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Chapter 5

INTERACTIONS OF RADIONUCLIDES WITH MARINE BIOTA

L.F. SMALL
College of Oceanic and Atmospheric Sciences,
Oregon State University,
Corvallis, Oregon, United States of America

Abstract

Uptake of radioactivity by marine biota can occur through consumption of radioactive food
or via direct incorporation from the seawater. As uptake occurs, radioactivity begins to distribute
into and onto various body tissues, or "compartments", at different rates. A composite uptake
curve therefore is curvilinear with time. Elimination can occur via various pathways, including
fecal deposition, molting, and excretion of dissolved substances, and therefore a composite loss
curve also is curvilinear. Uptake and elimination can occur simultaneously, and under constant
conditions over a long time period a steady-state body burden will be achieved. Many factors can
affect uptake and loss rates, as well as steady-state body burdens, and some major ones are
discussed. Design of radioactivity experiments involving marine biota is explored, and a case
study of a "natural experiment" involving both reactor-produced and fallout radionuclides in a
coastal environment is presented to show how much nuclide introductions can be used to learn
about nuclide biomagnification, trophic level relationships, and biological distribution of
radioactivity in the sea.

5.1. INTRODUCTION

It is the biota which concentrate radionuclides and move them through food webs, including
those food webs which ultimately involve human beings. Studies of uptake, accumulation and
loss of radionuclides in controlled experiments are given to illustrate the complexities of
radionuclide interactions with biota. A case study of radionuclide emissions into the Columbia
River from the Hanford Nuclear facility in Washington state, USA, and the subsequent fate of
these emissions in the waters and biota of the northeast Pacific Ocean, is also given to illustrate
the behavior of radionuclides in a natural system where few experimental controls were possible.

5.2. UPTAKE, CONCENTRATION AND LOSS OF RADIONUCLIDES IN BIOTA

Uptake of radionuclides into marine flora and fauna basically occurs either through
physical adsorption/absorption or through active metabolic uptake (incorporation into plant cells
along with nutrients, for example, or ingestion of radioactive cells or other particles by
zooplankton, fish, benthic organisms, etc.). Loss of radionuclides occurs through physical
desorption, radioactive decay of the nuclides themselves, or metabolic excretion and egestion of
dissolved and particulate matter into the water. As noted before, uptake often does not balance
loss of radionuclides in biota, particularly over short periods of exposure to the radionuclides;
therefore, there is a net accumulation ("net production"), and often a biomagnification, of those
nuclides in the plant or animal tissues as long as those organisms remain exposed to a source of
the nuclides. In addition, rates of uptake, loss and accumulation are usually different in different
tissues of individual plants and animals, so that whole-body "counts" of radioactivity often distort
one's conclusions about the significance of certain radionuclides in organisms, or about the
organism's role in transforming and distributing the nuclide through a food web or into the water.
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5.2.1. Uptake and Concentration

A typical plot of uptake of a radionuclide into a plant or animal is shown in Fig. 1. Uptake
is not linear, but often the curve can be disassembled into two components, a so-called "fast
component," and a "slow component." In general, the fast component may be said to represent
rapid filling of adsorption sites on cell or organism surfaces, with no further uptake after sites are
filled. The slow component may be said to represent all other processes, including absorption or
active transport of the nuclide through cell walls and into the metabolic machinery of cells. To
isolate the two components of the simple uptake curve in Fig. 1, one first obtains the numerical
differences between the successively increasing concentrations of radionuclide with time [i.e.,
determine Ay for each successive time increment, where y — concentration of radionuclide, here in
mg £ -1 (but any other units of concentration or radioactivity could be used)]. These Ay values are
then plotted on semi-log paper (Fig. 2) and a regression line is fit to the straight-line portion of
this curve. The slope of this line (Ayi per unit time) is the rate of uptake into component 1 (the
slow component). Then one notes the data points that don't fit on an extrapolation of the straight
Ayi regression line (the three values over the first three days, in Fig. 2). One now takes the
difference between these points and the extrapolation of the Ayi regression line (denoted by the
dashed line in Fig. 2) to form another straight line, with slope Ay2 per unit time. This slope is the
rate of uptake into component 2 (the fast component). In this simple method of curve analysis,
one is able to roughly compartmentalize uptake of a radionuclide into broad functional units. It
should be noted here that curve analysis sometimes indicates more than two components of
uptake, but these can be handled in similar fashion to obtain rates of uptake into all components.
Rates of uptake of different radionuclides into different components of different organisms or
tissues have been used extensively to study comparative radioactivity effects in individual
organisms and in communities of mixed populations at different times and distances from
radioactive waste discharges. In addition, radionuclides of metabolically important trace elements
(e.g., Fe59, Zn655 Co60) have been used as radioactive "tags" to study uptake and assimilation of
the trace element itself inside cells, much as C14 is used as a tag to measure the uptake of carbon
in plant cells as a measure of net primary production.

Differences in uptake of a radionuclide can occur in different species of similar plants or
animals; for example, uptake of Co60 into different seaweeds shows greatly different rates for
some species and fairly similar rates for others (Fig. 3). Note that uptake is commonly denoted by
increases in concentration factor (or concentration ratio), which is defined as the radioactive
"counts per minute" (cpm) per gram of organism divided by the cpm per gram of seawater at the
time of sampling. Differences in uptake of different isotopes also occur, as might be expected, as
well as differences in uptake by different tissues within the same organism; thus, Zn65 is taken up
by mussels {Mytilus sp.) much more rapidly than Co^O, and soft parts concentrate both Zn65 and
Co60 much more than do the shells (Fig. 4). Water temperature and organism weight also affect
uptake, with higher temperatures and lower weights (within their normal ranges for the
organisms) almost always leading to higher concentration factors.

Certain animals shed their exoskeletons or lose other body parts periodically, and these
losses greatly affect concentration of radionuclides associated with those animals. Loss of byssus
threads was responsible for abrupt decreases in Pu237 concentrations in some mussels (Mytilus
galloprovincialis), and molting of exoskeletons by the shrimp Lysmata seticaudata was
responsible for abrupt reductions in Pu237 accumulation in these animals, for example (Fig. 5). As
a result of these losses there was great disparity in Pu237 concentration factors in individual
animals after almost a month in seawater laced with Pu237. It has also been recognized that
organisms concentrate radionuclides differently depending upon whether the source of the
nuclides is via ingested food rations or via direct uptake from the water. Concentration of Zn^5 in

Text cont. on p. 124.
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FIG. 1. Generalized curve of radionuclide uptake into marine organisms, and the two generalized
components, or "compartments ", into which the curve can be decomposed.
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FIG. 2. Mathematical analysis of the uptake curve in Fig. 1, to derive the fast and slow components in
Fig. 1.
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FIG. 3. Uptake of Co60 by several kinds of seaweed [1].
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FIG. 4. Uptake of Co60 and Zn65 by mussels. Concentration factors for soft parts and shells (±
standard deviation for each sample) are listed in the column [2].
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RuW6 chloride complexes by shells and soft tissues of mussels (Mytilus galloprovincialis). Each
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FIG. 8. Loss of Np2^7 from shrimp (Lysmata seticaudataj at three different temperatures (a), and
average loss of Np2^7 from shrimp irrespective of temperature (b). Bars represent radioactivity
counting errors at ±lcr [6].
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FIG. 9. Schematic representation of (A) a single-compartment (Cj) open model in a steady state;
(B) a three-compartment, closed, steady-state model with recycling, involving water (Cj), phyto-
plankton (C2) and zooplankton (C3); and (C) steady-state, closed-system model with recycling, in
which the zooplankton compartment has been subdivided into an ingestion capability (C3) and
non-metabolic uptake (C4).
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FIG. 10. Mean summer and winter distributions of salinity (° /°°) in surface waters off
Washington and Oregon, USA (left panels), and respective mean summer and winter distributions
of water density (oj) (right panels). Note the tongue of Columbia river water moving generally
southward and offshore in summer, and northward along the coast in winter [7],
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FIG. 11. Distribution ofCr51 in the coastal ocean off Oregon, USA in summer 1965, showing that
the highest concentrations of radioactivity originated from Columbia River outfall and defined
the tongue of Columbia River water at sea. Units are counts/min/100 liters of surface seawater.
Parentheses indicate duplicate samples. Reprinted with permission from Osterberg, C, N.
Cutshall and J. Cronin (1965). Chromium-51 as a radioactive tracer of Columbia River water at
sea. Science 150(3703): 1585-1587. Copyright 1965 American Association for the Advancement
of Science. [8].
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FIG. 12. Gamma-ray spectra of particulate material in two Oregon, USA rivers. Note the
and Zn65 peaks in the Columbia River spectrum but not in the Willamette River spectrum [9J.
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FIG. 13. Comparison of gamma-ray spectra from filtered particulate material (Trophic Level J),
euphausiids (Trophic Level 2), and a fish and large prawn (Trophic Level 3), all taken at the
same time off the mouth of the Columbia River in April 1962 [10].
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FIG. 15. Comparison of gamma-ray spectra of euphausiids and sergestid shrimps from the same
sample collected off the Oregon, USA coast in November 1961. The lack of a prominent Zr65 peak
in the sergestid spectrum suggests that this shrimp is a Trophic Level 3 organism [10].
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FIG. 16. Gamma-ray spectrum of Artemia salina and algae as a mixed food for evphausiids (a),
the spectrum of the euphausiid Meganyctiphanes norvegica after five days of feeding (b), and the
spectra of fecal pellets measured ten hours after the end of uptake by the euphausiids (c) and five
days after the end of uptake (d) [11].
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FIG. 18. Gamma-ray spectra of asteroid starfish from different depths off the Oregon, USA coast
in 1963-65. Note that the Zn65 peak disappears in asteroids collected at the 800m depth and
below [12].
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FIG. 19. Variations ofZn65 in midwater trawl collections of animals from three different depth
ranges off the Oregon, USA coast. The solid lines connect averages for night collections, and the
dashed lines connect averages for daytime collections [12].

flounder, for example, was greater if the Zn65 was obtained through food, rather than through
water (Fig. 6). Finally, the physico-chemical form of the radioisotope often makes a difference;
e.g., there was different uptake of anionic, neutral and cationic forms of electrodialytically
separated Ru'0 6 chloride complexes by both shells and soft tissues of mussels (Fig. 7). In
summary, one must be cognizant of all the possible things affecting uptake and concentration of
radionuclides in organisms. Failure to recognize these effects can easily yield faulty conclusions
concerning the overall effect of radionuclides on organisms, and of organisms on the distributions
of radionuclides.

5.2.2. Loss

Short-term loss curves of radionuclides from organisms need not be mirror images of short-
term uptake curves (even if molting or other body-part loss does not occur), mainly because of
different rates of accumulation and loss in various tissues. However, loss curves, or depuration
curves, can be developed in similar fashion to uptake curves. For instance, one might plot, on
semi-log paper, the percentage of radioactivity retained over time by an animal or plant placed in
radioisotope-free water. One can then resolve a long-term (slow) loss component with a straight
line that intercepts the ordinate, in similar fashion to analyzing a slow uptake component.
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Similarly, one can then subtract values along the straight regression line from measured values
that deviate (are greater than) the straight-line extrapolation, and construct the short-term (fast)
component of loss. An example is given in Fig. 8, where Np237 is lost from shrimp placed in non-
radioactive water. In this particular example it should be noted that there was no significant effect
of water temperature on depuration rate, and no effect between running and non-running sea
water. One should note also that a biological half-life (J^UJ) of the radioisotope can be computed
for each loss component (Fig. 8). Tbia is the time it takes for 50% of the initial radioactivity to be
removed from the body of the organism (in Fig. 10, Tbi/2 = 4 days for the fast component of loss,
252 days for the slow component).

In long-term experiments (months), uptake and loss curves can sometimes be resolved with
single-compartment kinetics, because the kinetics of uptake and loss will be increasingly
dominated by one long-term component; i.e., a steady-state condition will be reached in which
uptake and loss rates will be nearly the same and all sites for accumulation of radioactivity in and
on the plant or animal will remain saturated. In one experiment with oysters, for example (not
illustrated), the rate constant for uptake of Zn65 over 600 days was 4.93 X 10"3 per day (~ 0.49%
per day), while the rate constant for loss over 600 days was 5.49 X 10"3 per day (~ 0.55% per
day); that is, essentially the same. One could have measured either the long-term uptake rate or
the long-term loss rate, and predicted the unmeasured rate fairly precisely. The lesson to be
learned is that different answers can be derived from uptake and/or loss experiments, depending
on the length of time one runs the experiment. Both short-term and long-term experiments are
"right", but interpretations are different. Short-term experiments more properly address the acute
responses of organisms to initial, one-time spills of radionuclides in the environment, whereas
long-term studies more properly address the chronic responses of organisms to continuous
(usually low-level) inputs of radionuclides into the environment.

5.3. RADIONUCLIDES AS TOOLS IN MARINE BIOLOGICAL RESEARCH

Radionuclides in the marine environment, and as used in laboratory experiments, can be
effective tracers to investigate fluxes of materials through marine biota and to determine chemical
budgets in those biota.

5.3.1. Radionuclide Budgets in Organisms

One might begin with a simple model for radioisotope flux through a given population of
organisms of interest, such that

k =

where k = rate of uptake of the radioisotope R, either from the water or from food (ingestion); \i =
rate of retention or assimilation of R in newly elaborated tissue (net production, or growth, if no
respiratory loss of R); and X = rate of elimination of R in either dissolved or particulate form. The
k, fx and X terms can be broken down into sub-processes; for example, overall elimination rate (A.)
for an animal population can be the sum of the rates of losses due to fecal deposition, molting,
natural mortality, eggs that don't hatch into new individuals, and excretion of dissolved materials.
Furthermore, most of these sub-processes can be fractionated into the product of a concentration
of radioisotope (Q) and a fractional rate that is specific to the sub-process (r). This formulation
(the product of a concentration and a fractional rate of gain or loss) is the same as that used to
illustrate functional relationships among metabolic processes, in Chapter 2 (Section 2.3.2.5.2). As
an example, the overall elimination rate (k) of a radioisotope might be fractionated as:

X = (Q f r f ) + ( Q m r m ) + (Q c r c ) + (Q x r x ) + re ,
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where (Qf rf) = concentration of radioisotope in fecal matter times the fractional rate of defecation
(% loss of body weight per unit time due to fecal deposition, for example); (Qm rm) =
concentration of radioisotope in molted exoskeletal material times the fractional rate of molting;
(Qc rc) = concentration of radioisotope in eggs that are laid times the fractional rate of production
of eggs that do not hatch (and thus remain a loss term: eggs that hatch into new individuals are
part of the net production, and thus are part of u). Note that there is no particulate concentration
(Q term) for excretion of dissolved radioisotope, and so it is accounted for simply by a term (re)
for rate of loss from the population of organisms. One can either measure or estimate from
literature values the Q and r terms. At very least, approaching the problem by identifying major
processes in biological flux of a radioisotope points up processes where no information exists. At
times a rate process can be estimated by solving for it in the k = \x + A. equation expanded into its
(Qr) terms.

Such equations have been used successfully to describe the flux of zinc (using Zn65)
through euphausiids, and to describe the fluxes of cadmium and the transuranic radioisotope
po2l0 through selected marine organisms. In principle, the approach works for any element and/or
its radioisotopes. In all the above studies it was found that by far the greatest source of
elimination of isotope from the animals was via fecal pellet production. Thus, pelagic marine
organisms were pinpointed as agents to transform near-surface radioactive particulates into
radioactive fecal pellets which tend to sink, either directly or as part of other sinking floes, out of
surface waters. Zooplankton and micronekton thus can be thought of as part of a "biological
pump" which transforms small particles into larger particles, which in turn accelerate materials
(including radioisotopes) to the ocean depths.

5.3.2. Radioisotope Compartmentalization and Exchange

In all radioactivity studies with organisms and populations of organisms in food webs, one
must be extremely careful in designing experiments and interpreting results, as assessing transfer
of materials using radioactive "tags" can be tricky due to unmeasured exchanges. A single-
compartment model (e.g., zooplankton only) in an open experimental system (a flow-through
aquarium, for example) that is in steady-state with respect to radioisotope /, seemingly presents
relatively easy results to interpret; i.e., input of i = accumulation of / in or on zooplankton plus
output of / (Fig. 9A). However, if any radioisotope leaves the aquarium system (escaping into the
air through the air-water interface, or adhering to the walls of the aquarium, for example), the
system might still be in steady state but the presumption would be that all incoming radioisotope
would be in zooplankton or in the output water. This illustrates the importance of identifying, and
measuring if possible, all avenues of radioactivity deployment in a system. Any unmeasured, or
unrecognized, routes or reservoirs of radioactivity would likely be assigned incorrectly to some
already recognized pathway.

The more components in a system, the more complex the results are to interpret. Many
experiments are done in closed containers, for example (no input-output), so that feedback
mechanisms become important over time. Consider a closed system with water, phytoplankton
and zooplankton (Fig. 9B). Depending upon where one introduces the radioisotope into this
system, and how long the experiment runs, different transfer coefficients (p terms) for the
radioisotope can be obtained. For example, if one initially labels the water, some radioactivity
will immediately go into phytoplankton, and soon both animals and plants will begin excreting
radioactivity back into the water. Not included in Fig. 9B are the complications introduced by the
different forms of eliminated isotope; i.e., as fecal material and molted exoskeletons, as well as
dissolved organic and inorganic material containing the radioisotope (for the zooplankton), and
both dissolved organic and inorganic excreta for the phytoplankton.

Adding a divided zooplankton component to the closed system in Fig. 9B (with one
pathway associated with food intake and a second with simple adsorption or desorption of isotope
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from the water), increases the complexity greatly. One can begin to understand the potential
complexity, and potential for misinterpretation, of radioisotope fractionation through complete
food webs on the addition of just a single radionuclide into such a system. That is why many
studies in the marine environment (such as the case study of the Columbia River outfall which
appears in the next section) make an initial assumption that all nuclides, whether from fallout or
riverborne from nuclear reactors, have reached a steady state in the system; that is, when the
concentration factors in each component of the system remain basically unchanging over time.
Measurements of the concentrations of radionuclides in the various components thus yield
information on the ultimate partitioning of the nuclides in the environment, but give no
information on rates of uptake, loss, or transfer between components. In non-flow-through
systems, rates must still be determined by measuring uptake, loss, and exchange over time, before
steady-state is reached. These techniques do not differ in principle from rate measurement
techniques in other fields of science; e.g., in measuring enzyme reaction rates in biological
tissues.

5.4. CASE STUDY: COLUMBIA RIVER INPUT OF RADIONUCLIDES AS SOURCE TO
NORTH PACIFIC BIOTA

The Columbia River system is the second largest on the North American continent. It
empties into the Pacific Ocean between the states of Washington and Oregon (Fig. 13). The
Hanford nuclear reactors along the Columbia in Washington state for years put out small amounts
of radioactivity, which eventually reached the n.e. Pacific in the tongue, or plume, of river water
entering the ocean. One should remember that the wind systems, and hence the surface currents,
off n.w. USA move in different directions in summer and winter. This is most easily seen in maps
of surface salinity or density (Fig. 10), in which the fresher, less dense river plume is directed
southwestward in summer and north along the Washington coast in winter. Also in summer,
upwelling brings up saltier, denser water along the Oregon coast, so that fairly strong frontal
regions often develop between the fresher, lighter river outfall and the saltier, heavier upwelled
water.

5.4.1. Columbia River Radionuclide Signature

The Hanford-produced radionuclides were carried to sea in the river plume, and the
radioactivity itself often described the plume at sea [as shown by Cr5 ' concentrations in surface
waters in summer (Fig. 11)]. Common radioisotopes in the plume were Cr51 and Zn65, with long
enough radioactive half-lives to be measured many days after release upriver at Hanford. These
two gamma-ray-emitting radioisotopes were easily measured as prominent peaks in a sodium
iodide gamma-ray detector which scanned the energy spectra of all gamma emitters precipitated
from large volumes of seawater collected at various locations off the Oregon coast (see Fig. 11
for sampling locations). It should be noted that the Cr51 (and Zn65) "counts" were still measurable
well down the plume axis, even though the "counts" were about an order of magnitude fewer than
at station A (close to the river mouth).

5.4.2. Fallout vs. Columbia River Radioactivity

In addition to the Hanford-induced radionuclide peaks, gamma-emitting fission products
from recent atmospheric atomic tests were also counted on some occasions. Thus, Zr95, Ce'4l and
Ru'03 peaks were observed in both the Columbia and Willamette Rivers, while the Hanford-
induced nuclides (Cr51, Zn65 and Sc46) were prominent only in the Columbia (Fig. 12). The
Willamette River received no radionuclides directly from Hanford, but of course did receive
atomic-test radioactivity via atmospheric fallout.
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5.4.3. Radionuclide Concentrations as Gross Trophic Level Indicators

Collections of particles and various pelagic animals, made about 25 km off the mouth of the
Columbia River in the plume, yielded peaks of both fallout and Hanford-generated radionuclides,
in different proportions (Fig. 13). The different proportions of various nuclides suggested
different trophic levels for the different collections. For example, the particles collected on the
membrane filter were an undifferentiated collection of organic and inorganic, living and dead,
materials presumed to be at the base of the food web (Trophic Level I). The prominent Cr5 ' peak,
the relatively weak Zn65 peak, and the combined peak of particulate Zr95 and its radioactive
decay product Nb65 (another gamma emitter) command particular attention. Euphausia pacifica
is an abundant euphausiid in the region, and at least part of its diet derives from the small-particle
field represented by material on the membrane filter. The particulate fallout nuclides (Ce141 and
Zr95 in particular) from the ingested small-particle field were retained in the euphausiid, and
perhaps biomagnified some (higher counts in the euphausiid than in the small particles); however,
Cr51 and Nb95 undoubtedly were either dissolved, sorbed onto very tiny particles, or in colloidal
form, and were not retained in euphausiid bodies. Zn65 was biomagnified greatly in the
euphausiids versus their presumed food particles. The mid-water fish Lampanyctus leucopsarus
eats euphausiids as part of its diet; however, the non-metabolically-important Ce141 and Zr95

were not retained by the fish (probably voided with feces), but Zn65 was again biomagnified.
Another third-trophic-level organism, the pelagic prawn Pasiphaea pacifica, showed the same
gamma-ray spectrum as the fish; that is, a large Zn65 peak, but near-background counts of all
other radionuclides.

5.4.4. Radionuclide Concentrations as Animal Distribution Indicators

Euphausia pacifica and the small-particle-eating copepod Calanus (now Neocalanus)
cristatus, collected well away (about 170 km) from the Columbia River mouth and out of the
plume axis, nevertheless still retained the fallout peaks of Ce141 and Zr95 but not the prominent
Hanford-induced Zn65 peaks (Fig. 14). Euphausia pacifica collected about 40 km off central
Oregon (Newport) in late autumn still carried the fallout peaks, as expected, but also retained
measurable Zn65 (Fig. 15). The Zn65 signature in autumn-caught euphausiids demonstrated that
these animals had been associated with Columbia plume water when it was located off Oregon in
summer. Interestingly, the large pelagic shrimp Sergestes similis also retained Zn65; but did not
retain Ce141 and Zr95 (Fig. 15). This was attributed to complete molting of the Sergestes
exoskeleton, where much of the fallout radioactivity must have been concentrated. At least some
of the Zn65, on the other hand, was accumulated in muscle and other tissues of the shrimp.
Euphausia pacifica also molts, but in this case some of the Ce14i and Zr95 must have
concentrated in sub-exoskeletal tissue, as molting did not completely remove the radionuclides
(Fig. 15). Another experiment with euphausiids demonstrated how the animals retain certain
nuclides but void others in their fecal material (Fig. 16). Thus, after five days of feeding,
euphausiids (Fig. 16b) show the same radionuclide peaks as their food rations (brine shrimp plus
algae, Fig. 16a). However, fresh fecal pellets harvested 10 hours after the five-day feeding period
(Fig. 16c) totally lacked the Mn54 peak and showed a reduced Co57 peak, although they retained
prominent Zn65 and Fe59 peaks. Manganese and cobalt obviously were metabolized (and
excreted?) in different ways than zinc and iron. Fecal pellets that were voided five days after
feeding, however, had only a small Zn65 activity (Fig. 16d), indicating that most nuclides come
out early in the egestion time sequence. Fecal pellets thus can become a mechanism for rapid
redistribution of some radionuclides (Zn65, for example), but not others (Mn54, for example). A
consistent result throughout all the measurements and experiments was that Zn65 was a good
marker for pelagic animals, and their waste products, that were once associated with the
Columbia River plume.

Using Hanford-generated Zn65 as an indicator, it was possible to study characteristic depth
ranges of different mesopelagic fish species. Because the Columbia River plume is largely a near-
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surface feature, the Zn65 in it presumably would have concentrated most heavily in near-surface
fishes, and least heavily in fish species that always remained at greater depths. This was true (Fig.
17). Fishes living in the upper 500 m of the water column in the vicinity of the Columbia plume
showed much higher Zn65 peaks than those below 500 m. The lowest-dwelling species,
Bathylagus pacificus, is always found in deep water and thus had accumulated almost no
measurable Zn65 (Fig. 17). Hanford-generated Zn65 has also been used as a marker for wide-
ranging species such as salmon. In one study, salmon collected from as far north as Bristol Bay,
Alaska and as far south as northern California all showed measurable Zn65 activity (not
illustrated), which showed the wide-ranging effect of the Columbia outfall when the isotopes
were taken up by a highly mobile species.

Hanford-generated Zn65 was also used to study depth distributions of benthic organisms
such as starfish (Fig. 18). Different species of starfish were collected from the sea bottom off the
Oregon coast in spring/summer, at depths ranging from 50 to 2860 m. Animals from 400 m
depths and above had prominent Zn65 peaks, while those at 600 m and below possessed little or
no Zn65 activity. One can conclude that the effect of the Hanford-generated, Columbia-distributed
radionuclides did not measurably reach to 600 m depths for relatively non-motile benthic
organisms. Those starfish found at 400 m or above obviously had ingested Zn65-laden particulate
matter (marine snow particles, fecal pellets, etc.) that had sunk or been transported to the bottom
sediments from near-surface waters. The deeper-dwelling starfish were not only more vertically
removed from the Zn65 source particles, but also horizontally removed because the deeper water
columns were always further away from the coast.

5.4.5 Seasonally of Radionuclide Concentrations in Animals

Because the Columbia River effluent is seasonal off Oregon (Fig. 10), one might expect
some seasonality in radionuclide concentrations in organisms, particularly those residing in near-
surface waters. Bulk night-time trawl collections of pelagic animals in the top 150 m did in fact
show increased concentrations of Zn65 per unit weight in summer off Oregon (Fig. 19). The
seasonal effect was less pronounced for day-time collections in the 0-150 m depth range, for
some unexplained reason. The seasonal effect was damped in the 150-500 m depth range for both
night and day collections, and there was virtually no seasonal effect for animals collected in the
500-1000 m depth range. Again, the depth limit for Zn65 as an indicator of Columbia-River-
outfall effect on organisms was about 500 m or less, regardless of season.

5.4.6. Summary

The Columbia River case study is really just a large experiment involving both chronic
(reactor-generated) and acute (fallout) additions of radioactive tracer isotopes to a large area of
ocean. The experiment shows both uses and limitations of a large, long-term experiment of this
type. The study does show that certain radionuclides undergo biomagnification in biological food
webs, and thus can be used to trace distributions, seasonality, and trophic relationships among
organisms. Such experiments can not provide information on rates of uptake and loss of an
isotope unless the organisms are removed from their natural environment and artificially
manipulated in controlled aquaria (or unless a fresh input of a "new" radioisotope in the region is
monitored from its time of input, an unlikely event in today's world, given the amounts of
radioactivity required to obtain measurable uptake rates in organisms over a broad region of
ocean).
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