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ABSTRACT

Aquatic biota (fish, clams, algae) and an aquatic emergent vascular plant
were experimentally exposed to mixtures of radionuclides in three artificial
streams for time periods extending up to 86 days. The experimental streams
consisted of industrial water discharged directly into a leaching trench, and the
same water after it ha¢ migrated through the ground for a distance of 260
meters., The third stream was river water,

After migra&&ng throygh the ground, the leach water still contained measur-
able amounts of °YCo and VSr. These were accumulated by all ciasses of aquatic
biota and by togsto planga grown in a quasi-hydroponic system. This experiment
indicated that °YCo and YSr can be transported along with ground water flow and

are available for biological uptake by ayuatic biota,
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EXECUTIVE SUMMARY

This study was designed to investigate the comparative accumulation of
radionuclides from contaminated water in artificial ecosystems before and
after the water's passage through the ground.

Plants and animals typically associated with small, flowing freshwater
streams were experimentally exposed to flowing water from three different
sources. Fish, clams, algae, and an emergent vascular plant were
experimentally exposed to mixtures of radionuclides in three aqueous
streams. Two streams consisted of industrial water discharged directly
into a leaching trench, and the same water after it had migrated through
the ground for a distance of 260 meters., The third stream was river water,
which served as a background or control,

Biota exposed to river water in the control stream had very low
concentrations of €9Co, less than 3 pCi per gram dry weight (pCi/g DW).
Other radionuclides were essentially unmeasurable.

The biota exposed to trench water accumulated very high relative
concentrations of %%Co. Aquatic biota exposed to trench water also had
measurable concentrations of 155Eu, ““Ce, !“ICe, 125Sb, 12%sh, 103py, 106Ry,
llﬂcs' Q"zr. QsNb. ‘ECO. th”“v ‘Cﬁre' 6'izn' ("‘Srg 21(‘ :“Mpuv and :.1“pu'

Aquatic biota exposed to ground water had concentrations of 60Co that
ranged between 50 and 1200 pCi/g OW. Fish flesh had the lowest concentra-
tion of 5%Co and algae the highest. Strontium-90 was measured in the
tissues of aquatic biota at concentrations ranging between 360 pCi/g DW in
clam flesh to 3400 pCi/g DW in leaves and stems of Veronica., In some cases,
905y was two times greater in concentration than it was in the biota
exposed to trench water, Tne leaves and fruits of tomato plants rooted in
the ground water accumulated 906y at concentrations of 160 pCi in fruits
and 4200 pCi in leaves.

The data indicate that $%Co and *°Sr migrated through the ground along
with ground-water flow and were availabie to all classes of aquatic biota
and tomato plants rooted in the water via orrt uptake, sorption, and food
chain transfers.




INTRODUCTION

One of the most ‘mportant missing pieces of information concerning the
environmental behavior of radionuclides associated with shallow land
disposal of low-level radioactive wastes is how well they are transported
by around water. Radicnuclides can appear in ground water if they are
discharaged into leaching trenches with sufficient water to carry them into
the saturated zone.

Radionuclides moving through the ground can change valence, which in
turn affects their mobility, The valence state and mobility of radio-
nuclides in ground water has been studied by Fruchter et al, (1984), A
logical extension of these hydrogeochemical studies is to determine whether
radionuclides moving in ground water can be assimilated b aquatic plant
and animals. Plants rooted in water can obtain radionuclides through their
root systems and transport them to leaves and fruits., Aquatic animals
obtain radionuclides by eating plant materials or other kinds of animals
that have accumulated radionuclides.

The purpose of this investigation was to compare radionuclide uptake
by similar sets of aquatic biota after exposure to artificial experimental
streams with different kinds and concentrations of radionuclides originat-
ing from industrial processes and discharged to a leaching trench. One set

of biota was exposed to the contaminated water prior to its entry into the

leaching trench, and a second set was exposed to the same water after it

had passed through about 200 m of soil and emerged as surface springs. A
t was exposed to noncontaminated water.

enort present: the rp\vJ]0(‘ of this k)t'y]‘j'y'.

»




EXPERIMENTAL EXPOSURE SYSTEMS

The experimental protocol consisted of establishing three pairs of
artificial streams, each pair receiving a different source of water, i.e.,
river, trench, and ground water. The artificial stream system consisted of
(1) a 2000-L head tank, for mixing and providing a constant head for the
regulated flow of test water, and (2) a pair of troughs, 3 m long x 30 cm
wide x 20 cm deep, which channelled the test water and served as flowing
water habitat for biota introduced into the troughs (Figure 1). The
contro)l troughs received river water pumped directly into a head tank,
Outflow from the “ead tank was adjusted to provide a flow of about 12 L/min
through the experimental troughs. The troughs with ground water were
provided with a thermostatically regulated refrigeration system so that the
warmer waters could be adjusted to approximate the ambient river water
temperatures, Temperature control was provided to keep growth conditions
as comparable as possible among the three different systems. A graphic
representation of water temperature regimes is shown in Figure 2. Trench
water was diluted with 10 parts river water and mixed before it entered the

5

FIGURE 1. Photograph of an Experimental Stream System Used to Expose

Aquatic Biota tn Water Flows with Different Radionuclide

Concentrations and Charge F o
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experimental troughs. The dilution diminished the trough water temperature
to near that of river temperature, and it reduced the concentration of
radionuclides in the trough water by a factor of ten., A1)l water sources
were filtered through a 25-, filter to remove waterborne detritus particles
before they entered the head tank,

Test organisms included (1) filamentous green algae (Spirogyra sp.),
which naturally colonized the stones placed in the troughs as a!‘achnent
substrates; (2{ clams (Corbicula sp.) collected from a nearby stream and
acclimated prior to theTr introduction into the troughs; (3) two species of
juvenile fish (carp, Cyprinus carpir, and goldfish, Carassius auratus)
obtained cormercially and acc 1maged similarly as the cTams; () an
emergent aquatic plant (Veronica anagallis-aquatica), which was placed near
the outlet end of each trough; an ydroponically grown tomato plants
(Lycocopersicon sp.), rooted in a 95-L barrel that received test water via
a siphon from each trough at the control and the ground water troughs,
Tomatoes were not grown in the trench water,

- w— (crtr0)
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FIGURE 2, Water Temperature Fluctuations in Control, Ground, and Trench
Water Experimental Stream Systems, July to October 1983



PROCEDURES

The test organisms were introduced to the artificial experimental
streams on July 13, 1983, Two to three times per week temperatures and
flow rates were adjusted, and filters replaced.

Organisms were collected from each pair of streams at the termination
of the study in late September and early October. Veronica and tomatoes
were collected on September 28, 1983, before the onSet of a plant-killing
frost; and algae, clams, znd fish were collected on October 5. This
procedure resulted in a tes* exposure of 78 and 86 days, respectively. and
allowed sufficient time for the organisms to reach uptake equilibrium
(Merlini and Bittel 1970; Reed 1971). Tomato roots, foliage, and fruit
were collected separately for radicanalysis, as were the roots and foliage
of Veroriica. Clam flesh was separated from the shell.

Samples were dried to constant woi?ht (dry weight, DW) at 50°C, homo-
genized by grinding, and placed for radioanalysis into either 0.1-dram
polyethylene vials, 2-dram polyethylene vials, or plastic containers of
1.3 c¢m thickness and 5.1 cm diameter, depending on the quantity and
activity levels of the samples. The most radioactive samples, as
determined by screening with a Geiger-Mueller survey meter, were placed in
the 0,1-dram vials, and the moderate and least radioactive samples were
contained in the 2-dram and 1.3 x 5.1-cm containers, respectively. Radio-
chemical analyses were performed at the Pacific Northwest Laboratory.

The samples were sealed in plastic bags before the counting process.
Gamma-emitting radionuclides were identified and counted usi.g two Ge(L{)
?aunn-ray spectrometers having efficiencies of 16% and 19%. The counting

nterval varied from 10 to 30 minutes for the samples with highest activity
to 100 to 1000 minutes for the least radioactive samples. The 0.l-dram or
2-dram vials contlinin? the highest concentrations of radionuclides were
counted on shelves positioned at standard distances from the Ge(Lf{)
detectors, in order to achieve analyzer dead times of less than 5% to 10%.
A1l of the geometries and shelf positions were calibrated using sources
calibrated by the National Bureau of Stancards (a 125Sb/152Ey mixture)
prepared in each of the three sample containers.

The gamma-ray spectra were deconvoluted using a computer program that
integrated the peak areas of the radionuclides of interest; performed back-
ground, Compton, and decay corrections; and computed the counting error,

Plutonium-238 and -239, 240 were determined on ashcd samples after the
ash was dissolved with acid. The plutonium was separated from interfering
radionuclides by fon exchange chromotography and then deposited on stain-
less steel discs, Isotopes of plutonium were measured by alpha energy
analysis using 2%€Py as a procedural tracer,

Strontium-90 was determined on beta counters after a lengthy series of
chemical dissolutions, precipitation, filtration, and centrifugation,

Resulting radionuclide measurements were assumed valid if the counting
statistical error was less than 50%.
5



RESULTS AND DISCUSSION

At least 18 radionuc'ides were measured in trench water (Fruchter et
al, 1984; however, see Jenne et al, 1984). The most abundant were 5“Mn,
95Nb, 60Co, 137Cs, 59Fe and %52r. These same radionuclides were alsc
measured in ground water but at greatly reduced concentrations.

The radionuclides in the trench water were lb:tty in particulate form
(Table 1). Notable exceptions wewe “Mn, '25Sb, and ¥7Cs, Cationic

TARLE 1. Percentages of Particulate and Charge Forms of Radionuclides in
Trench and Ground Water, June 1983(%)

Radionuc) ide \ Particylate & Cationic Anfonic
-------------------------- Trench Naterecrevevecasssvnssssensonse
Mn 5.8 9.1 1
Fe 93.9 3.2 2.8
Co 99.1 8 1
Co 41 58.5 1
In 56.2 3.7 1
Sr 5.8 8%.1 1
Ir 77.3 6.4 16.1
Nb $1.2 5.5 13
Ry 65.1 13.4 20
Ru 9.9 18.5 20
Sb B2.4 (3 17.6
b 121 33 87.9
Cs 10.2 89.8 1
Ce 78 13.7 7.8
Ce n 14,6 7.9
--------------------------- Ground Watarecesvrcssnsesnssvensecenes
Co 1 9.1 43,3
Co 1 45.7 48.3
Sr - 99.9 1
Ru 1 10.4 86
Ry 1 12.6 82
Sb 1 1 19.8
Sb 1 1 21.8%

(2) Data from Fruchter et al, (1984),



charge forms usually dominated the radionuclides; a notable exception was
1255b, However, anionic forms tended to dominate in the ground water, with
nearly equal proportions of 58Co and €%Co in both anionic and the cationic
charge forms, Strontium-90 was mostly presert in cationic form (Table 1),
Radionuclides were in extremely low concentrations in river water; ¢°Co at
0.0033 pCi/L, *°Sr at 0,14 pCi/L, and 1*°Cs at 0,029 pCi/L. Global fallout
is the likely source of these radionuclides.

RADIONUCLIDE CONCENTRATIONS IN AQUATIC BIOTA EXPOSED TO TRENCH WATER

As expected, the biota exposed to a continuous flow of diluted trench
water accumulated a mixture of radionuclides in amounts that =eflected
their concentrations in the trench water (Figures 3 and 4, 1.die 2).
Differences in trophic level were not always consistent for the various
radionuclides, but the most common pattern was Veronica roots » algae >
Veronica foliage > goldfish > clam flesh > carp, Because carp and goldfish
have similar feeding habits, it was somewhat of a surprise to find a marked
difference in their accumulation of several radionuclides, including !%4Ce
and 125Sb, Veronica roots had the greatest concentrations of
radionuclides, The levels of radionuclides accumulated by various
organisms are described as follows:

il Cerium-144 and -141

Cerium-144 was accumulated by all organisms, Levels of accumulation
were roughly comparable for all organisms except Veronica roots, which
had the greatest accumulation. The levels of accumuTated !““Ce were
higher than those of 141Ce,

] Antimony-124 and -12%

Algae and Veronica roots and foliage accumulated !25Sb and 124Sb, and
goldfish accumuTated low levels of 124Sb, No other organism accumu-
lated measurable amounts of either of these radionuclides.

B Ruthenium-103 and -106

Algae and Ve~onica foliage accumulated comparable levels of both 103Ry
and !%6Ry,” CTams accumulated more !°6Ry than !03Ry, but the converse
was observed for fish,

v Cesium-137
Comparable levels of !37Cs were accumulated for all biota except
Veronica roots, which had the greatest concentration. This was the
only radionuclide in which bioaccumulation by an organism of higher
trophic level (goldfish) exceeded algal accumulation.

. Zirconium-95 and Niobium-9%

A1l organisms accumulated ®°Zr and 9°Nb. Accumulation of 9SNb by all
organisms exceeded that of °%Zr by an order of magnitude except for
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Algdﬁt‘ Algae exposed to ground water accumulated '25Sbh, €9Co, S4Mn,
an ‘Fe (Table 2). Cobalt-60 concentrations were 3 orders of
magnitude lower in the ground water compared to the trench water.

Both of these values greatly exceeded the 2.3 pCi/g DW accumulated in
the river water, Algae accumulated more *“Sr than %%Co, but very low
levels of %% 2%0py (Table 2). These data indicate that ¢°Co and %0,
are available for uptake by algae after migrating through the ground
from the disposal trench.

Clams - The concentrations of *°Co in clams exposed to ground water
r

~ _— \ W - » >
was 160 pCi/g DW, 600X less than in the trench water (Table 2). The

’
only other gamma-emitting radionuclides measured in clam flesh were
qQ 19 4 4 » )
‘P H"" 1 4 (L. ! F‘V(f"“ nf r m(']ﬁ,\}"“" in ‘ﬂr‘y f!(.((’» were the
highest of any radionuclide, 360 pCi/q DW. Concentrations of 439
Ly

n \

Pu were measurable, but in extremely ) concentrations (Table 2)

£

Goldfish - Goldfish exposed to ground water accumulated 13( pCH
L Bog 4 : : »
To/a t\lu‘ 3 orders of magnitude lecs than for goldfish exposed to

trench water /Y,1f.'cr '\' The only other radionuclide measured in
goldfish was ‘“®Ry at

|
i

Carp - Carp
- . : - \ . :

Co/qg DW (Table , again, 3 lers magnitude less than for carp
exposed to trench water. | 3 accumulated low concentrations of
) ’ 1 ! A

("N 125¢
bk < D, S,

expcsed jround concentrations of 50 pCi

Fish « Concentration { y ! \@ carp and qgoldfish exposed to
ground water were near) de ‘ ose exposed to trench, 620 and
£Q pC1 /Q f\‘"‘ respe '

veronica 'ro L ¢ L( un J ) 14 ' Co/g
roots exposed
ncentrations of
(Table ) ontium-90 concentra-
sded th in \1" other

:»"‘J" nium concentrations were

»

Thece 1ata indi
the different te

‘)y‘p.‘“' ?"‘“"4”

The uptake of ° y the d ' ( uatic organisms was
directly related to the differencec on ¢ in the water
to which they were exposed The ' NQ ‘ lons was from roughly
two orders of magnitude greater » bhio posed to spring water (as
{ v";"“ﬁ t river water tn \ 1 F ) Nt i¢ creater for
biota ex»osed ¢ trench wate




In terms of trophic-level cowparisons, the plants--at least those
portions directly exposed to the water (algae and Veronica roots)--accumue-
lated roughly an orcer of magnitude more 60Co than did the animals of
nigher trophic levels, 'he aerial stems and leaves of Veronica accumulated
60Co at about the same concentrations as did the fish and clams.

RADIONUCL IDE CONCENTRATIONS IN TOMATO PLANTS EXPOSED TO GROUND AND RIVER
WETER s N RO T N i e R

Tomato seedlings (Lycopersicon sp.) were grown in s0il in screen
bottomed garden plots for 2 weeks to allow the plants to establish root
systems. The pots were then suspended one inch above the water level in
95.L stee! barrel. The tomato roots grew downward into the test water,
thus supplying the plants with the water needed to sustain growth and
source of radionuzlides. A siphon was used to maintain a steady flow of
stream water in each barrel for 78 days. By the end of summer, the plants
had flowered and produced fruits,

The data indicate that %°Sr and ®°Co were the radionuclides in the
ground water mos* actively accumulated by tomato plants, Roots genera)
had greate: concentrations of radionuclides than stems, leaves, and fr
(Table 3). The stems and leaves had greater concentrations of ““Sr t!

TABLE 2. Racionuclide Concentrations (pCi/g DW) in Tissues of T
Plants Rooted in Ground and River Water for 78 Days

Ta) == = unmeasurable,

(t Velues in parentheses are neentrot ions measured
exposed to river wmater, he three valyes for stems
represent the only radio yclides that were detected

plantys grown in river water,




did roots, 4200 pCi/qg OW as compared to 1700, Fruits had 160 pCi/q OW.
However, roots had greater concentrations of ®°Co than the stems and
leaves, 870 and 22 pCi/qg DW, respectively, Cobalt-60 was not detected
tomato fruit, Cesium-144, '?7Cs, and *%Co were the only radionuclides
detected in the stems and leaves of tomato plants grown in river water
(Table 3). The radionuclide concentrations measured in tomato roots does
not necessarily mean that the radionuclides were incorporated into the
plant tissue, Some of the radiocactivity may represent external entrapment,
However, the radionuclide concentrations measured in shoots and fruit
represents root uptake with transport through stems to leaves and fruit,

CONCENTRATION RATIOS

At the trench cite, the highest concentration ratios were calculated
for Veronica roots, followed, generally, by algae and Veronica foliage.
Lowest values were usually in carp and clams, Niobium=9% Rad the highest
concentration ratio of all radionuclides with a value of 76000 (Table 4),

At the spring seep site concen' ratinn ratios fluctuated widely among
different organisms and with differer  :.dfonuclides. Strontium-90 was the
radionuclide concerntrated to the highest level in Veronica foliage

\ —

(Table 4 R

IMPLICATIONS FOR Eu""quwgwm M"l"Yj')’.':“'-"

Environmental monicoring programs are routinely conducted to evaluate
the effectiveness of engineered control systems in keeping 2>nvironmental
releases of radionuclides within gquidelines. Air, surface water, ground
watler, gmi?’ sediments., and biota, F"[":’"ﬂ”\' those L‘Iﬂ"' and animals
!1'",\,' tn t,'.. eaten as }-u:rin fande , are (‘\(_'\pr'*k{“";"‘\‘v el ted and
analyzed for changing concentrations of radionuclides (711 nd Meyer
1983). The data of this investigation show that the migration of water
through the ground filters out many kinds of radionuclides. However, some
radionuclides can move and these are available for accumulation by aquatic
biota. A measurement of the radionuclide concentration in a flowing water
system at a t‘rwl'p point in time mavy not be rpi;r;.;prfafi\,—, nf dte

concentrations over a 90-day or longer growing season, Biota that live ir

1

flowing water act as selective accumulators of radionuclides over extended

time periods. The mﬁ]ri*»lﬂ" of radionuclide accumulation by different

kinds of aquatic biota can be influenced by the stable-element compositior

of the water 1y‘r“’ f}np ’,.wi‘,“ €y 3",4‘ co etatration of the r‘.11i‘\'\“/\§f‘,‘
these reasons, a radiochemical analysis of water may not always be a
1 $

fable indicator of biological availability (Kevern 1964; Austin, Klett,

Kaufman 1967; Ti11 and Meyer 1983).

The concentration ratios for *“Co in trench water was 7000, 310, 1500

= o, \ . . .
ams, goldfish, carp. Veronica roots and
Walalalal ™™ 110N d“l

’
10 1R { AR00 for a)aa
and 4 r alagae

’ Y

Veronica foliage, respectively. This compares with
d+lala 3,11’ ' fnr de came !.\,‘0; e XDl ‘("‘ + ceen h'.*."" . Y};. ONncer 0'-101':‘r~

ratios for %S { algze, ams ., ‘n), Veronica roots, VYeronica foliage

were 4 20, 1 ‘ espective .y when exposed to trench water,




TABLE 4, Concentration Ratios (pCi/g UW:pLi/ml water)!’?

Algae Clems Co1dfish Carp Veronica Roots  Veronica Foliage
TTEH A WATER
1*hse R 0.7 n.4% 0.12 18.1 1.5
Tate, 3.0 a1 0.50 0.12 20.8 1.8
123, 10.% 0.4 1.3 0.82 53,9 5.6
103p, 2.2 0.2 0.58 0.12 19.1 0.89
138¢4 - 0.01 - 0.0 1.7 0.25
it 0.2 0.07 0.17 0.08 0.52 0.13
9B2e 3.7 0.25 0.£3 0.15 22,0 2.4
Bnb 1.5 0.87 2.8 0.57 76.1 7.8
Ye0 5.1 0.23 1.8 0.23 32.4 3.8
60¢, 7.0 0.31 1.5 0.30 18,0 b5
= e 8.3 0.26 1.2 20 40,6 5.8
59, 5.1 0.22 12 0.22 28.2 3.1
652 5.7 0.33 1.6 0.34 28.5 3.5
%o 0.04 0.02 0.02% - 0.15 0.04
13- 0p,, 0.23 0.10 0,044 .- 0.91 0.14
38, 26 1.1 0. o 10.4 1.5
Py 1.2 - - 0.02 .- 0.28
&0co 10,0 1.3 1.1 0.2 7.8 0.73
1C3gy - -- -- -- 0.38 0,008
106g, -- .- 6,43 - 0.35 0.02
125, 0.18 0.01 - 0.005 0.36 0.03
137¢, .- .. . 0.06 0.50 ..
90g, 21000 36000% .- 117000 200000
76000
1065, " ; N = -
1¥7¢q 50 .- -- - 56 --
By - .- ve 1500 . .
80¢s .- 250 200 160 160 120
230

Multiply a1l va.ues by 10°,

To convert CRs tn wet weight basis, divide above values by the following factors: algee-&.7,
clans=5,1, ?ow'.{st and carp=3,5, Verouica roots and folfage-4,0,

*Ceb ined gu'dfish and carp samples,
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This compares with ratios of 76, 21, 36, 117 and 200 million for the same
biota expcsed to spring seep water, These data indicate that all classes
of biota have a capacity to accumulate °°Sr from spring seep water.

Concentration ratios for tomatos are shown in Table 5.

TABLE 5. Concentration Ratios (pCi/g DW:pCi/ml water) for
Tomato Leaves and Stems, Roots and Fruits Grown
with Roots Exposed to Spring Seep Water

Leaves and
Roots Stems

Radionuclide

Sbhpmn a0

101

ENVIRONMENTAL CONSIDERATIONS

It is well known that the accumulation of radionuclides by aquatic
organisms is influenced by many factors including the stable element
composition of the water, the concentrations of individual radionuclides,
and the kind of organism (Kevern 1964, Austin 1967). Therefore, the
concentration ratio is a somewhat specious concept, and can fluctuate
widely over short periods of time depending on ambient water concentra-
tions. Nevertheiess, concentration ratios are useful in the formulation of
radiological dose assessment models (Till and Meyer 1983). Poston and
Klopfer (1986) have recently reviewed the extensive literature pertaining
to radionuclide concentration ratios in fish, For comparison purposes, the
concentration ratios calculated in this study and selected lit:rature
values from T4 d Meyer (1983) are presented in Table 6. These data
indicate that or isms exposed to the spring seep water had higher

concentration ratios than values published in the literature for similar

>

kinds of aquatic organisms. This suggests that °“Co and °°Sr in the spring
seep water are readily avai
*_hy‘muqh {?7‘1 ‘1"'”,”"'?1.

‘35\1‘. far l»q“\!.,_:{‘ 1 ,’,:103‘&{ ".“f"' minratina




TABLE 6.

Radionucl

ide

SbMp
59Fe
60Co
58Co
5Zn
e
"wir
106py
103gy
1241125gh
1349137gh
141 bUgh

Iadapted from Ti1l and Mever (1983).
*Generic values i.e., plants, molluscs, fish.

Radionuclide Concentration Ratios!

Benthic Algae

2300
4800
800
2300
16000*
640*
34000*
1600*
160C*
85
1000
9800*

Clams

400
9600*
790
1850*
4100
320*
2.6
1.2
3.6

220
9000

Carp/Goldfish

160*
2000*
125*
j25*
830*
8.2
2.0*
19*
19*
100*
5600*
125*
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