three purposes: (1) to study
the behavior of potentially toxic substances introduced into surface waters from
nuclear power stations, (2) to determine the impact of these substances on
representative, economically important aquatic species, and (3) to develop models
to predict the behavior, and impact of these : discharged substances. The research
was initially directed toward investigating' the impact of corrosion products
(particularly copper) from cooling systems. Copper is of special interest because
of its toxicity to aquatic organisms. This investigation was funded by the Office
of Nuclear Regulatory Research, Division of Safeguards, Fuel Cycle, and
Environmental Research under Nuclear Regulatory Research Order No.60-79-032.

The authors thank Jack Dawson of LLNL for assisting in collecting, handling, and
analyzing field samples.

We are indebted also to the staff of the Public Service Electric and Gas Company
of Newark, New Jersey, for their cooperation in the study at the Salem Nuclear
Power Station and to.the staff of the Virginia Electric and Power Company of
Richmond, Virginia, for their assistance and cooperation in the study at the Surry
Nuclear Power Station.
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EXECUTIVE SUMMARY;

Field studies were performed at the Surry and Salem Nuclear Power Stations to
~ btain a better understanding of'the fate of copper corrosion products released 'o
from cooling systems of stations that are located on estuaries. Data on copper are
critical for an assessment of its rate of dispersion .in ecosystems, rate of
interactions with other pollutants, final distribution, and toxic effects on biota.

Copper concentrations were quantified in the soluble and particulate fractions of
water samples and in bedload sediments collected in' October 1978 and January
and May 1979 in the intake. and discharges areas.of both stations during normal
operation. Samples of both water and' suspended particles were collected also in

.

July 1980 during startup of Unit 2 at the Salem Power Station. In addition, copper
distribution coefficients (K s) of particles suspended in the water column andd
present in the bedload sediment were determined.

TECHNIQUES

Several' analytical techniqu'es were used to identify the forms and quantities of
copper present in the water. Total soluble and particulate copper was determined
after separating the fractions by filtering the water through membranes with
0.4-pm pores. Labile copper in the soluble fraction was measured by ion exchange
techniques and by differential pulse anodic stripping voltammetry (DP ASV). ,The
apparent complexing capacity was determined by quantifying the DP ASV-labile
copper after copper additions. . Ultrafiltration indicated the molecular weight
distribution of the copper species and the effect of dissolved organic matter on
distribution.

Copper in suspended particles and bedload sediments was dissolved in acid and
quantified by atomic absorption spectrophotometry. Copper K s were determinedd
by radiolabel techniques.

FINDINGS

At Salem and Surry, differences between influent and effluent waters - (the
maximum was 4.2 pg Cu/L) were small compared with those observed between
pristine ecosystems and areas in close proximity to some industrial outfalls. In
water samples collected from _Surry, total copper ranged from 6.5 to 24.7 and
labile copper from 0.5 to 2.9 pg/L;in those from Salem, total copper ranged from
6.7 to 10.6 and labile from 0.9 to 3.8 pg/L. At both sites the highest total copper
concentrations were measured in January 1979 during a period. of high runoff.
Copper concentration in the water during startup of Unit 2 of Salem was high
initially (>2500 pg Cu/L) but was almost entirely in the particulate fraction; labile
copper was only 0.6 pg/L. ' The apparent complexing cepacity (ACC) of the waters
from Surry ranged from 6 to 40 and those. from Satem from 5 to 60 pg Cu/L.
Ranges in dissolved organic carbon were smaller, 2.9 to 5.1 and 2.2 to 5.0 mg C/L
for Surry and Salem respectively and showed no relationship with ACC.

Ultrafiltration of the soluble fraction of the water showed that more copper was
usually associated with the > 10,000 < 100,000 molecular weight fraction (MWF)
than with smaller or larger MWFs. Following ultraviolet (UV) oxidation to destroy

I

f
. . n



.- - . - - - . ._ .. -_ -, . _ ~ - -

.

organics, most of the copper appeared in the >100,000 MWF except in the May -
Salem samples,in which both copper and iron appeared largely in the smallest MWF
(<1000) af ter UV. oxidation.

. .

The change that nearly always took place in the amount of copper associated with
a given. MWF after organics were. destroyed strongly implies that copper is

.

complexed or chelated to organic ligands in natural waters.

The ~ partitioning of copper between the soluble and particulate fractions of the
water was highly variable. At Surry, the percentage in the particulate fraction

: ranged from 67 to 85; at Salem, it ranged from 43 to 69 during normal operation
and was >95 during startup. Also for the particles the total copper, the c'pper
K s, and the rates of copper sorption differed with the sampling period.d

Copper concentrations in intact bedload sediments from the intake area of Surry
ranged from 2.3 to 26 and in the discharge area from 13 to 30 pg/g dry weight;

. those from the intake area of Salem ranged from 36 to 74 and in the discharge area
from 3 to 67. We noted considerable spatial heterogeneity both at the intake and
discharge areas, and' higher copper concentrations in the <62 pm fraction than in
intact sediments. Copper K s of intact bedload sediments from Surry and Salemd
were 5,100 and 6,400, resnectively.

At both sites, the <62-pm fraction of bedload sediments had higher copper
concentrations and larger distribution coefficients than intact- sediments, even
though the character of the sediments was quite different in Salem and Surry.

CONCLUSIONS

Total copper concentrations in influent and effluent waters collected at Salem and
Surry Nuclear Power Stations during some seasons were in the range reported to be
toxic to sensitive organisms such as some species of primary producers and early
life stages of some species of higher-trophic-level organisms _(Harrison,1982).
However, because generally less than 25% of the total was in the labile forms
which are considered to be the most toxic, few adverse effects are expected.

The occurrence of elevated concentrations of copper in particulate forms during
7

startup and periods of high runoff may affect the copper available to filter and
deposit feeders. Cycling of metals is known to occur normally in many estuarine
organisms, and sensitivity to copper may be different during periods when body
metal concentrations are high and low. Recent data are available that indicate
that shellfish can detoxify metals by binding them to metallothionein-like proteins
or depositing them in granules (Harrison et aj.,1981; Engel,1979). An important
consideration is the quantities of copper that can be tolerated by shellfish without
overloading their detoxification systems. Startups may have to be restricted to
seasons when body burdens are low.

Bedload sediments collected in the intake and discharge areas of both the Surry
and Salem Nuclear Power Stations had similar ranges in copper concentrations.
These data indicate little or no buildup of copper in the sediment at either site.

2
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RECOMMENDATIONS

Suspended Particle Characterization

Further study is required of the particulate material released during startup when
copper-nickel tubing is treated with CI-50 to reduce corrosion. Our data indicate
that the treatment' resulted in low labile copper concentrations, the form of
copper considered to be most 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 toxicity of the particles need to be
evaluated. This information would permit an assessment - of the potential
distribution of the material in the environment and impact on indigenous biota.

Availability of Particulate Copper

Filter-feeding shellfish commonly inhabit and reproduce in areas of estuaries
receiving effluents from nuclear power stations. In the past, adverse effects on
oysters living in the vicinity of other power stations have been reported. These
include reduced commercial value because of discoloration of shells and greening
of soft tissues. An evaluation is needed of the bioavailability of particulate copper
released during startup and periods of high runoff and of the potential impact of
this copper on the loading of detoxification systems. Changes in the quantities of
copper bound to metal-binding proteins and incorporated in granules should be
monitored with season and during startup to determine whether detoxification
processes are being saturated and the general health of shellfish populations are
being affected.

Variability in Complexation to Dissolved Organic Matter

Large differences in ACC were noted in the water samples collected at the Surry
and Salem 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
performed was too few to characterize this variability. Because complexation
affects the bioavailability and distribution of copper released in effluents, more
data are needed on the seasonal changes in kinds and quantities of dissolved
organic matter in the water. This information' could be used to minimize the
potential impact of releases by managing startup times.

INTRODUCTION

Nuclear power stations are commonly sited near aquatic ecosystems so that
adjacent waters can be used to cool the condenser systems. The impact on
indigenous aquatic biota from the use of the local waters is related to the
quantities and physicochemical forms of the metal corrosion products discharged.

Copper alloys are frequently used in cooling systems because of their favorable
heat exchange and antifouling properties. Previous investigations of the effect
and distribution of copper corrosion products in effluents from power stations

_

include those by Warrick et al.,1975; Young elal.,1977; Harrison elal.,1980; and
Emerson and Harrison,1981. Copper corrosion products were implicated in the

3
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abalona kill that occurred in the discharga cove of the Pacific Gas and Electric
Company nuclear power station at Diablo Canyon before the copper-nickel tubing
in the cooling system was replaced by titanium tubing (Martin and Stephenson,
1977). However, our investigations of the concentrations and physicochemical
forms of copper in the intake and discharge areas of the Diablo Canyon and San
Onofre Nuclear Power Stations indicate that we can expect little or no impact
from the release of copper when the stations are operating normally and no
chemicals are added to the cooling waters (Harrison et al.,1980; Emerson and
Harrison,1981).

--

This investigation was initiated to determine the impact of the use of copper alloys
in cooling systems of nuclear power stations situated on estuaries. Field studies
were conducted at the Salem and Surry Nuclear Power Stations during normal
operations and at Salem during startup of Unit 2. Information obtained from these
investigations will be used to assess the effects on estuarine ecosystems of the use
of copper-nickel alloys in tubing of condenser systems and to determine if there is
a need to initiate mitigation procedures.

SITE CHARACTERISTICS

SURRY NUCLEAR POWER STATION

The Surry Nuclear Power Station is located approximately 14 miles east of Surry,
VA, on the south bank of the estuarine James River; it is operated by the Virginia
Electric Power Company of Richmond, VA. The power station consists of two
units, each with a gross capacity of 824 MW. The condensers of each unit are
cooled with water withdrawn from and returned to the James River. The
condensers at that time were tubed with copper-nickel alloy. The intake is located
downstream from the power station, and intake water is pumped from the James
River into a canal leading to the power station. The discharge is located upstream
from the power station. Before discharge water returns to the James River, it
spills into a long canal that enters an embayment partially enclosed by a rock levee
(Fig.1).

Sample collections were made in October 1978, January 1979, and May 1980
(Table 1). Samples were always collected from the discharge canal and from the
James River in the vicinity of the intake. The power station was in normal
operation during all collections. The salinity of the intake water was dependent on
the flow rate of upstream fresh water and the extent of saline intrusion from
downstream.

SALEM NUCLEAR POWER STATION

The Salem Nuclear Power Station is located on the southern end of Artificial Island
in Lower Alloways Creek Township, Salem County, N J, and operated by the Public
Service Electric and Gas Company of Newark, NJ. The power station consists of
two units. Unit I has a gross capacity of 1060 MW; Unit 2, which was under
modification during our sampling periods, has a gross capacity of 1080 MW.
Condensers of both units are cooled with water withdrawn from and returned to
the Delaware River. The Unit I and 2 condensers were tubed uith 90-10 Cu-Ni
alloy; Unit 2 was being retubed with aluminum 6-X.

4
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Table 1. Collection dates and conditions during field studies at Surry and Salem
Nuclear Power Stations.

Water

Collection Power plant Temperature, 'C Salinity

date condition _ Intake Discharge (/oo)" Collection notes

bA. Surry Nuclear Power Station

10/25/78 Both units in 17.0 26.5 10.8 Samples collected
normal operation from shore

1/17/79 Both units in 4.0 12.0 1.6 Samples collected
normal operation from shore

5/13/80 Both units in 22.5 25.0 1.5 Samples collected
normal operation from shore

cB. Salem Nuclear Power Station

10/29/78 Unit I not 17.0 17.0 10.8 Samples collected
generating power from boat

-- -- 1.7 Discharge samples1/18/79 Unit I not
generating power collected from man-

hole in discharge pipe

5/11/80 Unit 1 in normal 17.5 21.5 4.5 Samples collected
operation from boat

Discharge samples7/12/80 Unit 2 during 30.0 30.0 --

startup collected directly
from condenser

a Based on conductivity measurements.

b Units I and 2, copper-nickel condenser tubing,

c Unit 1, copper-nickel (90-10) condenser tubing; Unit 2, aluminum condenser
tubing (under installation).

A common shoreline surface intake serves both units; there is no intake canal. i

Both the main cooling water and the service water for each unit are returned to
the Delaware River through six 3-m (l.D.) pipes that extend 152 m from the
shoreline (Fig. 2). The individual pipe discharges merge to form a single slot-type j

jet. The center line of the jet is directed upward from the bottom, forming a |

' boil"of water in the vicinity of the discharge. It is estimated that the jet is
diluted by a factor of about 3 to 4 when it reaches the surface.

6
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We collected samples from Unit 1 in October 1978, January 1979, and May 1980
(Table 1). The' October 1978 and May 1980 samplings were collected by boat
directly in front of the intake structure and from the discharge boil. The January
1979 sampling was conducted from within the power plant. The May -1980 sample
was the only collection made while Unit I was operating normally. In July 1980,
we collected effluent at various times following the startup 'of Unit 2. This
sampling was made inside the power plant.

As at Surry, the salinity of the intake water was dependent on the flow rate of
upstream fresh water and the extent of saline intrusion from downstream. The pH
of the water samples ranged from 6.7 to 7.6.

MATERIALS AND METHODS

SAMPLE COLLECTION AND PROCESSING

Water and Suspended Particles

During all samplings at both Surry and Salem Nuclear Power Stations, we used.the
following water and suspended particles collection procedures. Filtered water
samples were collected through an all-plastic peristaltic pump at a rate of about
50 milliliters per minute (mL/ min). The water sample intake was covered with a
150 ym (pore size) nylon screen. Water samples were filtered in situ through a
0.4-pm (pore size) Nuclepore 293-mm (diam) membrane filter and collected into
ultra-clean polypropylene 8-L carboys (see Appendix A). Water that passed
through each filter was collected in a separate carboy. Filtration was stopped
when the flow rate from the filter became reduced. The filter carrier was then
purged of water, and the filter removed and placed into an ultra-clean vial. The
volume of water that passed through each filter was recorded. A 1-L aliquot of
filtered water was removed from each carboy and acidified to pH I with hcl to
reduce sorption to the walls of the container.

Unfiltered water samples were collected in two ways. Water samples used to
determine the copper distribution coefficients (K s) of suspended particles wered
pumped directly into ultra-clean 1-L bottles. Unfiltered water samples for the
analysis of organic carbon were collected into precombusted (450*C) 1-L glass
stoppered bottles by hand at a depth of about 0.5-m and triplicate 10-mL aliquots
placed in precombusted glass vials for analysis of total organic carbon (TOC).
From the remainder of this organic carbon water sample, two different sized
aliquots were then filtered in triplicate through precombusted glass-fiber filters.
Each loaded filter was placed into a precombusted glass vial and sealed with
aluminum foil for subsequent particulate organic carbon (POC) analysis. Aliquots
of the pooled filtrate were also placed into precombusted vials for subsequent
dissolved organic carbon (DOC). The TOC, DOC, and POC samples were frozen as
soon as possible. The analyses performed and the kinds, numbers, and volumes of
samples collected from the water column at the study sites are summarized in
Table 2.

Because of the difficulty of establishing differences among stations when copper
concentrations are only a few parts per billion, extreme care was taken to keep
the equipment free from contamination. Before use, the plastic water sampling
pick-up tubing, the peristaltic pump chambers, and the polyvinylchloride filter

8
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Tcbla 2. An-lys:s perform d and v:: lum:s and numbtrs of samples collected frcm
study sites at the Surry and Salem Nuclear Power Stations. :

!

i

Volume of |

Analysis replicate, Replicates
liters Intake Discharge

A. Filtered Water !
i

Total copper (acidified) 1 4 4

Labile copper 8 3 '3
.

Ultrafiltration 8 2 2

Dissolved organic carbon 0.010 3 3
" 0.005 3 3

B. Unfiltered Water

Total organic carbon 0.010 3 3

Distribution coefficients 1 3 15
_

C. Nuclepore Filters

4 4auspended particle weight --

4 4Suspended particle copper --

D. Glass Fiber Filters

6 6Particulate organic carbon --

-

carrier were acid washed and rinsed with doubly glass-distilled water (DDW). The
containers used to transport and collect samples were cleaned carefully (see
Appendix A) and transported in plastic bags. ~ After collection, all samples were
immediately sealed in the field, enclosed in plastic bags, and shipped in crushed ice
to the Lawrence Livermore National Laboratory (LLNL). Samples were received
at LLNL within 12-24 h after they were collected.

Intake water samples from the Surry Nuclear Power Station were collected from 3
to 5 m offshore in the area adjacent to the canal pumps; discharge water samples
were collected from a dock that protruded into the discharge canal (Fig.1). The
water was sampled 30-60 cm below the surface during both intake and discharge
water samplings.

Direct pumping of water samples from intake and discharge sites was not possible
at Salem Nuclear Power Station. Instead, a bucket-grab procedure was used.
Water retrieved by plastic bucket from either near the intake structure or
discharge " boil" was placed into a 20-L polypropylene holding carboy. The water

! sample intake pick-up tube was then placed into the holding carboy, and sampling
proceeded as previously described. The water in the holding carboy was agitated
to prevent settling of suspended particles. Both the holding carboy and the bucket

9
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were ultra-clean. . All bucket-grabs of intake waters were made in front of the
intake structure, either from a boat (October 1978 and May 1980) or from shore
(January 1979 and July 1980). Two bucket-grab c 'llections of discharge water
were taken from a ; boat (October 1978 and May 1980) (see Table 1). One
bucket-grab collection of discharge water was taken from a manhole in a discharge
pipe (January 1979). The startup (July 1980) discharge water samples were taken
directly from a condenser inside the power plant. During startup, condenser water -
was collected directly into a holding carboy before filtration. Sample times were
from 0-10,10-20, 20-30, 30-60, 60-90, and 90-120 min after startup.

Bedload Sediments

During all field surveys at both Surry and Salem Nuclear Power Stations, we
collected bedload sediments .from intake and discharge areas. In each sampling
area, collections were made at each of three sites. A stainless-steel ponar dredge
or plastic coring device was used to remove approximately I kg of sediment from
the top 6-10 cm of the river or canal bottom. The samples collected by core were
immediately sealed in the coring tube. The samples collected by dredge were
immediately placed into plastic bags, purged of any air, and tightly sealed. All
samples were held at ambient temperature, and Eh and pH were measured within
4-6 h of collection in a glove bag filled with nitrogen. In the case of the core
samples, the Eh and pH were measured along every cm of the length of-the core.
The dredged sediment samples were homogenized by kneading, a small incision
was made into the bag, and the Eh and pH measurements were made. For both
collection methods, one aliquot of sediment homogenized by kneading in a plastic
bag was treated as an intact sample; a second aliquot was filtered through a 62-pm
(pore size) Nitex screen to separate the fine-grain components. The <62-pm
sediment fraction was washed through the screen using filtered water from the
collection site.

The <62-pm sediment fractions in wash water and intact sediment were held at
4'C and shipped to LLNL. . Upon arrival at LLNL, the samples of <62-uni sediment
fractions in wash water were centrifuged at 90,000 x g for 20 min. The wa:h
water was decanted from the <62-pm sediment fraction, and the fine sediments
were mixed well with a porcelain spatula before being analyzed. Intact sediment
samples that were collected for sediment characterization were dried at 100*C for
48 h. - Samples were stored in glass containers until they were shipped to
Dr. D. S. Gorsline at the University of Southern California for analysis of particle
size distribution, and of total carbon and calcium carbonate content. Size was
determined using a settling tube apparatus. Organic material in the sediment was
determined on a Leco Carbon Analyzer in which total carbon and CACO 3 are
measured and the organic carbon constituent is then calculated by the difference.

Mineral composition was determined by x-ray diffraction by Dr. Alan Colville at
California State University, Los Angeles.

_

At the Surry Nuclear Power Station, intake bedload sediment samples were
collected approximately 30 m offshore adjacent to the canal pumps (Fig.1).
Discharge sediment samples were collected at the base of a concrete boat ramp
entering the discharge canal embayment. In addition to the sediment grab j
samples, sediment cores were collected at both the intake and discharge areas and
pH and Eh measured with depth.

10
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At the Salem Nuclear Power Station, intake bedload sediment samples were
collected approximately 15 m in front of the intake structure (Fig. 2). Discharge
c.ediment samples were collected from positions upstream, downstream, and
offshore from the discharge ' boil." No sediment samples were collected during
Unit 2 startup.

1
RrAGENTS

3. T. Baker Ultrex-grade nitric, perchloric, and hydrochloric acids were used
throughout, except as indicated. Doubly (glass) distilled water was passed through
a column of Chelex-100 resin before it was used as a solvent for all reagents and
standards. All reagents were of analytical grade or higher purity. Polypropylene

| and Teflon labware was used.

COPPER ANALYSES

Water

Total soluble copper was determined by direct injection of a filtered, acidified
water sample into a HGA 2100 model graphite furnace attached to a model 303
Perkin Elmer Atomic Absorption Spectrophotometer (AAS). Sample copper
concentrations were determined by the method of additions. Four 40-mL aliquots
were spiked with copper to yield copper concentrations of 0.002 , 0.004 , 0.006 ,
and 0.008-pg Cu/mL in addition to the original copper concentration in the sample;
one 40-mL aliquot received no copper spike. The sample injection volume was
50 pL. A least squares linear regression analysis was performed on the resulting
data. The total copper originally present in the sample was obtained by dividing
the y-intercept value by the slope of the regression line.

Labile copper was measured by ion exchange and polarographic analysis. The Riley
and Taylor (1968) method was used to determine copper bound to the Chelex-100
ion exchange resin. The filtered water samples were processed immediately upon
arrival at LLNL. No alteration was made in the pH of the water. Each 8-L
carboy was fitted with tubing to permit the water to be gravity fed into a
2-cm-diam borosilicate glass column packed with 5 cm of Chelex-100 resin in the
ammonium form (Fig. 3). The rate of flow of water through the column did not
exceed 5 mL/ min; flow rate was adjusted by altering the height of the water
sample carboy. After the water sample passed through the column, the column
was eluted with two 10-mL aliquots of 2N HNO3 to collect the species of copper
bound to the resin. Af ter use, the filtered water sample carboys were rinsed
thoroughly with 30 mL of 2N HNO . This acid rinse removed copper adsorbed on3
the carboy walls. Copper recovered in the acid rinses was considered to be part of
the labile component.

Eluants from the columns and the acid rinses of the carboys were analyzed by
direct aspiration into the flame of the AAS or by direct injection into a graphite
furnace attachment to the AAS. All standards were prepared in 2N HNO .3

I1
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Fig. 3. Diagram of gravity-fed system used to pass filtered water sample
through Chelex-100 resin.
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Because the levels of copper in the water were losv, special care was taken in the
preparation of the Chelex-100 resin and the columns (Harrison e__t_ aI_.,1980). The_

resin was washed carefully, converted to the ammonium form, and packed into a
column in a laminar-flow clean hood using talc-free gloves. Average copper values
for the Chelex-100 column blanks were subtracted from those of the samples.

Copper in the column blanks was low; the eluant contained 2.81 x 10-3,
S.D. = 5.6 x 10-4 pg Cu/mL. This was usually <2% of the total copper in the
sample eluant.

Another method used to determine labile copper was by differential pulse anodic
stripping voltammetry (DP ASV) (Florence and Batley,1977). With this technique,
copper is reduced at a potential more positive than the reduction potential (vs
Ag/AgCl reference cell) and concentrated onto a mercury electrode. The
amalgamated copper is measured by anodically stripping the copper from the
mercury electrode by applying a potential gradient and measuring the current
produced as the system reaches the oxidation potential of copper. The anodic
stripping current, i, is proportional to the equilibrium concentration of the
kinetically labile metal, i = kc (Mn +), where kc is an empirical constant whose
value depends on the electrode geometry and surface area, cell geometry, stirring
efficiency in the cell, length of pre-electrolysis, scan rate of the linear stripping
potential, and diffusion coefficient of copper, both in solution and in mercury.

Both labile and total copper levels in water were determined using a Princeton
Applied Research 374 polarographic analyzer with a Hewlett-Packard
microprocessor and X-Y recorder. The electrode system consisted of an Ag/AgCl
reference electrode, a Pt counter electrode, and a hanging-mercury-drop working
electrode. Prepurified N2 was used to purge samples of dissolved oxygen. All
measurements were made at room temperature (2012'C).

Analyses were performed in polyethylene cups that had been washed with nitric
acid and rinsed with purified water. To determine labile copper concentrations, a
10-mL water sample was pipetted directly into the cup and NaC104 (10-6M) was
added as the supporting electrolyte. The sample was purged with N2 for 4 min,
deposited for 2 min at -0.600 V, equilibrated for 15 s, and then scanned from -0.600
to 0.100 V at a rate of 10 mV/s. Samples were continually mixed during analysis by
stirring with a Teflon-coated stir bar. Subsequent to the analysis for labile copper,
each sample was acidified to pH 2 with 50 to 150pL of perchloric acid to
dissociate the copper ligands, digested for 2 h, and then analyzed for total copper.

Suspended Particles

The particulate material collected on the Nuclepore filters was analyzed both for
wet and dry weights and for copper. The filters were placed in clean platinum
crucibles for drying, ashing, and digesting. The filters were dried at 100*C for
48 h;then the dry weights were recorded. The filters were then placed in a muffle
furnace, the temperature was raised from 110' to 450*C at a rate of 50*C/h, and
the samples were ashed for 48 h at 450*C. Each filter was digested with 10 mL of
analytic-grade concentrated hcl and 10 mL of analytic-grade HF. After the

i samples were evaporated to dryness at about 200*C,10 mL of analytic-grade
HNO3 were added and the samples again evaporated to dryness. The samples

-
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were then dissolved in 2N HNO , transfered to 25-mL volumetric flasks, brought3
to volume, and analyzed on the AAS. Copper concentrations were corrected for
the amount of copper in filter and reagent blanks. Filter plus reagent blanks
averaged 3.16-pg Cu/ digestion. This was usually less than 0.5% of the total copper
recovered from the suspended particles on the filter. Suspended particulate dry
weights were also corrected for filter blank dry weights. Because it was noted
that filter dry weight blanks vary with different filter lots, care was taken to keep
track of filter lots used.

Bedload Sediments

Total copper in . the intact sediments and < 62-pm sediment fractions was
determined after acid digestion. Sediments' were dried at 100*C for 48 h and then
powdered using a porcelain mortar and pestle. Triplicate aliquots of sediment
samples of about 0.25 g were weighed in platinum crucibles and ashed at 450*C for
48 h. Total copper in the sediments was determined by the same acid-digestion
procedure described for the suspended particles. Copper concentrations in the
sediments were corrected for the amount of copper in the reagent blanks.
Reagent blanks averaged 0.2910.13-pg- Cu/ digestion. This was usually less than
2% of total copper recovered In sediments. National Bureau of Standards (NBS)
orchard leaves were also analyzed on three separate occasions. Our analysis
averaged 12.211.0-pg Cu/g dry weight. NBS analysis yielded 1211 pg Cu/g dry
weight.

APPARENT COMPLEXING CAPACITY

The complexing capacity was determined using the method of Chau et al. (1974).
10-mL samples of filtered water were aliquoted into cups and then spiked with
quantities of copper that would result in concentrations of added copper ranging
from 1 to 100 pg/L. The spiked samples were equilibrated 15 to 18 h at 10*C; then
a labile copper analysis was performed on each sample. The area of the copper -
peak on each voltammogram was determined and plotted on the Y-axis versus

2concentration of added Cu +. The complexing capacity of the sample corresponds-
to the copper concentration intercepted on the' abscissa.

ULTRAFILTRATION

Two 2-L aliquots of filtered water that' had been stored at 4*C since collection
64Cu (20 pCi/g Cu), allowed to equilibrate a minimum of 12 h,were spiked with

64and then subjected to ultrafiltration-(Fig. 4). The stable copper in the Cu spike
contributed approximately 0.05 pg Cu/L to the water. After the 12-h equilibrium
period, the 64Cu serves as an effective tracer for the different species of stable
copper present in the water.

One of the 2-L aliquots was photo-oxidized with UV light to reduce the
concentration of dissolved organic matter. UV treatment destroys most
effectively those molecules that strongly absorb UV irradiation. Two drops of
35% H O2 2 were added to each 100 mL of water to accelerate the oxidation. The
reaction rate was also increased by the increase in temperature that occurs during
irradiation (60*C). Care was taken in the UV irradiation step to avoid |
contaminating the samples. The quartz irradiatien tubes were rinsed with 0.lN

14
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Ultrafiltration method

Water (pH 7.8)

u

Water + radionuclide
(12 to 18 h)

if

Separation
(Amicon membranes)

U ir

Radionuclide analysis Radionuclide analysis

of filtrate of retained solution

Fig. 4. Ultrafiltration procedure flow diagram.
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hcl and then with DDW before use. To determine the loss of copper to the walls,
64Cu; in all samples,aliquots taken before and after irradiation were counted for

the 64 u concentrations were lower after irradiation.C

Ultrafiltration was performed with standard Model 402 cells, which contained
magnetic stirrers (Amicon Corporation, Lexington, MA). Membranes used for the
experiment were the XM-100A, UM-10, and UM-2 types (Amicon Corporation

'

Diafio). These membranes are made of complex, noncellulosic hydrous gels of
inert polymers, which allow for retention of molecules above a specified
molecular weight. 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. The retention is related to the shape, as well as the size, of the molecules.
For elongated molecules, the molecular weight cutoff is larger than the nominal
one.

Some leaching of organic matter, resulting mostly from the glycerin protective
coating applied by the manufacturer, occurs when these membranes are first
used. All membranes were pretreated to reduce organic material and metal
contamination. Under positive N2 pressure, 50 mL of 0.1 N hcl and 2 L of DDW
were passed through the membranes sequentially. This procedure was adopted
after monitoring the filtrates on a spectrophotometer at 200 nm and analyzing the
filtrate for soluble organic carbon; the treatment resulted in adequate r, eduction in
potentially interfering substances.

Each ultrafiltration experiment was initiated by transferring 270 mL of the
64Cu-spiked water to an ultrafiltration cell. The water was stirred for three min,
three 10-mL aliquots were removed for counting, the remaining 240 mL were
subjected to positive N2 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 64Cu 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.IN hcl, and a 10-mL
aliquot of this acid wash was counted. Recovery of the 64 u present in the initialC
test solution was calculated from the 64Cu concentrations in the different fractions.

ORGANIC CARBON ANALYSES

Analyses for organic carbon were performed on the soluble and particulate
fractions of water that had been filtered through precombusted glass equipment.
The filter and filtrate were analyzed for POC and DOC, respectively, with an
Oceanography International Carbon Analyzer by the standard persulfate oxidation
method (Strickland and Parsons,1962).

DISTRIBUTION COEFFICIENTS

Suspended Particles i

Copper K s of particles in the unfiltered water were determined. Each 1-L bottled
containing water was spiked with 64Cu within a few hours after arrival at LLNL.

16



The bottles were placed in a water bath at 12 to 14*C and shaken continuously
64before filtration. The times between the addition of the Cu spike and filtration

were generally as follows: 0, 0.25, 0.5, 0.75,1, 4, 8,12,16, and 24 h.

The entire sample of water was filtered through a 0.45-pm (pore size) Millipore
filter. Af ter filtration, the bottle and filtration apparatus were rinsed with 25 mL
of 0.IN hcl to remove sorbed 64Cu. Activities of 64Cu 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%.

In preliminary experiments, the sample of water was filtered through two
membranes. The first membrane contained activity from 64 u on particles andC

64Cu.64Cu sorbed on the membrane; the second membrane contained only sorbed
The difference between the two represents the activity associated with the
particles. The quantities sorbed were extremely small compared with those
associated with the particles. The use of two filters was therefore discontinued in

64Cu sorbed by the membrane. Alllater samples, and no correction was made for
samples were counted in a gamma well counter and corrected for background
counts and decay to the zero time of the experiment.

The K s were calculated from the data and the following relationship:d

K* 'd (1 - fs)
64where fs = fraction of Cu on filter,
64(1 - fs) = fraction of Cu in filtrate,

V = weight of water (g),
W = dry weight of particles (g).

64The Kd as defined is dimensionless, and greater sorption of Cu to the particulate
fraction results in higher K s.d

Bedload Sediments

The K s of bedload sediments were determined by weighing about 0.75 g ofd
sediment directly into acid-washed, 6-oz polyethylene bottles and adding 100 mL

64Cu. The bottles wereof filtered water that was spiked with tracer quantities of
placed in a water bath at 12 to 14*C and shaken continuously for approximately
24 h. The samples were processed similarly to those of suspended particles.
Duplicate samples were analyzed.

J.
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RESULTS AND DISCUSSION

WATER COLUMN

Soluble and Particulate Copper Concentrations

Total copper concentrations in the effluent waters at Surry Nuclear Power Station
differed greatly among the sampling periods; the range was from 6.9 to 24.7 pg/L
(Table 3). The highest concentration was determined in January 1979 during a
period of fiigh runoff of water from the land. Differences between intake and
discharge waters were about 4-pg Cu/L in the samples collected in October 1978
and May 1980;no difference was detected in the January 1979 sampling.

Total copper concentrations in the effluent waters during normal operations at
Unit 1 of the Salem Nuclear Power Station were generally <10-pg Cu/L (Table 3).
As at Surry, we determined that the highest concentrations occurred in the
January 1979 samples. Differences between intake and discharge waters were
always smaller at Salem than at Surry. This was not unexpected because there was
dilution in the boil.

Total copper concentrations in the effluent from Unit 2 at the Salem Station were
followed during startup of water circulating through the condensers. Cooling
water flow was initiated on July 12,1980, at 2300. The first water discharged
contained so much suspended material that our pump lines clogged. Almost all of
the copper in the effluent was in the particulate fraction (Table 4).

The partitioning of copper between the soluble and particulate fractions of the
waters collected at both stations was highly variable. Generally the percentage of
copper was larger in the particulate than in the soluble fraction of the water. At
Surry, the percentage in the particulate fractioi. ranged from 67 to 85; at Salem, it
ranged from 43 to 69 during normal operation and greater than 95 following startup.

Characterization of suspended particies in the water column at both sites showed
that the variations in copper concentrations in the particulate fraction resulted
from differences both in the quantities of the particles and in the amount of
copper associated with the particles (Table 5). Large differences were also
observed in distribution coefficients (K s) and POC. During startup at Salem,d
suspended material was large in quantity, and also high in copper concentration
(Table 6).

Total copper concentrations in estuarine waters have been determined for a
number of sites (Harrison,1982). Total concentrations as high as 350 pg Cu/L have
been reported (Boyden et al.,1979). Concentrations vary with tidal cycle, season,
and distances from point sources. Comparison of the concentrations measured at
Surry and Salem with those measured in waters from other estuaries indicates that
the differences in concentration between intake and discharge waters are small ,

compared with those observed between seasons and between pristine ecosystems
and areas in close proximity to industrial outfalls.

Large variations in partitioning of copper between soluble and particulate
fractions have also been determined at other sites (Harrison,1982). Differences
may result from the primary physicochemical form of the copper discharged, from
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Table 3. Copper concentrations (pg/L) in water sampits collected at the Surry andt

Salem Nuclear Power Stations.

Fraction

Collection Collection Total Particulate Soluble

date site Labilea Bound Total

A. Surry Nuclear Power Station
October 1978 Intake 6.5 4.8 1.4 0.3 1.7

Discharge 10.7 7.6 2.9 0.2 3.1

January 1979 Intake 25.4 21.6 1.2 2.6 3.8

Discharge 24.7 21.0 1.6 2.1 3.7

May 1980 Intake 2.7 1.8 0.5 1.4 1.9

Discharge 6.9 4.9 0.8 1.2 2.0

B. Salem Nuclear Power Station
October 1978 intake 7.5 5.2 2.4 < 0.2 2.3

Discharge 7.9 5.4 2.3 < 0.2 2.5

January 1979 Intake 10.6 5.6 4.2 0.8 5.0

Discharge 10.3 5.6 3.8 0.9 4.7

May 1980 Intake 6.7 2.9 0.9 2.9 3.8

Discharge 8.8 3.8 1.8 3.2 5.0

a Chelex-100 labile copper.

reactions occurring under the variable conditions that are present in the
environment, or from changes in hydrology and sedimentation. Important
environmental variables include salinity, pH, Eh, and concentrations of other
metals;important processes include coagulation, coprecipitation, and sorption.

Samples collected during normal operation at Salem and Surry differed widely in
salinity (Table 1). However, samples that differed greatly in salinity had similar
percentages of copper in the particulate fraction. The largest percentages were
found during the collection period when high flow in the river was observed.
Sholokovitz and Copland (1981) examined the chemical and physical processes
controlling the chemical composition of suspended material in the River Tay
estuary. From data acquired in the field and laboratory on chemical composition
( Al, Si, Ti, K, Ca, Mg, P, Fe, Mn, and organic carbon), he suggests that
sedimentological and hydrological processes, rather than chemical ones, are3

responsible for the compositional changes. tie considers that the important source
of suspended matter in the Tay estuary is input of materials during times of high
suspended load and of high water discharge.
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Table 4. Copper concentrations (pg/L) in effluent collected in July 1980 from the
Salem Nuclear Power Station during startup of Unit 2.

Fraction
Collection - Collection Total Particulate Soluble

site time . Labilea Bound Total

Intake 1330 1.9 0.9 0.9 0.1 1.0

Dischargeb 0-10c > > 2500 > > 2500 0.6 -- --

10-20 2402 2400 0.5 1.4 1.9
20-30 432 429 3.3 % 0.1 3.4
30-60 84 82 2.2 % 0.1 2.3
60-90 86 84 2.4 % 0.1 .2.5

90-120 124 122 1.8 % 0.1 1.9

a Chelex-100 labile copper; no labile copper was detected by differential pulse
anodic stripping voltammetry.

b Startup was initiated at 2300 on July 12,1980.

c Collections were made for the number of minutes indicated after startup at 2300.

The large percentage of copper in the particulate fraction during startup at the
Salem station may have resulted from the conditioning of tubing that was
conducted before startup. A commercially available material, CI-50, was used to
treat the tubes prior to startup. Although the particles contained considerable
copper, the concentrations were the same order of magnitude as those determined
in the particles collected in October 1978.

Copper Sorption Rates

The rate of association of radiolabeled copper with the particulate phase of
unfiltered water collected from the discharge zone of Surry and Salem varied at
different collection times and seasons (Figs.5 and 6). The percentage of 64Cu in
the particulate fraction increased with time until steady-state conditions were
approached. The final fraction of 64 Cu associated with the particles appeared to
be more variable than the rate of association. A significant fraction of the added
64Cu was already associated with the particles in water samples filtered
immediately after spiking. Except-in the October 1978 Salem sample, the time
required for half of the 6'Cu to associate with the particles (T 1/2) was <30 min.

h
Data on rate of copper sorption are also available for suspended particles collected
at the Diablo Canyon and San Onofre Nuclear Power Stations (Emerson and
Harrison,1981); T 1/2 values ranged from 1.4 to 3.5 h. Emerson and Harrison
concluded that the sorption could be described by pseudo-first-order kinetics, but-
that a better definition of rate constants awaits use of techniques that permit
resolution of the ' amounts associated with the particles during the first few
minutes after the 64Cu spike is added.

.
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Table 5. Characteristics of suspended particles in wattrs collrct;d at the Surry
;

and Salem Nuclear Power Stations.

Collection Collection Kd Copper, _Sc: pended POC,a

date site pg/g dry particles, mg/L mg/L

!

'A. Surry Nuclear Power Station

320 15 0.22October 1978 Intake ---

Discharge 16,000 470 16 0.25

January 1979 Intake 12,000 13 37 0.40-
Discharge 10,000 13 41 0.90

May 1980 Intake 2,300 48 37 1.65

Discharge 9,900 58 84 2.12

B. Salem Nuclear Power Station

October 1978 Intake 32,000 204 26 0.31

Discharge 17,000 158 34 0.31-

January 1979 Intake 5,100 18 120 3.40

Discharge 10,200 19 120 2.80

May 1980 . Intake 2,900 57 ~51 2.15

Discharge 3,200 52 69 2.73

a Particulate organic carbon (POC).

Copper Speciation

The distribution of copper between labile and bound forms in the soluble fraction
of waters collected at the Surry and Salem stations during normal operation
differed greatly (Table 3). The Chelex-100 labile copper is that fraction that binds
to Chelex-100 ion exchange resin at pH 7.8, and the DP ASV labile copper is that

a hangingfraction that is available for deposit into,. and stripping from,
mercury <lrop electrode at pH 7.8.

Some information on chemical forms of copper in the soluble fraction of estuarine
waters is available in the literature. . Labile and bound copper in water samples
collected from Saanich Inlet,' British Columbia, showed large differences with
depth (Sugai and Healy,1978). Total copper ranged from 1 to 14 pg/L with 70 to
100% of the copper strongly bound to ligands that released metal only on
acidification of the water to pH 2. In the Port Hacking Estuary in Australia, total
soluble copper concentrations at different sites ranged from 0.22 to 1.6 pg/L, and
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Table 6. Characteristics of-suspended particles in waters collected at the Salem'
Nuclear Power Station during startup, July 1980.

.

,

Collection . Collection Copper, -Suspended POC,a
site . time - pg/g dry particles, mg/L

mg/L

Intake L1330 6.6' 137' 3.1

Dischargeb 0-10c 170 __d*
__

10-20 2460 --

20-30 183 429 --

30-60 128 82 --

60-90 124 84 --

90-120 101 122. --

a Particulate organic carbon (POC).

b Time zero was 2300, July 12,1980.

c Collections were made for the number of minutes indicated after startup at 2300.

d The quantities 'of particles were so great that the pump lines became clogged.

the labile fraction was always lower than the bound fraction (Batley and'Gardner,
~ 1978). In the estuarine regions of the'Yarra River, Victoria, Australia,' the total
bound fraction was 45 to 45% of the total soluble; most of:the Chelex-100 labile
fraction was dialysable, i.e.', had a molecular weight of less than approximately
1000 (Hart and Davies,1981).

^

The percentage of the total copper that 'was in labile forms in water collected
following the startup of. Unit 2.at. Salem was very low. This is in contrast to the
samples that were collected during startup at Diablo Canyon (Harrison et al.,
1981). Our data indicate that theLconditioning of the condenser system atTalem
was effective in reducing the discharge of a pulse of labile copper.

Apparent Complexing Capacity

The apparent coinplexing capacity (ACC) of copper in the soluble fraction of the
waters collected from the Surry and Salem Nuclear Power. Stations differed
greatly at different collection times (Table 7). The samples collected in January j
1979, a time of high runoff from land, had the largest ACC.

Concentrations of DOC in the water at the two sites were determined and are also 1

shown in Table 7. Concentrations ranged between 2.2 and 5.1 mg C/L and showed
no relationship with the ACC.
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l. 1

Table 7. Apparent complexing capacities (ACC) and dissolved organic carbon
(DOC)in water from the Surry and Salem Nuclear Power Stations.

Surry Salem

Collection Collection ACC, DOC, ACC, DOC,

date site pg Cu/L mg C/L pg Cu/L mg C/L

_.-

October 1978 Intake 6 3.0 7 --

Discharge 8 2.9 5 2.2

January 1979 Intake 40 3.1 20 4.4
- Discharge 30 3.9 60 5.0

51ay 1980 Intake 9 3.4 4.3--

Discharge 9 4.4 20 3.7

>

Only limited data are available on the complexing capacity of estuarine waters.
The high and variable values determined in waters from Salem and Surry contrast
with the low values we observed at Diablo Canyon and San Onofre Nuclear Power
Stations. However, it is expected that higher concentrations of humic and fulvic
acids would be present in estuarine than marine waters because of runoff from
land and of the high productivity of most estuarine ecosystems.

Copper in Molecular Weight Fractions

in the filtered water samples collected from the discharge zones of the two power
stations, the percentage of copper in each of four molecular weight fractions
(< 1000; > 1000 < 10,000; > 10,000 < 100,000; > 100,000) differed with time and

64Cu-taggedsite. Because of the uncertain availability of ultrafiltration for the
copper that was sorbed on the walls and membrane of the ultrafiltration chamber,
the percentage in each molecular weight fraction (MWF) was calculated in two

64ways: (1)by assuming that the available Cu-tagged copper was only that in the
filtrate and in the solution remaining in the chamber (retentate), and (2) by
assuming that the available copper was that which was recovered from all parts of
the ultrafiltration system. Table 8 shows the results from the ultrafiltration of
the water samples, assuming unavailability of copper sorbed on the walls M
membrane; in contrast, Table 9 shows the results based on the assumptior,
availability of all the copper recovered. Comparing the data in Tables 8 and
shows that the agreement is better for the untreated than for the UV-treated
water. This is expected because more copper is sorbed after the organic matter is
destroyed by UV treatment (Table 10).,

$

64The largest fraction of the Cu-tagged copper in the untreated samples was
generally in the > 10,000 < 100,000 MWF. In waters treated with UV light for 6 h,
the percentages of the copper in the two middle MWFs (> 1000 < 10,000 and!

/ > 10,000 < 100,000) generally decreased and the percentage in the high MWF
(> 100,000) generally increased.

.
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DOC in the untreated waters was not present in the four MWFs in the same
percentage as that of copper. Most of the DOC was in the < 1000 and
> 10,000 < 100,000 MWFs; in some waters the < 1000 MWF had the highest
percentage, while in others the > 10,000 < 100,000 MWF had the highest. In the
UV-treated sample, DOC was not detectable except in the October 1978 high
salinity sample from Surry. Little DOC appeared to sorb to the walls; the amount
in the filtrate and retentate approximated that in the initial sample. )

the samples were
In the May 1980 discharge waters from both Surry and Salemb e was distributed59 e as well as 64Cu; the 5 FFspiked with high-specific-activity

64 u (Table 9).Csimilarly but not identically to the

64 u added to the water samples initially ranged between 95 andRecovery of C
104%; the mean is 99.21 4.5 in the untreated water and 94.0 i 5.4 for the

64 u spike added to each waterUV-treated water. The final distribution of the C
64 uCsample differed with the water and treatment (Table 10). The percent of the

in the dissolved fraction (filtrate and retentate) of untreated water was 8214, and
that of UV-treated water was 62112. The percentages associated with the
membranes were variable and showed no consistent pattern with pore size. The
percentage of 64Cu removed from the apparatus by the acid rinse was also
variable. The average percentage recovered by the acid was 18 for the
1,000 molecular-weight cut-off membrane (MWM) and !! for the 10,000 and
100,000 MWM. The larger percentage recovered on the 1,000 MWM may be related
to the longer time required for filtering through the membrane with the smaller
pores; about 2 h were required for the 120 mL to filter through the 1,000 MWM,
whereas only 0.5 h was required for the 10,000 and 100,000 MWM.

The copper in the >100,000 molecular weight fraction may exist in a number of
forms. One reaction that may occur is the sorption of copper to colloidal phases .

.

of other metals. In this study we found that UV treatment resulted primarily in an
increase in the >100,000 MWF, whereas in the samples from Diablo Canyon and
San Onofre stations both the low (<!,000) and high molecular weight (>100,000)
soluble fractions increased after UV oxidation. In both studies the fraction sorbed
on both the membrane and assembly walls increased. Increases in these fractions
indicate changes in physicochemical forms of the copper when the organic matter,
which contains important binding sites, has been removed. The copper freed from
the organic matter appeared either in the low molecular weight fraction
consisting most likely of free ions, ion pairs, and small inorganic complexes
(<l,000), or in the large molecular weight fraction (>100,000). The increase in
sorbed fraction on the walls and membrane may be from both of these fractions.
The smaller molecular weight fraction appears very reactive chemically and sorbs
readily on the assembly walls and surface of the membrane. Some of the large
inorganic complexes may also be retained in the pores of the membrane.

Most researchers agree that organic ligands form complexes and chelates with
copper that affect transport and availability in natural waters (Jenne,1968; Rashid
and Leonard, 1973; Guy et al., 1975). Two mechanisms by which organic
compounds can solubilize metals are (1) by forming metal-ligand complexes with
sorption characteristics different from those of the free metal ion, or (2) by
solubilizing the iron and manganese oxides and thus releasing sorbed trace metals
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64Cu, 59Fe, and dissolved organic carbon (DOC) inTable 8. Percentages of
different molecular weight fractions of ultrafiltered discharge waters from Surry

| and Salem Nuclear Power Stations assuming unavailability of copper sorbed on'

walls and membrane.
_

Collection UV Molecular weight fractions

date Analysis treatment, <1000 > 1000 > 10,000 > 100,000

h (10,000 < 100,000

A. Surry Nuclear Power Station

64Cu 0 13 19 52 16
October 1978

6 29 0 16 55

DOC 0 91 0 7 2

6 98 0 0 2

64Cu 0 6 21 58 15
January 1979

6 10 1 11 78

DOC 0 34 5 54 7

6 0 0 0 0

64Cu 0 3 8 73 14
May 1980

6 -a ______

59Fe 0 1 2 72 25

6 1 0 0 99

DOC 0 36 5 52 7

6 0 0 0 0

B. Salem Nuclear Power Station

64Cu 0 11 51 28 10
October 1978

6 47 0 0 53

DOC 0 78 4 12 6

6 0 0 0 0

64Cu 0 8 25 51 16
January 1979

6 2 1 0 97

DOC 0 33 20 40 7

6 0 0 0 0

(Continued)
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Table 8. (Concluded)

Collection UV Molecular weight fractions
date Analysis treatment, <1000 >1000 > 10,000 > 100,000 '

h < 10,000 < 100,000

64Cu 0 9 20 64 7May 1980
6 91 0 4 6

59Fe 0 15 1 62 22
6 62 0 19 19

DOC 0 11 9 23 57
6 0 0 0 0

a Samples lost.

(Guy et al.,1975). Humic substances form an important group of dissolved
organic material, which includes refractory organic molecules that constitute
approximately 90% of the dissolved organic material in sea water.

Humic substances are classified by solubility; references are usually to two
classes: humic acid, which is soluble in base and insoluble in acid, and fulvic acid,
which is soluble in both acid and base. The molecules consist of long carbon
chains; complex aromatic structures (Cline,1974); and oxygen, nitrogen, sulphur,
and phosphorus functional groups such as the aromatic amine (-N:) and carboxylate
(-CO-) groups. Humic substances may scavenge copper ions and thus play a major
role in its physicochemical transformation.

Several researchers have investigated the molecular weight fractions of aquatic*

humus by ultrafiltration (Gjessing,1973; Giesy and Briese, 1977). Allen (1976)
studied some of the ecological implications of dissolved organic matter after
fractionating lake water into molecular weight compartments. Giesy and Briese
(1977) have extensively studied various metal associations of naturally occurring
aquatic organic fractions. Smith (1976) determined the copper complexation
capacities of various molecular weight fractions of dissolved organic matter in
estuarine waters by a combination of ultrafiltration and anodic stripping
voltammetry techniques. Laxen and Harrison (1981) studied the concentration and
size distribution of different species of copper in effluent from sewage disposal
plants using filtration, anodic stripping voltammetry, and Chelex-100 ion exchange
resin; they concluded that interactions with organics are important in copper
speciation patterns,

f

28

1

0 g_
_ _ _ _ _ _ _ _ _ _ _ _ _ _



-

|

64Cu, 59Fe, and dissolved organic carbon (DOC) inTable 9. Percentages of
different molecular weight fractions of ultrafiltered discharge waters from Surry
and Salem Nuclear Power Stations assuming availability of all copper recovered.a

Collection UV Molecular weight fractions
date Analysis treatment, <1000 > 1000 > 10,000 > 100,000

h < 10,000 < 100,000

A. Surry Nuclear Power Station
October 1978 64Cu 0 10 15 40 13

6 14 0 8 28

DOC 0 91 0 7 2
6 98 0 0 2

January 1979 64Cu 0 5 18 48 13
6 5 4 6 40

DOC 0 34 6 54 7
6 0 0 0 0

May 1980 64Cu 0 2 6 56 10
6 9 0 lib

59Fe 0 1 1 60 21
6 1 0 0 65

DOC 0 36 5 52 7
6 0 0 0 0

B. Salem Nuclear Power Station

October 1978 64Cu 0 9 43 24 8
6 23 0 0 26

DOC 0 91 0 7 2
6 0 0 0 0

,

64Cu 0 7 21 43 14January 1979
6 1 1 0 70

DOC 0 33 20 40 7
6 0 0 0 0

(Continued)
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Table 9. (Concluded)

Collection UV Molecular weight fractions
date Analysis treatment, <1000 >1000 > 10,000 > 100,000

h < 10,000 < 100,000

64Cu 0 8 17 54 6May 1980
6 89 0 4 6

59 e 0 13 <1 53 19F
6 52 0 16 16

DOC 0 11 10 23 57
6 0 0 0 0

a Calculations were based on the e.ssumption that the 64 u sorbed on the wallsC
and membrane was available for filu ation.

b Percentages in > 10,000, < 100,000, and > 100,000 MWFs were combined.

The source and nature of the organic matter associated with the copper are as yet
unresolved. Organic compounds may be excreted by aquatic organisms, may arise
from the decomposition of dead organisms, or may be introduced in fresh water
runoff. Foster and Morris (1971) suggest that concentrations of organic bound
copper in seawater result at least partially from active marine production of
organic matter.

The variation of DOC in water samples from Salem and Surry was small (2.2 to 5.1)
compared to the variation in apparent complexing capacity (4 to 60). More data
are required before sources of seasonal variation can be identified.

We determined the concentrations of some anions and cations in the soluble
fraction of waters collected at both Surry and Salem in May 1980 (Tables 11
and 12). Comparing the concentrations of the major elements (Ca, Mg, K, Na, Cl)
in the water samples with those in seawater shows that they are in the same
proportion.

BEDLOAD SEDIMENTS

Copper Concentrations

Copper concentrations in intact bedload sediments from the intake area of Surry
ranged from 2.3 to 26 and of Salem from 36 to 74 pg/g dry weight; those in the
discharge area of Surry ranged from 13 to 30 and of Salem from 3 to 67
(Table 13). Heterogeneity of copper concentrations was found at all sampling
stations, and concentrations were always higher in the <62pm fraction than in the
intact sediments.

30
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64 59Fe recovered in the dissolved (filtrate plusTable 10. Percentages of Cu and
| the solution remaining in the ultrafiltration cell) and sorbed (to the walls and

membrane) fractions of the ultrafiltered waters.
.

UV Total
Collection treatment, dissolved Sorbed fraction

date Analysis h fraction Membrane Wall Total

A. Surry Nuclear Power Station
1
' October 1978 64Cu 0 78.3 11 11 22

6 50.2 25 25 50

64Cu O 83.6 10 7 16January 1979
6 50.9 28 22 49

64Cu 0 74.8 12 13 25May 1980
6 20.0 21 59 80

59Fe 0 83.3 12 5 17

6 65.4 30 4 35

B. Salem Nuclear Power Station

64Cu 0 84 9 7 16October 1978
6 49 23 28 51

64Cu 0 84 10 6 16January 1979
6 73 9 18 27

64Cu 0 84 7 9 16May 1980
6 98 1 1 2

59Fe 0 84 10 6 16

6 84 14 2 16

Copper concentrations in marine and estuarine sediments were reviewed by
Harrison (1982). Concentrations in the sediments from Surry and Salem were low
compared with those from areas contaminated by urban and industrial waste. The
heterogeneity in copper concentrations sediments from a given area that was
observed at Surry and Salem was also found at other power stations and is not
uncommon in marine and estuarine ecosystems.
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Table 11. Concentrations of some anions (pg/L)in waters collected near the Salem
and Surry Nuclear Power Stations in May 1980.

Nuclear Power Station
ion Salem Surry

intake Discharge intake Discharge

F-I 2,700 2,300 320 220

Cl'I 1,980,000 200,000 824,000 732,000

NO2 ND ND Hd HCa

POj3 ND ND ND ND

Br-I 14,600 8,100 5,500 5,100

I
N03 24,600 22,400 ND ND

2
SOj 392,000 375,000 153,000 139,000

a Not detected (ND).

b Not detected because of the very high chloride concentration (HC).

Distribution Coefficients

The copper distribution coefficients of intact bedload sediments collected from the
three sites in the intake and discharge areas of the Surry and Salem stations
differed with site and sampling time (Table 14). Higher E s were determined in thed
< 62-pm fraction than in the intact sediments. Distribution coefficients
determined on samples collected in May 1980 were higher for iron than for copper.

The K s of intact sediments from theInformation on copper K s is limited. dd
discharge zone of the San Onofre Nuclear Power Station ranged from 50 to 400 and
those from Diablo Canyon from 50 to 570 (Emerson and Harrison,1981). These
are much lower values than the 3,800 to 48,000 determined for intact sediments
from the discharge zone of Surry and 250 to 33,000 for the comparable area at
Salem.

Considerable information is available on factors affecting the quantities of copper
)sorbed to sediment (Harrison,1982). These include organic content of the water

and sediment, particle size distribution, pH, Eh, and the concentration of copper
and other ions competing for sorption sites. - Data on the characteristics of the
sediment are required to identify which of the factors may have contributed to the e

variability observed.
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Table 12. Concentrations of soluble elements (pg/L) in waters collected at the
Surry and Salem Nuclear Power Stations in May 1980.

Nuclear Power Station
Element Seawater Salem Surry

Intake Discharge _ intake Discharge

a
Al 1 26 22 <20 <20

a
As 2.6 110 102" 50 <40

B 4,500 530 520 200 280

Cd O.I 8 10 1 2"a

Co 0.4 4 4 <4 <4

Cu 3 5 5" <2 <2

Fe 3 12 12 8 10

Li 170 21 19" 8 7

Mn 2 44 25 16 24

Mo 10 53 48 20 18"

Ni 7 27 26 7 7

P 90 790 750 320 250"

Pb 0.03 34 39" <20 <20
a

Se 0.09 100 88 <70 <70

Si 3,000 1,200 1,000 2,400 2,600

Sr 8,000 760 700 350 313"

Ti 1 2 2" <1 <1
a

V 2 12 12 3 3
8

Zn 10 27 22 1 2

Ca 410,000 45,000 41,000 25,000 24,000

K 39,500 32,000 30,000 15,000 14,000

Mg 1,200,000 156,000 150,000 59,000 53,000

Na 11,000,000 1,370,000 1,290,000 548,000 495,000

a Fractional standard deviation = 0.25.
s
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Table 13. Copper concentrations in bedload sediments 42g/g dry weight) collected
at the Surry and Salem Nuclear Power Stations.

Collection site
Collection Station intake DischarRe

date intact <62pm Intact < 62 pm

A. Surry Nuclear Power Station
a 63October 1978 1 9 33 --

2 16 53 23 56
3 5 47 30 68

its.d. 1016 45110 2715 621 6

January 1979 1 5 29 16 26

2 2 16 16 36
3 6 41 13 34

,

i i s.d. 4.4 i 1.9 29 i 13 1512 3215

May 1980 1 22 29 16 43

2 10 20 18 32
3 26 30 17 32

i t s.d. 1838 2616 17 2 341 7

B. Salem Nuclear Power Station

October 1978 1 36 56 57 77

2 50 59 67 92
3 50 59 -a 66

i t s.d. 4518 5812 6217 78113

January 1979 1 39 47 5 76
2 -a 78 3 39
3 38 47 9 38

s i s.d. 3911 57118 613 51122

May 1980 1 74 62 13 23

2 74 59 14 71

3 69 62 24 71

s i s.d. 7215 6114 1916 51127

a Sample lost.
f
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Table 14. Distribution coefficients for bedload sediments collected at the Surry
and Salem Nuclear Power' Stations.

Collection Collection Intake Discharge
_

date site Intact < 62pm Intact < 62pm

A. Surry Nuclear Power Station

|
Copper

28,000October 1978 1 1,300 5,000 --

2 3,300 4,500 5,400 12,000

3 500 9,700 7,200 20,000

January 1979 1 3,100 6,300 5,300 6,500
2 420 4,400 5,400 9,000

| 3 2,700 3,100 4,900 9,500

May 1980 1 16,000 34,000 4,300 2,200

2 14,000 40,000 3,800 4,100

3 16,000 38,000 4,800 5,400

Iron

May 1980 1 39,000 50,000 36,000 23,000

2 34,000 19,000 32,000 20,000

3 38,000 51,000 48,000 18,000

B. Salem Nuclear Power Station

Copper

October 1978 1 3,000 5,300 1,200 8,500

2 3,500 7,000 3,900 10,000

3 2,800 6,900 2,200 13,000

January 1979 1 53,000 20,000 300 11,000
9,900 2502

--
--

3 78,000 30,000 4,100 --

May 1980 1 15,000 6,800 29,000 15,000

2 16,000 9,400 10,000 13,000

3 15,000 9,500 6,800 15,000

Iron

May 1980 1 103,000 24,000 33,100 53,000

2 101,000 57,000 29,500 73,000

3 105,000 80,000 20,700 46,000
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Particle Size Distribution, Carbon Content, and Mineral Composition
l

|
Selected sediment samples collected at Surry and Salem Nuclear Power Stations
were analyzed for particle size distribution, organic carbon, calcium carbonate
and mineral composition (Table 15). At Surry the sediment was dominated by sand
and gravel, and at Salem by sitt and clay. The clay and organic carbon content of
the Surry 'and Salem samples, which is higher there than at the Diablo Canyon and
San Onofre Nuclear Power Stations, may account for the higher K s determineddfor these samples than for those collected at the latter sites. Particle size of
intact bedload sediments appears in Appendix B.

pH and Eh

Cores taken at Surry were analyzed for changes in pH and Eh with depth. The Eh
of surface layers was generally positive and the depth at which the potential
became negative differed with the sample (Table 16).

Considerable controversary exists about the application of Eh measurements. It is
usually accepted that Eh is an index of oxidizing or reducing conditions but can not
be used to demonstrate the presence or absence of oxygen (Novitsky, Scott, and
Kepkay,1981). It is apparent from the profiles taken at Surry that changes from
oxiding to reducing conditions occur with depth. However, it is not'known whether
these are the function of the biological consumption of oxygen or the am'ount of
soluble iron and microbially generated hydrogen sulfide. Regardless of the cause
of the change in potential, it can be expected that the physicochemical form of
the copper will differ under oxiding and reducing conditions.

)
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| Particle size distribution, organic carbon, calcium carbonate, andTable 15.|

j mineral composition of intact bedload sediments collected from the Surry and
Salem Nuclear Power Stations.a,b

|
Particle Type (%)c

Grav Organic Calcium
sandg!-Collection Collection

Silt Clay * carbon (%) carbonate (%)date site

A. Surry Nuclear Power Station

January 1979 Intake 69 17 14 0.6 < 0.2
j --Discharge -- -- -- --

May 1980 Intake 50 42 8 0.6 < 0.1

Discharge 75 22 11 0.1 < 0.2

B. Salem Nuclear Power Station
January 1979 Intake 27 51 22 0.9 < 0.2

Discharge -- -- -- -- --

May 1980 Intake 8 77 16 4.5 < 0.1

Discharge 49 26 25 1.3 < 0.1

a All analyses except mineral composition performed by Dr. D.S. Gorsline,
Department of Geological Sciences, University of Southern California, California.

Mineral composition analyses performed by Dr. Alan Colville, Department ofb

Geology, California State University, Los Angeles, CA.

c Gravel-sand: >0.62 pm
Silt: 0.62 - 0.004 pm
Clay: <0.004 pm

d Sand / silt mineral analysis (> 8-p f raction): quartz, feldspar.

e Clay mineral analysis (< 8-p): montmarillenite, mica, feldspar.

!
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Table 16. Eh and pH profiles in sediment cores collected at the Surry and Salem
Nuclear Power Stations.

Collection Depth, Intake Discharge

date cm Eh pH Comments Eh pH Comments

A. Surry Nuclear Power Station

October 1978 Surface +190 6.31 +140 6.7( Brown, fine
fsilt" " " "

! L Sandy
"'

2 }
+15 |

" "

3 "3 -50 "{ Gray, fine"

4 +95 6.7 |
-40 " f clay; black

" | Gray, fine " >) streaks present30 ""5
""

6 +65 >

7 -20 I clay +20 " ( Gray, fine"

8 -5 6.4 i +20 " I clay
u n ;9

10 -40 6.3( Brown, fine
" " I clay11

January 1979 Surface +235 7.6 i Sandy -30 7.6\
l +200 6.9 I -40 7.0

"I-70 > Brown, fine
7.0'; Hard-packed,

2 +150
6.9 j -80 I mud"

3 +145
" " "

4 +90 > gray,very j

5 fine clay -150 ">" "

-220 6.4( Black, mud" "6 ;

7 -130 6.9) Hard-packed,
8 -100 " ( gray, fine,

; clay9 -100 "

10 -10 "

11 -50 Light brown,"

12 clay with some" "

13 sand" "

6.7f mud
Brown, fineMay 1980 Surface +190 6.81 +160

" "
1 150 6.9 L Sandy
2 }

-80 6.5 Gray-black" "

fine mud" " " "
3

" "
4 +180 6.6 Gray-brown,
5 very fine -30 Light gray," " "

mud fine clay;" "" "6
7 +40 Gray sand, hard packed )" " "

8 with fine mud"

9-11 +260 " { Tawney, fine mud
I l-14 +180 "7 Gray-brown mud

(Continued)

38

* O n'



- - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

1

Table 16. (Concluded)

Collection Depth, Intake Discharge

date cm Eh pH Comments Eh pH Comments

B. Salem Nuclear Power Station

No measurementsOctober 1978 --

No measurementsJanuary 1979 -

May 1980 Sample 1 -205 6.5 Brown, very -60 6.7 Brown with
Sample 2 -165 6.5 fine clay -30 6.4 black surface
Sample 3 -180 6.5 -40 6.4 layer

h

/

39

n
- A - _______ a=



-

..
.

REFERENCES

Allen, H. S., " Dissolved Organic Matter in Lakewater: Characteristics of
Molecular Weight Size Fractions and Ecological Implications," Oikos 27_, 64-70
(1976).

Batley, G. E., and D. Gardner, "A Study of Copper, Lead and Cadmium Speciation
in Some Estuarine and Coastal Marine Waters," Est. Coast. Mar. Sci. 7, 59-70 (1978).

Boyden, C. R., S. R. Anston, and I. Thornton, " Tidal and Seasonal Variations of
Trace Eternents in Two Cornish Estuaries," Est. Coast. Mar. Sci. 9, 303-317 (1979).

Chau, Y. K., R. Gachter, and K. Lum-Shue-Chan, " Determination of the Apparent
Complexing Capacity of Lake Waters," J. Fish. Res. Bd. Can. 31_, 1515-1519 (1974).

Cline, J., Pathways and Interactions of Copper with Aquatic Sediments. Ph.D.
thesis, Michigan State University, East Lansing, Michigan (1974).

Emerson, R. R., and F. L. Harrison, Partitioning of Copper in Seawater and
Sediment Near the Nuclear Power Stations at Diablo Canyon and San Onofre,
California, Lawrence Livermore Laboratory, Livermore, CA., U CRL-52555,
N UREG/CR-1370 (1981).

Engel, D. W., and W. G. Sunda, " Toxicity of Cupric Icn to Eggs of the Spot
Leiostomus xanthurus and the Atlantic Silverside Menidia menidia, Mar. Biol. 50_,0

121-126 (1979).

Florence, T. M., and G. E. Batley, " Determination of Copper in Seawater by
75, 791-798 (1977).Anodic Stripping Voltammetry," J. Electroanal. Chem. 5

Foster, P., and A. W. Morris, "The Seasonal Variation of Dissolved Ionic and
Organically Associated Copper in the Menai Straits," Deep-Sea Res. l_8, 231-236
(1971).

Giesy, J. P., and L. A. Briese, " Metals Associated with Organic Carbon Extracted
from Okefenokee Swamp Water," Chem. Geol. 20, 109-120 (1977).

Gjessing, E. T., " Gel and Ultra Membrane Filtration of Aquatic Humus: A
Comparison of The Two Methods," Schweiz. Z. Hydrol. 3J 286-294 (1973).

Guy, R. D., C. L. Chakrabarti, and L. L. Schramm, "The Application of a Sample
Chemical Model of Natural Waters to Metal Fixation in Particulate Matter," Can.
J. Chem. 53, 661-669 (1975).

Harrison, F. L., A Review of the Impact of Copper Released into Marine and
Estuarine Environments, Lawrence Livermore National Laboratory, Livermore,
CA, UCRL-53042, NUREG/CR-2823 (September 1982).

Harrison, F.L., J.R. Lam, and R. Berger, " Sublethal Responses of Mytilus edulis to
Increased Dissolved Co " 21st Hanford Life Sciences Symp., Richland, WA,
Oct. 4-8,1981 (in press)pper,.

40 i

I



..

Harrison, F. L., D. J. Bishop, R. R. Emerson, and D. W. Rice, Jr., Concentration
and Speciation of Copper in Receiving Waters of the San Onofre and Diablo
Canyon Nuclear Power Stations, Lawrence Livermore National Laboratory,
Livermore, CA, UCRL-52706, NUREG CR/0750 (1980).

Harrison, F. L., D. J. Bishop, D. W. Rice, Jr., J. P. Knezovich, Concentration and
Distribution of Copper in Effluents from the H. B. Robinson Nuclear Power
Station, Lawrence Livermore National Laboratory, Livermore, CA, UCRL-53047,
N UR EG/CR-3132, (1983).

Hart, B. T., and S. H. R. Davies, " Trace Metal Speciation in the Freshwater and
Estuarine Regions of the Yarra River, Victoria," Estuarine Coastal Mar. Sci. M,
353-374 (1981).

Jenne, E. A., " Controls on Mn, Fe, Co, Ni, Cu, and Zn Concentrations in Soils and
Water: The Significant Role of Hydrous Mn and Fe Oxides," in Advances in
Chemistry Series No. 73, " Trace Inorganics in Water," American Chemical Society,
337-386 0968).

Laxen, D. P. H., and R. M. Harrison, "A Scheme for the Physico-Chemical
Speciation of Trace Metals in Freshwater Samples," Sci. Total Environ. 19, 59-82
(1981).

Martin, M., and M.D. Stephenson, " Copper Toxicity Experiments in Relation to
Abalone Deaths Observed in a Power Plant's Cooling Waters," Calif. Fish Game
6_3(2),95-100(1977).

Novitsky, J. A., 1. R. Scott, and P. E. Kepkay, " Effects of Iron, Sulfur, and
Microbial Activity on Aerobic to Anaerobic Transitions in Marine Sediments,"
Geomicrobiology J. 2, 211-223 (1981).

Rashid, M. A., and J. D. Leonard, " Modifications in the Solubility and Precipitation
Behavior of Various Metals as a Result of Thei- Interaction with Sedimentary
Humic Acid," Chem. Geol.M, 89(1973).

Riley, J. P., and D. Taylor, " Chelating Resins for the Concentration of Trace
Elements from Sea Water and their Analytical Use in Conjunction with Atomic
Absorption Spectrophotometry," Anal. Chim. Acta 4_0, 479-487 (1968).

Sholkovitz, E. R., and D. Copland, "The Coagulation, Solubility, and Adsorption
Properties of Iron, Manganese, Copper, Nickel, Cadmium, Cobalt, and Humic Acids
in a River Water," Geochim. Cosmochim. Acta fL5, 181-189 (1981).

Smith, R. G., " Evaluation of Combined Applications of Ultrafiltration and
Complexation Capacity Techniques to Natural Waters," Anal. Chem. 4_8, 74 (1976).

'

Strickland, J. D. H., and T. R. Parsons, A Practical Handbook of Seawater Analysis,'

(Fisheries Research Board of Canada, Ottowa, Canada,1962).

I Sugai, S. F., and M. L. Healy, "Voltammetric Studies of the Organic Association of
Copper and Lead in Two Canadian Inlets," Mar. Chem. 6, 291-308 (1978).

Warrick, J. W., S. G. Sharp, and S. J. Friedrick, Chemical, Biological, and Corrosion
Investigations Related to the Testing of the Diablo Canyon Unit 1 Cooling Water
System, Pacific Gas and Electric Co., Dept. of Engineering Research, Report No.
7333, 129 (1975).

41

.
. _ . . _



.
-_

Young. 3. R., Tsu-Kai Jan, and M. D. Moore, " Metals in Power Plant Cooling
Wat;yr Discharges," Coastal Water Research Project Annual Report (1977).

.

42



c--
- - - - - - _ _ _ _ _ _ _ _ _ _

APPENDIX A. PROCEDURE FOR CLEANING SAMPLE CONTAINERS

CONTAINERS OF <10 pg Cu/L SAMPLES

.New polypropylene containers were filled with reagent-grade, concentrated
HNO3 and stored at room temperature for at least 7 d to leach out metal
contaminants. The acid was then removed, and the containers rinsed five times
with double (glass) distilled water (DDW) and filled with 0.05% Ultrex HNO3ni
DDW. After at least 4 d, the dilute acid was discarded and the containers were
rinsed five times with DDW and then stored filled with DDW until use.

CONTAINERS OF >10 pg Cu/L SAMPLES

New polypropylene containers were soaked for at least 2 d in a 2% MICRO
bath. The containers were removed from the bath, rinsed five times with DDW,
drained, and stored in sealed plastic bags until use.

1
1

|

1
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APPENDIX B. SUPPLEMENTARY DATA

Table B-1. Particle size distribution coefficients of intact bedload sediments
collected near Salem and Surry Nuclear Power Stations.a

Date Site Size ($) Skewness Kurtosis

1/79 Salem
intake 5.9 0.26 -0.91
Discharge -- -- --

Surry
intake 3.7 1.32 0.52
Discharge -- -- --

5/80 Salem
Intake 6.35 -1.01 1.99
Discharge 4.90 0.18 -1.59

Surry
Intake 4.09 0.58 -0.15
Discharge 3.72 1.08 0.10

a Analyses performed by Dr. D. S. Gorsline, Department of Geological Sciences,
University of Southern California, California.
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