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ABSTRACT

As a result of the nuclear weapons production and the nuclear in-
dustry, radionuclides have entered the environment and thus have parti-
cipated in the biogeochemical cycle of elements. Because of_this radio-
activity they pose a potential hazard as well as serve as tracers within
the ecosystem. An important part of the biogeochemical cycle is the up-
take of the radionuclides on particulate matter and this uptake can be
measured quantitatively by the distribution coefficients between soluble
and particulate fractions.

This report investigates the several parameters important to meas-
uring. the distribution coefficients for 13/Cs in natural sediment-water
systems. The samples of water and sediment for the experimental measure-
ments were collected from several sites in the U.S.A. including the
Hudson River, Clinch River, Cattaraugus Creek, Lake Michigan, Skagit.
Bay, Columbia River and Lake Washington. The resul
have given sorption distribution coefficients for 1gg of the experiments'Cs of from 17 to
1700 ml/g; the desorption distribution coefficient is a factor of 10
greater. The lowest values were found in marine systems and the highest
values in freshwater. Organic compounds of aifferent complexing func-
tional groups added to the experimental system, and the change in pH be-
tween 4 and 10 had no effect on the distribution coefficients measured.
Sediment concentration and salinity changes influenced strongly the ex-
perimental distribution coefficients measured.
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DISTRIBUTION C0EFFICIENTS FOR
RADIONUCLIDES IN AQUATIC ENVIRONMENTS

Adsorption and Desorption Studies of 137 s.C

1.0 INTRODUCTION

The problems associated with radioactive materials entering into
the environment are with us today and will continue to be with us for
some time in the future. The sources of these radioactive waste materi-
als are nucle.ar-electric power generation and defense projects. Because
of this " fait accompli" we must examine some of the critical natural pro-
cesses and identify biogeochemical pathways which influence the introduc-
tion of radioactive materials into the biosphere.

The eventual fate of any pollutant in aquatic ecosystems is greatly
affected by its uptake on inorganic and organic particulates. Chemical
elements (stable or radioactive) which are introduced into aquatic en-
vironments are removed from the water by sorption onto organic and inor-
ganic particulate matter and, to a lesser extent, by adsorption to and
uptake by living organisms. The physical, chemical and biochemical fac-
tors which govern the removal processes are numerous and many are not
well understood. An important key to understanding the behavior of any
radionuclide in aquatic environments'is knowledge of the the physico-
chemical state of the nuclide. Unfortunately, knowledge of the physico-
chemical states of the radionuclides is difficult to obtain and may be
alterea by environmental factors. Therefore, the approach used in these
studies is not to study physico-chemical states of radionuclides, per
s_e, but to evaluate the distribution of radionuclides between the aque-
ous and particulate phases in laboratory systems using sediments and
water from natural environments. This more applied approach can give
specific information on radionuclide removal processes important to
modeling the hydrological regimes at specific locations of interest.

During the past several years we have been evaluating several pro-
cesses controlling the distribution coefficients, K * values, of radio-d
nuclides sorbed onto different natural matrices. Distribution coeffi-.

cients provide a quantitative measure of the accumulation of radionu-
clides, or other pollutants, by suspended particulate matter. There-
fore, they are an important parameter for predicting the fate of actual
or potential aquatic pollutants. Although a great deal of research has
been conducted to determine the Kd values of various radionuclides in
specific environments, it is often difficult to utilize the results from

concentrations cf bound radionuclides in dry sediment (dpm/g)
*Kd= concentration of radionuclides in water (dpm/ml)

. .
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one environment to make predictions about new environments. Furthemore,
there is remarkably little information about the transuranic elements.
Therefore, this program was started to obtain Kd values for plutonium
and americium in marine and freshwater environtmets. It was then expand-
ed to include other radionuclides and selected environments that were of
phrticular concern to Nuclear Regulatory Commission (NRC).^

1.1 Background

1.1.1 Previous Information

As a result of nuclecr weapons testing, fuel production and electri-
cal power generating nuclear reactors, by-product radionuclides have en-
tered the environment. Cesium-137 (t1/2 of 30 years) is foremost among
these radionuclides due to its production from the fissioning of 239 uP
and 235 (Approximately 6% of the total products resulting from 239 u0 P
and 235U fission produce 13/Cs.) Fallout 137 s from nuclear weaponsC

tests is used as a tracer in detennining sedimentation rates in lakes
and reservoirs since it adheres strongly to clay particulate matter in
fresh water (1). It is used extensively in tracing ocean water masses
since it is conservative, i.e., it is not removed appreciably by bio-
genic or detrital sediment particles in the deep ocean (2,3).

Environmental samples collected from the surface sediments and over-
lying water have been used in detemining the partition or distiibution
coefficients. These measurements make the assumption that equilibrium
is reached between the sediment and overlying waters and that there is
no appreci'ble change in water concentration by advective mixing process-
es. This assumption may have merit at stagnant regions where currents
are negligible and ?or radionuclides that have a short equilibration-
exchange time. Recent measurements of sediment and overiving water at
the German coast revealed distribution coefficients for 137 s of (70-760)C

ml/g with a mean value of 330 ml/g (4). Heatherington and Jefferies (5)
show that the uptake of 137Cs in estuarine sediments decreases with in-
creasing particle size of silt and fine sand supporting the view that up- )take is a surface adsorption process. Patel et al. (6) also show that '

the surface processes dominate in 137 s uptake by sediments. They find |C

that the 137Cs desorption (i.e., the loss from sediment) increases with |-

increasing salinity. They relate this process to the available binding i

sites on the clay mineral and the replacement of Cs+ by K+, Na+, and
Mg++ in the increasingly saline water.

137 s is not re-In Clinch River sediments, Pickering (7) shows that 0
moved by leaching after it becomes associated with sediments. The sedi-
ment types used were the clay-silt fraction which had 35% mica and clay
minerals and 65% quartz; the cation exchange capacity was 33-37 meq/100 g.

13/ s near water cooled reactors on the Sa-El Prince et al. (8) studied C

vannah River and found a distribution coefficient range of 18-130 ml/g at i

13/ s by sediments follows a 1/TOK relationship270C. The adsorption of C

i
!

|
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(i.e., the adsorption Kd value decreases with increasing temperature).
The mechanisms for the desorption of 13/Cs with increasing temperature
is thought to be due to the competition of H 0+ for the Cs+ at the3
alumino-silica matrix sites of adsorption.

| In the cooling pond system at the Denora Station of the Savannah
| River Nuclear Plant, South Carolina, high distribution coefficient val-
| ues for 137 s of 2 to 4 x 104 ml/g were measured on the small suspendedC

particle (5-60 pm)-water system (9). Huff and Kruger (10) also found
high distribution coefficient values (2.85 + 1.0 x 104 ml/g) for fallout
13/Cs on suspended sediment-water in the !Iratoga watershed of California
during six cyclonic storms in 1965 and 1966. This study was designed to
investigate hydrological transport of fallout particles through overland

l flow and erosion in a semi-arid region. Because of the high erosion
rate, suspended se.11 ment concentrations were 295 to 5,297 mg/l and equi-
librium between sediment and water probably was not reached. No infor-
mation is reported on the particle sizes or composition of the sediments
but one would expect that fine clay particles were being transported by
the precipitation in this erosion study.

In a clay-water system cations are sorbed to the matrix through ca-
tion exchange equilibrium dominated by a) Coulombic interactions between
counter ions (in various stages of hydration) and the fixed groups of
the exchanger, and b) ion-dipole and ion-induced dipole interaction be-
tween counter tons and water molecules (ionic hydration) (11). General-
ly, (b) predominates and the " normal" Hoffmeiste
tions is Cs+ > K+ > Na+ > Li+ > Ba+2 > Sr+2 > Cag+ > Mgaffingy series for ca-For example,.

Cs+ would be teld more strongly to the clay than potassium and may there-
fore replace L+ in a clay-water system.

In the biological system, a review by Davis (12) of cesium relation-
ships to potassium shows that biological organisms may discriminate be-
tween the two elements. In potassium deficient water, marine algae cells
readily take up cesium. However, when potassium is in sufficient concen-
trations cesium is not preferentially taken up. In dead cells, the dif-
ferential permeability of potassium and cesium does not occur and con-
centration f actors of 420 have been found in Chlorella cells (12). When

137 s are introduced into freshwater environments, theytrace amounts of C

are readily accumulated and transferred through the food web.

1.1.2 Present Studies

A great deal of research has been conducted to detennine the Kd val-
ues for some radionuclides, but remarkably little information is avail-
able for the transuranic elements. Therefore, this program was started
to obtain Kd values for plutonium and americium in selected marine and

Ru, lb7 s, 60s since b2Nn expanded to include the radio-
nments It hfreshwate envi

nuclidesb5Sr, 6 C Co, and Cm, in sediment-water systems
that are of particular concern to NRC.

_ ~ - - _ _. __ ___ _ __ ___ __ _. ._
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In August 976 we ggan to investigate adsorption and desorption
phenomena of z3}Pu and g*1Am in freshwater and marine sediment-water sys-
tems. During the first year experimental methods and analytic 9 tech-
niques were developed to determine Kd values using the constant shaking
and thin-laye techniques (13). Results for preliminary experiments us-

65 n and 3/Cs were compared to published results (14) in order toing Z

evaluate our experimental techniques. Sediments and water collected from
Lake Washington (freshwater), Lake Nitinat (anoxic marine) and the mouth

coefficients for. 237 u(andoxic marine) were used to determine distribution
of the Columbia River

241 m in laboratory sediment-water systems.P A
60 o, b5Zn,Dialysis experiments were used to study the distribution of C

137 s, 239 u and 241 m among suspended sediments, phytoplankton andC P A

filtered seawater. Since diffusion across the dialysis membranes is lim-
ited to chemical species of sizes less than 6000-8000 noninal molecular
weight, these experiments provide information on the uptake of soluble
radionuclides by sediments and phytoplankton. Results from the first
year of research are included in NUREG/CR0801 (15).

During FY 77-78 the project was extended to include new sediment
types and additional radionuclides. Constant shaking experiments uti-

85 r,106 u,117 s and 241 m in sediment-water systems from threelized S R C A

locations in Skagit e v, an estuary in western Washington, and a single
sample from Saanich Iri,at, an anoxic fjord in British Columbia. We also
evaluated the sedimentation technique (13) for detemining K 's of 237 ud P

241 m, the effect of pH on the distribution coefficient of 241 m inAand A
sediment-water systems from Lake Nitinat and Lake Washington and particle
formation by 10bRu and 241 m in the absence of suspended sediments.A
These ,results are available in NUREG/CR0802 (16). In addition, sediments
and water were obtained from several nonlocal sources as requested by
NRC. These included Clinch River in Tennessee, Lake Michigan, three
locations in the Hudson River Estuary, and Buttermilk and Cattaraugus
Creeks downstream from the Nuclear Fuel Services Waste Storage Facility
in West Valley, New York. Dialysis experiments were exDanded in FY
77-78 to include the radionuclides 59pe, 60 o, 65 n, 13/Cs, 204Bi, 238 uC Z P

and 241 m. Additional sacs were added containing a blank of filteredA

seawater and organic detritus as well as the sediment and plankton.

During FY 1978-79, adsorption distribution coefficients for 85Sr,
106 u, 137 s, 241 m and 23/Pu were detemined in constant shaking experi-R C A
ments using filtered water and <63 m-sized sediments from Lake Michigan,
Clinch River, the mouth of Cattaraugus Creek where it flows into Lake
Eric, Skagit Bay and Sinclair Inlet in Puget Sound, Washington and three
stations in the Hudson River ggtuary. Desorption distribution coeffi-
cients for 106Ru, 13/Cs and 2*1Am were determined for sediment-water sys-
tems from Lake Michigan and the three stations in the Hudson River estu-
ary. For 85Sr and 247Pu desorption distribution coefficients were deter-
mined for Lake Michigan, the Hudson River estuary, Clinch River and Sin-
clair Inlet. The desorption Kd values were generally more than an order
of magnitude higher than the adsorption Kd values. During FY 78-79 the
dialysis experiments were continued using the radionuclides 85 r,106Ru,S

. . - . - . - - - - ___ - - , _ . _ - - .
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137 s, 237 u and 241 m with sediments and water from Lake Michigan. WeAC P

also conducted preliminary experiments to investigate the effects of pH,
suspended sediment concentration and selected organic ligands. Results
from the FY 78-79 studies were published in NUREG/CR0803 (17).

The experimental program was extended into FY 79-80 to complete the
, experiments on adsorption and desorption distribution coefficients and
l to obtain additional information on the effects of organic ligands, pH
| and sediment qqncentration. Adsorption and desorption distribution coef-

ficients for M4 m were measured for the Hudson River estuary and theC

effect of pH and sediment concentration on the 244Cm Kd value for
Cattaraugus Creek was determined. Results from these studies will be
presented in later reports in this series.

1.2 Objectives
,

The general objective for this program is to obtain information for
predicting the fate of radionuclides that may be released from nuclear
power plants or waste storage facilities into aquatic environments.

In particular, these studies are intended to obtain infonnation on
the accumulation of radionuclides by suspended particulate matter. These
data will contribute important parameters for modeling the hydrological
transport of radionuclides in marine, estuarine and freshwater environ-
ments. Such mi 'els can be used to pr. edict the eventual environmental
distribution of radionuclides following a release.

This report will describe the data obtained from distribution
137 s in sediment-water systems.coefficient measurements of C

4
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2.0 1ATERIALS AND METHODS

The experimental procedures used in this research were adapted from
published reports of other workers and modified as needed for our experi-
mEnts. In particular, the methods developed by E.K. Duursna and his col-
leagues at International Atomic Energy Agency (IAEA) Marine Laboratory,
Monaco, have been used extensively. Our application of these techniques
has been described previously (15,16,17) and will be discussed briefly
bel ow. The thin layer and suspended sediment techniques were investigat-
ed during the first year but reproducability was not found sufficient so
the constant shaking method was used in all the later studies. See NRC
1852, Volume 1 for the complete methodology used in these studies (18).

2.1 Sources and Types of Samples

For the first two years of this program, experiments were conducted
with sediments and water from freshwater and marine environments in west-
ern Washington. A few of these samples were also used for experiments
during the past year. Information for these samples is provided in
Table 1.

During the third and fourth years of the program, water and sedi-
ment samples were collected at locations throughout the U.S.A in collab-
oration with other laboratories. In particular, Argonne National Labora-
tories (ANL) provided sediments and water from Lake Michigan and Lamont-
Doherty Geological Observatory (LDGL) provided sever:1 samples from the
Hudson River estuary. Samples from Cattaraugus and Bettermilk Creeks,
New York State, were provided by Battelle Pacific Northwest Laboratories
(PNL) or obtained during joint sampling trips between PNL and University
of Washington, Laboratory of Radiation Ecology (LRE), and samples from
the Clinch River, Tennessee, were collected with the cooperation of Oak
Ridge National Laboratories (0NL). Specific information for nonlocal
samples is also provided in Table 1.

For the initial laboratory studies, large quantities of " standard"
sediment and water samples were prepared from samples collected at three
local stations--one of anoxic marine sediments from Lake Nitinat (a
fjord), Vancouver Island, British Columbia; one of marine sediments col-
lected from off the mouth of the Columbia River; and one of the fresh-
water sediments from the deepest part (62 m) of Lake Washington, Seattle.
Both water and sediment samples were frozen after collection, and kept
frozen until they were used in experiments. All water samples were fil-
tered through 0.3 um Millipore filters. By having a large quantity of
sediment and water available, replicate experiments could be conducted.

Knowledge of the physical and chemical characteristics of the sedi-
ments and water is necessary for proper interpretation of the distribu-
tion coefficient values for various water-sediment systems. Sediment

. _ _ . _ , _ ___. - . - - - _ . ~ ._ _ _ _ _. _ . _ _ _
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Table 1. Location of sediments, seawater and freshwater samples
used in distribution coefficient studies.

Sediment Surface
Sample type depth Salinity Hardness area C N

2(m) pH L mg/t mAj (SD) ng/g mg/g Treatment Collection Site

Lcka Michigan 67 7.90 <l.0 143 17.19(.88) 62.0 1.8 Frozen 43 00'N, 83 20' W - ANL Station 50 0

Clinch River 3. 0 7.92 <1.0 158 13.37(.35) 14.0 1.8 Fresh (cooled) 16 mile upstream from Tennessee River

Hudson River
MP 59.8 SLOSH VII 3.0 7.90 <l.0 12.24(.24) Fresh (cooled) 15 miles upstream from Indian Point Reactor
MP 43.3 SLOSH III 3. 0 7.90 <l.0 171 11.99(.34) 34.4 1.8 Freeze-dried Adjacent to Indian Point Reactor

SLD5H VIII -- 3.2 -- 9.24(.34) Fresh (cooled) Adjacent to Indian Point Reartnr
MP 18.6 SLOSH II 3.0 7.82 2-3 378 8.98(.14) 23.0 1.1 Freeze-dried 18.6 miles upstream from southern tip of Manhattan Island

SLOSH IX -- 10.7 -- 10.95(.12) Fresh (cooled) 18.6 miles upstream from southern tip cf Manhattan Island
MP 0.1 SLOSH V 6.0 7.70 15 2963 7.99(.18) 13.8 5.2 Freeze-dried 0.1 mile upstream from southern tip of Manhattan Island

SLOSH X -- 21.0 -- 12.34(.29) Fresh (cooled) 0.1 mile upstream from southern tip of Manhattan Island
Cattaraugus Creek 1.5 <1 202 10.75(.04) 16.8 0.8 Fresh (cooled) PNL-station CC-11, routh of creek

Skagit Bay-1 9 7.70 29.62 6662 2.03(.09) Fresh (cooled) 48 18.0'N, 122"29.0'W sandy sediment
0 0

N" " 04 59 7.70 31.05 5325 7.01(.79) Fresh (cooled) 48 15.5'N, 122 32.5'W silt and clay sediment
Cclumbia River 100 7.80 32.56 6250 7.10 Outside bar on continental shelf. mouth of Columbia River
Saanich Inlet 225 7.80 31.24 5316 48 35.4'N, 123 30.2'W anoxic sediment and water0 0

Lake Nitinat 203 7.80 31.22 6188 39.8 Fresh (cooled) Deep anoxic lake on Vancouver Island. 8.C.

Sir. clair Inlet 15.1 7.75 28.89 5506 Fresh (cooled) 0xic organic rich sediment in Puoet Sound

Laka Washington 62 7.80 <1 42 31.4(6.2) Fresh (cooled) Deepest point in lake at Madison Park
Organic Detritus

Lak2 Michigan 67 7.90 <1 143
Skaait Bay 59 7.70 6662

Montmorillonite 59 7.70 31.05 5325 87.82(2.3)
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characteristics that are of particular importance in detennining the ad-
sorptive properties of a sediment-water system are the !.urface area, ca-
tion exchange capacity, the particle size distribution and the chemical
composition of the sediments. An example of this type of infonnation on
particle size distribution and carbon and nitrogen composition of three
p3rticular sediments is shown in Table 2. It was observed that the clay
fraction is predominant (75%-80%) in both the Lake Washington and Lake i

Nitinat (saltwater) samples. The mar' sediment is composed of sand j
(40%), silt (21%), and clay (39%).

The water properties of a sediment-water system which are important
in adsorption are the chemical composition, the solution pH and the oxi-
dation-reduction potential of the solution. Some chemical and physical
properties of three water samples used in our experiments are given in
Table 3. Storage of water and sediment samples in a manner which mini-
mizes changes in their physical and chemical properties presents a diffi-
cult problem. We examined several different methods including storage
at 40C, freezing and sterilization by heat or by irradiation with a 00 oC
food irradiator. The chemical analyses of the marine water samples were
made shortly after collection and then again after freezing and storage
for about 1 year. The freshwater samples (Lake Washington) were frozen
and stored for 1 month after collection before they were used in the ex-
periments and analyzed for nutrients. The chemical analysis of anoxic
marine water (Lake Nitinat) showed large differences in the nutrients
following filtration and/or sterilization. Similar treatment produced
only small differences for inost nutrients in the marine and freshwater
samples. These differences are due to both removal of particulates (fil-
tration) and to irradiation. The effects of the irradiation alone on the
water have not been identified. However, the changes in chemical proper-
ties of the water illustrate that the laboratory experimental conditions
do not necessarily represent chemical and biological conditions found in
the field.

In addition to natural sediments we have also used Gelwhite L, a
reference calcium montmorillonite, supplied by the Georgia Kaolin
Company.

A question has arisen regarding the representative nature of Kd val-
ues obtained from samples which were frozen or freeze-dried before use.
These values also must be compared to what is occurring naturally in the )
field. Ideally, measurements should be made under natural conditions
but this is often difficult because of the low radionuclide concentra-
tions or the unavailability of suitable field equipment. Thus, any meas- i
urement made in the laboratory is a compromise, often with several major
uncertai nties. The purpose of these studies is to use representative
natural sediment and water to measure the Kd values. .In most cases the
samples have been used fresh or used after storage at%40C to minimize ,

alterations by chemical or microbial activity. Several samples were fro-
zen to limit changes in sediment or water properties and to decrease mi-
crobial activity until used. The original Hudson River sediment samples

- _. - - - _ -. . _ . .. - - - _-. . . .
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Table 2. Particle size, density, carbon and nitrogen content of sediments
used in the experiments.

Particle Percentage in sediments
Lake Lake'

d Size Diameter mm Washington Nitirat Ma rine

-1 2 0 0.11 0.17
0 1 0.17 0.42 0.33
1 0.5 0.43 1.18 0.67
2 0.25 1.20 1.10 1.84
3 0.125 0.47 0.48 13.40
4 0.0625 0.21 0.49 24.00
Sand (0-4) M M 40.24

6 0.0156 3.31 3.90 12.58
7 0.008 3.31 5.61 2.58
9 0.002 8.97 11.88 5.67
Silt (5-9) 15 Fi 21.39 20.83

Clays (>9) 81.01 74.93 38.7
3Density g/cm 2.38 2.55* 2.56*

Carbon and nitrogen contents

Total carbo.1 % 5.25 2.77 1.81
Total nitrogen % 0.41 0.26 0.08
C/N ratio 11.9 10.5 21.7

*
Corrected for 4% salt content.

.
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Table 3. Chemical properties of water samples used in the early experiments.

Reactive Reactive Reactive Reactive Reactive Hydrogen
Temp Salinity Phosphate Silicate Nitrate Nitrite Ammonia Sulfide

Sample Type C %. p!1 pit pli pH pM pfi Remarks

Lake Nitinat 10.11 31.267 8.30 104.43 0.00 0.06 76.86 166 Unfiltered
48 44.6'N

124 45.3'N 2.14 43.2 26.7 0.23 2.0 Filtered,

' -

3.58 67.1 14.9 0.72 49.3 - Filtered
Sterilized

i Marine Water 8.29 32.566 2.37 44.96 26.83 0.16 0.61 Unfiltered-

48 38.0'N
124* 53.0'W 2.24 45.9 28.5 0.23 0.4 Filtered-

Filtered 2$1.37 24.2 23.6 1.01 3.4 -
'

Sterilized

j Lake Washington 0.06 14.2 3.4 0.00 2.0 Filtered-

; 47 37.5'N Filtered122* 16' W 0.09 15.3 5.7 0.00 2.2 -

Sterilized
|
)

'

i

i *Filtered samples were passed through 0.3pil tiillipore filters.

i

--
- -
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were freeze-dried and then rehydrated with water collected above the
sediments. This would maintain the elements present in pore water with
the sediment and would dehydrate and maintain the clay lattice in an
expanded fonn. It is expected that freeze drying would maintain the
sediment structure better than the 800C heat evaporation-dehydration.

To compare the results obtained with freeze-dried samples to those
from untreated samples, a second series of sediment and water samples
were collected from the Hudson River estuary in August and September
1979. These samples were stored under ice or at 40C until used in the
experiments. Results from adsorption experiments to be presented in

d values for d7 s are 2 to 4 timesfuture reports, indicate that the K C

lower for freeze-dried compared to untreated samples.

In addition to natural sediments we have also used Gelwhite L, a
reference calcium montmorillonite, supplied by the Georgia Kaolin
Compa ny.

2.2 Constant Shaking Experiments

Adsorption Kd Values

Experiments were conducted to detennine distribution coefficients
in laboratory sediment-water systems using the constant :ihaking tech-
nique (13,18,19,20). Briefly, the method consists of:

l'. Adding the radionuclides to a known volume of filtered (0.45
pm or 0.22 um) water sample arid adjusting the pH to the initial
pH of the water sample with 0.2 M Na0H.

2. Adding sediments previously seived to less than 63 m from a
stock sediment suspension to make a final predetermined sedi-
ment concentration, generally 200 mg/1.

3. Shaking the sediment-water mixture at 200 rpm in a constant
temperature (5-80C) cold room.

4. Collecting samples at designated time intervals during the
experiment, filtering to separate particulate and dissolved
radionuclides and measuring the concentration of radionuclides
in the dissolved and particulate phases.

The effects of pH were studied by altering the pH with Na0H or hcl
and detennining Kd at different pH values. Similarly, the effect of
sediment concentration was studied by adding different amounts of sus-
pended sediments. Preliminary experiments with organic ligands were
conducted by adding known concentrations of selected ligands to radio-
nuclide spiked sediment-water systems. Figure 1 shows the sequential
steps that are involved in obtaining adsorption and desorption distri-
bution coefficients with the constant shaking technique.
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Figure t. Sequential steps involved in obtaining adsorption and desorption
distribution coefficients with the constant shaking technique.

- -. -- ._. . -- - . . - . - - _ _ _ . _ - _ - _ _ . - - . - . - .



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

| 13

f
Desorption Ka Values

Following adsorption of radionuclides on to sediments the spiked
i

suspensions were centrifuged to separate the sediments. The centrifuged
sgdiments were then resuspended in a non-radioactive water sample to

I make a sediment concentration of 200 mg/1 The suspensions were then
shaken in the cold room and sampled at designated intervals as for the
adsorption experiments.

2.3 Dialysis Experiments

The dialysis apparatus (Fig. 2) used for these experiments was
adapted from similar equipment described by Barsdate (2) and Dawson and
Duursma (22). In all our experiments, the outside compartment contains
filtered (0.22 m Millipore filters) water that has been spiked with
radionuclides and allowed to equilibrate for at least 10 days before the
experiments begin. It is important to attain equilibrium between stable
and radioisotopes and among different physico-chemical spr.ies since the
experiments are designed to show how the physico-chemical species found
in natural environments may behave After the equilibration period,
dialysis sacs containing filtered, c- distilled water were submerged in
the radioactive solution and the suspended particulates were then added
to tne dialysis sacs. Initially only two dialysis sacs were used, one
containing phytoplankton and the other containing suspended sediments.
In later experiments, two additional . dialysis sacs were added in order
to consider uptake of radionuclides by organic detritus and to have a
contrarl sac to study diffusion across the dialysis membrane.

Initial experiments investigated systems with different volumes of
water. However, the present system consists of a 1000-ml beaker contain-
ing 700 ml of spiked, filtered water. Dialysis sacs, containing 50-70 ml
of the same filtered water without the radionuclides, are then submerged
in the outside compartment. During the experiment, the outer compartment
is mixed with a magnetic stirrer and the contents of the dialysis sacs
are stirred and aerated with a glass stirring rod with vanes connected -

to a small electric motor.

Dialysis me.beaues are intended to exclude species above a speci-
fied d rehr weight. For these experiments dialysis membranes with a
6C00-8000 molecular weight cut-off were used. Thus, only ionic species,
lok molecular weight complexes, and small colloids can diffuse across
the membrane. Samples were removed from the dialysis sacs and the out-
side chamber at predetermined times and filtered through Millipore or
Nucleopore membrane filters in order to separate the particulate and
soluble phases. Both the filter and filtrate are tWe t nred to
detennine the concentration of particulate and dissolveo radionuclides
in each chamber of the experiment.

- - _______ - ___ - _ _ _ - _ _ _ _ _ _
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The phytoplankton species used in these experiments, Phaeodactylum
tricornutum and Chlorella vulgaris were obtained from a culture main-

tained by Dr. Frieda Taub, College of Fisheries, University of Washing-
ton. Prior to use in the experiments, a stock algal suspension ( 8.6 x _
106 cells /ml) was centrifuged at 6000 rpm for 15 min and re-suspended in
32 0/oo Nacl solution. This process was repeated four times to remove

i the nutrient media and the final rinse was in 32 0/00 filtered seawater.
The phytoplankton were then re-suspended in filtered seawater before
being added to the dialysis sac.

The suspended sediments were either natural sediments from Lake
Nitinat, an anoxic fjord located on the western coas? of Vancouver Is-
land, British Columbia, or the reference clay, calcium montmorillinite,
obtained from the Georgia Kaolin Company. In each case, a concentrated
stock solution was prepared with a known sediment concentration (mg/l)
and specified volume of the stock solution was added to the sediment
dialysis sac.

Organic detritus was prepared from Zostera marina, a common marine
macrophyte in Puget Sound. After washing and drying at 800 C, the Zostera
was ground in a ball mill and sieved. For the experiments, a weighed
amount of the <63 m size fraction was suspended in filtered seawater to
obtain a stock suspension. A known volume of this suspension was then
added to a dilaysis sac so that the weight of detritus in the experiment
could be calculated.

2.4 Measurement of Radioactivity

The samples from constant shaking and dialysis experiments were
placed in standard sample holders,1.3 cm x 5 cm (2 dram) polyethylene
vials, and sealed for gamma counting. The gamma emitting radionuclides,
S/Co, 60Ca, 106Ru, 137Cs, and 241 m, were measured on.a Ge(Li) detectorA
connected to a computer based multi-channel analyzer which integrates
the counts for each peak, perfonns a linear background subtraction and
prints out the gross and net counts. The resolution (FWHM) of this
Ge(Li) detector is 1.88 kev and the efficiency is 147. relative to 3" x
3" Nal(TI) detector. For the measurement of US r and 237 u, we used aS P

2" Nal(TI) well crystal and two single-channel analyzers. Appropriate
corrections were made to account for the contribution of each radionu-
clide to the other's analysis.

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
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3.0 RESULTS AND DISCUSSION

3.1 Sorption and Desorption Kd Values by
Constant Shaking Experiments

Constant shaking experiments were conducted for several water-
sediment systems, including Clinch River, Cattaraugus Creek, Lake Michi-
gan, and Sinclair Inlet (an organic rich area in Puget Sound) and for
the pure clay calcium montmorillonite in water from the Skagit River
Estua ry. Experiments were also completed for three different water-
sediment systems representing different salinities from the Hudson River
Estuary and for the <63 m sediment fraction for cores from the Skagit
River Estuary and Saanich Inlet.

Adsorption of 137 sC

Distribution coefficients have been calculated for 137 s for sedi-C

ment-water systems from the Skagit River Estuary, Saanich Inlet, Lake
Michigan, and for calcium montmorillonite. An example of the approach
to equilibrium of 13/Cs between the particulate and soluble fractions is
shown by the concentration of 13/Cs in suspended sediments as a function

3

of time for the sediment-water system of the Skagit River estuary, Fig. 3.
'hgse results are given in Table 4. The distribution coefficients for i
:.3/Cs are highest for the Lake Michigan sediment-water system and lowest !

for calcium montmorillonite-Skagit Estuary water system. The high Kd i

values for 137 s in the Lake Michigan system are expected since in fresh-C

water, there are fewer ligands available for complexation than in marine
systems so that adsorption of radionuclides by suspended sediments is
relatively more important in freshwater than in marine water systems.
Also, adsorption by sediments is less at the higher ionic strength of
the marine systems because of saturation of the sorption sites by sodium
and other ions. This may contribute to the low values of distribution
coefficients with calcium montmorillonite, a clay with a large base ex-
change capacity ( 100 meq/100 g). However, adsorption to natural sedi-
ments in estuaries may actually be due to the metal oxides or organic
coatings that cover the surfa es of clay minerals in natural environ-
ments. The absence of such coatings on pure calcium montmorillonite in
this test system may contribute to the lower values found for the distri-

,

bution coefficients of 137 s.C

1

The data for 137 s from Cattaraugus Creek (Fig. 4) indicate that the |C

Kd values increase as a function of time for all sediment concentrationt I

This suggests that at least two processes may be contributing to the ob-
served uptake by sediments, namely, a rapid initial adsorption on the
sediment surface followed by an ion-exchange reaction in the mineral lat-
tice. Distribution coefficients of 13/Cs are also found to increase with
time for the sediment-water system from Saanich [nlet but not from Skagit ;

River estuary. Similar results are found for 100Ru during experiments '

with the Lake Michigan sediment-water systems. j

|
1
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Table 4. Sumary of adsorpticn-destrptien distributien coefficicnts for
137 s for difftrcnt sediment-water systems.C

Average Ka (SD) ml/g x 10-2

Sample type n(a) Adsorption n(a) Desorption Treatment

Lake Michigan 6 5.09 (0.31) 6 55.7 (0.06) Frozen

Clinch River 9 13.6 (9.40) Fresh

Hudson River
MP 59.8 5 16.6 (1.30) Fresh
& 43.3 9 4.01 (0.20) 9 36.5 (5.2) Freeze-dried

6 17.40 (0.80) Fresh"

N 18.6 9 8.78 (0.71) 9 33.4 (6.9) Freeze-dried
7 5.82 (0.70) Fresh"

MP 0.1 9 3.56 (0.21) 9 17.9 (4.7) Freeze-dr edi

6 6.36 (0.63) Fresh"

Cattaraugus Creek 3 6.0 Fresh

Skagit Bay -1 9 1.90 (0.15) Fresh
-4 5 3.53 (0.07) Fresh"

Columbia River 3 0.17 (.02)(b) Fresh

| Saanish Inlet 3 0.61 (0.24) Fresh

Lake Nitinat 6 0.52 (0.03)(b) Fresh

Sinclair Inlet 9 1.24 (0.09) Fresh

Lake Washington 4 0.50 (.04)(b) Fresh

Organic detritus
Lake Michigan 1 20.6(C) Dried, ground
Skagit Bay 1 <1.0(c) Dried, ground

Montmorillonite 6 0.65 (0.07)

(a) n is the number of experimental vessels from which Kd was calculated.
(b) Values obtained by thin layer technique.
(c) Values obtained by dialysis technique.

~ _ _ - _ _
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water system.

~ _ ' - ~ _ _ _ _ _ _



_

20

'{

137 s for Clinch River, Sinclair fTable 4 shows the Kd values of C

Inlet, and the Hudson River Estuary. The Kd value in the Clinch River I
sediment-water system is the highest value we have found in any oxic
experimental system. These results suggest that the ion exchange capa-

,

clty of Clinch River sediments may be significantly higher than for j
other sediments we have used. The differences between Clinch River and '

other freshwater systems indicate the necessity of conducting experi-
ments with specific sediment-water systems before modeling radionuclide
transport in a given system.

137 s for Sinclair Inlet and the Hudson RiverThe Kd values of C

Estuary agree with the values obtained for other experimental systems. j
Comparison of the results from the Hudson River Estuary and Sinclair i

Inlet suggest that sediments from MP 18.6 may have a higher than usual (
affinity for 137 s which could mask any salinity effects. '

C

Desorption of 137Cs

Experimqnts have been completed to detemine the desorption Kd
values of 13rCs in sediment-water systems from Lake Michigan, Clinch

,

River, three locations in the Hudson River Estuary and Sinclair Inlet in
'

Puget Sound. Desorption studies were conducted by first sorbing radio- ,

'

nuclides to sediments, centrifuging and then resuspending the sediments
at a concentration of 200 mg sediment /l in unspiked water from the same
sampling location. The suspensions were kept under constant shaking in
a cold room at A40C.

137 s from Lake Michigan sedi-For evaluating the desorption of C

ments, a different approach was taken: Three sets of samples correspond-
ing to three different sorption times for the radionuclides were pre-
pared. A first set consisted of sediment samples which were allowed to
sorb the radionuclides for one hour only before the desorption experi-
ments were started. A second set was prepared from sediments which were
allowed to sorb the radionuclides for 24 hours, and a third set of sedi-
ments had a sorption time of 96 hours. Immediately after each sorption
period, the sediments were centrifuged and then resuspended in new sam- |ple water. The suspensions were then kept under constant shaking, and

i
sub-sampled for radioactivity measurements were collected after 1 hour, '

24 hours, and 96 hours of desorption.
s

The results of the desorption distribution coefficient experiments
for 137Cs was deteminedalso are shown in Table 4. The desorption Kd

only for the three Hudson River samples and for Lake Michigan. For the
Lake Michigan experiment, the equilibrium Kd values corresponding tg,

sorption Periods of one hgur, 24 hours, and 96 hours, are 3.67 x 103,
5.50 x 104, and 5.62 x 103 ml/g, respectively. These results indicate

137 s were sorbed by the sediments in one hourthat lesser amounts of C

than in 24 hours or 96 hours, and that equilibrium distribution was at-
1

tained in 24 hours, as shown by the same desorption Kd values obtained
for the 24-hour and 96-hour experin=nts.
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Suninary of Adsorption and Desorption Kd Values

The desorption distribution coefficients for the different radionu-
clides are compared to adsgrption Kd values for the same sediment-water

Fcr la7 s the Kd values for desorption were highersystems in Table 4. C

than the adsorption Kd values by at least a factor of 10. These results
suggest that under these experimental conditions, sorption is not com-
pletely reversible. For an estuarine sediment-water system, measure-
ments were made of the approach to equilibrium Ka values as a function

137 s accumulated by sedi-of time. Figure 2 shows the concentration of C

| ments as a function of time for the Skag'it River Estuary Cere. Equili-
brium appears to be reached after about 40 hours. Radionuclides are

| strongly bound to the sediments and may be unavailable for release.
i This indicates that Kd values obtained in adsorption experiments may not
' be applicable to modeling the release of radionuclides from suspended or

bed sediments, but should t,e appropriate for the initial removal from
the water.

d measurements, 85 r showed the lowest desorp-As in the adsorption K S

d values, and Z41 m has the highest desorption Kd value. The same| tion K A

increasing trend in desorption Kd val
bs for the radior.uclides b u) the

in
Sr < 137 s < (106 u or 2 P <adsorption experiments is obtained; C R

241 m (18).A

3.2 Effect of Sediment Concentration on Ka Values

The data for 137 s from Cattaraugus Creek (Fig. 4) indicate thatC

the Kd values incease as a function of time for all sediment concentra-
| tions. This suggests that at least two processes may be contributing to
| the observed uptake by sediments, namely, a rapid initial adsorption on

the sediment surface followed by an ion-exchange reaction in the mineral'

137 s are also found to increaselattice. Distribution coefficients of C;

with time for the sediment-water system from Saanich Inlet.

An exp riment on the effects of sediment concentration on the Kd
37 s has been completed in the Lake Michigan sediment-watervalues for C

system. The sediment concentrations ranged from 16 mg/l to 340 mg/1.
Results of this experiment are shown in Figure 5. For the radionuclide
there is a significant increase in Kd value at lower sediment concen-

137 s at sedi-trations. The apparently sharp increase in Kd values of C

ment concentraton below~50 mg/l may be an experimental artifact result-
ing from sorption of these radionuclides to the filters.

Sediment-water systems from Catarraugus Creek were used to deter-
mine the effect of sediment concentrations on thq Kd values-of 137 sC
(Figure 4). The distribution coefficients of 13sCs incrase at lower
sediment concentrations, especially between 100 and 250 mg/1. These re-
sults agree with results reported by Aston and Duursma (20); they showed

65 n,106Ru, and 13/Cs with a decreasea rapid incr6se in Kd values of Z
in sediment concentrations below 400 mg/1. These experiments need to be

. _ _ _ _. . _ . . _
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extended to even lower sediment concentrations in order to correspond to
the concentration of suspended sediments in most natural waters.

A later experiment was run on the effect of sediment concentration
| on the distribution coefficient values using 1000 mg/l instead of 200
| mg/l for the Hudson River stations. This larger sediment concentration

was prepared using fresh rather than the freeze-dried sediments as'

before. The fresh 200 mg/l sediments have greater Kd values than the
freeze-dried sediments as shown in Table 5. The estuarine or brackish
water Kd values MP 0.1 and MP 18.6 have similar Kd values for both the
200 and 1000 mg/1. However, the freshwater stations, MP 43.3 and MP

J 59.8 have significantly higher values for the 1000 mg/l concentration.
This finding was not expected since Kd values have been shown previously'

to increase with decreasing sediment concentration. These experiments
I should be repeated to verify the " anomalous" findings and to determine

the possible reasons for the differences.

'

3.3 Effect of pH of Ka Values

.

The adsorpticn of radionuclides to suspended particulates h depend-
y' ent upon the physico-chemical species of radionuclides and the surface

characteristics of the sediments. Both of these may change as a func-
tion of pH. Thus, the Kd value of some radionuclides may be affected by

! changes in pH. Previous experiments in our laboratory have shown some
effects of pH variation in both freshwater and anoxic marine systems for
241 m .(16). The results presented below are from experiments with waterA,

and sediments from Clinch River, Tennessee.
I d values obtained, for 137 s in the Clinch River sediment-CThe K

water system gtg shown in Figure 6. There appears to be no effect on the
Kd values of IJ'Cs at pH < 9. There is, however, a slight increase in
Kd between pH 9 and 10. It appegs that in the Clinch River sediment-
water system the Kd values for 13'Cs are not affected by the pH changes
that are commonly observed in natural waters.

The effect of pH on distribution coefficient values for the Hudson
River stations is shown in Table 6. Again the pH has little effect on
the Kd values determined at the four river-estuary stations MP 0.1,
18.6, 43.3 and 59.8. The value at pH of 4.0 was slightly lower than the
average values found for the range, pH 4.0 to'pH 10.0.

3.4 Effect of Organic Liganeg

The effect of organic ligands on the values af sediment-water dis-
tribution coefficients for 13/Cs was determined in the presence of one
of five organic compounds: 1-nitroso-2-naphthol, 1, 10-phenanthroline,
acetic acid, salicylic acid, or EDTA. These organic compounds (shown in

1

_ _ _ _ _ _ _ - _ _ _ - _ .
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Tabl e 5. Effect of sediment concentration on distribution coefficients
for 137 s for Hudson River sediment water systems.C

Average Ka (SD) ml/g
200 mg/t

-

1000 mg/t
* *

-

*
Station / Concentration n n n

Hudson River

MP 0.1 9 356 (21) 6 635 (63)** 9 700 (80)**
MP 18.6 9 878 (71) 7 582 (70) 9 740 (230)
tiP 43.3 9 401 (20) 6 1740 (80) 9 3490 (180) i

lir' 59.8 - - 5 1660 (130) 6 7380 (1000)

*
n is the number of experimental vessels from which the K was calculated.

d

**
These K values were measured on fresh samples and show 2 to 4 timesdgreater K value than the freeze-dried samples in column 4.d

,

I

:

I

1
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1
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137Table 6. Effect of pH on distribution coefficient for Cs for
Hudson River stations.

K

(,ffg)Station p;l n* '

,

Hudson River 4.0 3 540 (30)
MP 0.1 6.0 3 520 (60)

7.0 3 440 (80)
8.0 3 530 (80)
8.0 3 430 (25)

10.0 3 370 (10)

MP 18.6 4.0 3 459 (62)
6.0 3 500 (20)
7.0 3 440 (130)
8.0 3 480 (110)
8.0 3 518 (37)

10.0 3 590 (80)

MP 43.3 4.0 3 1334(56)
6.0 3 1570 (110) -

7.0 3 1670 (220) i

8.0 3 1500 (140) |
8.0 3 1472 (73) i

10.0 3 1480 (100) |

ItP 59.8 4.0 3 1025 (74)
6.0 2 1520 (100)
7.0 2 1670 (100)
8.0 3 1350 (330)

10.0 3 1723(234);

)

*
n is the number of experimental vessels from which K was calculated.,

d
;

|
,

4

i

f
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N0

A 0H
1 - Nitroso-2-Naphthol \

l D4
NN

I
\ k/1,10-Phenanthroline

4W

00HAcetic Acid C 11 -

3

C00H

Salicylic Acid 0H

4|
H00C-H C CH -COOH

2EDTA (N, N' - 1, 2-Ethanediylbis [N- 2g /
carooxymethyl) glycine]) H-CH -CH "N

2 2
/ \

H00C-H C CH -CH00H
2 2

Fiaure 7. Organic comnounds used -to determine effects on distribution coefficient
for sediment-water system.
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Fig. 7) were sele;ted primarily for the variety of their functional
groups available for cc-ordination complex bonding of the radionuclides
and/or sorption by sediments.

Experiments were conducted with natural sediments and water collec-
ted from two freshwater sites--Lake Washington (Washington State) and
the mouth of the Cattaraugus Creek entering Lake Erie (New York State).
To minimize the potential effect of bacteria on experimental results all
reaction vessels (i.e., 250 m1 screw cap plastic bottles) were either
autoclaved or rinsed with 95% ethanol before use. The water from both
environmental sampling sites was filtered through a 0.22 um Nucleepore
polycarbonate membrane to remove microorganisms. The sediments from
Lake Washington (but not Cattaraugus Creek) were subjected to 60C0 irra-
diation for sterilization purposes, although this procedure may have pro-
duced some chemical alterations in the in situ organic matter and sedi-
ments. The sediment size fraction passTiig through a 63 um sieve was |
used for the experiments.

To estimate the length of time required for sediment-water-organic
,

systems to achieve equilibrium, an initial experiment was conducted in
d values for 137 s were determined as a function of time. Forwhich K C

this wort the system chosen included sediments and water from Cattaraugus
Cregk and EDTA as the organic compound. Two concentratior.s of EDTA-- i

.

10-0 M and 10-lu M--were tested. Although data were obtained for five
time periods (i.e., 4 hr, 52 hr,101 hr,169 hr, and 480 hr), only the
results for the minimum and maximum time periods are summarized in
Table 7. For both concentrations of EDTA no significant differences )
were observed between Kd values at 4 and 480 hours (student "t" test,

'

p = 0.05). Consequently, for subsequent experiments, it was assumed
that a time period of approximately 150 hours would be sufficient to
achieve stable values of K .d

The next experiment, using Lake Washington sediments and water, in-
volved an evaluation of the effects of the five organic compounds shown
in Fig. 7 on sediment-water Kd values for 137 s. To determine whetherC

any of the organics would, in fact, affect Kd values, relatively high
concentrations of the organic compounds were tested (i.e., 10-4 M
1,10-phenanthroline, acetic acid, salicylic acid, and EDTA and 10-{orM
for 1-nitroso 2-naphthol). For the purpose of statistical analyses,
three sample bottles were run for each organic compound tested. Further-
more, to estimate intrasample variability, three sample aliquots were
withdrawn and analyzed separately from each of the three EDTA sample
bottles. All sample aliquots were collected for radioactivity measure-
ments after 165 hours of shaking. The ranges of pH values in samples at
the beginning and the end of the experiment were 7.05-7.15 and 7.9-9.1,
respectively. The distribution of the final pH values showed no appar-
ent correlation with the different organic compound types tested. A
final experiment was conducted using Hudson Rher samples from stations
Mp 0.1, 18.6 and 43.3. Humic acids and glycolic acid was used in addi-
tion to the organic compounds tested above.

. _ _ _ _ _ _ - _ _ _ _ _



_______________________ ____ ____.

I

29

( Table 7. Effect of the addition of two qqncentrations of EDTA on the
distribution coefficients forI1'Cs for Cattaraugus Creek!

sediment-water system.
,

Time Averaoe Kg (SD) ml/q
*

10-6M EDTA n
*

10-10 M EDTA| (hr) n
:

L
' 4 3 1400 + 100 3 1800 + 400

|
480 3 1900{800 3 2400{2100

*
n is the. number of experimental vessels from which the average K

- dwas calculated.

f
f

.
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The results of the experiments to detemine Kd values as a function
of various organic compounds are summarized in Table 8 and in Fig. 8.
For EDTA, the individual values in Table 8 represent only the means of
triplicate measurements on individual ~ sample cottles. In Fig. 8, how-
ever, the EDTA values are presented as mean values with one standard de-
viation unit for the three sample bottles. This information gives the
intrasample variability to be expected in the measurements from an indi-
vidual sample bottle. Using the data in Table 8, Kruskal-Wallis statis-
tical tests (23) were performed for each of the radionuclides to deter-
mine if the associated Kd values for the organic compounds and the con-
trol (i.e., no organic compound added) were different. The results of
these analyse,s indicated that statistically significant differences (p =
0.05 level) were not observed for 13/Cs.

3.5 Effect of Salinity

A series of samples from the Hudson River and estuary were mer_sured
for 137Cs Kd values. The salinity changes from a high value of 15-25 0/oo
at station MP 0.1 to 2-100/oo MP 18.6 to <20/00 at MP 43.3 and 59.8.
Salinity would be expected to ha<e the most profound ef{ ggt, by decreas- !

ing ,the Kd values, at the high salinity stations. The J'Cs once ad- |
sorbed to the sediment, on subsequent transport down stream to the estu-
ary could be expected to exchange the Cs atoms for the excess concentra- 1

tions of Na atoms at the exchangeable sites of the sediment. For miner- |

als with lattice bound Cs, the exchange of Na+ for Cs+ would be much
slowef and the experimental Kd value would be expected to remain almost
constant. Figure 9 shows the Kd values for the upriver-freshwater and
estuary-brackish water stations. The Kd values for 13/Cs appears to de-
crease by a factor of about 27 times fron freshwater to brackish water;
this means that 137Cs is solublized in tne brackish water. There are no
apparent differences in the Kd values between the two estuarine stations
which have salinities greater than 2 0/00.

3.6 Dialysis Experiments

Two dialysis experiments have been made to compare the uptake of ra-
dionuclides by suspended sediments, phytoplankton and organic detritus i

!in filtered water from Lake Michigan. These experiments complement the
constant shaking experiments for the determination of Kd values. In ad-
dition, they indicate which biogeochemical pathways are most important
for determining the transport and eventual deposition of individual ra-
dionuclides. Since the presence of a dialysis membrane prohibits the I
transfer of physico-chemical species larger than 6000-8000 nominal mole- !

cular weight, the data from these experiments mqy indicate which physico-
chemical species predominate in the Lake Michigan system. Finally, these
results can be compared to dialysis experiments that have been completed
and reported previously for marine wters frua the Eastern Pacific Ocean
and the Skagit River Estuary, (15 and 16).

- -- __.-- .. - _ _-- - - - - .- .. -. . - _ _ _ __ . -_ .
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ITable 8. Distribution coefficient values for 37Cs in the Lake Washington and Hudson
River sediment-water systems with the addition of specific organic
conpounds.

Average Ka (SD) ml/g
Hudson RiverLake, .

Compound Added n Washinaton n MP 0.1 n MP 18.6. n MP 43.3

None (control) 3 415 (100) 6 635 (63) 7 582(70) 6 1740 (80)
' l-nitroso-2-naphthol

10-SM 3 504 (69) 4 724 (54) 4 603 (40) 4 1770 (50)

1, 10 phenanthroline
10-4M 3 320 (39) 4 746 (56) 4 647 (22) 1500 (90)

Acetic Acid
10-4M 2 270 (77) - - -

SalicyjM
ic Acid

10- 3 371 (61) - - -

EDTA
10-4t1 , 3 347 (76) 4 656 (53) 4 624 (45) 4 1770 (90)

Humic Acid 4 740 (61) 4 696 (51) 4 1850 (90)-

Glycolic Acid - 4 742 (49) 4 618 (56) 4 1700 (90)

*
was calculated.n is the number of experimental vessels from which the average Kd
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Table 9. Relative concentrations measured in dialysis experiments for
137Cs in the Lake Michigan sediment-water system.

Dialysis ChambersSpiked
* *#

Blank Plankton Sediment Detritus
# cpm /ml i 2SD cpm /mli 2SD cpm /mli2SD cpm /mli2SD

T=0 soluble 103.6 (0.4)
particulate 1.2 (0.6)

I hr soluble 83.4 (1 5) 39 7 (0.3) 42 5 (1.0) 31.3 (0.9) 35 9 (0.9)'
particulate 1.1 (0.1) 1.0 (0.1) 1.1 (0.1) 12.5 (0.h) 2.0 (0.2)'

h hrs soluble 75.2 (0.h) 66.9 (1.3) 69 2 (0 5) 85.1 (1.4) 74.5 (1.h) - w
*

particulate -0.8 (0,1) 1.2 (0.1) 1.6 (0.2) 7 5 (0.1) 1.0 (0.1)

10 hrs soluble 6h.7 (1.3) 5h.8 (0.4) 59 7 (1.2) 58.1 (0.4) 64.6 (1.3)
particulate .L.7 (0.2) 1.3 (0.1) 1.5 (0.1) 73 0-(0.4) 5.6 (0.3)

2h hrs soluble 62.2 (1.3) 61.9 (1.8) 60.7 (1.3) 61.0 (1.8) 69.0 (1.4)*

particulate 1.6 (0.1) 1.6 (0.1) Lost 125.8 (0.8) 4.0 (0.3)

5 days soluble 53.1 (1.2) h9.1 (1.2) 48.8 (1.2) 57.9 (1.2) 57 3 (1.8)
particulate 1.7 (0.2) 1.2 (0.1) 2.4 (0.2) 206.2 (2.4) 5.8 (0.3)

12 days soluble 51.3 (0.h) 61.6 (1.3) 57.1 (0.8) 283.2 (3.7) 62.6 (1.3)
particulate 1.0 (0.1) 0.7 (0.2) 0.8 (0.2) 16.7 (0.5) 7 1 (0.3)

20 days soluble 60.6 (1.3) 62.8 (1.3). 56.1 (1 7) 72.6 (1.4) 54.8 (1.2)-
. particulate 1.8 (0.2) 1.3 (0.2) 1.7 (0.2) 150.7 (0 9) 11.3 (0.4)

_

''
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For the Lake Michigan .xperiments, water and sediment were provided
by Dr. David Edgington of Argonne National Laboratory. Both water and
sediment were collected from the eastern side of Lake Michigan at approx-
imately 430 00' N., 860 ?0' W. A sediment core was collected from a
dgpth of 63 m in September 1976, sectioned into 2 cm slices and frozen.
The clay and silt fraction (< 63 um particle size) from the top 4 cm was
used for these experiments. The water sample was collected from 60 m in
December 1977. The phytoplankton species, Chlorella vulgaris, was ob-
tained from a stock culture maintained by Dr. h-teda Taub of the College
of Fisheries, University of Washington. Detritus was prepared from
aquatic macrophytes collected fNm Lake Washington. Samples of Myrio-
phyllum sp. were washed with distilled water, dried at 1030C, ground
with a procelain mortar and pestle and sieved to obtain the < 63 um size
fraction.

In each experiment, 700 ml of filtered (<0.22 u ) Lake Michiganm
water was spiked and allowed to equilibrate for at least ten days. At
the beginning of the experiment (t = 0), dialysis sacs containing 60 ml
of filtered, unspiked Lake Michigan water and predetermined amounts of
particulates were suspended in the spiked outer chamber. To facilitate
transfer across the dialysis membrane and maintain homogeneity within
each of the chambers, glass rods with vanes were used to stir within the
dialysis sacs and a magnetic stirrer was used to circulate water in the
outer chamber (see Fig. 2).

At each sampling time, a 5 m1 sample was removed from each chamber
and filtered through a 0.22 um filter to collect the particulate frac-
tion; 3 ml of the filtrate were then used to measure the soluble concen-
tration. In order to assure identical counting geometries, the filter
with the particulates was dissolved in the countir.g vial with 3 ml of
8 N HNO .3

During the first day samples were collected from each chamber after
2, 4,10, and 24 hrs to assess the rate of diffusion across the dialysis
membrane. Subsequent samples were taken after 5,12, and 20 days to
determine if equilibrium among the different chambers was attained and
maintained throughout the experiment.

The results are presented in Table 9 as relative concentrations
(cpm /ml) of soluble and particulate radionuclides within each chamber at
each sampling time. By comparing the concentration of soluble radionu-
cl' ides in each compartment, we can estimate the time required for each
radionuclide to reach eqdilibrium between the outside chamber and the
inside of the dialysis sacs. After radionuclides have entered the dialy-
sis sacs, comparison of the concentration of particulate radionuclides
in the different chambers indicates the relative affinity of individual
radionuclides for sediments, phytoplankton, or organic detritus.

Cesium-137 occurs primarily as an ionic speciec and behaves very dif-
Ru or 241 m which exist in several different physico-ferently from 106 A

- . . - _ - - . _ _ _ _ _ _ -
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chemical states ipgluding radiocolloids. Figure 10a shows the concentra-
tion of soluble IJ'Cs in each of the chambers throughout the experiment.

137 s across the dialysis membranes duringThere is a rapid transfer of C |

the 1st hr and after 4 hrs all the dialysis sacs are in equilibrium with
the outside chamber. While there was a slight decrease in the concentra-
tion of soluble 13/ s in all chambers, equilibrium among the differentC

chambers was maintained.

The concentration of particulate 137 s is shown in Fig.10b. TheC
major adsorption of 137Cs occurs on sediments within the first day. The

137 s on sediments increases between da s 1 and 5 andconcentration of C

37 s althoughthen declines slightly by day 20. Detritus accumulates C

at much lower. concentrations than sediments. On detritus the major ad-
sorption occurs during the first 10 hrs although there is a linear in-
crease in concentration between days 5 and 20. Although some 137 is
retained on the filter papers, there is very little particulate ,*gCs in
either the outside chamber or the control dialysis sac. Also, the phyto-
plankton do not accumulate any significant quantity of 137Cs.

Dialysis experiments have been conducted using filtered water from
the Eastern Pacific Ocean and the Skagit River Estuary. For one experi-
ment, filtered Eastern Pacific seawater (32 0/oo, pH = 8.0) collected at
150 m depth off Port Angeles, Washington was spiked with radionuclides
and aged. Approximately 3,000 ml of spiked seawater was placed in the
outer compartment and three dialysis sacs with 100 ml of distilled water
each were submerged in the seawater. Five ml of a Phaeodactylum tricor-
nutum culture (2 x 105 cells /ml) were added to the phytoplankton sac and
5 ml 6f filtrate from the algal culture were added to the control and
sediment sacs; the sediment sac contained 765 mg of sediment from Lake
Nitinat. The experiment was conducted at pH = 7.5 and the equilibrium
salinity was 29.1 0/00. Samples were collected from all four compart-
ments at the beginning of the experiment and after 1, 2, 4, and 11 days
and analyzed for . radioactivity in the soluble (<0.22 um) and particulate
phase. The radioactivity of 13/Cs was detennined by counting using the
Ge(L1) gamma ray spectroscopy system.

Data are presented in terms of radionuclide concentration in the sol- I

uble and particulate phases of each compartmen as a function of time.o

Figure lla shows the changes in concentration with time measured for
13/Cs in the outer, spiked seawater compartment. During the first two
days there is rapid decline in the concentration of 137Cs in the soluble |

fraction. The decrease in concentration results primarily from losses
in the outer compartment as the soluble species diffuse across the dialy- !

sis membranes and into the dialysis sacs. After the fourth day there
are no significant changes, i.e., within counting errors, in the concen-
tration of the radionuclide in either the soluble or the particulate
phase. It is impor ant to note the scale used for the particulate andsoluble data for 13jCs. The radionuclide concentration in the parti-
culate phase is generally less than 1% of that in the soluble phase.

.
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Inside the control sac there was a significant increase in the sol-

13/Cs during the first day (cigure lgCs the sol
uble concentration of due to the
soluble radionuclides diffusing across the membrane. For -

uble concentrations were unchanged from day 1 until the end of the ex-
periment. The concentrations of particulate 137 s increased significant-C
ly between days 4 and 11, indicating that equilibrium may not have been

,

reached. As with the outside compartment, the control sac ggntained
only a small fraction (<5%) of the total concentration of IJ'Cs in the
particulate phase.

The distribution of 137Cs in the plankton and sediment chambers is
shown in Figures 11c and *.'d. In the sediment sac approximately 40% of
13/Cs is associated with the particulates.

137 s pc.r unit weight of sediment and phyto-The concentration of C

plankton is shown in Figure lle. After 2 days the radionuclides in solu-
tion and on the sediments and phytoplankten have reached equilibrium,
except for 137 s on phytoplankton. Significant quantities of 13/Cs areC

accumulated by sediments, which appears at equilibrium.

Mass balance calculations were made for 137 s in this experiment at0
day 11 (shown in Table 10). These calculations include the activity in
the particulate and soluble phase for each of the compartments at day 11,
the activity removed by sampling during the experiment and the activity
adsorbed to miscellaneous apparatus. The latter includes activity ad-
sorbed to the dialysis membranes and that removed from the glassware by
three, washings with hot HNO . Approximately 100% of the 13/Cs was re-3
covered. In terms of the percent recovered, the major portion of the
137Cs occurs in the soluble fraction of the outer compartment.

Another dialysis experiment was conducted to investigate the effect
of crganic detritus on the distribution of radionuclides. Filtered
(0.45 pm) water from the Skagit River Estuary was spiked with 137 s;C

approximately 625 ml of this solution was placed in the outer compart-
ment. Four dialysis sacs containing 60 ml of filtered, but unspiked,
water from the Skagit River Estuary were then submerged in the outer so-
lution. The phytoplankton sac contained 1.2 x 107 cells of PhaecWacty-
lum tricornutum, the sediment sac contained 12.8 mg of the pure ciay
montmorillinite, and the detritus sac contained 6.0 mg of dried and fine-
ly ground Zostera sp; no additior.s were made to the control dialysis
sac. The experiment was conducted at pH = 7.5, salinity = 320/oo and
temperature = 200C.

Samples were collected from each chamber at 2, 10 24, 48 and 96
hours and the activity (cpm /ml) was determined for the soluble (<0.45pm)
and particulate (<0.45 pm) fractions. By comparing the concentration of
soluble radionuclidos in each compartment we can estimate the time re-
quired to reach equilibrium between the outside chamber and the inside
of the dialysis sacs for each radionuclide, Cesium-137 reaches equilibri-
um after 10 bours.
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137Table 10. flass balance calculations for Cs aft:r 11 days of dialysis
experiment for a marine sedinent-water system (Lake Nitinat).

% Total
Activity accoun'ed

(dpm) SD* fc- SD*

(1) Water
; a, outside filtrate 2.00 x 106 5.21 x 104 89.3 3.1

dialysis sacs filter 0.00 0.00 0.0 0.0

b, inside filtrate 4.97 x 104 -1.32 x 103 2.2 0.1
control sac filter 1.71 x 103 1.85 x 102 0.1 0.0

(2) Dialysis sac contents
a, sediment filtrate 4.73 x 104 1.11 x 103 2.1, 0.1

sac filter 3.48 x 104 1.30 x 103- 1.6 0.14

4.
b, plankton filtrate 4.95 x 104 1.16 x 103 2.2 0.1

sac fil ter 7.17 x 103 3.03 x 103 0.3 0.1
-

a.
(3) Subsamples 4.64 x 104 3.12 x 102 0.7 0.0

(4) Flask washdown and
dialysis sacs 1.02 x 101 1.40 0.0 0.0

Total of (1), (2), (3), and (4) 2.24 x 106 5.23 x 104 98.5 3.1;

Amount addedt 2.12 x 10" 4.77 x 104
' % Accounted for 105.7 3.4

% Unaccounted for + 5.7 3.4

__________________________________

* Single sample error values are one-sigma, propagated, counting error..

tAmount added = spiked' water at day 0.

.
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137 s in the soluble phase forFigure 12 shows the concentration of C

each compartment throughout the experiment. All the dialysis sacs ap-
pear to be in equilibrium with the outer compartment after 10 hours and
there are only small changes in concentration after that time. Table 11
shows that the concentration of particulate 13/Cs never exceeded detec-

137 s is in the particulatetion limits and less than 1% of the total C

phase.

Comparison Between Sorption and Dialysis Kd Values

In the Lake Michigan sediment-water system, the equilibrium Kd val-
ues for adsorption (constant shaking method) are compared with the Kd
values obtained from the dialysis experiments in Table 12. For 137Cs,
the equilibrium Kd value for adsorption is at least 20 times less than
the dialysis Kd values. Dialysis membranes restrict the passage of mole-
cules above certain molecular size ranges. Therefore, the differences in
Kd values between constant shaking and dialysis experiments imply that
chemical speciation of the radionuclides in the soluble phases can affect
significantly particle-water distributions of the nuclides. The results
suggest that interactions between radionuclides and sediments in a com-
plex experimental system which includes detrital matter and phytoplank-
ton are influenced by additional factors which can either increase or
decrease the Kd values obtained for pure sediment-water systems.
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Figure 12. Concentration of 137Cs in the soluble fraction as a function of
time in a dialysis experiment for a marine sediment-water system.
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limits.
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17Table 11. Distribution of Cs into soluble and particulate fractions
during a 96-hour dialysis experiment for a marine sediment-
water system (Skagit Estuary).

Dia1ysis Chambers
Time Spiked Seawater Blank Plankton Clay Detritus(hrs.) cpm /ml 2 S D cpm /ml 2 S D cpm /ml 2 S D cpm /mli2 S D cpm /m.12 S D

0 24.4

2 Soluble 18.2 (0.92) 14.7 (0.40) 16.2 (0.76) 16.5 (0.76) 16.5 (0.72)Particulate < 0.37 < 0.16 < 0.16 < 0.06 < 0.18
% Particulate < 2.0 < 1.1 < 1.0 < 0.4 < 1.1

10 Soluble 21.5 (0.95) 20.3 (0.89) 21.6 (0.91) 20.9 (0.87) 19.2 (0.84)Particulate < 0.30 < 0.19 < 0.20 < 0.19 < 0.19
% Particulate < 1.4 < 0.9 < 0.9 < 0.9 < 1.0

24 Soluble 19.9 (0.93) 20.5 (0.90) 22.2 (0.88) 21.1 (0.93) 19.8 (0.93)Particulate < 0.24 < 0.13 < 0.20 < 0.22 < 0.22
% Particulate < 1.4 < 0.6 < 0.9 < 1.1 < 1.1

48 Soluble 20.2 (0.92) 18.9 (0.90) 20.9 (0.50) 21.8 (0.93) 21.9 (0.94) $5
Particulate < 0.23 < 0.19 < 0.21 < 0.20 < 0.22
% Particulate < 1.1 < 1.0 < 1.0 < 0.9 < 1.0

96 Soluble 21.2 (0.92) 20.3 (0.51) 20.4 (0.95) 23.2 (0.93) 23.0 (0.93)
Particulate < 0.19 < 0.20 < 0.23 < 0.15 < 0.24
% Particulate < 0.9 < 1.0 < 1.1 < 0.6 < 1.1

. _ - - _ - - - _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ - _ - _ - _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ - _ - _ _ _ _ _ - _ - - _ .
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Table 12. Comparisons of K values for adsorption by the constant shaking method,with K valuesd d
calculated from dialysis method in Lake Michigan sediment-water system.

Sediment feetritus
Dialysis Kg values Adsorption K Dialysis Kd values Adsorption K

Radionuclide Days (ml/g) (ml/g) d values (ml/g) (ml/g)dvalues

I37
Cs 1 (1.03 0.03)x10$ (5.80 0.45)x102

2 3
5 (1.78 0.04) x 10f (5.09 0.31) x 10 (1.01 0.06) x 10

320 (1.04 0.02) x 10 (2.06 0.09) x 10

$

\

- -
.-
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4.0 CONCLUSIONS AND RECOMMENDATIONS

Ibe average sorption distribution coefficient, K , values measuredd
fpr 13/Cs in experimental fresh, estuarine and marine sediment-water
systems ranged from 17 to 17L0 ml/g; organic detritus in dialysis experi-
ments from freshwater was 106 ml/g. The average desorption distribution
coefficients were often a factor of 10 times greater than the sorption
Kd values. TM s illustrates that cesium, once sorbed or exchanged, is
not easily replaced on certain sedimentary minerals. The lowest values
were found in the marine sediment-water system and the highest values
were found at the Hudson and Clinch river sediment-water systems. Orga n-
ic detritus accumulates 137 s in freshwater systems but does not accumu-C

late 13/Cs in'nurine or estuarine systems. In terms of chemical reactiv-
ity, cesium is higher on the replacement series of cations and cannot be
readily replaced by Na, K, or Ca which may be present in the solution.

There is an apparent increase in Kd values for 137 s as the sedi-C

ment concentration decreases. There is also an increase in Kd values as
a function of time for all sediment concentrations. These two observa-
tions may be related to the surface and lattice properties of the sedi-
mentary material. A rapid initial adsorption may occur first on the
sediment surface followed by an ion exchange for potassium in the miner-
al lattice.

There appears to be no effect on the Kd values for 137 s at pHC

values of 4 to 9, which are typical of most natural waters. Organic
compounds added to the sediment-water mixtures had no significant effect
on the Kd values for 13/Cs.

In the dialysis studies,137 s occurs primarily as ionic speciesC

and diffuses easily through the membrane. As expected, 137 s concen-C

trates strongly in the sediment chamber with the organic detritus also
concentrating 137 s. Phytoplankton did not concentrate 13/Cs exten-C

sively, possibly because of the cellular discrimination factor of potas-
sium over cesium. The Kd values calculated from the dialysis experi-
ments appear to be 20 times greater than the equilibrium Kd values for
adsorption (constant shaking method). The results of this study suggest
the complex reactions which occur in an experimental system can be influ-
enced by detritus water, phytoplankton, and sediment and that these same
reactions occur in natural water systems. It is recommended that in us~
ing data on Kd values in hydrological modeling of radionuclides released .

from nuclear reactors, the effects of the parameters investigated in
these studies be evaluated.

___ - - - - . _ - _ . _ -, . _ - _ _ -
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5.0 SUMMARY 137 sC

|

A summary of the adsorption and desorption Kg values for 137 s is !C

shown in Table 4 for the several stations measured. The values range
from a low of 17 ml/g in Columbia River Sediments placed in contact with
Eastern Pacific Ocean water (thin-layer technique) to a high of 1740
ml/g for Hudson River sediments (<63pm size) suspended in Hudson River
(fresh) water above Station MP 43.3. The desorption distribution coef-
ficient generally is a factor of 10 times greater than the adsorption
distribution coefficient. This difference between adsorption and desorp-
tion is observed by most investigators and indicates that the equilibrium
of cesium between the aqueous and particulate phases has not occurred
within the time period of the experiments. Substitution of K+ for Cs+

137 s for Cs+ bound in the clayon exchangeable sites, substitution of C

crystalline lattice and other environmental factors may influence this
equilibrium. It appears that the liquid effluent containing radionu-
clides from a nuclear reactor mAy initially experience adsorption to en-
vironmental particles giving a much lower Kd value than that achieved at
later times. Fallout or ot*- sources of radionuclides present in the
environment for long time p. sds probably have reached this equilibrium
and thus laboratory and field measurements may differ. Regulatory re-
quirements for nuclear reactor effluents must take both time dependent *

effects into consideration. To evaluate the effective distribution coef-
ficient for a given system, inforr :. ion on the pdrticle size, sediment
concentration, mineral type, salinity and/or hardness of the water are
required. Additional infonnation is required on mechanisms responsible
for: a) the differences measured between the adsorption and desorption
K ; b) the kinetic reactions which control the ion exchange / lattice I

d
substitution c'"ilibrium; and c) the environmental effects peculiar to a
given locati

i
l
;

I

!
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