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ABSTRACT 

The application of chlorine to estuarine waters usually 

results in oxidation of a finite quantity of organic carbon, 

averaging 35 vM. The oxidation may be salinity dependent; 

with one exception, all samples of > 5  O/oo salinity showed a 

loss of carbon. The quantity of carbon oxidized is indepen- 

dent of the concentration of chlorine added, suggesting that 

only some compounds arc! attacked and oxidized. In every 

case, the quantity of carbon associated with the smallest 

molecular weight fraction increased after chlorination, 

likely because of scission of macromolecules. 

Field samples colleccted around an actively chlorinating 

power plant exhibited similarly-sized differences in DOC 

concentrations, about 213 M between intake and discharge 

areas. Mass balance ca.Lculations suggest that power plant 

chlorination could oxidize 2x107 moles C/yr, about 11-40% of 

the total DOC entering the river in freshwater flow. 

Copper distributions within various size fractions of 

natural organics did not change significantly after chlorin- 

ation. The quantity of carbon oxidized is small in compari- 

son to the total complexation capacity of estuarine waters. 

Therefore, significant shifts in metal speciation should not 

occur due to loss of orqanic complexes. Coprecipitation of 

copper with other metal oxyhydroxides does occur, may be 

enhanced by chlorination, and can represent a significant 

transport mechanism. 



Bioassays of relative copper toxicity in control. and 

chlorinated water were hampered by the extreme effect o:E the 

chlorine itself. Even after 35 days, enough chlorine rssid- 

uals were present to impede growth of all but the most 

resistant algal species. Chemical dechlorination was u:nsuc- 

cessful because of copper complexation reactions. 



INTRODUCTION 

A major factor controlling the toxicity of trace metals 

to phytoplankton is the chemical speciation of the metal in 

question. Recent investigations into the toxicity of cop- 

per, for example, have shown that its toxicity is controlled 

by the concentration of the cu2+ ion, and not the total 

copper concentration (Sunda & Guillard, 1976; Anderson & 

Morel, 1978; Morel et al., 1978). Copper speciation in 

seawater is controlled to a large extent by inorganic com- 

plexation with hydroxides and carbonates (Long & Angino, 

1977). In addition to inorganic complexes, Cu has a high 

affinity for organic chelators; depending upon the concen- 

tration of organics present, organic complexation may com- 

prise a significant percentage of the Cu, up to 50% in 

coastal seawater (Zuehlk,e & Kester, 1981). 

The percentage of C:u that is complexed organically may 

be important in contro1,ling productivity of phytoplankton. 

The results of Barber ,and others (Barber & Ryther, 1969; 

Barber et al., 1971; Barber, 1973) have suggested that 

organic conditioning is necessary for good growth in upwell- 

ing areas; Anderson & Morel (1978) suggest that organic 

compounds associated with spring runoff may trigger blooms 

of Gonyaulax tamarensis.. a dinoflagellate responsible for 

red tides in Massachuset1:s coastal waters. 

Organic complexation not only reduces the possibility 

of Cu toxicity, but also may affect the availability of 



other trace metals to phytoplankton. Copper's high affinity 

may cause it to preferentially bind to cell surface ligands, 

inhibiting the uptake of other essential trace metals (Jack- 

son & Morgan, 1978). Organic compounds in the water capable 

of complexing Cu might reduce this Cu stress, and fcee up 

some of these sites for other metals. 

The addition of chlorine to marine systems via power 

plant cooling water discharges may affect the quantity of 

organics available for Cu complexation. Although the chem- 

istry of chlorine in seawater is still being unraveled, the 

degradation of a substantial portion of chlorine residuals 

is accompanied by oxidation of organic matter (Eppley et 

a1 ., 1976; Goldman et al. , 1979; Sigleo et al., 1980a; Helz 
et al., 1982). Carpenter & Smith (1978) have shown that 

chlorine degradation can lead to reduction of the Cu com- 

plexation capacity of a marine system, suggesting that the 

organic fraction involved in the complexation of Cu may be 

the same fraction oxidized during chlorine breakdown. 

=r are Halogenated compounds found in chlorinated seawatc- 

quite toxic to phytoplankton (Eppley et dl., 1976; Goldman & 

Davidson, 1977); however, due to the relatively short dura- 

tion of exposure and the usually small fraction of the 

assemblage that is exposed, they are not likely to be detri- 

mental to the productivity of the entire assemblage (Goldman 

et al., 1978). The oxidation of organic matter by chlorine 

may therefore be of greater importance in determining the 

effect of chlorination on primary productivity. Oxidation 



of organic compounds and the corresponding decrease in 

complexation capacity (Carpenter & Smith, 1978) may lead to 

higher concentrations of ionic Cu, and subsequently a 

greater possibility of toxicity. 

Copper can also affect a phytoplankton assemblage when 

present in low concentrations, it need not be present in 

concentrations large enough to cause inhibition of primary 

productivity. Low levels of Cu exert a more subtle influ- 

ence on the species composition and succession of dominant 

species in natural phytoplankton communities (Sanders et 

al., 1981). Although chlorine added alone to natural assem- 

blages caused some shift in species composition, the addi- 

tion of Cu plus chlorine resulted in species shifts that 

mirrored the results of Cu additions. 

The objectives of this contract were to determine if 

the above interactions between chlorine degradation and 

potential Cu toxicity can occur to a significant extent in 

estuarine areas receiving discharge waters from power plant 

cooling systems: whether measurable decrease in the total 

concentration of organic carbon occurs, whether the affinity 

of the various organic fractions for Cu is altered, and 

whether phytoplankton grown in seawater exposed to chlorina- 

tion are inhibited to a gseater extent by Cu addition. 



MATERIALS AND METHODS 

Sample Dates and Collection 

The primary research site for this contract was the 

Patuxent River, a sub-estuary of the Chesapeake Bay (Figure 

1). Samples were collected along the Patuxent between 

Western Branch and the estuary mouth (Solomons) covering a 

salinity range of 0-20~/00. Samples were taken in all four 

seasons; water temperature ranged from -1 to 28OC (Tab:Le 1). 

Two additional s'amples were collected from the Potomac River 

at Sandy Point (5'/00) and Mathias Point (loO/oo) during the 

spring of 1981. 

Samples were collected by hand just below the surface 

in acid-washed, 20 1, polyethylene carboys. The c.arboys 

were rinsed with river water before sample collection. 

On two occasions, samples were collected from the 

intake and discharge canals of the Chalk Point Power Station 

(PEPCO) and surrounding areas. Five replicate 200 ml sam- 

ples were collected at each site. 

The samples were brought into the laboratory and stored 

untreated until used (usually less than 3 days). Before the 

water was used in an experiment, it was decanted from the 

carboys and filtered through glass-fiber filters (Gelman 

GF/C) in acid-washed plasticware. The filtered wat'er was 

then placed in acid-washed 4 1 polypropylene jugs for manip- 

ulation. 



Sample # - 

80-1 

80-2 

81-3 

81-4 

81-5 

81-6 

81-7 

81-8 

81-9 

,81-10 

i31-11 

131-12 

131-CP1 

131-CP2 

River 

Patuxent 

Patuxent 

P atuxent  

Potomac 

Potomac 

Patuxent 

Patuxent 

Patuxent 

Patuxent 

Patuxent 

Patuxent 

Patuxent 

Patuxent 

Patuxent 

Location - 

Solomons 

M i l l  Creek 

Solomons 

Sandy P ~ ~ i n t  

Mathias Point  

sol om on:^ 

Broomes Island 

Benedict 

Western Branch 

Nottingham 

Chalk Point  

Solomons 

Season 

F a l l  

Winter 

Winter 

Spring 

Spring 

Summer 

Summer 

Summer 

F a l l  

F a l l  

F a l l  

F a l l  

Chalk P t .  in take ,  
discharge Summer 

Chalk P t .  in take ,  
discharge F a l l  

Table 1. Location of water samples used f o r  experimental 
manipulations. 

Temperature 
( " C )  



Chlorination 

After being placed in the jugs, NaOCl (5% stock solu- 

tion) was added to various levels (Table 2). The concentra- 

tion of the stock solution was analyzed amperometrically 

(Goldman et al., 1979) before each experiment. Secondary 

standard solutions were prepared according to the actual 

concentrations measured. A 30 ml sample was removed from 

each jug before chlorinating for an initial measurement of 

dissolved organic carbon (DOC) concentration (see below). 

The experimental solutions were allowed to sit on a lighted 

laboratory bench for 10-30 days at 20°C to allow the chlo- 

rine to degrade. Degradation times are listed in Table 2. 

On two occasions, experiments were sampled for DOC while 

underway. In all experiments, 30 ml samples were removed at 

completion for DOC analysis. Duplicate samples were removed 

at the same time for analysis of total copper (Cu) concen- 

trations (see below). On five occasions (81-4, 81-5, 81-9, 

81-10, 81-11) the experimental solutions were spiked wfith 10 

~g/1 of Cu 24 hr before fractionation. The Cu was added to 

increase the quantity of organically-bound Cu in the various 

molecular weight fractions. 

Ultrafiltration 

After the completion of the experiment, the c~ontrol 

sample and the sample that received the highest level of 

chlorination were fractionated using Amicon ultrafilters 

(1000-100,000 nominal molecular weight). The ultrafilters 



Sample # 

80-1 

80-2 

81-3 

81-4 

81-5 

81-6 

81-7 

81-8 

81-9 

81-10 

81-11 

81-12 

Table 2. 

Chlorination 
levels, mg/l 

Duration, 
days 

Initial chlorine concentrations '(in mg/l as chlorine) 
and duration c f  experiments. 



were handled and stored according to manufacturer's instruc- 

tions and were cleaned before use as foliows: an overnight 

soak in distilled H20, 3 1-hr soaks in distilled H20, 1 hr 

soak in 10% HN03, 4 30-min rinses in distilled H20, ,and a 

final rinse in "carbon-free" (Baker HPLC-grade) H20. The 

pressure cells were all plastic in construction, and were 

rigorously acid cleaned for each use. The conventional 

silicone rubber o-rings were replaced with acid-washed viton 

o-rings . 
The samples were fractionated in the following manner. 

A 400 ml sample was placed into the cell containing the 

ultrafilter with the smallest molecular weight cut.-off. 

Only the filtrate was retained; the concentrate was dis- 

carded. The first 20 ml of filtrate was discarded, then 

triplicate samples for DOC and duplicate samples for Cu were 

taken. The cells were then dismantled, rinsed with carbon- 

free water, and re-assembled with the next largest filter in 

place. A - new 400 ml sample was placed in the cell, and the 

procedure repeated. This reverse fractionation scheme 

minimizes a number of problems inherent to sequential frac- 

tionations and/or analysis of concentrates; most important- 

ly, metal and organic contamination, membrane polarization, 

and the attraction between organic molecules in concentrated 

solutions. 



DOC Analysis 

The concentration of dissolved organic carbon (DOC) in 

various samples was ana.lyzed using a persulfate oxidation 

technique similar to Mewel & Vaccaro (1964). The analyses 

were performed using an Oceanography International 524C 

carbon analyzer. Usual precision was less than 4%. Tripli- 

cates of each sample were analyzed; if the precision for any 

group was greater than lo%, the analysis was repeated. 

Standard carbon samples (0-50 vg C) were prepared in large 

batches from oven-dried potassium bipthalate and were ana- 

lyzed along with each batch of samples. 

Copper Analysis 

The concentration of total dissolved Cu in various 

samples was determined after preconcentration (chelation and 

solvent extraction) using techniques similar to Kinrade & 

Van Loon (1973). Samples were collected in rigorously 

cleaned teflon bottles, acidified with 0.1% "Ultrex" HN03, 

concentrated, and analyzed by graphite furnace atomic ab- 

sorption spectrophotometr'y. All samples were collected and 

analyzed in duplicate. On several occasions, Cu was also 

determined on filtered samples using matrix modification 

(Hucks et al., 1978). I?recision of analyses was approxi- 

mately 20% below 1 pg/l, 10% above 1 pg/l. 



Phytoplankton Enumeration and Identification 

Samples were taken approximately every two weeks at 

Solomons for enumeration and identification of phytoplankton 

species. The samples were fixed, settled, and counted using 

inverted microscopy (Utermohl, 1958). 

Phytoplankton Bioassays 

Unialgal - A number of unialgal cultures of phytoplank- 
ton were used for a series of bioassays. Stock cul.tures 

were maintained in f/2 medium (Guillard & Ryther, 1962) at 

20-30~/00. Bioassays were run in 50 ml test tubes using 

essentially the technique of Murphy & Belastock (1980). 

Week-old stock cultures were used as inoculum. Natural 

water, enriched to £/lo-f/20 with N, P, and Si, was used as 

medium. Algal inocula were added to this medium in concen- 

trations sufficient to give an initial cell density of 

1-5x10~ cells/ml. 25 ml of this culture was then placed 

into test tubes and Cu was added. Concentrations of Cu 

ranged between 0 and 100 pg/l. Each concentration was in 

duplicate. Tubes were placed in an incubator at 65 11 Ein/ 

m2/sec (12/12 L/D) and 20°C. Tubes were agitated, then 

placed in a Turner Designs fluorometer once every 24 hr, and 

the in vivo fluorescence recorded. pH was monitored during 

each bioassay. Fluorescence doublings/day were used as a 

measure of growth. A number of preliminary studies in my 

laboratory have demonstrated that fluorescence doubling 

rates parallel growth rates when these algal species are 

subject to Cu stress. 



Algal species were chosen to reflect the various types 

of natural species found in the mesohaline region and in- 

cluded a centric diatom (Thalassiosira pseudonana), a chry- 

sophyte (Isochrysis sp.), and a green flagellate (Dunaliella 

sp.). The response of these algae to Cu range from sensi- 

tive (Thalassiosira) to very resistant (Dunaliella). 

The media used for the bioassays varied. Original bio- 

assays used estuarine water that had been chlorinated for 24 

hr (0-10 mg/l) then dechlorinated with Na2S203. Later 

bioassays were run using water that was chlorinated (0-10 

mg/l), then aged up to 60 days. In all cases, salinity 

ranged between 20-30~/00, pH 7.9-8.2. 

Natural phytoplankton - A water sample containing the 

natural phytoplankton assemblage was collected at Solomons 

and used to initiate semi-continuous cultures. This sample 

was brought into the lab, diluted to 50% with either control 

(no treatment) or chlorhated (10 mg/l, aged 30 days) sea- 

water (20°/oo), enriched to £/lo, and split in half again. 

One half of each was dosed with Cu at a concentration of 15 

vg/l, then all four flasks were placed in the incubator 

(above). The flasks were grown as semi-continuous cultures 

for 10 days. During t h ~ s  time, 4 of the culture was re- 

placed with enriched water 3 times (Day 1, 3, 5). Replace- 

ment water (either control or chlorinated) contained the 

proper nutrient levels and Cu, if appropriate. Samples were 

removed every 24 hours, counted, and identified using in- 

verted techniques (Utermo:hl, 1958). 



RESULTS 

DOC in the Patuxent and Potomac Estuaries 

Dissolved organic carbon concentrations in water sam- 

ples from the Patuxent River ranged from 2.7-6.0 mg/l, with 

an average of 4.1 mg/l (Table 3 ) . DOC concentrations de- 

creased with increasing salinity, but the relationship was 

not significant (Figure 2). Significantly higher concentra- 

tions occurred during summer and fall when water tempera- 

tures were greater than 15OC (samples 81-6 through 81-1.1 and 

81-CP1). 

Only two samples were taken in the Potomac River. 

Concentrations in these samples were similar (Table 3). 

Molecular weight distributions - With the exception of 
samples 80-1 and 81-12, all samples were fractionated using 

ultrafiltration. However, due to equipment failure, samples 

81-6 through 81-8 were not separated successfully. In addi- 

tion, Amicon stopped making the <lo00 MW filter in 1981; 

thus samples 81-9-81-11 do not have this fraction. 

The results of the fractionation of control samples are 

listed in Table 3. These fractionations were not run imme- 

diately, rather, they were done after the chlorination 

experiment had run its course. Therefore, molecular weight 

distributions may have changed somewhat during the experi- 

ment's duration. Although the data are not extensive, there 

does not appear to be a relationship dependent upon salini- 



ty. As with DOC, samples collected at temperatures above 

15'C (81-6 through 81-11) have a greater percentage of 

carbon in lower molecular weight fractions (Table 3). 

Copper in the Patuxent and Potomac Estuaries 

Dissolved Cu in the: Patuxent River averaged 3.0 pg/l, 

with a range of 2.0-4.1 pg/l (Table 4). Concentrations were 

usually highest around the Chalk Point power plant in sam- 

ples collected during the summer. There is no salinity- 

dependent relationship. 

Samples collected in the Potomac River were much lower, 

1.1 and 1.6 pg/l (Table 4). 

Chlorination of Estuarine Water 

Natural water samples varied widely in their reactions 

to chlorination. The response of the samples was monitored 

primarily in two ways: (1) loss of organic carbon (as 

measured by DOC); and (2) change in the molecular weight 

distribution of carbon. Each of these is discussed sepa- 

rately below. 

Loss of organic carbon - Natural waters varied in their 
loss of carbon due to chlorination, from no measurable 

carbon loss to nearly 5C p moles C lost/l, or 0-0.6 mg/l 

(Table 5). Samples that exhibited oxidation averaged 34.7 

pM (0.42 mg/l, or 0.25 mc~les C per mole C1, at 10 mg/l C12. 

The amount of carbon lost was not dependent upon the concen- 



Control Sample 
Sahinity, DOC, % DOC % % % 

Sample # /oo m g / l  (1,000 <10,000 (50,000 <100,000 
% DOC 
(1,000 

- 
29.2 

44.4 

23.6 

38.8 

- 
- 
- 
- 
- 
- 
- 

~ ~ 

Chlorinated Sample 
"/, % % 

<50,000 <100,000 

Table 3. Initial DOC concentrations (in mg/l as carbon) and molecular weight distributions (as 
% of total carbon that passes through the filter of interest) in both control and 
chlorinated water samples. 



Sample # 

80-1 

80-2 

81-3 

81-4 

81-5 

81-6 

81-7 

81-8 

81-9 

81-10 

81-11 

81-12 

Salinity O/oo 

19 

0 

2 0 

5 

10 

18 

16 

12 

0 

3 

10 

20 

Table 4. Copper concentrations (pg/l) in estuarine samples. 



Sample # 

80-1 

80-2 

81-3 

81-4 

81-5 

81-6 

81-7 

81-8 

81-9 

81-10 

81-11 

81-12 

Initial 
DOC, 

ms/l 

2.7 

3.6 

2 -8 

4.8 

4.3 

4.8 

4.5 

4.9 

5.5 

4.7 

4.0 

2.7 

6.0 

2.7 

a C lost in sample chlorinated with 10 mg/l. 
b~ontrol samples lost C; see text. 
C I1Apparent" C lost: see text. 

Moles C lost/ 
mole C12 

Table 5. Loss of organic carbon in chlorinated estuarine 
samples. 



tration of DOC. The quantity of carbon oxidized also was 

not dependent upon the level of chlorination. In the two 

instances when variable levels of chlorination resulted in 

carbon loss (80-1, 81-12), 1 mg/l was sufficient to cause 

maximum carbon oxidation (Figure 3). Carbon loss was depen- 

dent upon salinity; with one exception, carbon loss occurred 

in all samples with salinity >5'/00 and did not occur in 

samples of lower salinity (Table 5). 

Carbon oxidation appears to increase slowly over time 

(Figure 4), although the available data are not extensive. 

Ammonium concentrat.ions in samples 81-9 through 81-11 

were not correlated with the amount of carbon oxidized, or 

whether oxidation occurr~ed. The highest and lowest ammonium 

concentrations occurred in samples that exhibited no carbon 

loss. 

Molecular weight distributions - With one exception 

(81-9), chlorinated water samples contained a greater per- 

centage of organics in the (1,000 MW and <10,000 MW frac- 

tions (Figure 5, Table 3). This phenomenon was apparent in 

all samples, even those that exibited no overall loss of 

carbon. The difference between control and chlorinated 

molecular weight distributions was not large; chlorinated 

samples contained 2-32% nore carbon (E = 14%) in the <10,000 

MW fraction. 



Formation of precipitates during chlorination - On one 
occasion (sample #81-8) chlorination caused an immediate 

color change to bright orange within minutes. After several 

days, this color led to formation of a precipitate, which 

was filtered through glass fiber at the end of the experi- 

ment. The precipitate was very dark (Figure 6) and con- 

tained 1130 ng Cu upon analysis. The control sample was 

also refiltered (Figure 6), and did not contain a visible 

precipitate or large quantities of Cu (<lo0 ng). 

Heterotrophic Oxidation of Carbon 

The reaction of sample 81-3 to chlorination was quite 

different than expected and led to a change in the experi- 

mental design. In this instance, the control sample! lost 

significant amounts of carbon (0.35 mg/l); similar concen- 

trations of carbon were lost at the lowest level of chlor- 

ination. No carbon was lost from samples chlorinated with 5 

or 10 mg/l. This reversal suggested that biological (activ- 

ity might be the cause of the carbon loss; therefore, the 

level of bacterial activity was tested in each sample using 

two techniques, acridine-orange direct counts (AODC; IHobbie 

et al., 1977) and dilution plate counts. Both techniques 

indicated that bacterial levels in the samples were inverse- 

ly proportional to the concentration of chlorine added 

(Table 6). Because of these results, all subsequent experi- 

ments were autoclaved after filtration and allowed to cool 

overnight before chlorine was added. Autoclaving dfid not 



Chlorine added, C l o s t ,  Bacter ia l  Density, cells/ml 
mg/l - ms/l AODC P la t e  counts 

Table 6. Bacter ia l  growth i n  Sample #81-3, which exhibited a 
reverse pa t t e rn  of carbon lo s s .  



.." 

significantly affect DOC levels; it is not known what effect 

it may have on molecular weight distributions. Other than 1 
- I 

this instance, DOC concentrations in unchlorinated samples 

did not change significantly during the experiments. - 

Effects of Chlorination on Cu Distributions 

The distribution of Cu among various molecular waeight 

fractions is shown in Table 7. In most instances, approxi- 

mately 70% of the Cu was associated with the <10,000 MW 

fraction, and approximately 30% with the (1,000 MW fraction. 

There was no significant difference between the distribu- 

tions in control and chlorinated samples. 

DOC in the Vicinity of the Chalk Point Power Station 

The DOC concentrations in the vicinity of the Chalk 

Point plant were significantly lower in the discharge canal 

than in the intake area (Table 8). Samples from the middle 

of the river above the plant were essentially the same 

concentration as the intake samples and also significlantly 

higher than the discharge area. The "apparent" loss of DOC 

averaged 0.24 mg/l (20 vM). 

Patuxent River Phytoplankton 

Samples collected over the course of study from Sol- 

omons were fixed and the natural phytoplankton assemblage 

was counted and identified. Appendix 1 contains a list of 

all identified species. Cell denities ranged from highs of 



Sample # 

Control Samples 
% cu % % 
<1,000 <10,000 ~100,000 

Chlorinated Samples 
0 A cu % 0 

(1,000 ~10,000 <100~000 

Table 7. Initial Cu concentration and its distribution in molecular weight fractions in control 
and chlorinated water samples. Samples that were spiked with 10 pg/l Cu and allowed to 
equilibriate for 24 hr before fractionation are marked (S). 



DOC (mg/lfSD) "Apparent" DOC Loss 
Intake Discharge Above 

Sample # Area Canal Plant mg/l pM 

Table 8. DOC concentrations in the vicinity of the Chalk Point 
power station, and the Itapparent" loss of carbon in 
cooling waters. In each case, the difference between 
means is significantly different (p<.05; Students t-test). 



16.0 x lo3 cells/ ml in April and September to a low of 2.4 

x lo3 cells/ml in November (Table 9). Dominant species (>5% 

of total cell density in any sample) varied throughout the 

year, with Skeletonema costatum being the most commonly 

abundant diatom and Chrcromonas amphioxeia and small uniden- 

tified flagellates the most commonly abundant flagellates 

(Table 9). Over the 16 months followed, 23 species were 

dominant at least once. The number of dominant species in 

any sample ranged from a low of 2 species during the summer 

Prorocentrum bloom to a high of 12 during the fall diatom 

bloom. 

Phytoplankton Bioassays 

The first group of bioassays were run with the centric 

diatom, Thalassiosira pseudonana, using seawater that had 

been dechlorinated after being exposed to chlorine for 20-24 

hr. Algae were not added until after the medium was de- 

chlorinated, and nutriexs had been added. Nutrient enrich- 

ments were equivalent to f/20. 

Bioassay 80-1 (Table 10) used medium chlorinated at a 

level of 5 mg/l then dechlorinated. Copper concentrations 

ranged between 0 and 100 pg/l. There was a reduction in Cu 

toxicity in the chlorinated tubes at higher (75-100 pg/l) Cu 

levels. Bioassay 80-2 was similar except that 2 levels of 

chlorination were used (1 and 5 mg/l), and the control was 

also "dechlorinatedU, although no chlorine had been added. 

The results (Table 11) indicate that the Na2S203 alleviates 



Species 

DIATOMS 
Bacillaria paxillifer 
Cerataulina pelagica 
Chaetoceros spp. 
C. curvisetus 
C. gracilis 
Cyclotella sp. 
Cylindrotheca closterium 
Fragilaria sp. 
Leptocylindrus minimus 
Navicula sp. 
~hizosolenia delicatula 
R. fragilissima 
Skeletonema costatum 
Thalassiosira sp. 

1980 1981 
S 0 N D J  F M A M J J A S O N  D 

DINOFLAGELLATES 
Gymnodinium aurantium X 
Gymnodinium sp . X 
Massartia rotundatum 
Prorocentrum minimum 

OTAER FLAGELLATES 
Calycomonas ovalis X X X X X X 
Chromulina sp. X 
Chroomonas sp . X X X X X X 
C. amphioxeia X X X X X X X X X 
Unidentified flagellates X X X X X X X X X 

TOTAL CELL DENSITY 7.6 5.3 3.0 - 4.5 6.4 3.4 16.0 6.0 3.2 4.4 6.7 16.0 - 2.4 5.7 
(x lo3 cells/ml) 

Table 9. Total cell densities and dominant phytoplankton species (>5%TCD) in the Patuxent River, 
September 1980-December 1981. 



Fluorescence Doublings/Day 
Control Chlorinated 

Table 10. Bioassay 80-1: Thalassiosira pseudonana growth 
measured from 24,-72 hrs. 5 mg/l chlorine added to 
treatment, treatment was dechlorinated with Na2S203 
after 24 hr. Cells added and bioassay started after 
dechlorination. 



Fluorescence Doublings/Day 
Chlorinated 

Control 1 mg/l 5 mgin 

Table 11. Bioassay 80-2: Thalassiosira pseudonana growth 9 

measured from 24-75 hrs. 1 and 5 mg/l chlorine added 
to treatments, treatments and control were decl~lorinated 
with Na2S203 at a concentration equivalent to :satisfy 
5 mg/l chlorine after 18 hr. Cells added and bioassay 
started after dechlorination. 



Cu toxicity, and that chlorination has no measurable effect. 

Bioassay 80-3 (Table 12) was similar, except that chlorine 

levels were higher (10 and 20 mg/l) and two levels of 

Na2S203 were tested. Pm additional control which received 

no Na2S203 was also ]run. Again, Na2S203 alleviated Cu 

toxicity; the degree of alleviation was proportional to the 

amount of Na2S2O3 added. Chlorine addition had only a small 

visible effect (Table 12). 

The next bioassay (81-4) used water that had been 

chlorinated, then aged for 35 days. Total residual chlorine 

was undetectable (<0.05 mg/l). Three algal species (T. 

pseudonana, Isochrysis sp., Dunaliella sp.) were grown at Cu 

levels ranging from 0-1150 pg/l in chlorinated (10 mg/l) and 

control media as above. The response of the algae varied 

widely. Both Isochrysis and T. pseudonana would not grow at 

all in the chlorinated water, even after 35 days of aging 

(Table 13, Figures 7, 8). Dunaliella was quite resistant to 

Cu in control media; its growth was not significantly in- 

hibited by Cu levels as; high as 100 pg/l (Figure 9, Table 

13). When grown in chlorinated media, however, Cu levels of 

10 1 reduced growth rates slightly (4%), and higher 

levels (50, 100 pg/l) reduced growth significantly (15 and 

27%, respectively). 

The above bioassay was repeated with Dunaliella with 

water that had been chlorinated (10 mg/l) and aged 21 days. 

In this instance growth in control media was not affected by 

Cu up to 100 ~~g/l; Dunaliella would not grow at all in 

chlorinated water. 
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Species 

T. pseudonana 

Isochrysis 

Fluorescence Doublings/Da 
Control Chlorinate3 

Table 13. Bioassay 81-4: T. pseudonana, Isochrysis sp., and 
Dunaliella sp. growth measured from 24-72 hr. 
10 mg/l chlorine added to treatments, water then aged 
35 days. 



The next bioassay (81-6) was run with Dunaliella using 

3 chlorination levels (0.5, 1, 5 mg/l) and water that had 

aged 10 days. Again, total residual chlorine was undetect- 

able. Copper levels ranged between 0 and 100 pg/l. Results 

are shown in Table 14. In this instance, no signif:icant 

reductions in growth due to Cu dosage occurred in control 

media; however, a slight reduction (7%) in growth did occur 

in 100 pg/l Cu. As the level of chlorination increased, the 

level of reduction at this Cu concentration increased and 

was significant at all levels of chlorination. 50 pg/l Cu 

significantly reduced growth as well at a level of chlorina- 

tion = 1 mg/l. Dunaliella did not grow at all at 5 mg/l 

chlorine. 

Natural Phytoplankton 

Natural phytoplankton assemblages were grown in control 

and chlorinated media in semi-continuous culture for 10 

days. The chlorinated media (10 mg/l) had aged 21 days. 

Copper levels were either 0 or 15 g l  The assemtdages 

were monitored for growth rate (in doublings/day) and for 

succession of dominant species and species diversity. 

Growth rates within the control assemblage, after a 24 

hr lag, were steady for 7 days, averaging 1.1 doublings/day. 

After this period the cultures were no longer diluted, and 

the growth rate dropped as anticipated (Figure 10). Growth 

in the Cu-treated assemblage, again after a 24 hr lag, 

remained steady for only 4 days, the assemblage did not grow 



Fl.uorescence Doublingspay 
c u t  ~ g / l  Control - 0.5 mg/l C 1  1 mg/l C 1  5 mg/l C 1  

Table 14. Bioasay 81-6: Lunalie l la  sp.  growth measured from 
24-72 hr .  0.5, 1, and 5 mg/l chlor ine  added t o  
treatments,  water then aged 10 days. 



at all after this period. Growth rates averaged approxi- 

mately 80% of control (Figure 10). 

Assemblages diluted with chlorinated water grew po'orly, 

if at all (Figure 10). The assemblage that received 110 Cu 

dose grew slightly better than the assemblage that received 

both Cu and chlorinated media. 

Species diversity within these assemblages (Figurse 11) 

varied with time and treatment. It declined at a steady 

rate then leveled off after 5 days in the control assem- 

blage. Diversity dropped sharply after 4 days then rose 

after 9 days in the Cu-treated assemblage. These changes 

were due more to the increasing success of certain species 

with time, rather than to stress. Species diversity in 

chlorinated assemblages was generally lower than in the 

control. 

The succession of dominant species within the assem- 

blages varied sharply with treatment (Figure 12). The 

control assemblage had an initial bloom of centric diatoms, 

primarily Skeletonema costatum, but also Rhizosolenia frag- 

ilissima and a Thalassiosira sp. At maximum, S. costatum 

comprised over 21% of total cell densities. The S. costatum 

bloom lasted about 5 days and was replaced by Chaetoceros 

debilis, another centric diatom, which achieved a maximum of 

89% of cell density by the experiment's end (11 days). 

The Cu-treated assemblage exhibited a different pattern 

of species succession. In this assemblage S. costaturn 

continued to dominate, and eventually comprised 61% of total 



cell density on day 11. Small naked flagellates and monads 

became important near the end of the experiment as well. 

Species succession was followed for only 5 days in 

chlorinated assemblages because of their very poor growth. 

Cyclotella sp. and coccoid blue-greens were numerical dom- 

inants in these assemblages. 



DISCUSSION 

DOC in the Patuxent River 

The range of DOC concentration within Patuxent River 

samples (2.7-6.0 mg/l) is well within the ranges reported 

for other estuarine areas on the Atlantic coast of the U. S. 

(Mattson et al., 1974; Smith, 1976; Wheeler, 1977; 

MacKinnon, 1981). The Patuxent River had been sampled 

previously (Sigleo & Helz, 1981) and the range of total 

organic carbon (TOC) concentration was similar (1.9-4.0 

mg/l) . 
The difference between "summer" ( >  lS°C) and "winter" 

(<lS°C) DOC concentrations in this study was significant; 

summer concentrations averaged 4.9 mg/l, while winter sam- 

ples averaged 2 -9 mg/l. Sigleo & Helz (1981) also reported 

higher (but not significantly so) concentrations in summer 

samples taken from the Patuxent River. The seasonal differ- 

ence likely is due to increased biological productivity 

during the wanner months. The standing crop of phytoplank- 

ton and zooplankton within the river increases by 1-2 orders 

of magnitude from winter to summer; therefore, it is not 

unreasonable to assume that higher organism densities will 

lead to higher DOC concentrations. 

The colloidal material within the river is dominated by 

inorganic terrestrial material during the winter and by 

autochthonous organic compounds during the summer (Sigleo & 

Helz, 1981); it is possible that the carbon component of 



this material undergoes a similar shift. A shift from 

terrestrial to autochthonous compounds could explain the 

larger percentage of carbfm in the smallest molecular weight 

fraction during summer months. However, Sigleo et al. 

(1980b) conclude that in s i t u  microorganisms are the primary 

source of colloidal organic material in the Patuxent River 

at all times. 

Oxidation of Organic Carbon by Chlorination 

The application of chlorine to estuarine waters usually 

results in oxidation of a finite quantity of carbon. The 

studies performed under this contract suggest that this 

oxidation may be dependent upon salinity. With one excep- 

tion, all samples of salinity >5'/00 showed a loss of car- 

bon. Salinity dependence may be due to differing types of 

organic matter present at varying salinities. Colloidal 

material from the Patuxent River varies greatly in g6C and 

ash and its empirical fo~rmula when sampled from fresh water 

to the river mouth (Sigleo et al., 1980a). It is likely 

that the percentage of carbon present in compounds resistant 

to oxidation varies also. An alternative explanation is 

that bromine substitution for chlorine, which is virtually 
0 instantaneous at salinities > 5 /oo, provides a suite of 

compounds that are stronger oxidants than the chlorine 

compounds that they replace (Helz & Hsu, 1978). 

Similar quantities of carbon were oxidized in Chesa- 

peake Bay waters in an earlier study (Sigleo et dl., 1980a). 



In that study, samples with salinities ranging from 0.2-18 

O/oo had losses of 40-50 pM carbon. Helz et al. (1982) also 

found comparable release of CO,, approximatly 35 pM, from 

chlorination of Pat.uxent River water (0.3 O/oo). 

At low concentrations of chlorine (0.5-1 mg/l) the 

quantity of carbon oxidized in the present experiments was 

dependent upon chlorine concentration, with a ratio of 2.5 

mole C/mole C12. Above 1 mg/l chlorine, the quantity of 

carbon oxidized does not increase, indicating that only a 

portion of the DOC is 88available81 in an oxidizable form. 

Another effect of chlorination is the significant 

increase in carbon associated with lower molecular weight 

fractions (Table 3). In every chlorinated sample, the 

percentage of carbon in the (1,000 MW fraction increased an 

average of 8%, and in all but one sample, there was an 

average increase of 14% in the <10,000 MW fraction. Similar 

increases in the <1,000 MW fraction were noted after chlor- 

ination in Chesapeake Bay and Patuxent River samples frac- 

tionated by Sigleo et al. (1980a). They suggest tha.t the 

increase is due to scission of macromolecules (Glaze & 

Peyton, 1978); I concur. It is interesting that the in- 

crease in smaller molecular weight fractions occurred in 

every chlorinated sample, not just in samples that exhibited 

carbon oxidation. Therefore, the breakage of large mole- 

cules may be a more common effect of chlorination than 

carbon oxidation. 



Potential Impact of Power Generating Facilities 

Samples collected in the discharge canal of an actively 

chlorinating power plant contained significantly lower 

concentrations of DOC, 20 V M  on average. These values are 

similar to those obtained in lab experiments (Tables 5, 8) 

and suggest that the DOC loss is due to power plant opera- 

tions. Natural variability in DOC concentrations, the loss 

of C to surface films in the warmer discharge canal, and the 

difficulty of obtaining representative water samples in both 

intake and discharge areas preclude an inference of causal- 

ity, but the similarity between lab experiments and field 

observations is striking. 

In the Patuxent River, a large portion of the river 

flow passes through the cooling system of the Chalk Point 

plant, especially in years of low flow (Eaton & Chamberlain, 

1980). Assuming an average cooling water demand of 20 

m3/sec (=20x103 l/sec; Eaton & Chamberlain, 1980) and chlor- 

ination 7 months/yr (Academy of Natural Sciences, 1981), a 

total of 2.0 x lo7 moles C/yr could be oxidized as a result 

of passage through the Chalk Point plant alone. With an 

average river discharge rate of 17 m3/sec (Eaton & Chamber- 

lain, 1980) and an average DOC concentration of 4 mg/l (0.33 

mmoles/l; Table 3), a tDtal of 1.8 x lo8 moles/yr of DOC 

passes downriver. Therefore, in an average year, about 11% 

of the total DOC entering in the freshwater flow of the 

Patuxent River could be removed by this plant. In a year of 

extreme low flow (as was 1981), river discharge averages as 



low as 5 m3/sec, and the amount of DOC removed due to oxida- 

tion could approach 40%. Therefore, chlorine-induced <:arbon 

oxidation probably represents a significant pathwaif for 

carbon transfer within the Patuxent River system. In xivers 

where cooling flows are not so important, the potential 

impact would probably be much less. 

Copper in the Patuxent and the Impact of Chlorination 

Copper concentrations in the Patuxent varied between 

2.0 and 4.1 pg/l. These levels at first appeared high; for 

example Cu levels varied between 0.4-3.8 pg/l in 1977-78 

(Eaton & Chamberlain, 1980). However, a detailed exiunina- 

tion of analysis procedures, intercalibration with another 

investigator, and alternate analysis methods suggested that 

the reported levels were not due to contamination. I?roce- 

dural blanks were consistently (100 ng/l. It is more likely 

that higher levels of Cu in 1980-81 are due to the greatly 

reduced river flows. If we assume that the Chalk Point 

plant introduces approximately 600 kg Cu/yr and average 

background levels are approximately 1.5 pg/l (Eaton & Cham- 

berlain, 1980), an average river flow of 5 m3/sec would 

yield an "average" Cu concentration of 4.9 vg/l assum:ing no 

removal processes. Removal is certainly taking place, 

likely due to coprecipitation with Mn (Eaton & Chamberlain, 

1980; Sigleo et al. , 1980a; see discussion below), but the 

amount of removal has not been quantified. However, even 

allowing for removal of 30-40%, average Cu concentrations 

measured for this study appear to be reasonable. 
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A number of unusual events occurred during these exper- 

iments, of particular note was the formation of a visible 

precipitate in the chlorinated half of sample #81-8 (Figure 

6). No precipitate was visible in the unchlorinatd control 

half. 

identi 

The bulk composition 

fied, but contain.ed 

of this particulate has not been 

1130 ng Cu, equivalent to 750 

ng/l, or approximately 20% of the Cu present in the sample. 

The control filter contained approximately 75 ng Cu. Repeat 
I 

attempts to produce anwfier precipitate in water of similar 

salinity from the same region failed. Although this only 

occurred once, it poses an interesting mechanism for CU 

transport in the vicinity of power plants. 

Chlorination of natural water samples causes oxidation 

of reduced metals, particularly Mn and Fe species, leading 

to their precipitatiorl as oxyhydroxides (Sigleo et al., 

1980a). The filter digests in the present study contained 

large amounts of ; the precipitate in the chlorinated 

sample contained 19.6 pg Mn, corresponding to 26 pg/l pre- 

cipitated. The contro:L sample contained much less precipi- 

tated Mn - approximately 1.2 pg, or 1.6 pg/l. This precipi- 

tation reaction, along with coprecipitation of Cu, could be 

the mechanism occurring here; indeed, it has been suggested 

as a major mechanism for Cu removal in the Patuxent (Eaton & 

Chamberlain, 1980). 

Chlorination did not affect either the total Cu concen- 

tration or its distribution in the various molecular weight 

fractions (Table 7) even though the distribution of DOC did 



shift toward lower molecular weight fractions. One problem 

with this determination is the relatively lower precision of 

the Cu analysis; it would require a large shift to be sig- 

nificant. However, I do not believe that greater precision 

would show a shift. The complexation capacity of e~tu~arine 

and coastal marine waters is in the range of 10-300 pg/l 

(Smith, 1976; Carpenter & Smith, 1978; Mantoura, 1081); 

therefore, a much larger quantity of carbon would have to be 

oxidized to substantially reduce the complexation capacity. 

Carpenter & Smith (1978) demonstrated a significant reduc- 

tion (50-100%) in complexation capacity in Biscayne Bay 

after chlorination. They were working with water containing 

only 6-10 vg/l complexation capacity, however. Complexation 

capacity in the Patuxent likely is much higher. A number of 

water samples in the present study were spiked with CU (10 

1 to see if the binding capacity of the organics could 

be exceeded. If so, loss of complexation capacity due to 

chlorination would result in larger percentages of Cu in the 

smallest molecular weight fraction. This did not occur 

(Table 7). Therefore, Cu complexation capacity is at least 

10-15 vg/l. 

The loss of carbon as a result of chlorination of estu- 

arine water should not have a significant impact upon organ- 

ically associated metals as the complexation capacities of 

estuarine systems far exceed the quantity of carbon lost. 

Oxidation of reduced metals, and their subsequent precipita- 

tion, can be an important transport mechanism in estuaries, 

especially if enhanced by chlorination. 



Patuxent River Phytoplankton - 
The temporal succession of algal species in the Solo- 

mons area followed a well defined pattern, with a spring 

diatom bloom, summer dominance by dinoflagellates, and a 

fall bloom of diatoms and small flagellates (Table 9). The 

pattern that occurred, and the dominant species, were simi- 

lar to other studies of i'atuxent River phytoplankton (Morse, 

1947; Mulford, 1972). Cell densities in this study were 

considerably higher than earlier reports; the discrepancy is 

due to different sampling methods. Earlier studies used 

nets to separate organkms from the water; consequently, 

many small flagellates were not collected. The entire water 

sample was settled in this study, therefore, the small 

flagellates were counted. This is an important difference, 

because small ( < 5  pm) :Elagellates are often an important 

numerical dominant. 

From these identifications, it seems that the choice of 

species for the unialgal bioassays was appropriate. Thalas- 

siosira is often an important member of the diatoms, over- 

shadowed only by Skeletrmema costatum. I chose not to use 

S. costatum for these st-udies because it is quite resistant 

to Cu (Morel et al., 1978; Sanders et al., 1981). The 

chrysophyte, Isochrysis, is a good example of many of the 

small, dominant flagellstes. The prasinophyte, Dunaliella, 

was chosen for its extreme resistance to stress. 



Unialgal Bioassays 

The original experimental design called for a 24-hr 

chlorination of a natural water followed by dechlorination 

with Na2S203. The water would then be enriched with plant 

nutrients and used as a culture medium contrasted with an 

unchlorinated control. The first bioassay, run with T. 

pseudonana, indicated that Cu toxicity was alleviated to 

some extent rather than intensified by chlorination. Ijubse- 

quent bioassays showed that the Na2S203 was the reason for 

the alleviation of toxicity, probably by complexing cu2+. 

Because of this problem, it was necessary to change the 

experimental design so that the use of Na2S203 was not 

necessary. The degradation of chlorine-produced oxidants in 

seawater is very rapid (Wong & Davidson, 1977; Goldnan et 

al., 1979) ; therefore, an incubation of 10 days was thought 

to be sufficient to remove toxic residual products from the 

seawater used for bioassays. 

Because of delays, the seawater chlorinated for use in 

the first of this series of bioassays aged 35 days. Even 

after this period, two of the three algal species wou:ld not 

grow at all in the chlorinated media (Table 13). 0nl.y the 

most resistant species, Dunaliella, was able to grow. 

Growth rates of this species were not affected by Cu doses 

of 10-100 1 in control media. In chlorinated media, 

algae exposed to no Cu grew as well as in the controls; 

however, growth was inhibited at 50-100 pg/l Cu. Duna.liella 

growth in chlorinated media, although not significant1:y less 



than controls at Cu levels <50 pg/l, exhibited a 1-2 day lag 

that was not seen in ce:Lls grown in control media (Figure 

9). Consequently, total cell densities in chlorinated media 

lagged behind control cultures, taking 1-2 days longer to 

reach a stationary growth phase. Cells grown in chlorinated 

media at 50-100 pg Cu/l exhibited both a lag phase and a 

significantly slower growth rate (Figure 9). 

This experiment was repeated using water aged for 21 

days, and even Dunaliellii would not grow in the chlorinated 

media. 

The degree of chlor/ination, as well as the aging time, 

was important in determining cell growth. After ten days' 

aging, Dunaliella would not grow in water chlorinated at 5 

mg/l, but it grew in n~edia chlorinated from 0.5-1 mg/l 

(Table 14). Again, increasing the level of chlorination 

caused larger reductions in growth rate due to Cu dose. At 

0.5 and 1 mg/l chlorine, 100 pg/l Cu caused a significant 

reduction in growth. S:imilarly, 50 pg/l Cu significantly 

reduced growth in media chlorinated at 1 mg/l. 

There is obviously still an inhibitory effect caused by 

chlorination even after 35 days of aging, because two 

species of algae would not grow at all. Therefore, the 

increased sensitivity of Dunaliella to Cu may be due to a 

multiple Cu-C12 stress, rather than increased activity of 

cu2+ due to oxidation of carbon. These possible mechanisms 

cannot be separated without a more detailed analysis of the 

actual carbon compounds present, or analyses of Cu complexa- 

tion capacity. 



Natural Phytoplankton Bioassays 

As with the unialgal experiments, the experiments: with 

natural phytoplankton were hampered by the inability to 

remove the toxic chlorine residuals. Cultures diluted with 

chlorinated media that aged 21 days did not grow well and 

rapidly washed out. The algal species that did manage to 

hang on were robust centric diatoms (Cyclotella sp.) and 

coccoid blue-green algae, an algal class considered to be 

best adapted to stressful environments (Birke, 1974). As in 

the unialgal experiments, the effect of Cu was greatly 

overshadowed by chlorine. 

Cultures diluted with control water grew well, and 

duplicated earlier experiments performed in Vineyard Sound, 

MA with natural assemblages (Sanders et al., 1981). In 

general, Skeletonerna costaturn, a centric diatom that is 

quite resistant to Cu, dominated Cu-dosed assemblages 

(Figure 12). It was present in the control assemblage, but 

to a much lesser extent. Overall growth rates for S. 

costaturn were not affected by Cu dose, both cultures had 

growth rates of 0.6 div/day. Over the period when cu:ltures 

were run as semi-continuous cultures (through day 7), S. 

costaturn grew slightly better in the control assemblage. 

The control assemblage was dominated after day 3 by 

Chaetoceros debilis, which quickly disappeared in the Cu- 

dosed assemblage. 

'S was The most surprising result of the bioassay serif- 

the potential for inhibition of growth by chlorine :resid- 



uals. Two species would. not grow at all in water chlori- 

nated to 10 mg/l, even after 35 days of aging. The same 

species would also not qrow in water chlorinated to 1 mg/l 

after 10 days of aging. Current thought is that although 

chlorine is extremely toxic to phytoplankton, its rapid 

degradation and rapid dilution with receiving waters greatly 

mitigate its toxicity .and it will not cause measurable 

effects (Goldman et al., 1978). However, earlier studies on 

natural assemblages indicated that continuous chlorination 

at levels as low as 1 pg/l (0.001 mg/l) caused significant 

declines in cell growth (Sanders et al., 1981). In years of 

low river flow, when extensive water recycling within the 

river takes place due to power plant demand, the potential 

for inhibition by chlclrination seems great, especially 

considering the longevity of toxic response. 



1. The application of chlorine to estuarine water usually 

resulted in the oxidation of a finite quantity of 

organic carbon, 35 pM on average. The oxidation may be 

salinity dependent and is seasonally dependent. 

2. In every case, the quantity of carbon associated with 

the smallest molecular weight fraction increased after 

chlorination, likely because of scission of macromole- 

cules. Thus, this reaction may be a more common effect 

of chlorination than carbon oxidation. 

3. Samples collected in the discharge canal of an actively 

chlorinating power plant contained significantly lower 

concentrations of DOC than samples collected in the 

middle of the river and the intake area, suggesting 

that DOC is lost due to power plant operations. Mass 

balance calculations suggest that power plant chlorina- 

tion could oxidize 11-40% of the DOC entering the river 

in freshwater flow. 

4. Chlorination did not affect either the total Cu concen- 

tration or its distribution in the various molecular 

weight fractions. The Cu complexation capacity of the 

Patuxent is high in relation to the quantity of c:arbon 

oxidized. Therefore, significant reductions in the 

percentage of organically-bound Cu should not occur 

after chlorination. Coprecipitation of Cu with Pln and 

Fe oxyhydroxides is likely enhanced by chlorination, 

however, and may be a significant transport mechanism. 
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5. Bioassays of relative copper toxicity in control and 

chlorinated water were hampered by the extreme effect 

of the chlorine. Or,ly the most resistant algal species 

would grow in chlorinated water aged for 35 days. This 

species showed enhanced sensitivity to Cu in this 

water, but it is not possible to separate possible 

increases in Cu activity from the chlorine inhibition. 
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Figure 1. 

Sampling locations in the Patuxent 
River. The inset shows the river's 

--\ I location in the Chesapeake Bay area. 
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Figure 2. 

DOC concentrations vs. salinity in the Patuxent (a) and 

Potomac ( 0 )  Rivers, 1980-1981. The equation for the 

regression is Y = - 0.069X + 4.93; r2 = 0.18. 



CHLORINE ADDED, mg/l 

Figure 3 

DOC loss vs. concentration of chlorine added in samples 

80-1 (0-0 ) and 81-12 ( 0-0). 





SAMPLE # 

Figure 5. ~istribution by molecular weight fractions of DOC (as % 

of total DOC) in control (CON) and chlorinated (OCL) 

water samples. 0 = '1,000, vR = 1,000 - 10,000, 
V& = 10,000 - 50,000, 1 1 1 1 1 1 1 1 1 1  = 50,000 - 100,000, 

- -  - >100,000 MW. Samples 81-9 to 81-11 not shown, - 
 hi^+ are  i n r l i ~ d e d  in Table 3. 





\ 
\ 
\ 0.10.50.100 ugl l  
\ 

-, - - - 
I 

T 

1 2 3 4 5 6 7 
Q 

DAYS 

Figure 7 -  

Growth of Thalassiosira pseudonana in control (- ) 

and chlorinated (- - -) water at various concentrations 

of Cu. Initial cell densities = 1 x lo3 cells/ml. 

Range of growth in triplicate tubes indicated by verti- 

cal bars. 



DAYS 

Figure 8. 

Growth of I s o c h r y s i s  s p .  i n  c o n t r o l  ( )  and c h l o r i -  

na ted  ( -  water a t  va r ious  Cu concent ra t ions .  

I n i t i a l  cel l  d e n s i t i e s  = 1 x l o 3  cells/ml. Range of 

growth i n  t r ip1 ica t . e  tubes on any day i n d i c a t e d  by 

v e r t i c a l  b a r s .  
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Figure 9. 

Growth of Dunaliella sp. in control (- ) and chlori- 

nated (- - -) water at various Cu concentrations. 

Initial cell densities = 1 x lo3 cells/ml. Range of 

growth in triplicate tubes on any day indicated by 

vertical bars. 







1 Chlorinated 
C chlorinated media. Both chlorinated control 

and chlorinated Cu-dosed have been combined 
in this figure. No data shown after day 5 
due to very low cell densities. 
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Figure 12. 

Succession of dominant species in natural phytoplankton 

assemblages grown as semi-continuous cultures in con- 

trol, Cu-dosed, chlorinated control, and chlorinated 

Cu-dosed media. 0---O = Skeletonema costatum, 

0- -0 = Chaetoceros debilis, 0--0 = Cyclotella 

sp. , A.--.A = coccoicl blue-green cells. 





APPENDIX 

PRYTOPLANKTON SPECIES IDENTIFIED FROM THE 

P A T U X '  RIVER, SEPTEMBER 1980-DECEMBER 1981. 





DIATOMS 

Actinoptychus senarius 
Amphiprora alata 
Amphora sp. 
Asterionella japonica 
Bacillaria paxillifer 
Bacteriastrum delicatulum 
Biddulphia aurita 
B. mobil iensis 
B. sinensis 
Cerataulina pelagica 
Chaetoceros affinis 
C. boreale 
C. breve 
C. ceratosporum 
C. compressum 
C. curvisetis 
C. danicum 
C. debile 
C. decipiens 
C. filiformis 
C. gracilis 
C. peruvianum 
C. socialis 
C. subtilis 
Chaetoceros sp. 
Cocconeis sp. 
Coscinodiscus concimus 
Coscinodiscus sp. 
Cyclotella striata 
Cylindrotheca closterium 
Diploneis sp. 
Ditylum brightwelli 
Fragilaria sp. 
Gyrosigma balticum 
G. fasciola 
Leptocylindrus danicus 
L. minimus 
Licmophora sp. 
Melosira moniliformis 
Navicula sp. 
Nitzschia longissima 
N. seriata 
N. sigma 
N. spathulata 
Nitzschia sp. 
Paralia sulcata 
Pleurosigma angulatuni 
Pleurosigma sp . 
Rhaphoneis surirella 
Rhizosolenia calcar-avis 



R. delicatula 
R. fragilissima 
Skeletonema costatum 
Stephanopyxis turris 
Thalassionema nitzschioides 
Thalassiosira decipiens 
T. hyalina 
T. rotula 
Thalassiosira sp. 5-10pm 
Thalassiosira sp. 20pm 
Thalassiosira sp. 40pm 
Thalassiothrix frauenfeldii 
T. longissima 
Tropidoneis sp. 

DINOFLAGELLATES 

Amphidinium crassum 
A. klebsi 
Ceratium furca 
Cochlodinium sp. 
Exuviella compressum 
E. marina 
Gymnodinium aurantium 
G. simplex 
G. splendens (nelsoni) 
Gymnodinium sp. 
Gyrodinium sp . 
Massartia rotundatum 
Oxytoxum sp. 
Peridinium breve 
P. excavatum 
P. trochoideum 
Peridinium sp . 
Pol ykrikos sp . 
Prorocentrum micans 
P. minimum 
P. redfieldi 
Prorocentrum sp . 

CHRYSOPHYTES 

Apedinella sp. 
Calycomonas ovalis 
C. wulffii 
Chromul ina sp . 
Chrysochromulina sp. 
Isochrysis sp. 
Ochromonas sp. 
Pavlova sp. 
Pseudopedinella sp. 



CRYPTOPHYTES 

Chroomonas amphioxeia 
Chroomonas sp. 
Cryptomonas sp. 

GREENS 

Chlamydomonas sp. 
Euglena sp. 
Heteromastix sp. 
Phacus sp. 
Pyramimonas sp. 
Tetraselmis sp. 
Trachelomonas sp. 

BLUE-GREENS 

Agmenellum thermale 
Anabaina sp. 
Oscillatoria geminata 
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