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INTERACTIONS OF RADIONUCLIDES IN WATER, 
PARTICULATES, AND OYSTERS IN THE 

DISCHARGE CANAL OF A NUCLEAR POWER PLANT 

Abstract 

This study was designed to provide 
data for dynamic modeling of radio
active pollutants in marine ecosystems 
adjacent to nuclear power plants. 
The data are relevant to the dynamics 
of radionuclide transfer among sea-
water, suspended particulates, sedi-
aents, ar-d biota. Gamma-omitting 
radionuclides ( Mn, Co, £n, and 

Cs) w^ro followed In the water 
.ind particulates as well as in oysters 
introduced into the discharge canal 
of the bailing water reactor of the 
Ihtnboldt Bay Power I'lant near Eureka, 
California. The liquid waste was 
introduced into the canal at irregular 
intervals and contained radionuclides 
at extremely low but variable concen
trations. Radionuclides were deter
mined in the oysters, water, and 
particulates after single releases 
(over about 6 hr) and over a long 
seriea o. releases (18 norths). 

Radionuclide concentrations in the 
discharge canal water varied wldely 
wir.h tine d-je to Irregularity of 
release, differences in quantities of 
radionuclides released, and varia
tions In hydrologlcal conditions. 
Concentrations in the seawater changed 
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rapidiy during a release, reaching 
peak value.; within 30 minutes. The 
released radionuclides were parti
tioned between the soluble aid partic
ulate phases of the water and were 
accumulated in the bottom sediments. 
The partitioning and the amount 
accumulated were radionuclide-
dependent and varied with the bio
logical and hydrological conditions; 
consistent patterns of interchange 
arrcmg water, suspended particulates, 
and bottom sediments could be dis
cerned . 

Except for -jdiocesium, the con
centrations In the water differed 
from those expected from the known 
dilution of the source material. In 
general, for those radionuclides with 
a high affinity for particulate 
material, concentrations were more 
variable and, on the average, lower 
than expected during releases and 
higher than expected between releases. 
Ttic bottom sediments in the discharge 
canal represent a pool of radio
nuclides bound to particulates. Ke-
suspension of these particulates due 
to changing hydrological conditions 
appears to affect the concentration 



of radionuclides in Che water between 
releases. 

Oysters introduced into the dis
charge caral rapidly accumulated the 
released radionuclides. Our results 
indicate that suspended partiuclates 
play an important role in the accumu
lation of some radionuclides by 
oysters. Concentration of radio
nuclides detected in the oysters 
generally reflected the levels meas
ured in the water and particulates. 
During a. period of high biological 
productivity radionuclide accumu
lation rates were decreased consider-

60 ably, particularly for Co, by 
filtration of the water in which the 
oysters were maintained. The decrease 
in rate appears to be related to the 
quantities and compositions of the 
particles in the water. 

For 5 4Mn, 6 0Co, and 6 5Zn the con
centration factor* calculated for the 
oysters from the expected water 

Power plants to generate electric
ity, whether from fossil or nuclear 
fuels, are being located on estuaries 
or seacoascs because of the need for 
cooling water. The operation of 
nuclear plants is attended by the 
release of small quantities of liquid 
radioactive waste into the environ
mental water. Such releases are 

concentrations were higher than those 
predicted from the concentration 
factors for the corresponding stable 
elements. This apparent discrepancy 
occurs because the calculated 
"expected concentrations" of radio
nuclides in the water do not accurately 
represent the concentrations avail
able to the oysters. The calculations 
do not take into account the binding 
of the radionuclides to particulate 
matter, which increases their 
residence time in the discharge canal 
relative to the residence time of the 
water. Most models of the effects of 
pollutants released into ecosystems 
have considered the transport and 
mcvataent of materials in the water 
mass only. It is apparent from this 
study that for radioactive or trace-
elemei.t pollutants with a high 
affinity for particulates, it is 
probably necessary to model both the 
water mass and the sediments. 

strictly controlled by the U.S. Nuclear 
Regulatory Commission and are kept as 
low as is practicable, but it is still 
passible that seafood animals living 
in the adjacent waters may accumulate 
radionuclide burdens that could be 
transferred to man. Current forecasts 
predict that the contributions of 
nuclear fuels to electrical power 

Introduction 
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production in the United States will 
increase significantly by the year 
2000. It is important, therefore, 
to model the marine food chain so 
as to be able to assess the maximum 
possible individual dose as well as 
the total population dose to man from 
the projected releases. 

Models of the marine pathway of 
radionuclides to man have had two 
serious limit-it ions: in the absence 
of directly relevant data, it has 
frequently been necessary (1) to use 
as input parameters the concentration 
factors for stable elements in the 
marine animals, and (2) to assume 
that the radionuclides arc dispersed 
into and accumulated by the organisms 
solely from the soluble phese of the 
water. (The concentration factor 
(CK) is the ratio of the concentration 
in the organism (ug/g) to the concen
tration the water (ug/al). The 
limitation of stable-element CF values 
is that they are usually representa
tive of steady-state conditions of 
uptake and loss by the organism 
(because under natural conditions the 
concentrations of the element In the 
ecosystem may undergo little change 
over intervals of several months), 
whereas steady-state conditions are 
rarely if ever attained in such eco
systems for the radioactive Isotopes 
of most elements (because the radio
active releases arc usually intermit
tent rather than continuous). The 

limitation of assuming that the radio
nuclides are only in the soluble 
phase of the water is that they fre
quently interact with particulates, 
thereby changing their rates of dis
persion and their availabilities to 
organisms. 

Since this study was initiated to 
provide suitable data for dynamic 
modelling, the data collected were 
those relevant to the dynamics of 
radionuclide transfer among water, 
suspended particulates, sediments, 
and biota. Ttie site selected for the 
experiment wes the discharge canal of 
the Humboldt Bay Power Plant operated 
by the Pacific Gas and Electric 
Ccmpar.y. The discharge canal offers 
a relatively simple model ecosystem 
in which the necessary equipment is 
readily installed and serviced and in 
whi'-h water, suspended particulates, 
and sediments can be conveniently 
sampled along with experimentally 
introduced seafood organisms. Also, 
radionuclide analyses of environ
mental components are facilitated by 
the relatively higli concentrations in 
die water of the discharge canal 
compared to other sites In the eco
system that receive the radioactive 
wasce. 

The short-term patterns of radio
nuclide transfer among components of 
(he ecosystem were assessed by examin
ing at short-time intervals (1/4 to 
24 hr) before, during, and after single 



releases, the radionuclide concentra
tions in the water, in the partic
ulates, and in groups of previously 
unexposed oysters placed In the canal. 
The long-term patterns were assessed 
by examining at long-tern intervals 
(1 to 4 weeks) over o scries of 
relcaseu, the changes in radio
nuclide concentrations that occurred 
in the water, the particulates, and 
the population of oysters intro
duced into the discharge canal and 
sampled serially over an 18-month 
period. 

The Humboldt Bay Power Plant, 
adjacent to Humboldt Bay near Eureka, 
California, produces electricity with 
two S4-MW(e) Eossil-fuel units and a 
single 65-MV(e) boiling water reactor. 
Cooling water from the south part of 
Humboldt Bay is punped fron an inlet 
canal through the condensers of all 
three generating units into a 
discharge canal leading back to the 
central part of the bay (Fig. 1). 

Liquid radioactive wastes fron the 
suck, the power building and refuel
ing area, and the laundry operation 
are accumulated and processed at the 
plai-.t. At irregular Intervals, 
10,000- *o 40,000-1 batches of this 
low-level waste are released via the 
discharge canal into the bay. This 
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This study of the transfer of 
released radionuclides will contribute 
to our understanding of the inter
actions of radionuclides among the 
biotlc and abiotic components of eco
systems and will provide the informa
tion needed for the dynamic modeling 
of the fate of radionctive releases. 
The dat<2 obtained arc relevant also 
to the dispersion and accumulation of 
the corresponding stable isotopes 
when they are introduced into marine 
waters as pollutants in effluents 
from industrial sources. 

is done by pumping the waste from a 
storage tank into the stream of 
cooling water Just before it inters 
the discharge canal. The concentration 
of radioactivity <it release arc in 
accordance with the limits prescribed 
by the U.S, Nuclear Regulatory 
Commission Administration and the 
State of California North Coastal 
Regional Water Control Board. 

The discharge canal is 140 a long 
and 12 to 21 a wide, depending on the 

2 tide level. The bottom and sides 
consist of mud with a high content of 
organic material. The volume of water 
discharged into the canal depends on 
the number of units operating; the 
usual flow rate is aboit 40,000 II 
tain (three units in operation). The 

Site Description 



Ftg. 1. Humboldt Bay area, showing the location of the Pacific Cas and Electric 
Humboldt Bay Power Plant and its discharge canol in which the experimental 
station was located. 

water temperature usually is about i? elevated to about 28*C when the 
22 C, but it may be higher or lower effluent is heated as part of the 
depending on the number of generating operation to remove mussels from the 
units In operation; the temperature condenser tubes. 
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Materials and Methods 
EXPERIMENTAL STATION 

The experimental station installed 
at the discharge canal consisted of a 
redwood raft and an instrunent shed. 
The raft was held in place in the 
center of the oanal by a system of 
lines and pulleys chat allowed it Co 
be pulled Into shore at will. It was 
floaced on styrofoaa pontoons and had 
openings In its floor through which 
were suspended the containers for 
holding oyocers in che water stream 
and i.he trays for collecting samples 
of settled particulates at the nsne 
depth as the oysters. 

The instrument system was develops; 
to munitor automatically water tempera
ture, solar illuminance, and conduc
tivity, and to collect continuous 
integrating water samples over preset 

3 intervals. A probe containing a 
Ge(Li) detector provided a time history 
of radionuclide concentrations in the 
water during specific releases. 

SAMPLING PROCEDURES 

Seawater 
Kater samples from Che discharge 

cam1, were collected either at selected 
intervals by pumping directly from 
the flowing stream for lS-min intervals 
or sequentially by the incegracing 
water sampler with preset brief sam
pling periods of preset frequencies 

3 over intervals of one or two weeks. 

In the first case, about 200 S. of sea-
water was filtered through 1-um 
cartridges and then acidified with 
HC1 to approximately pH 1, For the 
sequential samples, the same volume 
was collected without filtration 
directly into vessels containing 
enough HC1 to lower the final volrmo 
to approximately p!l 1; the collected 
water wan filtered Just before analysis. 
In both cases, stable carrier was 
added for each radionuclide for 
determination of recovery. 

Particulates 
Suspended particulates were col

lected from the water samples either 
on 1-um Nucleporci filters or on 1-um 
cartridge filters. 

Settled particulates were sampled 
a : specific intervals throughout the 
experimental period, both from the 
collection trays suspended from the 
raft at the suit level as the oysters 
and from weighted collection trays 
placed at the bottom of the canal. 
At the end of the collection period, 
all accumulated particulate material 
was removed from all collection trays. 

Oysters 
For each experiment, several 

hundred 3-year-old oysters (Craeeoetrea 

gigae) obtained from commercial beds 
in the north part of Humboldt Bay 
were introduced into the discharge 
csnal. The oysters survived the 
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transfer well and showed no adverse 
effects from their maintenance in the 
discharge canal. 

Short-Term Experlm..ui - Two 
releases, one in July 1973 and the 
other in December 1973, were studied 
in detail by analysis of oysters, 
water, and particulates; before, during, 
and after the releases. In each case, 
the role of particulates In radio
nuclide uptake by the oysters was 
evaluated by maintaining half of the 
oysters in filtered water and the 
other halt in unfiltered water. 

The oysters in unfiltered water 
were placed in the discharge canal in 
plastic cages suspended from the raft. 
Those, in filtered water were kept on 
the raft in aquaria supplied with 
discharge canal water pumped through 
1-lim filter cartridges at about. 30 $.1 

nun during the release and more 
slowly ar. other times depending on 
the sampling frequency. The pump 
intake was in the same area as the 
suspended cages. Rapid turnover of 
aquarium water was insured by placing 
the inflow at the bottom of each 
aquariu.ii and by keeping the total 
volume of contained water small to 
minimize dilution of the inflowing 
water. 

The oysters were sanpled at inter
vals of 6 hr to one day. They were 
prepared for analysis at the site; 
shortly after sampling, they were 

removed from their shells, rinsed in 
filtered seawater, and pooled to give 
a composite sample. In these 3-year-
old oysters, the soft tissues weighed 
about 50 g and the shell was ..bout 
12 cm long. 

Long-Term Experiments — For this 
experiment, all the oysters were 
placed in the water stream in plastic 
cages suspended from the raft. They 
were sampled at approximately 3-week 
intervals from August 1S71 to January 
1973. For each sample, oysters were 
removed from the water, their shell 
lengths were measured, and the soft 
tissues were separated from the 
shells. The soft tissues were rinsed 
in filtered seawater and pooled to 
give a composite sample and then the 
sample was weighed (Table 1). 

ANALYTICAL PROCEDURES 

Processing of the seawater, oysters, 
and particulates was completed at 
Lawrence Livermore Laboratory. For 
the seawater samples, radionuclides 
of cesium were collected onto 
ammonium phosphomolybdate (AMP) 
crystals which were then isolated 
from Cue liquid phase by filtration 
onto 1-ym cartridges. Next, radio
nuclides of cobalt, manganese, and 
zinc were coprecipitated with ferric 
hydroxide, and after the precipitate 
had settled, the supernatant was 

http://aquariu.ii


discarded. Chemical yields of the 
isotopes were determined by atomic 
absorption spectrometry. 

For the oyster samples and the 
particulate samples from the trays, 
dry weights were (fetermined after 
heating for a minimum of 48 hr at 
103 C in an oven. Ash weights were 
determined after ashing to constant 
weight at 450 C in a muffle furnace. 

For the samples collected on cartridge 
filters, the cording that made up the 
filter bed was first cut from the 
central core, weighed while wet, 
dried to constant weight, and ashed 
to remove the organic material. 

All samples were counted on Ge(Li) 
detectors and the counting data were 
recorded on tape for computer 
processing. 

Table I Long-•term oyster samples. 

Collection 
date 

No. of 
oysters 

Av shell 
length (cm) 

Total sam 
Body 

pie wt (g) 
Shell 

Av wt jy; 
Body 

sters (g) 
Shell 

Aug. 20, 1971 5 - 291 1245 58.2 249 
Sept. 20, 1971 4 - 283 1246 70.8 312 
Oct. 19, 1971 6 14.8 ± 2.4 280 1412 46.7 235 
Nov. 10, 1971 6 12.3 ± 2.0 252 1823 42.0 304 
Bee. 28, 1971 5 11.9 ± 1.4 285 1206 57.0 241 
Jan. 21, 1972 6 12.9 ± 4.1 310 - 51.7 -
Feb. 15, 1972 6 - 229 - 38.2 -
Mar. 7, 1972 7 - 367 - 52.2 -
Mar. 29, 1972 7 - 353 - 50.4 -
Apr. 18, 1972 7 11.6 ± 2.0 380 1781 54.3 254 
May 16, 1972 6 12.5 ± 1.5 275 - 45.8 -
June 6, 1972 7 12.6 + 1.1 283 1776 40.4 254 
July 25, 1972 5 12.4 ± 0.7 261 1257 52.2 251 
Aug. 22, 1972 6 11.1 ± 1.7 292 1872 48.7 312 
Sept. 15, 1972 6 12.1 ± 1.4 312 1603 52.0 267 
Oct. 10, 1972 6 12.1 ± 1.0 316 1719 52.7 286 
Nov. 7, 1972 6 11.7 ± 1.9 223 1636 37.1 273 
Dec. 12, 1972 5 11.1 ± 1.9 242 1328 48.6 266 
Jan. 9, 1973 6 12.3 + 2.9 245 1764 40.9 294 



Results 

CHARACTERIZATION OF RADIONUCLIDE 
SOURCE 

Between April 1, 1971 and December 
31, 1973, an aliquot was taken from 
each batch of liquid waste just 
before Its release into the cooling 
water. Each aliquot was analyzed for 
its content of gamma-emitting radio
nuclides and tritium. The radio-

3 nuclides usually detected were H, 
54„„ 60. 65_ 134,137. . Mn, Co, Zn, ' Cs, and 
144 

Ce. The total quantities of 
gamma-emitting radionuclides released 
are summarized briefly in Table 2. 

Radionuclide concentrations varied 
widely from one release to another. 
The releases were highly irregular in 
frequency; during the experimental 
period, intervals between releases 
ranged from one to 34 days. In addi
tion, the releases were variable in 
duration, usually covering about 6 hr 
Table 2. Radionuclide character

ization of liquid waste, 
April 1, 1971 to 
December 31, 1973. 

Total per release (pCi) 

luclide Average Maximum Minimum 
5K, 
Mn 

1000 25,000 2 
6 0CO 1900 36,000 22 
6 5Zn 1500 53,000 10 
1 3 4 C s 6100 61,000 22 
1 3 7 C s 9600 151,000 66 
1 4 4 C e 250 10,000 1 
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but occasionally as short as 2 hr. 
Detailed information on the conditions 
of the releases, the concentrations 
of the radionuclides in the waste, 
and the total quantities released are 
given In a compilation of the radio
logical data collected by Lawrence 
Livermore Laboratory personnel at the 

4 Humboldt Bay site. 

DISCHARGE CANAL WATER 

Radionuclide concentrations in the 
discharge canal water could be 
expected to vary widely with time for 
several reasons: the waste itself 
was variable in composition; the 
hydrological conditions differed from 
one release to another; the intervals 
between releases were not constant. 
Therefore, to document the expected 
variability, ranges in concentration 
were determined both during time 
intervals when only a single release 
was occuring and during time intervals 
when several releases were occurring. 
Concentration ranges were determined 
for the former by collecting samples 
at specific intervals before, during, 
and after releases and for the latter 
by collecting integrated samples over 
periods of one co two weeks. This doc
umentation is important for model devel
opment, since it is useful to be able to 
relate the radionuclide concentrations 



in liquid waste before release to those dilution factor for each release was 
expected for the water in which the used to calculate an "expected concen-
food organisms reside. tration" (soluble plus particulate) 

for each radionuclide as it entered 
Radionuclide Concentrations During the discharge canal. (The dilution 
Single Releases „ .. . .. , , , . 

B factor is the volume of cooling water 
Radionuclide concentrations in the pumped per hour divided by the volume 

discharge canal water varied during of waste pumped into the cooling water 
releases tot only with those in the per hour.) Hereafter, the term 
liquid waste but also with the rate "expected concentration" refers to 
of pumping from the waste retention that calculated from the dilution 
tank and with the rate of flow through factor. For Che three releases of 
the discharge canal. A specific concern, the quantities of each 

Table 3. Time and radionuclide composition of monitored releases. 
54Mn 6 0 Co 6 5 Zn i 3 * C S

 1 3 7 C s 1 W C e 

April 4, 1973 (0700 to 1300) 
Liquid waste: 
Total release (UCi) 130 300 510 12,200 22,100 110 
Concentration (pCi/liter) A,260 8,870 16,900 403,000 732,000 3,500 

Discharge canal water: 
Expected concentration 
(pCi/liter) 1.11 2.32 4.42 105. 191. 0.91 

July 31, 1973 (0900 to 1100) 
Liquid waste: 
Total release (yCi) 200 530 375 10,700 17,500 90 
Concentration (pCi/liter) 18,800 49,800 35,100 1,000,000 1,640,000 8,000 

Discharge canal water: 
Expected concentration 
(pCi/liter) 4.85 12.8 9.05 258. 423. 2.06 

December 4, 1973 (0930-1230) 
Liquid waste: 
Total release (uCi) 520 780 247 29,100 38,900 210 
Concentration (pCi/liter) 32,100 47,600 15,200 1,790,000 2,390,000 12,700 

Discharge canal water: 
Expected concentration 
(pCi/liter) 6.28 9.31 2.97 349. 467. 2.50 
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radionuclide released and the 
expected concentrations indicate that 
the concentration of each spec]fie 
radionuclide was independent of all 
others and that the amounts released 
were different for each event (Table 3). 

The validity of predicting con
centrations in the water from the 
dilution of the waste was assessed by 
comparing expected and measured con
centrations of yemitting radio
nuclides in the discharge canal water 
(soluble plus particulate) for two 
relc.-ses (Table 4). Measured values 

Table 4. Measured radionuclide; con
centrations (soluble plus 
particulate) as percentages 
of expected concentrations in 
the water of the discharge 
canal during two releases. 

5 4Mn b 0Co 6 5Zn 1 3 7 C s 

April 4, 1973d 

0800 65 
0900 119 
1000 63 
1200 67 
Mean 78 

43 65 92 
66 156 98 
22 133 104 
38 87 108 
42 110 100 

July 31, 1 9 7 3 D 

0900 40 52 36 56 
1000 41 80 73 102 
1100 71 69 50 57 
Mean I 51 67 53 72 

Release began at 0700 and ceased at 
1300. 
Release began at 0900 and ceased at 

1100. 

(expressed as percentages of expected 
values) varied not only from one 
radior. elide to another but also from 
tine to time during the release for 
each radionuclide. Radiocesium data 
are given here and subsequently only 
for Cs because it and Cs be
haved in essentially the same fashion. 

144 No data are presented for Ce since 
it was not generally detected in the 
discharge canal water. 

The agreement between measured and 
137 expected values was good for Cs 

compared to that for Mn, Co, or 
Zn. During the release of July 31, 

137 1973, measured values for Cs were 
lower than expected at 0900 and 1100, 
probably because these two samples 
were collected during the beginning 
and end of the release period. 
Continuous monitoring of the water 
with a Ge(Li) detector probe showed 
that ' Cs did not reach maximum 
concentration until about 30 rain after 
the release had started. The in
flowing liquid waste appears to mix 
with the water already in the dis
charge canal rather than to replace 
it immediately. However, homogeneity 
probably was achieved by the time the 
inflowing water mass reached the 
sampling station, which was in the 
downstream half of the discharge canal. 
Concentrations were essentially the 
same in water samples collected at 
the surface and 0.3 i from the bottom 
of the canal. 
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Radionuclide Concentrations Averaged 
over Periods Of Several Releases 

The long-term variability of radio
nuclide concentrations in the dis
charge canal water l.i cioro complex 
than variability during single 
releases because It encompasses not 
only variations within single re
leases but also the variations In 
their frequnncy aid duration. To sec 
this long-ten1, variability It Is 
necessary to compare concentrations 
averaged over different intervals 
each of which includes several re
leases. Average concentrations in 
water can be calculated for a 
specific radionuclide over specific 
intervals if it is assumed that the 
residence time of the radionuclide in 
the discharge canal is the same as 
that of the body of water into which 
it is diluted. The equation is: 

ipi 

n"l * . ____ , U) 

where C = average concentration of 
radionuclide in water (pCi/8.) 
over total time T (hr), 

W * radionuclide concentration 
in liquid waste (pCi/£), 

D - dilution factor, 
t * duration of release (hr). 

Average radionuclide concentrations 
in water were calculated with Eq. (1) 
for the period June 1972 to January 
1973 during which one-week or two-

-12-

week integrated water samples were 
being collected (Table 5). Radio-
cesium was quantltaccd in all samples; 
Mn, Co, and Zn were usuilly 

below the detection limits in the 
samples collated (rora June through 
September and were not analyzed in 

December and January. Better agree
ment between the measured and 
expected concentrations was observed 

137 for Cs than for other radionuclides. 
Percentage values are available for 
all four radionuclides only for those 
samples collected during Intervals 
from September 29 to December 5. The 
average percentages over this period 
were about 140 for 1 3 7 C s , 9500 for 
5*Hn, 2000 for 6 0Co, and 1400 for 
Zn. The differences between 

measured and expected values for the 
54 four nuclides were in the order Mn 

> 6 0Co > 6 SZr. > 1 3 7 C s . Since this 
order is the same as that of the 
affinities of the radionuclides for 
particulates, ' ' experiments wore 
performed Co obtain information on 
the partitioning of the radionuclides 
among the soluble phase of the water, 
the suspended partir lates, and the 
settled particulates. 

DlSCliARCE-CANAL PARTICULATES 

During the experimental period, 
radionuclide concentrations were 
determined both in suspttided partic
ulates separated from water samples 



T.iblv 5. Measured radionuclide concentrations as percent of expected concen
tration in the discharge canal water. Scnwntcr collected by the 
sequential sampler fron .tunc 1972 to January 1973. 

Stap l ing in t erva l 1 J 7 C 5 * l h 6 0 C o 65., / n 

.hints 13-20 180 » l ) a SI) :;i) 

20-27(NR b ) 1200 " " •• 

27-Jtily 3(SR) 200 " " M 

Inly 3-11 CI!) 110 » " " 
11-17 60 " " " 
17-23 80 " " " 
25-AUK- HSR) 170 " " " 

Ai!B. 4-11 120 •• •• " 
n - 1 8 mo " 200 "' 
1S-25(NK) 190 " NO " 
25-Sept . 1 80 " 180 " 

Sept . 1-8 80 " 24 " 
8-1S0.R) 370 •' SD " 

15-22 300 " 60 " 
22-27(SR) 340 " ;;i) " 
29-Ocl . 13 90 2 ,500 2 ,200 910 

Oct. 13-27 100 7 ,300 2 ,100 1,200 

27-Sav. 10 2 iu 9 ,600 4 ,200 260 

Sov. 10-22 170 28 ,000 1,400 4 . 7 0 0 

22-Dcc. 3 100 180 160 45 

Dec. 5 - t ; 340 XA N'A NA 

19-23 240 '• " <• 

23-30 210 " " " 
30-J.in. 2<NR) 280 " " " 

Jan. 2-5(NR) 92 •• " " 
5-9<KR) 62 " " " 
9-12 63 •• " M 

,1 
Nl), not detected; NA, not analyzed. 
KR, no release:: during sampling interval. 
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and in settled particulates collected 
at the level of the oyster containers 
and at the bottoa of the canal. 
Concentrations were determined b-th 
for short-term (1/4- to 6-iir or daily) 
and for long-term (near weekly) 
collection periods. To permit direct 
comparisons among the different radio
nuclides for any one release or from 
one release to another, the measured 
concentrations are expressed as per
cent of the expected concentrations 
(pa/o. 

Suspended l'artlculates 
The percentage of the total expected 

concentration found in the suspended 
particulate varied during single 
releases and differed greatly from 
one release to another (Tables 6 and 7) 
They were higbevi in the April 4, 1973 
release ani lowest in the December 4, 
1973 release. Continuous monitoring 
of i.ho particulate fraction after the 
December release showed periodic in
creases and decreases in radionuclide 
recoveries (Table 7). 

The variations observed In the 
radionuclide concentration in sus
pended particulates, expressed on the 
basis of unit volume, could have re
sulted either from the same quantity 
of particles (rag/fc ) with different 
affinities for radionuclides or from 
different quantities of particles with 
the same affinity for radionuclides. 
The particulate load in the discharge 

canal water at the sampling site 

differed from release to release and 
with time during a single release 
(cf. Tables 6 and 7). Examination of 
the percent data indicates that the 
differences in concentration between 
teleuses were greater than that which 
can be accounted (or by difference*: 
in particle load. Kor ' Mn, the 
highest, value during July w.is 85 per
cent and the highest value during 
December was 33 percent but the 
largest particl, load during July was 
28 mg/fc and the largest load during 
December was 15 mg/2 . These data 
ĉ fge-st thaw the radionuclide affinity 
of the particles was not the same in 
December as it was in July. These 
differences in affinity may reflect 
seasonal changes in the physical and 
chemical characteristics of th? 
particles. 

Radionuclide concentrations in the 
particulates were calculated on a 
pcr-unit-weight basis as well as on a 

per-unit-volume basis. Concentrations 
recovered in particulates (pCi/mg) 
per unit of radioactivity released 
were highest in April and lowest in 
December. 

One attempt was made to look at 
the effect of particle size on radio
nuclide partitioning between water 
and particulates. During the July 
31, 1973 release, the water samples 
were filtered consecutively through 
10-, 5-, and 1-pm filters. For all 
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Tnblc 6. Measured radionuclide concentrations expressed as percent: of 
expected concentration for the particulate and soluble fractions in 
discharge canal water before, during, and after a release in 
April 1973 and another In July 1973. The April release began on 
April 4 c. 0700 and ceased nt 1300. The July release began on 
July 31 at 0900 and ceased at 1100. 

ion' 

Particulate 
dry weight 

(mg/t) 

Percent 

Collect ion' 

Particulate 
dry weight 

(mg/t) Fraction «Mn 6°Co 6 5Zn 1 3 7 C s 

April 3, 1973 
1630 8.3 P 

S 
<4 
T5 C 

<2 
" 5 C 

5 C 

£4 
<0.02 
~0.12 

April 4, 1973 
0630 7.4 P 

s 
<4 
NA 

<2 
UA 

<4 
NA 

<0.02 
0.24 

0800 7.9 p 54 29 25 0.8 
s U c 14c 40 91 

0815 7.0 p 37 26 22 0.8 
s NA NA NA NA 

0900 9.3 p 74 20 43 0.9 
s 45 38 113 97 

1000 12.8 p 22 22 15 1.0 
s 41c <2 118 103 

1100 8.5 p 22 23 21 0.9 
s NA NA NA 102 

1200 8.1 p 33 22 25 1.9 
s 34 16 62 106 

1400 3.6 p 14c 12 llc 0.3 
s NA NA NA 55 

1600 4.5 p 9 C 5 C <« <0.02 
s £20 <13 £10 "0.5 

1800 4.1 p <4 3 C <4 0.06c 

s NA NA NA 0.1 
July 31, 1973 

0810 22 p s <1 
£0.6 

<0.3 
£0.2 

<2 
£1 

<0.02 
0.1 

0900 25 r 29 22 15 1 
s 11 30 21 55 

1000 28 p 20 14 20 0.9 
s 21 66 53 101 

1105 19 p 58 31 16 0.1 
s 13 38 34 57 

1200 18 T NA NA NA 3 

-15-



Table 6. (continued) 
Particulate 
dry weight 

Percent 

Collection3 

Particulate 
dry weight 

Fraction 5*Mn 6 0Co M Z n 1 3 7 C s 

1430 16 T NA NA NA 2 
2000 13 T NA NA NA 0.2 

August 1, 1973 
0230 9 T NA NA NA 0.3 
0030 IB T NA NA NA 0.2 

Time of Initiation of collection; sample collected for 15 min. 
l\ particulate (>1 urn); S, soluble (<1 um). 

CFSD >0.2S (FSD, fractional standard deviation, is the standard deviation 
divided by the mean. 

NA, not analyzed. 

the radionuclides, the largesic fraction 
of the activity was associated with 
the largest particulates, those re
tained on the 10-yra filters (Table 8). 
The largest changes in percent with 

54 tine were observed for Hn on the 
10-pm filter. In general, percents 

54 in the samples were in the order Hn 
> Co > Zn > Cs. The concentra
tion ratios differed not only with 
time Smt in some cases from one filter 
to another at a given time. 

Settled Particulates 
The kind of information that can 

be derived about the behavior of 
particulates in the discharge canal 
obviously depends on the frequency of 
sampling and the overall period of 
observation. Daily or more frequent 
sampling before, during, and after a 
single release would give an indica

tion of the dynamics of short-term 
reactions. With less frequent sampling 
over longer periods seasonal changes 
can be evaluated as well as the effect 
of differences in the interval between 
releases. 

Shor^-Term Behavior — Variations 
in radionuclide concentration in Che 
suspended particulate fraction of the 
discharge canal water during and after 
releases could result from changes in 
the amounts resuspended from the 
bottom sediments and/or the influx of 
radioactive particles recirculating 
from the Bay. The experiment of 
April 1, 1973 was set up to determine 
the possible role of the bottom sedi
ments in this variation. During the 
release, settled particulates were 
sampled serially over the same 
sampling intervals both from the trays 
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Table 7. Measured radionuclide concentrations expressed as percent of 
expected concentration for the particulates in discharge canal 
wat«r preceding, during and after a release that began on 
December 4 at 0930 and ceased at 1240. 

Particulate 
dry weight 

(mg/Jt) 

Percent 
Collection 

time 

Particulate 
dry weight 

(mg/Jt) 5 4Mn 6 0Co 6 5
Z n 1 3 7 C S 

December 3, 1973 
1535-1740 0.25 0.11 2.0 0.01a 

1740-2200 0.53 0.62 0.67 0.02 

December 4, 1973 
2200-800 2.2 1.9 1.8 0.014 
0830-0930 0.2 0.15 0.64° 0.05 
0930-1030 2.8 4.0 4.1 0.35 
1030-1130 14.8 3.5 4.5 8.4 0.60 
1130-1230 3.0 4.4 6.8 0.62 
1230-1330 0.25a 0.24 l.la 0.031 
1330-1545 15.6 0.64 0.80 1.9 0.074 
1545-2000 0.14 0.10 0.74a 0.003 

December 5, 1973 
2000-0830 0.06a 0.10 £0.03 0.006 
0839-1345 2.4 3.0 1.3 0.049 
1345-1610 0.018" 0.40 £0.03 0.018 
1610-1930 0.4 0.50 £0.03 0.016 

December 6, 1973 
1930-0830 0.27 0.50 0.67a 0.014 
0830-1230 0.02a 0.01a <0.06 0.001° 
1230-1730 1.1 1.2 1.3" 0.027 
1730-2300 0.05a 0.08a 0.34a 0.003 

December 7, 1974 
2300-0830 0.65 0.90 1.4a 0.063 

Fractional standard deviation *0.25. 

placed on the canal bottom and from 
the trays suspended at the same depth 
as the oysters. 

Collection trays were placed on 
the canel bottom at three different 

sites, the first about 20 ft from the 
point of entry of liquid waste into 
the canal, the second in the vicinity 
of the raft (about midway between the 
point of entry of the liquid waste 
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Table 8. The aeasured radionuclide concentrations as percent of expected 
concentrations and the concentration ratios in particulates during 
the July 31, 1973 release. 

Filter 
(KB) 

Percent Concentration ratios 
Collection 

tlM 
Filter 
(KB) S*Mn 6 0 C o "zn " 7 C . <°Co/54Mn 6 5 Z n / 5 4 * I 3 7C,/ 5*H„ 

0900-0915 10 22.0 17.0 10.0 0.45 0.77 0.45 0.020 
5 3.5 2.5 3.1 0.25 0.71 0.89 0.071 
1 3.7 2.3 2.0 0.26 O.f- 0.54 0.070 

Total 
Kean ratio 

29. L' 21.8 15.1 0.96 
0.70 0.66 0.054 

1000-1015 10 12.0 8.1 11,0 0.44 0.66 0.91 0.037 
5 5.6 3.7 4.9 0.26 0.66 0.88 0.046 
1 2.7 2.9 4.1 0.20 0.71 1.50 0.070 

Total 
Mean ratio 

20.3 13.7 20.0 0.90 
0.68 1.10 0.051 

1105-1120 10 47.0 24.8 13.0 0.10 0.53 0.28 0.0021 
5 7.8 4.3 2.4 0.02 0.55 0.31 0.0026 
1 2.7 1.6 1.1 0.02 0.59 0.41 0.0074 

Total 
Mean ratio 

57.5 30.7 16.5 0.14 
0.56 0.33 0.0040 

and the outlet into the central bay), 
and the third about 20 ft upatrean 
froa the outlet. Radionuclide con
centrations detected in particulates 
froa trays located nearest the inlet 
were about the same or higher than 
those near the midway point; those 
closest to the outlet were the lowest 
(Fig. 2). The concentrations detected 
in particulates froa the midway point 
varied least with tiac. The observed 
consistency in the concentrations nay 
have been due to the fact that the 
area was least subject to turbulence 
due to changes in flow rate and least 

affected by influx or back-flux of 
unlabeled sediments from the Bay. 

The settled particulates froa the 
suspended trays were similar in 
radionuclide concentration to those 
froa the bottom trays curing the 
release period but lower and more 
variable with time in subsequent 
samples (Fig. 3^. When the concentra
tions of 6 0Co, 6 5Zn, and 1 3 7 C s in the 
particulates from bottom trays and 
suspended trays are plotted against 

54 the concentrations of Mn, the values 
are distributed around a straight 
line (Fig. 4), as they would be if 
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Fig. 2. Radionuclide concentrations 
(pCi/g dry vt) in serial samples 
of bottom particulates from three 
sites in the discharge canal dur
ing the April 1973 experiment. 
Circles, 20 m downstream from the 
beginning of the canal; squares, 
near the midway point; triangles, 
20 m upstream from the outlet. 
Closed symbols, FSD < 0.2; open 
symbols FSD > 0.2. 

the particulates from suspended and 
bottom trays were derived from the 
sane source. 

Fig. 3. Radionuclide concentrations 
(pCi/g dry vt) in serial samples 
of particulates from the discharge 
canal during the April 1973 experi
ment. Squares, particulates 
collected on trays placed on the 
floor of the canal in the vicinity 
of the raft; circles, particulates 
collected on trays suspended from 
the rift at the same level as the 
oysters. The duration of the 
sample collection is indicated by 
the bracketed lines on the square 
symbol on the Tin graph. Closed 
symbols, FSD < 0.2; open symbols, 
FSD > 0.2. 

Long-Term Behavior - Radionuclide 
concentrations in the particulates 
collected on suspended trays varied 

widely during the lb-month interval 
of the study. In general, the varia
tions reflected changes in the 
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quantities 3f radionuclides released 
into the discharge canal water. 

54 For Mn, the concentrations from 
March through July ranged from about 
10* to 10 4 pCi/kg dry weight (Fig. 5). 
They increased by more than an order 

released. Tne highest concentration 
measured (3.1 x 10 pCi/kg) was in 
the sample collected after the 
October 6 release. Even in those 
samples collected in periods when no 
releases were made, the concentrations 

of magnitude during the fall of i<K2 never fell below 1.5 * 10 pCi/kj. 
when larger quantities of Mn were For Co, the concentrations we: 

usually higher than for Mn (Fig. i), 
partly because more Co was released 
(on the average about twice as much). 
Concentrations usually were between 
5 x 10 3 and 5 x 10 4 pCi/kg dry weight; 
the highest was 4.0 * 10 and the 

3 
lowest was 3 x 10 pCi/kg. 

65 
For Zn, the concentrations and 

the patterns of variation were similar 
54 

to those for Mn. The highest con
centration measured was 1 x 10 and 

2 the lowest was 7 x 10 pCi/kg dry 
weight (Fig. 5). 

137 For Cs, the concentrations were •> 3 usually between 5 x 10' and 5 x 10 
pCi/kg. The detected concentrations 

10 15 20 25 

Mn — pCi/g 
fcr 137 Cs were lower than those for 
54, Mn, even though most releases con-

137 
Fig. 4. Concentrations of 6 0Co, 6 5Zn, 

and 
137 C s 

related to those of ^''Ma 
in bottom particulate samples 
collected during the April 1973 
experiment. All concentrations 
are expressed on a dry weight 
basis. The samples art those for 
which data are shown in Fig. 2. 
Solid triangles, bottom trays; 
open triangles, suspended Kays. 
Solid line, regression of "^Co, 
|?Zn, or 1 3'Cs concentration on 
Mn concentration for the sample. 

Dashed lines indicate ±1 S.D. 
from regression for the sample. 

Cs than tained about ten times more 
54 Mn (Fig. 5). The highest concen-

4 
tration measured was 3.7 * 10 and the 

2 
lowest was 1 x 10 pCi/kg dry weight. 

The settled particulates from the 
suspended trays varied in quantity 

2 2 
from 1 rag/cm to almost 12 mg/cm per 
day (Fig. 6). Quantities were higher 
in July and August than in November 
and December. The deposition rate may 
be related to the resuspension o! 
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bottom sediments during periods of 
changing hydrological conditio' s, but 
Fig. 6, which includes data on the 
maximum low tides, indicates no 
obvious relationship with the low tide 
level. 

Dynamics of Radionuclide 
Tr.'.Hb.- • bt:U»<ie» Seawater and 
Particulates 

Some indication of the dynamics of 
interaction between water and partic
ulate compartments can be obtained by 
following the concentration changes of 
radionuclides in settled particulates 
during intervals covering large 
differences in the quantities released 
and/or frequencies of releases. For 
example, there were two periods during 
which the interval between releases was 
very large — between June 13 and July 
17, 1972, and between October 6 and 
27, 1972. These two periods are of 
special interest because before the 
first, the releases were relatively 
constant in frequency and quantity, 
whereas before the second, there was 
an unusually large release (October 6) 
which, in effect, pulse-labeled the 
system. During the June 13 — July 17 
interv.il (34 days), the concentrations 
in the settled particulates showed no 
consistent decreases with tipe for any 
of the four radionuclides; the varia
tions in concentrations appear to be 
related to changes in deposition rates 
(Table 9). However, during the October 
6-27 interval (21 days), there was a 

decrease 'n the concentrations of the 
four radionuclides. Particulates were 
collected on October 10, 17, and 24; 
concentrations were lower on October 24 
than on October 10 by a factor of 10. 
The rates of change were similar for 
M M n , 6 0Co, and 6 5Zn but higher for 
1 3 7 r , 

OYSTERS 

Short-time radionuclide accumulation 
in oysters in the discharge canal was 
studied during two releases by serial 
sampling of previously unexposed 
oysters at 6-hr to daily intervals 
before, during, and after each release. 
In addition, long-term accumulation 
over a period that encompassed a 
mmber of releases was followed in 
oysters sampled at near monthly 
intervals over a period of 18 months. 

Short-Term Accumulation 
The two release periods examined 

were chosen to contrast a period of 
high biological productivity (July 
1973) and a period of low biological 
productivity (December 1973). In each 
case, half the oysters were maintained 
in filtered seawater and the other 
half in unfiltered seawater. 

In the July experiment, the oysters 
weie placed in the canal water at 1700 
on July 30. The prerelease sample was 
taken nearly 14 hr after placement of 
the oysters, at 0850 on July 31, The 
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Fig. 5. Concentrations of Mn, Co, Zn, and Cs in serial samples of 
oyster soft tissues (closed triangles) and of particulates collected on 
suspended trays (circles) compared to expected concentrations in the water 
during releases (bars). Open triangles, concentrations in oysters were 
below detection levels. 
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single postrelease sample was taken 
about 2 hr after the first sample, at 
1100. The results are given in 
Table 10. In the prerelease oysters 

65 from unfiltered water, only Zn was 
detected; In those from filtered water, 
Zn was higher and Mn was detected 

also. The higher values obtained from 
filtered water may have been due to 
leaching of radionuclides from partic
ulates collected on the filters over 
the 8-hr collection period. Entrapment 
of particulates on the filter could 

have resulted in an increase in their 
normal residence time in the discharge 
canal so that particles collected 
early in the sampling period could 
have been leached later by water 
containing radionuclides at lower 
concentrations. In the postrelease 
oystsrs, all radionuclides were 
detected in higher concentrations than 
in prerelease oysters and all concen
trations were higher in the oysters 
from unfiltered water. Filtration of 
the seawater medium lowered the rate 

I I I I I ! I I I I I I 
May June July Aug Sept Oct Nov Dec Jan Feb Mar Apr 
1972 1973 

Fig. 6. Lower curve, deposition of particulates on the suspended collection 
trays during the 18-month experimental period. Upper curve, low tide 
values (ft). 
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Table 9. Concentrations of radionuclides (pCi/kg dry wt) in settled 
particulates for two intervals without releases (June 13-July 1.7, 
1972 and October 6-27, 1972). Also shown for each sampling 
interval are the deposition rates for the settled particulates and 
the tidal extremes. 

Depos i t i on 
C o l l e c t i o n 

d a t e 3 (nigA 
ra te 

cm'vda y) 
Tide 
( f t ) Mn 6 0 C o 6 5 Z n 1 3 , C s 

June 15 7 .6 + 7 . 6 - 2 . 2 3 ,400 4 ,900 l , 7 0 0 b 2 ,600 

June 23 9 .6 + 6 . 3 - 0 . 4 7,500 16,400 4 , 3 0 0 b 990 
June 30 6 .8 + 6 . 6 - 1 . 1 1 ,600 4 ,700 l , 5 0 0 b 650 
July 7 11 .5 + 7 . 1 - 0 . 8 8 ,100 22 ,600 3 , 6 0 0 b 960 
July 14 9 . 2 + 7 . 5 - 1 . 8 1 ,900 3 ,900 NDC 440 
October 10 7 .6 + 6 . 4 + 0 . 1 3 ,130 ,000 3 ,990 ,000 1 ,060 ,000 43 ,600 

October 17 8 . 2 + 6 . 0 + 0 . 2 500,000 640,000 173,000 \1,100 

October 24 11 .6 +7 .7 - 1 . 5 210,000 266 ,000 70 ,300 2 ,800 

On each collection date, all particulates were removed from each collection 
tray. 
Fractional standard deviation >0.25. 
ND, not detected. 

Table 10. Normalized radionuclide concentrationc in oysters maintained in 
unfiltered water in the discharge c<»nal of the Humboldt Bay Power 
Plant during a period of high biological productivity (July 31, 1973) 
and a period of low biological productivity (December 4, 1973). 

137, 

Non- Non- Non- Non-
filtered Filtered filtered Filtered filtered Filtered filtered Filtered 

Prerelease (pCi/kg) ND 
Postrelease 0.76 
Rate (pCi/hr)c 0.38 

Prerelease (pCl/kg) ND 
Postrelease (pCi/kg) 1.1 
Rate (pCi/hr)c 0.37 

HlRh biological productivity period (July 1973) 
ND ND 9.5 ND ND 
0.52 28 19.4 20 2.6 
D.26 14 5.0 10 1.3 
Low Biological productivity period (December 1973) 

3.3d ND 
4.3d ND 

ND 11 13 
1.1 9 d 25 
0.37 - 4 . 0 

17 22 
83 61 

33 
1 

20 

4 0 d 22' 
67 67 

Normalized: measured concentration (pCi/kg) divided by expected 
concentration in discharge canal vater (pCi/liter). 
Not detected. 
Aaount accumulated per hour during the release. 
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54 of accumulation by 65% for Mn, by 
902 for 6 0Co, by 40Z for 6 5Zn, and by 

137 302 for ""Cs. 
In the December experiment, the 

oysters were placed in the discharge 
canal at 1230 on December 3. The 
prerelease oyster sample was taken 
8-1/2 hr later, at 0900 on December 4, 
and the postrelease sample 3-1/2 hr 
after that, at 1230 on the same day. 
The results are given in Table 10. In 
the prerelease samples, Mn, Co, 
and Zn were detected In oysters from 

54 unfiltered water, but only Mn and 
Zn were detected In those from 

filtered water. The rates of accumula
tion in the oyster during the release 
peitod were higher in July than in 
December for all the radionuclides 

137 137 
except Cs. For Cs, the accumula
tion rates were very similar during 
both periods, suggesting that the 
higher July rates for the others 
reflected differences in radionuclide 
availability rather than different 
conditions in the aquaria and cages. 
The differences in accumulation races 
between July and December were greatest 
in unfiltered water, again except for 
137 

Cs. The December rates were xower 
by 1002 for 3 4Mn and b 0Co and by 70X 
for Zn; they were essentially the 

137 
same for Cs. 

In the December experiment, three 

additional postrelease samples of 

oysters were taken during the three 

days following the release. Figure 7 

shows the relationship between the 

radionuclide concentrations in the 

oyster soft tissues in a l l five 

samples and the concentrations in the 

suspended particulates during the same 

period. (Note that the values plotted 

in the graph arc- not normalized and 

therefore not directly comparable to 

those normalized values in Table 10.) 

In the oysters the four radionuclides 

exhibit quite different patterns of 

accumulation and loss in relation to 

their concentrations in the particu

lates. 

137 
Cs 

The concentrations In the oysters 
were essentially unaltered by filtra
tion of their scawatcr medium. In 
both media, the concentration in the 
oysters rose very sharply during the 
release, then decreased rapidly during 
the next 24 hr and much more slowly 
during the subsequent days (Fig. 7). 
The concentrations in the particulates 
were elevated during the release but 
fell off immediately thereafter, except 
for small increases between the high-
high tides and the succeeding low tides. 

lis* 
The patterns of accumulation and 

release by oysters were considerably 
altered by 'iltrstion of the medium 
(Fig. 7). The slower decreases In 
concentration In unfiltered water 
appeared to reflect continued input 
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if Zn fron the suspended particulates, 
where periodic increases may bear sotsc 
relation to changes in the tidal cycle. 

60,. Co 
!n the oysters In unfiltcrcd 

wtttf, changes in concentration were 
irregular and clearly reflected 
changes in the concentrations in the 
particulate fraction {Pig. 7); °Co 

was almost absent in oysters froa 
filtered water (see Tabic 10). In 
the suspended particulates, concen
trations were elevated over several 
of the sampling periods following 
the release; they were highest in 
those sanples collected between a 
high-high tide and the subsequent 
low tide. The periodicity of the 
changes suggest that the variations 

file:///suspendcd


are related to changes In the tidal 
cycle. The relatively high concen
trations in the prerelease samples 
are probably attributable to the two 
preceding releases (16,000 wCi on 
November 27 and 4000 nCi on 
November 30). The quantities were 
much higher than in the December 4 
iclcase (780 uCl); Che discharge canal 
sediments probably contained a con
siderable amount of residual Co. 
Consequently, the accumulation during 
the December experiment appears to re
flect not only the December 4 release 
but the preceding two releases as well. 

54 experiment, concentrations of Mn 
in the oysters were generally several 
hundred picocuries per kilogram wet 
weight (Fig. S). During puriods of 
low release rates, concentrations were 
below detection limits. After the 
series of large releases in the Fall 
of 1972, concentrations in the oysters 
reached more than 1700 pCl/kg. The 
particulates as well as the oysters 
reflected the quantities released, 
but concentrations in the oysters 
were lowered and less variable than 
those in the settled particulates 
(pCi/kg dry weight). 

Filtration of the seawater medium 
affected the rate and maximum level 

54 of Mn accumulation in the oysters, 
but the two curves are similar in 
shape, in both cases reflecting 
changes in the suspended particulates 
(Fig. 7). As with Co, concentra
tions in the particulates were 
relatively high in the prerelease 
samples, probably because of tne 

54 large quantities of Mn in the two 
preceding releases (11,500 uCi on 
November 27 and 2800 y d on 
November 30; only 520 yCi was re
leased on December 4). 

Long-Term Accumulation 

Mn 
Dr.ring the first 12 months of the 

Concentrations of this radionuclide 
were about 10 times higher and were 
less variable than those of Mn 
(Fig. 5). The differences between 
Mn and Zn were greater than 

expected from the average concentra
tions released (Tabls 2), suggesting 
that the two nuclides have different 
metabolic pathways. As with Mn, 
concentrations in the oysters reflected 
changes in the quantities released; 
the maximum (100,000 pCi/kg) was In 
December 1972. 

60, Co 
60„ Concentrations of Co were 

lower and more variable than those 
of 6 5Zn (Fig. 5). The average 
quantity released was greater for 
6 0Co than for 6 5Zn (Table 2), but 
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Co concentrations in the oysters 
were less than 1000 pCi/kg except in 
the Fall of 1971 and 1972 when the 
releases were larger and more frequent. 

137 Cs 
137 Concentrations of Cs in the 

oysters were generally less than 
100 pCI/kg (Fig. 5), even though 
the average quantity released was 
considerably greater than for the 
other radionuclides (see Table 2). 
During the Summe'" of 1972, concen
trations in the oysters were beloi' 
detection levels. 

Concentration Factors 
Comparisons of the concentrations 

of radionuclides in the oysters to 
those in the water provide an indica
tion of the ability of the oysters 

to accumulate the radionuclides. 
Calculations of concentration factors 
for the discharge canal oysters were 
complicated by the absence of steady-
state conditions in the ecosystem due 
to the irregularity of the releases 
and the changing hydrological condi
tions. However, concentration factors 
were calculated for each sampling 
interval over tht> 18-month experimental 
period, by dividing the concentrations 
in the oysters by the average expected 
concentrations (see Eq. (1)) of the 
water during the period preceding 
their removal. The periods between 
oyster samplings ranged between 21 and 
49 days. During the 18-month period, 

the average concentration factor (CF) 
54 was about 18,000 for Mn, about 6000 

for Co, about 120,000 for Zn, and 
137 about 50 for Cs. 

Discussion and Conclusions 

The radionuclide burdens in seafood 
animals living in waters adjacent to 
nuclear power plants are dependent on 
the concentrations of radionuclides in 
the environmental water and on their 
availability to food-chain organisms. 
The concentrations in water are 
dependent on the quantities released, 
the specific hydrodynamic conditions, 
and the interactions of the radio
nuclides with the particulates in the 
system. The availability is dependent 
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in part on the physicochemical form of 
the radionuclide in the water. 

SEAWATER 

Radionuclide concentrations i.i the 
seawater of the Humboldt Bay environ
ment varied widely with site and with 
time. Some indication of the expected 

137 differences in Cs concentration 
with site can be obtained from Fig. 8, 
where average concentration values for 



Cs are plotted for the waste water 
and the successive sites of dilution: 
the discharge canal, Central Bay, and 
Humboldt Bay as a whole. For these 
calculations it was assumed that there 
was instantaneous dilution into each 
successive body of water and that the 
radionuclides from one release were 
totally washed out before the next 
release occurred. The largest reduc

tion in concentration resulted from 
the dilution of the liquid waste by 
the cooling water. 

The concentrations of radionuclides 
at each dilution site varied consider
ably with time due to differences in 
the amounts released, in the conditions 
of the release, and in the frequency 
of release. The greatest variation 
resulted from the differences in the 
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quantities released; for Cs the 
minimum was 66 uCi and the maximum was 
151,000 uCl (Fig. 8). The variation 
due to differences in flow rate 
through the canal was about a factor 
of 2; the minimum dilution factor was 
2406, the maximum was 5170. The 
variation due to stage of tidal cycle 
at the time of release was about a 
factor of 2 for Central Bay and about 
1.7 for Humboldt Bay as a whole. The 
variations in concentration due to 
differences In the frequency of 
release were less than those due to 
the quantities released but more than 
those due to changes in flow rate and 
stage of tidal cycle. The minimum 
interval between releases was one day, 
the maximum was 34 days. 

Because Mn, Co, and Zn 
interact with particulates in the sea 
water, their concentrations at 
different sites might be expected to 

137 vary more than that of Cs or that 
predicted by hydrodynamic conditions 
and the quantities released. On the 
average, measured values were more 
variable and lower during release 
periods and higher between release 
periods. The lower concentrations 
during release periods may be a re
sult of radionuclide binding to partic
ulates on the bottom and sides of the 
canal upstream from the sampling 
station. If such depletion of radio
nuclides from the water occurs, the 
discrepancy between measured and 
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expected concentrations of radio
nuclides with a high affinity for 
particles might increase with distance 
from the source. No measurements were 
made to test this hypothesis. 

Measured and expected radionuclide 
concentrations were compared during 
release of water from the coolaru canal 
of the Oyster Creek nuclear rower 

q plant in Ocean County, New Jersey. 
For radionuclides that were retained 
quantitatively on filters and ion-
exchange columns, the ratios of 
measured to predicted values were 0.6 
to 1.2 with one exception. During one 
discharge, ratios were four to five 
tines lower than expected. Deviations 
from a ratio of one were attributed to 
the following uncertainities in these 
measurements: 

• dilution factors based on nomi
nal values of waste release and 
canal water, 

• assumption of a homogeneous 
mixing of waste and canal water, 

• possible deposition of radio
nuclides from canal water prior 
to sampling or resuspension 
from the canal sediment, 

• recirculation effects not 
measured simultaneously with 
discharge canal sampling, and 

• low concentrations of radio
nuclides in liquid wastes 
following dilution with sea 
water. 



In both this study and the one at 
9 

Oyster Creek, the largest fraction of 
radionuclides in the sea water of the 
discharge canal during releases was 
associated with the particulates. In 
the Oyster Creek study, 60 to 100% of 
the 5 iCr, S*Mn, and 6 0Co and large 
fractions of 9 5Nb, 9 5Zr, 1 4 0 B a , i 4 1 C e , 

144 and Ce ware associated with 
particles. Thus, in model development, 
It is important to consider that some 
elements do not behave conservatively, 
i.e., their concentrations are not 
directly proportional to the salinity 
of the water. Consequently, their 
concentrations cannot be calculated as 
simple dilutions of the source 
material. In addition, dilution param
eters may vary from one site to another, 
and biological and geochemical factors 
may change with time. 

PARTICULATES 

The particulates in the discharge 
canal can be considered to be in two 
compartments, suspended and settled; 
radionuclides are constantly Inter
changed between the two compartments. 
The dynamics of interactions in the 
discharge canal were investigated by 
following the changes in radionuclide 
concentrations in the two compartments 
subsequent to scheduled releases. 

Suspended Particulates 
Comparisons of measured radionuclide 

concentrations in the soluble and/or 
particulate phases of the water at any 
tine for a given release indicated 
that the radionulcides differed in 
their affinities for the particulates. 
These differences in affinity are 
related to the chemical properties of 
the radionuclides and were In the same 
order (5Sln > 6 0Co > 6 5Zn > 1 3 7 C s ) as 
the sequences determined by others for 
the distribution coefficient of the 
sane radionuclides. ' 

Radionuclide concentrations In the 
suspended particulates (pd/i) varied 
greatly from one release to another. 
These differences probably were due to 
differences in particle size and 
composition, which in turn undoubtedly 
depended on biological processes 
occurring in the south part of Humboldt 
Bay. Si"-.e South Bay is shallow, 
light easily penetrates to the bottom; 
the mud flats support extensive beds 
of eelgrass. Measurements of phyto-
planfcton productivity and eelgrass 
standing stock during the previous 
year (1972) indicated higher biological 
activity in July and August than in 
December. Increases in phytoplankton 
productivity would have resulted in 
direct increases in suspended particu
lates; increases in eelgrass standing 
stock would have resulted in indirect 
increases (suspended detritus from the 
decomposition of decaying plant material). 

Radionuclide concentrations for a 
given radionuclide also were observed 

-32-



to change with time in the suspended 
particulates subsequent to releases. 
These changes arc probably attributable 
to variations in the rate of resuspen-
sion of the bottom sediments, in the 
amounts of radionuclides bound to 
these sediments, and in the quantities 
of unlabeled particulates in the in
flowing water. Another possible 
source of these changes may be the 
influx of radioactive particles 
contained in water flowing into the 
discharge canal. There is evidence of 
recirculation of water from the dis-

11.12 charge canal. This recirculation 
appears to take place under certain 
tidal conditions and is not a general 
occurrence; however, when it does 
occur, the inflowing water may con
tain both radioactive particles from 
the discharge canal and unlabeled 
particles from the Bay. 

The largest fraction of the radio
activity in the suspended particulates 
was collected on the 10-iJm filters. 
These larger particles would tend to 
settle out more rapidly than the 
smaller ones and thus would be more 
likely to be present In greater 
quantity in the settled particulates 
in the discharge canal and its 
vicinity than in the settled particu
lates in the open Bay. 

Settled Particulates 
The bottom sediments in the dis

charge canal represent a pool of 
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particulate-bound radionuclides that 
appears to control the concentrations 
of radionuclides in the water between 
releases. Resuspension of these 
bottom sediments is affected by the 
flow rate of the cooling water into 
the canal and by the tidal Isvel and 
wave action of the water in the bay. 
In the interval between releasee 
time-related decreases with time in 
the in the radionuclide concentrations 
of the particulates that settled on 
the bottom were probably due to dilu
tion with nonradioactive particles 
present in water flowing in from the 
Bay as well as to desorption of 
radionuclides. Measurements of the 
particulate loads in the intake canal 
water indicated that the unlabeled 
particulates in the intake canal water 
were sufficient in quantity to reduce 
the radionuclide concentrations in the 
bottom sediments when they were mixed 
with them. 

Bottom sediments can be considered 
to consist of a historical (unmixed) 

13 layer and a mixed layer. In the 
discharge canal the homogeneity of the 
mixed layer depends not only on 
physical and chemical processes but 
also on the frequency of the radio
active releases and the magnitude of 
the variations in quantity discharged 
from one release to another. If the 
mixed layer is heterogeneous and the 
depth of scouring varies with tidal 
cycle and flow rate, one would expect 



variations in radionuclide concentra
tion like those observed here in the 
particles deposited on the suspended 
trays and separated on our filter 
cartridges. 

During the 34-day interval after 
June 13, 1972 when no releases 
occurreH. the radionuclide concentra
tions changed very little in the 
setcled particulates collected on the 
suspended trays; they were not signif
icantly lower than at other times. In 
this case, the absence of a large 
decrease may be related to the rates 
of turnover of radionuclides in par
ticulates. Let us consider briefly 
radionuclide turnover in particulates 
in the discharge canal. Uptake and 
loss of radionuclides by particles 

involves both relatively rapid reac-
14 tions and slow reactions. The more 

rapid include ion exchange reactions 
and nonspecific absorption reactions. 
The slow reactions include penetra
tions into the interstices oi crystal 
matrices and into the broken ends of 
crystal lattices, and/or penetration 
through the thin layer of organic 
material covering the particles. 
With each new release in the discharge 
canal, the bottom particulates were 
exposed to elevated radionuclide con
centrations, and the overall result 
was periodic increases and decreases 
in the radionuclide concentrations in 
these particulates. However, if the 
intervals between releases were about 

the same, and if the quantities 
released differed by less than an 
order of magnitude, then the concen
trations of the interstitial water of 
the sediments probably remained high 
enough for sufficiently long periods 
to permit relatively complete labeling 
of those particulate compartments with 
cilow turnover times. Such a series of 
releases occurred before the 34-day 
interval without a release that 
followed the release of June 13, 1972. 
Consequently, concentration changes 
over most of this interval probably 
were due primarily to loss of radio
nuclides from compartments with slow 
turnover rates. Thus, one would 
expect only small changes with time. 

Another long interval without a 
release occurred after the release of 
October 6, 1972. Large decreases in 
radionuclide concentrations were 
observed in the settled particulates 
in the 21-day interval following this 
release. These changes probably 
resulted from the desorption of radio
nuclides from the compartments with 
rapid turnover times; „he latter had 
been labeled by the exceptionally 
large amounts of radionuclides in the 
release. However, the uptake of 
radioactivity by particulates appeared 
to be considerably more rapid than its 
loss. The seawater maintained its 
high radioactivity levels only during 
the six hours of the release, but the 
particulates remained higher than in 



the prerelease period for the entire 
21-day interval until the next 
release. These data indicate that the 
half-time of radionuclides is consider
ably longer in the particulate 
compartment than in the water. 

The relationships among the soluble 
phase in the water, suspended partic
ulates, and settled particulates can 
be summarized as follows. Suspended 
particulates in the discharge canal 
water appear to be derived from two 
sources: inflowing water from the Bay 
and bottom sediments. During release 
periods, the radionuclide concentra
tions would in general be higher in 
the inflowing water than in the bottom 
sediments, whereas during interrelease 
periods the reverse would be expected. 
If over a given interval of time, 
whether during or between releases, 
there is a constant rate of influx of 
particles from the Bay and a constant 
rate of resuspension of bottom sedi
ments, changes in radionuclide 
concentrates in serial samples of the 
suspended particulates can be attri
buted to adsorption and desorption 
reactions. However, the contribution 
from the two sources may differ 
because of changing hydrological 
conditions in the Bay and/or in the 
discharge canal. The relationships 
among the abiotic compartments in the 
discharge canal are summarized in 
Fig. 9. The interactions shown take 
place for all the radionuclides, but 

the fractionation among the compart
ments differs from one radionuclide to 
another and from one time to another. 
These differences are due to the 
differing affinities of the radio
nuclides for particulates and to 
seasonal changes in the composition of 
the particulates. 

OYSTERS 

The availability of radionuclides 
to filter-feeding aquatic organisms is 
determined in part by the amount of 
particulates in the water — living 
microorganisms, organic detritus, 
inorganic material, or any combination 
of these. The quantities of suspended 
particulates in the water column can 
vary both in time and in space. 

The suspended material available to 
oysters in the discharge canal came 
from two sources: particulates re-
suspended from the material deposited 
onto the bottom and particulates 
carried in with the inflowing water. 
Resuspension of bottom sediments 
appears to be related to changing 
hydrological conditions in the bay and 
in the discharge canal. The partic
ulate load in the inflowing water is 
probably dependent on biological and 
physical processes occurring in South 
Humboldt Bay. 

The differences in accumulation 
between July and December were prob
ably due to differences in both the 
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Fig. 9. Dynamics of interactions of radionuclides among the soluble and 
particulate phases in the discharge canal of the Humboldt Bay reactor. 
The soluble and particulate compartments are represented as equal in size 
for simplicity's sake, but in reality the distribution between them differs 
from one radionuclide to another. For example, the soluble fraction may 
contain more than 9.52 of the total ^'Cs, but only about 5UZ of the total 

Co. The intensity of the stippling or shading approximately reflects 
the difference in concentration between one compartment and another. The 
major directlin of movement from one compartment to another is indicated by 
the heavier arrows. 
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quantity and composition of the 
particulates in the water. Both these 
parameters are related to changes in 
production in phytoplankton and eel 
grass in the Bay. The differences 
between July and December may be 
related also to the levels of stable 
elements In the water. This factor 
would be important for any element 
whose concentration in the oysters is 
under metabolic regulation. For such 
elements, the rate of radionulcide 
accumulation would be expected to 
change with changes in the proportion 
of stable nuclide in the water: the 
accumulation per unit quantity of 
radionuclide reieased would decrease 
with increased concentrations of tl.e 
stable nuclide in the water. For 
elements whose concentration in the 
oyster is not under homeostatic control 
(no regulation), but is dependent on 
the amount present in the water, the 
accumulation per unit quantity of 
radionuclide released would be in
dependent of the concentration of the 
stable element in the water. 

Little information is available on 
the regulation of Mn, Co, Zn, or Cs in 
oysters. It has been calculated that 
Zn is accumulated in oysters to levels 
much higher than those required for 
metabolic functions. Shuster and 
Pringle report that, in general, for 
each doubling of the environmental 
level of a trace metal, the tissue 
level of the metal approximately 

doubled in Crassostr-ea virgimaa. 
Their results obtained from a series 

16— 1 8 of experiments " suggest that in 
this oyster there is little or no 
regulation of tissue concentrations of 
Cd, Cu, Cr, Pb, or Zn. 

It has been established for many 
bivalve molluscs that the presence of 
food material in the water stimulates 
their circulation of water for feeding 

19-21 
as well as respiration purposes. 
Because primary productivity in Humboldt 
Bay is considerably greater in July 
than December, it is very probable 
that in July more of the oysters in 
the discharge canal would be circulating 
seawater for feeding. The differences 
in accumulation between the July and 
December animals are probably related 
to the food material present in the 
water. 

From these experiments, the role of 
particulates 'n radionuclide accumu
lation appeared to differ with the 
radionuclide. In oysters, Co appears 
to be accumulated primarily from the 
suspended particulate fraction 
whereas Cs appears to be accumulated 
primarily from the soluble fraction; 
Mn and Zn accumulation are between 

these two extremes. Since the partic
ulates vary in amount and composition 
both temporally and spatially in an 
environment, the quantities accumulated 
by organisms would vary correspondingly 
for those radionuclides with high 
affinities for particulates. The 
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importance of particulates in the 
accumulation of Zn by oysSers is 

22 confirmed by Preston. He found that 
in the River Blackwater estuary, the 

65 concentrations of Zn were related 
to the silt and were poorly related 
to the expected distribution of ionic 
zinc in the seawater. 
The turnover rates of radionuclides 

have been measured recently in bivalve 
he fie 
27-33 

molluscs both in the field 2 3 - 2 6 and 
in the laboratory.'"' """ In the field, 
ecological half-lives of Zn have 

23 24 been measured ' as well as effective 
25 and biological half-lives. Our 

results indicate that the turnover 
rates obtained in the field should 
vary with the season; such variation 
is suggested by the turnover rates 

65 25 
observed for Zn in oysters. 

Turnover rates determined in the 
laboratory would be expected to vsry 
with the kinds and amounts of partic
ulates available for food. Some 
recent reports have considered the 
effects of food and water on turnover 27 rates. Romeril attributes the 
differences between his observed 
turnover rates and concentration 
factors and other results obtained in 
the field under natural conditions to 
be due to the virtual absence of the 
ingestion pathway under his experi

mental conditions. Xenfro et al., 

state that for certain animals such 
as shrimp, the food pathway appears 
to play a less important role in zinc 
accumulation than had been generally 
accepted. On the other hand, Rice 
and Baptist reported that Ai'temia 

incorporated Zn much faster from 
food than water. However, more 
information is needed on turnover rates 
under varying environmental conditions 
in the field and under different 
controlled feeding regimes in the 
laforatory before the proper rates 
can be selected for biological modeling. 

The stable-element CF values for this 
species are considerably lower than 
those calculated for the radionuclides. 
The stable CF values are approximately 
1000 for Mn, 300 for Co, 10,000 for 
Zn, and 15 for Cs. The differences 
between the stable and radioactive 
isotope concentration factors are in 
the order 6 0Co > 5 4Mn > 6 5Zn > 1 3 7 C s . 
These data suggest that the radio
nuclides available to the oysters are 
higher in concentration than those 
calculated from the dilution of the 
source (expected water concentrations). 
The greater availability is related 
to the resuspension of radioactive 
bottom sediments during interrelease 
periods. 
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