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FOREWORD

In order to quantify and assess changes related to levels of radioactivity in the sea, it is
essential for Member States to have a sound knowledge of existing concentrations of
radionuclides in their marine waters. However, in spite of concerns about marine
radioactivity, in many countries the capabilities to measure environmental levels of
radioactivity and assess its extent and significance are limited. For these reasons, a series of
training courses entitled "Strategies and Methodologies for Applied Marine Radioactivity
Studies" has been launched with the main objective of providing basic training in the
theoretical background and practical applications of the methodologies for the measurement
monitoring and assessment of radioactivity in the marine environment.

Because there are no basic textbooks for this rather broad field, it was felt that it
would be extremely useful for both students and instructors to have access to this information
in a single training course manual. Thus, this manual is a compilation of lectures and notes
that have been presented at previous training courses in Italy, Mexico, Australia, Turkey and
Finland. It is also intended to be used to support the IAEA-Marine Environment Laboratory's
in-service training programme in Monaco in which several IAEA Fellows each year are
trained in various aspects of marine radioactivity, and to serve as an aid to Regional Co-
operative Agreement and Co-ordinated Research Programmes which emphasize marine
radioactivity monitoring or nuclear techniques to study marine processes.

The IAEA wishes to express its appreciation to all those who have contributed to the
production of these Training Course lectures and to the governments and host organizations
whose financial and technical support made this publication possible.
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In preparing this publication for press, staff of the IAEA have made up the pages from the original
manuscripts as submitted by the authors. The views expressed do not necessarily reflect those of the
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Chapter 1 X A 0 1 0 1 4 6 1

BASIC CONCEPTS IN OCEANOGRAPHY

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

Abstract

Basic concepts in oceanography include major wind patterns that drive ocean currents, and
the effects that the earth's rotation, positions of land masses, and temperature and salinity have on
oceanic circulation and hence global distribution of radioactivity. Special attention is given to
coastal and near-coastal processes such as upwelling, tidal effects, and small-scale processes, as
radionuclide distributions are currently most associated with coastal regions.

1.1. INTRODUCTION

Introductory information on ocean currents, on ocean and coastal processes, and on major
systems that drive the ocean currents are important to an understanding of the temporal and
spatial distributions of radionuclides in the world ocean.

1.2. GLOBAL PROCESSES

1.2.1 Global Wind Patterns and Ocean Currents

The wind systems that drive aerosols and atmospheric radioactivity around the globe
eventually deposit a lot of those materials in the oceans or in rivers. The winds also are largely
responsible for driving the surface circulation of the world ocean, and thus help redistribute
materials over the ocean's surface. The major wind systems are the Trade Winds in equatorial
latitudes, and the Westerly Wind Systems that drive circulation in the north and south temperate
and sub-polar regions (Fig. 1). It is no surprise that major circulations of surface currents have
basically the same patterns as the winds that drive them (Fig. 2). Note that the Trade Wind
System drives an Equatorial Current-Countercurrent system, for example. There is a North
Equatorial Current running from east to west in every ocean: Indian, Pacific and Atlantic
(although monsoon winds affect the currents in the Indian Ocean, as we'll see later). There is a
South Equatorial Current, just into the southern hemisphere, running in the same direction, from
east to west. There is an Equatorial Countercurrent, running in the opposite direction, that
essentially splits the two.

At about 40 to 60°S and N, the Westerly Wind systems prevail (Fig. 1). The southern-
hemisphere westerlies essentially blow completely around the globe almost unimpeded by land.
The current system established by these winds (West Wind Drift) thus is driven completely
around the globe, almost unobstructed by land (Fig. 2). Comparable to this, in the northern
hemisphere, the North Pacific and North Atlantic Currents move from west to east. In the Indian
Ocean there is no comparable northern westerly current because of the Asian land mass. The
ocean flows coupling the equatorial and westerly current systems are the Kuroshio and California
Currents in the north Pacific, and the East Australian and Peru Currents in the south Pacific (Fig.
2). In the north Atlantic, the Florida Current/Gulf Stream is comparable to the Kuroshio in the
Pacific, and the Canary Current is comparable to the California. In the south Atlantic, the
Falkland/Brazil Current and the Benguela Current connect the equatorial and westerly currents.



FIG. J. Prevailing winds over the ocean in (a) February, and (b) August [1].
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FIG. 2. Surface ocean currents in February-March. Length and thickness of arrows denote relative current speeds. Note the major easterly and
westerly currents, and the mid-ocean gyres [1].
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FIG. 3. Surface winds (a) and currents (b) in summer during the Southwest Monsoon [1].
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In Fig. 2, one can see that the current systems circumscribe large oval regions in each ocean
basin. These oval regions are the open-ocean gyres. The gyre systems essentially are the parts of
the ocean usually described as oligotrophic, or with relatively little biological productivity in the
surface waters (although recent work suggests they are more productive than originally thought).
The gyres actually have a different topography than the regions of major currents. The sea surface
is slightly higher in the center of each gyre than it is in other places, and that is important for
distributions of properties, including radioactivity.

In the high polar regions, particularly in the northern hemisphere where there is no land
mass comparable to the Antarctic continent, easterly winds (Polar Easterlies, Fig. 1) move surface
currents eastward (Fig. 2); however, because of land interference, easterly currents are often
turned into complex patterns (see Atlantic and Pacific Oceans above 60°N, for example).

The basic pattern is thus one of major wind systems driving surface currents around the
perimeters of each ocean basin in each hemisphere on the earth's surface, piling water up a bit in
the central gyres. Complexities in this simple pattern occur because of the positions of the
continents with respect to the wind/current systems, and sometimes because of major changes in
the wind systems themselves either on a seasonal basis (as in the Indian Ocean monsoons) or on
less frequent time scales (as in El Nino-Southern Oscillation events).

1.2.2. Seasonal Monsoons

The most striking seasonal changes in current pattern usually occur in the Indian Ocean,
and these are intimately tied in with monsoon winds. During summer (generally May to
September), the land mass of Asia is greatly warmed relative to the adjacent Indian Ocean. When
the land mass is warm and the ocean is cold, the continental air rises and draws the cooler air off
the marine system. The air drawn from the ocean to the land creates the Southwest Monsoon (Fig.
3). At this time of year surface currents in the western Indian Ocean move northward while those
in the eastern Indian Ocean generally move southward to join the westward-moving South
Equatorial Current (Fig. 3). This Southwest Monsoonal circulation becomes very important from
the standpoint of biological productivity, as we'll see later. When the land mass of Asia cools in
the winter, the situation reverses. The high heat capacity of the water causes the air mass above
the Indian Ocean to warm, and thus to rise and draw the colder air off the land mass (Fig. 4). This
creates the Northeast Monsoonal circulation of the sea surface (Fig. 4). The general pattern shown
in Fig. 2, with the North Equatorial Current and Equatorial Countercurrent reformed, is thus
reestablished.

1.2.3. Other Seasonal Changes

There are other seasonal shifts that occur, which can be very important to the distributions
and redistributions of radionuclides and other materials, and therefore to the potential effects
these radionuclides may have on marine life. Patterns of sea ice change seasonally in both polar
regions, for example. Seasonal changes in prevailing wind directions along coastlines other than
those in the Indian Ocean often create movements of surface water away from or toward the
coasts, thus either transporting materials away from the land or onto the beaches. We will deal
with some of these effects later. However, it is important to recognize that meteorological high-
and low-pressure systems do vary in position by season over the surface of the Earth, thereby
seasonally re-positioning major and minor wind systems (Fig. 1), which in turn affect the
positioning and strengths of most ocean currents on a seasonal basis.

1.2.4. The Coriolis Effect

The Earth's rotation about its axis causes the winds and surface ocean currents to follow
curved paths instead of the straight ones that we might witness if the Earth were not rotating. This
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FIG. 5. Apparent deflection to the right of a hypothetical parcel of water moving from the equator to
the North Pole, due to Coriolis effect. The deflection would be to the left for the water parcel moving
from the equator to the South Pole. Note that these deflections are due to the decreasing speeds of the
Earth's surface at higher latitudes as the Earth rotates in an eastward direction flj.
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apparent curvature is accounted for by the Coriolis effect. To give an example of the Coriolis
effect, let us presume that we have an air mass resting at the equator. While sitting at the equator,
the air mass is moving east at 1670 km/hr, because that is the speed of the Earth's rotation at the
equator (Fig. 5). If the air mass is put into motion toward the North Pole (i.e., if we create a
northward-blowing wind), that air mass still moves eastward at 1670 km/hr, in addition to its
speed toward the North Pole. As the air mass proceeds northward it moves over portions of the
Earth's surface rotating at ever decreasing speeds; e.g., at 30°N the Earth's surface is rotating at
only 1446 km/hr, and at 60°N only 835 km/hr (Fig. 5). The northward-moving air mass still
maintains its 1670 km/hr eastward speed, however, and is therefore moving eastward at a speed
faster than the Earth beneath it. To a person standing at the Equator, at the initial site of the air
mass, the air mass appears to veer ever more to the right as it proceeds ever more northward. A
person on a stationary platform in space, however, would see that the air mass actually travels in a
straight line, with the Earth turning beneath it. had the air mass at the equator been put in motion
toward the South Pole, the deflection would still be eastward but would appear to the person
standing at the equator to veer to the left, not the right (Fig. 5). Had the equatorial air mass been
put into motion along the equator rather than perpendicular to it, it would have moved in a
straight line, with no veering. There is no Coriolis effect at the equator.

The coupling of the winds to the surface ocean currents, given the Coriolis effect, makes
the surface currents veer to the right of the wind direction in the northern hemisphere and to the
left of the wind direction in the southern hemisphere. With the equatorial Trade Winds blowing
from east to west, and the higher-latitude Westerlies blowing from west to east in both
hemispheres (Fig. 1), the global surface current systems tend to turn in a clockwise direction in
the northern hemisphere and in a counterclockwise direction in the southern hemisphere (Fig. 2).
Seasonal changes in wind direction, such as the different monsoons in the Indian Ocean, can
change the direction of surface flows, as we've seen.

1.2.5. Ekman Spiral and Ekman Transport

The ocean is a three-dimensional system, and distributions of surface-injected radionuclides
are affected not only by atmospheric-oceanic interactions at the immediate surface, but also by
the interaction of surface waters with water layers below. In the northern hemisphere, the average
deflection of surface waters from the prevailing wind direction is about 45° to the right, due to the
Coriolis effect (in the southern hemisphere it averages 45° to the left). Frictional drag of the
surface layer on the next layer below it causes that next layer to decrease in current speed and to
change direction slightly further to the right. Proceeding downward through succeeding water
layers yields ever-decreasing current speeds with continual directional change to the right (Fig.
6). At some depth the current, now greatly reduced in velocity, actually reverses direction, and
eventually a depth is reached whereby no energy is left to produce any current at all. This
spiralling phenomenon is called the Ekman spiral, after the scientist who first described it, and the
depth range from the water surface to the depth of no measurable wind-induced energy is called
the Ekman layer. Depth of the Ekman layer varies depending mainly on the wind strength
imparted to the ocean surface. If one calculates the net directional movement of all water in the
Ekman layer, one finds that it is approximately 90° to the right of the surface wind direction in
the northern hemisphere (90° to the left in the southern hemisphere). The amount of water
transported in the Ekman layer over some horizontal distance has been called the Ekman
transport. One can see how knowledge of Ekman transport would be vital to predicting
distributions of surface-injected radionuclides throughout the top layers of ocean waters. In most
cases the Ekman layer does not exceed about 100 m depths, so Ekman transport is still a near-
surface feature; however, the upper 100 m usually encompasses all, or most, of the lighted zone
(euphotic zone) of the sea, where all photosynthetic production by single-celled algae
(phytoplankton) takes place, and of course it is the interactive link between the atmosphere and
the ocean, as we've seen. Thus, the Ekman layer is an extraordinarily significant, though small,
part of the total volume of the global ocean, accounting for much of the dispersal of all manner of
organic and inorganic materials.
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Wind
Surface current

FIG. 6. Schematic representation of the Ekman spiral formed by a wind-driven current in deep water.
Note the change in current direction and speed with increased depth below the surface [1].
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FIG. 7. Schematic representation of coastal upwelling (a) and downwelling (b) in the northern
hemisphere. The directions of the surface current and Ekman transport relative to wind direction
would be reversed in the southern hemisphere, for both upwelling and downwelling events.
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1.2.6. Coastal Upwelling and Downwelling

Surface winds which generally move surface currents 45° to the right (or left), and Ekman
transport which averages 90° to the right (or left) of the prevailing wind direction, help establish
significant circulation patterns when land masses "interfere with" or "disrupt" classical wind-
induced circulations unimpeded by land. A wind blowing from the north or northwest along a
western coastline in the northern hemisphere, for example, will move surface water away from
the coast at an approximate 45° angle (Fig. 7a), and will move water from the Ekman layer away
from the coast at an angle of about 90°. Mass balance must take place, so water to replace that
moved away from the coast must come from somewhere. It is brought up from a depth below the
Ekman layer, in a process called coastal upwelling. Off the northwest coast of North America, as
an example, the prevailing wind in spring and summer is from the NNW. Surface waters against
the coast are thus moved offshore at this time, and colder, nutrient-rich water from below upwells
to replace that surface water moved offshore. In addition, the large Columbia River Estuary
empties into this upwelling system between the states of Washington and Oregon in northwestern
USA. Some years ago the Hanford Nuclear Site on the Columbia River discharged small amounts
of several radionuclides into the river, and the river carried those nuclides into the coastal ocean.
In spring and summer, the tongue of Columbia River water at sea could be identified on the
surface by its signature of radioactivity. The tongue proceeded in a general south-southwesterly
direction, about 45° to the right of the wind, as expected. Because these same NNW winds
delivered non-radioactive, upwelled waters to the surface waters immediately adjacent to the
coast, however, a fairly sharp gradient between the relatively warm, fresh, radioactive river water
and the colder, saltier upwelled water was established; that is, the river water could not spread
toward the coast at the surface, and the upwelled water could not spread seaward at the surface,
creating a distinct frontal region. These and other scenarios will be treated later in more detail, but
the illustration is given to show that the effects given by the positions of land masses and by such
things as river discharges into the oceans, can greatly contort general circulation patterns
expected under a given wind regime. These contorting effects are particularly noticeable in the
relatively shallow waters over continental shelves — and of course these are the regions having
most direct impact on humans, and on which humans have the greatest impact.

During the autumn and winter, the prevailing winds off northwestern USA blow from the
south. Coriolis effect remains the same (to the right of the wind), so transport of surface and near-
surface waters is toward the coast (this is the time of year for beachcombing, as materials are
brought onto the coast and often stranded there). At this time the Columbia River tongue, with its
radioactive signature, is moved north and kept tightly against the coast of Washington state.
Upwelling ceases because surface water is not moved away from the coast, but tends to pile up
toward the coast, as mentioned previously. At this time there can be downwelling of water (Fig.
7b) as some of that which tends to pile up at the coast must sink to maintain mass balance (some
also moves laterally along the coast, intensifying a winter-time coastal current called the
Davidson Current).

1.2.7. Convergence and Divergence Systems

As water is transported to the right of the prevailing wind systems in the northern
hemisphere, and to the left in the southern hemisphere on our rotating Earth, there is a tendency
for surface water coming from opposing directions to pile up slightly in subtropical regions
(particularly on the western sides of ocean basins in the sub-tropics), where winds are lighter than
those in the polar regions. As the surface water tends to pile into a slight "hill", the pycnocline (a
layer of strong density discontinuity below the surface) becomes depressed into a "valley". This
creates a convergence (Fig. 8a, top panel). The most prominent convergences are the subtropical
convergences between 20-40° N and S and the Antarctic convergence between 40-50°S (Fig. 2).
These mid-ocean convergences are very hard to detect, because the elevations of the water
surface, and depressions of the pycnocline, are very small over large lateral distances.
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DIVERGENCE

FIG. 8. Schematic representation of oceanic convergence (a) and divergence (b) regions.

Conversely, where water is moved away in opposite directions in a given region (by winds
yielding Ekman transports in opposite directions), subsurface waters move to the surface to
replace the surface waters that have been moved away, creating an oceanic divergence (Fig. 8b).
It should be recognized that an oceanic divergence develops through a process similar to coastal
upwelling, but with no coastal land barrier. Two prominent oceanic divergences are the Antarctic
divergence (65-70°S) and the equatorial divergence created by the NE and SE Trade Winds
imparting NW and SW Ekman transports to near-surface waters near the equator. We will discuss
these more fully later. Divergences are usually easier to spot than convergences because they
often are rich with phytoplankton growth sustained by the nutrients being brought into surface
waters from below (Fig. 8b). In this sense, open-ocean divergence zones again are similar to
coastal upwelling regions.
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1.2.8. Geostrophic Currents

So-called geostrophic currents can arise as water from the slightly elevated portions of the
ocean (the "hills") tends to run down toward the more depressed regions (the "valleys") under the
influence of gravity. However, the Coriolis effect also is in play, so that the eventual current that
ensues is a result of the balance between these two forces. The current does not run straight
"downhill" into the "valley", as forced by gravity, nor does it run around the "hill" in one plane,
under the sole influence of Coriolis: rather, it tends to describe a curving path down the "hill"
toward the "valley". Satellite techniques are now used to accurately measure the sea-surface
"hills" and "valleys", and thus more accurately map geostrophic currents in the world ocean.

1.2.9. Global Thermohaline Circulation and Water Mass Movement

A final type of global water movement, large-scale thermohaline circulation, needs to be
addressed, because this, too, redistributes huge volumes of water and therefore redistributes all
manner of dissolved and tiny paniculate matter (including radionuclides and pollutants). Global
thermohaline circulation largely involves vertical water movements that initiate the horizontal
movement of water from polar regions (particularly the North Atlantic and Antarctic Oceans).
This circulation phenomenon controls temperature and salinity distribution in the deep ocean, and
has a profound effect on distribution of other properties as well.

This massive vertical circulation is not caused by regional winds, but by density differences
of different water masses. Density is controlled by temperature and salinity, with warm, fresh
waters being less dense than cold, salty waters. When the density of water at the surface exceeds
the density at depths below the surface (when surface water cools as a result of cooling air
temperatures, for example), the water column becomes unstable and the more dense water sinks,
displacing the less dense water immediately below it; hence a vertical circulation is set up. The
water sinks until it reaches a depth of slightly more dense water, at which time the sinking mass
moves laterally. On a global scale, particularly in the Atlantic Ocean near Greenland and in
waters near Antarctica, large water masses of very low temperature and high salt content become
very dense and sink quickly to depth. The Antarctic system provides a good example (Fig. 9).
Antarctic Bottom Water (AABW) is extremely cold (0-1° C) and salty enough so as not to freeze
at those temperatures — it is the coldest water on Earth. It is slightly more dense than the cold
North Atlantic Deep Water (NADW), so this latter water mass flows southward to replace, and
override, the AABW. The AABW penetrates northward along the sea floor to about 45° S
latitude before it loses its identity through wanning and mixing with other water masses.
Similarly, Antarctic Intermediate Water (AAIW) overrides the denser NADW, and the warmer
surface subantarctic water makes up the top layers. Enormous amounts of heat are transported
into the system by the NADW, and lesser amounts are carried away from the Antarctic in AABW.
Heat balance is generally maintained because huge quantities of heat are lost to the atmosphere at
the Antarctic Convergence (Figs. 2 and 9), with relatively small heat gains from solar radiation.
The Antarctic system is thus an enormous heat exchanger for the global ocean, and the
thermohaline circulation is also responsible for large movements of dissolved gases and other
materials. Extensive mixing with waters in the West Wind Drift around Antarctica (the Antarctic
Circumpolar Current) allows large volumes of Antarctic water to be carried into the Pacific
Ocean. The Pacific itself is not so intensely charged with cold, dense water as the Atlantic, as
North Pacific waters are less salty than North Atlantic Waters and so do not sink as deeply as
those in the North Atlantic. Nor is the southerly excursion of the densest North Pacific water so
prominent as that of the North Atlantic. North Atlantic Deep Water reaches the Antarctic region
(Fig. 9), whereas sinking North Pacific water does not reach the equator. Knowledge of these
vast, deep circulation patterns is crucial to understanding potential effects and hazards of deep-sea
waste disposal.
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FIG. 9. Schematic representation of the complex current flow in the Southern Ocean. Figures at the
left are estimates of the amount of heat, in calories, transported annually by the deep and bottom
waters. Figures at the top show that the annual heat given off to the atmosphere by the Southern
Ocean greatly exceeds the heat received from the sun. (From: The Antarctic Oceans, by V.C. Kort.
Copyright © 1962 by Scientific American, Inc. All rights reserved.) [2).

1.3. COASTAL AND NEAR-SURFACE PROCESSES

1.3.1. Significance of Coastal Processes

Now, knowing something about large-scale wind-driven surface circulation, geostrophic
currents, and deep thermohaline circulation, which affect redistributions of materials in the global
ocean, we can look more closely at smaller-scale coastal processes that affect radionuclide
distributions. Coastal processes often become relatively more significant than open-ocean
processes because mankind is most closely associated with coastal environments, through fishing,
recreational pursuits, transportation routing, mineral extraction (including oil and gas), and
dumping of wastes.
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FIG. 10. Major coastal upwelling areas of the world, and the atmospheric pressure systems and
prevailing oceanic currents associated with them.



t - o T o x * c s u c HI STATIONS TMOI*»SOH tax m STAIXXC

F/G. 77. The gradient of dissolved nitrate (fig-atom/liter) in selected coastal up-welling areas [3].

1.3.2. Significance of Coastal Upwelling Systems

Coastal upwelling has already been introduced, but it clearly is one of the most significant
coastal processes and deserves further treatment. Major upwelling areas of the world ocean
represent only about 0.1% of the ocean's surface area, but perhaps 50% of its fish production.
Coastal upwelling areas are characteristically associated with eastern boundary currents (western
sides of continents in the Atlantic and Pacific Oceans), although the upwelling zone off the
Somali coast is an exception, a product of the SW (summer) monsoon system (Fig. 10). More
minor or more ephemeral upwelling systems can be found anywhere that winds, in concert with
the Coriolis effect, move surface waters away from a coastline (with subsequent replacement of
those waters with waters upwelled from greater depths). The most persistent systems (Fig. 10) are
those in which the prevailing winds are steady enough over long enough time periods to keep the
upwelling process active for long periods. Long-term upwelling continues to resupply surface
waters with dissolved nutrients from below the Ekman layer, thus providing the fertilizer
necessary to sustain luxurious phytoplankton growth, which in turn supports food webs stable
enough to allow large production of fish biomass. Upwelling areas in the westerly wind belts
(western North America, northwest and southwest Africa) are seasonal, as the atmospheric high-
pressure systems generating the upwelling-favorable winds themselves are seasonal in position,
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and the Somali upwelling system is seasonal because of the seasonally of the monsoon winds, as
noted earlier. Within any given season upwelling-favorable winds may disappear for short
periods, thus turning off the upwelling circulation with its supply of nutrients to the euphotic
zone; however, upwelling-favorable winds are the predominant winds during the summer seasons
in the westerly wind belts, so that upwelling circulation is persistent enough to maintain a
productive food web. The most productive upwelling system is that off northwestern South
America, principally Peru and Ecuador (Fig. 10). This system is driven by the Trade Winds,
which, although relatively light, are nevertheless persistent throughout the year. This system
boasts some of the highest fish production in the world, although overfishing and El Nino events
have reduced stocks to very low levels in recent years.

The major upwelling areas have somewhat different patterns of distribution of nutrients,
and therefore different patterns of phytoplankton growth and food web structure. These different
patterns are brought about by the different configurations of bathymetry and coastal topography
in the different areas (Fig. 11), as well as by different wind intensities and persistence. It is clear
that disposal of radioactive or other wastes into any upwelling system, or locating processing
plants in an upwelling region, would be harmful. The systems are relatively shallow, very
productive, and would tend to redistribute near-bottom materials back toward the coast.

1.3.3. Tides and Tidal Currents

Coastal areas also experience tides and tidal currents, capable of locally redistributing
materials injected into estuarine or nearshore waters. Tide-generating forces include gravitational
attraction between the Earth and moon, centrifugal forces created by the rotation of the Earth and
moon, and gravitational forces between the Earth/moon system and the sun. A parcel of water on
the Earth's surface nearest the moon is about 3% closer to the moon than a parcel on the Earth's
surface farthest from the moon; hence, the moon's gravitational attraction is greatest on the water
nearest the moon, and least on the water farthest from the moon. Centrifugal forces are equal over
the Earth's surface, however. Thus, on the side nearest the moon, the gravitational attraction of
the moon exceeds the centrifugal force, so that the water is pulled out toward the moon. On the
side furthest from the moon, the centrifugal force exceeds the gravitational pull, so that there, too,
the water is pulled away from the earth. A slightly oval water envelope is thus created around the
sphere of the Earth in this idealized scenario (Fig. 12a), with the bulge of the oval on both sides of
the Earth being the high tides, and the slightly flattened sides of the oval being the low tides.
Remember that the earth revolves under its water covering, so that the tidal bulge (high tide), to
someone standing at a fixed point on the revolving Earth, seems to appear (increase) and
disappear (decrease) over a fixed period of time. If, for example, the moon is in the plane of the
Earth's equator, the two tidal bulges on opposite sides of the Earth will be centered at the equator
(Fig. 12a). After the Earth rotates 90°, the same point on the equator would register a low tide.
Continual 90° rotations yield successive, equal-sized high and low tides from the fixed point -
two high tides and two low tides over a period slightly greater than one full day.

The moon does not maintain a fixed position relative to the Earth, however; i.e., the moon
is not always in the plane of the equator, creating tides of equal magnitude each tidal day.
Therefore, a person at a fixed position on Earth would see two high tides and two low tides during
each tidal day, as before, but over a period of successive days the height of the high tides and
depth of the low tides would be different as the position of the moon changed relative to a fixed
point on the Earth; thus, higher high tides and lower low tides are registered relative to other
times (Fig. 12b).

The sun also exerts a gravitational effect on the Earth's water envelope, but it is more than
50% weaker than that of the moon because of the enormous distance between the Earth and the
sun. Also, solar tides have a 12 hr period (the time between two high tides, or between two low
tides), while the lunar period is about 12.5 hours. Finally, the Earth takes a full year to cycle the
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sun, whereas the moon cycles the Earth once per month. Solar and lunar tides acting together or
in opposition create spring tides or neap tides, respectively (Fig. 12c,d)- Spring tides, which occur
approximately every two weeks around the times of the new moon and full moon, occur when the
sun and moon line up with the Earth, so that their tide-generating forces act together to create
extra large bulges in the tidal envelope (i.e., extra high tides). Conversely, during the first and
third quarters of the moon, the solar and lunar tide-generating forces partially counteract each
other by acting in different directions, resulting in the lowest tidal range - the neap tides. There
are further complexities to tides than the above so-called "equilibrium theory" presents, but the
above should be enough for our purposes here.

The tide in every marginal sea, bay, harbor, or estuary is greatly influenced not only by the
magnitude of the ocean tide at the mouth, but also by the natural period of the basin and the cross-
section of the mouth. The small tidal range in the Mediterranean Sea (about 0.5 meter), for
example, can be explained by the small opening through the Strait of Gibraltar into the Atlantic,
relative to the size and depth of the Mediterranean basin. The effect of tides on distributing
radionuclides in the Mediterranean is vanishingly small. On the other hand, in the Bay of Fundy
(New Brunswick, Canada), where the natural period of the basin is near the tidal period (12
hours), large standing waves are set up (see below), which course back and forth through the
basin giving an extreme tidal range (ranges on the spring tide are about 15 m in the Bay of
Fundy). Movement of materials by these tidal bores is extremely great. Thus, tidal effects in
coastal areas can be either great or small, alternately exposing and covering great areas of beach
or shoreline, or not making much difference at all. Knowledge of the tidal features in a given area
of coast or estuary is exceedingly important when considering radionuclide waste discharge or
other discharges.

1.3.4. Nearshore Surface Waves, Internal Waves, and Surf

Surface waves are not particularly significant in distribution of materials until they crest
over to form surf adjacent to beaches. Surf is lateral movement of surface waters, and thus can
distribute materials onto beaches. Internal waves, however, can redistribute much heat, dissolved
gases, and other materials in the ocean's interior. In principle they are like surface waves, but they
are usually found at the interface of water layers of different density. Internal waves can be much
higher, longer, and move much more slowly (with longer period) than surface waves, because the
density differences between two water layers are much less than between water and air.

1.3.5. Standing Waves and Tsunamis

At times the whole water mass in an enclosed basin (e.g., the Red Sea or the Bay of Fundy)
can slosh back and forth, much as water in a bathtub can be made to slosh back and forth by
applying and releasing some pressure on the water at one end of the tub. An earthquake or some
other major phenomenon can often set off these standing waves in a natural basin. The edges of a
standing wave at the shore alternately exposes and inundates large areas of shoreline, thus
potentially redistributing near-shore materials. The ultimate standing waves are seismic sea
waves, or tsunamis, which can be devastating when they occur; however, they are rare. Tsunamis
are usually caused by large earthquakes beneath the sea floor which act to accelerate a wall of
water in some direction. The tsunami is similar to a shallow-water standing wave, but originates
in deep water and thus can transport an enormous volume of water very rapidly (up to 800 km/hr).
Tsunamis are often undetectable by ships at sea, and only wreak havoc when they encounter a
land mass.

1.3.6. Small-Scale Thermohaline Circulation

Thermohaline circulation, on a smaller vertical scale than that addressed earlier, is
responsible for much water movement and distribution of properties in the coastal ocean and in
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upper layers of the open temperate ocean. Because radionuclides and most other materials enter
the ocean through the surface layers, these upper-water circulations are very significant. The
circulations are generated when stable, near-surface water columns are disrupted (usually
seasonally due to seasonal changes in temperature and salinity of those waters). Relatively stable
upper-water columns occur when surface waters, warmed by the sun, form a relatively thin mixed
layer over a region of fairly rapid temperature change with depth. This layer of temperature
discontinuity is the thermocline (Fig. 13a). Below the thermocline temperatures remain cold, and
change very little all the way to the sea floor. Sometimes salt is the principal agent of stability of
near-surface waters in the ocean, so that a shallow region of low-salinity water overrides a zone
of maximum salinity change with depth (the halocline), which in turn overrides deep waters with
high salinity that changes very little with depth (Fig. 13b). The combined effects of temperature
and salinity are responsible for the density of the water, so that a stable water column features a
shallow surface layer of low-density water (relatively warm and fresh) which overrides a zone of
maximum density change with depth (the pycnocline), which in turn overrides the densest water
(relatively cold and salty) (Fig. 13 c). Waters of different densities resist mixing, so that any
radionuclides put into surface waters overriding a well-established pycnocline would remain in
those surface waters for a long time, if physical processes were the only processes involved in
radionuclide distribution (in fact, physical processes are not the only ones involved, and this will
be examined later).
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In tropical waters, upper water columns can remain relatively stable for long periods of
time, the stability mainly being upset by episodic events such as storms at sea, or by internal
waves along interfaces between the pycnocline and waters above or below it. In temperate seas,
winter lowering of atmospheric temperatures, and/or rainfall and river runoff in the coastal ocean,
causes the water-column stability of summer to break down (Fig. 13d). As autumn air begins to
cool the immediate water surface layer, that water sinks until it reaches water of equal density.
Further cooling of the air acts to cool more surface water, which also sinks. This process
continues, setting up a vertical convection of cooler water sinking through the slightly warmer
water until the upper layers become equally dense and therefore capable of mixing easily. As
spring approaches, the progression reverses (Fig. 13e); i.e., the winter water column begins to
warm at the surface. This warmer surface layer resists mixing with the slightly colder water just
below it, initiating the formation of a thermocline. As the surface waters continue to warm, the
thermocline deepens until the incoming summer radiation attains its maximum possible effect.
The progression then begins to reverse again (Fig. 13d). It should be noted that these
thermohaline circulations are identical to global thermohaline circulations involving mass
transports of deep water, except the former are near-surface phenomena usually occurring on a
seasonal basis in temperate and subpolar seas. Seasonal thermohaline circulations rarely involve
depths beyond 100 m or so, but note that this depth zone is the approximate productive zone of
the sea and the one contiguous with the atmosphere and with river and coastal discharges.

1.4. SMALL-SCALE PROCESSES

1.4.1. Scaling for Sampling Protocols

When studying oceanic water movements relative to distributions of radionuclides, the
tendency is always to present the large-scale processes and ignore the small-scale processes.
However, from the standpoint of knowing how to sample, when to sample, and how often to
sample water for valid distributional analysis of radioactivity at sea, it is imperative to have some
understanding of time and space scales of physical processes (such as mixing and diffusion)
relative to biological and radiochemical processes of interest.

Simple formulae can often be used to determine characteristic scales; for example,

T- -J- = characteristic time (T)for sampling quantity (q),
(—}

where q = concentration of a long-lived radionuclide in the water, for example, and dq/dt = the
time rate of change of quantity q in that water (e.g., ug/m3 -s- u.g/m3/hr = hrs). T is the number of
hours one has to sample q before q is dissipated to generally unmeasurable levels by dispersion,
sinking, biological uptake, or other mechanisms (presuming q is a one-time input to the sampling
region). If q is a radionuclide with short half-life, then radioactive decay must also be accounted
for. Knowledge of space scales required for sampling are also important, and this involves
selection of the numbers and spacing of sampling sites to adequately represent the spatial domain
of interest.

1.4.2. Reynolds Number

One dimensionless number that has proved useful in delineating time and space scales
significant for a particular sampling scheme is the Reynolds number. This number gives the
relationship between turbulent processes and molecular processes in a fluid, and is defined as:
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where u £ - a characteristic length scale (£) times a characteristic velocity (u), of water, a
particle, or an organism; and V= kinematic viscosity of the fluid (for water, kinematic viscosity =
viscosity/density « 10"2 cm^ see"*, a measure of molecular motions). A low Re represents more
viscous, laminar flow, while a high Re represents turbulent flow. A one-micron-sized particle of
fallout radioactivity, for example, operates in a very low-Re environment (very tiny "length" scale
and very weak sinking velocity relative to the kinematic viscosity of the water in which it was
deposited). A zooplankton organism 1mm in length also operates in a relatively low-Re
environment (the short length and slow swimming speed of the zooplankter relative to the
kinematic viscosity of the water in effect gives the same mobility problem to the zooplankter as a
human being would have trying to swim through thick molasses). On the other hand, a full-grown
tuna lives in a high-Re environment (long length and rapid swimming ability of the fish relative
to the kinematic viscosity of the water). Clearly one would not design a similar sampling program
for fallout particles, zooplankton and tuna; however, would one design the same program for 1 urn
and lOOjam particles (e.g., fallout particles and diatoms), for lmm zooplankton and 10mm
zooplankton. Small-scale processes are important, and correct sampling scales are required to
adequately assess them.

1.4.3. Richardson Number

The Richardson number (Ri) is another dimensionless number, relating a stabilizing
buoyancy to a destabilizing shear. This measure is important in determining when a stable upper
water column turns into a mixed water column, and to what extent:

Ri =
du

where the numerator is a measure of buoyancy (a sink for turbulent energy, the so-called Brunt-
Vaisala number), and the denominator is a measure of shear (a source of turbulent energy). In the
formula, g = acceleration due to gravity, e = density of the water, u = velocity, and z = depth.
Richardson numbers between zero and one denote the region where shear overcomes stability,
leading to a turbulent condition (0.25 is approximately the balance point where neither shear nor
buoyancy controls). An Ri greater than one is a stable water column (a greater sink than source
for turbulent energy).
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Abstract

An introduction to the marine biota, and how the biota interact with their physico-chemical
environment, is given in this chapter. In particular, food web and trophic level relationships are
discussed, from phytoplankton production through consumer organisms and the "microbial loop".
The effects of organism size and functional relationships within the food web paradigm are
emphasized, rather than taxonomic relationships. Examples initially given in terms of carbon,
nitrogen, or energy transfer through food webs are placed in context with radionuclide transfer
and the concept of biomagnification.

2.1. INTRODUCTION

Various members of the biota, from bacteria and phytoplankton to fish and whales, interact
with their marine environment in different ways; however, in one fundamental way all of the
biota are similar - they are living organisms, composed of both simple and complex organic
compounds put together in different ways to produce, utilize or exchange energy. In the process
of living in the sea, these organisms also take up, transform, redistribute, and lose radionuclides
discharged or deposited in the ocean. If the ocean were devoid of biological life, radionuclide
dynamics would be reduced to reasonably predictable behavior in a physical/chemical/geological
ocean; however, the multitude of different life forms complicate predictability of behavior and
distribution immensely. A brief introduction to the significant life forms in the sea, and to some
basic concepts of marine ecology, is in order here.

2.2. FLORA, FAUNA, PROTISITA AND BACTERIA

2.2.1. Compartmentalization by Size

A useful way to examine the biota as a whole is to roughly compartmentalize all organisms
into a size spectrum of different functional groups (Fig. 1). Sizes range from the tiniest marine
virus particles (perhaps 0.02 um in diameter) to blue whales with lengths up to 30 m. Marine
bacteria around 1 urn in size abound in certain environments, often in association with particulate
matter. Phytoplankton, the tiny green plant cells of the ocean, range from the picoplankton at 1-2
urn to larger phytoplankton up to about 200 um. Protozoans such as species of ciliates, flagellates
and amoebas overlap the phytoplankton in size, and in fact some share attributes with true
phytoplankton (photosynthetic pigments, for example). Organisms that bridge the animal-plant
kingdoms are often referred to as a separate kingdom, the Protista. Small marine animals such as
copepods and other small crustaceans, true marine worms, arrow worms, and small winged snails
generally comprise the zooplankton, or mesoplankton size group (perhaps up to 20 mm in length).
Macrozooplankton such as large euphausiids, mysids, shrimps, some jellyfish, and some fish
generally range from about 20-200 mm (these organisms are often classified as micronekton as
well). Larger organisms are the fishes, large squids, and other usually fast-swimming organisms
that can be caught only in high-speed trawls or other fishing gear. It is important to remember that
these functional compartmentalizations and size ranges are not precise, and there are exceptions
to this general classification scheme. However, the scheme represents a reasonable, introductory
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way to think about the life forms in the sea, because size is often, though not always, indicative of
the role of organisms in the ecology of the ocean.

2.2.2. Links to Physical and Chemical Processes

A simple diagram of the coupling of physical, chemical, and biological entities that we
have discussed to date is shown in Fig. 2. Motion and mixing, an outcome of wind-driven
currents, thermohaline circulation and tidal effects on all scales, are the hydrodynamic engines
that supply nutrients to surface waters in regions of upwelling and oceanic divergences, and from
estuaries and other coastal areas. Water movements also act to control distributions of marine
organisms up through the size range of small Zooplankton. Solar radiation, the ultimate source of
heat in thermohaline mixing, also supplies radiation in appropriate wavelengths for
photosynthesis by the phytoplankton, which in turn is the basis of most food webs in the ocean.
Solar radiation and small particulates in the water (such as phytoplankton, for example) also
contribute to general optical properties of near-surface waters (such as penetration, absorption,
and scattering of light energy). The biota of the sea, and in particular the small-sized organisms,
thus are intimately connected to the physical and chemical environment in which they reside.
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2.2.3. Phytoplankton and Seaweeds - the Algae

The phytoplankton (picoplankton-sized through microplankton-sized plant cells) are at the
base of most oceanic food webs. These tiny chlorophyll-bearing cells convert inorganic nutrients
and carbon dioxide into the energy-rich compounds of life through photosynthesis. Though
individually very small, collectively they can color upper ocean waters green, reddish, or yellow-
brown depending on their predominant pigments: Seaweeds and kelps have many of the same
characteristics as phytoplankton, but are large and seldom free floating. All phytoplankton and
seaweeds contain at least one form of chlorophyll, but many species have other pigments which
mask the typical green chlorophyll color. Taxonomy of the phytoplankton generally depends on
five criteria: pigment composition, cell wall composition, storage products, the presence or
absence of flagellae, and certain aspects of the "fine structure" of the cell. The most important
algal groups in the ocean are profiled briefly below. Pictures of representative species of
phytoplankton can be found in many literature references (e.g., [1]).

2.2.3.1. Class Cyanophyceae

Representatives of this group are not true phytoplankton at all, but large-sized, often blue-
green colored bacteria (cyanobacteria). They are often grouped with the phytoplankton because of
their large size and photosynthetic capabilities. However, they are bacteria because their
photosynthetic pigments are not enclosed in organelles called chloroplasts, their nuclear material
is not in a well-defined nucleus, they manufacture a specialized type of starch as a storage
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product, and some species are capable of using atmospheric nitrogen (N2) as a nitrogen source for
metabolism. Large proliferations (blooms) of some cyanobacteria can be toxic to vertebrate
organisms ingesting these cells. Not all cyanobacterial blooms are blue-green, either: the reddish
color of the Red Sea has been attributed to large blooms of a certain species in this group whose
predominant pigment is the reddish-colored phycoerythrin rather than the bluish phycocyanin.

2.2.3.2. Class Rhodophyceae

The red algae are not often phytoplanktonic. They are mostly represented by coastal,
attached seaweed forms, some of which (such as Porphyra) are cultured commercially. Some red
algae are sparingly found fairly deep in some oceanic water columns. The predominance of a
special photosynthetic pigment, phycoerythrin, gives the red color to this group.

2.2.3.3. Class Bacillariophyceae

The diatoms are yellow-brown phytoplankton of major importance in the world ocean, and
in fresh waters as well. Yellow-colored xanthophyll pigments give these cells their characteristic
color. Diatom cells have a thin outer covering, or frustule, of silicon dioxide ("glass"). The
frustule comes in two halves (called valves, or thecae), with holes in each half communicating
from the water outside to the cellular membrane of the cell inside, for gas and nutrient exchange.
Storage products are often oils. Diatoms can be partitioned into two main groups, the centrics
(based on radial symmetry of the holes in each frustule) and the pennates (based on bilateral
symmetry). Variations on the basic centric and pennate constructs are common, including
attachment into chains of individual centric or pennate cells. Cell division of the vegetative stages
of diatoms is distinctive. The cell begins to divide within its frustule. As the process of dividing
into two cells continues, two new layers of silicon dioxide begin to form between the dividing
cell. One layer will form a new bottom valve to accompany the existing "parent" top valve, to
eventually enclose one of the two newly formed cells. The second layer will also form a new
bottom valve, to accompany the existing parent bottom valve (which becomes the top valve of
this second new diatom cell). Vegetative cell division is actually replication of the parent cells,
with no genetic differences from the parent cell. As cell division continues in the population, the
first line of cells (with the parent top valve) maintains the same general cell size as the parent.
However, the second line of cells becomes smaller and smaller with each successive division,
because each bottom valve becomes a top valve over a newly formed, smaller bottom valve.
Eventually the frustule of this second line must get too small to contain a functioning diatom cell,
and at that point the cell forms a resting stage (auxospore), goes through a sexual reproductive
phase (true exchange of genetic material), and emerges when environmental conditions are right
into a larger diatom cell with some genetic alterations from the original parental line. Vegetative
replication is the process whereby major diatom blooms are formed quickly under good
environmental conditions. When blooms die off and disintegrate, the frustules are left to sink, or
be transported in other ways, to the sea floor, sometimes to congregate as enormous sediment
deposits. Diatomaceous earth, used as a filter medium, is in fact mostly composed of the siliceous
remains of countless diatoms.

2.2.3.4. Class Chrysophyceae

This class also contains yellow-brown phytoplankton species, but these species do not form
silica frustules around the cells. However, one important oceanic group within the Chrysophyceae
contains the silicoflagellates which form silica skeletons which act as internal support for the cell.
These cells also have flagellae. Silicoflagellates usually are not abundant in the phytoplankton,
though at times major blooms do occur.
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2.2.3.5. ClassHaptophyceae

This class contains one very important oceanic group, the coccolithophorids. Under proper
conditions, these small flagellated cells exude calcium carbonate as tiny platelets (called
coccoliths) which cover the outer surface of each spherical cell. The design of each platelet is
often ornate, and specific to each coccolithophorid species. No conclusive reason is known for
this platelet formation, and in fact under many conditions the cells don't lay down coccoliths at
all, yet survive and reproduce very well. On occasion large blooms of platelet-forming
coccolithophorids can turn a patch of ocean milky in appearance. Large accumulations of
coccoliths occur in certain ocean sediments, and these coccolithophorid oozes have been used to
date sediment layers and to infer water temperatures and other properties of ancient seas.

2.2.3.6. Class Dinophyceae

Included herein are the dinoflagellates, a very diverse group of planktonic, bi-flagellated
organisms with representatives in almost all water bodies, fresh and salt. There are both
"armored" and "naked" forms, the armored ones covered with rather rigid platelets containing
calcium pectate, the naked ones without any covering over their outer cell membranes. Some
species, principally naked forms, create "red tides" through massive vegetative replication of cells
in a given area. Actually, red tides can be brown, yellowish, or even greenish, depending upon the
predominant dinoflagellate species in the bloom and the ambient environmental conditions. If
certain shellfish ingest massive quantities of these red-tide organisms, the toxins produced by the
dinoflagellates collect in the muscle tissue of the shellfish, without any apparent harm to the
shellfish. However, when these shellfish are eaten by a vertebrate animal (including humans), the
toxins are released and paralytic shellfish poisoning often occurs. The toxin is a potent nerve
toxin, and can be fatal. Certain dinoflagellates are bioluminescent, so that when large
concentrations of the cells are mechanically or chemically stimulated they produce a
phosphorescent glow in the water. There are many "phosphorescent bays" in tropical and
subtropical climates. Some species are symbiotic with corals (so-called zooxanthellae), producing
oxygen through photosynthesis for the coral polyps while gaining both protection and some
nutrition from the skeletal structures and feeding activities of the corals. Nutrition of
zooxanthellae, and other dinoflagellates, can be both autotrophic and heterotrophic; that is, cells
can convert light energy and dissolved inorganic elements into organic tissue via photosynthesis
(autotrophism, or "self-feeding"), and they can also take in dissolved organic matter and
metabolically extract energy and required elements from these organics (heterotrophism, or
"other-feeding"). A few species can actually capture and eat prey, and some are parasitic. The
dinoflagellates are perhaps the most diverse group in terms of both form and function, and thus
probably are more appropriately classified as Protista (see later) rather than phytoplankton.

2.2.3.7. Class Chlorophyceae

The green algae were originally thought to be rare in open-ocean environments, although
they are abundantly found as phytoplankton in many fresh waters, and as macroscopic algae
(seaweeds such as Ulva, Enteromorpha and Cladophora), along coastlines. In the ocean, green
algae are found as pico- or nanoplankton - very tiny species overlooked under light microscopy
but now recognized as being an important component of upper-ocean waters. They probably are
responsible for much of the photosynthesis in the open ocean, outside of major blooms of other
groups on occasion. Their predominant photosynthetic pigments are two forms of chlorophyll,
which give them their green color, and their main storage product is a chlorophycean starch.

2.2.3.8. Class Phaeophyceae

This class is significant mainly because it contains many of the abundant seaweeds and
kelps along many coastlines - Ectocarpus, Laminaria, Nereocystis, Macrocystis, Alaria and

35



Fucus are prominent genera. One generally phytoplanktonic species, Phaeocystis, sometimes
forms large blooms of sticky cell colonies which clog fishing nets and other sampling gear.

2.2.4 Zooplankton and Micronekton - the Major Animals

Although fishes and whales are large, visible animals, often with commercial value, it is the
zooplankton and smaller nektonic (free-swimming) animals which mainly comprise the animal
biomass of the ocean. These small organisms ingest particles, often concentrate chemical
elements and radionuclides in their bodies, and accelerate these chemical forms to ocean depths
in fecal debris, molts, and dead bodies, or through the mechanism of vertical migration and
release of elements at depth in the water column.

2.2 A.I Hard-Bodied Zooplankton

We can think of zooplankton basically as "hard-bodied" or "soft-bodied" forms. Of the
hard-bodied forms, the tiny copepods and their life stages (Phylum Crustacea, in the most recent
classification) are by far the most abundant group in the open sea (and in most fresh waters as
well). Some mysid shrimps and most marine amphipods (also Phylum Crustacea) are also open-
ocean (pelagic) organisms, larger than copepods but less abundant in the sea. There are estuarine
forms as well, often very abundant. Various species of euphausiids (Phylum Crustacea) and their
larvae are often extremely abundant in swarms. The largest euphausiid, Euphausia superba, is the
well-known krill of Antarctic waters, a prime food for baleen whales and penguins of the
Southern Ocean. The arrow worms (Phylum Chaetognatha) are not true worms, but are
ubiquitous, tiny predators in the plankton (a common genus is Sagittd). Polychaete worms and
their larvae, which are true worms (Phylum Annelida, Class Polychaeta), are represented by a
striking array of various body forms. In open-ocean waters the winged snails, or pteropods
(Phylum Mollusca, Class Gastropoda) are found, although usually not in great abundance. The
above taxa represent the great majority of hard-bodied zooplankton in the pelagic ocean. In
intertidal areas, some of the above taxa disappear, while organisms such as mussels (Phylum
Crustacea), barnacles (Phylum Crustacea), and members of the Phylum Echinodermata (starfish,
sea urchins) form a corps of hard-shelled organisms. While many of the intertidal forms in adult
stages are not zooplankton, and in fact are often attached to rocks, their larvae often make up
much of the coastal zooplankton.

2.2.4.2 Soft-Bodied Zooplankton

The soft-bodied, or "gelatinous", zooplankton are often as abundant as most of the hard-
bodied species in both pelagic and near-coastal (neritic) environments, but frequently they are
overlooked or ignored because they are hard to sample with traditional collection devices (nets,
trawls, etc.). They can be just as significant as the hard-bodied zooplankton with respect to uptake
of radionuclides and other chemical elements. At times pelagic tunicates (Phylum Chordata,
Classes Larvacea and Thaliacea) will be encountered in huge swarms near the sea surface,
ingesting or otherwise collecting all particulate matter in an area and rendering the ocean waters
extremely clean and clear. Larvaceans in the genus Oikopleura, for example, build large, fragile,
mucous "houses" around themselves, and these houses collect fine particles and debris (including
radionuclides). The houses are periodically discarded, and new ones rebuilt, so that these fine
sheets of discarded mucous often act as effective transporters of radionuclides and other materials
to depth as they sink. The salps and doliolids (Class Thaliacea) also can effect massive transport
of surface-ingested materials to depth, through egestion of fecal matter which sinks.
Siphonophores (Phylum Coelenterata, Class Hydrozoa) are curious, colonial "jellyfish" of the
open sea, often forming long, chain-like colonies of several specialized units for swimming,
feeding, and defense. A closely related hydrozoan, Velella velella, the so called "Sailor-by-the-
wind," sometimes forms extensive patches of concentrated individuals at the surface in pelagic
regions. The more familiar "jellyfish" (Phylum Coelenterata, Classes Hydrozoa and Scyphozoa
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particularly) are large medusae, the common bell-shaped forms one sees in both coastal and open-
ocean regions. Near-shore, and in inlets and bays, ctenophores or "comb jellies" (Phylum
Ctenophora) often abound. Some etenophore genera (Pleurobrachia, for example) collect food,
including other zooplankton, with long tentacles containing specialized adhesive cells, while
other genera (Beroe, for example) simply swim with mouth opening forward in order to ingest
particles in the swimming path.

2.2.4.3. Other Zooplankton

Also included with the zooplankton and micronekton are the larvae and early life stages of
all the groups mentioned above, along with the larvae and early life stages of forms with non-
planktonic adult stages, such as crabs, large shrimps, octopi and squids, and many fishes.
Zooplankton and micronekton thus are comprised of extraordinarily diverse species representing
many taxonomic classes within many of the animal phyla. To study each species with respect to
its potential for uptake, transformation, concentration, and release of radionuclides in the marine
environment would be a formidable undertaking, which is why most approaches to studying
radionuclide behavior in animal systems involve one or two species presumably representing a
larger functional group of organisms, or involve size (or other) groupings as depicted in Fig. 1.

2.2.5. Protista

Protists are small organisms (~ 2-200 \xm, Fig. 1) which often have characteristics of both
the Plant and Animal Kingdom, and are therefore often treated as a separate kingdom.
Commonly, some species within a group will have motility, feeding grooves, etc. like members of
the animal Phylum Protozoa, but also will have chlorophyll in chloroplast organelles and be
capable of photosynthesis like phytoplankton algae. Clearly some of the dinoflagellates and
coccolithophorids, discussed earlier under major phytoplankton groups, can be classified as
protists. Many forms classically treated as animals under Phylum Protozoa also qualify. In any
case, tiny animal-like and or plant-like organisms that are clearly not bacteria or obligate plants
can comprise large biomasses in the sea, and can be involved in transformations of organic
particles to dissolved organic matter, as grazers of tiny plant cells and bacteria, and as food for
larger zooplankton.

2.2.5.1. Radiolaria and Forminifera

Two important marine groups, the radiolarians and foraminiferans, are usually given
taxonomic status within the animal Class Sarcodina, Phylum Protozoa; i.e., they are related to
amoebas. Radiolarians possess a thin internal skeleton made of silica, with a clear outer layer of
protoplasm. Elongated silica spines and pseudopods ("false feet") radiate out from the central
cell. The silica skeletons are intricate in design, and characteristic for each species. Countless
numbers of silica skeletons which sink to the sea floor are maintained in the sediments for long
periods of time, thus helping paleontologists record past events and rates of sedimentation from
studies of cores taken out of the sea bed. Foraminiferans possess intricate shells made of calcium
carbonate, through which tiny pseudopods extend. They also can proliferate in huge
concentrations and eventually sink to the sea bottom, where their shells accumulate.
Paleontologists also use foraminiferan layering in sediment cores to date past events, infer past
sea temperatures and estimate sedimentation rates in different ocean regions.

2.2.5.2. Ciliata andFlagellata

The ciliates (Class Ciliata, Phylum Protozoa) represent another major protozoan group in
the ocean. There are many, but the tintinnids are noteworthy in that each cell has a rigid, tubular
outer sheath, or lorica, many of which are often found in plankton samples, minus the cellular
protoplasm of the living protozoan. In addition to the ciliates, many flagellated protists, the so-
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called microflagellates, are present in the ocean, particularly in coastal areas. Ciliates and
microflagellates are commonly found in association with tiny flakes or masses of amorphous
organic matter, called "marine snow," floating and sinking in all reaches of the world ocean.

2.3. FOOD WEBS AND TROPHIC RELATIONSHIPS

The organisms of the sea are interconnected with one another through their processes of
gaining nutrition and excreting waste products; hence, feeding (trophic) relationships help
establish a framework of interdependence among organisms which is commonly called a food
web. Food webs are not self-contained, of course, as energy ultimately must enter a food web
from some external source (the sun is the ultimate energy source in all food webs except those
few driven by energy from the earth's interior at hydrothermal vents on the deep sea floor). In
addition, inorganic nutrients must at least occasionally be resupplied to upper waters via
upwelling or other means, to renew the limiting elemental "building blocks" of organic tissue
(elemental nitrogen upwelled as nitrate, for example). Understanding of basic trophic dynamics
and food web structure is usually critical to understanding radionuclide distribution and transport
in the sea, as radionuclides are usually taken up, transformed, and excreted in much the same
ways that non-radioactive elements are. The rates may differ, but the processes remain largely the
same.

2.3.1. Primary Production and Phytoplankton Processes

2.3.1.1. Photosynthesis

Most food webs begin with the conversion of light energy and inorganic elements into
organic molecules, through photosynthesis. Photosynthesis is the process whereby phytoplankton
capture light energy penetrating the ocean, via their photosynthetic pigments (chlorophylls and
accessory pigments), and transform that light energy into chemical energy (ATP) and "reducing
power" (NADPH2) in the cell. The ATP and NADPH2 is then used to chemically combine
absorbed CO2 with other compounds in the cell, to form the energy-rich organic compounds of
life - carbohydrates such as sugars and starches (CH2O is the basic structural formula), and
eventually fats, proteins and nucleic acids. Oxygen is given off as a bi-product of photosynthesis.
The simplified photosynthetic equation is usually written as

CO 2 + H 2 O C h l ) [CH2O]n + O 2 •
light

2.3.1.2. Nutrient Uptake - Autotrophic Nutrition

Nutrient uptake is the general process whereby phytoplankton absorb dissolved nitrogen,
phosphorus, silicic acid (if needed for frustule formation), and other required trace elements (iron,
zinc, manganese, copper, cobalt, etc.). Chemical energy derived through photosynthesis is then
used to assemble these elements into organic molecules - amino acids, lipids, etc. - which then
become the proteins and fats of the cell. The process of taking up and utilizing dissolved
inorganic nutrients, and transforming them intracellularly into energy-rich organic molecules, is
called autotrophy.

2.3.1.3. Elemental Ratios in Cells

Phytoplankton tend to build protoplasm in the ratio 106C:263H:lllO:16N:lP:0.7S. That is,
on average, for every mole of phosphorous in cell constituents, there are 106 moles of carbon,
263 moles of hydrogen, 111 moles of oxygen, 16 moles of nitrogen, and 0.7 mole of sulfur.
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Lesser mole quantities of trace metals are also present in the average healthy cell, and of course
the above ratio of elements is a working average, not meant to apply strictly to every collection of
cells in all areas of the ocean at all times. Nevertheless, if one incorporates the simple
photosynthetic equation with nutrient uptake in the same ratios as average protoplasmic ratios, the
following balanced chemical equation would result (ignoring sulfur for the moment):

106 CO2 + 16 NO3- + HPO4 + 139 H2O = [C106 U263 Oi 11 N i 6 P] + 138O2 + 16OH".

This is a nearly complete equation for composing and decomposing phytoplankton, using nitrate
(NO3-) as the sole nitrogen source and orthophosphate as the phosphorus source. If the nitrogen
source varies (ammonium, NH4"1", as the source, for example), the stoichiometry of the equation
changes. Likewise, accounting for sulfur and trace metal metabolism would alter the equation
somewhat. However, the main point is that the enormous phytoplanktonic biomass of the sea,
through uptake and metabolism of nutrients by living cells, and through subsequent cell
decomposition and return of those nutrients to the water, actually controls the seawater
abundances and turnover rates of those nutrients in the ocean. Likewise, introduction of trace
quantities of radionuclides into ocean waters puts these radionuclides into a biological uptake and
decomposition cycle if the phytoplankton have any metabolic or absorptive affinity for the
radionuclides; that is, most radionuclides are not introduced into a totally physical-chemical
world, behaving in accordance with strict physiochemical laws, but in fact are usually put through
biological cycles involving whole food webs. Distributions and behaviors of radionuclides in the
ocean are thus often made complex by the complexities of the organic world into which the
radionuclides have been taken.

2.3.1.4. Heterotrophic Nutrition

Some phytoplankton (notably dinoflagellates), in addition to performing photosynthesis and
taking up dissolved inorganic nutrients, also can take up dissolved organic molecules directly
from the water. The ability to take up and utilize dissolved amino acids, carbohydrates and other
organics is called heterotrophy, as opposed to the process of autotrophy. Radionuclides
incorporated into organic molecules in the water are thus potentially available to be recycled back
into the biological world through heterotrophy.

2.3.1.5. Primary Production in the Ocean

Autotrophic phytoplankton, because they require light energy to drive the reduction of
inorganic molecules to organic ones, are restricted to oceanic surface layers with ample light from
the sun. The euphotic zone is that layer from the water surface to a depth in which almost all
penetrating light is absorbed by the water itself and by photosynthetic organisms. The euphotic
zone varies from very shallow depths in regions of muddy river discharge into the coastal ocean
(perhaps several meters depth at most) to depths of 120 m or so in the clearest open-ocean water.
The major productive zone of the ocean thus is just a thin layer of surface water overriding a huge
volume of basically unlit water below (the average depth of the world ocean is about 3500 m).
However, the major supply of nutrient to this thin, lighted region is from waters below, through
upwelling and divergence zones (with local supply from land runoff and river discharge). The
plight of most phytoplankton is thus to optimize cell divisional growth in the face of light energy
coming down through the surface but nutrient supply coming from deeper in the water column.

2.3.1.5.1. Vertical Distribution of Primary Production

An example of a "typical" vertical distribution of the rate of primary production (photo-
synthetic rate) through the euphotic zone, with vertical distributions of water temperature,
salinity, water density, light, nitrate, and photosynthetic pigment (chlorophyll) measured at the
same time, is given in Fig. 3. The water column to 50 m depth is well-mixed, as noted by
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essentially non-varying vertical distributions of temperature, salinity, and density to 50 m (Fig.
3A). There is virtually no measurable nitrate in this mixed layer, but below 50 m the nitrate
concentration increases steadily (Fig 3B). The nutrient reservoir to supply the phytoplankton is
thus largely below 50 m. The incoming light at the surface decreases to about 1% of its surface
intensity at about 60 m, a depth which we can call the effective bottom of the euphotic zone. The
photosynthetic pigments in the upper 50 m are more or less constant (chlorophyll concentration
only slightly changing), but there is a prominent pigment spike centering about 55 m, with a
subsequent decrease below this spike. This pigment spike is likely due to three things: 1)
increased pigment per cell at the base of the euphotic zone, because the plants invest energy into
making a lot of pigment to harvest the small amounts of light penetrating to 55 m; 2) increased
concentrations of these heavily pigmented cells because their density matches that of the
increasing water density below 50 m; and 3) below 50 m there begins to be a supply of nitrate to
support the increased cell concentrations. But what about the distribution of the primary
production rate (here in terms of the amount of carbon, as CO2, fixed via photosynthesis per cubic
meter of water per hour)? The rate distribution over the complete euphotic zone does not follow
the distributions of any of the other variables completely. Below about 50 m the rate curve tends
to follow the light curve but not the nitrate distribution. This indicates that the amount of light is
mainly controlling the primary production rate below 50 m, even though some light is still
available (the euphotic zone reaches to about 65 m), and even though nutrient supply is actually
increasing below 50m. The pigment peak at 55 m is thus made up of pigment-rich cells whose
rate of photosynthesis is actually less than the rate for less-pigmented cells shallower than 55 m.
The depth of maximum primary production in Fig. 3B is about 40 m, where no measurable nitrate
appears in the water, and where cells have less chlorophyll than those below, but where the light
flux is ideal for photosynthesis. The non-measurable nitrate level does not mean that cells are
doing without nitrogen. It likely means that other sources of nitrogen (such as ammonium) are
meeting the nitrogen needs of the cells above 50 m, and/or that some nitrate from below 50 m
actually is moving upward but is being utilized by the cells as fast as it moves up, thereby leaving
no measurable nitrate in the water.

The decrease in primary production rate from about 40 m depth to the water surface (Fig.
3B) is caused by light that is too intense for optimal photosynthesis. Light that is too intense can
deactivate enzymes required in carbon fixation, and at times even "bleach" the photosynthetic
pigments themselves. The typical depth distribution of primary production rates through the
euphotic zone on a bright, sunny day is thus one of reduced rates near the surface, causing
photoinhibition, optimal rates at some depth in which light and nutrient inputs are the best, and
reduced rates below the optimal depth because of inadequate light.

2.3.1.5.2. Light Effects on Primary Production

A plot of primary production rate (photosynthetic rate) vs. light intensity illustrates the
plasticity of cell populations with respect to their utilization of light energy (Fig. 4). Cells pre-
conditioned to very little light ("shade"), such as cells residing near the bottom of the euphotic
zone, usually have a lot of chlorophyll a in order to use the small amount of light penetrating to
depth. Often the primary production rate per unit of cellular carbon for these cells (i.e., carbon
fixed in photosynthesis per unit of cellular carbon) is relatively high at low light levels, as the
cells are quite efficient at light capture. At the same time, the primary production rate per unit of
chlorophyll a is much lower, because a lot of chlorophyll a is needed to capture the small flux of
light energy at depth. Conversely, in high light ("sun"), the cells do not need to invest strongly in
light-harvesting chlorophyll a because light energy is not in short supply. Therefore, primary
production rate per unit of cellular carbon by "sun" cells is not so efficient as that at low light, but
reaches a maximum at relatively high light intensities. Primary production rate per unit of
chlorophyll a for these sun-adapted cells is higher than that for the shade-adapted cells at all light
intensities except the very lowest ones. One must recognize the wide range of photosynthetic
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possibilities available to natural phytoplankton communities in the ocean. Interpretation of
possible effects of radioactivity on natural populations is complicated by this wide range of
natural variability due to light effects alone!

2.3.2. Element Cycling through Food Webs

As indicated earlier, nutrients are often the limiting factor to phytoplankton growth in
surface waters. Nutrient profiles often show no measurable nutrient in surface waters, but near the
bottom of the euphotic zone (or below it) there begins a strong nutricline (zone of rapid increase
in nutrient concentration with increasing depth) (Fig. 3), which leads to a vast reservoir of
nutrients in the deep sea. Once again, the main "job" faced by phytoplankton is to optimize
growth when their required light energy enters through the ocean surface, but their required
nutrient comes from the ocean depths. Recognition of this major problem allows us to postulate a
simple, general model of cycling of a nutrient element in the ocean (Fig. 5).

2.3.2.1. Simple Cycling Model

Let us presume that phytoplankton, restricted to the euphotic zone, require dissolved
element A for growth, and so they remove A from surface waters. Element A must be replaced
from the deep-ocean reservoir into surface waters if phytoplankton are to continue to grow. If this

42



Dissolved
A

uptake Phytoplankton
A

k
advection sinking,

& grazing,
mixing migration

Dissolved
A

>

regeneration

EUPHOTIC
ZONE

DEEP
OCEAN

r

Particulate
A

= organic source

••>• = inorganic source
below euphotic zone

FIG. 5. Generic representation of nutrient cycling through dissolved and particulate phases in a
water column containing a euphotic zone.

does not happen, element A becomes limiting, and phytoplankton growth must cease. Some of the
phytoplankton in the euphotic zone die and sink, or are eaten by zooplankton which produce fecal
matter or cast exoskeletons which sink, or migrate to deeper waters where some die or are
consumed. All of these processes remove element A, as particulate organic matter, from the
euphotic zone. Those zooplankton which migrate to deeper waters and stay alive will release
dissolved A, via their metabolism, before migrating back into surface waters. The organic
residues which sink to deeper waters are ultimately decomposed and remineralized, thus adding
further to the deep reservoir of dissolved A. Dissolved A then can be moved back into surface
waters via upwelling or other processes, to begin another cycle. Insofar as element A is a
radionuclide dissolved in waters below the euphotic zone, and is taken up by phytoplankton, the
model in Fig. 5 would apply as well.
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2.3.2.2. Intermediate Cycling Model - New and Recycling Production

Seldom would conditions be as simple as in Fig. 5, however. Element A is assumed to be in
one chemical form, for example, and zooplankton are treated simply as grazers of phytoplankton,
with no impact on cycling of element A other than to remove it, as "phytoplanktonic A," from the
euphotic zone. If we replace the generalized element A with nitrogen, the cycling becomes more
complex (Fig. 6). Note that the simple model of Fig. 5 is still retained in Fig. 6; that is, nitrogen
as dissolved nitrate (NC>3') in the euphotic zone is utilized to make phytoplankton nitrogen (the N
in phytoplankton proteins, pigments, etc.), which in turn becomes the N in zooplankton fecal
pellets, the N in dead cells which sink, etc. This organic N is eventually remineralized below the
euphotic zone to dissolved NO3" again, which is then available through mixing and upwelling to
resupply the euphotic zone with more NO3" for phytoplankton uptake. However, zooplankton also
excrete dissolved ammonium (NH4+) into the water (Fig. 6), both within the euphotic zone and
below it during vertical migration. Ammonium is the most reduced form of dissolved nitrogen in
the sea, whereas nitrate is the most highly oxidized form. Below the euphotic zone, some of the
ammonium can be oxidized back to nitrate. Within the euphotic zone, phytoplankton utilize
ammonium nitrogen more efficiently than they utilize nitrate. Thus, NH4"1" forms the basis of an
efficient euphotic-zone recycling system - zooplankton eat phytoplankton, and excrete NH4+ to
produce more phytoplankton. Some losses are always encountered in such a system, again mainly
through the sinking loss of particulate N to deeper waters and the vertical migration of
zooplankton. Replacement of dissolved N from waters below the euphotic zone (usually as nitrate
but possibly as ammonium or nitrite), must continue to take place in order to keep the whole
system in balance. Oceanographers call all dissolved nutrient regenerated within the euphotic
zone (such as the NH4"1" from zooplankton excretion), recycled nutrient, and the phytoplankton
production it supports is recycling production. The dissolved nutrient which must be brought up
from the reservoir below the euphotic zone to replace that in particulate form which sinks out of
the euphotic zone, is called new nutrient (such as the NO3" brought up via advection and mixing),
and the production it supports is new production. One will observe that both the excreted NH4+

and the upwelled NO3" are actually "recycled"; however, the euphotic-zone recycling of NH44" is
very much more rapid than the recycling of NO3" via remineralization from organic debris in
deeper waters, and so "recycled nutrient" and "recycling production" are reserved for the rapid
euphotic-zone processes. Studies have suggested that in the generally stable upper-water columns
of most mid-ocean regions, euphotic-zone recycling supplies 90-95% of the nutrients to support
phytoplanktonic production, and new production is only 5-10%. In upwelling and divergence
regions, however, new production may account for 40-70% of total phytoplanktonic production,
and recycling production 30-60%. It should be noted that recycling production is significant in all
oceanic areas researched to date, even in regions of intense coastal upwelling where new
production may predominate but is not exclusive.

2.3.2.3. Complex Cycling Model - The Microbial Loop

Until recently the significant roles played by very tiny phytoplankton, and by bacteria and
microzooplankton, were not well recognized. The roles of the bacteria and microzooplankton
have now generally been described in what is known as the microbial loop (Fig. 7). Note that the
model from Fig. 6 is embedded in Fig. 7. In the microbial loop portion of Fig. 7, bacteria take up
dissolved organic matter (given as dissolved organic nitrogen, DON, here) as their source of
nutrition. Microzooplankton (mainly ciliated and flagellated protists) eat the bacteria, and thus
help control bacterial populations. Microzooplankton in turn are eaten by the larger zooplankton,
and this process couples the microbial loop to the more "traditional" phytoplankton-zooplankton
food chain seen in Fig. 6. Both micro- and macrozooplankton (as well as phytoplankton) excrete
DON, thus regenerating that pool for the bacteria and completing the microbial loop. In addition,
particulate residues from the microbial loop (dead organisms, fecal matter, etc.) add to the
particulate matter that sinks out of the upper water column. Thus, the microbial loop adds another
layer of complexity to the pathways possibly taken by any chemical constituent in the ocean,
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including radionuclides. One might substitute radioactive zinc (Zn65), for example, for the N used
as an example in Fig. 7. The rates of uptake and loss, denoted by the arrows in Fig. 7, would be
different for Zn65 and N, and the concentrations of Zn65 and N in bacteria, zooplankton, dissolved
organic matter, etc. would be different, but the pathways likely would be very similar if not
exactly the same. Thus, conceptual models of the biological, chemical and physical connections
in the ocean are very useful tools to help us understand the distributions, transformations and
outputs of radionuclide additions to the marine environment.

2.3.2.4. Global Distribution of Food Web Entities

Because of the distribution of nutrients in the euphotic zone, and to some degree the
distributions of light energy, microbial activity, and grazing zooplankton, the average primary
(phytoplanktonic) production and biomass patterns tend to follow the major upwelling,
divergence, and deep-mixing patterns of the world ocean (e.g., [4]). Primary production has been
considered to be about an order of magnitude less in the open-ocean gyres, because stability of
the water column prevents much infusion of new nutrient into the euphotic zone. However, some
recent data suggest that production in the open ocean has been underestimated in the past because
the picoplankton have been poorly sampled in production studies. Global zooplankton
distributions tend to mirror the primary production distributions; that is, zooplankton tend to be
where their primary food source is being produced at the greatest rate. So also do the major
fisheries tend to follow these patterns.

2.3.2.5. Food Webs and the Trophic Level Concept

The general concept of the food web emerges from our previous discussion of how
phytoplankton, zooplankton and microbes link together to both use and produce inorganic and
organic matter. Early concepts considered only simple food chains with simple trophic levels;
i.e., phytoplankton in Trophic Level I consumed by zooplankton in Trophic Level II, in turn
consumed by micronekton in Trophic Level III, in turn consumed by juvenile fish and squids in
Trophic Level IV, which are finally consumed by carnivorous fish in Trophic Level V. On a
functional basis the food-chain/trophic level concept still applies, as we'll see later, but on a
species basis it does not. Why? Because few species, throughout all their developmental stages,
fit neatly into one trophic level. One can imagine the early larval stages of a euphausiid species
feeding on phytoplankton, for example, but the adult of that same species feeding carnivorously
on smaller zooplankton. Thus, the concept of the food web is more realistic when dealing with
species. However, in a practical sense, food webs are hard to deal with. Where does one begin
experimentation in such a complex mix, to find major pathways of radionuclide movement
through the web, for example?

2.3.2.5.1. Organization by Taxa and Size

Grouping by major taxonomic classification (not species) and by organism size classes aids
in re-establishing a trophic level scheme on which experimentation can be done and large-scale
transformations can be measured (Fig. 8). Thus, cyanobacteria and phytoplankton, the autotrophs,
support a field of small heterotrophs (flagellates, ciliates, and zooplankton), with the smaller
autotrophs supporting the smaller heterotrophs, and the larger autotrophs supporting the larger
heterotrophs. The phytoplankton and cyanobacteria also create particulate and dissolved organic
matter (POM and DOM) which, as we have seen, nourish heterotrophic bacterial populations. The
small heterotrophs are eaten by larger flagellates, ciliates and zooplankton, and so on up the size
scale until one reaches the largest fish. It should also be noted that the inorganic minerals
(nutrients) are accounted for in this scheme, being taken up from the water by the autotrophs and
by some of the protists that can feed both autotrophically and heterotrophically, and ultimately
being returned to the water from all other heterotrophic levels.
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2.3.2.5.2. Organization by Metabolic Processes

Another way to examine trophic level relationships is to examine relationships conceptually
by metabolic processes only (Fig. 9). In this scheme, all reference to taxonomic groupings is
removed, and comparative metabolic processes at different trophic levels are visualized in terms
of a rate multiplied by a mass term. Such a scheme should help us organize our thinking into what
similarities exist among the different trophic levels, and therefore what process comparisons can
be made. One can follow energy from the sun through its passage from one trophic level to the
next, with some of it being degraded to heat at each trophic level, or one can follow any element
(carbon, nitrogen, a given radionuclide) from its inorganic state in the atmosphere or ocean
through its passage from one trophic level to the next, to its eventual recycling back to the
inorganic state.

One can use carbon as an example of element recycling through our process scheme (Fig. 9).
Carbon (as CO2) exchanges between the atmosphere and sea surface. Of the dissolved CO2 in the
water, some diffuses into phytoplankton cells to provide the carbon for the intracellular carbon
reduction in photosynthesis. Of the light energy impinging on the sea surface, some is reflected
and backscattered out of the water, but much of the rest is generally available to phytoplankton as
photosynthetically active radiation (PAR).The phytoplankton utilize only a portion of the
available light energy penetrating the water column, the rest eventually being degraded to heat
energy. As we have noted earlier, the autotrophic phytoplankton take some of the CO2 diffused
into the cell, and some of the light energy absorbed by the photosynthetic pigments, and perform
photosynthesis. In Fig. 9, photosynthetic rate is equivalent to gross production rate (aP), where P
= the standing stock of existing phytoplankton carbon (|J.gC per liter of seawater, for example)
and a = the fractional rate of incorporating new carbon into P, via photosynthesis. For example, if
P = 10 u.gC liter1 and a = 0.05 h r 1 (i.e., 5% per hour), then gross production rate (aP) over the
first hour of production would be 0.05 (10) = 0.5 |j.gC liter-l hr l . The phytoplankton respire some
of this carbon (rP), with r = the fractional rate of respiring carbon from P. If for example r = 0.01
hr 1 (i.e., 1% per hour), then respiratory loss rate (rP), occurring simultaneously with gross
production rate (aP) over the first hour, would be 0.01 (10) = 0.1 |ugC liter1 hr1 . Net production
rate can be viewed as the difference between rates of gross production and respiration; thus, (a-
r)P = 0.04 (10) = 0.4 u.gC liter1 hr1 . Net production rate is the rate of accumulation of
phytoplanktonic carbon that is available to be passed along as food to the next trophic level. If
one is interested in following energy rather than carbon, one simply uses a measure of energy
(calories) to measure rates and stocks. How one views excretion of dissolved organic matter
(DOM) from organisms in trophic level I (Fig. 9) is a matter of viewpoint. For example, one
might consider that the organic molecules that are eventually excreted are in fact part of net
production ~ after all, they are organic, manufactured by autotrophs via photosynthesis and
subsequent intermediary metabolism. However, because they are dissolved, they are not available
to particle-eaters in Trophic Level II, just as respired molecules are unavailable. These excreted
molecules do "feed" bacteria in the microbial loop, however (Fig. 7), so in this sense they are as
much a part of net production of carbon (or energy) as the part that remains in particulate form.
This shunt into dissolved excretory products accentuates the point of coupling between microbial
loop processes and "conventional" trophic level processes; i.e., conventional trophic level
processes after Trophic Level I involve only particulate transfers of organic matter, whereas
microbial loop processes begin with incorporation of dissolved organic matter.

At the second trophic level, some of the particulate net production from the first trophic
level is ingested by zooplankton [gP, where g = fractional rate of uptake of cellular carbon (or
calories) from trophic level I] (Fig. 9). Note that the ingestion term is an intake term, functionally
equivalent to the intake term in the first trophic level (CO2 diffusion into, or light energy intake
into, phytoplankton cells). Of the food carbon (or calories) ingested, some is ultimately
assimilated through the gut walls of the grazing zooplankton (aP) and some is ultimately egested
as fecal matter [(g-a)P]. Functionally, assimilation rate in Trophic Level II is equivalent to gross
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production rate (e.g., assimilation of C from CO2) in Trophic Level I. The egested material is
either consumed by other particle-eaters or remineralized by bacteria, fungi, etc. in the water
column, or it sinks to the sea floor of shallow seas or continental shelves, where it is either
consumed and reworked by bottom-dwelling organisms or is remineralized by bacteria, fungi, etc.
on or near the bottom. Some of the food carbon (or calories) assimilated into tissues of second-
trophic-level consumers (aP) becomes substrate for respiration (rP), and, as in Trophic Level I, is
not available to third-trophic-level consumers. That carbon (or calories) not respired is considered
to be growth, or net production [(a-r)P], functionally equivalent to net production at the first
trophic level. Again, excretion of dissolved organics becomes the coupling to microbial loop
processes, with DOM not available to be passed directly along the particulate trophic pathway.
The trophic pattern in Fig. 9 can be extended through as many trophic levels as desired, because
the functional relationships remain the same even though taxonomic species may change
radically.

2.3.2.5.3. Radionuclide Metabolism and Biomagnification

What does all the above have to do with radionuclides? If the radionuclide is an isotope of
a metabolically important element (Fe59 or Zn65, for example), one might expect that it would
follow the same pathways as carbon (Fig. 9). In some sense this is true. Zn65; for example, is
taken up by phytoplankton in the same manner as stable zinc, and Zn is an element required in
certain key cellular enzymes of cells. Phytoplankton thus incorporate Zn65 as net production
much as they incorporate C14 as an isotope of stable carbon. However, zinc is not respired as
carbon is, so that particular avenue of loss to the cell is not available. Zinc (and thus Zn65) is
excreted by phytoplankton, however, and thus can enter the microbial loop as DOM heavily
invested with Zn atoms. Zinc (and thus Zn65) can accumulate heavily in cells not only as
metabolically bound Zn (as part of an enzyme, for instance), but also as loosely bound Zn
(adsorbed to membrane surfaces, for example). In our functional sense (Fig. 9), this loosely
bound Zn is still "net production" unless (or until) it is excreted or otherwise depurated from the
cell as dissolved organic matter or even as zinc atoms. In this sense zinc (and Zn65) does not
behave in exactly the same manner as the non-trace element carbon. This propensity of cells to
concentrate zinc (and other trace elements, with their radionuclides) both tightly (metabolically)
and loosely (non-metabolically), means that concentrations of zinc far and above its concentration
in the water can be passed along to Trophic Level II. Furthermore, from the large amounts of Zn
consumed as particles by second-trophic-level organisms, even larger concentrations of
metabolically and non-metabolically bound Zn accumulate as "net production" in Trophic Level
II. This pattern of more or less continuous increase in zinc (and Zn65) concentration per unit
biomass with increasing trophic level is called biomagnification, and points up a major difference
between the trophic level dynamics of many trace elements (and their radionuclides) and of basic
"building block" elements such as carbon and nitrogen. Carbon and nitrogen basically are
conserved in biological tissues at all trophic levels in accordance with stoichiometric ratios that
vary relatively little between bacteria and whales, whereas trace elements (including even the
non-metabolically-useful, high-atomic-weight transuranic elements and their radionuclides) are
often biomagnified through food webs. We will examine this more fully in the next chapter;
however, a fundamental appreciation for trophic-level processes on a functional basis (Fig. 9)
allows one to understand the role of biology and "the organic world" in elemental (and
radionuclide) uptake and transfer. Furthermore, this "functional biology" can be placed in context
with the physico-chemical world in which it is embedded (Figs. 5, 6, 7).
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Abstract

Radionuclides entering the ocean from runoff, fallout, or deliberate release rapidly become
involved in marine biogeochemical cycles. Sources, sinks and transport of radionuclides and
analogue elements are discussed with emphasis placed on how these elements interact with marine
organisms. Water, food and sediments are the source terms from which marine biota acquire
radionuclides. Uptake from water occurs by surface adsorption, absorption across body surfaces, or
a combination of both. Radionuclides ingested with food are either assimilated into tissue or
excreted. The relative importance of the food and water pathway in uptake varies with the
radionuclide and the conditions under which exposure occurs. Evidence suggests that, compared to
the water and food pathways, bioavailability of sediment-bound radionuclides is low.
Bioaccumulation processes are controlled by many environmental and intrinsic factors including
exposure time, physical-chemical form of the radionuclide, salinity, temperature, competitive
effects with other elements, organism size, physiology, life cycle and feeding habits. Once
accumulated, radionuclides are transported actively by vertical and horizontal movements of
organisms and passively by release of biogenic products, e.g., soluble excreta, feces, molts and
eggs. Through feeding activities, particles containing radionuclides are "packaged" into larger
aggregates which are redistributed upon release. Most radionuclides are not irreversibly bound to
such particles but are remineralized as they sink and/or decompose. In the pelagic zones, sinking
aggregates can further scavenge particle-reactive elements thus removing them from the surface
layers and transporting them to depth. Evidence from both radio tracer experiments and in situ
sediment trap studies is presented which illustrates the importance of biological scavenging in
controlling the distribution of radionuclides in the water column.

3.1. INTRODUCTION

During the last decade, considerable effort has been expended in the field of environmental
sciences to better understand biogeochemical cycles in the sea and how they interrelate to control
the basic patterns of climate, primary production and contaminant transport to mention only a few.
For this reason, scientists from various fields have joined the growing ranks of biogeochemists to
try to solve some of the major problems facing mankind today. As a biological oceanographer with
a keen interest in the effects of pollution, in this chapter I will emphasize the importance of the
biology in the discipline of biogeochemistry. In this respect, I intend to show how marine
organisms control the movement and fate of radioactivity and related trace elements and, in
general, their overall importance in the cycles of these materials in the sea.

3.2. GENERAL CYCLES

A conceptual diagram which covers most of the biological parameters in marine
biogeochemical cycles is shown in Figure 1. Input into the cycle can arise from several sources of
which radionuclides are just one example. It is also valid for pesticides and a variety of other
contaminants. These materials enter the sea and become involved in various biotic and abiotic
cycles. In Figure 1, the principal biological groups in the sea are circled and the arrows indicate
how they accumulate and release radioactivity. Also illustrated is how these species pass
radioactivity through the food chain and how, during their metabolic activities, radioactivity is lost
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through excretion, is transported vertically and, in some cases, is remineralized. Another important
link are the organisms that migrate vertically in the sea, e.g., the zooplankton and nekton. It is
noteworthy that most of the biomass in the sea is found in the upper 800 m; relative to the entire
sea there is very little biomass below 800 to 1000 m. There are also ways in which contaminants
can escape the sea, for example, through the feeding activities of marine birds, mammals and man.
The horizontal migration of marine organisms, particularly during their breeding cycles is another
manner in which biomass transports radioactivity to different localities in the sea. One example is
invertebrate and fish swarming. In this presentation, emphasis will be given principally to the
smaller organisms in the sea because they are the most important in terms of their interactions with
radioactivity and its eventual transport.

Marine species range in size from sub-micron (picoplankton, bacteria, etc.) to greater than
centimetres in length (e.g., macroplankton and micronekton). These latter species are principally
the large organisms termed nekton. Most of the information presented here is related to species in
the range from a few /urns to cms, that is the microplankton, zooplankton, and some of the small
nektonic species which make up the bulk of the marine biomass.

In recent studies on marine particle types [2], it has been shown that in the 0.4-1 /xm range
there are as many as 107 particles in the top 50 m. This is an enormous number; however, more
than 95% of these particles are non-living organic detritus from marine species. In the lower îm
range there are the nanoplankton represented by silico-flagellates, coccolithophores, green
flagellates, and many other very small species. Then, there are the slightly larger microplankton
which are represented by chain forming phytoplankton such as certain diatoms and dinoflagellates.
The main point to note is the wide variety of existing shapes and surface areas that occur in these
microscopic species, since this aspect is of prime importance in the initial stages of radionuclide
transfer from water to organisms.

Larger organisms, which are termed mesoplankton, ingest the smaller species. Most of the
forms described above are autotrophes, i.e. they derive their energy from nutrients and sunlight.
However, zooplankton species do not and they must ingest their energy requirements. Some
examples are the copepods, which are the key microplanktonic species in the sea, krill which form
the main food of many large organisms, and the most common gelatinous forms. These
zooplankton also occur in a wide range of shapes, sizes and surface composition. They are in
continuous contact with their medium which contains many of the trace elements that are important
for their nutrition and growth. Therefore, if one understands the biogeochemistry of selected trace
elements, one can very easily derive the biogeochemical cycles of the radionuclides of those
elements. In fact, much of our knowledge about marine radioactivity has been gained from studies
of the corresponding trace elements and heavy metals in marine species [3].

3.3. BIO ACCUMULATION POTENTIAL

Small phytoplankton species accumulate elements and radionuclides principally by adsorption
onto their surface followed by absorption through their cell membranes. Even as they accumulate
elements, they also release them in element exchange processes and eventually attain what is
termed isotopic equilibrium, i.e. they reach a steady state in their element uptake process. Often
these species are sampled to assess their ambient element or radionuclide concentrations. In terms
of radioactivity monitoring, it is necessary to measure the concentration of the radionuclide in the
organism and then perhaps relate it to the corresponding radionuclide concentration in sea water.
For this purpose marine radioecologists have derived a relationship which is called the
concentration factor (CF). The CF is defined as the ratio of the element/radionuclide in a gram of
tissue to the amount in a gram of sea water, and it is used to assess the relative ability of these
species to take up elements. Therefore, assuming organisms are in isotopic equilibrium with their
environment, estimates of radionuclide concentration in sea water can be derived from known CFs
and radionuclide concentrations in the organisms.
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TABLE I. ELEMENT AND RADIONUCLIDE CONCENTRATION FACTORS + FOR
PHYTOPLANKTON AND CRUSTACEAN ZOOPLANKTON [4]

Element or RN Phytoplankton Microzooplankton + + Macrozooplankton*
_ _ 5x io4 1 x 104 2 x 104

6 x 102

6 x 103

2 x l O 4

1 x 105

2 x 105

1 x 105

«10°
I x 102

I x 103

**Ni
**Co
**Cd
**Cu
**Fe
**Zn
Tc

2 3 9 + 2 4 0 ^

241Am
144Ce
106Ru
2 3 8U

2 3 2Th
2 3 0Th
228T h

226Ra
2I0Po

2 x 103

1.5 x lO 3

2 x l O 4

l x l O 4

5 x 105

5xl05

«10°
9 x 104 - 1 x 105

2 x 104 - 1 x 105

9 x l O 4

l x l O 5

l x l O 1

2 x l O 4

8 x 103

2 x l O 4

2 x l O 3

l x l O 4

4 x 103

l x l O 4

4x 104

5xlO4

3x 105

2x 105

ÎO^IO1

5 x 103

3x 103

I x 103

3x 103

5x10°
2 x l O 4

4 x 1O3

6 x l O 3

l x l O 2

2 x l O 4 l x l O 4

+Defined as element/g wet animal divided by element/g water
+ + Mainly copepods

* Euphausiids
• •Computed using recent values for element concentration in sea water

There is a very wide range in the degree to which phytoplankton concentrate these
radionuclides. Newly revised CFs for phytoplankton range from approximately 1 for Tc (very low
affinity for a radionuclide) to greater than 1()6, i.e. a million times over the amount of the
element/radionuclide in sea water (Table 1). Phytoplankton, being very small, have a very large
surface area to volume ratio. One of the key points in the initial entry of radionuclides into the food
chain is at the level of the phytoplankton. Certain elements like Ni, Co, Cu, which are biologically
essential, are needed in the enzyme systems of marine organisms. With these elements, high CFs
are typical. For others, like Tc, which are conservative in sea water, they do not readily associate
with particles and the CF is therefore very low.

With Zooplankton which are slightly larger, there is also a wide range of CFs although
normally they are not quite as high as in phytoplankton [5]. As in the case of phytoplankton, the Tc
concentration factor is very low, elements like Pu and Am are mid-range, and Zn tends to be very
highly concentrated by Zooplankton (Table 1).

An idea of the time scale involved in the accumulation process can be seen in Figure 2a
which depicts the accumulation of 241 Am by phytoplankton. In this case the cells are a species of
diatom which contains a silica frustule. One important point is that the uptake process is relatively
rapid, i.e. it occurs over a period of a day or two rather than weeks or months. Moreover, an
equilibrium between uptake and loss in the medium is established very quickly. These experiments
were performed at different cell concentrations. If the concentration of the cells per ml is plotted
against the amount of Am which is retained on those cells, a clear relationship is found (Fig. 2b).
This simply means that the more phytoplankton there are in the water (high biomass), the more
radioactivity will be taken up.
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FIG. 3. Accumulation from water of various metals and radionuclides by the euphausiid Meganyctiphanes
norvegica [1]. Reprinted with permission from Pollutant Transfer and Transport in the Sea, Vol. II, 1982
(ed. G. Kullenberg): Chapt. 1, 'Biological Transfer and Transport Processes' (S.W. Fowler), p.4.
Copyright CRC Press, Boca Raton, Florida.
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In the case of slightly larger species, for example the krill, there is a large difference in CF
depending on the element (Fig. 3). These CF values range from around 50 to 60 for Pu to 10,000
for the metaloid Hg. Hg tends to bind with sulfydryl groups in proteins, so because of this large
internal binding pool, enhanced uptake occurs. In the case of elements like plutonium, which are
not metabolically essential, they tend to bind to animal surfaces which results in somewhat lower
CFs.

The biokinetic behaviour of plutonium in a variety of marine species is shown in Figure 4.
There is a wide range of measured CFs and, for an as yet unknown reason, asteroid starfish take up
Pu to relatively high levels. This organism appears to be an extremely good bioindicator for Pu in
the marine environment. Starfish have mucus on their parapodia which tends to accumulate and
firmly bind this transuranium element. They effectively retain Pu, whereas other organisms do not.
When the source of Pu is in the water, the radionuclide accumulates on the hard surface of the
starfish [8]. If starfish ingest contaminated food, Pu is digested and enters the pyloric caecum which
is the liver-like storage tissue found in each arm of the starfish. Nearly 100% of the ingested Pu is
found in the caeca where it becomes more or less immobilized [8]. Both uptake from water and
from food results in CFs ranging from 10s to 1000s in these species.

To underscore the importance of surface area in the radionuclide uptake process, the relation
between transuranic uptake and surface area for numerous types of plankton ranging from
microscopic phytoplankton species to small crustaceans such as copepods and krill is shown in Fig.
5. In the case of Am, Pu, Cm, a straight line relationship is found which indicates that uptake in
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FIG. 6. Accumulation ofSe-75from water and from food and water together by the euphausiid
Meganyctiphanes norvegica. Shaded area represents range of equilibrium concentration factors based on
stable selenium concentrations in euphausiids and water [1], Reprinted from Marine Science
Communications, Vol. 2, No. 1, (Fig. 1) 1976, 'Selenium Kinetics in Marine Zooplankton' (Fowler, S.W.
& Benayoun, G.), pp. 43-67, with kind permission from Marcel Dekker Inc., N.Y.
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these species is basically a surface area effect, not a metabolic one. It is noteworthy that
appendicularians fall off the regression line. These are gelatinous planktonic forms, with a surface
chemical composition that is very different from the siliceous and chitinous surface of diatoms and
crustaceans respectively. Thus, in the case of appendicularians, for a given surface/volume ratio
there is considerably less uptake than in the other species with hard surfaces.

Another way in which uptake can occur, particularly in large species, is through the food
chain. Fig. 6 shows an example with krill. One group of krill was exposed to ^^Se in water, and
another group was exposed to the same radiolabelled sea water plus radioactive food. Over time,
there was quite a significant increase in the CF due to the amount of ^^Se which was ingested with
food. However, even after approximately one month, these organisms had not reached the derived
equilibrium CF. This concentration factor is based on stable Se levels in the organism and in the
water. Even by accumulating selenium from both water and food, the combined process is very
slow and after a month the organism had not reached isotopic equilibrium. This is one example of
food chain transfer which facilitates the organism in reaching a steady state with the element or
radionuclide in its surroundings.

Much has been written about contaminant bioaccumulation in higher trophic levels of the
food chain. For example, cases abound where following a contamination, the contaminant enters an
organism which, in turn, is eaten by another and finally is ingested by the top predator which is
often man. Thus, one is tempted to say that the contaminant passes along the food chain and is
concentrated with each increasing link in the food chain. In most cases, this is an incorrect
assumption. If one follows concentrations of a given element or radionuclide in different organisms
of a food chain, a decrease in concentration or concentration factor is actually noted [10]. This
effect is the opposite of "biomagnification" in which case the top predator displays the highest
concentration. It is commonly believed that there is a biomagnification of Hg at higher levels in the
food chain. In some cases this may be true since methyl-Hg tends to accumulate in marine
organisms and is not excreted. However, for an element like Pu and many other trace elements, it
is exactly the opposite. For radionuclides, the only example that has been reported to date where
this may not hold is l^^Cs, and particularly in fresh waters [10]. Where this effect has been
examined in detail in both fresh water and marine species, there is a slight tendency to increase
along the food chain possibly because Cs follows K in its accumulation pattern and both tend to
accumulate in the muscle tissue of large predator fish. Furthermore, Cs is accumulated to higher
levels in fresh water species than in marine organisms, because in a low salinity environment there
are fewer cations to compete with Cs.

3.4. EXCRETION

In concert with element accumulation, there is an opposing process operating to eliminate or
excrete elements. An example of radionuclide excretion from phytoplankton is given in Fig. 7.
Note that when phytoplankton previously exposed to 241 Am a r e transferred to clean sea water,
there is a very rapid elimination of the radionuclide. This initial, rapid loss is usually thought to be
due to desorption from the surface of contaminated species. This initial loss is followed by a
subsequent, rather gradual elimination process. From the slope of the regression lines a rate can be
derived which can be converted to a biological half-life, i.e. the time for half the element to be
eliminated from the organism. It is evident from these slow components that loss often proceeds at
a less rapid rate than the accumulation phase. The other parameter to note in this example is the
effect of the duration of initial exposure. These diatoms were exposed to 241 Am for 5 hr and for 72
hr. There was an overall increase in the retention time for the longer exposure, suggesting some
form of penetration and stronger binding of radionuclide within the cells which were in contact with
the contaminant for a longer period.
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FIG. 7. 241Am excretion by a diatom previously exposed to 241 Am for two periods of time (5 hr and 72
hr). Tb,A (biological half-life) is time necessary to lose one half of the body burden in the long-term and
short-term compartments [6J. Reprinted from Limnology & Oceanography, Vol. 28(3), pp. 432-447,
1983, 'Interactions of marine plankton with transuranic elements. 1. Biokinetics of neptunium, plutonium,
americium and californium in phytoplankton' (Fisher, et al.), with kind permission from the American
Society of Limnology & Oceanography, KS.

Similarly, with heterotrophes there are a variety of loss curves depending upon the
radionuclide under study. In the case of krill (Fig. 8), there are two elements which are not
biologically essential (Ce and Pu) and consequently, they are lost very rapidly, whereas methyl-Hg
and Se (two elements that are involved in protein cycles) are more strongly retained. Heterotrophes
display radionuclide loss kinetics which are a combination of soluble excretion and defecation of
solid materials. Crustaceans differ from other organisms in that they also lose radionuclides
incorporated in their exoskeleton when they molt. Organisms also release eggs, which is another
way of excreting radionuclides. Finally, there is simple chemical desorption, i.e. ion exchange
from the surface. To discern the relative importance of some of these routes, experiments have
been performed where, by use of radiotracers and knowledge of the stable element concentrations,
one can calculate and model the percent of a given element that fluxes through the organism. For
example, with Zn and Pu in krill, most of the flux takes place through defecation (Table 2). In the
case of Se and Hg, both of which are involved in metabolic cycles to some extent, approximately
half occurs through defecation and half by soluble excretion via the urine and other products that
are released. Note generally that defecation is a very important route for the passage of
radionuclides and elements. As will be shown below, this process has a very profound effect on the
geochemistry of the sea.
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FIG. 8. Long-term excretion of different elements from euphausiids chronically exposed to radiotracers in
food and water [1J. Reprinted with permission from Pollutant Transfer and Transport in the Sea, Vol. II,
1982 (ed. G. Kullenberg): Chapt. 1, 'Biological Transfer and Transport Processes'(S.W. Fowler), p.21.
Copyright CRC Press, Boca Raton, Florida.

TABLE II. RELATIVE DISTRIBUTION OF ELEMENT EFFLUXa THROUGH THE
EUPHAUSIID MEGANYCTIPHANES NORVEGICA BY MOLTING, DEFECATION,

AND SOLUBLE EXCRETION [1]

Element
Zn
Cd
Se

Hs (inorg.)

Molting (%)
1.1
3.3
2.4
2.5
0.8

Defecation (%)
92.6
84.5
54.4
29.1
98.6

Soluble excretion (%)
6.3
12.2
43.2
68.4
0.6

Calculations based on euphausiids grazing under sufficient food conditions during the non-egg-
laying period.
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Particulate radionuclide excretion is relatively easy to determine. In practice the fecal pellets
can be collected and the amount of elements or radionuclides contained in them are then measured.
The same can be done with molts. To follow soluble excretion, the organism must be labelled with
radiotracer and loss (corrected for defecation) from the organism's body measured. With these
data, complete budgets of element excretion can be derived [11].

3.5. TRANSFER AND TRANSPORT

Some small crustacean species molt very rapidly, on the order of once per week. There is a
strong relationship between temperature and crustacean molting, i.e. the warmer the water, the
higher the molting frequency. Therefore, one might expect that in warmer, upper layers, for
example in tropical areas, there would be a greater molting effect on radionuclide release than
would occur in the deep sea where temperatures are typically very cold. At present, there is little
information on molting rates in deep sea species.

Zooplankton fecal pellets vary greatly in size and shape. A typical euphausid fecal pellet is
several hundred microns in length. Phytoplankton cells are "packaged" within this cylinder which is
covered with a thin layer of chitin called the peritrophic membrane. This membrane retards
bacterial degradation and keeps the packaged material contained inside. When pellets are released
in the water column they sink very rapidly, at speeds ranging between tens and several hundreds of
metres per day [12]. Researchers have recently recognized the importance of fecal pellets in
biogeochemical cycles and have begun to examine the speed at which they sink in the sea. The
sinking speed (m/day) is closely related to pellet density. For large dense pellets that might
typically sink at speeds of greater than 100 m d"*, they have the potential to reach great depths in a
matter of days. Large shrimp, fish and salps produce such pellets and thus, they are probably very
important in packaging surface radioactivity and transporting it to depth by this means.

However, rapid sinking is not the only factor governing the importance of fecal pellets and
other biogenic particles in element transport. The concentration of trace elements and radionuclides
in these materials are given in Table 3. Included are data for micro-plankton species which form
the base of the foodchain, the zooplankton that ingest them, and the fecal pellets and molts that are
produced. It is evident from the data that the zooplankton themselves have element and radionuclide
concentrations that are much lower than those in their fecal pellets.

The fecal pellets tend to concentrate elements and radionuclides, particularly those that are
not metabolically essential (Table 3). In other words, animals strip the nutrients such as carbon and
phosphorous from the food source and then package the refractory portion of the food (e.g., silica
frustules, exoskeleton and other undigestible tissues). These detrital particles which are released as
pellets then form a new aggregate particle which is relatively enriched in certain elements and
radionuclides. For example, the data in Table 3 show that euphausiid fecal pellets contain as much
as 2.4% Fe. Molts usually contain lower concentrations which are a function of the surface
chemistry of the element. For example, for elements like Pb which adsorb to surfaces, nearly 100%
of what is associated with the animal is found in the molt. In contrast, other elements like Se and
Hg that tend to be bound within the animal show very low percentages in the molt. In summary, the
overall enrichment of many elements and radionuclides in fecal material, and biogenic detritus in
general, is the main factor which determines their importance in biogeochemical cycles and vertical
transport.

Some relationships with fecal pellets have been examined, particularly the CF in a fecal
pellet and the residence time of that element in sea water. The residence time is a measure of how
long the element resides in sea water before it is removed. Residence time can be calculated if the
element concentration in the water (assumed to be in steady state) and the element input or output
are known. This has been done for known river inputs of elements to the sea, and the resultant plot
of the CF in fecal pellets against the residence time shows a very clear inverse relationship [13].
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TABLE III. LEVELS (fig g"1 dry) OF TRACE ELEMENTS, RADIONUCLIDES, AND
PCBS IN ZOOPLANKTON AND BIOGENIC PARTICLES [1,4]

Element

Ag
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Hg
Se
Ce
Eu
Cs
Sb
Sc
Sr

2 3 9 + 2 4 0 ^ * *

2 4 1 Am**
2 1 ° P o * *2 1 0 Pb**
232T h**
238U**
PCBs

Macro-
zooplankton

0.7
0.7
0.2
0.9
48
64
4

0.7
1

62
0.3
4

0.2
0.002
0.062
0.071
0.009

117
0.4

1100

0.35
21

0.62

Fecal Pellets

2.1
9.6
3.5
38

226
24000

243
20
34

950
0.4
7

200
0.66
6.0
71
2.8
78
98
72

24500
10400
250
520
16

Molts

2.9
2.1
0.8
5.3
35
232
12
6.7
22
146
0.2
2
1.2
0.008
0.019
0.8
0.03
350
4.8

360

2.6
245
1.4

(%)*

(31)
(22)
(34)
(48)
(6)
(28)
(21)
(78)

(*100)
(18)
(4)
(3)
(44)
(26)
(2)
(87)
(26)
(23)
(90)

(2.5)

(57)
(90)
(17)

Food
(microplankton)

0.7
2.1
0.9
4.9
39

570
18
8.1
11

483
0.1
3

0.3
0.013
0.08
0.22
0.13
520
4.0

3400

17
340
4.5

Marine
snow

3.4

10
12800

148
25
9

40

19
10

*Percent total body burden in molt
**pCi/kg dry. 1 pCi = 37 mBq

From this relationship there is a good indication that element scavenging and subsequent removal
from the sea is due to biogenic materials like zooplankton fecal pellets.

3.6. ELEMENT PROFILES

What evidence for the importance of these biological processes exists? Marine chemists have
classically examined dissolved and particulate profiles of elements in the sea to determine their
oceanographic consistency. Figure 9 shows a series of ^37^s profiles in the Mediterranean. Note
that 137£s j s a iw ayS quite high in the surface waters and then decreases with depth. This is termed
a conservative element profile because the element concentration follows salinity very closely. In
the Mediterranean the 137£s peaks a r e prominant in the eastern Mediterranean but decrease going
into the Ionian Sea near Greece and again into the Tyrrhenian Sea and off Monaco. The decrease in
this peak parallels the decreasing influence of eastern Mediterranean water (of higher salinity and
thus higher Cs content) going across the Mediterranean from east to west.

Cadmium behaves somewhat differently and its profile is often called a nutrient-type profile.
Cadmium follows phosphate in that it is a minimum at the surface, then displays a shallow
maximum before decreasing again at depth. This suggests particle regeneration during sinking,
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FIG. 10. Temporal change in particle flux through 100 m off the coast of Monaco, NW Mediterranean
[17]. Reprinted from Oceanologica Acta, Vol. 14(1): 77-85, 'Seasonal paniculate carbon flux in the
coastal northwestern Mediterranean Sea, and the role of zooplankton fecal matter' (S. W. Fowler, et al.).
Fig. 2, p. 79. Copyright with kind permission from Gauthier-Villars Publishers, Paris, France.



much like the pattern for nutrients. This is underscored by the very tight correlation, nearly a 1:1
relationship, between Cd and phosphate profiles noted in the north Pacific [15]. Zinc is similar to
silicate and also displays a maximum, but the maximum is found at greater depth than Cd. For this
reason, zinc is said to show a deep maximum, nutrient-type profile.

Finally, there is a so-called scavenging type profile. In this type the element displays a
surface maximum which then decreases to a minimum in mid water, and then increases again with
depth. In the case of Al, this is interpreted as initial atmospheric input through aerosols, scavenging
by particles and then remineralization at depth. At the bottom, aluminium diffuses out of the
sediments, and creates an Al maximum in near bottom waters. In the case of stable Pb, there is a
maximum at the surface, and then as it is scavenged by particles, it decreases very rapidly with
depth. However, with Pb no increase near the sediment is seen. The same scavenging trend is also
seen for 210pb, the removal of which is highly correlated with the flux of organic carbon [16].

3.7. VERTICAL FLUX AND SCAVENGING

Chemical oceanographers are now employing sediment traps to study the sinking particles
that have been proposed to control the dissolved and particulate element profiles measured in the
water column. Sediment traps are simply a series of particle collectors, like rain gauges, which are
attached at various depths on a mooring line anchored to the bottom. Particle collections of sinking
particles can be made for specific periods of time and then analyzed for their elemental content in
order to understand scavenging processes.

Typical information obtained from a sediment trap is shown in Fig. 10. This example is a
long time-series data set from coastal waters off Monaco. Each year a definite peak in mass flux is
seen during the winter and early spring. This is primarily due to two events: a bloom of
phytoplankton at that time of the year, and also increased sediment resuspension in the water during
the winter months. During summer, there is a very low particle flux followed in the fall by a
secondary peak of flux which may be related to a minor bloom that often occurs at that time in the
Northern hemisphere.

Further offshore in the middle of the northwestern Mediterranean, particle flux patterns
remain the same but the flux is much lower, i.e. mg/m^/d instead of g/m^/d. In the open
Mediterranean, very large variations in flux over short time scales, e.g. two-week intervals, are
also noted [18]. If one examines the flux of these particles over depth, a progression in flux is noted
as the water column stabilizes between spring and later summer. For example, during late summer,
the particle flux is fairly uniform throughout the entire water column, whereas at other times of the
year high flux occurs in the surface waters during periods of high biological productivity, with a
much lower flux at depth. The same trend has been seen in other oceans.

The flux of C over depth in moles/m2/y for the Pacific Ocean is depicted in Fig. 11. There is
a sharp drop off with depth which is interpreted to be the zone where most of the C
remineralization takes place. As bacteria degrade these particles, a sudden decrease is noted
followed thereafter by relatively constant flux with depth. Therefore, if radionuclides are associated
with this material, the same process, degradation and radionuclide remineralization, will take place.
The first study to show the general relationship between radionuclide flux and biological
productivity in overlying waters was carried out in the Sargasso Sea. The time-series measurements
showed definite cycles in biogenic particle flux which correlated well with corresponding
radionuclide flux [20].

Another radionuclide technique that is commonly being used in marine studies is to examine
the disequilibria between 238TJ ancj jts daughter 234-Th j n water and particles. When the
radionuclide pair is in secular equilibrium, the ratio of Th to U is 1. Samples of sea water down to
100 m are taken and then the Th and the U are measured. A decrease in the Th/U ratio indicates
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FIG. 11. Open ocean composite fluxes for C using the means of replicates from various stations in the NE
Pacific Ocean. F = 1.53 (z/100)'0858; r2 = 0.81; n = 48 [19]. Reprinted from Deep-Sea Research
34(2):pp. 267-285 (1987), 'VERTEX: Carbon cycling in the northeast Pacific' (J.H. Martin, et al).
Copyright 1987, with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 1GB, UK.
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that Th has been removed from the water relative to U. The cause of this removal is chemical
scavenging by the particles in the water, principally the biological particles discussed above.
Thorium is a very reactive element and is adsorbed by small particles very rapidly. Uranium is not
particle reactive and behaves conservatively; therefore, it remains in the water while the Th
scavenged by the particles subsequently sinks with them.

In one study at a location in the north Pacific [21], a very low ratio at about 60 m was found.
This depth corresponded exactly to where the chlorophyll maximum was situated. The chlorophyll
was a result of the phytoplankton cells which were scavenging and subsequently removing the
thorium from the soluble phase. When sediment traps were placed beneath the chlorophyll
maximum at 60 m, the sinking particles collected contained high concentrations of 2 3 4Th. From
the known particulate scavenging rate of 234jn> ^g residence time for the radionuclide could also
be derived. The most important result from their study was that the 234-pjj scavenging rate was
found to closely relate to the rate of C export from the euphotic zone.

To summarize, Fig. 12 depicts current thinking on radionuclide scavenging. The dissolved
species is taken up on small particles which, following aggregation into large particles, is removed
from the water column by the rapid sinking of the larger aggregates. Aggregation of small particles
often occurs through the grazing activity of marine organisms. The resultant large particles in the
form of fecal pellets can also accumulate radionuclides and release them at depth [23]. It is essential
to remember that although there is a much greater biomass of minute suspended particles than of
large particles, it is the latter types which account for most of the mass flux in the sea [24].

3.8. CASE STUDIES

To better understand the basic concepts of radionuclide biogeochemistry outlined above,
some case studies are presented which demonstrate the importance of biology in transferring and
transporting some of these radionuclides.

During the 1980's, a particle flux programme called VERTEX (Vertical Transport and
Exchange Experiment) studied element biogeochemical cycles in various regions of the north
Pacific. An examination of results on transuranic flux in the open Pacific gyre, an area of very low
production, are particularly interesting. In the Pacific ocean and also in the Atlantic and in some
areas of the Mediterranean, there is a sub-surface maximum of Pu and Am concentration [25]. A
typical profile of Pu in the Pacific depicting these maxima is shown in Fig. 13. This maximum,
particularly for Pu, is found over the entire Pacific Ocean and questions have arisen as to what
maintains the quasi-permanence of this feature. It has been hypothesized that sinking particles
scavenge plutonium and then release it at the depth of the Pu maximum; i.e. it is controlled by
particle interactions in surface waters and at depth.

A series of plankton samples including microplankton, copepods which feed on the
microplankton, and fecal pellets produced by these copepods were collected from the surface water
at a site in the central north Pacific gyre (Table 4). In general, the copepods had very low Pu and
Am concentrations, but their fecal pellets were highly enriched in these transuranics exactly as
occurs for other elements. Thus, fecal pellets appear to be good candidates for the packaging and
removal of Pu and Am from the water column. The typical Am:Pu ratio in atmospheric fallout is
about 0.3, which is not too unlike that measured in copepod zooplankton. However, the data in
Table 4 show a ratio of 3.7 in fecal pellets which suggests that fecal pellets were enriched in Am
relative to Pu.

At the same time these biological samples were collected, a series of sediment traps were also
deployed at the site. Concentrations of Pu and Am in trap material were quite similar to those in the
fecal pellets and, in fact, much of the particulate material in these traps consisted of fecal pellets.
Taken together, these data indicate that as fecal pellets and other biogenic debris sank from the
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TABLE IV. TRANSURANIC CONCENTRATIONS (pCi kg"1 dry + la)** AND ACTIVITY RATIOS IN
BIOLOGICAL SOURCE MATERIAL AND SAMPLES FROM SEDIMENT TRAPS [26]

Site
Station
VERTEX

N. Pacific
Gyre

**1 pCi =
ND: Not

Samples

IV Microplankton

Marine snow
Copepods

(500-1000 ixm)
Copepods

(1000-2000 urn)
Copepod fecal

pellets

PIT 150 m
250 m
500 m
1000 m
1500 m

Bottom sediment
Top 1 cm (Xn=4)

= l0~14Ci = 37 mBq
detectable

2 3 9 + 2 4 0 ^

11.414.5

18.6+4.8
1.810.3

0.810.3

1441110

25.112.6
58.1114.5

199130
405135
301145

1.910.3

2 3 8Pu

2.711.4

0.9+0.9
ND

ND

ND

1.3+0.5
3.211.6
5.5+3.0
11.9+5.4
8.914.4

241Am

9.4+2.8

10.413.5
0.810.3

0.610.3

530+160

5.911.4
23.515.9
126+11
271+22
273124

0.610.1

Ratio
238pu/239+240pu

0.24+0.15

0.0510.05
-

-

-

0.05210.020
0.05510.030
0.028+0.016
0.029+0.014
0.030+0.015

Ratio
241Arn/239+240Pu

0.82+0.41

0.5610.24
0.4410.18

0.7510.47

3.713.0

0.2410.06
0.4010.10
0.6310.09
0.6710.06
0.9110.14

0.3



TABLE V. CONCENTRATIONS (Bq g"1 dry) OF PROMINENT CHERNOBYL FALLOUT RADIONUCLIDES IN LARGE
PARTICLES COLLECTED AT 200 m WITH SEDIMENT TRAP MOORED IN 2200 m WATER DEPTH OFF

THE COAST OF CORSICA DURING APRIL-MAY 1986 [28]

Sample No.:
Radionuclide

95

103Ru
106Ru
134Cs
137Cs
I41Ce

239+
424?

241Arn*U

*Bq kg"1 "

1
13-20 Apr.

<0.05
<0.5
<0.5
5.43
0.87

2
20-26 Apr.

<0.05
<0.5
<0.5
2.00
0.68

3
26 Apr.-2 May

(Bq g"1 dry)

O.15±O.O8
<0.5
<0.5
3.00
1.51

4
2-8 May

<1.0
<1.0

3.7+0.2
1.1+0.5

0.41+0.05
0.85±0.08

1.3+0.7
<0.5
3.22
1.05

5
8-15 May

24.5+1.4
31.8+1.1
23.6+1.0
5.4+1.8
2.1±0.2
3.8+0.3
12.6+0.6
13.6±0.7

9.70
3.63

6
15-21 May

<1.0
<1.0

14.0±0.4
3.5±0.7
1.9+0.1
4.0±0.1
l.l±0.5

<0.5
4.71
2.83



surface to 1500 m, they scavenged and accumulated more Pu and Am. However, Am was being
scavenged by particles more rapidly than Pu which eventually results in the elevated Am/Pu ratios
that have been observed in trap samples [27]. There are few data on transuranic fractionation in
particles below 1500 m, however, it is likely that particle remineralization results in a release of Pu
and Am at depth. The release of Am and Pu from fecal pellets has been well-documented through
laboratory radiotracer experiments [1,23]. One conclusion that can be drawn from this type of
study is that in a nuclear waste disposal situation such as has occurred in the Irish Sea and
elsewhere, biogenic particles are probably more effective in scavenging and removing Am from the
water column than Pu.

One of the more instructive case studies involves the vertical transport of radionuclides
following the Chernobyl accident on 26 April 1986. A radioactive plume from the damaged plant
drifted across Italy and over the Ligurian Sea where a time-series sediment trap had been deployed
in mid-April at a depth of 200 m. Radioactivity was first detected in air samples from Monaco on
30 April, 4 days after the accident occurred. A peak in aerosol activity was measured on 3 May
followed by rain on 4-5 May which brought almost all of the fallout down as a single pulse during
that period. The sediment traps were set to sample six intervals of 6.25 d each. In the first 3
sediment trap samples (13 April through 2 May), no radioactivity was detectable in the particles.
The sample collected between the 2 and 8 May contained some measurable amounts of radioactivity
(Table 5). Then, between 8-15 May, a maximum pulse of radioactivity was measured in the trap.
This indicated that it took about 7 days for the radioactivity entering the surface to reach 200 m.
Following this period, much lower concentrations were evident, particularly for elements like Ce
and Nb which are particle reactive and were removed from the water column very rapidly. This
observation further highlighted the "pulsed" nature of the fallout which was also transported
downward as a pulse in this region of the Mediterranean [28]. To learn to what degree the biology
was involved in this process, samples of plankton and their fecal pellets were collected using a
zooplankton incubating device [29]. Briefly, the collector consists of a chamber suspended in
filtered sea water which allows separating zooplankton from their excreta by sedimentation and
seiving through a fine mesh screen. On 6 May, just after the radioactivity reached the surface
waters, the zooplankton residing in these waters were sampled. The freshly produced fecal pellets
contained similar radionuclide concentrations and ratios to those found in the sediment trap samples

TABLE VI. CONCENTRATIONS (Bq g 1 dry) OF CHERNOBYL FALLOUT RADIONUCLIDES
IN ZOOPLANKTON AND THEIR FAECAL PELLETS COLLECTED ON 6 MAY 1986

AT THE TRAP SITE OFF THE COAST OF CORSICA [28]

Radionuclides
"Zr
95Nb
103Ru
106Ru
134Cs
137Cs
141Ce
144Ce

2 3 9 + 2 4 0 ^ *

241Am*

Zooplankton+
ND

0.012+0.003
0.28±0.06
0.07+0.04

0.022±0.006
0.034+0.007

0.02±0.01
0.10±0.05

0.016
0.004

Faecal pellets
1.4±0.8

ND
16.0+1.9
5.8±2.9
3.4±0.6
6.3±1.0
0.9±0.4
2.5±1.3

7.4
0.63

+Zooplankton were almost exclusively adult copepods of the species
Centropages typicus (97%), Acartia clausii (1%) and Clausocalanus
sp. (1%)

*Bq kg"1
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TABLE VII. SELECTED RADIONUCLIDE ACTIVITY RATIOS OF CHERNOBYL-DERIVED
RADIONUCLIDES IN DIFFERENT SAMPLES FROM THE

NORTHWESTERN MEDITERRANEAN [28]

Sample

Air

Unfiltered
sea water

Zooplankton

Fresh faecal
pellets

Trapped
particles at 200 m

Collection
Date

3 May

7 May

6 May

6 May

11 May

137Cs/141Ce

58

11

1.7

7.0

0.27

103Ru/14!

110

8.0

14

18

1.8

Aclivily Kauo

Ce 103Ru/137Cs :

1.9

0.73

8.2

2.5

6.8

0.13

-

0.22

0.09

0.37

Air filter and sea water samples from coastal station at Monaco approximately 90 nautical miles northwest of
trap site. The short half-lived radionuclides 103Ru and 141Ce have been corrected to 6 May.



TABLE VIII. VERTICAL FLUXES OF CHERNOBYL-DERIVED RADIONUCLIDES THROUGH 200 m AS DETERMINED BY PARTICLE
INTERCEPTOR TRAP MEASUREMENTS IN THE NORTHWESTERN MEDITERRANEAN DURING APRIL-MAY 1986 [28]

Date

13-20 April
20-26 April

26 April-
2 May

2-8 May
8-15 May
15-21 May

Mass flux
(mg m" d" )

213.7
111.5
63.9

65.5
53.6
57.6

95Zr

-

-
1.31

95Nb

-

-
1.70

-

!03Ru

-

0.24
1.26
0.81

Radionuclide
106Ru

(Bq m'V)
Pre-Chernobyl
Pre-Chernobyl

-

0.072
0.29
0.20

134Cs

-

0.072
0.11
0.11

137Cs

0.0096

0.0557
0.2035
0.2305

141Ce

-

0.085
0.68

0.063

144Ce

-

-
0.73

-

2 3 9 + 2 4 0 ^ *

1.16
0.22
0.19

0.21
0.52
0.27

241 A *

Am*

0.19
0.076
0.096

0.069
0.19
0.16

*mBq

TABLE IX. CHERNOBYL RADIONUCLIDES (Bq/g dry) IN SINKING PARTICLES (50-250 m) AND BOTTOM
SEDIMENTS OFF LA SPEZIA, ITALY, JULY 1986 [30]

9-18 July
25 miles off La Spezia

50 m

150 m

250 m

470 m

Dry/Wet
Weight Ratio

0.1085

0.1027

0.09544

(Surface sediment)

103Ru

0.74+0.11

0.82+0.10

2.14+0.19

ND

137Cs

1.37+0.14

1.13+0.13

0.64+0.15

ND

134Cs

0.337+0.067

0.51+0.18

0.37+0.10

ND

1O3Ru/137Cs

0.73

3.34

ND: Not detected



(Table 6). This strongly suggested that copepod grazing and the resulting fecal pellets were the
prime mechanism that was moving radioactivity down in the water column. From knowledge of
depth and collection times, a rough estimate of the sinking speed (30m/d) was made. Microscopic
examination of the trap samples verified that copepod fecal pellets made up a substantial portion of
the paniculate material collected at 200 m. These field observations corroborated many of the
vertical transport models that had been derived primarily from laboratory studies.

The ratios of radionuclides in trap material and other samples such as air, sea water, plankton
and pellets were also instructive. For example, Cs is conservative in sea water in that it does not
react to a great extent with particles. However, Ce in the oxidized form is very particle reactive. It
can be seen in Table 7 that the Cs/Ce ratio decreased more or less in regular fashion going from air
to sea water to plankton and finally to the material trapped at 200 m. The rather big drop in the
ratio suggested that Ce was scavenged by plankton and particles much more than Cs. The net effect
was the low Cs/Ce ratio found in the smallest particles.

From the radionuclide flux data shown in Table 8, it is possible to calculate a radionuclide
inventory passing 200 m depth. For example, during the interval 26 April - 21 May, approximately
3.1 Bq 1 3 7Cs irr2 passed through the 200 m layer. Comparing this to the 1383 Bq 1 3 7Cs n r 2

which was deposited as wet and dry fallout in the region through the end of May, it can be shown
that only a very small fraction (0.2%) of the deposited l ^ C s Was transported below 200 m by that
time. In the case of Pu and Ce, comparable fractions were 75 and 50%, respectively, which
underscores the greater reactivity of these radionuclides with sinking particles and hence their
shorter residence time in sea water.

Some puzzles of Chernobyl-derived radionuclide behaviour still remain to be solved. In a
similar flux study carried out during July 1986 in the Ligurian Sea near La Spezia, Italy, sediment
traps were moored at 50, 150 and 250 m in a water column approximately 500 m deep. Following
the 9-day deployment, sediment trap samples and the surface bottom sediment carefully removed
from a box core were analyzed by gamma spectrometry. The sinking particles from all three depths
showed strong signals of the Chernobyl fallout; however, interestingly, no Chernobyl-derived
radioactivity was detected in the surface sediments at that site (Table 9). Thus, in spite of strong
evidence that the radionuclides were being transported vertically at least to 250 m by sinking
particles, radioactivity had apparently not yet reached the bottom at this site 2.5 months after it
entered the surface waters. If these observations at La Spezia are confirmed, they imply that
significant recycling of radionuclides was occurring in the upper water column of the
Mediterranean. Unfortunately, at present, there are no other published data on Chernobyl-derived
radionuclides in deep Mediterranean sediments with which to verify or refute the findings from the
La Spezia study.

3.9. TRANSFER FROM SEDIMENTS

In any event, given sufficient time, biogeochemical processes will eventually result in the
transport of radionuclides to the sediments. Because sediments tend to be the ultimate repository for
many radionuclides, questions often arise regarding the possibility of the bioaccumulation of
sediment-bound radionuclides by benthic species and their eventual transfer back to man. Over the
years, many data have been gathered from areas contaminated by fallout as well as those directly
exposed to radionuclide releases from the nuclear industry or accidents. While the scope of this
presentation does not permit an in-depth review of this subject, it has been shown that the transfer
of sediment-bound radionuclides to the fauna associated with them is generally very low [31,32].
As one example, laboratory-derived, sediment-organism transfer factors for several radionuclides
are listed in Table 10. Transfer factors are defined here as the amount of radionuclide per gram
organism divided by the amount of radionuclide per gram sediment. Values ranging between
0.0005 and 0.2 attest to the fact that, in most cases, very little of the sediment-bound radionuclide
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TABLE X. CONCENTRATION FACTORS FOR THE UPTAKE OF RADIONUCLIDES FROM SEDIMENTS BY
BENTHIC WORKS [1]

Days of
Species
Polychaete

Nereis diversicolor

Nereis diversicolor

Nereis japonica

Exposure

40
(15)
88

11

(11)

239,240^

0.0014
(200)

241Am

0.0005

55Fe

0.019

95Zr - 95Nb

0.01

(4)

137Cs

0.2

(6)

106Ru

0.006

(6)

60Co

0.06

(6)

Numbers in parentheses are concentration factors based on uptake from water.



is taken up by benthic fauna. In fact, field studies such as those carried out at the plutonium
contaminated site off Thule, Greenland, bear out the laboratory results [33].

Generally speaking, the higher the distribution coefficient (Kd) of the radionuclide between
sediment and water, the lower the degree of uptake by organisms living in the sediments. On the
other hand, as the corresponding concentration factor data in Table 10 show, when the source term
for the radionuclide is water, the relative bioaccumulation by benthic species is one to four orders
of magnitude greater than from contaminated sediments. Given this fact, it may be that the
measured uptake from bulk sediments is really a function of bioaccumulation of the radionuclide
associated with the interstitial waters in sediments. This subject has been an active area of
radioecological research in recent years.
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Abstract

This chapter reviews fundamental principles of the rates and extents of radionuclide
uptake by sedimentary and suspended particles, defines sediment-water partition coefficients,
and shows how they can explain first order features of radionuclide partitioning in aquatic
environments. It then explains how sediment accumulation and mixing rates can be calculated
from profiles of radionuclide activity measured in sediment cores. Such rates can be combined
with profiles of other chemicals to establish the extent of temporal changes in chemical
composition of the overlying water body. Since sediment processing and counting in the
laboratory take much longer than the time required to collect the sample, suggestions are made to
ensure that the sediment samples are not ruined or comprised during collection and handling in
the field, and so are worth all the subsequent time and effort to analyze.

4.1. Introduction

The fate and dispersal of most radionuclides is much affected by the extent of their
uptake or release from suspended particles, along with the sinking, horizontal transport and
accumulation of particles in underlying sediments. How rapidly a water body is cleansed of
radionuclides depends largely on how fast the nuclides are sorbed onto particles which sink to
the bottom. Sediments at the bottom of lakes and ocean usually contain the largest fraction of the
total inventory of most radionuclides in aquatic systems. (137Cs and 90Sr are exceptions in
remaining mostly in the water column of the oceans.) If additional inputs from fallout or
accidental releases remain low or continue to decrease, leakage out of contaminated sediments
may become a significant chronic source of nuclides to the overlying water and biota. This has
happened for Pu at Enewetak atoll for example [section 8.5.]. Possible bioaccumulation of
sediment-bound radionuclides by benthic organisms and their eventual transfer back to humans
is another reason for studies of radionuclide interactions with suspended particles and bottom
sediments. Transfer of sediment bound radionuclides to fauna associated with them has generally
been found to be low [1, 2], but the possibility remains a concern—at the Farallons Island
dumpsite for example [section 8.3.]. A final reason for studies of sediment-radionuclide
interactions is that under certain conditions profiles of radioactive concentrations with depth in
properly collected sediment cores can be used to ascertain sediment accumulation and mixing
rates [3 and references therein]. One of the conditions for this dating application is that the
radionuclide remain bound to the sediment layer with which it was initially deposited~i.e., it
must not desorb, dissolve or diffuse away. Significant diffusion of 137Cs in marine sediments
means 137Cs activity profiles cannot reliably used to ascertain sedimentation rates in them [ 4, 5].
For all these reasons, dissolved radionuclide interactions with suspended particles and within
bottom sediments have been subjects of numerous studies since the pioneering papers of
Duursma and colleagues [6].

4.2. Rates of uptake and release of radionuclides by sedimentary particles

Results of numerous studies of rates and extent of uptake of dissolved radionuclides by
different types of sediment particles all tend to resemble Figs. 1-3, although some studies plot
percentage of dissolved nuclide sorbed. onto particles while other studies plot sediment-water
distribution or sorption ratios. For all isotopes, an initial period of rapid uptake occurs for few
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Fig. 1. Distribution ratios of radiotracers as a function of time for adsorption onto four different
types of particles. From [7].
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Fig. 2. Distribution ratios (KD's) of various radiotracers as a function of time in (A) adsorption
and (B) desorption experiments, using Narragansett Bay surface sediments and sea water. From
[7].

minutes to several hours; little additional uptake occurs over periods of days to weeks. Although
the shape of the curves are similar, different isotopes are taken up to markedly different extents.
The extent of uptake of a particular isotope differs for different types of particles, and increases
with increasing particle concentrations.

When sediment particles labeled with radionuclides are placed in sea waters without
dissolved radionuclides, some of the nuclides bound to the particles are desorbed and go into
'dissolved' phase (Figs. 2 and 3). The rate of this desorption reaction is also rapid for first few
minutes and hours, and then levels off to produce quasi-constant or quasi-equilibrium conditions.
Figures 2 and 3 show that in some cases (but not all), the same final ratio of dissolved to
particulate radionuclides is reached from both the adsorption and the desorption experiments. In
such cases an equilibrium between dissolved and particulate phases may truly be reached.

4.3. Definition of a radionuclide sediment-water partition or distribution coefficient, KD

The affinity of a radionuclide for particles suspended in a water column or at the
sediment-water interface is usually described by a distribution coefficient KD where

K D =
C w

with:
Cp = concentration of radionuclide per weight of particles
Cw = concentration of radionuclide per equal weight of water
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clay systems as a function of equilibration time, at two different suspended particle
concentrations. From [8].
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Ideally, KD would be a measure of reversible, equilibrium partitioning between truly
"dissolved" and particulate phases in a body of water. There are several reasons why this is not
strictly true. First, the distinction between "dissolved" and particulate phases is an operational
and arbitrary one. The distinction may be based on continuous flow centrifugation at a certain
speed for certain time, or based on filtration through filters of different pore sizes such as 0.4 or
0.2 micron. Second, many lab experiments and most natural environments are not truly
reversible chemical systems at equilibrium. Third, one must consider the chemical form, valence
and speciation of the dissolved element of interest, and of other elements which may compete
the particle surface sites. For example, dissolved organic carbon competes for particle surfaces
and reduces uptake of dissolved Pu (Fig. 4) while Na+ and K+ in sea water compete for particle
surfaces and greatly reduce sediment uptake of 137Cs+ (Fig. 5). Uranium in the +4 oxidation state
is readily sorbed onto particles, while the U+6 state present in oxidized sea water hardly interacts
with particles at all. Finally, different mineral surfaces have different affinities for dissolved
radionuclides, and since natural systems have wide ranging mixtures of particle types, one KD
may not adequately describe a natural system.

To avoid implying equilibrium or chemical reversibility of processes in natural
environments, some scientists prefer to use the term "Sorption Ratio" Rs, where Rs equals the
activity observed per kilogram sediments divided by activity observed per liter water. This ratio
has units of liters per kilogram and is numerically equal to KD. Larger values of KD or Rs
signify stronger affinity of a dissolved nuclide for binding to particles. Ratios observed in sea
water vary from 102-103 for 137Cs with its relatively low tendency to bind to particles, to ratios
of about 106 for Pu, which has a very high tendency to bind to particles.
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Fig. 5. The effect of salinity on the measured particle-to-water distribution for 137Cs ( • ) , 134Cs
(o), 60Co (A), 58Co (A), and 7Be (•) . The two freshwater points are an average of all the
samples collected in Conowingo Pond and Susquehanna Flats, respectively. It is apparent that
the sorption of radiocobalt and 7Be is unaffected by estuarine salinity, but that the sorption of
radiocesium is strongly dependent on salinity. From [10].

4.4. Distribution of an isotope between suspended particles and dissolved state depends
upon both KD (or RJ and particle concentrations

Starting with the definition R s equals activity per gram dry particles divided by activity
per gram water, we can write:

Re =
F»activity per ml»—

w

(1-F) x activity per ml * —



TABLE 1. FRACTION (F) OF THE TOTAL RADIONUCLIDE ACTIVITY IN A
SEAWATER SAMPLE CALCULATED TO BE ASSOCIATED WITH PARTICLES, FOR
DIFFERENT SORPTION RATIONS (Rs), AND FOR PARTICLE CONCENTRATIONS
LIKELY FOUND IN DIFFERENT OCEANIC AREAS (W).

Rs

103

103

104

104

104

104

5X104

105

105

105

105

105

w
mg/1

0.1

1.0

0.5

1.0

5.0

1000

1.0

0.1

0.5

1.0

5.0

1000

F

.001

.001

.005

.01

.05

.91

.05

.01

.05

.09

.33

.99

Rs

5x105

5 x l 0 5

5 x l 0 5

5 x l 0 5

5 x l 0 5

106

106

106

106

W
mg/1

0.1

0.5

1.0

5.0

1000

0.1

0.5

1.0

5.0

F

.05

.19

.33

.71

.998

.09

.33

.49

.83

where:
F = fraction of total activity in water sample associated with particles;
activity per ml = total activity per unit volume of solution;
(1 - F) = fraction of activity not associated with particles;
w = weight of particles per unit volume of water (gram per ml);
p = density of sea water—taken as 1.03 grams per ml.

To allow easier calculation of F, the fraction of total activity in water sample associated
with particles, for various weights of particles per unit of water, w, and for various Rs, we
rearrange to give:

Rs»w

F = =5=
1 +

Table 1 summarizes calculations of F for values of Rs from 103 to 106 and for w from 0.1
to 1000 mg/liter. These ranges of Rs and w include the most likely values to be found for
radionuclide-sediment affinities and for particle concentrations in the sea.

A very important conclusion based on results in Table 1 is that in the open ocean and
deep sea where values of w are less than 1 mg/1, most radionuclides should be in "dissolved"
form and not bound to particles. This is true even for nuclides such as Pu whose Rs may be 105

to 106, because of the scarcity of particles.
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offshore sediments are much larger than fluxes due to air fallout, due to 'boundary scavenging'
processes. From [13].

From Table 1 it is also clear why Pu with its Rs of 105 to 106 is much more likely to be
absorbed onto particles in surface ocean waters and sink to depth than 137Cs with its Rs of only
102 to 103. This difference in affinity for particles explains the difference in concentration
profiles of Pu and 137Cs in ocean waters. *37Cs activities tend to be highest in particle-rich
surface waters of the ocean, and decrease rather rapidly to very low or undetectable levels below
around 700 meters [12]. This is because the 137Cs has little affinity for the particles in surface
waters and outside areas of downwelling does not readily penetrate deep into the sea. Pu
activities on the other hand are low in surface waters (Fig. 6), because Pu is readily taken up by
particles which sink into deeper waters.

What causes the maximum in dissolved Pu concentrations at around 400-700 meters
depth? The particles which remove Pu from surface waters are largely biogenic particles, most of
which decompose or dissolve by 1000 meters depth, releasing their radionuclides back into the
deeper water. Because of shortage of other particles to scavenge them in the deeper water, the
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radionuclides remain mostly in "dissolved" form. When such middepth waters relatively rich in
dissolved nuclides move horizontally and then are upwelled into particle richer coastal zones,
more of the particle-reactive nuclides like Pu and 210Pb are adsorbed onto particles, and settle to
the sea floor. This process causes activities and inventories of such nuclides in underlying
sediments to be much larger than can be sustained by just direct air fallout to the area (Fig. 7).
The process has been called "boundary scavenging" and is clear for both the natural isotope
210Pb and for artificial Pu isotopes all along the west coast of North America [4, 5, 13, 14], and
for 210Pb on the Amazon continental shelf [15; and references therein].

The equilibrium partitioning concepts just described are very useful in understanding first
order features of radionuclide distributions in aquatic environments. Readers are reminded that
these concepts oversimplify actual interactions between dissolved radionuclides and particles in
'real world' systems in several important ways: (1) The dissolved nuclides actually interact with
a variety of particle sites of different affinities (or KD 's), because mixtures of particle types are
present in natural systems. The adsorption process may also first involve uptake onto surface
sites followed by transport to different sites within the lattices [7]. (2) In ocean areas with low
concentrations of larger particles, nuclide uptake onto colloidal size particles may occur rapidly,
but subsequent transport may be limited by rate of inorganic aggregation of the colloid size
particles (the Brownian pumping model of references 16-18). (3) Suspended particle size
distribution and the nature of exposed binding sites also change as result of particle ingestion by
zooplankton and small fish, and then excretion as larger fecal pellets or 'snow' with bacterial
coatings which sink and decompose into smaller particles at different rates [19].

4.5. Diffusion of Radionuclides in Sediment Pore Waters?

Consideration of the extent of possible dissolution or desorption and subsequent diffusion
of radionuclides in interstitial waters of sediments can be based on calculations similar to those
in the preceding section. Recent sediments may be 90% water, but still contain at least 103 mg of
sediment particles per liter. Table 2 summarizes calculations of nuclide partitioning between
particles and 'dissolved' phases for nuclides with R s from 102 to 5 x 105 and for w of 103 and 104

mg sediment particles per liter of sediments plus pore waters.

Sorption ratios for dissolved Pu with natural sediment mixtures are most likely 105 or
greater, so results in Table 2 strongly suggest over 99% of the Pu should stay bound to particles
and not move in solution in pore waters of sediments. Sorption ratios for 210Pb with natural
sediment mixtures are most likely 104 or greater, so with particle concentrations likely in recent
sediments it should also be immobile. Radionuclides like ̂ 10Pb and Pu may well be transported
to the sea floor with biogenic phases which partially decompose during diagenesis, or with
hydrous Mn or Fe oxides which dissolve in oxygen deficient sediments at depth. However, these

TABLE 2. FRACTION (F) OF THE TOTAL RADIONUCLIDE ACTIVITY IN A SAMPLE
CALCULATED TO BE ASSOCIATED WITH PARTICLES, FOR DIFFERENT SORPTION
RATIOS (Rs) AND FOR PARTICLE CONCENTRATIONS LIKELY TO BE FOUND IN
RECENT FINE GRAINED MARINE AND LACUSTRINE SEDIMENTS (W).

102

103

104

105

w
mg/1

1000

1000

1000

1000

F

.088

.49

.91

.990

Rs

5x105

102

103

104

W
mg/1

1000

104

104

104

F

.998

.49

.88

.99
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nuclides which might be momentarily released into a sediment layer are released into a very high
particle concentration zone and should be rapidly and essentially completely resorbed onto other
particles before the nuclides can diffuse very far away. However, sorption ratios for 137Cs with
natural sediments are most likely only 102 to 103, so Table 2 shows that 12 to 92% of the 137Cs is
calculated to desorb into marine pore waters and be likely to diffuse. This diffusion means
profiles of 137Cs activity in marine sediments cannot be used to calculate sediment accumulation
rates [4, 5]. The key point is that to consider possible radionuclide mobility in sediment-pore
water systems, one must consider both the sorption ratios and particle concentrations to estimate
the amount of binding to sediments.

4.6. Measurement of sediment accumulation and mixing rates from radioactivity profiles

To determine sedimentation rates from decreases in radionuclide activity in sediment
cores, one must first pick the radionuclide to study based on its half life and the time period for
which one would like to know the accumulation rate. Normally measurable amounts of activity
of a nuclide remain for only 4-5 half-lives. So, excess 210Pb with its 22.3 year half life has been
very useful for measuring sedimentation rates for past century. 14C with its 5680 year half life
has proven extremely valuable for measuring ages and rates from a few thousand to about 25,000
years, a time frame which covers the most recent glacial-interglacial transition. 230Th with its
75,200 year half life provides ages and rates over the past 30,000-350,000 years. 232Th and 40K
with their half lives of 1010 years are too long lived to be useful in measuring ages or rates of
processes occurring over periods of less than about 109 years.

The careful, time-consuming measurements of radioactivity should be made only on
sediment cores carefully collected with minimal disturbance or mixing during the coring
operation [see section 4.9] Given an undisturbed sediment core and accurate decay constant for
the radionuclide, conversion of profiles of radioactivity with depth in sediment into accurate

\ A

\ c

B

D

DEPTH IN CORE

Fig. 8. Generalized types of profiles of activity of a nuclide versus depth in marine sediments.
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sediment accumulation rates depends on fulfillment of the following requirements: (1) Intervals
of sediment used for analyses must have well defined depositional times short compared to the
overall dating period--i.e., small enough sampling interval thickness; (2) Loss of nuclide activity
from the sediment intervals is only by radioactive decay-e.g., there is no sediment mixing in the
depth horizons used to calculate accumulation rates, and no chemical mobility of the nuclide
after deposition. This is often called the 'closed system" assumption; (3) The initial activity of the
nuclide at the sediment surface has been constant during the time period of interest, so that each
layer started out with the same initial activity; (4) Wet/dry weights of material in each interval
are measured and sediment porosities are calculated to allow expression of results in mass per
area per time (mg/cm2/yr) instead of just length per time (cm/yr). This is important because units
of mass or weight are required for geochemical mass balances, not lengths which depend upon
water content of the interval.

If these requirements are fulfilled, sediment accumulation rates can be calculated from
the activity versus total mass accumulation profiles using equations and boundary conditions

Concentration (ppm) Concentration (ppm)

0.0 0.4 0.2 0.3 0.4 0.5 0.6 0,7 0.0 40.0 20.0 30.0 40.0 50.0 60.0
1979

Fig. 9. Metal concentrations in 2iopb dated fine grained sediment cores from Puget Sound, WA,
U.S.A. Based on data in [21].
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Fig. 10. Depth profiles of concentrations of La, Ce, organic carbon, DDT and total hydrocarbons
in sediments off San Pedro, California, U.S.A. Ages of the indicated layers are based on excess
210Pb profile and sediment accumulation rate calculated from it. From [22].

described for excess 210Pb profiles by [3]. The slope of the activity versus total mass
accumulation (or depth) plot is directly related to the accumulation rate. Similar equations are
used for other isotopes merely by inserting the proper decay constant. Since one or more of these
requirements may not be fulfilled [20 for example], it is always advisable to seek alternative
methods to validate the accuracy of rates calculated from radioactivity profiles, as was done in
the Puget Sound study [3]. Surface layers of many marine sediments are extensively bioturbated.
Although this biological stirring usually decreases with depth, there is no certain way to ensure
that there is no mixing beneath the obviously mixed layer and that decreases in activity are solely
due to decay and accumulation. If some mixing persists in depths used to calculate accumulation
rates, the calculated accumulation rates will always be erroneously higher than true rates.

Changes in activity versus depth in sediment often look like one of the semilogarithmic
profiles shown in Fig. 8 . Profile A is for the simplest and most ideal case with no mixing evident
in surface layer, constant sediment accumulation rate and other assumptions apparently valid.

95



Profile B with a surface mixed layer of essentially uniform activity down to 10-15 cm is
commonly observed in marine sediments. Stirring by either storms and bottom currents or by
benthic organisms (bioturbation) may produce the surface layer of uniform radioactivity.
Beneath the obviously mixed layer the radioactivity decreases at what appears a constant
sediment accumulation rate. Profile C with its change in slope suggests a possible change to a
faster sedimentation rate in the past. Profile D does not fit the assumptions made to calculate a
realistic accumulation rate.

4.7 Combining radionuclide derived sediment accumulation rates or ages of sediment
layers with measurements of other chemicals to evaluate temporal changes

During the past century human activities in the coastal zone have caused numerous
changes. Increased erosion on land has in some cases increased sediment discharges and most
likely accumulation rates offshore, while construction of dams may have trapped sediments and
decreased offshore accumulation rates in other sites. Discharges of a variety of sewage wastes
and inorganic and organic chemicals to many coastal zones increased until the 1970s, when in
some places efforts began to reduce such discharges. Scientists and the general public would like
to know how concentrations in the coastal zone are changing in response to these actions. Many
contaminants accumulate in sediment layers and so sediment cores may preserve a record of their
temporal changes.
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i=? 1915
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JL 1895
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UJ

Q 1855

1835

FLUORANTHENE CONCENTRATION, jjg/g OC
2 6 10 14 18 22 26 28

I

Fig. 11. Concentration profiles of fluoranthene in 2iopb dated sediment cores from four
locations in the Puget Sound region, northwestern U.S.A.
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Fig. 12. Gas chromatograms of aliphatic hydrocarbons in four sediment horizons from a
sediment core from Puget Sound, Washington between the cities of Seattle and Tacoma.
Numbers on the figure refer to n-alkanes. PR = pristane, PH = phytane and i15, i16, and i18 refer
to regular isoprenoid alkanes with subscripts indicating carbon numbers. Ages given for the four
layers are based upon 2iopb derived sediment accumulation rates. From [23].

The half life of 210Pb makes it the best isotope to use to measure sediment accumulation
rates for the past century when most of these human activities have been most extensive.
Combining excess 210Pb derived sediment accumulation rates in sediment cores with careful
measurements of chemical profiles of other chemicals has provided valuable historical records of
temporal changes (Figs. 9-12). Populations of organisms in aquatic ecosystems may undergo
large oscillations due both to natural fluctuations and to human actions. Figs. 13 and 14 illustrate
large changes in biological remains preserved in sediment layers over time periods which predate
significant human impacts. Ages of these older sediment layers were derived from profiles of
longer lived " C or 230Th.

4.8. Sediment sampling methodologies and strategies

General methodologies in the context of monitoring of radioactivity are discussed in
chapters 10-15 of this report. In this section I describe some of the most useful sediment
sampling instruments and approaches to establishing a representative and informative sediment
sampling program. Sediment sample processing and counting in the laboratory will take much
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longer than time to collect the sediment. One must therefore take all care to ensure the sediment
samples are worth all the analysis time and effort, and were not ruined or compromised at the
start during collection and handling in the field.

4.9. Sediment sampling devices: their advantages and disadvantages

Scientists planning a sediment sampling program usually choose between three types of
sampler, each with certain advantages and disadvantages. They include 'grab' samplers, narrow
diameter 'pipe' corers of either gravity or piston types, and 'box' corers. Advantages and
disadvantages of each will next be summarized.

4.9.1. Grab Samplers

These devices are relatively inexpensive, and light weight and so can be used on smaller
ships with thinner cables and smaller winches. They are easy and fast to deploy, recover and
subsample on board ship. They sample the sediment-water interface and about the top 20 cm of
sediment in relatively undisturbed manner. The usual sizes sample 0.2 to 0.4 m2 area, enough to
collect benthic organisms and plenty of sediment for chemical analyses. This device works better
than the others in sandier sediments. However, they only sample about the top 20 cm of
sediment, and sediment inside cannot be subsection into layers for subsequent determinations of
depth profiles of properties. They also do not work as well in deeper water (below around 300
meters) when they become lighter than weight of the cable to which they are attached.

cysls/g sediment
15000 30000 45000 60000

• i . . . . I

cysls/g sediment
5000 10000 15000

I , . • , i • . i . I

4245W-65
«2050+/-105

*2510+/-120
«2845+/-95#

G. catenatum other cysts

*6390+/-90

650

G.catenatum other cysts

Fig. 13. Concentration of fossil cysts of the paralytic shellfish poisoning producing dinoflagellate
Gymnodinium catenatum in sediment cores from two sites in the Kattegat-Skagerrak region of
Scandinavia. Ages of indicated sediment layers were obtained from '4C dating. This species has
not been recorded in present day plankton from the region, but was present in bloom proportions
from about 2000 to 500 yrs B.P. From [24].
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Fig. 14. Glacial-interglacial changes in concentration of calcium carbonate in sediment layers of
two cores from eastern equatorial Pacific ocean. The large concentration changes are due to a
combination of changes in the rate of biological production of the shells, in their dissolution rate,
and in their rate of dilution with terrestrial minerals. From [25].

4.9.2. Narrow diameter "pipe" corers—gravity and piston types

These devices are plastic tubes inside metal pipes 4-8 cm in diameter which are driven
into sediments by weights atop the pipe. The gravity types are cheap and fairly easy to deploy
and recover, but must be kept upright during retrieval to avoid disturbing the water rich surface
layers. They collect longer sediment sections than "grabs"~up to 1-2 meters for gravity types and
10-20 meters for largest piston types. However, they are too narrow to sample benthic organisms
reliably and they may not have enough sediment in 1-2 cm thick layers for all desired chemical
analyses. They do not penetrate well in sandy sediments, and because they are top heavy with
weight they often tend to fall over instead of entering the sediment. Friction of sediment against
the tube walls and the 'catcher' device placed inside the tube to prevent sediment from falling out
during retrieval cause disturbances, smearing "shortening" of sediment layers [20]. Table 3
shows how important this "shortening" effect can be for narrow diameter tubes. The effect is not
just due to compaction, but due to frictional "clogging" of the narrow tubes forming almost a
plug and pushing sediment away in front instead of letting it enter the tube. Surface layers may
also be "blown" out the top of the tubes, and the top 20-30 cm may be sucked out the top of the
piston types. Because they do not recover enough undisturbed surface sediment in 1-2 cm thick
layers we prefer to use to obtain the best historical records, my research group stopped using
these devices years ago.

99



TABLE 3. DEMONSTRATION THAT LENGTH OF A CORE OF FINE GRAINED
SEDIMENT RECOVERED DEPENDS UPON THE INNER DIAMETER OF CORE BARREL
EMPLOYED--THE'SHORTENING EFFECT'. *

Core Tube Diameter Sediment Height Inside Tube % of True Sediment Thickness
(cm) (cm) Recovered

Core 1: Starting sediment height inside box was 54 cm

3.8 23 42
5.0 36 67
6.5 41 76
10 48 89

Ending sediment height inside box was 60 cm

Core 2: Starting sediment height inside box was 55 cm
5.0 32 58
5.0 33 60
7.5 39 71
10 39 89

Ending sediment height inside box was 60 cm

*Core tubes of varying diameters were inserted in two samples of recent, fine grained muds from
central Puget Sound contained in separate boxes. The lengths of cores recovered inside each
tube were noted and compared to original thickness of sediment in the boxes. The fact the
heights of sediments in the boxes outside the tubes rose after inserting the tubes confirms the
effect is not just due to sediment compaction.

4.9.3. "Box" corers

These larger instruments usually employ 20 x 30 cm or wider boxes 50-100 cm tall, with
narrow metal walls and enough open surface area to collect plenty of sediment and benthic
organisms with minimal wall and frictional effects. They are believed to sample the sediment-
water interface in the least disturbed manner, and they collect enough sediments in 1-2 cm layers
for many later chemical analyses. However, these instruments are expensive, costing U. S.
$15,000-20,000, and require much larger ship and winch capability to operate. They are heavy
and require a strong thick cable and winch adequate to pull 1 ton or more when the device is
stuck in muddy sediments. They also require 5 meter vertical clearance between the ships deck
and winch block for deployment and recovery. Their size and weight make them more hazardous
to deploy, especially in bad weather. In soft muddy sediments 35-45 cm of sediment are
regularly recovered, but the boxes do not penetrate well in sandy sediments. One side of the box
can be lowered gradually to allow slicing the sediment inside into layers, on board ship.

4.10. Shipboard precautions to take with all sediment sampling devices

(1) Minimize sediment disturbance during the recovery operation—try to prevent the
sampler being jerked or swinging around and banging against side of ship, and keep the device
upright. Always use safety lines on the heavy box corer to limit its swinging about and damaging
itself or people.

(2) Guard against sample contamination from the ship and its discharges and the sampler
itself during sampling and subsampling. Take precautions to keep paint and rust from the ship
and cable, smokestack dust, discharges from ship's kitchen, sewage tanks, laundry etc. out of the
sediment. Trim off and reject sediment within 1-2 cm of the sampler wall, where smearing of
layers and metal contamination are most likely.
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(3) Consider how best to subdivide and store sediments on board ship without changes
until analyses can start in lab. We prefer to slice cores on board and freeze the separated layers,
because if whole core is frozen the large mass of ice expands and distorts the layers. Freezers or
at least refrigerators limited to scientific samples should be used on the ship to keep sediment
layers cold, because bacterial growth can change concentrations of organic compounds and alter
the O2/CO2/H2S and pH balance and hence behavior of redox sensitive metals. Such possible
changes during storage are most likely in hot climates. For many sediment and biological studies
one needs to determine wet weights of samples as soon as possible, so we often take along a
small rugged top loading balance for this purpose. An abundant supply of widemouth, solvent
cleaned and preweighed glass or plastic containers to put samples in should also be taken on the
ship.

4.11. Selection of sediment sampling sites

Scientists should study the most recent and detailed nautical charts available for the
region of interest. They should consider likely sources of sediments and contaminants, such as
rivers, municipal sewage or industrial outfalls, etc. They should do a search of the scientific
literature and take advantage of all prior data and information on the area. It makes good sense to
include some sites previously studied by others. One should always seek other data and ways to
compare and evaluate the accuracy of sediment accumulation rates calculated from radionuclide
activity profiles, to test if mixing of sediments has caused calculated accumulation rates to be
higher than true rates. Scientists unfamiliar with an area should ask local experts about currents
and bottom sediment types. In some areas currents may be too fast for fine grained muds and
associated contaminants to accumulate close to a source. Careful thought should also be given to
choice of background or control locations, to ensure current patterns in the area do not
unexpectedly transport contaminated sediment to them.

If the geographic distribution of sediment types in an area is unknown, I recommend first
doing a quick survey of the area by taking many grab samples to identify sites where sediment is
suitable for box coring. During the first sampling program take several replicates at several sites
to evaluate small scale, in-station variability in the area. One cannot assess differences between
stations until one knows extent of variability at one station.

4.12. Shipboard sampling operations

Scientists and winch operators should try to keep the wire angle vertical, so the sampler
will go in and out of the sediment vertically and not fall on its side or bounce and drag along the
bottom. They should know the water-depth and not let out much extra cable after the sampler hits
the sea floor. If extra cable tangles around the sampler, the sampler is likely to be lost since the
tangled wire cannot go through the winch block without breaking. Use a meter wheel on the
winch, or mark the cable with paint at regular intervals, and in shallow water watch carefully for
slack when the instrument touches bottom. Attach an electric 'pinger' on the cable above the
sampler for water depths over about 300 meters. The winch operator should lower the sampler
smoothly and at modest rate until it touches bottom, and smoothly pull the sampler out just after
it hits bottom. Do not let it sit on bottom long enough for ship to drift and cause the sampler to
pull out at angle, and bounce or drag along the bottom and disturb the sample inside.

Be sure the ship's captain or navigator knows and records the precise latitude and
longitude of the sampling site, and carefully repositions to be at the desired site. In the coastal
zone the sea floor type can change greatly over small distances. Inexperienced crew not
accustomed to precise and reproducible positioning may think it is good enough to be within a
mile or so of a site, but this is not adequate for scientific studies. Scientists must collect and
analyze replicate cores at key stations to establish extent of variability over small spatial scales.
They want the observed variability to be primarily due to real field variability and not to
.variations in ship navigation.

We often collect 2 or 3 box cores at a site, then decide which one is best to slice up in
layers for subsequent analysis. This is because core collection and slicing time (about 2 hours) is
much less than subsequent analysis time. We also consider ship speed and time between stations
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and plan a cruise track to minimize wasted time by steaming between stations while scientists
slice up cores or rest.

On the ship we place sediment layers in preweighed containers and weigh the wet
sediments. Subsequently they are dried and reweighed. From wet and dry weights, we calculate
percent water and porosity of each layer. We then plot them versus depth in sediments, to see if
they show smooth and reasonably well behaved quasi-exponential decreases with depth, or if
they show erratic behavior indicating disturbed sediment layers. We do this before beginning the
more expensive radionuclide analyses, to avoid wasting time and money on a core whose
depositional history is too complex or disturbed to interpret.
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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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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. 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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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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Abstract

A condensed description of methods used in laboratory radiotracer studies in marine radioecology is presented showing
also the difficulties which may be encountered in order to obtain realistic and comparable information on the general
behaviour of radionuclides in marine organisms. Practical guidance on the choice of the biological material and how to set-
up laboratory experiments and to control properly important experimental conditions are given. Key parameters like
concentration factors and biological half-lives are defined and the theoretical estimation and practical determination of
input, uptake, accumulation and loss of radionuclides in marine biota are formulated by the aid of mathematical equations.
Examples of uptake and loss curves obtained in the laboratory are shown. The importance of some environmental factors
(temperature, food, growth) on uptake and loss of radionuclides are demonstrated. Comparison of experimental and field
data of concentration factors is reported to show the difficulty in extrapolating from laboratory experiments to nature.

6.1 INTRODUCTION

During a survey of certain nuclear sites or, in general, when considering
marine radioecological studies in the field, one is faced with problems to accurately measure and
determine concentration factors (CFs) and biological half-lives or half-times in biota. This fact
results in nature from very low concentrations of radioactivity in the water and in the organisms so
that concentration may be beneath the detection limits of the equipment used for measurements.
Moreover, it is very rarely possible to follow the kinetics of radioisotope behaviour (accumulation
and loss) in marine organisms in the field, especially in those species which are commercially
important and/or of economic value. Such difficulties and problems may be surmounted only by
undertaking well defined laboratory radiotracer studies to determine these parameters.

6.1.1. Scope

Laboratory studies with living organisms should, therefore, serve for
obtaining such information under defined laboratory conditions that is difficult or impossible to
achieve in the field. The results which are most important should enable us to extrapolate the
information obtained in the laboratory to field conditions. The knowledge of the behaviour and
physiology of radionuclides in fish is of general importance because fish represent the higher trophic
levels in the marine ecosystem, and thus constitute one of the most direct transfer routes of
radioactivity back to man.

6.2. EQUIPMENT

6.2.1. Aquaria
Fish are normally the most difficult marine organisms to maintain in a healthy

state in the laboratory (aquaria), since they have precise requirements for temperature, salinity,
light, food, diet, and adequate volumes of water. For the purpose of experimentation, it is advisable
to start with a stock population of fish in an open-circulation system in order to furnish an adequate
supply of fresh water to maintain the fish in a healthy state. Moreover, fish should remain for a
sufficiently long time (weeks) in the stock aquaria for acclimatisation to the artificial environment
and to ensure good health.
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The experiments with radioisotopes should be carried out in a system with
closed circulation of water in order to avoid loss of radioactivity. Thus, two distinct aquaria sets are
necessary, the stock population of fish, acclimated to the artificial, unnatural conditions in the
laboratory, and the smaller experimental group of fish generated from the stock population to be
used in radioecological studies. After a certain time of acclimatisation only healthy organisms will
be chosen for the experiments in order to extrapolate the data obtained to the natural environment.

6.2.2. Radioisotopes

It is preferable to use gamma-emitting radionuclides with suitable and
appropriate physical half-lives (days, weeks, months) according to the duration of the experiments.
The commercial market offers a variety of radionuclides (beta-, and gamma-emitters) with half-lives
which easily match the requirements of the laboratory experiments. The gamma-emitters also have
the advantage to enable a non-destructive measurement of the experimental organisms, since the
living organisms can be measured for accumulated radioactivity and analysed again in the same
experiment. This possibility will decrease experimental variability between organisms and the
quantity of radioactivity to be used. Furthermore, the same experimental animals can be utilised for
the total length of the experiments which reduces the numbers of animals necessary and, hence, the
size of the aquaria and the quantity of water which is contaminated.

6.2.3. Counting facilities

Unfortunately, most of the commercial counting facilities are unsuitable for
radiobiological or radioecological purposes because they are constructed for medical and/or clinical
use and, therefore, normally have relatively small crystals and, hence, also very small volumes for
counting vials (which may be used for small mussels or crustaceans but are unsuitable for fish).
Thus, often it will be necessary to construct counting facilities with bigger crystals and a counting
chamber which may respond to the requirements of the measurements.

6.3. MULTI-COMPARTMENTAL EXPERIMENTS (Mesocosm)

In laboratory experiments on uptake and accumulation of radioactivity,
usually only two compartments are considered: for example, water and fish, or food and fish, in
order to enable following the kinetics of uptake in the biota. In more complicated systems, involving
several compartments like water, sediments, prey organism, predator, and second stage predator,
often the results and/or observations are difficult to explain. Therefore, it may be advisable to make
a step by step approach to such a complicated system and/or food web by considering transfers of
radioactivity in food chains using separate experiments with to the different trophic levels.

6.4. LABORATORY EXPERIMENTS IN RADIOECOLOGY

6.4.1. Uptake pathways

Uptake pathways are quite variable according to species and their habitats. A
fish in nature normally encounters different uptake routes for radionuclides present in the
environment. Radioactivity will enter the organism via contaminated food or will be accumulated
directly from the surrounding water body through drinking, by absorption across the gills, and to a
minor extent by absorption through total surface of the fish. Fish living on bottom sediments often
will feed on bottom dwelling organisms and, hence, will eat sediment particles together with the
food.
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6.4.2. Uptake from water

Various factors may influence the uptake of radionuclides from water by fish.
These are the initial concentration of the radioisotope in the water, the physico-chemical state of the
selected radioisotope because it may be soluble, colloid, or in a particulate form, all of which may
influence the final or effective uptake. The stability of the tracer in the water is also important since
it may form a compound or absorb to surfaces, container walls or other parts in the system. The loss
of the initial radioactivity in solution has to be corrected in order to maintain a relatively constant
concentration in the experimental system. A varying concentration of radioactivity will not result in
a reliable value of the concentration factor (CF).

The radioisotopes used may or may not be regulated by the organism. If a
radioisotope of an element is used which is metabolically regulated by the fish, the behaviour of the
radioisotope in the organism changes with respect to an isotope which is not regulated and the
resulting concentrations factors may vary considerably. This holds for chemical analogues for
example Ca (Sr) and K (Cs) which are regulated and treated by the organism as physiologically
essential elements.

The quantity of the stable isotope of the same element present in the system
will create a so-called isotopic dilution of the radioisotope used since the fish cannot distinguish
between the stable and the radioactive isotope and will take up equal portions of that element. The
specific activity (isotopic dilution) will not affect the bioavailability of the radioisotope, which may
vary according to the physico-chemical state. The stable element may also exert a certain toxicity on
the organism so that synergistic effects may occur.

6.4.3. Concentration factor (Measure of uptake from water)

In the literature different denominations for the term "concentration factor"
exist; these are "concentration coefficient", "concentration ratio", "bioaccumulation factor", etc..
All these terms mean basically the same thing and they refer to the ratio between the activity in the
organism (fresh weight, assuming a relative density of 1), divided by the activity found in the same
quantity (or volume in this case, g/ml) of water. Thus, the definition of the concentration factor is a
ratio of activities in equal units of the organism and water.

_ activity (cpm,Ci,Bq)/ g organism {FW)
activity (cpm,Ci,Bq)l ml water

where

CF is the concentration factor
cpm is counts per minute
FW is fresh weight

Furthermore, CFs refer to equilibrium conditions between the organism and
the surrounding water and can by definition be calculated only at steady-state. This means that an
equilibrium exists where intake of radioactivity by the organism equals the excretion rate, so that the
concentration of radioactivity in the body remains constant.

The scope of the calculation of concentrations factors in the environment is to
relate all concentrations of radionuclides in environmental samples to a common value, and this
value is the corresponding activity in the water. The disadvantage of the use of concentration factors
is that the CF is just a ratio and not a numeric or an absolute value. Concentrations factors
originally refer to uptake from water and not from other sources like food in which case the term
"transfer factor" should be normally used.
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6.4.4. Potential parameters influencing the calculation of concentration factors

The calculation of a concentration factor is strongly influenced by
environmental as well as by inherent factors of the organisms. The relative concentration of
radioactivity in water may vary by a factor of 100 whether filtered or unfiltered water is considered
(e.g. total water: particulate matter, phyto-, zooplankton). The use of the type of filters is crucial, of
course, because the definition of the "soluble phase" of filtered water depends on the mesh size (e.g.
0.45 or 0.25 ^m). Therefore, the question arises where the limit between particulate and soluble can
be set because some "soluble" components will not pass through a filter of 0.22 jan.

With respect to organisms the parameters which influence the CF are season,
temperature and salinity of the water, as well as the general physiology, sex and size of the
experimental organisms.

Considering uptake from food other parameters may influence the CF. This
depends mainly on whether natural food or artificial food is used in the experiments and how the
radioactivity was accumulated in the food. Whether the radioactivity was introduced artificially or if
it was accumulated by the organism physiologically (i.e. assimilated) the CFs obtained may change
considerably. In the latter case the type of compound in the food may be readily bioavailable for the
organism of the next trophic level. This is also true for artificial food; however, the situation may be
somewhat less clear because all characteristics and constituents of the food have to be known (stable
element content, physico-chemical state of the radioisotope, the different compounds of the
radionuclide in the artificial food) in order to assess the bioavailability of the radioactivity in that
specific food. Some examples in the literature serve to illustrate the influence of size of organisms
ontheCF(Fig.l) .
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Fig.l. Concentration of^^Cs by plaice of different weights [1]

The uptake and/or concentration factor of Cs-134 by plaice of different
weights is indirectly related to size (weight). Small fish take up Cs faster and to a greater extent than
bigger fish. The figure shows the initial uptake phase but at equilibrium (steady state) the differences
between the different CFs will be more pronounced.
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In Figure 2 a clear relationship is shown between weight and uptake of Cs-134
(total body-burden) by plaice and eels. This demonstrates that beside temperature and salinity one of
the most important factors affecting the rate of uptake and accumulation of an isotope is body size.
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Fig. 2. Relation between weight and uptake of^^Cs by plaice and eel [1]

6.4.5. Accumulation from water

Accumulation from water can be expressed by a simple model, i.e. accumulation is intake minus
excretion; therefore, at equilibrium intake equals excretion. This can be derived from the following
formula where the change in concentration with time is equal to intake minus the concentration at
any time multiplied by the coefficient k, which is the absorption or fixation coefficient and also the
excretion coefficient.

— ' - = I - kC ; I = kCss (steady state; asymtotic value: C = — )
dt k

dt

(2)

-O: t- °' 6 9 3
T T
11/2(6) 1/2(A)

where

ss

is the concentration of a radioisotope at time t
is the intake/unit weight/unit time
is the concentration at equilibrium (steady state)
is a constant, i.e. the coefficient of adsorption or fixation (excretion)
is the biological half-life

At equilibrium between the organism and the environment (steady state) intake
balances excretion, that means the maximum value for the CF will reach the asymptotic value of the
accumulation curve.
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6.4.6. Accumulation from water: Multi-compartmental equation

Considering a normal radionuclide uptake curve, the initial linear increase is
represented by uptake only and no interaction between uptake and excretion occurs. After a certain
time excretion will take place until an asymptotic value at equilibrium is reached. This occurs if the
organism as a whole is considered, but in laboratory experiments a different response may occur.
Organisms are composed of different compartments, different organs which may behave differently
with respect to the radioisotope introduced into the organism. In this case a multi-compartmental
equation is considered.

C , = A, x C . [ 1 - e - < * - * ] + A2 x C . [ l - e ^ » ] + An x C s s [ ]
(not corrected for physical decay: TV2{p))

where

C t = CFt is the concentration factor at time t
Css = CFSS is the concentration factor at equilibrium
Aj; A2; An are fractions of the concentration at equilibrium of compartment 1,2, and n
kj; k2; kn are constants of the biological fixation rates of compartment 1, 2, and n
t is the time in days

C = —; (I and k are functions of temperature, weight, growth, age of organism)
k

, 0 - 6 93 . . . , _ . , . ,
/ = is the physical decay constant

T\l2(p)

In2 0.693
T T
M\l2(b) 1M2(b)

This is effectively the same equation as before but enlarged by coefficients Aj,
A2, An, which are fractions of the concentration at equilibrium in compartments 1, 2, 3, and so on.
The fractions are normally expressed in percentages of the whole radionuclide concentration or the
total body burden of the radioisotope in the organism. These values must be corrected for physical
decay by introducing the physical decay constant. In order to satisfy the multi-compartmental
equation all factors and coefficients have to be calculated and/or determined. Later on methods will
be demonstrated how to determine the concentrations of the radionuclide which are lacking in the
different compartments of the experimental organism.

Some examples of laboratory experiments on uptake of radionuclides by
crustaceans and fish considering both the whole body and specific organs will illustrate the general
accumulation behaviour and the possibilities to describe the uptake curves by simple first order
kinetics or by multi-compartmental equations.

Fig. 3 clearly shows the effect of different temperatures on Tc uptake. There
is effectively a different uptake velocity expressed by different k-values which is the coefficient of
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fixation, and also the excretion rate. In both curves a directly temperature-dependent process with
different velocities was observed; however, after a sufficiently long period (35-40 days), the
asymptotic value, expressed as a CF is reached. The uptake process can be expressed either by a
first order equation, i.e. the organism is considered as a single compartment or by a multi-
compartmental equation.

Palaemon elegans
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Fig. 3. Influence of temperature on the concentration factor of 95mj-c fn tne shrimp
Palaemon elegans; after Schulte et al. [2].

If in the case of the shrimp Palaemon elegans where more than one
compartment will be considered, e.g. the whole body and the hepato-pancreas (Fig.4), the uptake
process can be expressed as a second order equation where 90% and 10% of the radioactivity is
located in the hepato-pancreas and rest of the body, respectively.

Palaemon elegans (20°C°)
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1 Comp.: CF = 0.9 X 8.68 [1-exp(-0.205t)) + 0.1 X 8.68 [1-exp(-0.015t)]

2 Comp.: CF = 8.05 [1-exp(-0.209t)]
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Fig. 4. Uptake and accumulation curves (CF) of^mTc expressed by simple first order kinetics and
by a two-compartmental equation in shrimp using same experimental data; after Schulte et al. [2]

If concentrations of the radioisotope in organs are measured, different uptake
velocities will be noted, and, hence, different final CFs measured according to the different
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physiological features of the organs. Consequently, two different k-values will be found which
represent the respective uptake velocities in the two compartments. As mentioned above, the
different organs represent the different compartments (fractions) in the formula.

In another laboratory experiment with a the crab Pachygrapsus marmoratus
(Fig.5) an uptake and accumulation curve of Tc-95m could be described by a more complicated
equation which comprises several body compartments and the respective fractions of radioactivity
found in those compartments (53%, 20%, and 27%). This approach may appear confusing, but it
will become clearer after the execution of loss and elimination experiments through which all
percentages in the corresponding body compartment or organ can be determined.

Pachygrapsus marmoratus

CF = 0.53 x 13.034 [1-exp(-0.053t)J + 0.2 x 13.034 f1-exp(-0.02t)] + 0.27 x 13.034 [
exp(-0.0059t)]

15 20 25

Time (days)

30 35 40

Fig.5. Uptake and accumulation (CF) curve of ^mTc in the crab Pachygrapsus marmoratus
described by a multi-compartmental equation; after Schulte et al. [4].

6.4.7. Accumulation from water and food

On some occasions one has to consider the combined uptake of radionuclides
from water and from food. Coming back to the initial formula, the simple model describes uptake
or accumulation as intake minus excretion. The formula remains practically the same as before
except that two factors, which correspond to the intake from food plus the intake from water must
be introduced. Furthermore, one has to consider various parameters and factors mentioned
previously which potentially influence the uptake. All those factors enter into the formula, i.e.
concentration of the radioisotope in the water and food, body size (weight) of the organism, and the
temperature (uptake velocity is dependent on temperature and weight of the organism at a certain
time).

dC,

dt

dW.C.

— I - kCf; (Accumulation = Intake - Excretion)

(4)
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where

C t is the concentration of the radionuclide (Bq/g) at time t
Wt is weight of organism (g) at time t
Ift is intake from food
I w t is intake from water
kf is the fixation rate (elimination) in function of temperature and weight (Wt)

The former formula does not consider growth since it is sufficiently difficult
to control all the afore-mentioned parameters of the experiment. Nevertheless, under normal
experimental conditions one should maintain growth. However, sometimes it may be impossible to
control growth, thus, during the time of the experiment exponential growth of the organisms,
especially when using small organisms, may occur. That situation will complicate the formula
because organisms, depending on the initial weight at time zero, will exponentially change weight
according to their growth constant, i.e. it will increase.

Wt = Woe~*'; X = growth constant/day

c L^
k

A rise in temperature T (°C) increases the value C t, but not the asymptotic
value at equilibrium. Uptake curves obtained at different temperatures will reach the same final
constant CFs, regardless of the temperature used during the experiment. Equilibrium (steady state)
will only be reached faster (note the two curves at 10° and 20°C; Fig. 3). The increase in weight,
however, will normally decrease the value of Ct, due to variations in physiology and "dilution" of
tissues in the organism. Also the asymptotic value (CF) will decrease.

If intake from water and food are considered separately, then the following
formulas can be used. Once again it holds that uptake or accumulation is intake minus excretion. In
both cases the same parameters as before have to be considered, i.e. the weight of the organism, the
temperature at time t, and the increase in weight per day.

L, = r ^ ^ C x ^ y at equilibrium (steady state): C, = Css(\-e~(k+X)l)

Iwt= Css(kT+Xg) (6)

The value Ct may be corrected for the weight increase ( Xg ). After integration
the intake at equilibrium (steady state concentration) is l-e'k , which is the excretion factor, plus X,
which is the physical decay of the radioisotope. By introducing that expression into the former
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formula, the intake will depend directly on the excretion rate, which itself depends on the
temperature and the daily growth increase.

Food is considered to be used for two reasons, maintenance of the fish and for
growth. During growth a certain coefficient of maintenance must be considered, i.e. not all of the
food will be assimilated by the organism. The coefficient of maintenance from food depends on
body weight of the fish and will affect the absorption, which will be directly proportional to the
assimilation factor. In this case the main parameters are body weight at time (t), efficiency of food
utilisation (assimilation efficiency), the coefficient of maintenance, and the concentration of the
radionuclide in the food at time (t).

= Cfi

where

Ift
Cft

wt

W/
1 dWt

dt
(7)

is the intake from food
is the concentration in food at time t
is the maintenance food coefficient, related to weight (W) by the exponent j
is the body weight at time t
is the efficiency of food utilisation for growth (assimilation coefficient)

Some examples of laboratory experiments (Fig. 6) may demonstrate the
influence of food regimes and changes in weight of the experimental organisms on the concentration
factor.

1500

0 10 20 30 40 50

Fig. 6. Effect of change in weight on the concentration factor of134Cs in plaice [1]

In two distinct experiments (situation A and B), plaice were maintained at a
steady growth and feeding regime. While growing, the concentration factor in the fish decreased
slightly. When the feeding regime was drastically changed, the growth increased and the CF
dropped considerably. One has to bear this in mind in order to obtain reliable CFs in the laboratory,
because if the conditions during the experiment change, CFs will not be comparable; therefore, all
experimental conditions should be maintained constant for the duration of the experiments.
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6.4.8. Elimination

Once a certain value of CF is reached or a certain quantity of the radioisotope
has accumulated in the organism, which may be close to the steady state condition or the asymptotic
value, it may be of interest to examine the loss, or loss velocity or elimination rate of the
radioisotope by the organism. For this reason an elimination or loss experiment has to be performed
in uncontaminated aquaria. Generally, the contaminated organism which had accumulated a certain
amount of radioactivity is placed into a non-contaminated environment. This can be done in two
ways, either in a flow-through sea water system or in a aquarium with a re-circulation system for
uncontaminated water. Normally, aquaria with a sufficiently large volume are satisfactory in order
not to change the water frequently.

The quantity of radioactivity in the organism at the time of start of the
elimination experiment ( Co ) is measured at 100%, regardless of the absolute quantity in the
organism. The elimination or loss followed over time can be described by the following formula.

C, = Coe
 k"r'''; keff = — (constant of effective elimination) (8)

where

is the concentration at time t.
is the concentration at time f0 (body burden) which can reach C s s (100%).

This correlation shows that the concentration at time t is dependent on the
concentration of the radionuclide in the organism at time zero. That means 100% in this case, i.e.
Coe'keff l. This constant of effective (eff.) elimination consists of two rates or two factors of
elimination: a real physiological elimination of the quantity of radioactivity in the organism, and the
elimination by physical decay. This may be of varying importance according to the radioisotope
used. The coefficient of effective elimination can be derived from the formula for effective half-life
(kejr=0.693/T1/2eff).

The calculation of the effective half-life or half-time of a radioisotope in an
organism is a relation between physical half-life or decay and the biological half-life which still has
to be determined. The equation can be solved for the biological half-life and elimination rate or
turnover time in the organism.

(9)T
T\l2(p) X

1 \l2eff rp

P =

b =
= physical
= biological

T
11/2(6) .
T
11/2(6)

T11/2(6) "
p) X A/2e#

p) ~ ^l/2e#

6.4.9. Elimination (Multi-compartmental equation)

The elimination equation resembles very much the uptake equation (3). In
both expressions the same fractions of the radioisotope present in the different compartments (A1;
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An) of the experimental organisms are considered with their respective elimination constants
k2, kn).

„-*„•'

where

Ct

Aj; A2

kj; k2

t

(10)

is the concentration at time t.
are the fractions in compartment 1 and 2 of the value Css.
are the elimination constants (rates) in compartment 1 and 2.
is the time in days

All parameters of the equation are subjected to the same factors as during
accumulation, i.e. body size, growth rate, temperature, etc.. In order to solve the elimination
equation, all unknown items have to be determined. This can only be achieved by knowing the
organ distribution of the radioactivity in the organism by means of dissection.

Therefore, when planning a laboratory experiment in radioecology one has to
bear in mind from the very beginning how many organisms will be needed for the elimination
experience in order to have a sufficient number of organisms left for dissection. Because without
dissecting the organisms, none of the components representing the different elimination velocities
and different behaviour of the radioisotope in the organism can be determined.

The general interest of radioecological laboratory studies is the knowledge of
the behaviour of a certain radionuclides in body compartments or organs of the organism under
study which may be of important from the standpoint of health protection. Thus, it will be most
interesting to know CFs and biological half-lives in edible parts like the muscle, or where most of
the radioactivity is accumulated (critical organ). For this purpose it is essential to know exactly from
the very beginning how many organisms are needed effectively in order to get reliable values when
dissecting the organisms at the end of the experiment.

Examples of laboratory studies on elimination of Tc (Fig. 7) by three marine
organisms have revealed quite large differences in loss velocities and general behaviour of
elimination. In all three cases the organisms as a whole were considered.

Eledone moschata

30

20

10

0

Dicentrarchus labrax

Palaemon elegariV " • - • » . . . . _ * * " " - -~»- - _ , .

10 20 30 40

Time in days

50 60 70

Fig. 7. Elimination curves of95mTc by three marine organisms (octopus, shrimp, and fish); after
Schulte et al. [5].
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Both fish {Dicentrarchus labrax) and crustacean {Palaemon elegans) showed
a fast initial elimination rate slowing down after 15 to 20 days. The cephalopod (Eledone moschata)
lost the accumulated radioisotope very slowly and at a constant rate. The fast loss in fish and
crustaceans can be explained by the fact that most of the radioactivity was located in the liver and
hepato-pancreas which both have a high metabolic activity and, hence, a fast excretion and
elimination while the radioactivity in the cephalopod was fixed in body parts with characteristically
low metabolic activity.

General speaking, the cephalopod seemed to behave as one compartment
while fish and the shrimp showed at least two different velocities of elimination; therefore, more
than two compartments may be attributed to those loss curves.

As shown for the accumulation of Tc in shrimp {Palaemon elegans)
temperature has also a striking effect on the elimination velocity (Fig.8). The loss curves are
described by equations which consider two compartments in the organism, i.e. the hepato-pancreas
and the whole body (75% and 25%; 70% and 30% respectively).
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Palaemon elegans

Tc Retention (%) = 75 x exp(-0,102t) + 25 x exp(-0,028t) at 10°C

Tc Retention (%) = 70 x exp(-0,194t) + 30 x exp(-0,053t) at 20°C

10°C
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Fig. 8. Effect of temperature on the elimination velocity of 95mTc in the shrimp Palaemon elegans;
after Schulte et al. [2].
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Fig. 9. Relation between biological half-time and weight for plaice and eels [1]
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Among the various physiological factors, growth i.e. size and the respective
physiological activity influences strongly the elimination rate of incorporated radioactivity in fish.
Younger (smaller) fish show faster elimination rates (shorter biological half-times) than older ones
as clearly depicted in Fig 9. where the biological half-times increase exponentially with the weight
of the specimens.

6.4.10. Graphical determination of parameters

The parameters of for the elimination equation can be determine graphically
and this is often used to determine the elimination coefficient and the percentage of radioactivity in
the different compartments. The loss curve (points) drawn on semi-logarithmic paper will be
represented by one or more straight lines. The number of lines to be fitted to the experimental points
should correspond to the number of compartments found in the organisms by dissection.

If the graphic presentation of the experimental results for radionuclide loss
indicates a single straight line, then the organism can be considered as only one compartment. In
this case the quantity of radionuclide transferred (accumulated) per unit of time from water to the
organism is proportional to the concentration of the radionuclide in the water (Cw) and a constant
(kw org ), the coefficient of adsorption, while the quantity eliminated from the organism (lost from
the organism to water) per unit of time is proportional to the radionuclide concentration in the
organism itself and the constant (korg w ) , the coefficient of elimination or excretion. Under
equilibrium conditions, the two rates, kw org and korg w, are equal, i.e. the velocity of transfer of
radioactivity from the water to the organism (accumulation, intake), depending directly on the
concentration of the radioisotope in the water, balances the velocity of loss from the organism to the
water. This indicates steady state where intake equals loss or release.

At equilibrium (steady state):

K org. • Cw = korg W-Corg- - ^ = CFX = Css (steady state)

k = k C
vi org. org.w ss

(intake) (loss)

where
kw org is the rate constant water -» organism
korg w is the rate constant organism -» water

A practical demonstration of the procedure of the graphical method is given
using the experimental data for a crab (Pachygrapsus marmoratus) obtained in a laboratory study
(Fig. 10).

The straight lines arbitrarily drawn correspond to three different velocities and
compartments in the organism. During the observation phase of 120 days, no more than three
compartments could be identified. A longer observation time would perhaps have revealed
additional compartments with very slow elimination velocities like bone.

Starting with the slowest compartment one can directly read the percentage of
radioactivity which was present at time zero for this part of the curve, in this case 27%. For the
faster compartments the differences between each other and 100% are 20% for the intermediate and
53% for the fastest compartment. By dissecting the organisms afterwards one may find the
corresponding compartments which show similar contents (percentages) of the total radioactive body
burden. In this particular case the three percentages could be attributed to hepato-pancreas (53%),
digestive system (stomach and gut, 20%), and gills and other organs (27%), the latter which had the
slowest exchange or turnover rate.
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Pachygrapsus marmoratus

100

<j

I
a.

A1 = 53% Hepato-pancreas
A2 = 20% Digestive system (stomach + gut)

A3 = 27% Gills and other organs

k1 = 0,0053
k2 = 0,020

k3 = 0,0059 CFSS = 13,034 (calculated)
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Time in days
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Fig. 10.Graphical determination of the percentages of radioactivity present in the different
compartments in the crab Pachygrapsus marmoratus using a semi-logarithmic plot of
experimental data. Intersections of the lines with the ordinate indicate percentages of
radioactivity in the different compartments; after Schulte et al.[4J.

The remaining elimination coefficient k necessary to describe completely the
elimination process can be calculated by the formula k = 0.693/biological half-life(days). The
biological half-life (time necessary to reduce the initial activity 50%) of a certain radioisotope e.g.
Tc in the different organs can be read directly from the graph by subtracting the slow loss
components from the faster ones since the value of 100% is the sum of all components. The
completed loss curve for Tc and its formula for the crab is shown in Fig. 11.

100

Pachygrapsus marmoratus

Tc Retention (%) = 53 x exp(-,05t) + 20 x exp(-,026t) + 27 x exp(-,0089t)

m
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I
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Fig. 11. Loss of Tc-95m in the crab Pachygrapsus marmoratus and its corresponding three-
compartmental equation; after Schulte et al.[4].
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The practical execution of the graphical determination of biological half-lives
and the percentages present in the different compartments is demonstrated in the Fig. 12.

20 40 GO

TIME (DAYSj

100

Fig.12. Retention of Tc-95m by Haliotis rufescens following direct uptake from seawater. •, whole animal
retention curve; A, rapid loss component obtained by subtracting slow loss component (—) from total
retention curve [6].

In this two component loss curve the low velocity component, which
represents 30% of the total body burden, has to be subtracted from 100%. The resulting fast
velocity component which represents 70% has to be back-extrapolated to the initial original part of
the loss curve. Then starting from 70%, the biological half-life can be found by reading the value on
the abscissa vertically below the point of intersection between 35% and the constructed line (7
days). The same holds for the low velocity component.

6.5. COMPARISON OF CFs OBTAINED UNDER LABORATORY
AND FIELD CONDITIONS

Concentration factors obtained under laboratory conditions may differ
considerably from those measured in the field (Tab. I).

TABLE I. Comparison of concentration factors of marine biota measured in the field and under
laboratory conditions

BIOTA

ALGA
Phaeophyceae

Fucus sp.
11

11

i i

Rhodophyceae

MOLLUSCA
Gastropoda

Patella sp.

Haliotis tuberc.

LABORATORY

250 - 2500
-
-
-
8

10
30

Ref.

7-11

12

8
13

FIELD

85000
75000
25000

21000 - 89000
400

1000 - 7000
4300

Ref.

14
14; 15

16
17
13

17
13

AREA

Scottish coast
Norwegian coast

Baltic Sea
Atlantic (Channel)
Atlantic (Channel)

Atlantic (Channel)
Atlantic (Channel)
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The question arises whether the field or the laboratory data have to be
considered as artefacts. The difficulty to measure and determine CFs in the natural environment is
caused by the high uncertainty of correct measurements of radioactivity concentrations in the natural
water body. Often very low concentrations of a certain radionuclide are found which are difficult to
detect (large water volumes to be handled) or vary considerable between locations and within short
time periods, so that it is difficult to decide on a realistic value. On the other hand, under laboratory
conditions certain marine species may behave atypically which results in concentration factors that
may not reflect reality.

These discrepancies between laboratory results and values found in nature can
be easily encountered during radioecological studies as shown by actual results from the
radioecology literature (Fig. 13). For example, brown algae (Fucus sp.) were sampled at different
times for ten years to define continuous uptake as CF (Bq/kg dry). The algae accumulated Tc-99
continuously from water showing a constant rate of increase in radioactivity in their tissues. This
fact is a result mainly of the physiology of the plants which grew continuously as well as low Tc
concentrations found in the water. Generally speaking, the growing algae did not reach an
equilibrium with the surrounding water and therefore did not display a constant concentration factor.

ACTIVITY

5.-

103-

5.-

,0*-

5,

9STc Fucus sp. of Goury

-10'

•s.

-7

0,5

1— 0,27— 1974 1S76 1976 I960 1982 199*
Time (Years/

Fig. 13.Evolution of the activity of ^Tc with time at Goury between 1974 and 1983 [17]

Frequently biota in nature are subjected to fluctuating concentrations of
radionuclides (Fig. 14). Variation of concentrations of Tc-99 in the effluent of a reprocessing plant
were reflected with a certain time lag in Fucus sp. and the mollusc Patella sp..

Both species showed also synchronous behaviour with respect to increase and
decrease of radioactivity in the surrounding water body. Thus, during the time of observation both
species could not reach a constant concentration factor and therefore, did not reach equilibrium. The
reasons may be found either in the fluctuating concentration of the radioisotope, or in the physiology
of the organisms, i.e. their growth, or both .
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Fig.l4.Annual variation of 9*Tc activity in discharge waters, sea water, Fucus sp. and Patella sp.
(sea water, fucus and patella were sampled at Goury at the same time) [17]

6.6. CONCLUSION

Although the experimental approach to measurements and determinations of
radioecological parameters in marine biota (concentration factors, assimilation rates, biological half-
lives etc.) seemed to be quite simplistic, experience on the general behaviour of radionuclides in
marine species gained over several decades has demonstrated that much useful information can be
obtained from laboratory simulations providing proper controls on the experiments and their
conditions were set and maintained. However, data obtained under laboratory conditions with
species deprived of their natural environment can only be but indicative since realistic values can
only be found and/or measured in the field. For several reasons direct measurements of
concentration factors and still more seldom biological half-lives or residence-times are often very
time consuming and difficult to obtain in the field because of fluctuating concentrations of the
radionuclide or high infra-species variability. Nevertheless, data from laboratory experiments have
often given "values" that could have been otherwise obtained much more difficultly or not at all
with field measurements. In conclusion, one should consider laboratory experiments, even if
performed as close as possible to natural conditions, as a means, technical tool and/or simulation of
what may happen under natural conditions. Therefore, data and results obtained in the laboratory
should always be taken with care and, if possible, be validated against measurements in the field.
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SOURCES AND DISTRIBUTION OF ANTHROPOGENIC
RADIONUCLIDES IN DIFFERENT MARINE ENVIRONMENTS
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Abstract

The knowledge of the distribution in time and space radiologically
important radionuclides from different sources in different marine
environments is important for assessemnt of dose commitment following
controlled or accidental releases and for detecting eventual new sources..

Present sources from nuclear explosion tests, releases from nuclear
facilities and the Chernobyl accident provide a tool for such studies. The
different sources can be distinguished by different isotopic and radionuclide
comosition.

Results show that radiocaesium behaves rather conservatively in the
south and north Atlantic while plutonium has a residence time of about 8
years. On the other hand enhanced concentrations of plutonium in surface
waters in arctic regions where vertical mixing is small and iceformation
plays an important role. Significantly increased concentrations of plutonium
are also found below the oxic layer in anoxic basins due to geochemical
concentration.

7.1. Introduction

Anthropogenic radioactive substances have reached a variety of marine
environments from different sources. Data for the fresh water environments
are more sparse since major nuclear facilities are namely located near the
sea. The recent Chernobyl accident however has focused the interest to lakes
and rivers especially in Scandinavia and the area adjacent to Chernobyl.
Several of these radionuclides are radiologically important for the long-term
storage of nuclear waste, in the prediction of source terms using isotopic
and radionuclide compositions, and act as excellent tracers for oceanographic
and bio-geochemical studies in the oceans.

Natural radionuclides such as Po/ Pb, radium isotopes, uranium
isotopes and thorium isotopes are used for determination of sedimentation
rate studies and general dating, but also reflect the flux of radionuclides
under equilibrium conditions. In addition Po plays an important role for
dose to man through marine food chains.

The general theory for dispersion is rather complicated and we here
refer to van Damm ( 1) for the mathematical formalism. The distribution of a
radionuclide after release to the marine environment will depend on a large
number of parameters such as the source term, physico-chemical form, abiotic
and biotic factors, general oceanographic conditions, etc. It is for example
obvious that delivery of plutonium and americium to the sea by a weapons
accident is quite different to a source such as global fallout or releases
from a nuclear fuel reprocessing plant. In the case of a weapon accident the
elements have not undergone any interaction in the atmosphere and a limited
one, if any, in the water column, and the interaction and resulting chemical
partitioning have taken place in the sediments.
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In this paper we describe the existent distribution of some
radiologically important radionuclides from different sources in different
marine environments.

7.2 Global distribution from fallout

7.2.1 Horizontal distribution

7.2.1.1 Radiocaesium

The general world wide fallout distribution shows maxima at 45 °N and S
and minima at the equator and the poles. Since most nuclear tests have been
carried out on the northern hemisphere, 80% of the fallout has been deposited
in the Northern Hemisphere. These data have been confirmed by measurements of
soil samples collected world wide and there are several reasons to believe
that this general initial distribution is also valid for the oceans.

The distribution today is a result of water movement, diffusion and
vertical settling of radionuclides associated with particulate matter.
Estimations of mean residence times in the upper mixed layer have been done
by studies of vertical flux collecting sedimentary material or by estimating
inventories in different layers of the oceans.

During the recent Swedish Antarctic Research Expedition (SWEDARP 88/89)
samples of surface sea water were collected during steaming from Gothenburg,
Sweden and the Antarctic Peninsula. The results for Cs and Pu were
compared with those obtained from the GEOSECS expedition in 1972/73 and the
Polish Expedition 1977/78. The sampling routes are displayed in Fig. 1. and
the results for Cs are displayed in Fig. 2. Activity concentrations of
radiocaesium after correction for physical decay show an amazing agreement
from 30°N to 70 °S. The immediate conclusion is that radiocaesium from
nuclear detonation tests has behaved almost perfectly conservative in open
Atlantic surface water. We must however consider eventual input sources since
1973.

We can distinguish different regions such as 20 °-40 °N where the
activity concentrations of Cs are about 3 Bq m , between 30 °S and 20 °N
about 2 Bq m~3, between 65 °S and 50 °S about 0.5 Bq m~3, and south of 60 °S
about 0.3 Bq m . Significant decreases in concentrations occur when entering
the South Sea Current at 40 S and the circumpolar Antarctic water at 55 °S.
These rapid decreases are accompanied with drops in the water temperature.

The GEOSECS expedition in 1972/73 (2) showed the characteristic peaks
for the general fallout distribution with maxima at 40-50 °N and S. The
general lower fallout in the southern hemisphere is also noted. The peak at
40-50 N has more or less disappeared during 16 years probably as a result of
activity being transported into the Arctic Sea and as a result of horizontal
advection and mixing. The Polish expedition passed through areas influenced
by European reprocessing facilities while the GEOSECS expedition went further
east in the North Atlantic.

The estimated fission yields of atmospheric nuclear tests since 1973 are
about 6 Mt mainly from Chinese and French tests compared to a total of 217 Mt
since 1945. Other sources such as aeolian redistribution and run off are
considered to be of less importance. The mean residence time of radioactive
material in the stratosphere is about 11 months and remaining activity from
older tests might have given some contribution. An overall calculation,
however, gives that the half life of radiocaesium (corrected for physical
decay) from nuclear detonation tests in surface waters of the North and South
Atlantic is 100 years or longer which is not in agreement with the general
residence time of surface water (25 years). This observation suggests
recirculation or additional sources of Cs.
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Fig. 1. Sampling route for the study of anthropogenic radionuclides in the
North and South Atlantic. GEOSECS, Polish and SWEDARP expeditions.
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Fig. 2. Cs concentrations (Bq m ) in surface waters from North and
South Atlantic obtained from the expeditions shown in Fig. 1.
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2.1.2 Plutonium

The results for Pu from the GEOSECS and the SWEDARP expeditions
are displayed in Fig. 3. Results for plutonium from the Polish Expedition are
not available. The general latitudinal distribution of plutonium is similar
to that for radiocaesium although the sharp decrease at 40 S is not
observed. In the latitude band 50-25 N the concentrations in the surface
waters are about 8 mBq m~ , in the latitude band 25-5 N about 3 mBq m~ , 0
°S-60 ° S about 1.5 mBq m~ and actually slightly higher values in the
circumpolar water around the Antarctic Peninsula.

The concentrations of plutonium have decreased a factor 4-5 during 16
years from which we can derive a halflife of 7-8 years in the surface waters
of the North and South Atlantic. Based on flux derived residence times and
mixed layer transuranic inventories residence times for plutonium were
estimated to 2-13 years in the pacific and 12.3 years in the mediterranean
respectively ( 3 , 4).

Plutonium-238 is also present in our environment since the activity
238 230+240

ratio Pu/ Pu in nuclear test fallout is 0.025. In the southern
238

hemisphere Pu originates mainly from a satellite SNAP-9A failure in 1964
when 1 kg of Pu metal reentered the atmosphere and burned up at high
altitude over the Mozambique Channel. The activity ratio Pu/ Pu in
integrated fallout on the Southern Hemisphere is therefore generally around
0.25. How much of that plutonium remains in the upper mixed layer and whether
the behaviour from this source is different to that for nuclear test fallout
plutonium is not clear.

Plutonium was also measured in samples from the North Sea, the Norwegian
Sea and the Barents and Greenland Seas during the Swedish YMER-80 expedition

The concentrations were 13+2 mBq m . In Fig. 4 the concentrations of
Pu in sea water from 74 S to 82 N are displayed with the results

from the SWEDARP expedition and the POLARSTERN expeditions in 1985 and 1987.
The data for temperate and arctic waters are in agreement with those from the
YMER expedition but it is surprising that pltonium concentrations increase
with latitude. Only a minor fraction of plutonium, 10%, originates from
European reprocessing facilities (6). The results suggest another source. A
possible explanation is close in fallout on the ice following the nuclear
tests at Novaya Zemlya. The ice drift and successive dissolution may
constitute a constant input source as well as the rivers flowing through the
European and Siberian tundra to the Arctic Sea.

7.2.2 Vertical distribution

Data for vertical profiles are essential for estimating
inventories; however the general coverage of the oceans by such profiles is

137 239+240

poor. In Fig. 5 typical profiles for Cs and Pu in the Mediterranean
are shown. The general vertical distribution is similar for other oceans but
the Mediterranean shows sligthly higher concentrations. Concentrations are
depleted in the surface layers and there is a sub-surface concentration
maximum for both radionuclides.

Generally the Pu/Cs activity ratio increases with depth due to the
preferential association of plutonium with particulate material, followed by
the sinking of these relatively plutonium-enriched particles. In the same way

Am is associated with particulate material to a greater extent than
plutonium and the Am concentrationincreases over plutonium with depth.

There is an insufficient number of sediment cores analyzed in order to
make a correct estimation of sediment inventories. For the Mediterranean,
Livingston et al. (7) have reported data from which it can be estimated
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137

that the sediment inventory of Cs is about 4.7% of the water column
inventory. In the same way Fukai et al. (8), Ballestra et al. (9), Livingston
et al. ( 10) and others have reported data for plutonium which show that
about 9 % of the total inventory of plutonium in the Mediterranean is present
in the sediments.
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10.7.3. European reprocessing facilities

7.3.1 Radiocaesium

The main ocean currents in the Northeast Atlantic are shown in Fig. 6.
137

About 40 PBq of Cs have been released from the Sellafield reprocessing
plant to the Irish Sea since 1952 and about 1 PBq from La Hague reprocessing
plant to the English channel. Table 1 gives the cumulative inventories of
radionuclides released from Sellafield and La Hague up to 1986.

Table 1
Inventories (TBq) of radionuclides arising from Sellafield and La Hague
releases until 1986.

Radionuclide Cumulative inventory
Sellafield La Hague

H
106Ru
137Cs
90Sr
239+240
241

125

Pu

99,

Am
Sb
Tc

16700
285

33500
4700
680
815+

65
305

8500
800
760
675

3

800

Includes in-growth from Pu

90°W

60°W

60°E

30°E

30°W 0°

Fig. 6 Main ocean currents in the northern North Atlantic and the
Arctic Ocean ( dotted lines: warm; solid lines: cold)
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European reprocessing facilities have thus been the major source of
radiocesium to the Northeast Atlantic since the activity released is
effectively transferred by the Gulf Stream up to these latitudes. Fig. 7
shows the distribution of Cs in surface water in the North Sea, the
Norwegian Sea and the Barents and Greenland Seas ( 5).

Along the Norwegian coast from 57.8 °N, 8.1 °E to 69.0 °N, 14.4 °E, the
137

Cs concentration in surface sea water decreases by less than a factor 2.
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Latitude °N

137,.
Fig. 7. Concentrations of Cs as a function of latitude in temperate and

arctic waters of the North Atlantic.
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137
The Cs concentration C(x) from Norway varied in 1980 with the

distance x km for locations east of Svalbard according to the following
equation:

C(x) = 141 exp ( -0.00122 x) ( half distance 568 km)

and for locations west of Svalbard following the equation

C(x) = 148 exp ( -0.00164 x) ( half distance 423 km)

The
137,

Cs in sea water thus decreases more rapidly west of Svalbard than
east of Svalbard. In other words, more Cs released from European
reprocessing facilities went to the east than to the west.

The concentration of Cs in sea water in 1982 and 1983, as a function
of distance from the Irish sea into the Arctic Sea can be seen in Fig. 8.

Cs ( T =2.05 a) is also released from European reprocessing facilities
134

and Cs from nuclear detonation tests has decayed. By using the activity
ratio Cs/ Cs the transit time to different areas can be estimated. The
approximate route for transport of radionuclides from Sellafield to east
Greenland and the approximate transit times have been estimated by Dahlgaard
et al. ( 11). The results are shown in Fig. 9.
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10 \- Irish Sea 1982
d1/2~ 40 km
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- Fallout level. North Atlantic -

East Greenland Current 1982

East Greenland Current

1000 2000 3000 iOOO

km

5000 6000 7000

137
Fig. 8 Cs in sea water in 1982 along the track indicated in Fig. 9. (from

Dahlgaard et al., 1986)
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30°W 20°W 10°W 0°

Fig. 9 Route for transport of radionuclides from Sellafield to the
Arctic Sea. Relative concentrations and transit times are shown,
(from Dahlgaard et.al., 1986).

7.3.2 Plutonium

The distribution of the transuranium elements in the surface water of
the Norwegian, Barents and Greenland Seas is quite different from that of

Cs. As was mentioned earlier the distribution is quite homogenous with an
average concentration of 13 mBq m . Plutonium-isotopes released from
European reprocessing facilities are not significantly transported by ocean
currents to the Arctic ocean. This is in agreement with the fact that the
major part of plutonium released is in the lower oxidation states ( + IV) and
not in the more soluble forms ( oxidation states V and VI), and is thus
deposited locally in the sediments (12,13).

239+240

The general situation is expressed in Fig 10 where values for Pu
in 1982 and 1983 in surface sea water are plotted as a function of distance
from Sellafield to the Arctic Ocean. The rate of decrease in concentration
with distance from the source is much higher for plutonium than for
radiocaesium.
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238 241

Results for other plutonium isotopes, ( Pu and Pu) have also been
published (6). The relative contribution from European reprocessing
facilities is larger for these isotopes since the Pu/ Pu activity
ratio in releases from nuclear reprocessing facilities and fresh fallout is
on the order of 0.28 and 0.026, respectively. The corresponding values for

241 239+240
the activity ratio Pu/ Pu are about 30 and 16 respectively. It can

239+240

be calculated that the contribution of Pu from European reprocessing
plants to the Greenland and Barents Seas is on the order of 5-10 %. the
corresponding values for Pu and Pu are approximately 26-50 % and 20-45
%, respectively.

The transfer of a radionuclide from a source to the sampling point is
expressed by the transfer factor. This factor is defined as the ratio of the
time integral of the radionuclide concentration in the sample to the total
discharge of this radionuclide from the source. If a source has discharges A
Bq and the time integral in sea water at the location is B Bq m the
transfer factor becomes B/A m . In steady state, with an annual discharge of
a Bq a and an equilibrium concentration at the location of b Bq m , the
transfer factor becomes b/a m a . It is assumed that there is no other
source of the radionuclide than the one considered.

10"

10

103

- Irish Sea 1982. d1;2~ 23 km

)
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O (Dounreay)

Scottish coast 1982. d v 2 ~ 260 km

W Norwegian Current 1983
O

o o

W Spitsbergen &
Fram Strait 1983
O

East Greenland
Current 1982

I _L

1000 2000 3000 ^000

km

5000 6000 7000

239+240
Fig. 10 Pu in sea water in 1982 along the track in Fig. 9 (from

Dahlgaard et.al., 1986)
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If the transfer factor is based upon an annual discharge of 1 PBq ( 10
Bq), the unit of the transfer factor for sea water then becomes Bq m ( PBq
a" )~ X. In the calculations, during transport radioactive decay is corrected
for. The transit time from Sellafield to Barents and Greenland seas is 4-7
years. The yearly average releases during 1973-1976 were 0.04 PBq, 0.011 PBq
and 1.16 PBq for 239+24°Pu, 238Pu and 241Pu respectively (14).
We can then derive a transfer factor for plutonium from Sellafield to
Greenland and Barents Seas on the order of 0.02-0.04 Bq m~ ( PBq a" )~ .
This calculation is then based on the total plutonium released but actually
only a small fraction, 4% of this amount, is in the dissolved form. The
transfer factor of this "soluble" plutonium falls between 0.4 and 0.9 Bq m

a r - 134 -3

These figures should be compared with those for _ Cs; 2.3-3.3 Bq m (
PBq a" 1)" 1 and 99Tc and 9°Sr; 4.3-6.2 Bq m"3( PBq a"1)"1. Technetium and
strontium are supposed to behave conservatively and very little is
transferred to the sediments.

7.4. Nuclear Power Plants

The dispersion of activation products released from nuclear power plants
has been studied. A nuclear power plant constitutes a pulsed source with
maximum releases during revision periods normally in the summer. Such studies
can be performed by water analysis which, however, is rather complicated.
Instead time integrating indicators such as macroalgae or sediments can be
used to advantage .

As an example, we will take the Barseback nuclear power plant on the
Swedish southwest coast. The liquid radioactive waste is mixed with the
cooling water. The speed of the dominating north-bound current is, of the
order of 0.2-0.3 m/s which is sufficient to transport released activity about
2-5 km downstream during the time for a single injection ( 3-5 h). On its way
downstream, the volume of contaminated water will expand due to turbulence
and diffusion.

The variation in activity concentration with distance at different times
may be described by a power function of the form:

C(x) = a x~&

where C(x) is the activity concentration at a distance, x, north of Barseback
(km) and a and /3 are constants.

If the expansion rate were constant in time and direction, the volume of
contaminated water would be proportional to r , where r is the mean radius of
the volume.

Expansion is however limited upwards by the surface and downwards by the
sea-bottom and by a deeper layer of higher salinity water. The higher
temperature of the released water will also limit rapid mixing downwards. The
expansion would rather proceed in 2 dimensions and the volume of the
contaminated water would be proportional to r and the activity concentration
proportional to r .

Fig. 11 shows the distribution, of some characteristic activation
, . 60^, 58« 65_ 54,, 110. m 131T 57 .

products, Co, Co, Zn, Mn, Ag , I and Co, as a function of
distance north of the power plant (15). The value of /3 in the above equation
is aboutl.2-1.5 for radioactive Co, Zn and Mn and lower, 0.8, for
radiosilver.

In a similar way the pure beta emitter Ni ( T = 100 a) was studied

in samples of Fucus vesiculosus from the vicinity of the nuclear power plant

(16). A /3 value of 1.65 was found for 63Ni and also the 63Ni/stable Ni
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Fig. 11 Variation in radionulide concentration in F. vesiculosus with
distance northwards from Barseback nuclear power plant in December.
1978.
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macroalgae Fucus vesiculosus as afunction of distance from Barseback
nuclear power plant on the southwest coast of Sweden.
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decreased with distance from the plant at the same rate;however the Ni/ Co
ratio was constant as shown in Fig. 12.

7.5. Mixed sources in specific environments

7.5.1 The Baltic Sea

The Baltic Sea has received anthropogenic radionuclides from
fallout,inflow from rivers, the Chernobyl accident and also by inflow from
the North sea containing radionuclides originating from European reprocessing
facilities.

The water balance for the Baltic Sea is important for understanding the
behavior of radionuclides and can be described as: Precipitation: +200

3 —1 3 ~1 —3 —1

km a ; Evaporation: -200 km a : Inflow through Danish Straits +433 km a ;
Outflow through Danish Straits: -866 km a ; Run off: +433 km a . The mean
residence time of the water in the Baltic Sea is reported to be 20 to 30
years.

The Baltic Sea is a semi-enclosed and shallow sea in which dissolved
substances can remain for a long period of time. This leads to a greater
accumulation of radioactive materials than in other seas of the Atlantic
Basin. On the other hand the high load of suspended matter, the low salinity
and the shallow water results in enhanced sedimentation of several
radionuclides. Estimations of inventories have been done by Salo et. al. (17)

137

giving a total inventory for Cs in 1981 of 346 PBq in the water and 290
TBq in the sediments. For 9°Sr the corresponding values were 475 TBq and 11
TBq, respectively, and for 2 3 9 + 2 4 0p u 0.2 TBq in the water and 24 TBq in the
sediments. These findings demonstrate the conservative behavior of Sr and
the high particle association of plutonium. A common process for the transfer
to sediments is Fe/Mn oxi-hydroxide scavenging under oxic conditions.
Analysis of Fe/Mn nodules from the Baltic sea shows, however, that generally
other scavenging processes are more important except for radium (18).

13"t 239+240 90

For Cs, Pu and Sr the major source before Chernobyl was
global fallout from nuclear weapons tests. European reprocessing facilities
seem to play an important role only for Tc. The total inventory of Tc in
the Baltic Sea was 1.3 TBq in 1986 (19) of which 1.05 TBq originated from
European reprocessing facilities and only 0.05 TBq from the Chernobyl
accident.

137
The total amount of Cs deposited in the Baltic Sea following the

Chernobyl accident can be estimated to be 3.7 TBq and about half of that
valuefor Cs. The major deposition took place in the southern Bothnian sea
close to Sweden and, due to the counter clock-wise motion of the water in the
Baltic Sea, there is a south-ward transport of contaminated water.

7.5.2 Framvaren an anoxic Fjord

Framvaren is a permanently anoxic fjord on the southernmost point of
Norway and is geomorphologically the result of glaciation and deglaciation. A
barrier of glaciofluvial deposit was formed between the open sea and the
landlocked water. Due to isostatic uplift during the deglaciation period, the
landlocked water was isolated from the sea and became a merimictic lake.
Around 1850 a channel was cut in the barrier and the lake became a fjord with
a sill depth of 2.5 m and a basin depth of 180 m.

Relatively large amounts of organic substances decompose in the water
consuming oxygen at a higher rate than oxygen is supplied When most of the
oxygen has been consumed some bacteria are able to reduce sulphate to
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dihydrogensulfide ( H S) and, because of the ample supply of sulphate in sea

water, large amounts of H S may be produced and accumulated due to the high

solubility in water. The fjord is now permanently anoxic below 18 m with a
H S concentration of 8 mmol 1~ below 120 m.

The water exchange mechanisms of Framvaren are driven by the fluctuating
sea-level difference between the two basins. The average volume transport of
seawater into Framvaren is estimated to be 10 m s . Most of the seawater
entering framvaren from Hellviksf jord has a low density and may only
contribute to the renewal of the upper 10-20 m ( see Fig 13 )The overall
freshwater input is 1-2 m s .

Framvaren contains anthropogenic radionuclides from nuclear test
fallout, fallout from the Chernobyl accident and inflow of radionuclides
originating from European reprocessing facilities. The European reprocessing
facilities play an important role only for Tc.

The total inventory of Cs is estimated to 2.6 kBq m in the water
and 8.5 Bq m in the sediments. Slightly more than half of Cs originate
from the Chernobyl accident. It is interesting to note that in 1989 Cs
from the Chernobyl accident was detected down to 140 m. A rapid removal of
radionuclides from the Chernobyl accident in the Norwegian sea has
been reported

(20). A vertical profile in the water column for radiocaesium is shown in
Fig.14. The general distribution is similar to other marine areas. There is
however a lack of radio caesium. The total inventory for the area of Cs
from nuclear tests and Chernobyl should for the area be 1.6 + 3.1 kBq m ,
however only 2.6 are found. A possible explanation is that activity was lost
with the large outflow of low salinity water which occurs during springtime.

N Sill S

160
Framvaren

Lyngdalsf jord

4 km

Fig. 13 A longitudinal profile of Framvaren fjord.
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There are two principal mechanisms involved for the vertical transfer of
metals, (i) the precipitation of metal sulfides in the anoxic layer and (ii)
the transfer of metals from the productive layer by sinking of organic matter
to the bottom. Plutonium shows a sharp increase in the water profile with
depth ( see Fig. 15). Plutonium follows Mn/Fe oxy-hydroxide scavenging in the
oxic layer. There is a removal of Pu in the interphase beteween the oxic and
the anoxic layer. The Mn/Fe oxides will be dissolved in the anoxic region and
plutonium will be reduced to the +IV oxidation state. Plutonium in the lower
oxidation state is more particle reactive but it can also be complexed by
carbonates and/or dissolved organic carbon. With depth the complexation by
DOC and carbonatre becomes more important.
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7.6. The Thule accident

Since the accidental loss of a nuclear device in January 1968, near
Thule, Greenland , several scientific expeditions have taken place in the
area for the collection of sediment, water and biota samples (21-24). In 1984
the estimated inventories of Pu and Am in the sediments derived
from the accident were 1 TBq and 0.1 TBq respectively.

Shortly after the accident detailed nuclear track autoradiography and
microscopic studies of melted crust samples were conducted. The studies
showed the plutonium to be in form of oxide particles with a very wide size
distribution with a median diameter of 2 (im. The particles were associated
with particles and pieces of inert debris of all kinds of materials (glass,
metal.plastic, rubber, etc.). The subsequent cleaning of the crash site was
very effective and it was estimated that only 350 g plutonium of the total
3150 g released were trapped in the ice. Sedimentation studies of melted ice
cores showed that 85 to 95% of the debris and associated plutonium oxide sank
immediately when contaminated ice was transferred into the sea and broke up
in June-July 1968.

It is evident that such delivery of plutonium to the sea floor is quite
different from other sources such as global fallout, releases from nuclear
fuel reprocessing plants, etc. In the Thule case the elements have not
undergone any interaction in the atmosphere and only a very limited one, if
any, in the water column. The interactions and resulting chemical
partitioning have taken place in the sediments.
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The isotopic ratios 238Pu/239+24°Pu and 241Pu/239+240Pu are different
depending on source. They are much higher in the releases from nuclear fuel
reprocessing facilities and in fallout from the Chernobyl accident than in
global fallout from nuclear weapons tests, and these in turn are higher than
those for weapon grade plutonium. 9..

The 238Pu/ 24°Pu activity ratio was o. 16+0.01 and the Pu/^J9+240pu
241 239+240

ratio was 3.3+0.4 at the time of the accident (24). The Am/ Pu
activity ratio was 0.098+0.005 in 1984(25). From the available data we can

241 239+240

calculate the decay of Pu relative to Pu and also tyhe^build^up^of
241Am as shown in Fig. 15. It can then be estimated that the Am/ + Pu
activity ratio was about 0.037 at the time of the accident. Supposing that
there was ' no Am present in the initial plutonium separation, one can
estimate that the plutonium was fabricated in 1962+1 year.

Chemical partioning studies have been performed on the sediments(25).
The fractions separated and studied were: Fraction 1: Exchangeable; Fraction
2: Bound to carbonates; Fraction 3: Bound to Fe/Mn oxides, Fraction 4: Bound
to organic matter-sulfides; Fraction 5: Residual.The results are displayed in
Figure 16. It is obvious that the major part of plutonium and americium is
associated with the residual fraction but also that relatively more americium
than plutonium is associated with the exchangeable and carbonate fractions
(see Table 2). Interestingly, this is reflected by the observation that
benthos collected in the area preferentially concentrate americium relative

239+240

to plutonium. The range of Pu in biota collected at Thule is given in
Fig. 17.

Table 2
The Am/ Pu activity ratio for different chemical fractions in

surface sediment at Thule collected in 1984.

i- 4. • 2 4 1 » ,239+240-, . . . . , -

Fraction Am/ Pu activity ratio

Exchangeable 1.21 + 0.30
Bound to carbonates 1.13 + 0.10
Bound to Fe/Mn oxides 0.20 + 0.02
Bound to organic matter-sulfides 0.12 + 0.05
Residual 0. 10 + 0.03

Weighted mean 0.098 + 0.005

J • • 1 • Bq kg"1 (logarithmic scale)

I 1 surface sediment 0-3 cm

I benthos

seaplants

fish

-I sea birds

sea mammals

Fig. 17. Range of + Pu (Bq kg dry weight) in environmental samples
collected at Thule in August 1979.
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7.7. The Palomares accident

A similar accident took place at Palomares , Spain in 1966 when a B-52
bombercarrying 4 thermonucelar weapons released one which fell into the sea
and was recovered later intact according to authorities. Two of the other
bombs fell on land, close to the village of Palomares and then plutonium was
released by conventional explosion. The site was cleaned-up by removing the
top layer of soil from the most contaminated areas.

Increased radioactivity has been detected in marine sediments near the
area especially in form of hot particles (26). From the isotopic composition
of plutonium and by dating the sediments, it can be concluded that the
activity originates from the accident. It is still not completely clear how
this activity has reached the sea. There are several possible ways such as
aeolean redistribution (there was a strong wind blowing toward the sea at the
time of the accident), transport to the sea by the Almanzora river which
drains the area and was flooded in 1973, from the bomb itself which fell into
the sea and was recovered 3 months after the accident, and partially orsome
of the contaminated soil from the clean-up operation which was "lost" or
disposed of at sea.

7.8. The Chernobyl accident

The Chernobyl accident in late April 1986 had an impact also on the
marine environment either directly or through runoff from rivers draining
contaminated land. Mainly fission products were released from the accident
and the released amount depended on core inventory and volatility of the
elements. In Table 3 the total estimated releases are given.

Table 3
Estimated releases of long-lived radionuclides from the Chernobyl accident.

Radionuclide Release in PBq

r 3 7 _ _

134Cs 50
90Sr 8
106Ru 35
144Ce 90
110Agm 1.5
125Sb 3
239+240Pu 0.055
238Pu 0.025

Pu 5
OA1

Am 0.006
242Pu 0.6
243+244Cm 0.006

Activity concentrations in air were observed at many sites all over the
world. The results reflected often that activity was released from the
reactor site on several occasions after the initial explosion. A typical
distribution of radiocaesium and Radctivity in air over time at Monaco is
shown in Fig. 18.

At Monaco different specie of macro algae and their uptake of radioa-
ctive elements deposited from the Chernobyl accident were studied. An example
of the concentration of some radionuclides in the brown algae Dictyota
dichotoma is shown in Fig. 19.
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It was observed that radionuclides relative to each other were generally
concentrated in the following sequence:

110. m . 131T ^ 129_ 103,106_. ^ 140,, ^ 134,137_
Ag . > I > Te > Ru > Ba > Cs

and that the concentration factors for different macroalgae generally could
be arranged in the following sequence:

Sphaerococcus c. > Coral Una m. > Dictyota d. > Codium t.
(red) (red) (brown) (green)

The site- spe c ific ecological residence time of the different
radionuclides in the different macroalgae varied between 60 and 250 days.
This is a typical value for the mean residence time of radionuclides in macro
algae and indicates that very little radioactivity is brought to the
collection site through run off on observationwhich is in agreement that
activity concentrations in water were back to pre-Chernobyl values by 2
months after the accident. This is, for example, not the case for another
marginal sea such as the Baltic Sea where runoff from rivers draining
contaminated areas is much more important for the water balance of the Baltic
than in the Mediterranean. In the Baltic Sea levels of radiocesium did not
decrease during 1986 to 1991.

The Skagerakk on the Swedish west coast receives radioactivity from the
controlled releases of the European reprocessing plants. The concentrations
of various radionuclides in Fucus vesiculosus have been studies since 1977
(27). In Fig. 20 the results are given showing the response to the releases
particularly from the Sellafield plant, the time factor from release to the
observed increased concentrations at the site, and the response to the
Chernobyl accident. The figure also shows the seasonal variation indicating
the higher metabolism of radiocaesium during spring-summer.

Also mussels were studied at Monaco following the Chernonbyl accident.
The accumulation over time is shown in Fig. 21. The concentration factors for
mussels are generally lower than those for macroalgae and the residence time
is shorter in agreement with literature (28).

Generally speaking the delay in radionuclide accumulation in fish
relative to maximum concentration in water after a contamination incident is
exemplified in Fig. 22. The variation in time of maximum accumulation at
different trophic levels is shown in Fig. 23.
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Chapter 8
ANTHROPOGENIC RADIONUCLIDES IN THE
MARINE ENVIRONMENT: CASE STUDIES
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Abstract

This chapter discusses three case studies of greatly different types of discharges of
anthropogenic radionuclides to the marine environment. The SNAP 9A satellite burnup
dispersed almost pure 238pu into the atmosphere over the Mozambique channel at about 25°S
latitude in 1964. A much more heterogeneous mixture of liquids and solids containing a variety
of radionuclides of low activity levels were packaged in steel drums and sunk to the sea floor
near the Farallon Islands off San Francisco, California, U.S.A. between 1994 and 1964. An
extensive series of tests of nuclear and thermonuclear devices with a total yield of many
megatons was conducted by the U.S. at the remote coral atolls of the Marshall Islands at 110°N
and 160-165°E, making them the most radioactively contaminated parts of the marine
environment. The chapter briefly summarizes each of these cases, and stresses the major points
learned about radionuclide cycling and about environmental processes from each of them.

8.1. SNAP 9A Satellite Burnup

SNAP reactors (Systems for Nuclear Auxiliary Power) are relatively small electrical
generating plants designed to provide electrical power for spacecraft missions for at least one
year. Heat from radioactive decay in nuclear fuel elements is used to generate electricity. 238Pu
has often been used in such satellite systems. In April 1964 a SNAP 9A nuclear power generator
aboard a satellite reentered the atmosphere and burned up following a malfunction during launch.
The generator contained about 17 kCi of 238pu but only 13 Ci of 239pu. For comparison, some
400 kCi of 239Pu have been dispersed into the air by all nuclear explosions, and the total amount
of 238pu deposited from the accidental stratospheric abortion of this satellite was about twice the
amount of 238pu from all nuclear weapons testing. The satellite was estimated to have entered the
atmosphere of the southern hemisphere above the Mozambique channel (about 25°S latitude) at
an altitude of about 45000 meters. Pu in the device was assumed to have completely ablated
during the heat of reentry and to have been distributed in the atmosphere as particles of unknown
size distribution.

For several years after the reentry, research programs were carried out to characterize the
fate of the Pu debris. Studies showed that some 73% of the 238Pu was deposited in southern
hemisphere, and 27% in northern hemisphere. Soil cores from a wide range of latitudes revealed
the depositional pattern [2, Table 1, Fig. 1]. The average weapons 238pu/239,24opu ratio was found
to be .024 in soils collected before fallout from SNAP 9A. SNAP 9A 238pu increased this ratio in
northern hemisphere soils to .036, and to above 0.1 in southern hemisphere soils. The 238Pu rich
debris reached maximum concentrations in ground level air 2-3 years later, depending upon
latitude, and by 1971 was largely depleted from the atmosphere [1]. The SNAP derived 238Pu
became evident in surface air at 46°N at Richland, Wa. USA in spring of 1966 [2, Fig. 2]. The
238pu/239,240Pu ratio increased suddenly to .042 from the ratio of 0.020 which it had averaged
from 1962-5 when the Pu came primarily from U.S. and U.S.S.R atmospheric nuclear weapons
tests [1]. SNAP 9A derived 238Pu also caused a sharp increase in activity of this isotope
deposited in ice layers deposited in 1965-66 on both the Antarctic and Greenland ice caps [3,4,
5; Figs. 3 and 4]. The SNAP Pu pulse lasted only a few years. By 1982 the 238pu/239,24opu ratio
in global fallout had declined to .0254 and did not differ significantly between hemispheres.
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TABLE 1. AVERAGE LATITUDINAL DISTRIBUTIONS OF CUMULATIVE 239,240 p u and
238 Pu FALLOUT. From [1],

Hemisphere

Northern

Southern

Northern
Southern
Global

Latitude
band,

degrees

90-80
80-70
70-60
60-50
50-40
40-30
30-20
20-10
10-0

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

2 3 9 , 3 4 Op,,

(0.10 ±0.04)
0.36 ± 0.05

1.6 ± 1.0
1.3 ± 0.2
2.2 ± 0.5
1.8 ±0.6

0.96 ± 0.07
0.24 ± 0.10
0.13 ± 0.06

0.30 ± 0.20
0.18 ± 0.05
0.39 ± 0.16
0.40 ± 0.12
0.35 ± 0.21

(0.20 ± 0.09)
(0.10 ± 0.04)
(0.03 ± 0.01)
(0.01 ± 0.004)

256 ± 33
69 ± 14

325 ± 3 6 '

1 31

Weapons

'Pii
ru

SNAP-9A

Millicaries per square kilometer

(0.002*0.001)
0.009 ± 0.001
0.038 ± 0.025
0.0311 0.004
0.053 ±0.011
0.042+0.014
0.023 ± 0.002
0.006 ± 0.002
0.003 ± 0.001

0.007 ± 0.005
0.004 ± 0.001
0.009 ± 0.004
0.009 ± 0.003
0.008 ± 0.005

(0.005 ± 0.002)
(0.002 ± 0.001)
(0.001 ±0.001)

«0.001)

«0.001)
<0.001

0.026 + 0.015
0.013 + 0.004
0.026 + 0.011
0.025 ± 0.015
0.011 ±0.004
0.003 + 0.002

<0.001

X

0.010 ± 0.007
0.036 + 0.021
0.070 + 0.042
0.061 * 0.020
0.069 + 0.038

(0.044 + 0.023)
(0.022 ± 0.012)
(0.008 + 0.005)
(0.004 + 0.002)

3i =

Kilocuries deposited (through 1971)

6.1 ± 0.8
1.6 ±0.3
7.7 ± 0.9

3.1 + 0.8
10.8 + 2.1
13.9 ±2.2

2 3 !Pu
2 3 » ,2 4 0 p u

0.020
0.025
0.040
0.034
0.036
0.037
0.035
0.038
0.023

= 0.032 ± 0.0073

0.057
0.222
0.203
0.175
0.220
0.245
0.240
0.300
0.400

0.229 + 0.092

0.036
0.180
0.066

•Results in parentheses were derived by extrapolation; error terms are standard deviations.

In contrast to the sharp increase in 238pu activities in ground level air samples, in
terrestrial soils and in glacial ice layers deposited a few years after 1964,1 am unaware of any
case of a coastal marine sediment where a time horizon clearly reflects a sudden arrival of 238Pu
from the SNAP 9A event. The appearance of a prominent 238Pu peak shortly after the accident is
not evident in two cores of coastal sediment off Peru in 1974, or in several Pacific coastal
sediments from off southern California, Mexico or Washington state USA [6,7, 8,9].

8.2. Points Learned from SNAP

1. Pu has several isotopes of different half lives and alpha particle energies (Table 2), and the
isotopes differ in relative importance in different sources. Ratios of the different Pu isotopes in
environmental samples can provide valuable information on relative importance of sources, rates
and key processes affecting distribution of Pu in the environment. For example, the
238pu/239 24opu ratio is also high (> 0.3) in nuclear waste fuel reprocessing plants like the
Savannah River facility in the USA. Pu isotope ratios in sediments of the Savannah river estuary
have been used to document the unexpectedly greater importance of supply of open ocean Pu
with low fallout ratio of 238pu, compared to supply from the reprocessing plant with its high
238Pu ratio [10]. S
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Fig. 1. Activity ratio of 238pu/239,24opu in integrated soil samples as a function of latitude. From
[1].

2. In evaluating alpha spectra, care must be taken not to mistake the 5.42 Mev alpha decay of
228Th for alphas of 5.49 Mev from 238Pu. The natural isotope 228Th has about 1000 times more
activity than does 238Pu in most environmental samples. Careful attention must be given to anion
exchange column or liquid-liquid extraction separation techniques employed to ensure complete
separation of Th and Pu isotopes prior to plating and counting the alpha emitter, or else
inaccurately high 238pu activities may be reported. One can examine the alpha spectrum in
energy range of 4.0 Mev for counts due to 232jh to see if noticeable contribution from 228T/h is
likely since activity ratio of the two Th isotopes will be very close to 1.00.

3. Jumps in activities of 238Pu in ground level air, terrestrial soils and glacial ice layers indicate
the time of arrival of 238pu from the SNAP debris, and approximately a 2 year time for
transporting airborne debris across the equator.
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4. Lack of a jump in 238pu activities in coastal marine sediment horizons deposited soon after
1964 reveals the importance of dissolution, mixing and dilution of the SNAP Pu with older
fallout Pu in the ocean water column prior to removal to sediments. The mixing of several years
of deposited sediment layers by physical processes an/or by bioturbation further blurs the
temporal record preserved in sediments.

8.3. Farallon Islands Dumpsite

Joseph et al. [11] estimated that between 1944 and 1964 over 47,500 55 gallon drums
with 'low level' radioactive wastes were deposited at three designated sites south and west of the
Farallon Islands. The sites (Fig. 5) are located approximately 80 km west of San Francisco
California USA at about 37°38' N and 123°1O' W and were approved by the U.S. Atomic Energy
Commission. The area also served as a munitions dumping area, but there has been no
radioactive waste dumping since 1965.

The Farallon Islands lie at the edge of the continental shelf just east of the cool,
southward flowing California Current. The area is strongly influenced by coastal upwelling,
which brings cool nutrient rich waters to ocean surface and contributes to the increased
biological productivity of the region. The area was designated the Gulf of the Farallones
National Marine Sanctuary in 1981.

The radioactive wastes were largely generated in the San Francisco Bay area at the U.S.
Naval Radiological Defense Laboratory, the Lawrence Livermore Laboratory and the University
of California at Berkeley. They were an extremely heterogeneous mixture of liquids and solids of
widely varying composition—paper, rubber, cloth rags, glass, filter cartridges, solvents,
evaporated residues etc. The wastes were apparently checked with geiger tubes to verify low
levels of gamma emitters, but detailed record keeping of amounts and types of each beta and
alpha emitter in the wastes was not then required. The wastes were packaged in 55 gallon steel
drums with added cement to help contain the wastes longer and ensure the drums would sink to
the sea floor. These packages were neither designed nor required to remain intact for sustained
periods of time after descent to the sea floor, and it was assumed that all the contents would
eventually be released. The approved dumpsites were chosen to be reasonably close to ports to
reduce costs, but far enough away that the debris would be on the seafloor beneath the depth of
upwelling so that any isotopes leaking from the drums would not return to surface waters and
organisms, and in an area where currents would not carry them back to shore.

10
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Fig. 2. Concentration ratios of 238pu/239,240pu m surface air at Richland, Washington, U.S.A.
from 1961-1976. Fromfl].
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Fig. 3. Comparison of activities of 239,240pU; 238pu a n (j 2iopb j n layers of Greenland Ice
deposited from 1944-1975. From [5].

Booth et al. [12] summarize " Although the site has not been actively used as a dumpsite
since 1965, during the 20 years prior to that date more than 47,500 containers (chiefly 55-gallon
drums and concrete blocks) of thorium, uranium, activation-product radionuclides and mixed-
fission products were dumped in this area [11]. These authors estimate that, excluding tritium,
14,500 curies of these wastes were delivered to the sea floor. The specific dumpsites are shown
in Figure 1. According to [13], over 90% of the containers were deposited at site B." Site A is in
91 meters depth, site B 1829 m and site C 914 m.

The U.S. Environmental Protection Agency supported several investigations in the
disposal area during the 1970s, including studies of radionuclide concentrations in the water
column, sediments and organisms. Controversy and concern erupted when some results showed
sediments at the dumpsite had higher activities and inventories of Pu (mCi/km2) than would be
expected from air fallout per area. For example, Schell and Sugai [14] found that "The
submersible cores taken near the canisters indicated loss of the surface layers during collection
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TABLE 2. PLUTONIUM ISOTOPES AND DECAY PROPERTIES

Isotope Half-life Cyrs) Alpha Decay Energy (Mev)

236Pu
238Pu
239Pu
240Pu
241 Pu
242Pu

2.85
86

24,000
6580
13.2

3.8 x 105

5.77
5.49
5.15
5.16
beta
4.9

but contain 2-20 times greater integrated deposition than the expected fallout levels of 1.8±0.6
mCi/km2 of 239i24opu." Mussels and oysters from the Farallons also had 2-3 times higher
activities of Pu than similar shellfish from U.S. east coast and Gulf of Mexico sites [15]. Some
people jumped to the conclusion that these data proved widespread radioactive contamination
from the Farallons dumpsite.

Schell and Sugai [14] summarize: "Dyer [16] examined sediments collected within a
cluster of intact and imploded canisters at the 900 m Farallon disposal site. The concentration of
239-24opu in the 0 to 5 cm sediment sections was reported to be 2-25 times the expected
maximum concentration from fallout debris, and ranged from 0.5 to 532 pCi/g dry. During
January 1977, Noshkin et al. [13] sampled water, sediment and benthic biota from the three

NORTH FARALLON

MIDDLE FARALLON

SOUTHEAST
FARALLON

^RUSSIAN
RIVER

37°40'
N

37°30'

Fig. 5. Sites where radioactive wastes were dumped around the Farallon Islands. Note that site C
is on the continental shelf, while sites A and B are on the continental slope. From [12].
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Fig. 6 Pu concentration profiles in an east-west section across the Pacific at 30-35°N (similar to
latitude of the Farallons) in 1973. From [21].
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Fig. 7. 239,240pu in w e s t c o a s t mussels. Symbols: A, data from 1976 (SIO); O, 1977, (SIO);
1978 (SIO);«, 1978 (WHOI). From [15].
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disposal sites near the Farallon Islands. They found the total 239'24opu and 137Cs inventory of
Farallon water columns to be within global fallout levels. Fish and invertebrates from the
disposal site region had 239 24opu and J^7Cs concentrations similar to species exposed to only
global fallout. The 239 24opu concentrations in surface sediments ranged from .026 to .042 pCi/g
dry." Some of differences in sediment activities undoubtedly were due to different sampling
devices and techniques employed. Gravity corers were used in early studies by Noshkin et al.
Schell and Sugai used a box corer which is less likely to lose or disturb the sediment surface
most likely to have relatively high radionuclide concentrations. Cores collected with submersible
have certain sampling location relative to waste canisters. Schell and Sugai also sectioned the
sediment cores in 2 cm layers while Noshkin et al used 4 cm thick sections.

Sediment activities, inventories and fluxes of both the natural isotope 2iopD (Fig. 4.7)
and artificial Pu isotopes all along the west coast of the U.S. are 2-50 times higher than values
supported by air fallout [17-20]. These higher activities are due to large supply of dissolved
isotopes in upwelled seawater from several hundred meters depth with relatively high
concentrations of isotopes like Pu (Fig. 6), and subsequent enhanced nuclide scavenging to
sediments in the particle rich coastal waters. The phenomenon has been dubbed 'boundary
scavenging'. Enhanced upwelling also explains why Pu activities in oysters and shellfish all
along the U.S. west coast are higher than activities in shellfish from U.S. east coast and Gulf of
Mexico [15]. Fig. 7 shows that Pu activities in shellfish from the Farallons are not unusually
high compared to other west coast shellfish.

Although data available did not suggest any detectable radioactive contamination from
the Farallon dumpsite, positions and fate of the waste containers on the seafloor were not
precisely known. The area has a rich diversity of marine life and is a nursery and spawning
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ground for commercially valuable fish and shellfish. Continued public concern and skepticism
over previous results, and proximity of the sanctuary site to a major population center, led the
U.S. government to begin in 1992 another study of the area.

The U.S. Geological Survey was given the lead role in a multiagency study of the
dumpsite area and the Marine Sanctuary. They are using new side scan sonar techniques to
make detailed maps of the sea floor, and to identify exact positions of many of the drums of
waste. Scientists from other agencies are also making measurements of ocean currents and
biological resources in the region. These studies will provide data useful if not critical in
understanding both the fate of the radioactive wastes, and in considering possible disposal sites
of nonradioactively contaminated sediments dredged from San Francisco Bay.

More information on the Gulf of Farallones Marine Sanctuary and these studies can be
accessed via the Internet by using the following websites:

http://walrus.wr.usgs.gov/docs/projects/farallon/far.html
http://www-marine.wr.usgs.gov/docs/projects/farallon/radwaste.html
http://www-marine.wr.usgs.gov/docs/projects/farallon/hazwaste.html
http://www-marine.wr.usgs.gov/docs/projects/farallon/currents.html

8.11. Points Learned From Farallon Dumpsite Case

Increasing amounts of heterogeneous, mixed radioactive waste analogous to that dumped
near the Farallons are being generated by numerous peaceful uses of radioisotopes. Biomedical
wastes, scintillation fluids, animal carcasses etc. with low levels of radioactivity are ever more
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Fig. 9. Examples of gamma ray spectra determined on Marshall Islands samples with the older
sodium iodine type detectors. A shows gamma spectra obtained by [28] for sea water, plankton
and flying fish liver from Marsh station 54. B shows spectra of fish tissues collected at Belle
Island, Enewetak Atoll in May-June 1954 and analyzed in February 1957 by [27].
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illustrates the dramatic improvement in resolution achieved with the Ge(Li) type detectors.
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From [32].

voluminous and require disposal. The Farallons case teaches some important points about
managing similar wastes:

1. Better records of total amounts and forms of all isotopes dumped must be kept in the future,
and are essential to realistically assess concerns over the sites. A major reason for continuing
disputes over the Farallons dumpsite is that no one really knows how much of what isotopes
were originally dumped there. The fact the U.S. government began in 1992 yet another study of
radioactivity levels at the dumpsite [22] reveals the continued public concern and skepticism
over radioactivity in the environment. Some of this concern can be allayed by knowing what
amounts of what forms of what isotopes are to be or have been discharged. Making information
on the study widely available via internet homepages aimed at the general public should also
help relieve their concerns.
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2. Good understanding of basic oceanographic processes at a site is required to accurately
interpret radionuclide distributions. The Mussel Watch data which clearly showed high activities
of Pu in mussels all along the upwelling area along the Pacific coast were critical in confirming
higher Pu activities around Farallons compared to Gulf of Mexico or U.S. east coast sites were
not due to contamination from the dumpsite, but due to upwelling and boundary scavenging.

3. Proper choice of 'background' or 'baseline' activities is required to assess impact of a
dumpsite. Background values cannot just be simply assumed to be atmospheric fallout values,
because processes such as boundary scavenging within the ocean can increase or decrease the
"background1 values relative to the air fallout supply. So, 'exceeding the expected fallout range' is
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Fig. 12. Temporal trends in skeletal concentrations of Pb and Cd in corals from Florida Straits
and Bermuda. From [32] and [36]. Metal concentration decreases in the most recently deposited
coral growth rings reflect decreased discharges to the environment.
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not always the proper test to use to assess dumpsite contributions. Nor can one just compare
concentrations between areas which "have different intensities of oceanographic processes.

4. Contrary to original expectations, the radioactive wastes dumped at the Farallons did not
disperse in deep sea waters, but have remained largely bound to sediments, which hence form a
localized and potentially long lasting source of radioactive contamination. Benthic organisms
readily colonize in and around the dumpsite. Mixing of surface sediments by their life processes
(bioturbation) may affect radionuclide distributions. The organisms may take up some of the
radionuclides. Whether humans may collect and injest any such creatures is an important
consideration.

8.5. Marshall Islands Nuclear Weapons Test Sites — Bikini and Enewetak Atolls

The remote coral atolls of the Marshall Island series, Bikini and Enewetak, are located in
the Pacific at about 11°N and 160-165°E. (Fig. 8) For some twenty years the U. S. carried out at
these atolls an extensive series of tests of nuclear weapons of various sizes and types. There were
23 detonations at ten locations around Bikini atoll and 43 at Enewetak between 1946 and 1958.
Detonations were set off on barges, towers or on coral surfaces, submerged in shallow water, and
in air. Quantities and types of radioactively labeled particles produced varied depending upon
yield, type of device (fission or fusion) and how each was set off. A list of the date, type, and
yield of each test are given in Table 1 of [1]. Approximate locations of nuclear detonations are
shown in Fig. 1 of [23] for Bikini atoll and Fig. 1 of [24] for Enewetak.

Nuclear and thermonuclear devices with a total yield of many megatons were detonated,
making these atolls the most radioactively contaminated marine environment in the world. The
two atolls have been intensively studied before and following the test series [23-25 and
references therein]. Because of the high level of radioactivity initially deposited there, each atoll
is now a continuing, low level transuranic source to the surrounding ocean. Plutonium does not
stay permanently fixed to the carbonates and other material on which it was originally deposited
in the lagoons and reefs during nuclear testing. Small amounts are continuously being
remobilized, resuspended and transferred within the atoll environment by physical, chemical and
biological processes [24]. Near steady-state processes may now exist.

8.6. Points Learned from Bikini/Enewetak Case Studies

1. Enewetak and Bikini atolls were subjected to the equivalent of nuclear war with 43 and 23
nuclear tests conducted on these small atolls respectively. Most predictions of effects of nuclear
war on the marine environment are based on studies at these atolls.

2. Radionuclide fallout from tests at these atolls clearly showed the importance of latitudinal
distribution of fallout to the ocean. Fig. 2 of [1] shows that most of South and Latin America
received relatively little fallout from the tests.

3. Adsorption and uptake of Pu by marine plant surfaces is rapid and leads to relatively high
transuranic activity at the base of the marine food web. However, activities of 90Sr, 137Cs,
239.240Pu and 241 Am did not increase in higher trophic feeding levels from Enewetak lagoon [24].
The earliest studies around the atolls showed the importance of uptake by most marine biota of
neutron activation products such as 65Zn and 60Co [26, 27] In fact, uptake of such neutron
activation products into the flesh of marine animals is generally more extensive than uptake of
transuranics.

4. Slow subsequent leakage of Pu and other nuclides out of the lagoons seems reasonably
predicable from quasi-equilibrium partitioning and circulation-dilution models [24].

5. Comparison of gamma counter outputs (Figs. 9 and 10) clearly shows the great
improvements in energy resolution achieved with the newer Ge gamma detectors compared to
the sodium iodide detectors available in the early studies around the atolls.
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6. The marine ecosystems seem to have rapidly recovered from the test damage, but activities
of Cs in coconuts and other terrestrial vegetation on the atolls still limit human reoccupation
of the atolls. The importance of better understanding food webs on and around the atolls, the diet
preferences of local residents, and routes by which local people are exposed to the radioactivity
is now recognized [25 and references therein].

7. Scientists have recognized the value of coral annual growth rings as recorders of temporal
changes in past surface water chemical compositions [30-47]. The approach of using chemical
measurements of coral growths rings to retrospectively examine changes in surface ocean water
properties has been reviewed by Dunbar and Cole [47]. The field of study is one of the most
exciting developments from the original studies of radionuclides at Bikini and Enewetak atolls.

X-radiographs of cross sectional slices of many coral types show distinct and fairly regular
alternating light and dark bands, reflecting a cyclic variation in bulk density of the deposited
skeletal material. Radioactivity bands of Sr in reef corals from Enewetak atoll were related to
known dates of nearby nuclear tests and used to show the coral bands were annual growth rings
analogous to tree rings [30, 31]. The close correlation between the temporal dependence of
radionuclide fallout and radionuclide concentrations in annual growth rings of coral off the U. S.

Atlantic coast found by [32] is illustrated in Fig. 11. Several divalent metals (Cd, Pb, Ba, Sr,)
appear to substitute for Ca++ in the coral aragonite lattice in amounts proportional to their
concentrations in solution in surface waters when and where the coral was growing. Changes in
Pb and Cd concentrations in coral layers (Fig. 12) due to changes in industrial pollution of the
atmosphere and fallout to surface ocean waters have been noted [33, 36]. Natural changes such
as El Nino events and temporal variations in upwelling and wind intensity have been studied
using changes in Ba, Cd, and Mn concentrations recorded in the coral bands (Fig. 13) [34, 35,
36, 37, 39]. Changes in concentration of stable Sr/Ca and of U/Ca may reveal past ocean surface
water temperatures, especially when combined with measurements of oxygen isotopes [41, 42,
44, 45, 46]. Even trivalent rare earths may be incorporated in the coral lattice, and their
variations in the growth bands may reflect variations in river discharge and rainfall in tropical
regions [43].
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Chapter 9

THE BEHAVIOUR OF RADIONUCLIDES DISCHARGED FROM
SELLAFIELD IN UK COASTAL WATERS*

D.S. WOODHEAD**
Fisheries Laboratory,
Lowestoft, Suffolk, United Kingdom

Abstract

Authorized disposals of low-level radioactive wastes have been made via a pipeline to
the northeast Irish Sea since 1952. The radionuclides in the waste have varying
biogeochemical properties and the quantities discharged have varied over time. These factors
have led to differing behaviour and, therefore, distributions in the environment that have
implications for the consequent radiation exposure of both humans and populations of wild
organisms. The behaviour and distributions of the radionuclides will be discussed with
reference to available data.

9.1. Introduction

Before considering the radionuclides discharged into the Irish Sea from the nuclear fuel
reprocessing plant operated by British Nuclear Fuels at Sellafield, it is worth emphasising
that these are neither the only source of radiation in the marine environment, nor, except in
the immediate vicinity of the outfall, the major source. Natural radionuclides of primordial
and cosmogenic origins have been present over geological time and, for this reason, their
distributions in the marine environment are essentially at equilibrium with respect to ocean
processes. Table 1 gives the concentrations of the isotopes that are the major contributors to
the total radioactivity in solution in seawater. Both K-40 and Rb-87 are long-lived (T,/2 equals
1.28 x 109a and 4.7 x 1010a respectively) and decay directly to stable elements; the uranium
isotopes, however, are members of extended decay series which include a range of elements;
Table II shows that for U-238 (somewhat simplified and inclusive of U-234) as an example.
The isotopes in this decay series show a wide range of half-lives (covering almost 21 orders
of magnitude), all decay modes except orbital electron capture and positron emission, and the
majority of radiation emissions; in addition, the elements in the series show a range of
physicochemical behaviours from inert gas (Rn-222) through to being soluble in seawater
(uranium and radium) to increasing degrees of particle reactivity (Pb<Th<Po) [1]. Due to
their differing physicochemical properties, the adjacent members of the series are not
necessarily at secular (ie radiation decay) equilibrium with each other in each compartment in
the marine environment; the consequences are illustrated in Figure 1. The main source of
uranium to the marine environment is river run-off carrying material, both in solution and as
detrital mineral particulates, from the weathering of rocks; the particulate material is
incorporated into the seabed but the uranium persists in the soluble phase in seawater.
Although the first decay product in the series - Th-234 - is short-lived and might, therefore,
be expected to be in secular equilibrium with the parent U-238, its particle-reactive nature
results in it being rapidly scavenged to the seabed ie the water column becomes depleted in
Th-234 and the seabed gains an excess inventory (in terms of activity relative to U-238).
Within the seabed, the Th-234 decays (via the short-lived and particle-reactive Pa-234m) to
U-234 which, being long-lived and relatively soluble, is released back into the over-lying
water where it is found to be close to secular equilibrium relative to U-238. The U-234

*© British Crown copyright 1997.
"Present address: CEFAS Lowestoft Laboratory, Pakefield Rd., Lowestoft, Suffolk NR33 OHT, United

Kingdom.
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TABLE I. NATURAL RADIONUCLIDES IN
SEAWATER

NUCLIDE

K-40
Rb-87
U -234)

-235)
-238)

CONCENTRATION

12Bqr]

HOmBql'1

93 m Bq I'1 s 3.3 Ug I1

TABLE II. URANIUM-238 DECAY SERIES
(SIMPLIFIED)

NUCLIDE

U-238
4

Th-234

4
Pa-234m

4
U-234

4
Th-230

4
Ra-226

4
Rn-222

4
Po-218

4
Pb-214

4
Bi-214

4
Po-214

4
Pb-210

4
Bi-210

4
Po-210

4
Pb-206

HALF-LIFE

4.5 x 109y

24 d

1.2 m

2.5xl0 5 y

7.7 x 104y

1600 y

3.8 d

3.1m

27 m

20 m

1.6 x lO^s

22 y

5.0 d

138 d

STABLE

DECAY MODE

a

P'

P~

a

a

a

a

a

P'

P"

a

P"

P"

a

decays to Th-230 which is rapidly scavenged to the seabed where, due to its relatively long
half-life, it may be buried by continuing sedimentation before decay takes place. The next
isotope in the series, Ra-226, is relatively soluble but, because it takes time to diffuse out of
the seabed, does not approach secular equilibrium with the U-238 in the water column. The
Ra-226 decays to the short-lived inert gas, Rn-222, of which some escapes to the atmosphere
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while the remainder decays in situ, via a series of short-lived intermediates, to Pb-210. The
Rn-222 in the atmosphere, from both marine and terrestrial sources, also decays to Pb-210, a
proportion of which is returned to the sea by wash-out in rain. Finally, the particle-reactive
Pb-210 is scavenged to sediment.

It is clear, therefore, that radioactive isotopes and radiation are not new factors in the
marine environment but, more importantly, the behaviour of the natural radioisotopes is
indicative of the potential behaviour of anthropogenic radionuclides and their distributions
provide important information on the rates at which processes eg particulate scavenging,
sedimentation etc., proceed in the marine environment. Table El lists the significant sources
of anthropogenic radionuclides for the marine environment.

TABLE IE. OTHER SOURCES OF RADIONUCLIDES

Fallout: Weapons testing

Fuel fabrication

Normal reactor operation

Fuel reprocessing

Radioactive waste disposal

9.2. Sellafield radionuclides in seawater and sediment

Although the effluent discharged from the Sellafield reprocessing plant to the northeast
Irish Sea contains isotopes of a variety of elements, it is sufficient to consider just two as
examples of quite different physicochemical behaviour. The two elements are caesium
(represented by the isotopes Cs-134 and Cs-137) and plutonium (Pu-238 and Pu-239+240
(these are combined because they cannot be differentiated by the usual analytical technique of
a-spectrometry). The caesium isotopes exist as singly-charged ions in seawater, show rather
little affinity for particulate material and the greater part of the input becomes widely
dispersed by the action of tides and ocean currents, ie they show (relatively) conservative
behaviour. In contrast, the plutonium isotopes can exist in seawater in a number of valency
states that have differing chemical properties (including particle reactivity). Additional
information concerning the isotopes is given in Table IV , and it is interesting to note that the
total decay-corrected environmental inventory of Cs-137 of Sellafield origin amounts to
approximately 14 kg of caesium.

TABLE IV. SELLAFIELD RADIONUCLIDES

Nuclide

Cs-134
Cs-137

Pu-238
Pu-239

Years

p/y EMITTERS
2
30

a EMITTERS
88
2.4 x 104

Limits of Detection
Bq

5x
5x

io-5

io-5

g

10"2 10"15

10"2 2 x 101 4

2 x lO'17

4 x lO"15

Environmental Inventory
TBq

140
3 x l O 4

130
590

197



9.2.1. The behaviour of caesium

The inputs of the Cs isotopes to the northeast Irish Sea over time are shown in Figure 2.
The peak discharges occurred in the mid-1970s when a temporary halt to fuel reprocessing
led to increased fuel storage times in the cooling ponds resulting in greater corrosion of the
Magnox fuel cans and release of caesium isotopes to the pond water. The subsequent decline
in discharges was, initially, a consequence of chemical treatment of the pond water to inhibit
corrosion together with the passage of the water through zeolite (an inorganic adsorbent
medium) and, later, the commissioning of new effluent treatment plant (SIXEP - site ion
exchange plant). The shorter half-life of Cs-134 (2 years) means that as the discharges have
declined, the decay-corrected environmental inventory has also declined with a similar half-
time. The cumulative environmental inventory of Cs-137 is also falling, but much more
slowly. The isotopic activity ratio - Cs-137/Cs-134, both for the annual discharge and the
decay-corrected environmental inventories are also given in Figure 2. The changes in this
ratio in environmental materials, due to the differences in the half-lives of the two isotopes,
provide a useful means of ageing the Cs isotope contamination. An example is shown in
Figure 3. The best match between the activity ratio in the discharge to the northeast Irish Sea
and that in seawater samples collected from the North Sea off Lowestoft is obtained if it is
assumed that there is a 3 year transit time for the contaminated water to travel round the north
coast of Scotland between the two points. The wider dispersion of the Cs-137 contamination
in shown in Figure 4. The water contaminated by the Sellafield discharge leaves the Irish Sea
in a northerly direction between the Irish and Scottish coasts, taking approximately 1-1V*
years to reach the Hebridean Sea. Here the influence of the Gulf Stream across the north
Atlantic Ocean constricts the flow close against the Scottish coast and forces the
contaminated water east and south into the North Sea where it circulates in an anti-clockwise
direction. Some then enters the Baltic Sea but most travels north along the Norwegian coast
to the Barents Sea, the Norwegian Sea and the Greenland Sea. The total time for this transit
is of the order of 7-8 years.

Although Cs isotopes show relatively little affinity for sediments (a distribution
coefficient, KD, of about 103), the very large quantities that have been discharged mean that
both isotopes are easily measurable in seabed samples from the eastern Irish Sea. Figure 5
shows the distribution of the inventory of Cs-137 estimated from a series of 43 sediment
cores taken in 1983. The distribution pattern is primarily determined by the distribution of
fine sediments although the generally southward residual current along the coast may also be
a contributory factor. The total quantity of Cs-137 contained within the area of the seabed
bounded by the 0.1 M Bq m"2 contour amounts to 2.5% of the decay-corrected environmental
inventory; a value which is confirmed by a similar dataset for Cs-134 (see Table V).

TABLE V. QUANTITIES OF CAESIUM PRESENT IN THE
SEDIMENTS OF THE NE IRISH SEA

Nuclide Inventory TBq % of Decay-corrected
Environmental Inventory

Cs-134 20 2.5
Cs-137 850 2.5

Text cont. on p. 226.
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FIGURES 1-33

Rn-220 Pb-210

Th-234 - 2 * U-234 Th-230 - 2 * 1 Ra-226 Rn-220 Pb-210

. indicates riverine inputs and diffusion or emanation
from one compartment to another

indicates radioactive decay

indicates transport to sediment of particle-reactive
radionuclides

FIG. 1. Schematic diagram of the behaviour of238U series radionuclides in coastal
waters.
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5 5J

FIG'\ 4. Distribution of13 Cs in filtered seawater from the coastal seas of NW Europe;
(a) September 1983, Bq I1; (b) Octoberl983, Bq V';
(c) August-September 1983, Bq I'1; (d) July 1981, mBq I'1.
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FIG. 5. Inventory of Cs in sediment, MBq m-2
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Within-core variability
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FIG. 7. Variabilities ofCs concentrations in a core.

205



cr
CD

150 n

100-

5 0 -

a) Pu-238

I I

r

. i i •

600 -i b) Pu-239+240

500-

400-

& 300-

200-

100-

0 - - „ n-n n n llJlJlJI

40 -i c) Pu-239+240/Pu-238

30-
00
CO

i
Q_

I 20
CM
O>
CO
CJ

10-

en

Annual

CM
CD

en
CD

CM

en r
en

CM
00
en

r
oo
en

Year

FIG. 8. Annual and cumulative discharges of239+240Pu and 238Pufrom Sellafield.

206



RATIO Csx-10

FIG. 9. 137Cs concentration^! O'3)/239+240Pu concentration ratio in filtered seawater.
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FIG. 12. Inventory of239+240Pu in sediments,
MBq m'2; (a) total core; (b) at depths >5 cm;
(c) at depths >71 cm.
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Ce

FIG. 16. Schematic diagram of the organisms responsible for bioturbation.
Reproduced with permission from: H-E Reineck, W F Gutmann and
G Hertweck, Senckenbergiana Lethaea 48(3/4) (1967)257.

214



BIOTURBATION

0.45m

1.5m

Maxmuelleria
lankesteri

Callianassa
subterranea

FIG. 17. Maxmuelleria lankesteri and Callianassa subterranea are the two organisms
responsible for a major part of the bioturbation to depths of 0.5m and 1.5m
respectively in the NE Irish Sea.
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Given the difference in the half-lives of the two isotopes, this result supports two conclusions:

- there have been no major changes in the processes governing the distributions of the
two isotopes in the sediments since the discharges began; and

- it is likely that the sampling of the contaminated sediment in this area is essentially
complete.

The surface layer of the sediment (0-5 cm) accounts, on average, for less than 30% of
the seabed inventory. The greater part of the activity is contained at depths between 5 and 71
cms with a significant area showing contamination at greater depths. At one station in the
offshore mud patch this amounts to 10% of the core inventory with a measurable amount in
the 142-147 cm horizon. The measured Cs-137/Cs-134 activity ratio provides a potential
means of ageing the contamination in the sediment and examining the processes involved in
its incorporation into the seabed. The data in Figure 2 show that the activity ratio in the
discharge increased from a value of 4 to 14 while that for the cumulative environmental
inventory increased from 12 to 40 at the time of sampling in 1983. In isolation from any
continuing source, the ratio in environmental materials would increase with a doubling time
of 2.21 years. Figure 6a shows that there are three offshore areas where the activity ratio for
the total sediment inventory exceeds a value of 50, that is, it exceeds the value for the decay-
corrected cumulative environmental inventory; this is also true for surface sediment (Figure
6b). This may be interpreted to mean either that there is a significant delay (0.7 years) in the
incorporation of discharged material into these sediments, or that, because of declining
discharges and, therefore, lower concentrations in the water column, there has been reduced
incorporation of recently introduced contamination into the seabed as the overall balance
between Cs in water, suspended load and seabed sediment is maintained. The variation in the
Cs-137/Cs-134 ratio with depth in the sediment gives an indication of the degree of mixing.
Figure 6c gives a comparison of the ratio at depth with that in the surface (0-5cm) layer. A
value of unity represents complete, and rapid, mixing and lower values in the range 0.9-1.3
occur mainly in the soft, muddy offshore sediments.

An indication of the small scale variability in the radionuclide concentration is given
in Figure 7 where the data are for four sub-samples taken a few centimetres apart at each
horizon. The concentrations generally show greater variability with depth and there are
higher concentrations at 60-65 cm than at 30-35 cm. For all except one sample (at 30-35 cm)
the isotopic activity ratio is greater than the decay-corrected cumulative value and therefore
indicates little influence of recent discharges; the exception represents a substantial injection
of recently discharged material at depth. The highest concentration at the 60-65 cm horizon
has an apparent age of 4-8 years (see [2] for more detail).

9.2.2. The behaviour of plutonium

The variations in the inputs of Pu-238 and Pu-239+240 over time are shown in
Figure 8. For the period 1978-1988 published data are available [3] but for 1952-1977 the
discharge was given in terms of total Pu-oc only, ie Pu-238 plus Pu-239+240 even though
environmental data were available to indicate that varying proportions of the nuclides were
present in the discharges. Estimates of these proportions for the period 1959-1977 have been
obtained from a long sediment core taken from a site of continuous accretion in a disused
dock basin where an undisturbed record of the discharges appears to have been preserved.
The concentration profiles with depth for a number of radionuclides were matched to their
known discharge histories to provide a depth chronology [4]. This chronology was then used
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to reconstruct the discharge histories of Pu-238 and Pu-239+240 separately from the available
total Pu-a discharge data for the period 1959-1977. Prior to 1959 it has been assumed that the
Pu-239+240/Pu-238 activity ratio was 25. As for the Cs isotopes, the peak plutonium
discharges took place in the 1970s and despite recent very large reductions, the Pu-239+240
decay-corrected environmental inventory continues to increase, albeit very slowly.

Table VI shows that the chemical speciation of plutonium in the discharge can be a
significant determinant of its behaviour in the environment. Thermodynamical considerations
indicate that greater than 80% of plutonium in seawater should be in valence state V although
D3, IV and VI might also be present. The plutonium distribution coefficient (KD) for uptake
onto suspended particulates varies from a value of 103 for valence states V or VI to a value of
106 for valence states III and IV. There are two main sources of plutonium present in the
discharges: the fuel storage (pile) pond water that is discharged directly, and reprocessing
wastes that are routed via the sea tanks. The latter shows the highest concentrations and
contributes about 95% of the plutonium input to the sea [Table VII]. For both sources, the
greater part of the plutonium is associated with the particulate fraction and is mainly in the
reduced form; that in solution from the pile ponds is mainly in the oxidised form but for the
sea tanks even the plutonium in solution is in the reduced form.

TABLE VI. VALENCE STATES OF PLUTONIUM AND AMERICIUM IN
SEAWATER AND UPTAKE
ONTO SEDIMENT.

P^ [V] >80%; \m], [TVL fvTJ

Am [IH] >80%; [V]

ASSOCIATION WITH SEDIMENT IS DESCRIBED BY THE DISTRIBUTION COEFFICIENT, KD , WHERE:

KD= CONCENTRATION - Bq kg"' SEDIMENT

CONCENTRATION - Bq kg"1 WATER

KD = 103 FOR VALENCY [V] OR [VI]

AND

KD = 106 FOR VALENCY [III] OR [IV]

THUS CHEMICAL FORM IS A SIGNIFICANT DETERMINANT OF THE BEHAVIOUR OF PLUTONIUM AND

AMERICIUM IN SEAWATER.

TABLE VII. SELLAFIELD EFFLUENT CHARACTERISTICS:
RADIONUCLIDE CONCENTRATIONS

Pile Ponds Sea Tanks

VOLUME, litres per 4 x 107 8 x 107

month

239/24OPu Bq I1 9.0 xlO 2 1.1 xlO4

238Pu Bq I"1 2.4 x 102 2.9 x 103

241 Am Bq I"1 6.3 x 102 3.7 x 103
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TABLE Vm. SELLAFIELD EFFLUENT CHARACTERISTICS:
RADIONUCLIDE SPECIATION

239/240^

Total

2 3 9 / 2 4 0 ^

(V/VI)

238Pu

241Am

Pile Ponds

Percentage Activity in

Filtrate

13.2

12.7

12.0

2.0

Particulate

86.8

1.5

88.0

98.0

Sea Tanks

Filtrate

1.4

0.03

1.3

1.6

Particulate

98.6

1.4

98.7

98.4

TABLE IX. DISTRIBUTION OF PLUTONIUM BETWEEN SEAWATER AND
PARTICLES

Particle
load mg 1'
140

2

Total Pu Bq 1"

0.33

0.02

on Particles

97

20

% in Solution as Pu [V]

13

71

Overall, the greater part of the plutonium input is in the particle-reactive (reduced) form and
most is already associated with a ferric hydroxide floe produced when the acid reprocessing
wastes are neutralised with ammonium hydroxide [Table VID]. Table IX shows the
distribution of plutonium between particles and solution as a function of suspended load. At
low suspended loads, most of the plutonium is in solution as the oxidised (V-valent) form ie
the low KD species. The data in Table X show that the proportion of the plutonium in the
oxidised form in solution remains constant as the ultra filter cut-off is reduced until 3kD is
reached. At a cut-off of 1 kD essentially all of the reduced plutonium is retained while more
than half the oxidised form passes into the filtrate.

TABLE X. PLUTONIUM SPECIATION IN SEAWATER ULTRAFILTRATES

Filter

0.45 urn
100 kD
30 kD
lOkD
3kD
l k D

Reduced

570
550
570
540
460
1

Pu uBq r1

Oxidised

2400
2400
2400
2400
2400
1400

% Oxidised
Total

81
81
81
82
84
100

Pu-239+240
Pu-238

4.4
4.3
4.6
4.6
4.5
4.3
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The activity ratio of Cs-137/Pu-239+240 in surface water of the Irish Sea is shown in
Figure 9 and the values shows no consistent variation with distance from the discharge point.
This demonstrates that a small proportion of the plutonium, ie the oxidised form, is
conservative in seawater (apparently, at least as conservative as Cs-137). The wider
dispersion of plutonium in the coastal waters of the British Isles is shown in Figure 10.
While the pattern of concentration distribution within the Irish Sea is not dissimilar to that for
Cs-137, there is a rather greater relative reduction in the plutonium concentrations in transit to
the North Sea. The Pu-239+240/Pu-238 activity ratio (AR) shows that the water at the
southern entrance to the Irish Sea has plutonium of both fallout (AR ~ 25) and Sellafield (AR
~ 4.5) origins. At the entrance to the English Channel pure fallout predominates but the
addition of plutonium from the French reprocessing plant at Cap de la Hague is evident in
samples taken further to the east.

Two methods have been used to estimate the proportion of the annual input of
plutonium from Sellafield which is lost each year. The first approach [Table XI] estimated the
inventory of plutonium in the water column and, assuming a residence half-time of one year
for the water in the Irish Sea calculated the percentage loss to be 3-17% of the input. The
second approach [Table XII] determined the plutonium concentration in the water leaving the
Irish Sea through the North Channel, which combined with a water flux value of 5 km3 per
day yielded percentage losses in the range 4-11% of the annual input. Overall, it appears that,
on average, 7% of the annual input is lost from the Irish Sea.

TABLE XI. 239Pu INVENTORY IN IRISH SEA WATER AND ANNUAL
LOSS AS % OF DISCHARGE

Year Inventory, TBq % Loss Through North Channel

1973 3.8 4
1974 2.2 4
1975 4.9 9
1976 8.3 17
1977 2.8 6
1978 3.0 6
1979 2.3 3

The residence '/2-time of water in the Irish Sea has been assumed to be 1 year.

TABLE XII. 239Pu CONCENTRATION IN NORTH CHANNEL
WATER AND ANNUAL LOSS AS % OF
DISCHARGE

Year

1973
1974
1975
1976
1977
1978
1979

Concentration,
mBqT1

1.2
1.9
2.1
1.2
1.8
1.1
1.0

% Loss Through North
Channel

4
9
11
6
11
5
5

The flow rate through the North Channel is assumed to be 5 km3/day
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From these data, it is clear that the major part of the input is retained within the Irish
Sea and is most likely associated with fine particles. Studies of the behaviour of particle-
reactive Th-234 have shown that, close to the Cumbrian coast, the high suspended load -
maintained by a high sediment resuspension rate - rapidly removes the thorium to the seabed
[Figure 11]. This is also likely to be the situation for the particle-reactive, reduced form of
plutonium which is predominantly present in the effluent. The distribution of the sediment
inventory of plutonium is shown in Figure 12 and it can be seen that in the coastal strip it
largely parallels the distribution of fine sediment [Figure 13]. The overall pattern is also
qualitatively similar to that for Cs-137 but concentration gradients tend to be steeper (see [2]
for more details). The estimated inventories of plutonium in the sediments of the Irish Sea
are compared with the decay-corrected environmental inventories in Table XIII . For the
1977778 survey the seabed inventory in the whole of the Irish Sea amounts to 65% of the
cumulative discharge. When allowance is made for the losses from the Irish Sea (-7% of
annual discharges), the inventory in the water column (2-3 TBq) and the inventory in inter-
tidal areas there is reasonable agreement. The data for the 1983 survey show that, when the
discharge data for Pu-238 and Pu-239+240 are corrected for the information available for
Pu-a discharges and the Maryport Harbour long core measurements (see above), the
proportions of the environmental inventories of Pu-238 and Pu-239+240 detected within the
limits of the 0.01 MBq m"2 contour are in reasonable agreement.

The small scale variability in the concentrations of Pu-239+240 within a long,
15x15 cm box core is shown in Figure 14. Concentration variability increases with depth;
the concentrations at the 60-65 cm horizon are greater than those at the 30-35 cm horizon (as
was the case for the Cs-137 concentrations) and, on the basis of the Pu-239+240/Pu-238

TABLE Xni. QUANTITIES OF PLUTONIUM IN THE SEDIMENTS OF THE IRISH SEA

Date Nuclides Cumulative Seabed Inventory TBq %
Discharge TBq

1977/78 Pu-239/240 525

' (429)

Whole Irish Sea:

NE COASTAL STRIP

30 km wide from

the SOLWAY FIRTH

to MORECAMBE BAY:

WITHIN 0.01 MBq m"2

CONTOUR:

WITHIN 0.01 MBq m"2

CONTOUR

280

240

146

1

53

(65)

46

(56)

28

(34)

26
(30)

93
(29)

1983 Pu-239/240

Pu-238

660
(564)

40
(129)

Taken from published data on discharges assuming that the Pu-a prior to 1978 was entirely
Pu-239/240.
Taken from published data but correcting the Pu-a prior to 1978 on the basis of the Maryport
core to give estimates of Pu-239/240 and Pu-238.
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activity ratio, appear to be of "younger age" (ie more recent discharges); similar conclusions
can be drawn from a comparison of the data for the 100-105 cm and 150-155 cm horizons.

Such variability leads to uncertainty in the estimates of the Pu activity inventory in the
sediments. Figure 15 shows the variability in the concentrations in samples obtained from
three cores of each of two different types collected from a single site. The estimates of the
sediment inventories obtained from these data vary by a factor of two [Table XIV].

TABLE XIV. 239/24OPuINVENTORY, Bq m2, ESTIMATED FROM TWO
DIFFERENT CORING METHODS

Barrel Corer Kaston Corer

0-114 cm 0-147 cm
1.7 xlO5 8.1 xlO4

1.8 xlO5 9.3 xlO4

1.2 xlO5 1.3 xlO5

9.3. Bioturbation

It is clear from these observations that the input of waste radionuclides to the
sediments is not at equilibrium with environmental processes. The main cause of the
observed variability is the action of a wide variety of benthic organisms in mixing the surface
sediments [Figure 16]. In the soft, muddy sediments off the Cumbrian coast there are two
organisms that appear to be significant causes of mixing and the transport of contaminated
sediment within the seabed. Maxmuellaria lankesteri is a large echiuroid worm that collects
fine biological detritus from the sediment surface, ingests it in its burrow at a depth of around
45 cms and then defaecates at least part of this material, together with contaminant nuclides
within the burrow; the faecal pellets are incorporated into the burrow wall. The second
organism is a ghost shrimp {Callianassa subterranea) that excavates an extensive network of
burrows and chambers to a depth of at least 1.4 m; the excavated material is removed to the
sediment-water interface, where it will overlie the contaminated sediment surface.In addition,
contaminated water and suspended sediment particles can circulate within the burrow system
[Figure 17].

The effect of the activity of M. lankesteri is shown in Figure 18. As samples are
collected deeper into the burrow, the ratio of the activity concentration in the burrow wall
(partly made up from faecal pellets) to that in the adjacent sediment, increases above a value
of unity, indicating contaminant transport to depth. Also, the Pu-239+240/Pu-238 activity
ratio indicates that the plutonium in the burrow wall is of more recent discharge origin while
that in the adjacent sediment has a greater apparent age. It is clear, therefore, that a period in
excess of 50 years (at least) is required for inputs of waste radionuclides to come to
equilibrium in their distributions with respect to environmental processes. In the eastern Irish
Sea, data for C-14 (of natural origin) indicate that the time period is likely to be of the order
of several thousand years. One core from the eastern Irish Sea showed a uniform carbon-14
age from the sediment surface to a depth of 1.6 m [Figure 19]. Shells extracted from different
depths of a second core at a different site in the eastern Irish Sea showed increased C-14 age
with depth with an implied accumulation rate of 24 cm/103 years [Figure 20]. In the deeper
waters of the western Irish Sea the C-14 age profile in the sediment showed a different
pattern. There was a well-mixed surface layer (0-60 cm) and then two segments with differing
apparent sediment accumulation rates: these probably represent deposition in post-glacial
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and glacial times at increasing depths respectively [Figure 21]. Another natural radionuclide,
Pb-210, that is scavenged from the water column and present in excess of equilibrium in
surface sediments, can be used to estimate mixing rates (modelled as a quasi-diffusive
process) on the basis of the decline in the excess concentration with depth [Figure 22].

The relative behaviour of Cs-137 and Pu-239+240 can be seen in terms of the isotope
activity ratio in sediments. In the two years prior to the 1983 survey the activity ratio in the
effluent had shown wide variation and the decay-corrected cumulative environment value had
increased to 59. Both the activity ratio value in surface sediments and that for the total cores
[Figure 23] are less than that for either the recent discharges or the cumulative environmental
inventory, and increase with distance from the discharge point. Both of these observations
clearly confirm the more conservative (less particle reactive) nature of Cs-137 as compared
with Pu-239+240, and show the more efficient scavenging of the latter from the water column
to the seabed. For the surface sediment (0-5 cm) a given value of the activity ratio is more
likely to occur at greater distances from the discharge point than for the total core. In a period
of declining discharges, this can be interpreted to mean that the sediment has probably
become a net source of Cs-137 to the water column relative to the plutonium (see [2] for
more details).

9.4. Sellafield radionuclides in biological materials

The time variation of the concentration of Ru-106 in the red seaweed, Porphyra
umbilicalis, normalised to a unit discharge, is shown in Figure 24. At distances less than 4 km
the normalised concentration shows some variation due to the spot nature of the sampling
programme and the fluctuations in the discharges. At a greater distance (40 km) the
normalised concentration is reduced due to the combined effects of dispersion, loss of Ru-106
to sediment and radioactive decay; it also shows somewhat less variability [Figure 24]. The
relative behaviour of radionuclides can be seen by using biological accumulation as an
indicator. The Tc-99/Cs-137 activity ratio in seaweed increased with distance from the
pipeline indicating that technetium is relatively more mobile (conservative), and probably
less particle-reactive, than is caesium [Table XV].

The time variation of the normalised Cs-137 concentration in plaice caught in the
vicinity of the discharge point is shown in Figure 25. Over a period of more than 20 years,
the value remained relatively constant (within a factor of 2) until, in 1986, it increased by
more than a factor of 10. While there may have been a minor component in this response due
to the effect of Chernobyl fallout, the major influence was the dramatic reduction in Cs-137
discharges following the commissioning of the site ion exchange plant (SIXEP) in May 1985.
In 1984, the annual discharge was 434 TBq and this reduced to 325 TBq in 1985 and to 18
and 12 TBq in 1986 and 1987 respectively. It is likely that the increase in the normalised Cs-
137 concentration was primarily due to the previously contaminated seabed sediments

TABLE XV. CONCENTRATIONS OF Cs AND Tc IN SEAWEED.

Miles from Cs-137 Tc-99 Tc-99
Sellafield Bqkg'1 Bqkg"1 Cs-137

3.5 1.5 xlO3 5.9 xlO3 4.0
25 7.4 x 102 2.2 x 104 29
75 1.1 xlO2 4.4 xlO3 40
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becoming an additional net source of Cs-137 to the water column; another, minor factor
would h a v e been the biological half- t ime of the Cs-137 in the fish. Model l ing of the up t ake
and loss of Cs-137 by the sediments of the northeast Irish Sea [Figure 26] provides
quali tat ive support for this conclusion. Laboratory studies of the accumulat ion of Cs -137
from water by plaice show that the rate and extent of uptake depend on the size of the fish
[Figure 27] and temperature [Figure 28] . In both cases, the results can be accounted for by
the corresponding variation in metabol ic rate.

TABLE XVI. RADIONUCLIDES IN PLAICE, Bq kg 1

Nuclide

106Ru
137Cs
I44Ce
239Pu
241 Am

ND: Not detected.

T A B L E XVE. FISSION

Nuclide/Tissue ^Zr/9

Gill 7.8 x
Digestive Gland 1.7 x
Claw Muscle 1.8 x

TABLE XVHI.

Tissue

Gill
Gut
Digestive Gland
Tail Muscle
Claw Muscle

Tissue

Gut Contents

5.8 x 10'
5.1x10'
1.8x10'
1.2 xlO3

1.4x10'
1.9x10'

; Muscle

ND
ND
70
ND
7.4 x 10"'
1.5 xlO"2

PRODUCT RADIONUCLIDES IN CRABS,

15Nb 106Ru

102 4.3 x
102 2.2 x
102 4.8 x

PU ANDAM IN

239Pu

7.5 x 10'
7.8 x 10'
1.3x10'
1.7 xlO2

9.6x10'

144Ce

103 2.4 x 103

10' 1.7x10'
10' 9.6x10'

LOBSTERS, mBq kg"1.

241Am

4.6 x 10'
5.3 x 10'
3.8 x 10'
1.5x10'
2.9 x 102

Bqkg"1.

I37Cs

8.5 x 102

5.6 x 10'
6.7 x 10'

TABLE XIX. CONCENTRATIONS OF Tc AND Cs IN MUSSELS AND CRABS

Tissue

Mussel
Crab:

Digestive Gland
Claw Mussel

Tc-99 Bq/kg

1.0 x l O 2

2.4 x 10'
3.7

Cs-137 B q k g 1

2.9 x 10'

7.4 x 10'
4.8 x 10'

Tc-99
Cs-137

0.36

0.33
0.01
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In wild fish, the Cs-137 is readily detectable in the muscle tissue, but other waste
radionuclides, although present in the gut contents either cannot be measured in muscle (Zr-
95/Nb-95, Ru-106 and Ce-144) or are present at very low concentrations (Pu-239+240 and
Am-241) indicating a substantial degree of discrimination [Table XVI]. Similar results are
obtained for the edible crab although in this species there appears to be little discrimination
against either Zr-95/Nb-95 or Cs-137 [Table XVII]. For the actinide elements in lobster there
appears to be greater discrimination against Pu than Am, and there are interesting (and as yet,
unexplained) differences in the uptake of these elements by tail muscle (fast-acting) and claw
muscle (slow-acting) [Table XVIII]. The data in Table XIX demonstrate the discrimination
against technetium (relative to caesium) in the simple food chain: mussel-crab.

Environmental data do not allow the determination of a consistent value for the
concentration factor, defined as:

CF = radionuclide concentration in fresh soft tissue. Bq kga

radionuclide concentration in filtered seawater, Bq kg"1

for Pu-23 9/240 in the edible winkle. The observed values range between 1500 and 9300 with
no obvious seasonal dependence [Figure 29]. Adjustment of the CF to take account of the
total content of Pu in the water (ie that on the suspended particulate material as well as that in
solution) provides no improvement in consistency. Laboratory studies show that the uptake
of Pu-237 from water by the winkle can produce an equilibrium CF value of no more than
about 30 [Figure 30]. The winkle can, however, accumulate plutonium from both
contaminated seaweed and contaminated silt, and in both cases the long-term biological half-
time for excretion is about 45 days. Although the percentage retention of Pu from seaweed
(39%) is greater than that from silt (16%), the higher KD in silt (relative to the CF in
seaweed), where:

KD = radionuclide concentration in sediment. Bq kg11

radionuclide concentration in filtered seawater, Bq kg"'

means that silt attached to the surface of the seaweed can be a significant source of Pu for
uptake by the winkle [Figures 31 and 32]. These data provide the basis for a model of
plutonium uptake by the winkle that can account for the concentration factor determined in
the environment, and the observed large range of variation [Figure 33].

TABLE XX. DISTRIBUTION COEFFICIENTS, KD, AND CONCENTRATION
FACTORS, CF

Element

I
Tc
Ru
Cs
Fe
Zn
Co
Pu
Am
Ce

KD

2x10'
<10>
3xl0 2

3xlO3

5x10'
2x10'
2x 105

2xl0 5

2x 106

2x 106

Benthic
Algae

10'
10'
2xl0 3

5x 10'
3xlO4

2xlO4

1x10'
2x 10'
8x 10'
5x10'

Molluscs

10'
102

2x 10'
3x10'
3x10'
3x10'
5x 103

3x 10'
2x10'
5xl0 3

Fish

10'
3x10'
2
102

3x 10'
10'
10'
4x 10'
5x10'
5x10'
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Values for the KD and concentration factor show wide variations between nuclides and
different types of organism [Table XX] and these must be taken into account in radiological
assessments.

REFERENCES

[1] IAEA. Sediment KDs and concentration factors for radionuclides in the marine
environment. IAEA Tech. Rep. Ser. no 247, IAEA, Vienna, (1985) 73 pp.

[2] Woodhead, D.S. and Pentreath, R.J. The dispersal of radionuclides in the sea.
Chapter 9 in: The Treatment and Handling of Wastes (Bradshaw, A.D.,
Southwood, R. and Warner, F., Eds), Chapman and Hall, London, (1992) 131-
152.

[3] Stather, J.W., Dionian, J., Brown, J., Fell, T.P. and Muirhead, C.R. The risks of
leukaemia and other cancers in Seascale from radiation exposure. NRPB report
R-171 Addendum, Chilton, (1986) 157 pp.

[4] Kershaw, P.J., Woodhead, D.S., Malcolm, S.J., Allington, DJ. and Lovett, M.B. A
sediment history of Sellafield discharges. J. Environ. Radioactivity 12 (1990)
201-241.

235



XA0101470
Chapter 10
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Abstract

Depending on the physical properties of radionuclides different systems must be used for their
measurement. Most convenient is if gamma spectrometry can be used by germanium, Silicon or
Scintillation detectors (eg. Nal). If, however, the main emission consists of beta or alpha particles or
low-energy photons as is the case for radionuclides decaying by electron capture, radiochemical
separation and specific source preparations must be undertaken. In such cases also the
radiochemical yield must be determined. The radiochemical part mainly follows the lines presented
by prof. T. Jaakkola, Department of Radiochemistry, Helsinki, Finland, at a course in radioecology
in Lund, 1991. For very long-lived radionuclides other methods such as mass spectrometry are
superior although often associated with sophisticated expensive instrumentation.

10.1 Gammaemitters

10.1.1 Detectors

Differrent types of detectors for gamma spectrometry can be used. Today
mainly Germanium or high-pure germanium detectors are used but also sodium
iodide (Nal) detectors are still in use at many laboratories. Also the silicon
detector is an important instument for gamma spectrometry. The germanium
detectors are available in different configurations depending on radionuclides
and concentrations. The most common types are cylindrical, planar and
well-type detectors. The advantage with Ge detectors compared to Nal is the
high energy resolution of the former improving the possibility to measure
several radionuclies at the same time without interference (see Fig. 1). The
draw back is that they are more expensive and need liquid nitrogen (77 K) or
electric cooling under operation.

Well type detectors have higher efficiencies (about a factor of 6 for
Cs compared to a cylidrical detector) but sample volumes are limited to a

few ml and for certain radionuclides there are problems with coincidence
effects i.e photons emitted in cascades interact simultaneously and a peak
coresponding to the sum is obtained making calibration more difficult.

The Si detector has a better resolution than the Ge detector but has
lower efficiency for medium and high energy gamma rays and is mainly used for
low energy gamma spectrometry, X-ray fluoresecense and proton induced x ray
fluorescence.

There are other types of detectors for gamma spectromtry but these are
not important for a normal laboratory working in the field of environmental
radioecology.- For a more complete description of gamma spectrometry and the
function of the detectors, is advised to read the books by Knoll (1) and
Debertin(2) on this topic.

If the detector is cooled by liquid nitrogen it is mounted onto a cooling
finger which goes into an insulated dewar filled with liquid nitrogen. The
cooling finger can have different configurations depending on the purpose of
the measurement and the type of the detector such as a the special low-level
d e t e c t o r used for f i e l d gamma spectrometry (see F i g . 2 ) .
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Fig. 1. Comparative pulse height spectra recorded using a Nal crystal and a
Ge(Li) detector.
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Fig. 2. Possibe mounting configurations for semiconductor detectors, a)

vertical, b) horizontal, c) side view d) top and transect view of a
dewar.
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The detector is normally under laboratory use shielded with about 10 cm
lead anda lining of copper to reduce background (cosmic ray, radioactivity
from building material, radon) and x-ray emissions from the lead shielding
material.

Relative efficiency

1 -

0.5

0

"'"•A

- . . - A - - i22keV

--o-- 244keV

— o — 1085 keV

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Density (0/cm3l

Fig.3. Relative efficiency for different sample densities measured by a Ge
detector with 15% relative efficiency.

10.1.2 Calibration

For quantitative gamma spectrometric measurements it is necessary to know
the full energy peak efficiency of the detector in the measuring geometry. Two
fundamentally different ways to determine the efficiency
are available,
theoretically by the means of Monte-Carlo calculations or numerical
integration, or by the means of preparing a calibration sample.

For in situ gamma-ray spectrometry and for samples with great physical
extent a combination of the two methods is often used. For this case we
refer to the desciption by Bjurman (3).

Radioecological studies mostly concern samples with low
radionuclide
concentrations where high full energy peak efficiencys and thereby close
sample to detector geometry are employed. For uptake studies higher
concentrations are normally used and the detector size can be smaller. Both
cases will introduce special problems such as nuclide specific coincidence
effects and high sensibility to uneven distribution.
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0.4 + 6 + 0.9 =
7.3 channels

0.8 + 12 + 0.7 =

13.5 channels

Channel number o

Fig. 4 Pulse-height distribution demonstrating the determination of FWHM and
FWTM.

In most laboratories plastic tubes with volumes between 50 and 300 ml
volumes are used. For lower energies, the attenuation in the sample itself is
also considerable, and a change in the density of 0.5 g cm will change the
efficiency by up to 10% (Fig. 3). If a geometry is calibrated for three
densities between 0.2 and 1.0 g cm , the uncertainity in measured
radionuclide concentration can be kept toless than 3% for most environmental
samples.

Radionuclide specific coincidence effects due to cascade gamma-rays can,
in close geometries, cause systematic errors of up to 40%,and this effect can
therefore be the dominating uncertainity in low-level radionuclide
concentration measurements. The coincidence effect is higly geometry
dependenet. The radionuclide coincidence must not be missinterpreted with the
coincidence effect due to a high count rate. Even if no sum-peaks are found in
the spectra the coincidence effect can be substantial, sincwefull energy peak
pulses are lost with a higher probability due to summing with compton pulses
from other cascade gamma-rays than the summing of two full energy pulses.

For the efficiency calibration of high resolution gamma-ray detectors it
is recommendable to use radionuclides with as little cascade gamma-rays as
possible. Some years ago it was common to use Eu for calibration purposes.

Eu will however give rise to coincidence effects.
Most methods today are based on commercially available well-calibrated

standard solutions with overall uncertanities between 1.5 and 5 %. This
standard solution is then diluted in an acid with suitable carriers to
minimize losses on the wall of the flask. In Table 1 is given examples of
radionuclides suitable for the efficiency calibration of Ge-detectors.

The diluted solution can be used directly in a measuring beaker, or
dripped onto and mixed with a matrix material. The overall uncertainity of the
activity in a calibration sample produced is not likely to be better than +
4%.
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Fig. 5. Example of full-energy-peak efficiency as a function of the photon
energy for a Ge(Li) detector.
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Another calibration procedure is based on sorbtion of a multi
radionuclide solution onto mixed cation and anion exchange resin which is and
homogenized. There is then no strict demand on knowing the activity of the
mixed solution. A fraction of the mixed exchange resin is the calibrated
against a reference source at a relatively great distance from the detector
(3).

10.1.3 Evaluation of data

The principal task in gamma and x-ray spectrometry is the analysis of the
peaks in pulese-height spectra that correspond to full-energy absorbtion of
events. This can simply be done by hand when only one or a couple of
energies/radionuciides are of interest. A reference material/standard source
is used and background is taken as a mean of a selected number of channels
below and above the peak of interest. Important parameters for the performance
of a gamma spectrometer are FWHM(Full Width at Half Maximum) and FWTM (Full
Width at one Tenth Maximum) (see Fig. 4)

Often spectra are complex with many full energy peaks and peaks
overlapping each other. Although it is possible to make evaluation by hand, it
is too time consumingandseveal computer-based programmes are now available for
the evaluations/calculations. Such programmes take into account the full
energy-peak efficiency as a function of the photon energy (see Fig. 5). The
programme contains a library with possible radionuclides, their energy
emissions and emission probability and the geometry in which the sample was
measured. It can also directly take into account density corrections and
coincidence effects. The result can be given as Bq kg at any desired
time,mostly the time of collection taking decay into account. In the early
phase of the Chernobyl accident the situation was very complex and no
commercial avaiable programmes could completely master hundreds of full energy
peaks, build-up of daughter products and decay of short-lived
radionuclidesduring counting. In Figure. 6 a flow chart of a programme for the
evaluation of gamma pulse height distribution is shown.

10.2. General radiochemistry

For the assessment of alpha and beta emitters in environmental
materials, radiochemical separation and specific source preparation is
generally necessary. Also if the concentration of gamma emitting radionuclides
is very low, radiochemical procedures are required to concentrate these
radionuclides from large volume water samples. Gamma emitters are also
generally beta emitters at the same time. The counting techniques for beta
emitters is, in principle, much more sensitive than gamma spectrometry
techniques. For example a radiochemcal separation permits the determination
lower levels of Cs and Co at much lower levels. A general description of
radiochemical separtions is given by Jaakkola (4).

The special features of radiochemical analysis compared to
conventional analytical^chemistry are a)the amounts of radonuclides to be
handled are small, 10 -10 g, b) the decay of radionuclides, c) the effect
of radiation, d) high decontamination factor required, e) source preparation
for assay, f) the possibility for radiochemical yield determination and g) the
use of carriers. Concentrations are often in the order of 10 -10 M and it
is obvious that the chemical behaviour may be different than at higher
concentrations

10.2.2 Adsorption

Solutes in contact with surfaces have a tendency to be sorbed to
them In order to cover the glass surface of a one liter vessel, only 10
moles are required and in principle all the radioactive atoms present in a
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sample could be adsorbed on the walls of the vessel. In general adsorption
increases with ionic charge in the order M+<M2+<M3+<M4+. For adsorption the
importance of the nature of the surface is such that platinum < silver <
stainless steel < polyvinylchloride. Addition of isotopic carrier dilutes the
radiotracer and a smaller fraction of tracer is adsorbed. Radioactive species
also frequently adsorb on precipitates. The nature of the precipitate as well
as precipitation procedure are major factors in the amount of adsorption that
occurs.

Losses due to adsorption can be decreased by a) maitaining a high
acid concentration, b) using complex forming agents, c) avoiding fine-divided
precipitations with large surface, d) avoiding storage of dilute solutions, e)
adding carriers.

10.2.3 Carriers

Chemical operations with small amounts of radioactive materials
are often greatly facilitated by diluting the radionuclides with isotopic or
chemically similar material. The addedmaterial is called carrier. As an
example stable sodium acts as carrier for radiosodium and barium for radium
increasing the weight of material to 10 g instead of 10 g. The carrier
reduces the specific activity and the amounts should not be unnecssary large.

The carrier provides sufficient weight of material to form a
precipitate from aqueous solution or collect the radioactivematerial as a
precipitate in the distillation processes. The carrier also prevents losses of
radioactive material by adsorption.In addition the carrier can make it
possible to determine the chemical yield. The known amount of carrier added
from the beginning will end up as a known compound and the chemical yield can
be determined gravimetrically or by other methods such as AAS.

10.2.4 Hold-back carrier
By precipitation or solvent extraction carriers may be added to

unwanted species. For example separating La from Ba can be done by
lantanum fluoride precipitation. Both lanthanum and barium carriers are added
and the former makes it possible to form the precipitate. The barium is a
competetive carrier which reduces the adsorption of Ba on the precipitate.

10.2.5. Scavengers

Another feature of many radiochemical purification procedures is
the formation of precipitates such as ferric hydroxide which adsorb and
occlude other substances from solutions. They are called scavengers. The
precipitate leaves behind radioactive elements for which hold-back
carriers
have been added. Electropositive cations such as caesium also remain behind.

10.2.6 Holding oxidants and reductants

Holding oxidants and reductants are used when a radiotracer exists
in several valency states, and it is desired to hold it in one particular
oxidation state during separation. For example plutonium can be held in the
reduced +3 oxidation state and neptunium in the +IV oxidation state with
iodine. Uranium is held in the easily oxidised IV-state with small quantities
of iron(II) and technetium in the reduced +IV state with sodium disulfite.
Neptunium can be held in the Vl-state with bromate or persulphate as oxidant.

10.2.6 Isotopic exchange

One must obtain an exchange equilibrium between the added isotopic
carrier and the radioactive isotope. The carrier is added to the solution in
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the form of some compound and the radioactive isotope may be present in a form
of different valency, but for obtaining a correct result complete isotopic
exchange must have taken place.

The rate of isotopic exchange may be expressed as

a b
t = In 2

(a+b)

where a and b are the numbers of molecules in unit volume and R is the
exchange velocity constant, which depends on the reaction, the concentration
of the components and the presence of other substances The half exchange time
can vary from seconds to days. A cycle of reducing and oxidation reactions is
normally an effective way to achieve isotopic equilibrium.

10.2.7 Separation methods

Co-precipitation is a process in which a tracer ion is carried by
another precipitate when the concentration is too low for it to be
precipitated on its own. Co-precipitation occurs if the compound of the tracer
and the oppositely charged ion of the precipitate are isomorphous with the
precipitate tracer in solution. In these cases the active ion may be included

As examples can be given ferric hydroxide for separating trace
yttrium from strontium. Precipitation of Sr and Ba from strong (70%) nitric
acid solution. Precipitation of the lanthanide (III) fraction from dilute HNO

solution as LaF which can also beused for separating oxidation states of

plutonium from aqueous samples. Plutonium in oxidation states (III) and (IV)
is coprecipitated with LaF while plutonium in higher oxidation states (V) and

•3

and (VI) stay in and decay of short-lived radionuclides during counting.

2.8 Liquid-liquid extraction

Liquid-liquid or solvent extraction plays a very important role in
radiochemistry. The method is simple and fast, the risk for contamination is
low and it has a wide applicability. It also has a high selectivity and the
method is easy to automize.

Solvent extraction selectively transfers species from a
mixture in
an aqueous solution to an organic phase by equilibrating the organic phase
with an organic solvent. The distribution ratio is described as:

D = Total concentration in organic phase/ Total concentration in
aqueous phase.

The percentage extraction is

100 D

% E = D + (V /V )
w o

The formation of an uncharged species for extraction into organic
solvents is written as:

r + n R"
 f MR

n

Two different types of extraction, chelate and ion association
extraction are employed.
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10.2.9 Ion exchange

Solid organic resin ion-exchangers consist of organic polymeric
networks containing basic or acidic groups attached to the organic lattice
For the acidic cation exchangers the overall exchange process takes
place according to the equation:

(MR ) (H+)n

n resin aq

K. =
lex

(Mn+) (RH)n

aq resin

The equilibrium constant depends on the specific properties of the
ion exchange material, such as the amount of cross linking of the polymeric
network as well as the nature of the metallic ion, ion strength of the
solution, temperature etc. The sorbtion on the resin increase with the valency
of the cation.

In practice the radioactivity is sorbed on the top layer of the
column containing the ion exchange resin in cationic or anionic form.
Following sorption, it is eluted by passing a solution (eluant) through the
column.

10.2.10 Distillation

Element can also be separated depending on their volatility. The
halogenes can be distillated in the elemental state; fluorine as hydrofloric
acid, ruthenium, osmium, manganese and technetium as the higher oxides, and
chromium as chromyl chloride. The following elements can be distilled as
halides: As, Sb, Sn, Re, Hg and Ge.

10.2.11 Electrodeposition

Electrodeposition techniques have mainly been used for preparing
thin sources for counting alpha emitters rather than separtion by controlled
potential deposition. Electrodeposition can for example be performed in
oxalate soulution, sulphate solution at pH 2-3, or in mineral acid-alcohol
solutions.

Spontaneous eectrodeposition is used as a final step in the
separation of polonium. Electrodeposition of metals may be sensitive to the
presence of other substances.

10.3. Assessment of beta emitters

10.3.1 Preparation of suitable sources for various measurement procedures

Samples of water, air and biota require different sampling,
concentration and homogenization procedures for further treatment. Some
elements or compounds are volatile, so that evaporation, drying and ashing may
be difficult.

The ^-particles emitted are not mono-energetic as is the case for
conversion electrons. Most counting devices are also constructed with little
or no energy resolution. A radio chemical procedure involving precipitation,
ion exchange, and/or liquid-liquid extraction for separating the elements is
generally required before source preparation. In this case a radio-chemical
yield determinant is necessary. This can be accomplished with, for example,
99Tcm for "Tc ( EOmax)=292 keV), stable cesium for 137Cs (E(j3raax)=514 keV)
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and stable nickel for 63Ni (E(/3max)=67 keV). Cesium-137 can be measured with r
spectrometry, but the sensitivity of the radio-chemical separation followed by
p counting is better and is still sometimes applied at very low
concentrations.

10.3.2 Sources for liquid scintillation counting

Radionuclides which emit low-energy particles can best be measured
by liquid scintillation. A good example is C which very often is measured as
the CO gas in a solution thus giving a carbonate which can be dissolved in

toluene. A good trap for CO is fenylethylamine. Carbon dioxide can be

directly trapped into the scintillation liquid where fenylethylamine has been
added. Apart from fenylethylamine a scintillation solution may consist of
methanol, toluene, PPO ( 2, 5-difenyloxasol), and POPOP
(1,4-di-(2-(5-fenyloxasylol) )-benzene).

For water solutions the source preparation is usually made as an
emulsion of water in toluene. For example Triton X-100 (iso-
octylfenoxypolyethoxy-ethanol) can be used. As little water as possible should
be used in order to obtain small water drops to minimize self-absorption.

Biological samples are either dissolved in a secondary solvent
(salt of ammonium) or ashed, in which case H 0 and CO can be trapped ( H

and
C measurement). For heterogeneous samples which cannot be dissolved, a

solution can be simulated by a gel which is liquid when agitated and otherwise
solid ( Carb-0-Sil, or Instagel).

Also filter papers and electroplated samples can be placed on the
bottom of the scintillation vial and the scintillation solution added.
Different vials are used for liquid scintillation counting. There are certain
requirements for these: (a) they should not be affected by the samples or the
scintillation solution, (b) transmission of the scintillation light should be
good, (c) natural and induced background should be low, and (d) vials should
be temperature independent and e) cost should be low. The vials are mostly
made of glass or polyethylene. Polyethylene vials give a lower background but
they are more easily affected by scintillation liquid.

10.3.3 Sources for gas multiplication detectors

Measurement with GM or proportional counters are common at higher
^-particle energies. The main advantages are that the background is lower and
counting efficiency is less variable from sample to sample than with liquid
scintillation counters. The source preparation is often electrodeposition or
evaporation, both of which give rather homogeneous and thin sources. Some kind
of specific precipitation is also common, e.g., copper sulfide for Tc,
strontium carbonate for Sr, yttrium oxalate for Y, cesium chloroplatinate
for Cs, and nickel dimethylglyoxime complex for Ni. These sources can be
rather thick and calibration and correction for self-absorption in the sample
must be performed. If significant quantities of a stable element are added,
the counting efficiency by gas counters will decrease with increased radio-
chemical yield due to increased attenuation of the p-particles (eg Fig. 7)
The same is true if liquid scintillation counting is applied, due to
increased quenching as shown in Fig. 8. The sources are often covered, for
example, with a Mylar foil. Beta-particle absorption in this foil will reduce
the counting efficiency for low-p-energy radionuclides.
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10.3.4 Liquid Scintillation counting of beta emitters

Good performance of liquid scintillation counting results because the
counter is windowless and the geometric counting efficiency is almost An. This
means that there is a high probability of counting the low-energy £-particles
emitted. The amplification system of a liquid scintillation counter can be
either linear or logarithmic. With logarithmic amplification a large energy
range can be covered. The linearly amplified spectra of three different ^
emitters are shown in Fig. 9.

10.3.4.1 Solvent

Solvents should (a) effectively transfer their excitation energy to the
scintillator, (b) be transparent for the scintillation light, (c) be
chemically stable an unaffected by the presence of the scintillator, (d) be
temperature independent, and (e) be able to dissolve the radioactive sample.

Several solvents such as toluene, benzene, and 1,2,4,-tri-
methylbenzebne fullfill most of these requirements, however, their ability to
dissolve the sample is limited. A secondary solvent can be used, however, this
can reduce the light exchange and the pulse height.
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Fig. 9 Pulse-height spectra obtained from liquid scintillation counting with
bialkali PM tubes for
3.6 MeV, respectively).

36
Cl, 32P, and 42K ( E(/3)max= 0.71, 1.71, and

10.3.4.2 Scintillator

For the scintillator the following requirements must be met: (a) the
probability to emit a light photon at excitation should be large, (b) the
emitted photon should have a wavelength matching the maximal sensitivity of
the photo cathode, (c) it must be chemically stable and not change the
characteristics of the solvent, and (d) it must display minimal self-sorption
of the scintillator light.
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There are a number of such scintillators and they are all aromatic
hydrocarbons. Examples such as PPO and POPOP were mentioned earlier; POPOP is
a secondary scintillator, which is used to obtain a wavelength of emitted
light for which the photo cathode is more sensitive, as well as to decrease
the effect of colored samples. The absorption spectrum of the secondary
scintillator must closely match the emission spectrum of the primary
scintillator.

10.3.4.3 Quenching

There are processes which result in a decrease of the maximal counting
efficiency. If the sample is not in solution but consists of small particles,
part of the ^-particle energy will be absorbed in the sample. This is most
important for low-energy £ particles such as those from H.

When a secondary solvent is used, excitation energy can be lost if the
secondary solvent cannot transfer energy. This chemical quenching causes
energy to be transferred to molecules other than the scintillator. Examples of
strongly quenching substances are nitrates and iodides. Optical quenching
occurs if the sample is colored or contains light-absorbing particles. The
pulse height decreases because of quenching, resulting in an increase of the
minimum detectable energy. This means that the counting efficiency decreases
for p-particle emitters. Correction for quenching is often necessary since the
counting efficiency may vary among samples, cf. Fig. 2. This can be done by
(1) use of an internal standard, (2) sample-channels ratio, (3)
external-standard gross count, or (4) external-standard channels ratio.

The method using an internal standard means that a known activity of
the same radionuclide is added and the measurement repeated. The counting
efficiency of each individual sample can then be calculated. With quenching, a
shift of the pulse-height distribution is obtained. The channel-ratio
correction method implies that the sample is measured in two pulse-height
channels. From this ratio and a calibration of the pulse-height shift, the
counting efficiency can be calculated. A y-emitting radionuclide is used in
the external-standard correction method. Interaction will produce electrons
which give excitation light. The counting efficiency for the external standard
changes with volume of scintillation solution and geometrical changes. These
problems can be solved by use of the external-channels ratio. For further
details the reader is referred to the work of Horrocs (5).

10.3.4.4 Background

Thermal noise from the photo multipliers is a source of background.
This is, to a great extent, eliminated by coincidence connection of the photo
multipliers. Radioactivity in scintillator vials and other construction
material, as well as natural radioactivity and other radiation sources close
to the apparatus, may also contribute to the background. To reduce the
contribution from external sources the photomultipliers and scintillator are
shielded with lead. The chemoluminiscence decreases with time after initiation
of the reaction, thus the background will not be constant. Hydrogen peroxide
and strongly alkaline substances often give chemoluminiscence. The sample has
to be stored in darkness for more than 24 h to eliminate chemiluminiscence and
light induced phosphorescence.

10.3.5. Counting beta emitters with plastic scintillators

Plastic scintillators coupled to one or several PM tubes can be used
for a, P, and •y counting. A coarse spectrometric resolution is obtained; the
conversion electrons of some radionuclides may be displayed this way. A
disadvantage of plastic scintillators is their relatively high background.
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3.6 Assessment of beta emitters by gas multiplication detectors

Gas multiplication detectors operate in either the proportional or the
GM region, often with a continuous flow of counting gas. The advantage with a
continuous gas flow is that the consumption of quenching gas does not limit
the lifetime of the detector. A guard detector which operates in anti
coincidence with the main detector may be used, as well as shielding around
the detectors, to reduce background counts. The source is placed close to the
window which consists of Mylar film ( 0.1 - 1 mg cm ).

At very low £ energies the window will reduce the counting efficiency.
The source ( depending on detector construction) can also be placed inside the
detector, and it is then possible to reduce the low-energy limit to 250 eV.
This is lower than that which is possible with semiconductors or scintillation
detectors. Frequently used gases are 90% argon + 10% methane or 96% helium +
4% isobutane for proportional counters, and 99% helium or argon + 1% isobutane
for continuous gas-flow GM counters. Bromide can be added as quenching gas for
noncontinuous gas-flow counters. The background is on the order of 0.005 s
for a 2.5-cm-diameter window and a counting efficiency ^ 40%. Variable
bckscattering from the source mount caused by use of different materials must
be corrected for. Due to backscatter from the source supporting material, a
higher counting efficiency than that given by the geometrical conditions may
be obtained. The background will be due to surrounding materials and sources,
but also to radionuclides in the construction materials of the detector
device. If a radio chemicalprocedure is involved, the reagents can also
contribute to the background. Variation in counting efficiency can occur for
thick sources. Thus the experimental conditions must be maintained as constant
and reproducible as possible.

As stated previously, great care must be taken to ensure that only the
desired radionuclide is counted. Elimination of different nuclides likely to
be present must be tested in the radiochemical procedure. Sources can be
recounted after some time to see if any short-lived radionuclides were present
at the initially performed counting. Pure (3- emitters such as Tc, Sr and
Ni are measured advantageously with the detectors described. Proportional

counters offer an advantage over GM counters in that one can test by
spectrometry if the maximal /3 energy corresponds to that of the radionuclide
measured.

Gas multiplication detectors may be employed in the assay of gaseous
sources such as H, C, or Xe by introducing the radioactive gas directly
into the detector together with a suitable counting gas. Such counters are
generally constructed with a cylindrical cathode and an axial wire as an
anode. Internal-gas counting is a 4rc method which avoids problems of source
self-sorption.

10.3.7 Assessment of beta emitters by semiconductor detectors

Semiconductor detectors can be used for measurement of £-particle
emitters in environmental samples. The good energy resolution makes counting
of conversion electrons an attractive approach. Si (Li) detectors can be used
but must be cooled with liquidnitrogen.In addition detector sizes are small,
geometrical conditions are unfavorable, and the counting efficiency is low. It
is more convenient to use a silicon surface-barrier detector, junction silicon
detector, or an ion-impacted silicon detector, such as are normally used for
a-particle spectrometry or spectrometry of other heavy charged particles.
Different detector sizes and depletion depths are available.

Such a counting system will be inexpensive and easy to use. The
background in approximately the order of 0.05 s ( 30-300 keV) and the
counting efficiency is about 25%. The background is, to a large extent, due to
the construction material and thermal noise of the detectors. Special
low-noise and low-background detectors of a given material are available. In
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Fig. 10 are shown the pulse-height distribution of conversion electrons from
99Tc and 51Cr, and in Fig. 11 the pulse height distribution of the pure
p-emitter Tc. The shape of the pulse-height distribution in the low-energy
region is markedly influenced by the backing material.

Cooling of a silicon surface barrier detector improves resolution since
the thermal noise is reduced as shown in Fig.12. An ion-implanted detector has
already a low leakage current and cooling has little effect. The background as
well as the noise level can be reduced by applying a GM-coincidence screen
between the sample and the detector. This is especially useful for studies of
conversion electrons since the electrons from Compton interaction in the
detector material will no longer be counted.

rel. units

100 200 300 4 00
Channel number

500

5 1 ,

600 700

Fig. 12 Effect on pulse height distribution from Cr by cooling of a surface
barrier detector ( From Holm et al, 1988).

In the previous Figure. 7 the measurement of Ni in an environmental
sample after chemical separation is compared for an open anti-coincidence
shielded gas-flow counter and an ion-implanted silicon detector. The activity
was electroplated onto a copper disc with different amounts of stable nickel
as the radiochemical yield determinant. The gas flow counter has a higher
counting efficiency but will detect all events from ionizing radiation while
energy discrimination can be obtained from the ion implanted detector. For the
GM counter low energy beta particles will contribute to the counting and have
to be discriminated due to the noise level of the silicon detector system. For
the GM counter the counting efficiency decreases more rapidly for the GM
counter with the amount of stable nickel in the source since the effective
mean beta particle energy detected is higher.

10.3.8 Special methods such as use of Cerenkov effect,coincidence technique
and beta particle spectrometry

10.3.8.1 Cerenkov effect

A charged particle can have a higher velocity, v, than light in a
transparent medium. Electromagnetic radiation called Cerenkov radiation is
emitted if v ^ c/n, where c is the velocity of light in vacuum an n is the
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relative index of the medium. The method of Cerenkov counting in aqueous
solutions can only be used for f5 particles having energies greater than than
0.26 MeV. The sample is placed in a liquid scintillation vial and counted in a
similar manner to that employed in liquid scintillation counting. Much of the
Cerenkov radiation emitted is in the UV region and is absorbed by the glass
window of the photo tube and the glass vials. Cerenkov radiation is also
emitted anisotropically, which reduces the counting efficiency. The detection
efficiency can be improved by use of wavelength shifters. The counting
efficiency can be improved with increasing p-particle energy, but is lower
than that for normal liquid scintillation counting. The advantage of the
method is the easy source preparation and absence of chemical quenching.
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Fig. 13 Block diagram of the basic components of a typicl 47r £—y coincidence
system ( From NCRP, 1978).

Nevertheless optical quenching does occur Since the pulse height is lower in
Cerenkov counting than with the use of scintillation solution, the energy
window in which counting is performed should be adjusted accordingly.

10.3.8.2 Coincidence counting

Coincidence counting is applied to nuclear decays involving two ( or
several) transitions in prompt succession. Two detectors are then required. A
third counting channel records those events from the two detectors that occur
in coincidence. Background counts may be strongly reduced and radionuclide
identification improved; however a smaller MDA is achieved in spite of a
sometimes reduced counting efficiency. One of the most usual applications of
coincidence counting is the determination of activity by coincidence of p—y
decay. The pulse length must be large enough to avoid loss of coincidence. The
rate of accidental coincidences increases with pulse width. This requires an
optimization of the electronic system, illustrated in Fig. 13. The method can
be applied for radionuclides such as 134Cs ( E = 605, 796 keV, EO) m a x= 662

keV) and 6°Co ( E = 1.17, 1.33 MeV, E(/3)max= 314 keV). The coincidence
If

counting method can also be used for other modes of decay, such as y-y
coincidence, EC—y coincidence, and a—y coincidence.
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10.3.8.3 Beta particle spectrometry

Apart from what was described in the paragraph on beta particle
measurement with semiconductor detectors, beta-particle spectrometry has been
performed with proportional counters operating at different pressures. Spectra

40 50 60

CHANNEL NUMBER

109Cd-109AgmFig. 14 ""'Cd-""'Ag'" conversion-electron spectrum taken in a 30cm-diameter,
cylindrical, 4TT gas-flow proportional counter. ( From NCRP, 1978)

of conversion electrons and Auger electrons can be obtained as shown in Fig.
14. The activity can be calculated from known internal conversion
probabilities. As discussed previously, liquid or plastic scintillation
counting offers the possibility of IB spectrometry, but with poor resolution.

10.3.9 Standardized sources for calibration and intercomparison reference
sources

It is of course, also important to determine the absolute activity of
^-particle emitters in environmental samples. Beta emitters are measured as
sources prepared on disc or as liquids for liquid scintillation counting after
chemical saparation. Standard disc sources of different pure ^-particle
emitters ( such as Ni, C, Cl, Sr and Tc) but also |3—y emitters (
such as Cs and Co) are commercially available. Such sources are useful
for energy calibration purposes but less suitable for determination of
counting efficiencies if the geometric design is different from what oterwise
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is used. Standard solutions of the isotopes mentioned are also available
allowing any laboratory to prepar sources of desired design or to use the
solution for liquid scintillation counting.

International intercalibration exercises have taken place for samples
of water, soil, vegetation, and animal tissue for the determiantion of such

14 90 99

nuclides asexample, C, Sr, ad Tc. Reference samples of these kinds are
available from IAEA ( Vienna) or NBS ( Washington).
10.4. Alpha particle emitting nuclides

10.4.1 Preparation of sources by radiochemical and/or physical procedures
Alpha-sources for spectrometry must be very thin, preferably less than

0.5 (im. Thick sources can be used with very specific precipitation methods,
such as barium sulfate for radium and lanthanum fluoride for certain
actinides. The gases Kn and Rn, as well as some of their short-lived
decay products, are also alpha emitters. They are usually measured in a
bottle, coated on the inside with ZnS, in contact with a photomultiplier.

During the final source preparation, after radiochemical separation,
electrolysis is often used since it generally produces thinner deposits than
evaporation. The only advantage with evaporation is that no losses occur. In
electrodeposition the cathode material consists of a disc of stainless steel,
platinum, or other metals such as copper or nickel. Since the anode must not
be dissolved by the electrolytic process, platinum or carbon are most
suitable. A widely used method has been described by Talvitie ( 9) where the

Table 1
Yield determinants in radiochemical analysis of a-emitting radionuclides.

Radionuclide E (MeV)
1/2

Yield determinant E (MeV)
1/2

239
24a
238!

Pu
'Pu
Pu

241Am

242(

244
Cm
Cm

5.30 138 d

5.16 2.41 10 a
5.16 6570 a
5.50 87.7 a

5.48 433 a

6.11 163 d
5.80 18.1 a

Po
209Po

236Pu
242Pu

243,
Am

244
Cm

243
241

Am

Am

5.11
4.88

5.77
4.90

5.27
5.80

5.27
5.48

2.
103

2.
3.

7370
18

7370
433

9
a

85
8

a
. 1

a
a

10 a

a
105 a

a

234,

235,

238,

4.76
4.40
4.20

2.5 10 a
7.0 108 a
4.5 109 a

2312u 5.32 72 a

228

230

232

Th
Th
'Th

5.42
4.69
4.0

1.91 a
8.0 104 a 229Th
1.4 1010 a

4.8-5.05 7300 a

231
Pa

237.Np

226.Ra

5.0

4.78

4.78

3.3 104 a 233Pa(/3,*)

2.1 10 a

1600 a

Q

Np(|3,?)

Ra

5.

5.

69

72

27

2.

3
14.
11

d

35

.7
8
.4

d

d
d
d
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deposition takes place from an ammonium sulfate medium. Deposition from
anoxalate medium is also useful (10).

Many other methods have been described but a modification of that
described by Talvitie, mainly by the addition of sodium sulfate solution is a
method to recommend (11). Assessment of Po and source preparation is
relatively easier since polonium spontaneously deposits on nickel or silver
from acid solution (12, 13,). A yield determinant should be used in the
radiochemical procedure. Preferably it should be another isotope with
different a-particle energy. The physical half-life and radiochemical purity
should be suitable, and the a peaks must be resolvable. Unfortunately, such
isotopes do not always exist or are difficult to produce. In Table I are
listed the radiochemical yield determinants for analysis of a number of
different a-particle emitters.

10.4.2 Assessment of alpha emitters by liquid scintillation counting

Due to the short range of a particles, many scintillation detectors
with entrance windows, such as Nal(Tl), cannot be used. By using thin ZnS
discs in contact with a photomultiplier it is possible to perform total a
counting. It was also pointed out above that measurement of Rn is performed in
a bottle coated with ZnS and placed on a PM tube. Both Rn and its short lived
daughter products are a-emitters which increase measurement sensitivity. Such
a scintillation device has no energy resolution but can be useful in some
chemical separations..

Liquid scintillation is sometimes a useful method when isotopes of both
8- and a-particle emitters of an element are measured. In spite of the poor
energy resolution one can discriminate between a and B particles. An

241 239+240

illustrative example is the counting of Pu and Pu together ( see
Fig. 15 (14)). Pu can also be counted by an open GM gas-flow counter,
together and after assessment of the alpha emitting isotopes, 2 9Pu, °Pu,
and Pu, since the activity of Pu in environmental samples generally is
10 to 100 fold higher than the activity of the a-emitting plutonium isotopes.

c
O

o

241

X X

x
x

X

xxxxxxxxxxxxxxxxxxxxxxxxxxxX-

Channel number

Fig. 15 Liquid scintillation spectrum, at a single logarithmic gain setting,
of a mixture of the 8 emitter Pu and the a emitter Pu. Activity
ratio is 40 to KFrom Darall et al.)
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10.4.3 Assessment of alpha emitters by gas-filled detectors

Gas-filled detectors can be used with a-particle emitters. Windowless
proportional counters are preferred because energy resolution is required. The
gas is usually argon with the addition of methane. Large sources can be used
with high counting efficiency. In this sense the gridded ionization chamber,
in whichthe induction from the positive ion track is effectively shielded, is
an important instrument especially when large sources are measured. Under
special conditions (i.e. the pre-amplifier is cooled and the source
collimated), an energy resolution down to 11-12 kev can be obtained.

Geiger-Muller counters can also be used, either windowless or with small
windows. Their use is, however, limited to total a counting and specific
separations and precipitations. Gas scintillation counters have also been
successfully applied by using the light emitted from noble gases at the
passage by an a particle.

10.5. Alpha particle spectrometry

It is generally not possible to perform spectrometry of all a-particle
emitters in a source at the same time because many a-particle emitters
interfere with each other. It is very difficult to obtain adequateelimination
of stable elements existing in highamounts, however, a group separation of
actinides can be done (15). Since the lanthanides are also co separated, this
process limits the amount of sample to be processed to obtain a good source
for a spectrometry.

Currently silicon surface-barrier detectors are most often used, but
gridded ionization chamber also give adequate resolution for spectrometry and
can be used with relatively large area sources. Most element of interest emit
a-particle in the energy region 3.95 ( Th) to 8.8 MeV ( Po).
Alpha-Particle emitters with lower energies, such as Sm (E(a) = 2.46 MeV)
and Gd ( E(a) = 3.18 MeV) have been used for energy calibration and
stabilization of a spectrometers.

Quantitative evaluation of a-particle spectra is simpler than for gr-ray
spectra, since the detector efficiency does not vary with energy. Correction
for peak tailing into a lower energy region of interest must be made. The
energy resolution improves with increasing source-to-detector distance and
with decreasing detector diameter but then the counting efficiency is also
lower. Since most a-particle emitters are not monoenergetic, often two or more
a energies from the radionuclide are present which cannot be resolved. The
most important conditions is to obtain clean sources without a thick deposit
of foreign matter. Poorly prepared sources can never be compensated for by
better electronics or computer analysis. The detector system is calibrated
with sources of known energies. A source of U ( E(a) = 4.82 MeV) and Cm
( E (a) = 5.80 MeV are suitable. Americium-241 is often used as reference.

The background of the detectors can be kept as low as 0.3x10
2x10 s for an energy interval of 100 keV in the a-energy region of 4 to 6
MeV. Contamination of the detector may occur, for instance, by evaporated
polonium isotopes if spectrometry is performed under vacuum. Contamination by
recoil nuclei can also occur for instance, by the production of Ra from
228Th.

To keep background low, high-activity sources should not be used and
detectors should be carefully handled. Contamination by recoil nuclei can be
avoided by applying a positive potential of a few volts on the source disk.
Several detectors are normally connected via routing systems to one multi
channel analyzer. Counting times are often long, 1 to several days. In Fig. 16
a typical a spectrum of thorium isotopes in a source prepared from a large
volume of sea water is shown. Thorium-229 was used as the yield determinant.
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Fig. 16 Alpha spectrum of a natural thorium sample, with Th added as yield

determimant, separated from sea water, 300-mm , surface-barrier
silicon detector, 100 jim depletion depth, and 5.7 keV per channel.
(From Holm 1984).

10.6. Special methods

Some special photographic emulsions can detect tracks of a-particles
and fission fragments, but require long exposurs at low activities. The tracks
in the developed emuslsion are counted. Alpha-particles also leave etchable
tracks in plastics and glasses. The latter technique has been widely applied
for measurements of radon and radon decay products in air. In such
measurements plastic films coated with cellulose nitrate are frequently used.
The evaluation of such measurements is subject to significant uncertainties
partly caused by the rather complicated calibration procedure. Further details
are given by Becker (17).

10.7. Standardized sources for calibration and intercomparison reference
sources

Electroplated sources
commercially available and
of 1% to 10%.

of,
239.

Pu,
241

Am, and
244

Cmfor example, are
which are calibrated with an over all uncertainty

_ n ., , , , , . _ 241 . 242O 229,_, 21CL, ,
Calibrated solutions of Am, Pu, Th, Pb ( in

radioactive equilibrium with Po), and many other a-particle emitters can
also be obtained. Calibrated sources from these solutions can be prepared by
evaporation of known amounts. Calibration can then be checked with detectors
having previously known counting efficiencies, or with 2.n proportional or GM
counters. Usually it is difficult to obtain a detector calibration giving an
overall uncertainty better than 5%.
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Specifically prepared sources and solutions for inter calibration
exercises have been used much less for a-particle emitters than for y-emitting
radionuclides. Intercomparison based on samples of different matrices such as
sediments, water, soil, etc., have been performed. Many of these samples are
now available from NBS or IAEA as reference materials.

10.5. Non-conventional methods for assessment of radionuclides

10.5.1 Neutron activation

An activation technique for measurement of radioactive isotopes is
sometimes used when the physical half-life is long and thus the specific
activity is low, or the decay characteristics are unfavourable for
conventional counting. The possibility of performing this type of measurenment
depends on cross sections, flux, and energy spectral distribution of the
neutrons.

The radionuclide produced, which will be subject to counting, must have
a much shorter half-life than the target nuclide. For environmental samples a
radiochemical separation sometimes has to be performed before neutron
activation. The material of the sample holder must be carefully selected to
avoid creating undesired activity. The thermal neutron fluence rate required
is of the order of 10 /cm s. the irradiation time depends upon what is
practical by the physical half-life of the product. A few examples of usable
reactions are:

(i) Measurement of 238U ( T = 4.5xlO9 a) and 232Th ( T = 1.4xlO10 a) by

the reactions

238U(n,r) -» 239U -> 239Np ( T = 2.3 d)

232Th(n,3") -» 233Th ( T =22.1 min)

Np and Th can be measured by £ or -y counting. The other more
short-lived uranium and thorium isotopes present in the sample will not be
measured, which is one disadvantage compared to a spectrometry.

(ii) Technetium-99 ( T = 2.1x10 a) has been successfully measured

after chemical separation and activation by the counting of Tc ( T =15.2

s) (18).
(iii) The measurement of Np ( T = 2.1x10 a) is a good example

where neutron activation gives better minimum detectable activity ( MDA) than
a spectrometry. The reaction Np(n,y) -» Np -» Pu ( T = 86 a) is used.

The maximal ingrowth of 238Pu takes about 14 d and the Pu is then measured
with a spectrometry. The troublesome peak interference between Np and U
is also avoided.

(iv) Iodine-129 measurements are currently being made in a number of
laboratories. The procedure involves isolation of iodine from the sample,
followed by irradiation with thermal neutrons to yield the product I (
T = 12.4 h)(19).

10.5.2 Mass spectrometry

In special cases mass spectrometry can be applied with advantage for
measurement of certain radioactive isotopes, if the specific activity is low

259



and the conventional and activation techniques are unfavorable, such as with
Be, Cl, uranium isotopes and several transuranium elements. A

radiochemical separation must be done before the application of mass
spectrometry. A mass spectrometrically suitable yield determinant should be
present or added to the ion source, as the spectrometer and its detector
system are adapted to isotope-ratio measurements. A lone-lived yield
, . . , , 9 7 T 99,5 , , 236.. . 237.. . . . .

determinant such as Tc for Tc measurements, and Np for Np detection
are required. There are several types of mass spectrometers such as Magnetic
Spectrometer, Accelerator Tandem Van de Graaff Mass Spectrometer, and
Inductively Coupled Plasma Mass Spectrometer ( ICPMS). Today ICPMS is applied
in many laboratories. Both Tc and Np have been measuerd in environmental
samples with high sensitivity (20, 21) Table 2 gives a comparison of detection
limits for Tc using various methods.

Table 2
Detection limits in various methods for the determination of Tcm.

Analytical method Detection limit

Low background gas flow counting 1.5 - 5.0 mBq

Neutron activation analysis ( n,y) 3 - 5 mBq

(n,n') 0.3 - 0.6 Bq

Liquid scintillation counting 25 - 30 mBq

ICP-mass spectrometry 0.002 - 15 mBq

An example of the usefulness of mass spectrometry is measurement of
samples contaminated with artificial and natural uranium isotopes. The
long-lived U ( T = 2.4x10 a), JbU ( T = 7.1x10 a) and U ( T =

1/2 1/2 1/2
4.5x10 a) isotopes may be determined this way. Uranium-236 is especially
difficult to measure by a spectrometry due to peak interferences. Another
example is measurement of Pu and Pu in samples contaminated with other
Plutonium isotopes. Plutonium-242 ( T = 3.8x10 a) has low specific activity

240 239

and Pu is impossible to resolve from Pu by a spectrometry. In addition,
Pu, a low-energy £ emitter, may also be determined ( Krey et.al., 1976).

Carbon-14 is now frequently determined with mass spectrometry which is
often advantageous compared to conventional counting technique.

10.5.3 Other techniques

Activation techniques using high-energy photons or protons can also be
used in special cases. Reactions of the (.y,n) and (p,n) type are the most
likely ones to be applied. The techniques using x-ray fluorescence and
generally applied tolong-lived radionuclides. Counting is performed with
Si(Li) detectors or planar Ge(Li) or Ge(Hp) detectors. The advantage of these
techniques is that they are non-destructive and the x-ray fluorescence method
can be applied in vivo.

Auto radiography may be used to determine the distribution of activity
in organs and plants. Exposure time of films canbe long, nevertheless it is
not a quantitative method, and it is seldom used for environmental analysis.
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Chapter 11

GAMMA SPECTROMETRY OF MARINE ENVIRONMENTAL SAMPLES:
PROBLEMS AND SUGGESTIONS

R. DELFANTI
ENEA,
Marine Environment Research Centre,
La Spezia, Italy

Abstract

The main difficulties arising in the analysis of marine environmental samples by gamma
spectrometry are discussed. The critical steps in detector calibration are reviewed, focusing on
calibration curves and on the characteristics of the sources to be used. Information are also given on the
most important corrections to be made for accurate analyses, discussing in detail the influence of the
environmental background and of coincidence summing and self-absorption of gamma rays in the
sample matrix.

11.1. INTRODUCTION

Gamma spectrometry with semiconductor detectors is a powerful, selective, non-
destructive method for the analysis of a wide number of radionuclides in environmental
samples. The recent development of low background, high efficiency detectors allows the
determination of the activity of many radionuclides (in particular natural radionuclides,
characterised by low branching ratios and low energy gamma rays) that were formerly
determined by time consuming radiochemical procedures. For these purposes it is essential
that the instruments are carefully calibrated and the analysis conditions strictly controlled.

Extensive treatment of the principles of this type of analysis and indication of the
instrumentation needed are given in several publications, for example [1 - 4].

Basically, the analysis of a pulse height spectrum obtained from a gamma spectrometer
consists of the following steps:

1. determination of the energies of the gamma rays emitted by a sample for the
identification of the emitting radionuclides;

2. evaluation of the number of gamma rays emitted by each radionuclide for the calculation
of its activity.

The calibration of the system defines the correspondence between spectrum channel
number and energy and between spectrum counts and activity. It is important that the
calibrations be done properly, because the calibration results will affect all of the analyses
performed.
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Moreover, for accurate analyses, some corrections have to be made, like subtraction of
the environmental background and corrections for coincidence summing and self-absorption of
gamma rays in the sample matrix.

The purpose of this lecture is to review the most critical steps in gamma spectrometry,
i.e. calibration, corrections and quality control.

11.2. CALIBRATION

11.2.1. Energy calibration

Energy calibration defines the relationship between the energy of the gamma ray and the
channel number in the spectrum. For this purpose a source must be used, containing a known
series of radionuclides that emit well separated gamma rays in the region of interest (20-2000
keV for environmental samples). This calibration is easily performed, because there is an
approximate linear relationship between energy and channel number and no calibrated sources
are needed.

In most of the software packages, energy calibration programmes include the calculation
of the relationship between the peak shape (Full width at half maximum) and energy. This step
is important and must be performed correctly, because this relationship will be used to define
the expected shape for a singlet peak and for the identification of multiplets and their
deconvolution. The standard source must be counted for an appropriate length of time, in
order to obtain well defined photopeaks, with low counting error.

11.2.2. Efficiency calibration

The efficiency of a source-detector system for y- rays of a given energy, is defined as:

A(cps)
Act x BR

where A(cps) is the peak count rate (counts per second); Act is the activity in Bequerels, and
BR (branching ratio) is the number of gamma rays emitted per decay.

The area of the photopeak can be calculated in many different ways, from the easy,
manual one reported in Fig. 1, to the more complex, included in software packages. At least in
absence of interfering gamma rays, all these methods give reliable results.

Where:
G = gross counts under the peak
B] = sum of the channels below the peak
B2 = sum of the channels above the peak
N = No of channels in the peak
n = No of background channels on each
side of the peak

CHANNEL NUMBER

FIG. 1. Simple method for peak area determination
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The branching ratios are published [5,6]. Some discrepancies still exist, mainly for low
energy gamma rays from natural radionuclides. Yokoyama and Nguyen [7] have reported a list
of gamma intensities, published and experimentally determined, for natural radionuclides of
environmental interest.

The efficiency of a source-detector system varies as a function of energy. The full energy
detection efficiency of a germanium detector typically has a maximum value for gamma rays
between 80 and 100 keV, decreasing for gamma rays above and below this energy range. The
decrease in detection efficiency below about 100 keV is due to the "dead layer" of germanium
at the detector surface. At energies below 30 keV, the attenuation due to the metal cryostat
endcap also becomes important. At higher energies, the decrease in detection efficiency is a
result of the reduction in gamma ray interaction probabilities within the detector as energy
increases. In Fig. 2 a typical efficiency-energy curve for a Ge(Li) gamma spectrometer is
shown.

0 0 0-5 10
Energy (MeV)

1-5 2 0

FIG. 2. Typical efficiency curve for a Ge(Li) gamma spectrometer.

Efficiency values are usually experimentally determined by measuring the area under the
full energy peaks produced by gamma rays of known intensity. For this purpose, calibrated
sources are used, containing a mixture of radionuclides emitting gamma rays covering the
range 40-1800 keV. For each radionuclide present in the mixture, the emission rate at each
energy (y rays per second per g of solution) or the activity (Bq per gram of solution) must be
certified. Based on the efficiencies experimentally determined for a limited number of energies,
an efficiency calibration curve can be calculated, covering the whole energy range of interest.

The most frequently used function for the determination of efficiency as a function of
energy is:

7=0

where e is the efficiency, E the energy of the gamma rays and Eo has been introduced to make
the argument of the logarithm dimensionless.

Two such equations are used (one for the low energy and one for the high energy
range). The energy separating the two curves (knee energy) must be chosen by the user. To
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obtain a good junction between the two curves, it is often convenient to select a knee energy
that corresponds to a region where the efficiency is slowly varying (300-400 keV) and not at
the maximum point.

The degree of the polynomial, n, depends on the number of calibration points available.
Two parabolas approximate quite well the shape of the curve. In this case, at least 6
calibration points are needed, three for each of the parabolas. However, for accurate analyses,
calibration points should be taken approximately every 50 keV from 40 keV to 300 keV, every
200 keV from 300 keV to 1400 keV and at least one point should be between 1400 and 2000
keV. If the energy regions near the knee and the maximum efficiency are important to the
analysis, several calibration points in these regions must be used.

The software packages for gamma spectrometry offer a number of options for the type
of function used to describe the efficiency/energy relationship. Some of them also include a
polynomial fit using a 6-term polynomial to fit the log of efficiency to the energy. This
function is very good for p-type detectors. For n-type detectors the low energy region is not
well approximated by this function. In any case, it is important that the calibration programme
displays the calculated curve and shows how well the experimental points are fitted, especially
near the knee and the maximum energies, how the two curves join and the effect of changing
the knee energy.

The radionuclides in the standard source must cover the whole energy range of interest.
It is good practice not to extrapolate the calculated curve below the first and above the last
calibration points.

11.2.3. Calibration sources

The efficiency vs. energy curve is not a characteristic of the detector only, but depends
on several factors:

1. Position of the source relative to the detector.
2. Size, shape and matrix material of the source
3. Type and distribution of radionuclides within the source.

Calibration sources, in which the radionuclide content is certified, are produced by
several factories and institutions [2]. The certificates should contain, besides the gamma ray
emission rates, uncertainties associated with activity, reference date, purity, mass, chemical
composition, values of half-lives, branching ratios and a description of the methods used for
the measurement of radionuclides in the standard.

The calibration source and the sample should in principle be identical with respect to
geometry and composition. A limited number of measuring containers should be selected,
depending on the quantity of material usually available for the measurements, and efficiency
calibration for each of them must be performed.

The most widely used certified calibration sources are aqueous solutions, but most
environmental materials have a density which is different from that of water. For accurate
analyses, the attenuation of the gamma rays in the sample and in the calibration source must be
the same. Thus it is necessary to prepare a set of calibration sources with the same geometry
and chemical characteristics (or at least the same density) of the samples to be analysed. This
can be done by spiking the environmental material of interest or a material with the same
density by a known amount of the aqueous calibration source. The material must then be
dried, homogenised and put into the appropriate container. Every step of this procedure must
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be carefully controlled, avoiding losses of weight and radioactivity. An example of such a
procedure is reported by Cutshall et al. [8].

11.3. CORRECTIONS

3.1. Environmental background

In gamma spectrometry of environmental samples we usually deal with low activity
samples. This means that the environmental background (Fig. 3) can strongly affect the
spectra. Therefore, background radionuclide activities must be known and subtracted from
those of the environmental samples.

Pb-210

Th-234

Ra-226
Annihilation peak 51 lkeV

K-40

OkeV 500 keV 1000 keV 1500 keV

FIG. 3. Typical background spectrum. Counting time: 230,000 s. Vertical scale: 500 counts.

The sources of background are cosmic rays, natural radionuclides, radionuclides present
in the detector and surrounding materials and, occasionally, contamination.

Primary cosmic rays are characterised by high energy and usually traverse the detector
without being detected. The remaining, low energy component o the cosmic radiation is
almost completely absorbed by a shield made of about 10 cm of lead.

Natural radionuclides in the background are mainly due to the presence in the air of
222Rn which is dependent on place, temperature, humidity and general atmospheric
conditions.

Several factors contribute to the gamma background of a germanium detector system.
The principal sources of activity in present-day detectors are primordial emitters and 137Cs
and 60Co from the aluminium endcap. There are lines and associated Compton background
from 46 keV to 2600 keV. Therefore, for germanium detectors which are used for
environmental analyses, a selection of suitable materials is necessary. For this reason, many
manufacturers have developed a variety of low-background detectors made with specially
selected, low background materials.

Background spectra have to be regularly collected, for long counting times (usually a
week-end, about 200000 seconds). The peaks in the spectrum have to be identified and, if
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some of them are due to contamination, the system has to be carefully cleaned. The variability
in background radionuclide activities must be known.

11.3.1. Self absorption

We have already considered the problem of the absorption of gamma rays in the sample
material (self-absorption) in the efficiency calibration section, pointing out that, due to this
process, it is necessary to prepare different calibration sources with the same density as the
environmental samples to be analysed. However, it is also possible to calculate, by
mathematical models, correction coefficients for differences in self-absorption between the
calibration source and the actual sample [9, 10]. These models give reliable results in the
energy range > 100 keV.

Care has to be taken when measuring low energy gamma rays (such as 210pb, 46.5 keV)
in complex matrices, like sediments or soils. Corrections for self absorption in this case are not
easy to do, because the attenuation coefficient for the low energy gamma rays is also highly
dependent on sample composition. As a result, for example, the relative gamma ray emission
from sediment samples varies depending on mineralogy. Cutshall et al.[8] have proposed a
method that uses the direct measurement of 2l0pb gamma ray transmission to determine the
absorption characteristics for each sample and to correct for self-absorption.

The ratio between the sample photon emission rate (A) and the attenuated sample
output (O) is calculated as a function of T (attenuated beam intensity) and I (unattenuated
beam intensity), according to the relationship:

A _\n.(TII)

O~ T/I-l

which is derived from the classical attenuation and self-absorption equations. The values of I
and T are experimentally determined. I is evaluated by measuring the area of a photopeak
produced by a high activity (37000 Bq) point source of 2iopb placed atop an empty measuring
container. The value of T is determined as the difference between I and the area of the
photopeak produced by the same point source placed atop the container filled with the sample.
The conversion factor from the unattenuated sample count rate (A) to activity is calculated
from a series of standard sources with different density, in which the content of 210pb is
known, using the procedure discussed above for calculating self-attenuation.

11.3.3. Summing corrections

The summing corrections in gamma spectrometry are related to two types of events:

(1) True coincidence summing, that takes place when a radionuclide emits, in a single decay
event, more than one gamma ray and two or more of these photons are detected
simultaneously. Any full-energy photon that is summed with another pulse cannot be
recorded in the full-energy peak and represents a loss of counts or efficiency. The true
coincidence summing is particularly important when the source is placed very close to
the detector.

(2) Chance coincidence summing, where photons emitted by two different atoms are
simultaneously detected. This event also results in a loss of counts in the full-energy
peaks and makes corrections necessary, but it is only important at high count rates, and
is usually not relevant in the analysis of environmental samples.
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True coincidence summing corrections are on the contrary significant to this type of
analyses and can be of the order of 10% in the Marinelli beaker geometry and even higher in
the case of point sources positioned on top of the detector or for well type detectors[10].

There are calculational and experimental methods to determine the true coincidence
summing corrections. Mathematical models have been reported in a series of publications [11-
15], that can be examined in detail if the problem is considered important to the type of
analyses performed and the counting geometry used.

Debertin [10] suggests, among the others, a simple method for evaluating the extent of
the corrections to be made for a given geometry. A multi-elemental calibrated source has to be
counted, containing several radionuclides that emit one or more gamma rays per decay. The
efficiency curve must be calculated, only based on radionuclides that emit a single gamma ray
per decay. If no summing corrections are applied, the efficiency values for all gamma rays that
are emitted in coincidence with others will deviate from the curve of a value indicating the
order of magnitude of the summing correction to be done.

11.4. ACCURACY OF THE RESULTS

Precision (reproducibility) and accuracy of the results must always be checked. In
general, a quality control programme should be developed by each laboratory. This should
include:

regular control of the instrumentation used (resolution of the detector, stability of the
electronics);
calibrations: periodic checks of the stability of energy and efficiency calibrations must
be performed by the analysis of standard samples. It is good practice to carry out new
calibrations once a year;
background stability, absence of contamination;
control of the accuracy of the results, by analysing Reference Materials, in which the
radionuclide concentration is certified, with the same composition as the samples to be
analysed. Reference Materials are produced by different Institutions, such as the
National Institute of Standards and Technology (Washington D.C., USA), the
International Atomic Energy Agency (Vienna, Austria), and the Canada Centre for
Mineral and Energy Technology (Ottawa, Canada). A complete list of potential suppliers
of calibration sources and reference materials has been published by IAEA [2].

It is also essential that the laboratories regularly participate in international
intercalibration exercises, such as those promoted by IAEA in its Analytical Quality Control
Services Programme [16].
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Chapter 12

COLLECTION AND PREPARATION OF MARINE SAMPLES
FOR RADIONUCLIDE ANALYSIS

E. HOLM
Department of Radiation Physics,
Lund University,
Lund, Sweden

Abstract

The ultimate goal of research in radioecology is to be able to predict the
pathways of radioactive material in the environment and hence estimate
possible doses to the population in various regions. Knowledge of levels of
contamination are necessary to maintain control of operations of nuclear
facilities. Correct methods of sample collection, handling and preparation
are among the most important parts for a correct assessment. On basis of the
final results of radionuclide concentrations, scientific, medical and
political decisions are taken.

12.1 Introduction

Guidelines for the collection and preparation of samples is often
neglected in spite of the fact that data obtained depend to the same extent
on these parameters as well as analytical procedures. On the basis of the
data, scientific conclusions, estimation of doses to the population,
consequences, countermeasures, political, medical and legal decisions are
taken. It is therefore surprising to find that too often, especially at the
sample collection stage, planning and strategies are neglected in the cases
such as at monitoring around nuclear facilities or even at very expensive
scientific expeditions. The personnel is often poorly instructed or, even
worse have no education in the field. The collection of environmental
samples in the environment requires experience and education for a credible
result. Even the best scientist can not draw any correct conclusions if
sampling, preparation and as in many cases also the analysis are of poor
quality.

This paper is mainly a synthesis of our own experience, publications by
the EML, New York procedures manual !), a Technical Report on the subject by
IAEA, Vienna(2) and a paper presented by 0. Paakkola, STUK, Finland at a
Nordic course in radioecolgy at Lund, Sweden, 1991 (3).

12.2. General

Sometimes direct field measurements such as field gamma spectrometry
can be done and actually no sampling is performed. Sampling should reflect
releases , distribution and concentration of radionuclides. The sampling
should be representative otherwise analytical results have little meaning.

We can distinguish between different types of samples such a single,
composite random and continuous. Single and composite random samples only
reflect the situation at the time of sampling. Continuous sampling provides
information of a dynamic nature and evaluation of the impact over a period
of time.

The size of the sample is determined by the purpose, levels, number of
analysis and availability. As a general rule however the type of samples
should be selected so that they are available all year round and in
sufficient amounts.
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12.3. Air

Upon an accidental release of radionuclides to the atmosphere, the
atmosphere is the first component in which radionuclides are detected, and
based on such measurements predictions of future fate of the radionuclides
are made. This is also the most common method for continuous monitoring of
local releases and long distant transport of radionuclides released to the
atmosphere. However especially the sampling is critical and very few
intercomparison exercises have been done in order to calibrate sampling
devices.

The equipment generally consists of an air filtration unit, i.e. a
filter through which air is drawn. For volatile components such as I
activated carbon cartridge or a chemical sorbent must be used. The unit
should also have a vacuum gauge and a flow meter (integrated). The airflow
should be kept constant. Different types of filters are used such as glass
fiber, PVC and microsorban filters. The rate of air flow varies between 100

3 -1

to 10 000 m d and collection is done for short periods, hours, under an
emergency situation or up to several days. The equipment should not be
placed too close to a wall of a building to avoid filtration of
recirculating air.

After collection the filters are generally compressed to a suitable
calibrated volume for gamma spectrometry and/or ashed and/or dissolved if
assessment of beta and alpha particle emitters is going to be done. In this
case it is an advantage to use a type of filter which more easily can be
ashed and dissolved. Sometimes for qualitative monitoring filters from cars
and in those buildings can and have been used.

12.4. Water

As a general rule one can estimate that the concentration of
radionuclides per m in rain water is 10 times higher than in surface air.
Rain water can be collected using a collector with an area of 0.1 - 5 m
depending on rainfall and frequency of sampling. In many cases simple
funnels can be used. Dry fallout is collected by washing the funnel walls
with weak acid during periods of no rainfall. If large volumes are collected
the capacity of containers must be sufficiently large.

It is also possible to make a direct sorption of radionuclides,
especially radiocesium and radiostrontium, by collection on cartridge
filters impregnated with copperferrocyanide and a cation exchanger,
respectively.

If snow is to be melted, a heating coil in the collector can be used.
It is also possible to collect snow on the ground. Roofs of buildings can
alsobe used as collectors.

When collecting water samples in rivers, stagnant areas should be
avoided. In lakes sampling should not be done too close to the shoreline if
possible. At sea, for monitoring purposes surface water (1 m) and water 1 m
from the bottom are collected. For scientific purposes studying the
distribution in the whole water column concentrations in different water
masses should be reflected and special attention should be paid to
theinterphases. On board ship, surface water collection can generally be
done through the normal water house system. This water should be run
continuously or should run a few minutes before collecting.

Tap water is collected at processing plants and in homes/buildings.
The water should run for 2 minutes before collecting.

Waste water and sewage should be collected continously and in
proportion to the flow rate.

Samples should be acidified if they are stored. However as one example
I will escape if treated in this manner.
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12.5. Soil

Soil samples should reflect total deposition, vertical distribution and
availability to plants/crops. The coring tool should penetrate to a depth of
25-30 cm depending on purpose and soil characteristics. The area should be
undisturbed and be in open terrain. The diameter of the coring tool should
be known in order to calculate fluxes/integrated deposited activities.

One should assure a minimum of mixing by biological activity. About 10
cores should be taken at one site and can be composited into a single
sample. Depending on vertical radionuclide distribution, based on previous
experience, the soil core is sliced in 1-3 cm sections.

239*240pu

239*-240pu+ 238pu

10° -

238pu

10-1

10-2 -

FIG.l Relationship between the areal deposition (Bq m ) of Pu and
Cs in carpets of grass, lichen and moss from Sweden follwing the

Chernobyl accident.

The soils should be dried slowly. The dry mass is determined, stones
discarded, the soil crushed and eventually sieved (2 mm). Depending on the
purpose, vegetation and organic material are removed but can be used for the
calculation of the total deposition. Results are then presented on dry
weight concnetration basis (Bq kg ) and on areal basis (Bq m ).

12.6. Grass and other vegetation.

For grass a considerable area is needed to be considered
representative. Grass does only trap a fraction of deposited activity and is
generally used in the early stages of contamination or in studies of food
chains (grass-cow-milk). Slopes with abnormal run-off and contamination from
soil should be avoided. Cutting is done about 5 cm from the ground or closer
if necessary.
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Of great importance are bioindicators such as mosses and lichens which
effectively trap deposited activity from atmospheric deposition. Carpets of
lichens and mosses can be used with advantage for estimating total
depositions over longer periods. The plants should not be in the shade of
trees. As for grass the areas should be undisturbed and not for example have
been grazed by animals. Figure. 1 shows a comparison how grass, mosses and
lichens reflect deposition from the Chernobyl accident at different
localities in Sweden.

Other important types of samples and bioindicators are ferns,
especially for radiocaesium, due to their particular cycling of potassium and
also needles of spruce and pine. Needles of spruce and pine might to some
extent substitute air filtration units when atmospheric dispersion from a
nuclear facility is studied and expensive filtration equipment needing
electricity can not be used. Figure. 2 gives an example of a study of
uranium isotopes around a nuclear fuel fabrication facility.

12.7. Food

For sampling food the problems are considerable. The sampling should
either reflect the environmental contamination or the transfer to man. In
many countries milk is the major route for radioisotope (cesium, iodine,
strontium) transport to man. Samples are stored for a short time in a
refrigerator or, for longer term storage a preservative is used. One can
choose between local collections or collections at milk factories depending
on countries, local fallout or even global fallout.

• air (July 87-July 88)

o dry/wet deposition (")

j_ _ x wheat ear (aug-sept 87|

0 | a spruce needles (aug fl8)

Ti 4 - ±1 m

i

0'-
10° 101 102 103 J04

Distance from release point (m)

Figure 2. 23SU/238U activity ratios (means + 1 SD) (Fig. 2a) and
2 3 4U/2 3 8U activity ratios (means ± 1 SD (Fig. 2b).

FIG.2 The 234U/238U activity ratio as a function of distance from a nuclear
fuel fabrication facility using airsampler, deposition, wheat ear and spruce
needles.

274



Meat can be collected at slaughter houses and samples from several
animals are then pooled. Cereals are collected at grain silos. Regional food
items such as lake fish, mushrooms and game animals can be important for the
radionuclide transfer to man for certain groups of people. Game animals
often contain higher concentrations of radionuclides. Fruit, vegetables and
berries should be collected at the retail market.

12.8. Aquatic organisms

For aquatic organisms ease of sampling, bioaccumulation potential,
andseasonal variations should be considered. There is a great deal of
knowledge about bioindicators such as mussels and marcroalgae from previous
studies around nuclear facilities and laboratory experiments and they
constitute generallyexcellent types of samples for monitoring releases and
dispersion of radionuclides in the marine environment. Figure. 3 shows the
dispersion of activation products from a nuclear power plant using the brown
alga Fucus vesiculosus as bioindicator.

Many fish species are mobile and may not represent the region in which
they were collected although for the study of transfer of radionuclides to
man it is an important type of samples.

For the fresh water environment mussels, vegetation such as Equisetum
sp., fresh water mussels, water lilies and fish from different tropic levels
are most common and suitable.

Biological samples do not always show the existant concentration in
water but is an index of average levels over a certain period of time.
Figure. 4 shows the observed activity ratio fish/water in a lake reflecting
fallout, runoff and seasonal variation(4).

Activity concentration
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FIG. 3. Variation in radionuclide concentrations in Fucus vesiculosus. by
distance from a nuclear power plant.
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12.9. Sediment and sedimenting material

Undisturbed sediment layers can be used to follow changes in the
surrounding water and migration in the sediments. Sedimenting material is
collected for this purpose with specially constructed traps. Fine, suspended
particulate material can also be collected on cartridge filters.

10. Samples of human origin

Samples should reflect internal contamination. This can be done by
collectingurine, usually as 24 hour samples. For storage of samples
preservatives should be used. Acid can be used for storage up to 1 month.
Urine samples can be evaporated for further counting or radiochemical
analysis. Caution must be taken to avoid samples catching fire.

Other samples are feces, hair, teeth, blood, liver, kidney, bone, lung
etc, taken from autopsies. When ashing blood and liver, the volumes of the
samples often expands initially and care must be taken ad eventually smaller
portions are sequentially ashed.

Whole body counting is a special case where a representative group,
critical group or occupational personnel are measured generally for
radiocesium, potassium but also for other gamma emitting radionuclides,

I, Co, etc.

12.11. Identification of samples

The sample protocol should contain information on weather conditions,
routine facts, (time, place, amount, method of collection, amount collected,
wet and dry weight, tracers, preservatives added, name of collector, etc.),
environmental conditions, other facts about quality of sample, and good maps
of the collection site.
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When handling samples cross contamination should be avoided. Disposable
containers should be used if possible

12.12. Drying, evaporation and ashing

Drying permits longer storage time, and use of a low temperature oven
at 105 °C is recommended. Freeze drying should be done for sediments if
possible in order to avoid cementation.

For concentration of liquids at reasonable volumes evaporation is
normal procedure. Try to avoid spattering. Some radionuclides might be lost
(iodine, tritium). Faster evaporation can be done under reduced pressure.

Specific radionuclides such as radiocaesium, radiostrontium, Pb,
actinides and technetium can be concentrated by precipitation techniques(eg.
ammonium -molybdo-phosphate, carbonate precipitation, MnO precipitation,

hydroxide precipitation, hydroxide precipitation). After reduction they can
be sorbed on copper ferocyanate, cation exchanger, MnO impregnated filters,

and anion exchange resins.
Before radiochemical separation ashing is generally required for solid

samples. Use Ni-trays or porcelain beakers eventually covered with an
aluminum foil. Also aluminum trays or pyrex glass can be used up to 450-500
C. The ashing time depends on type and quality of the material, but usually

16-24 hours is sufficient. Organic matter must be eliminated by treatment of
the sample with HNO or using an oxidizing agent such as Na O . Yield

determinants are added before the ashing.

12.13. Sampling restrictions

Without prior permission, collection of sediments is not allowed
within the economic coastal zone. For other types of samples different
countries apply different regulations. Sampling within restricted areas
(military, national parks, zoological botanical gardens) is generally not
permitted. For autopsy samples, permission is generally needed. For whole
body counting one needs the permission of the individual but not in an
emergency situation or for occupational personnel having this done as a
routine control.

For the rare , protected species, special permission is always needed.
For the Antarctic region special permission is necessary for collecting
animals

12.14. Sample Banking

The importance in having a good system for banking environmental
samples for radioactivity analysis can not be overlooked. This is generally
easier to manage than for the case of organic compounds or heavy metals
(loss of compounds, contamination etc). Several "new " radionuclides can
later be
subject to analysis due to special events, accidents, development of
analytical techniques etc.

One simple system can be managed within a laboratory, with samples
numbered consecutively and using good labelling. The information can be kept
in a simple filing system or as a database or both. Too often scientists
tend to invent their own system for the samples they have interest in or
have collected as if the samples were their own property. Soon you will
discover that several scientists are using the same system, and you will
have several samples with the same number such as A 1, A 2 etc. Labelling
will be poor, and the scientist will have left the laboratory with a large
number of samples eventually left behind. This represents high costs for
collecting and would it be benificial if the samples could be identified.
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12.15. Preparation methods

12.15.1 Decomposition

The first step in radionuclide analysis of alpha and beta emitters is
to dissolve the sample. For dry oxidation the use of unnecessarily high
temperatures should be avoided due to escape of volatile elements and the
formation of oxides which are difficult to dissolve. The usual temperature
range is 550 - 600 °C. The use of acids such as H SO , HNO , MG(N0 ) ,

MG(CH COO) improves the ashing procedure.

Wet oxidation has advantages such as the lower temperature avoids
escape of volatile elements and a low pH minimizes losses due to adsorbtion.
The disadvantages are formation of compounds of low solubility and eventual
higher activity (ex. polonium, uranium) in blank samples due to the large
amounts of mineral acids needed. Different wet oxidation systems such as
Different wet oxidation systems such as HNO -HC10 , HNO -H SO , HNO -HCL,

3 4 3 2 4 3
H O +Fe can be used. Also oxidative fusion for example with Na 0 , NaOH,

2 2 2 2
KHSO , Na CO , K S O is effective.

4 2 3 2 2 7
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Chapter 13

SAMPLING MARINE SEDIMENTS
FOR RADIONUCLIDE MONITORING

C. PAPUCCI
ENEA,
Marine Environment Research Centre,
La Spezia, Italy

Abstract

A description of the most common devices used for sampling marine sediments are reported. The
systems are compared to evidence their intrinsic usefulness, for collecting samples in different environmental
conditions or with different scientific objectives. Perturbations and artifacts introduced during the various steps
of the sampling procedure are also reviewed, and suggestions are proposed for obtaining and preserving, as
much as possible, the representativness of the sediment samples

13.1. INTRODUCTION

The process of collecting a representative marine sediment sample to study the
geochemistry of different pollutants is inherently difficult. The sampling involves the use of a
variety of instruments which fall into three basic categories: corers, grabs or snappers, and
dredges. Selection and use of the proper device will depend on the nature of the investigation,
the geotechnical characteristics of the surface sediments, the depth of water, and the shipboard
equipment available for lowering and retrieving the samplers.

13.2. CORERS

Cylindrical and box corers are used to remove a vertical tube of sediment in as
undisturbed state as possible.

Light weight bottom sampling devices which are operated by hand or small winch from
the water surface are the most commonly used instruments for sampling soft bottom sediments
of shallow seas, lakes and rivers. Large, heavy box or piston corers are often too cumbersome
and complicated to use. Recent trends in sedimentological procedures result in developing a
certain number of light weight coring devices, easy to handle and capable of taking
"undisturbed" surface sediment samples.

The typical coring device consists of interchangeable core tubes and an upper assembly.
The upper assembly provides support for the drive weights and the core tubes. These corers
essentially are driven into the sediment floor by gravity, and the sediment sample is retained in
the core tube. The length of core collected will be governed by the penetrability of the bottom,
the length of the corer itself, the amount of weight on the device, and the design of the corer.

A variety of coring devices have been developed, mainly distributed between the so-
called 'gravity' and 'piston' corers [1]. The functioning mechanism is more or less the same:
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Fig. 2. Principle of operation of piston corers.
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first, corer and trigger are lowered to the bottom. When the release mechanisms trips, the
specific gravity of the device is great enough to cause the corer to free fall rapidly through the
last meters and strike the bottom with enough force to penetrate the upper sediment layers
(FIG. 1-2). Many disturbances affect the representativity of the core. The most important
being:

core shortening (compression of the sediment layers, leading to a distortion of the
depositional record), and

loss of the surface flock layer, that will contain the most recently deposited material, due
to the shock-wave of the impact.

Obtaining representative samples with minimal undesirable disturbance is of prime
importance, especially in estuarine and nearshore studies. During the last few years there has
been a rapid increase in the number of investigations which have examined records of:

sedimentation processes, using radiometric dating techniques;

fluxes of metal and organic pollution;

mixing processes and biological activity

from the measured vertical distributions of chemical species preserved in layers of coastal
marine and lacustrine sediment.

Moreover, planning of simultaneous studies of sedimentology, chemistry/radiochemistry,
mineralogy, palaeontology and other relevant properties on core horizons has often been
limited by the amount of sample available. In the narrow mouthed corers most commonly
used, increased sample size can be obtained only by homogenisation of longer segments of
core, with consequent blurring of stratigraphic details. Only by increasing the area of the
column sampled can the sensitivity of the study of sediment horizons be improved. The
increasing demand on the quality and amount of bottom sediment have led to the design of a
large diameter coring device.

Taking into account all these criteria, a modified Reineck box corer has been
developed by ENEA. The original Reineck box sampler [2], sometimes called "spade corer",
consists of a removable steel box open at both ends and driven into sediment by weight (FIG.
3). The lower end of the box is closed by a shutter supported in a frame with a cutting arm
('spade') pivoted in such a way as to cause it to slide through the sediment and across the
lower mouth of the box. This device usually samples an area of 20x30 cm to a depth of 50 cm.
One big advantage of the box corer [3] is that the box can usually be removed with the sample
and its overlying water intact, allowing detailed investigations of the sediment surface. The
most significant modifications (FIG. 4) that have been introduced are:

- a broader based frame to minimise turbulence originating from the shock wave;

- improved gimbal joint, pivoting in all directions, to keep the core vertical in whatever
situation (descent, sampling, retrieving);

- upper surface of the core completely sealed by flaps that close during retrieval, to prevent
disturbances on the surface sediment, and

- cylindrical core liner, segmented in 1 cm rings, to facilitate slicing the core in well defined
horizons.
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Reineck box sampler. The rectangular coring tube is closed by a knife
edge actuated by pulling up on the lever on the left. (Redrawn from
Reineck, 1963.)

Fig. 3. Original design of the Reineck box sampler. Fig. 4. ENEA BOX-CORER (modified Reineck type).
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Fig. 5 Sampling sequence.
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EXTRUDER
STARTING OF THE EXTRUSION

Fig. 6. ENEA extruder.
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Fig. 7. Subsectioning phases.
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Fig. 8. VAV VEEN grab.
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The frame of the corer is made of stainless steel (AISI 314L) with a core barrel 50 cm
long and 20 cm inside diameter (FIG.5). Using this relatively large diameter, the shortening of
sediment is negligible.

To section the core with as little disturbance as possible a new system of sectioning
and removing samples have been developed. Inside the coring tube a core liner is introdeced
that consists of 1 cm thick polypropylene rings which are held in place by stainless steel rings
fastened to the coring tube at each end (FIG. 6). The extruder is built with an immobile post
supporting a curved, circular steel sheet that just fits the curvature of the bottom of the core
and which then fits snugly inside the core barrel. The sediment are extruded when a mobile
clamp which attaches to the core barrel, carries it downward on a worm gear. After clamping
the core in place, the upper ring is removed and the bottom support ring is freed from the core
barrel permitting the sections to be extruded one at a time.

As each section is extruded, it is separated from the core by cutting the sediment with
nylon line. In order to minimise the contamination from overlying layers due to downtraining
of sediment along the wall of the liner, the outer 1 cm of the section is discharged, and the
slice is removed on a thin steel sheet. The method allows a retrieval of sample (100-200 g,
d.w.) enough for routine radioanalysis and for ancillary investigations (FIG. 7).

13.3. GRABS.

Another class of sediment samplers are grabs. Few of the grabs are designed to dig
much deeper than 15 cm, and in practice many take a maximum "bite" of 10 cm or less,
depending on the geotechnical properties of the bottom. If a grab is used as the prime means
of investigation, it would be advisable, at the early stage of the survey, to make comparative
sampling with a deeper-digging instrument, such as box corer.

In view of manifest deficiencies of so many bottom samplers, particularly as regards
penetration on "hard" deposits (sand, for instance), it is not possible to recommend any single
instrument as suitable for general use. Much will depend on such factors as type of sediment
to be sampled, size of ship and hoisting gear available, depth of water, and whether sampling
in sheltered waters or in the open sea.

Most of the grabs presently used are derived from the Petersen grab, developed in
1911. The most widely used device is the van Veen grab (FIG. 8), that generally covers a
sampling area of at least 0.2 m2. It consists of two buckets hinged together, which are held in
an open position during lowering. When on the bottom, the lowering rope slackens, allowing a
trigger to operate so that, on hauling up, the two buckets close together before the grab leaves
the bottom. The long arms attached to each bucket give a strong leverage for closing. The
arms also tend to prevent the grab being jerked off the bottom, should the ship roll as the grab
is closing. The van Veen grab has been adopted as the standard sampler for benthic
investigations by many institutions.

Another grab generally used is the Shipek sediment sampler (FIG. 9). It consists of a
frame supporting a semi-circular scoop activated by powerful springs. Covering an area of less
then 0.1 m2, this instrument is rather small for macrofauna investigations. Nevertheless,
because of the self-activated and self-powered system, this device can be used also in bad
weather conditions for collecting surficial sediments when other systems are too dangerous to
be used.
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Fig. 9. SHIPEK grab.

Differentiation between grabs and dredges is based on time: the dredge is towed,
whereas the grab makes a swift attack at the bottom. Each type captures a sample and
generally holds it by closure of a cover. Due to poor efficiency in collecting sediment samples,
it is not ideal for use in radionuclide analyses.

13.4. FACTORS INFLUENCING THE SEDIMENTARY RECORD

Collecting a "truly" representative sample of marine sediment is a difficult task. Under
even the best of circumstances,

some shortening of sediment can occur;

rough sea conditions and the difficulty of handling heavy sampling gear can result in
physical shock that can disturb the sample during collection and as it comes aboard.

the problem can be compounded if the core is stored and sectioned later;

if the core is frozen, changing concentration gradients and physical stress can lead to
post collection migration of pollutants and consequently to a distorted view of pollutants
profiles in the sediment column.
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moreover, downtraining of sediment from overlying layers can change the distribution in
the core;

insufficiently close sectioning can result in loss of information about the depositional
history.

These problems need to be minimised in geochemical studies because even the most
careful analytical work cannot produce an understanding of geochemical processes if the core
itself is not representative of prevailing environmental conditions. Furthermore, because of the
high cost of shiptime, when sampling in deep water, it is of capital importance to use reliable
devices to collect representative sediment samples with a fast, "one-shot" operation.

Recent trends in developing tools with these characteristics allow for obtaining a well-
preserved sample, considered as satisfactorily "undisturbed". As a matter of fact, the change in
environment introduced by sampling is such that one can never speak of a truly undisturbed
sample. In the best case, such a sample can be collected in an operation in which disturbances
have been reduced to the greatest possible extent, in order to satisfy the purpose of a
particular analysis. This purpose may vary widely according to the final data needed, so the
meaning of an undisturbed sample is quite different for a biologist than for a sedimentologist,
or for a civil engineer. So we will speak here of an undisturbed sample as a sample whose
properties are as well preserved as possible for the most extensive analytic purposes.

13.4.1. Disturbances during coring

The hydraulic shock wave created in front of the orifice will blow away and laterally
disperse the surficial flocculent layer of deposit before the sediment sampler has reached
the surface. Disturbances might be at least partially eliminated improving the design of
the coring tool using for instance a wider supporting frame to reduce the "bow-wave"
effect of the device, or modifying the leg ends.

Compared with other types of samplers, corers with open barrel have several
advantages. They are easy to operate, sampling is most often successful, and the original
lamination is most often apparently intact. However, a well known problem is that the
core collected is often shorter than the length of penetration of the corer (shortening
effect). Core shortening refers to the difference between the tube penetration and the
length of the core inside the sampler tube after penetration, but before retrieval from the
sediment.

The shortening is caused by friction between the sediment and the liner of the corer
whereby the partially filled corer begins to exercise pressure just below the mouth of the tube.
This pressure results in downbending and stretching of the layers until they are finally cut and
enter the corer. Each layer will thus be represented, but will be thinner than in the original
position. Compression of the sediment and loss of water content has been suggested as being a
possible mechanism responsible for the disturbance in deeper layers. In the surficial layer,
which is flocculent, extremely soft and with a very high water content, the friction is generally
low. Further down, the sediment becomes gradually more cohesive and compact. The friction
against the inner wall also gradually increases. Since this friction is relatively greater in a
narrower coring tube compared to a wider one, the resulting shortening is minimised by using
devices with a wide mouth.
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BA

AP - Aphroditid polychaete
B A - Burrowing anemone
CP - Capitellidpolychaete
CS - Callianassid shrimp
CU - Cumacean
EC - Echiurid
HU - Heart urchin
OP - Ophiurid
PP - Pectinarid polychaete

Fig. 13. BIOTURBATION. Example of burrowing disturbances.
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FIG. 10 shows the amount of shortening as a function of different diameter of the core
used. As you can see, the shortening effect sharply decreases when large tubes are employed [
4]. The same trend was observed during the 'ESOPE' cruise in 1986, when different
subsamples were taken from a giant box-core of 0.5 ml. In this case, the total shortening was
as high as 50%, when using a 7 cm diameter tube [5]. Negligible shortening was observed
when sub-sampling with a 20 cm core tube (FIG. 11).

When the coring tube reaches a depth where the relation between the wall friction and
the aperture area of the tube becomes critical, the sediment core begins to act partly as a
plough and core shortening starts. The ploughing tendency decreases strongly and non-linearly
with increasing tube size, i.e. decreasing drag resistance. Upon reaching stiffer and more
consolidated deeper layers, the degree of further shortening declines, due to more efficient
cutting. Variations in sediment stratification and geotechnical inhomogeneities within the
vertical profiles can, of course, cause alterations in the amount of shortening. Substances
which occur in different concentrations in the stiffer and softer layers may have their
concentration changed. FIG. 12 reports the differences of the shortening disturbances in soft
sediments and in stiffer layers, as a function of the inner diameter of the core tubes. Shortening
is, obviously, more effective on soft sediment.

Furthermore, when free-fall devices are used, the final amount of sediment core
shortening is found to be highly dependent on the settling velocity of the instrument. Increased
height fall and velocity considerably increased the recorded core shortening, leading to a
distortion in geochemical vertical profiles. In the same figure is shown the very large
distortions in depth distribution of manganese (A), Carbon (B) and frustules of Asterionella
(C), in cores collected using piston corer and gravity corer. Shortening and consequent
distortion are as high as 50 %[6].

13.4.2. Bioturbation

Most of the bioturbation processes that occur near the sediment/water interface are
caused by deposit feeders, which rework the sediment as they ingest its edible organic matter.
The intensity of the bioturbation processes is affected by the living habits of different kinds of
organisms: clams, worms, Crustacea, echinoderms and coelenterates. For example, many of the
Crustacea burrow into the sediment for safety while others, such as the anemone, anchor
themselves in the sediment as they feed on suspended material in the water column (FIG. 13).
As a result of these processes (particle reworking, intrusion of oxygenated water from the
surface to deeper layers), a well-mixed layer is formed [7]. In this layer, the
sedimentary/contamination record is completely homogenised.

13.4.3. Post-collection artifacts

A variety of causes can disturb the collection of a well- representative sample. During
ascents, leaks in the coring barrel, particularly from improper sealing, can cause sample
washout. When sampling in the deep sea, the pressure decrease in a sample on return to the
surface also provokes textural disturbances because of compressibility differences between the
interstitial water and the sediment particles. During the retrieval operations at the surface,
shocks due to poor handling or to tilting winches can cause surface resuspension and washout.
Furthermore, during the sectioning operations, downtraining of sediment from overlying layers
can alter the vertical concentrations of contaminants. As an acceptable compromise, it is
suggest to discharge the outer part of the subsample when sectioning the core.
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Vertical distortion of sediment layers due to freezing in a commercial Freezer,
in Dry Ice and Acetone, and in Liquid Nitrogen. (Redrawn from Rutledge
and Fleeger, 1988.)

Fig. 14. Effect of freezing on sediment horizons .

Moreover, great attention must be paid to avoiding storage of the whole core in
improper conditions, such as freezing. Freezing the core for later sectioning, in fact, cause a
tremendous distortion in the laminated sediment. FIG. 14 shows the large extent of such a
distortion at different freezing temperatures [8]

13.5. CONCLUSIONS

Development of the design of a proper, reliable instrument allowing the sampling of
representative cores with minimal undesirable disturbance remains a crucial need. As an
example, the table on FIG. 15 reports the main characteristics of the most commonly used
corers. The lower the number of parameters, the better the corer behaves.

In conclusion, the author is in full agreement with the Cheshire cat (Lewis Carrol, "Alice
in wonderland", FIG. 16), that the way you have to follow 'depends a good deal on where you
want to get to1. Thus: 1) identify your target and 2) then select the way to achieve it.
Otherwise you might find yourself rather distant from your original aim.

In summary:

if collecting bulk sediment is needed for having a general idea of concentration of
contaminants, the use of simple grabs (Shipek, snappers, van Veen) is appropriate;
but when vertical profiles of contaminants are investigated in the very top layers of
sediments (for the determination of mixing rates and depths, amount of sediment
accretion, inventories of contaminants, i.e. total amount per surface unit), more
sophisticate devices, like box-corers, must be employed;
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L maximum sampling length
D, inside diameter of the barrel
D, outside diameter of the barrel
Dw outside diameter of the cutter
Dc inside diameter of the cutter
a cutter angle

Inside clearance: Ct = 100

0 to 0.5 for very short corers or corers
provided with core-conveyor
0 75 to 1.5 for current corers.

0w-0,
Outside clearance: Co = 100

Ox
0 for cohesionless sediments
<2 or 3 for cohesive sediments (if more,
the cutter must be verry sharp).

Area ratio Ca = -
O . 2 - D t

2

-100

<10, if possible, (unless corer provided
with stationary piston and sharp cutter)

Safe length-width ratio: C, = —

<1O in dense to loose cohesionless
sediments
<20 in stiff to very soft cohesive
sediments

Cutter Sharpness:
a<10° and preferablya= 5°

Type of Corer Stabilization

SIO Current Gravity Corer

SIO Gravity Corer
(spring valve)

USHO Hydroplastic
(Richards and Keller)

13.0 2 1 0 125.0

16 15.7 97.0 < 4 0

16 134 56 8 <26 Shroud

USNEL Hydroplastic
(with spring valve)

Hydroplastic 10.7 cm ID
(Richards)

Hydroplastic 15cm ID
(McManus)

SIO Current Piston Corer

US Navoceano Piston Corer

TPR-51 (Udintsev and others)

LAMONT Ewing-Ludas Piston
Corer

SACLANTCEM Piston Corer
(Kemiabon and others)

KASTENLOT (Kogler)

SIO-USNEL Long-Box Corer

SIO-USNEL Large Corer
(under construction)

USNEL Spade Corer (modified
Reineck Kastengreifer*

ENEA box Corer
(modified Reineck Corer)

12

0

1.4

18.8

1.3

4 0

5.3

0.8

0 6

0 9

-1 0

0

0

5.5

0

3.5

15.7

16.4

3 3 0

182

5 1

7 7

2 8

- 6 0

0

0

33 0

14.1

31 6

175.6

100.5

1722

87 2

44 0

22 4

14 3

-35 0

2 7

2 3

< 2 6

< 28

< 40

<120

< 8 0

<150

<100

<100

< 40

< 10

< 20

< 3

< 2
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8° •

30°

10°

5° •

8°

20"

8°

—

Shroud

Shroud

Shroud

-

-

Bottom stand

Fins
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Fig. 15. Recommended characteristics for a core barrel.
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"Cheshire - Puss ' she began "Would you tell me"

please, which way I ought to go from here?"

That depends a good deal on where you want to get to"

said the Cat

I don t much care where * said Alice

Then it doesn t matter which way you go " said the Cat

(After L CARROL Alice in wonderland" 1865)

FIRST IDENTIFY YOUR TARGET

THEN YOU CAN CHOOSE THE WAY TO ACHIEVE IT

Fig. 16.

in order to preserve the stratigraphic record, an on-board extrusion of sediment with a
good resolution is also needed; 1 cm slicing is recommended;
and finally, one must remember that often the environmental variability largely affects
the representativeness of the sample.
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Abstract

Strategies and methodologies for using marine organisms to monitor radioactivity in marine
waters are presented. When the criteria for monitoring radioactivity is to determine routes of
radionuclide transfer to man, the "critical pathway" approach is often applied. Alternatively, where
information on ambient radionuclide levels and distributions is sought, the approach of selecting
marine organisms as "bioindicators" of radioactivity is generally used. Whichever approach is
applied, a great deal of knowledge is required about the physiology and ecology of the specific
organism chosen. In addition, several criteria for qualifying as a bioindicator species are discussed;
e.g., it must be a sedentary species which reflects the ambient radionuclide concentration at a given
site, sufficiently long-lived to allow long-term temporal sampling, widely distributed to allow
spatial comparisons, able to bioconcentrate the radionuclide to a relatively high degree, while
showing a simple correlation between radionuclide content in its tissues with that in the surrounding
waters. Useful hints on the appropriate species to use and the best way to collect and prepare
organisms for radioanalysis are also given. It is concluded that benthic algae and bivalve molluscs
generally offer the greatest potential for use as a "bioindicator" species in radionuclide
biomonitoring programmes. Where knowledge on contribution to radiological dose is required,
specific edible marine species should be the organisms of choice; however, both purposes can be
served when the edible species chosen through critical pathway analysis is also an excellent
bioaccumulator of the radionuclide of interest.

14.1. INTRODUCTION

There are two principal rationales for undertaking a biological monitoring programme in and
around nuclear facilities located in the coastal environment. The first and perhaps most important
concerns health safety and is meant to ensure that edible marine species consumed by the local
population do not contain levels of artificial radionuclides that surpass the prescribed safe limits.
The second involves the use of certain organisms as indicators of existant radionuclide levels in
their surrounding environment. Both rationales, while quite different in their overall aim, call for a
sound knowledge of the physiology and the ecology of the species concerned. In any biological
monitoring programme, perhaps the most important task of all is to be able to gauge contaminant-
induced variations of radionuclide levels in a population of organisms against radionuclide
fluctuations brought on by natural causes - an extremely difficult task at present [1].

In the sections that follow, a brief discussion of the strategies for biological monitoring will
be presented along with some suggestions for sampling key species that are most often used in
contaminant monitoring studies.

14.2. CRITICAL PATHWAY APPROACH

If the criteria for monitoring radioactivity in marine organisms is to ensure the health and
safety of the local population which consumes seafood, then the principal routes of radionuclide
transfer to the consumer must be identified. This approach has been termed "critical pathway", and
it takes into account only those species which form the principal diet of the seafood-eating
population. In this case, organisms which readily accumulate radionuclides and are excellent
bioindicators are not necessarily considered; only those species which contribute the major dose to
the population are monitored. Once the key species has been identified, generally through a site
survey of eating habits, the organisms are sampled and prepared as would be a bio-indicator
organism as discussed below. A thorough discussion of the critical pathway approach and case
studies can be found in the radioecology literature [see e.g., 2-5].
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14.3. BIO-INDICATOR APPROACH

Alternatively, marine organisms can be used as environmental matrices to give information
on levels of radioactivity, or changes in radionuclide levels in the surrounding environment. This
method is called "biological monitoring" and makes use of the contaminant bioaccumulation
potential of a given species. Organisms which have been used to quantify the bio-available level of
contaminants like radionuclides in marine waters are commonly called "bio-indicator" or "sentinal"
species. The pros and cons for the use of bio-indicator species for monitoring a wide variety of
contaminants including artificial radionuclides have been addressed in numerous publications [6-
11].

14.3.1. Use of bioindicators

Organisms accumulate radionuclides from both food and water, and resultant concentrations
in their tissues provide, in theory, a time-integrated measure of radionuclide bioavailability. Thus,
the principal justification for their use has been that they can bioconcentrate radionuclides existing
at extremely low concentrations in ambient sea water to relatively high levels which are readily
measurable. This overcomes the frequent difficulty of directly measuring radionuclides in sea
water. Another obvious advantage of bio-indicators is that they accumulate the bio-available
fraction of a radionuclide rather than give a measure of total radionuclide abundance, thus
eliminating the need for time-consuming studies of the chemical speciation of radionuclides. A final
major justification for their use is that they give a time-integrated picture of bio-available
radionuclide concentrations provided certain criteria are met, in contrast to "snapshot"
concentrations of radionuclides which may vary greatly over short time scales. Nevertheless, a
good awareness of some of the drawbacks in their use is essential if bio-indicator monitoring
programmes are going to succeed with their objectives.

When establishing a monitoring scheme using bio-indicators, three primary objectives must
be considered:

(1) Identification of spatial variations in radionuclide abundance and bio-availability;
(2) Identification of temporal variations in radionuclide abundance and bio-availability;
(3) Identification of specific radionuclides.

Each basic objective can be achieved using specific bio-indicators but the design of the
monitoring programme will differ in each case. For example, studies designed to follow spatial
variability can not be confounded by temporal influences, and vice versa. These criteria have not
always been met as Phillips and Segar [12] have so aptly shown in the case of the U.S. National
Mussel Watch Programme [7,8,10]. Once the conceptual design for the overall monitoring
programme is worked out, the choice of bio-indicator organism(s) becomes an easier task.
Nevertheless, in the case of the bio-indicator itself, several criteria must be considered.

14.3.2. Selection of species

Implicit in the use of bio-indicators is that they adequately reflect contaminant concentrations
in the ambient waters. This means that metabolic regulation of certain elements or radionuclides
should not mask or interfere with spatial and temporal variations that occur in the environment. Not
all organisms meet this requirement and in fact many teleosts, bivalve molluscs, crustaceans and
mammals regulate the incorporation of certain elements [9]. Even passive accumulators like marine
macro-algae which are excellent candidates for sessile bio-indicators [13] often display a non-linear
uptake relationship with the concentration of certain metals and radionuclides in sea water.
Obviously prior knowledge about which radionuclides are, or are not, metabolically regulated by a
given species is essential before selecting the proper bio-indicator. In this respect, some of the best
heterotrophic candidates may be very small species in which surface adsorption plays an important
role in the contaminant uptake process.

14.3.3. Contaminant interactions

The occurrence of contaminant interactions on the uptake of a given element or radionuclide
can not be overlooked. Indeed, if the bio-availability of a radionuclide of interest is affected by the
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presence of other contaminants, the use of a valid bio-indicator is compromised. Cases of pollutant
interactions have been well-documented [9,12] and there is a definite need for laboratory and field
studies to work out these relationships in the uptake process.

14.3.4. Temporal integration of radionuclides

The time-integration ability of an organism can vary according to the radionuclides under
study. For example, the biological half-lives of many radionuclides in bivalves and crustaceans are
on the order of months or more whereas half-lives for other nuclides may be quite short (i.e. a few
days). Thus, depending upon the radionuclide, levels in a given species may reflect accumulation
over the previous year or, on the other hand, over the previous few days. Prior knowledge of the
radionuclide uptake kinetics will thus dictate the frequency with which the organisms are sampled.
This aspect is often overlooked in bio-indicator surveys, thus greatly limiting the usefulness of the
resultant information and cost-effectiveness of the survey.

14.3.5. Spatial integration of radionuclides

To identify spatial variations in radionuclide bio-availability, the bio-indicator should be
sessile, sedentary or, in the case of open waters, associated with at least a given water mass. In this
respect, filter-feeding bivalves, sponges and algae are excellent choices because they are often fixed
to the substrate. Large pelagic fish are not ideal because of their great mobility, however, demersal
or highly territorial fish have been used successfully for temporal and spatial assessments of
radionuclide contamination [14]. In more open waters, zooplankton and micronekton species which
can be identified with a given water mass are about the only possible candidates, even though
factors such as mixed species composition (e.g., micro-zooplankton), molting and vertical
migration behaviour limit their usefulness [15].

In order to maximize the information obtained for each analysis as well as overall cost-
effectiveness of the bio-indicator programme, "space-bulking" of samples [12] can be undertaken.
This involves pooling bio-indicator samples from several relatively closely-spaced locations for a
single analysis. Space-bulking therefore smooths out short-term variations at a given site and is
especially useful for examining long-term variations in contaminant bio-availability.

14.3.6. Transplanted organisms

In certain areas that are intended to be monitored but where no adquate bio-indicator can be
found, transplantation of appropriate species has been attempted using cage or buoy systems [16].
One advantage is the use of cultured populations (e.g., mussels) which show lower age variability
than in wild populations. In addition, besides measuring radionuclide levels at equilibrium after
transplantation, time course measurements will furnish information on the kinetics of uptake or
loss.

14.3.7. Other biological and environmental factors

Phillips [9] has thoroughly reviewed the many factors that are considered to influence
seasonal or temporal bio-availability and they will be only briefly discussed here. Short-term
fluctuations may interfere with assessments of spatial and temporal variations in bio-availability.
One cause can be highly variable contaminant input from episodic events or through increased
rainfall during certain seasons. Another cause may be physiological changes related to the sexual
cycle, e.g., fluctuations in lipid content with concomittant changes in lipophilic contaminant
concentration. Obviously quantification of lipids would be of utmost importance when using bio-
indicators for organically-bound radionuclides. Likewise, dry weight changes can effectively alter
radionuclide concentrations that are derived on a weight basis (e.g., radionuclide activity per gram
dry weight). If true radionuclide variations between sites are of the same order as those brought
about by physiological changes within a given site, intersite comparisons will be difficult to make.
Thus, it is necessary to have a good understanding of sources of variance within the populations
used as bio-indicators.

Age and size are also variables affecting radionuclide concentrations. This problem can be
overcome for the most part by understanding the relationship involved and sampling individuals
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within a given size range. Other parameters of usually lesser importance include location of
individuals in the intertidal zone, substrate on which they live, and sex of the organism. Many of
the above-mentioned effects of these parameters can be overcome by making pooled samples
consisting of several individuals and analyzing replicates [17].

14.4. SAMPLING OF KEY SPECIES

Not overlooking many of the drawbacks in the use of bio-indicators mentioned above, these
organisms have been instrumental in establishing spatial and temporal trends in radionuclide
fluctuations in a variety of marine ecosystems [7-10, and many others]. Bivalve molluscs, sessile
algae and fish have proven particularly useful in establishing temporal trends and hotspots in coastal
waters throughout the world. With proper intercalibration of methodologies, studies with such
coastal organisms could be linked into a far more widespread coastal network. Relatively
unsophisticated analyses of radionuclides in these species are well within the grasp and budgets of
many developing countries and results can be verified through stringent intercomparisons with
standard reference materials [18,19]. In fact, considering all possible alternatives, these types of
bio-indicators may offer the most realistic and economical method of monitoring changes in
radionuclide bio-availability.

Outlined briefly below are strategies and guidelines for sampling benthic algae, bivalve
molluscs, fish, plankton and crustaceans in the context of a marine radioactivity monitoring survey.

14.4.1. Macroalgae

For many reasons marine macroalgae are excellent organisms for use in monitoring
programmes. Macroalgae are ubiquitous in both estuarine and coastal waters throughout the world.
Algae are key links in benthic food webs and are of direct economic importance to man as well.
Their size and sedentary nature facilitates rapid collection of large amounts of material. Because
they act as time-integrators of many pollutants, macroalgae have been considered in many marine
pollution monitoring programmes for use as bio-indicator species.

Phillips [20], reviewing the usefulness of biological indicator organisms in trace metal
pollution studies, listed several criteria for an organism to qualify as a "bio-indicator" for these
substances. The criteria, which generally hold for most pollutants including radionuclides, can be
briefly summarized as follows:

The organism should:
- accumulate the pollutant without being killed by the levels encountered;
- be sedentary in order to show levels of pollutant representative of the area under study;
- be abundant in the region;
- be sufficiently long-lived to allow sampling of more than one year class;
- be of adequate size to furnish sufficient tissue for analysis;
- be easy to sample and hardy enough to survive laboratory testing of pollutant uptake;
- be able to tolerate brackish water;
- exhibit high pollutant concentration factors allowing direct analysis without pre-

concentration;
- be able to show a simple correlation between the pollutant content in their tissues with that

in the surrounding waters at all locations studied, under all conditions.

It is evident that in most cases, macroalgae could be classified as a biological indictor
organism; however, as Phillips [20] points out, certain things must be known about them to
correctly interpret the results from a monitoring study using these species. For example,
macroalgae appear to concentrate only soluble trace elements; hence, for radionuclides of lead and
iron,, which are mainly particulate in sea water, algae will not accurately reflect changes in the
environment. Furthermore, some studies have shown competition between metals for binding sites
in macroalgae [21]. Excluding certain soluble metals from binding can lead to spurious results
concerning the relative abundance of available trace elements or radionuclides at any one location.
This could be one of the greater problems to overcome in using macroalgae as a biological
indicator for monitoring radionuclides.
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TABLE I. TYPICAL RADIONUCLIDE CONCENTRATION FACTORS FOR MACROALGAE
AND MEAN CONCENTRATIONS OF RADIONUCLIDES MEASURED IN

CONTAMINATED BROWN ALGAE (FUCUS) COLLECTED AROUND
THE BRITISH ISLES AND ALONG THE WEST COAST OF SWEDEN

Radionuclide Measured Concentration Typical Concentration

(Bq kg"1 dry) Factor***

U.K.* Sweden**

!Jco 45-73 5.6-6.6x10*
65Co 70 78-111 1.4-7.5^10
^ n 63 2xl0j

95 Sr 370 lxlO3

gj-Nb 107 3xl03

110 Ru 2xlO3

13
mAg 56 2x10 ,

137Cs 373 8.5-9xlOj
144Cs 2775 7.4 8-9.5x1,0
238Ce 633 5x10 4

2 3 9 + ^ i 141 1.35xlO4

24I Pu 999 0.19 1.35xiq
Am 0.053 1.8x10

*From 18,19
**From 23

***From 23,24

Several other aspects which pertain to variations in concentration of metals in macroalgae
should be considered. Metal levels vary remarkably with species, therefore comparisons of tissue
concentrations are best made between the same species. The position of the algae on the shoreline
with respect to tide mark also can affect the metal concentration [22]. Several studies have shown
that the distal (older parts of macroalgal lamina often contain higher metal concentrations than the
faster-growing new tissue [22]. It was suggested that the older, slower-growing regions of the
lamina with higher dry weight have more metal-binding sites. All the above could affect the
measured concentrations of radionuclides in the species collected.

Table 1 gives some values for radionuclides measured in a common brown algae, Fucus from
various areas along the U.K.and Swedish coasts which have received radioactive inputs from
nuclear industry.

14.4.1.1. Selection

Choice of algae depends on the region being considered for monitoring. In the near-shore
environment, in general, representatives of the Phaeophyceae, or brown algae, would appear to be
the most suitable. This most familiar class of algae contains members throughout the world. The
largest forms of macroalgae belong to this group and, as a whole, most species are readily
obtainable because they grow in the intertidal zone. Within this group, members of the genus Fucus
should be considered as a first choice principally because several of these species have already been
used in radionuclide monitoring programmes [25]. Two other genera, Laminaria and Ascophyllum,
have also been the subject of pollution surveys and could be considered as alternative species.

4.4.1.2. Collection, Preparation and Analysis

The best way to collect uncontaminated seaweed samples is by hand. This is easily done with
species such as Fucus when the algae are exposed at low tide. Care should be taken to sample only
the outer fronds (lamina) since the lower stipe and holdfast often contain sand and grit. After
collection the lamina are rinsed in clean sea water to remove the adhering silt. Samples are best
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shipped to the laboratory in large, pre-cleaned glass (or glass-lined or plastic) containers. The algae
is later rinsed in de-ionized double-distilled water to remove much of the adventitious salts. Wet
algae with excess water removed with paper towels are weighed prior to drying so that dry
weight/wet weight ratios can be determined for future reference. The possibility exists that certain
radionuclides may be volatilized at temperatures normally used for oven drying; therefore, it is
generally preferable to lophilize the tissues [26]. If preliminary tests indicate difficulty in powdering
lophilized whole algae, the samples should be homogenized in a blender prior to freeze-drying.
This pre-treatment usually results in obtaining a more homogeneous powder during the grinding
process.

The dried product is broken by hand into small pieces (~ 5cm x 5cm) and then ground to a
fine powder in a comminuting machine or porcelain ball mill. The resulting powder should be
carefully sieved through stainless steel or nylon screens to remove both large refractory particles
and ultra-fine sediment grains.

Homogenization is best carried out in some type of commercial feed mixer which
automatically divides the sample, mixes and recombines the mixed product. At this stage,
homogeneity can be tested for the radionuclide of choice with random aliquots taken from bulk
tissue samples.

Non-destructive gamma-ray spectrometry is ideal for many gamma-emitting isotopes since
the entire sample can be counted in a well-type scintillation crystal. Most beta and alpha-counting
techniques require decomposition and separation of the radio-isotope from the matrix. Some species
of macroalgae have high levels of calcium and phosphorus which may interfere in the separation of
transuranium nuclides from these tissues. Similarly, caution should be observed in separating
certain radionuclides from coralline algae which contain large amounts of calcium and magnesium.
Standard radio-analytical methods and their applicability to the measurement of a variety of
radionuclides in macroalgae are discussed in detail in two recent technical reports [27,28].

14.4.2. Bivalves

From a brief scanning of the marine pollution literature, it is evident that bivalve molluscs
have been the most commonly used bio-indicators to date. This is largely because bivalves conform
well to the basic pre-requisites of an indicator species [9], are often consumed as seafood, and are
ubiquitous in most coastal marine ecosystems. Mussels, oysters and clams are the species most
frequently chosen, and their use has lead to "Mussel Watch"-type pollution monitoring programmes
throughout the world [7-9,29]. Mussels of the genus Mytilus have usually been the bivalve of
choice in temperate zones because of their widespread occurrence. In tropical regions where
mussels are uncommon or non-existent, sessile species such as the rock oyster (Saccostrea sp.)
have been used. In areas where neither type is found, intertidal clams have proven useful. While all
three molluscs have been used for radionuclide monitoring, the choice inevitably depends on the
overall availability of the organism at the study site.

Because of the small size of most bivalves, in order to avoid biasing the analysis, several
individuals (generally 5-20) from a population are pooled to form a single sample. Each individual
should be approximately the same size and its length and/or weight measured since size can affect
radionuclide content [9], Following collection, the individual bivalves are opened with a shucking
knife and the soft parts removed for the sample. In some studies where more refined
bioaccumulation information is needed, target tissues (e.g., hepatopancreas) can be dissected from
the soft parts to form a sample. The methodologies for shucking the molluscs and preparing the soft
tissues for radionuclide analyses generally follow those that have been internationally accepted for
trace metals (e.g., see 17,30].

Oysters are sampled and prepared in generally the same way as the mussels. An exception is
the rock oyster which has one of its valves cemented to the rock and is very difficult to open.
Either the oysters must be broken off the rocks with hammer and chisel, and opened later, or the
top shell removed by diving knife and the soft parts scraped directly into the collection bottle.

Many species of clams are generally found embedded in the bottom sediments and must be
dug out by shovel. Such species often contain large amounts of fine sediments and analysis of the

304



total soft parts containing contaminated sediments can lead to spurious results [31]. It is therefore
recommended that, prior to dissection, the clams be held for several hours in filtered sea water
from the site to depurate the residual sediments.

When the tissues are dissected, freeze-drying and homogenization of the dried material
proceed as outlined for the algae. Examples of the use of bivalves in marine radioactivity
monitoring studies can be found in numerous reports and scientific publications [7,8,16,32-35].

14.4.3. Fish

Because of their economic importance to man, fish have regularly been used in marine
radioecology studies [14,20,36-42]. Nevertheless, as a measure of radionuclide levels in the marine
environment, few fish species conform even to the basic requirements of an indicator species [9].
For example, many fish species are highly mobile or migratory and, at best, provide only a
composite average of ambient radionuclide levels over a large area. To some extent, this problem
can be overcome by using demersal fish or species that are highly territorial. Another problem is
that uptake of certain stable elements of many common radionuclides are often regulated and,
hence, the concentration of these radionuclides in fish tissue will not reflect changes of ambient
levels in the environment. Therefore, if fish are chosen as a bio-indicator, both the fish species and
the target radionuclide must be carefully considered.

Local conditions and knowledge of the fish species selected will dictate how the fish are
collected (i.e. hand-line, benthic trawl, nets, etc.). Before dissection, one should determine the
length, weight and sex of the individual fish since these parameters can affect radionuclide
concentrations. Attempts should be made to standardize upon a given size of fish in order to reduce
biological variation. If the fish species is large, individuals can be dissected for a single sample. For
small fish, it is often necessary to pool tissue from several individuals to form a composite sample.
In either case the skin, which contains mucus and can be easily contaminated with adsorbed
radionuclide, must first be removed. Then a muscle filet is carefully cut away from the vertebral
column taking care not to include bone. The amount of fish muscle sample will depend on the level
of radionuclide that is detectable, therefore, some prior knowledge of the approximate radionuclide
concentration is necessary. Samples are then placed in plastic bags and directly radioanalyzed or
frozen for later analyses. The number of individual fish samples collected will depend on the nature
of the monitoring programme and the desired level of statistical significance. Details on the
sampling and preparation of fish tissues for pollutant analysis as well as suggestions for making
composite samples can be found in Bernhard [17].

14.4.4. Plankton

Marine plankton are extremely important in terms of their total biomass, their key position in
the food web and their ability to rapidly accumulate trace elements from the surrounding water
mass; hence, they have also been used as indicators of ambient levels of contamination [43,44]. For
this reason, a brief mention of their applicability to marine radioactivity studies is warranted.

First, it is important to remember that the composition of plankton is extremely varied and
most often comprised of many different organism types, both plant and animal. As the
bioaccumulation response of each species for radionuclides will vary, changes in species
composition can confound radionuclide comparisons from one sample to the next. Therefore, if
possible, it is always best to select single genera or individuals of the larger species for the
analyses. In this respect, the shrimp-like euphausiids (commonly called krill) have shown promise
as bio-indicators in trace metal surveys [15]. Because zooplankton are rapid integrators of
radioactivity and generally accumulate radionuclides to very high levels (Table 2), they have also
proven useful in signalling the presence of radioactivity in the water column following accidents or
deliberate releases of radionuclides [45,48,49].

A variety of plankton nets of various net mesh-sizes are used to filter plankton from the
water. The mesh size of the netting is chosen depending upon the size fraction of the plankton or,
in some cases, the individual organisms in the plankton that are desired. Since plankton usually

305



TABLE II. TYPICAL CONCENTRATION FACTORS FOR ARTIFICIAL RADIONUCLIDES
AND ABSOLUTE RADIONUCLIDE CONCENTRATIONS WHICH HAVE BEEN

MEASURED IN CONTAMINATED MIXED-ZOOPLANKTON FROM THE
MEDITERRANEAN FOLLOWING THE CHERNOBYL ACCIDENT

Radionuclide

95

1 0 ^

106Ru

134RU

137
Cs

141I44Ce

24i C e

23^™
Pu

*From 45,46
**From 24,47

Measured Concentration*
(Bq kg"* dry)

12
280
70
22
34
20
100

0.004
0.016

Typical Concentration
Factor**

4
2xlO3
3xl03

3x10,
3x10!
3xl03

lxl03

lxl03
3xl03

5x10

congregate in the upper water column, collections can be made by simply towing a net through the
upper few meters for several minutes. The contents in the collector are then screened for visible
debris which might bias the analysis, and the pure plankton poured onto a fine mesh screen, briefly
rinsed with distilled water to remove salts and concentrated into a sample. At this point, individual
target species can also be picked out by forceps for the sample. The final samples are then placed in
plastic vials or glass bottles for eventual analysis.

Prior to analyses, the frozen or fresh samples are usually either oven-dried at 60°C or freeze-
dried, ground to a powder with mortar and pestle, weighed and analyzed by the appropriate
radiometric method like other tissues.

Needless, to say, lack of sound information on the species composition of the plankton and the
changes that take place over time will severely limit the usefulness of these organisms as bio-
indicators of ambient levels of radioactivity in the marine environment. Therefore, it is always wise
to keep an aliquot of each sample preserved in formalin for later species identification.

14.4.5. Crustaceans

Various macro-crustaceans such as shrimp, lobster and crab have also been used in
radionuclide monitoring programmes particularly in countries where they are considered important
commercial species [50,51]. Nevertheless, as in the case of fish, crustaceans are not always a
perfect bio-indicator species since they can regulate their uptake of certain radionuclides and often
show great variation in radionuclide bioaccumulation during different phases of their intermoult
cycle. Furthermore, many radionuclides are little accumulated in crustacean muscle which
necessitates obtaining a very large sample in order to achieve good counting statistics. On the other
hand, one notable advantage with crustaceans is their marked ability to concentrate radionuclides to
a very high degree in hepatopancreas tissue [52]. This fact suggests the potential value of using
crustacean hepatopancreas as a target tissue for measuring a variety of heavy metals and
radionuclides.

14.5. CONCLUSIONS

Despite certain limitations, many marine organisms can be used to gain information on
ambient radionuclide levels (spatial and temporal) in the marine environment. With respect to
fulfilling the main criteria for a good bio-indicator species, benthic brown algae and bivalve
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molluscs appear to offer the best potential for use in radionuclide monitoring programmes in most
marine areas. The main advantage of using bio-indicator species is that they bioconcentrate many
radionuclides to a very high degree, and analyzing resultant radionuclide concentrations in their
tissues is much easier and less costly than analyzing the relatively low levels of radionuclides
present in the surrounding sea water.

In cases where information on potential radiation dose to the seafood-eating population is
required, specific edible marine species in the area which are major contributors to the dose should
be selected and their edible tissues analyzed. Both purposes are served when the species targeted
through the critical pathway approach is also one that can be selected based on bio-indicator
criteria.
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Chapter 15

ENVIRONMENTAL DOSIMETRY AND RADIATION EFFECTS*

D.S. WOODHEAD**
Fisheries Laboratory,
Lowestoft, Suffolk, United Kingdom

Abstract

Specific assessment of the potential effects on wild organisms of increased radiation
exposure arising from the authorized disposal of radioactive wastes to the environment
requires two interrelated sets of information. First, an estimate is required of the incremental
radiation exposure; and second, dose rate- response relationships are necessary to predict the
potential impact of the estimated incremental exposure. Each of these aspects will be
discussed in detail.

15.1. Introduction

There are no generally accepted criteria or standards for the protection of the
environment (as opposed to man) from increased radiation exposure as a consequence of
human activities. The ICRP does, however, accept that there is concern over environmental
protection and has stated its belief that:

" ... if man is adequately protected then other living things are
also likely to be sufficiently protected." [1]

In a later set of recommendations [2], this position was developed to:

"The Commission believes that the standard of environmental
control needed to protect man to the extent currently thought
desirable will ensure that other species are not put at risk.
Occasionally, individual members of non-human species might
be harmed, but not to the extent of endangering whole species,
or creating imbalance between species."

In neither case did the Commission present evidence to support their position, nor refer to
relevant review documents. There is a number of assumptions implicit within this position:

the contaminated environment is occupied by both humans and other organisms, and
similar use is made of the available resources which may be contaminated, e.g. food,
water etc.;

there are no major differences in the exposure pathways for endemic wild organisms
and man i.e. the radiation exposure rates are of similar magnitude; and

the endemic wild organisms are no more radiosensitive than man.

*© British Crown copyright 1997.
"Present address: CEFAS Lowestoft Laboratory, Pakefield Rd., Lowestoft, Suffolk NR33 OHT, United

Kingdom.
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In a practical situation where radioactive waste is to be disposed of into the environment,
these assumptions would have to be validated by an assessment of both the likelihood and
degree of radiation exposure, and the potential radiobiological response.

15.2. Dosimetry

A direct measurement of the dose rate is difficult (or impracticable) if:

the dose rate is low (of the order of the variation in the natural background);

the organism of interest is small and there is radionuclide accumulation above the
ambient environmental concentrations;

estimates are required of the dose rate to specific organs or tissues; and

a- or p-particles deliver a significant fraction of the dose.

It is also clearly impossible in the preoperational phase of a disposal practice. In these
circumstances, calculations must be made using appropriate models. The dosimetry models
have to be simplified because it is not possible to consider all organisms, organs and tissues,
and there are practical limitations on the availability of the basic data required for dose
estimation e.g. the spatial and temporal variation in the distributions of the radionuclides
within the organisms and in their external environment. Reasonable and valid generalisations
can, however, be made so that dose rate estimates provide a close approximation to the
magnitude of the environmental exposure experienced by either the most highly exposed
organisms, or those considered likely to be most radiosensitive.

The development of dosimetry models requires consideration of:

the type of radiation i.e. a- and |3- particles and y-rays;

the relevant target e.g. the whole body, the gonad, the developing embryo, larvae etc.;

the source of radiation i.e. external from contaminated water and sediment, and
internal in tissues and organs; and

the availability of relevant input data.

In assessments for the aquatic environment, representative organisms such as:

fish )

) benthic and pelagic;
crustaceans )

molluscs ) benthic; and

birds
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FIG. 1. Schematic diagram of the dosimetry models for some aquatic organisms.
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FIG. 2. Dosimetry models for fish eggs.
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FIG. 3. The dosimetry model for a large insect or a mollusc.
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have been selected for consideration, and the models have been developed from simple
geometries based on ellipsoids and spheres [see Fig 1]. In the first instance, it may be
assumed that there is a uniform whole body (or whole organism) distribution of the
radionuclides. This assumption is reasonably valid for y-radiation dosimetry; it is likely to be
less so for (3- radiation but it depends on the size of the target (organ or tissue) and the relative
disposition of the (3-emitting radionuclides; and it is likely to be wrong for the very short
range a-particles where actual radiation exposure of the target depends upon very close
proximity, if not congruence, of source and target. Because the incident radiation fields have
characteristic path lengths in tissue ranging from meters for y-rays through centimetres for (3-
particles down to 0.1 mm for a-particles, the dosimetric models and the information on
radionuclide distributions are required on these scales if reasonably accurate estimates of dose
rate are to be made. It may also be assumed that there is a uniform distribution of the
radionuclides in the water and sediment.

More complex models can be developed as more data on radionuclide distributions
become available or, conversely, more data have to be obtained precisely because a more
complex model is required to adequately represent the real environmental situation; the
developing fish egg is a relevant example (see Fig 2 from[3]). In a recent NCRP report [4],
models were developed for large and small insects and larvae [Fig 3], turtles and alligators, in
addition to fish, molluscs and ducks.

The nature and energy of the incident radiation determines the processes by which
energy is transferred to tissue. The theoretical analysis of these processes is complex, in part
due to their stochastic nature, and the resulting mathematical descriptions are not easy to
apply in a dosimetric context. Simpler, empirical expressions have, therefore, been
developed which describe the dose distributions as a function of distance from point sources.
The dose rate, at a point, from an extended source is then obtained by integration of the point
source dose distribution function over the source geometry; and if the dose (rate) is estimated
at a number of points in the target, an estimate of the average dose (rate) to the tissue or organ
may be obtained.

The dose distribution functions developed for aquatic organisms [3] are:
for a-particles

a ( ^ y q
pr

where p is the is the tissue density (g cm"3);
r is the distance (|im); and
A and B are parameters dependent on the a-particle emission energy (see [3],
PP 44-8];

for p-particles

DP « = T A T {a[l-— exp ( 1 - ^ ) ] + pvr exp (1-pvr) } Gy h"1 Bq1

(p Vr) c c
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where [ 1 - - ^ exp(l-^)] =Oforallr>— ;
pv

4.6 x 10"8 n v

ac(3 — e) + e
( G y h - i B q - i ) ;

a, c and v are parameters dependent on the maximum energy of (3-particle emission;
p is tissue density (g cm"3);
r is distance (cm);

Ep is the mean energy of (3-particle emission (MeV); and

n^is the proportion of decays giving p-particles of mean energy Ep MeV; (see [3], pp
47-53); and

for y-radiation

D (r) = 4.6 x 10-s >—^- [1 - exp ( -^—) ] Gyh" Bq1

pr2 rc(0.3£y) ;

for small organisms where scattering and absorption may be neglected and where

yjp is the true mass energy absorption coefficient (cm2 g"1);
r is the distance (cm);
re is the (0.3 By) is the range of an electron with initial energy 0.3EY MeV (cm);
EY is the y-ray emission energy; and n7 is the proportion of decays which produce

y-rays with energy ET MeV (see [3], pp 54-5);

for larger organisms, where scattering and absorption must be considered:

Dy = 5.8 x 10'7 E7 nY $ Gy h"1 (Bq g1)"1

where
(f» = photon energy absorbed by target

photon energy emitted by source

and is called the absorbed fraction; values of <j) may be taken, by interpolation and
extrapolation, from published tables (see[3], pp 54-5 for details).

The geometries chosen to represent certain organisms are summarised in Table I [5],
and the corresponding y-ray absorbed fractions ($) and the (3-dose rates at the centre of the
organisms are shown in Figs 4 and 5.

The estimation of dose rates in a contaminated aquatic environment can be approached
in a number of ways:

hydrographic data can be used to estimate the concentrations in water from the
radionuclide release, and then concentration factors (CF) and distribution coefficients
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(KD) are applied to give the radionuclide concentrations in the biota and sediments
respectively. These are then the input data for the dosimetry models;

once a release of radionuclides to the environment has commenced, the measured
concentrations in water, organisms and sediment provide the input data for the
dosimetry models; and

it may be assumed that there is a maximum human radiation exposure of 1 mSv a"1

arising from reasonable use of the contaminated environment e.g. as a source of
drinking water, fish for consumption, or for leisure activities over contaminated
sediments. This implies certain limiting concentrations of the radionuclides in water,
fish and sediment that can be used in the dosimetry models to estimate the maximum
likely dose rates to organisms.

TABLE I. DOSE MODELS: ALL ORGANISMS ARE REPRESENTED BY ELONGATED,
FLATTENED ELLIPSOIDS

Organism Mass Length of major axes, cm

Fish 1 kg 45 x 8.7 x 4.9

3.1 x 1.6 x 0.8

2.5x1.2x0.6

0.6 x 0.3 x 0.2

Because the dose rate from contaminant radionuclides (and the natural background) is
likely to include contributions from both sparsely ionizing (low linear energy transfer (LET))
photo-electrons and P-particles and densely ionizing (high LET ) a-particles, the problem of
specifying the biologically effective dose (rate) arises. It must be remembered (see lecture
notes on radiation protection, chapter 16) that EQUIVALENT DOSE and EFFECTIVE
DOSE have only been defined for use in human radiation protection; it is incorrect, therefore,
to use these quantities (and the sievert unit) for environmental dosimetry. To take account of
radiation quality, that is, to take account of the increased biological damage produced by the
high LET a-radiation per unit absorbed dose (as compared with low LET radiation), two
approaches are possible. First, the absorbed doses from the low LET and high LET
components of the radiation field can be given separately. This has the advantages that each
component is readily identifiable and no decision is required concerning an appropriate value
for the quality factor to be applied to the high LET absorbed dose; it does, however, suffer
from the disadvantage that there is not a single value representing the total biologically
effective dose that can be used as a basis for an assessment of the impact on the environment
of the incremental radiation exposure from the contamination. The second approach
addresses this latter disadvantage by generating:

Weighted absorbed dose = Sj [Quality factor for radiation R; x
Absorbed dose from radiation R;]

Large Crustacean

Mollusc

Small Crustacean

2g

I g

16 mg
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FIG. 6. Dose rates from the natural background to fish in different marine environments.

As will have become clear from the discussion above, only two radiation types require
consideration: the low LET electrons and p-particles and the high LET oc-particles. In the
former case, the appropriate quality factor (QF) is unity; in the latter case, the appropriate QF
value is 5 for the deterministic effects that are of importance (see below). The unit of the
weighted absorbed dose remains the gray (Gy).

Fig 6 indicates the weighted absorbed dose rates estimated for fish occupying different
niches in the sea, and Table It gives the estimated weighted absorbed dose rates experienced
by the plaice (Pleuronectes platessa), a bottom-living flatfish, from radionuclides discharged
from Sellafield. Fig 7 shows the variation in the dose rate from the contaminated sediment,
the major source of enhanced exposure for the plaice, and the approximate extent of the area
where the additional exposure was greater than background. This was a situation in which
confirmation of the dose estimates was considered possible with in situ measurements. A
combined fish tag-LiF dosimeter was developed and attached to 3580 plaice which were
released in the vicinity of the Sellafield effluent outfall. A total of 1053 marked fish were
recaptured by normal commercial fishing operations throughout the Irish Sea over a period of
2.5 years. The dosimeters were returned to the laboratory and 92% yielded useful
information. The distribution of measured dose rates is shown in Fig 8, and it can be seen
that the results provide general confirmation of the original dose rate estimates [6]. Table III
shows the estimated dose rates to the developing plaice embryo from contaminant
radionuclides both accumulated by the developing egg and in the surrounding water [7].
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FIG. 7. Estimated dose rate on the seabed from Sellafield radionuclides accumulated by the
sediment.
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The significance of small dose rates to small organisms must be assessed carefully and
the case of Pu-239 accumulation by plaice eggs may be considered as an example:

Pu-239 concentration in water
Pu-239 concentration factor for plaice eggs
/. Pu-239 concentration on plaice eggs

= 0.04 Bq I"1

= 2 lkg 1

= 0.08 Bq kg"1

This contamination is estimated to result in an absorbed dose rate to the developing plaice
embryo of 0.001 |xGy h'1, or a total of 0.4 u,Gy over the 17 day development period.

It should be noted, however, that a single egg weighs 0.004 g;

.". Pu-239 per egg - 7 •

= 3.2xl0"'Bq

i.e. there is 1 disintegration on a plaice egg every 3.1 x 106 seconds, or 36 days.
Because egg development takes 17 days, some eggs will experience the passage of one cc-
particle, but a majority will experience none; this shows that the estimate of the average dose
rate is meaningless. In practice, Poisson statistics apply and the number of decays per egg is
given by the terms of the series:

exp (-0.5)( 1 + O5 + O5J: + 05^ + )
1! 2 ! 3 !

Thus, 76% of the eggs experience the passage of no cc-particles, 19% experience 1, and 4%
experience 2 passages.
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TABLE II. EXPOSURE OF PLAICE IN THE NE IRISH SEA.

Source of Radiation

Internal radionuclides

Radionuclides i

Radionuclides
only)

Total

TABLE III.

Nuclide

1 4 4Ce-1 4 4Pr

137Cs

106Ru - I06Rh

90Sr_90Y

95Zr-95Nb
Total

4 0 K

n seawater

in sediment (y-rays

Dose Rate, u.Gy h'1

0.094-0.10

0.0005 - 0.013

0.37-33.1

0.47 - 33.2

ESTIMATES OF THE DOSE RATES TO DEVELOPING PLAICE
EMBRYOS IN THE NE IRISH SEA, U-Gy h1 (xlO5)

Activity on and
in the egg

7

2

5

4

5

400

Activity in
the water

11

16

10

11

16

300

Totals

18

18

15

15

21
87

700

TABLE IV. RADIATION EXPOSURE OF BLACK-HEADED GULLS IN THE
RAVENGLASS ESTUARY

Target

Whole Body

Gut

Eggs

absorbed dose rate,
uGy h'1

Low LET High LET

0.8 0.007

Major source

1.2

0.4

0.6

External y-rays, 85%

a-emitters in food,
75%

External y-rays, 99%

The natural background from external sources is approximately 0.1 u.Gy h" .

A final example of environmental dose estimates is given in Table IV for black-headed
gulls inhabiting the estuary of the River Esk to the south of the Sellafield reprocessing plant
[8].
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15.3. Radiation effects

Early studies of the effects of irradiation on aquatic organisms generally employed
acute exposures i.e. high doses delivered in short times that produced clear-cut, short-term
effects, usually mortality. The standard measure of radiosensitivity was the estimated LD50/30
or the dose which would kill 50% of the organisms exposed within 30 days. A summary of
selected results is given in Table V and two conclusions may be drawn:

the LD50/30 for aquatic organisms is generally higher than that observed for mammals;
and

there are more radiosensitive endpoints than mortality of mature adults.

The first conclusion is, in fact, flawed because the LD50/30 values do not represent
equivalent endpoints for mammals and aquatic organisms. For mammals, the 30 day
observation period encompasses essentially all of the short-term mortality induced by a
moderate, acute radiation exposure; for poikilothermic aquatic animals, with generally lower
metabolic rates, there is continuing mortality beyond 30 days and the median lethal dose
declines with increasing observation time as shown for molluscs and fish in Figs 9 and 10.
For aquatic organisms, the appropriate observation period would be 60-90 days to provide
(lower) median lethal dose values that would be more comparable with the data for mammals.
This observation reduces, but does not eliminate, the apparent differential radiosensitivity (in
terms of acute mortality) between mammals and aquatic organisms. The second conclusion is
more robust, and indicates that there are biological processes that are more radiosensitive and,
therefore, more significant for the assessment of the potential impact of radiation on the
environment.

TABLE V. SENSITIVITY OF MARINE ANIMALS TO ACUTE IRRADIATION

Organism LD50/30, Gy

Molluscs 370-1100

Crustaceans 15-510

But: Production of Young 6
Amphipods reduced by 50%

Fish 11-56

But: Developing Plaice Eggs at 1
Blastoderm Stage
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FIG. 9. Median lethal acute dose for molluscs. Adapted from J C White and J WAngelovich,
Chesapeake Science, 7(1) (1966) 36-39.
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The radiation exposures arising from a controlled, point-source release of waste
radionuclides to the environment will, in general:

be chronic, low dose rate;
vary widely in space and time;
and therefore,
vary widely within populations of both mobile and sedentary organisms.

In these circumstances, the possibility of acute responses, including short-term mortality, can
be discounted and more relevant endpoints are needed both as a basis for assessing potential
effects and for the development of criteria to ensure protection of the environment.

In general, and in contrast with the practice in human radiological protection, it is not
the individual organism that is the object of concern, but the population (appropriately
defined); exceptions may be the individuals of rare, or otherwise endangered species. A
relevant definition of the population depends on the problem under consideration and will be
determined, in part, by the scale of interest in both space and time. A potentially useful
definition is as follows:

"A population is a biological unit for study, with a number of varying statistics -
number, density, birth and death rates, sex ratio, age distribution etc. - which derives a
biological meaning from the fact that some direct or indirect interactions among its
members are more important than those between its members and the members of
other populations {of the same organism)." [9].

More succinctly, a population is a self-sustaining, and relatively self-contained, unit of a
particular species. In a pond, the population is likely to include all members of a given
species; in streams and rivers, the population might include all members of the species
upstream and down-stream of a discharge point, but not necessarily those in down-stream
tributaries. The objective of protecting a population would be achieved if its ability to
maintain itself, within the normal range of natural variability, in terms of:

numbers, sex ratio, reproductive rate, death rate, age distribution etc.,

is not impaired. All of these attributes can only be defined at the population level but they
are, nevertheless, integrated outcomes (but not the simple linear sum) of processes operating
at the individual level,

i.e. morbidity, mortality, fertility, fecundity, mutation rate etc.

As noted above, the processes of gametogenesis (fertility) and embryonic development
(fecundity) are more radiosensitive than those leading to individual mortality. It is reasonable
to conclude that there can be no effects at the population level (or at the higher community
and ecosystem levels) if there are no clear radiation effects in these processes in individual
organisms. These conclusions effectively define both the relevant targets for radiation
dosimetry i.e. the whole body, the gonads and the developing embryo (see dosimetry section
above) and the processes for which dose rate-response data are required for the assessment of
potential impact. It is also important to recognize that the radiation effects in these processes
are, with the exception of mutation induction, deterministic in nature.
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TABLE VI. EFFECTS OF CHRONIC IRRADIATION ON THE EMBRYOS AND
OFFSPRING OF THE GUPPY

Dose rate, Mean Brood Life-Time
mGy h'1 Size Fecundity

Number of Neonatal
Live Young Deaths

Survival

Controls
1.7
4.0
12.6

17.5
13.1
13.6
2.3

380
220
200
4

4066
1742
1661
21

15
18
2
0

90
93
90
100

TABLE VII. EFFECTS OF CHRONIC IRRADIATION ON TESTES WEIGHT OF
Ameca Splendens

Dose Rate, mGy h~ Day 180 Day 280

Control
1.1
2.0
4.7

0.017
0.012
0.007
0.004

0.015
0.012
0.008
0.002

TABLE VIII. SUMMARY OF LABORATORY EXPERIMENTS ON THE
EFFECTS OF CHRONIC IRRADIATION ON FISH

Fish Species Dose Rate, mGy h Total Dose, Gy Response

Guppy

Ameca Splendens

1.7

7.3

7.3

1.1

0.5

35

35

16

4.8

6.3

45% Fewer young

Adult mortality; few
and sterile young

Adult sterility

Reduced testes
weight

Chromosome damage

From the numerous studies of the effects of radiation on aquatic organisms, it may be
concluded that fish are, in general, the most radiosensitive group of the fully aquatic species;
the data also show that gametogenesis and embryonic development are the most
radiosensitive processes; for these processes there is also greater over-lap in the range of
radiosensitivities in different phyla. Fig 11 shows the effects of chronic low-level irradiation
over almost the whole of their life on the reproductive performance of the small viviparous
tropical fish, Poecilia reticulata (the guppy), and the overall response is summarised in Table
VI [10]. The effects of chronic irradiation on spermatogenesis in Ameca splendens (another
viviparous, tropical species) is shown in Fig 12, and the data in Table VII show that the
change in testes weight is a reasonably reliable indicator of radiation response at lower dose
rates [11]. Recent studies [12] have shown that chronic irradiation produces a similar
response in the testes of the plaice (a species with an annual gametogenic cycle as compared
with continuous sperm production in the small tropical species). The results of these
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laboratory studies are summarised in Table VIE, and the environmental situation is indicated
in Table IX.

TABLE IX. SUMMARY OF THE ENVIRONMENTAL SITUATION

Developing
Eggs

Adult Plaice

Dose Rate, mGy h'1

Plaice
Background:
3 x 10"5

Contamination:
9 x 107

Background:
1 x 10"4

Contamination:
Maximum
3 x 10"2

Average
2 x 10"3

Total Dose, Gy

In 17 days of egg
development:
10"5

4 x 10"7

Lifetime (5 years):
4 x 10"3

1.3

9 x 10"2

Response

No effect

No effects at the
population level

Because gametogenesis and embryonic development are of particular importance for the
maintenance of the population, protection would be achieved if the most exposed individuals
in the population received incremental chronic radiation exposures from the consequences of
human activities ( eg radioactive waste disposal) at dose rates less than those at which minor
effects would be expected in these processes, i.e. the great majority of the population would
experience dose rates at which there would be no detectable effects. A number of wide-
ranging reviews of the available information on the effects of irradiation on aquatic organisms
[4,13-18] all support the conclusion that at a dose rate of less than 0.4 mGy h"1 to the most
highly exposed individuals in populations of aquatic organisms (and, therefore, a lower
average dose rate to the population, see results in Section 15.2 above) there would be only
very minor effects on gametogenesis and embryonic development and these would not be
apparent in the contaminated aquatic environment as a response at the population level.

15.4 Conclusions

In all the cases that have been studied, the implementation of controls on waste
discharges to limit the radiation exposure of human population groups has also limited the
consequent incremental radiation dose rate to the most highly exposed wild aquatic organisms
to values less than 0.4 mGy h"1. It appears, therefore, that the ICRP position is likely to be
correct; but it is not, however, an acceptable a priori assumption. An assessment of the
potential impact of the radioactive waste discharge on populations of aquatic organisms
should be an integral part of the pre-operational investigation of the total environmental
impact of the practice.
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Chapter 16 XA0101476

RADIATION PROTECTION: PHILOSOPHY,
RECOMMENDATIONS AND PRACTICE*

D.S. WOODHEAD**
Fisheries Laboratory,
Lowestoft, Suffolk, United Kingdom

Abstract

The philosophy developed by the International Commission on Radiological Protection
for the control of human radiation exposure will be described. The application of the ICRP
recommendations to the authorization and control of the disposal of radioactive wastes to the
sea will be discussed in the context of the practice in the United Kingdom.

16.1. Introduction

Ionizing radiation, in the form of cosmic rays, and a-, (3- and y-rays from cosmogenic
and primordial radionuclides, have been an environmental factor on the earth since its
formation. Because there is a lack of any significant interactive response from the five
human senses, ionizing radiations were not, however, recognised until the development of
appropriate detection instruments and media in the latter part of the 19th century. This
resulted in the discovery of X-rays by Rontgen (1895) and the natural radioactivity of
uranium minerals by Bequerel (1896). There followed a rapid development in the application
of X-rays for medical diagnosis and, somewhat later, the use of y-rays from Ra-226 and its
decay products for therapy. In the course of these developments the hazardous side-effects of
radiation exposure became apparent, leading to the establishment in 1928 of the International
X-ray and Radium Protection Committee. With the subsequent discovery of nuclear fission
and the expansion of the applications of radiation and radionuclides outside the medical field,
the Committee was reorganized as the International Commission on Radiological Protection
(ICRP) in 1950.

The ICRP operates in an independent, advisory capacity and produces considered
recommendations that are intended to permit an acceptable balance between the conduct of
activities that might result in exposure to ionizing radiations, and the protection of both
employees and the general public.

In the early days when most exposure was of occupational origin, it was generally
considered that protection objectives had been adequately met if radiation exposures were
kept below recommended limits the main purpose of which was to prevent the occurrence of
directly observable, non-malignant effects. Over recent decades, as radiation applications
have expanded and nuclear energy sources for electricity generation have been developed,
there has been a significant shift in emphasis to a more detailed system of radiological control
in which the recommended dose limits are the last in a series of defences intended mainly to
restrict the incidence of both cancer and hereditary effects that might be induced by increased
exposure to radiation.

*© British Crown copyright 1997.
"Present address: CEFAS Lowestoft Laboratory, Pakefield Rd., Lowestoft, Suffolk NR33 OHT, United
Kingdom.
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16.2. The development of the ICRP philosophy

16.2.1. Interactions of radiation with tissue

The basic interaction of radiation with tissue (or any other medium) is the production
of ionization - that is, the separation of orbital electrons from atoms and molecules to form a
variety of positive and negative ions. These ions are very unstable and in the cellular
environment rapidly become involved in a variety of complex physicochemical reactions,
some of which result in damage to biologically-important molecules (e.g. DNA, enzymes,
components of intracellular membranes etc). Depending on the degree to which such damage
may be correctly repaired the radiation exposure may either:

kill cells or so damage them that they are prevented from undergoing the next
cycle, or at most, a few further cycles of cell division; or
result in viable but modified cells.

For the first case, most tissues and organs can survive the loss of many cells without
any significant loss of function, and, therefore, with no obvious harm. Above some threshold
of radiation exposure, however, sufficient cells will be lost or terminally damaged for harm to
become apparent, and with increasing dose the probability of its appearance rapidly rises to
unity and the severity of harm increases. Although damage to, and death of, individual cells
is random, the requirement for a large number of cells to be lost before harm becomes
apparent means that the response is of a DETERMINISTIC nature and the dose-response
relationship is sigmoid (see schematic example in Fig 1.). Some examples of deterministic
responses are radiation burns (skin erythema), opacification of the lens of the eye and
temporary or permanent loss of fertility. Responses with a (relatively high) threshold for
apparent damage, principally skin erythema, formed the basis of the early recommendations
for dose limits.

For the second case, the modified, but viable, irradiated cell might become the parent
of a clone of somatic cells which, after a variable latent period, could become malignant.
Where such a modified viable cell is produced in gametogenic tissue (spermatogonia or
oogonia) the damage may be expressed in subsequent offspring, that is, it is HEREDITARY.
The severity of either outcome, that is, cancer or congenital disease, is not dependent on the
dose. Because such outcomes arise from a single, randomly modified cell, and because the
probability of production of such cells increases with dose without any apparent threshold,
this kind of response is termed STOCHASTIC and the incidence is approximately
proportional to (accumulated) dose at low doses (see schematic example of a dose-response
relationship in Fig 2.). In principal, it is clear that any dose, however small, entails some
(very small) degree of risk and it is for this reason that the recommended dose limits have
become the last line of defence in a more sophisticated protection system in recent decades.

16.2.2. Dosimetric quantities

The ICRP carries out a continuing review of the available information on the
biological effects of radiation in man, the physiological and metabolic behaviour of
radionuclides taken into the body by inhalation and ingestion, and models for determining the
radiation dose to organs and tissues from incorporated radionuclides. This work is
consolidated into comprehensive recommendations for the practice of radiological protection
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both in the work place and for the wider general community. The greater part of the
assessment of human radiation exposures following environmental contamination from either
authorised radioactive waste disposal or accidental radionuclide releases has been based on
the recommendations contained in ICRP Publications 26 and 30 [1-6]. The available
information relating to the Sellafield discharges to the northeast Irish Sea and the dumping of
packaged low-level solid radioactive waste into the deep Atlantic Ocean falls largely (but not
entirely) into this category.

The ICRP have, however, recently published a new set of comprehensive
recommendations (ICRP Publication 60) [7] that have led to changes in both the dosimetric
terminology and the assessment of the biologically effective radiation dose i.e. the quantity
which correlates with the probability of occurrence of stochastic radiation effects. As yet, all
the detailed data necessary for the practical application of these new recommendations
(particularly the dose per unit intake factors (dose coefficients)) have not been published by
the ICRP (due as ICRP Publication 67 in late 1994). Interim advice on dose coefficients,
based on ICRP 60, has been provided in the UK by the National Radiological Protection
Board [8] and has been applied in parallel with the ICRP 30 data [9-11].

Before discussing the recommended limits on radiation exposure, it is necessary to
consider the dosimetric quantities that are employed in radiation protection. Although the
basic process of ionization is discontinuous and randomly distributed in the exposed tissue, it
is found empirically that the total energy deposited by the radiation in producing ionization
correlates reasonably well with the biological response when due account is taken of such
factors as radiation type and dose rate.

The fundamental measure of radiation exposure is:

ABSORBED DOSE, DT = Energy absorbed in tissue ,
Mass of tissue

the unit (SI) is the joule per kilogram and it has been given the special name gray (Gy).

Although the formal mathematical definition of absorbed dose allows it to be specified at a
point, it is usual, in practice, to use the average value for the whole tissue or organ.

The magnitude of the biological response is found to depend not only on the absorbed
dose, but also on the nature and energy of the radiation concerned (the radiation quality). In
radiobiological studies the differential response produced by two radiations of different
quality (R, and R2) is compared by means of the quantity RELATIVE BIOLOGICAL
EFFECTIVENESS (RBE) defined as:

the inverse ratio of the absorbed doses of the respective radiations required to produce
identical biological effects; that is:

RBE (R, compared with R2) = D£R2)
D(R.)

For the purposes of radiological protection it is the probability of a stochastic response
(principally tumour induction) that is of importance, and the influence of radiation quality has
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TABLE I. RADIATION WEIGHTING FACTORS

Radiation Type
X-ray and y-ray photons all
energies
Recoil electrons and
P-particles, all energies
a-particles

WR

1

1
20

been taken into account through the introduction of an additional dosimetric quantity, the
EQUIVALENT DOSE, H,, that correlates better with this biological response.

The equivalent dose is defined as:

Hx = I w R . D T ,

where DTR is the absorbed dose averaged over the tissue or organ T due to radiation
type R;

wR is the radiation weighting factor appropriate to the type and energy of the
radiation incident on the tissue; and
the summation is over all radiation types.

The recommended values of wR are given in Table I. HT is strictly a dose and the unit (SI)
remains the joule per kilogram but it is given the special name sievert (Sv). The equivalent
doses from different radiations which may be incident on the tissue from external sources
(e.g. y-rays) or emitted by radionuclides incorporated in the tissue (e.g. a- or p-particles) may
then be simply summed. The recommended values of wR relate to tumour induction
(stochastic) in humans; for deterministic effects lower values of wR would be more
appropriate.

16.2.3. The influence of differential tissue response

The sensitivity of different tissues to the induction of tumours following a given
equivalent dose is also found to be variable. To provide a uniform basis for assessing the
probability of stochastic effects either from a combination of different equivalent doses to
different organs or from uniform whole body irradiation, TISSUE WEIGHTING FACTORS,
wT, have been introduced which represent the proportion of the stochastic risk resulting from
the irradiation of tissue T when the whole body is uniformly exposed. The tissue weighted
equivalent dose is called the EFFECTIVE DOSE, E, and is defined as:

E = 2 wT . H,

where wT is the weighting factor for tissue T;
HT is the equivalent dose in tissue or organ T: and
the summation is over all tissues.

The unit (SI) is the joule per kilogram and it also retains the special name sievert (Sv).
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TABLE H.

Tissue or organ
Gonads
Red bone marrow
Colon
Lung
Stomach
Bladder
Breast
Liver
Oesophagus
Thyroid
Skin
Bone Surface
Remainder

TISSUE WEIGHTING FACTORS

wT

0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.05

]
|
|
1 Sum
I for
1 the
r" whole

1 body
1 equals
1 1.00
|
|

J

Because the values of wR (radiation weighting factor) have been specifically defined
independently of organ or tissue, and because the wT have been specifically defined to be
independent of radiation quality, the effective dose is also given by:

E = S w T . I w R . D T R

where the summation is over all tissues and all radiation types, respectively.

The values of the tissue weighting factors are given in Table II [7]. It can be seen that
not all tissues or organs are specifically considered; there is a "remainder" tissue for which
wT = 0.05. For the purposes of calculation in a practical application, the "remainder" tissue
consists of: adrenals, brain, upper large intestine, small intestine, kidney, muscle, pancreas,
spleen, thymus and uterus. In the exceptional case that a single one of the remainder tissues or
organs receives an equivalent dose greater than that for any of the tissues for which wT has
been specified, a weighting factor of 0.025 should be applied to that tissue or organ and a
weighting factor of 0.025 to the average equivalent dose to the rest of the remainder as
defined above. It is also apparent that the normalisation of the total wT to unity permits the
simple addition of the effective doses estimated for any combination of radiation exposures to
internal sources in tissues and organs and exposures to either uniform or non-uniform
external radiation fields. This, then, provides a single value of effective dose for the
assessment of the total probability of a stochastic effect in an exposed person and, more
importantly, for comparison with recommended dose limits which are, therefore, effectively
limits on the risk of harm.

16.2.4. Subsidiary dosimetric quantities

If a radionuclide is ingested as contaminated food or water or inhaled as an aerosol it
may be accumulated in the body, often in a specific tissue or organ, e.g. iodine in the thyroid,
strontium in bone etc, and continue to expose the tissue for a period of time. The
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COMMITTED EQUIVALENT DOSE is the time integral of the equivalent dose rate to the
tissue following the intake of the radionuclide(s), that is:

KL(t) = ItH.dt

where t is the integration time in years following the intake. If t is not specified, it is taken to
be 50 years for an adult and the time from intake to 70 years of age for children.

The COMMITTED EFFECTIVE DOSE, E(t) can be defined in an exactly similar
manner.

For a single intake, the equivalent dose rate generally declines with time at a rate
which depends on the combination of the radioactive half-life and the loss rate of the
radionuclide from the tissue. If the intake continues at a constant rate per year it is simple to
demonstrate that the eventual equilibrium dose in one year is equal to the committed effective
dose for one year's intake [Fig 3].

The ICRP provides compilations of dose coefficients (Sv Bq~l) which permit the
estimation of the committed effective dose with due allowance for radioactive half-life and
metabolic processes.

All the above dosimetric quantities relate to the exposure of individuals. Additional
quantities are required to describe the exposure of groups or populations by taking account of
the number of people exposed to a particular source. The sum of the individual equivalent
doses (or effective doses) across a group gives the COLLECTIVE EQUIVALENT DOSE, ST,
relating to a specific tissue, or the COLLECTIVE EFFECTIVE DOSE, S; both in units of
man-sievert.

16.2.5. The ICRP system of radiological protection

The objective of radiation protection is not to prevent absolutely all exposure to
radiation, rather, it is to permit activities which entail radiation exposure while reducing the
consequent risks to an acceptable level. The system developed (and still being evolved) by
the ICRP has the following three main principles:

(a) JUSTIFICATION OF PRACTICE
No practice shall be adopted unless its introduction
produces a positive net benefit.

This means that the activity which entails radiation exposure must produce sufficient
tangible benefit to the workers and/or society in general to offset the total harm which would
be experienced. The total harm is encapsulated in the concept of DETRIMENT and includes
the probability of fatal cancer, the probability of non-fatal cancer weighted for the severity of
the illness and distress caused, and hereditary effects over all subsequent generations again
weighted for severity. It is implicit within the concept of detriment that it can be extended to
include harm which is not related to health e.g. the necessity to restrict access to particular
areas, or limit the use of food products normally harvested from wild populations in the
natural environment.
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(b) OPTIMIZATION OF PROTECTION
All exposures shall be kept as low as reasonably achievable
(ALARA), economic and social factors being taken into account.

The individual doses and the number of people exposed should be reduced as far as
reasonably possible. Given that the benefits of an activity might not necessarily be received
by those experiencing the radiation exposure - particularly in the case of exposure received
from an environment contaminated by waste disposal - it may be considered advisable to
apply a source-related DOSE CONSTRAINT (within the overall dose limits) on the dose to
reduce the extent of the inequity. (The dose constraint is not to be confused with any
prescriptive dose limit that might be imposed, by the regulatory authorities, on the exposure
resulting from the source.) Optimization of protection is achieved by minimizing the
aggregated cost of radiation protection and the residual detriment [see Fig 4]. At low levels
of resource commitment to radiation protection (e.g. minimal treatment of a radioactive waste
stream discharged to the environment) the total detriment experienced by the exposed
population would be relatively high and, assuming that an economic value can be assigned to
the detriment, the cost would be high. As increasing resources are devoted to protection
(effectively reducing the consequent collective effective dose, S) the detriment is reduced.
Eventually, however, this process becomes less effective and higher expenditure achieves
very little additional reduction in exposure. At some intermediate value of collective dose the
aggregate costs of protection and detriment are at a minimum and it is at this point that
protection is said to be optimized.

(c) INDIVIDUAL DOSE LIMITS
The effective dose to individuals shall not exceed
the limits recommended by the Commission

These are aimed at ensuring that no individual is exposed to radiation risks that might
be judged to be unacceptable from any combination of controllable sources in normal
circumstances. They represent the last line of defence in the system of radiation protection
and compliance with dose limits alone does not represent a sufficient degree of control of the
radiation exposure.

16.2.6. Dose limits

The choice of a DOSE LIMIT - in practice, a limit on the sum of the separate effective
doses which may be experienced by members of a given population from a number of sources
that are under regulatory control - is not a simple procedure. For the general public, the ICRP
[7] have employed two approaches:

1. The consequences of continued additional exposure at annual effective doses
in the range l-5mSv have been assessed in terms of a number of quantifiable
attributes which are indicative of detriment, i.e:

- the lifetime attributable probability of death (i.e. from radiation-induced
cancer);
- the time lost if the attributable death occurs;
- the reduction in life expectancy;
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- the annual (time-dependent) distribution of the attributable probability of
death; and
- the increase in the age specific mortality rate (i.e. the increase in the
probability of dying in a year at any age, conditional upon reaching that age).

All these factors relate to mortality. In addition, the Commission allowed for
the morbidity, weighted for severity, associated with non-fatal cancer and hereditary
disorders in estimating the aggregate detriment. The Commission concluded that the
marginal changes in the attributes and, hence, the increase in aggregate detriment
incurred by lifetime exposure at lmSv a~l might be just tolerable.

2. The alternative approach was to consider the magnitude of the natural
background. Excluding the very variable contribution due to radon exposure in
homes, the background dose varies from about lmSv a~l to greater than 2mSv a~l
depending on altitude (increased cosmic radiation) and the local geological
environment (increased exposure to terrestrial gamma-radiation). Although the natural
background radiation exposure may not be harmless, the spatial variation can hardly
be said to be unacceptable and the Commission again concluded that an additional
lifetime exposure at an effective dose rate of lmSv a~l might be just tolerable.

On the basis of these considerations the Commission recommended that the effective
dose limit for a member of the general public for all sources of radiation exposure which are
subject to institutional control (i.e. excluding the natural background and exposure in the
course of medical attention) should be lmSv a~l [7]. The requirement that all doses should be
as low as reasonably achievable and the empirical observation that in an exposed population
the distribution of doses is negatively skewed should mean that the dose limit is rarely
approached. It is accepted, however, that variations in the environmental pathways leading to
human exposure and in the effectiveness of control measures at the source may result in
transient increases in exposure above the limit. In these special circumstances, a higher value
of effective dose could be allowed in a single year provided that the average over an inclusive
period of five consecutive years does not exceed the lmSv a'l limit.

To ensure that no particular tissue or organ receives a dose which could lead
eventually to the appearance of deterministic effects an over-riding annual equivalent dose
limit of 50mSv is recommended. Application of the tissue weighting factors (w ) and the
lmSv a"1 on committed effective dose would generally prevent deterministic effects in the
majority of tissues, but additional annual limits of 15mSv for the lens of the eye and 50mSv
for the skin (average over lcm2 regardless of the area exposed) are recommended [7].

16.3. Practical application of the protection system

16.3.1. Introduction

Human activities may expose members of the general public to a variety of sources of
radiation additional to the (unmodified) natural background (assumed to be unavoidable,
although remedial action is being taken, where it can be justified, on radon exposure in
homes) and exposures during medical treatment (assumed, by definition, to have a large net
benefit to the patient). In practice, the most likely additional sources derive from the disposal
of radioactive wastes to the environment. Because of its large volume and the natural
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processes of dispersion and dilution the world ocean has long been considered a convenient
repository for wastes and in recent decades these have included packaged solid low-level
radioactive wastes dumped into the deep (and not so deep) sea and discharges of low-level
liquid effluents into coastal waters.

To apply the system of radiological protection developed by the ICRP it is necessary
to make pre-operational assessments of the potential individual, and collective, effective
doses arising in the human population as a consequence of the waste disposal practice.

An assessment of the individual dose is required to ensure that no person is exposed
above the appropriate dose limit. It must, therefore, take account of all other pre-existing
exposures from human activities as well as the particular practice under consideration and it
is the sum total of exposures which must be constrained within the appropriate dose limit.
Thus, if the total dose from pre-existing sources amounts to 80% of the relevant limit, it is
clear that only 20% is available for allocation to the specific practice being considered
(assuming, unreasonably, that there will be no additional interacting sources of exposure in
the future).

The assessment of the collective effective dose is used to evaluate the justification of
the practice and perform the optimisation of the radiation protection controls to be applied; it
is clear that this process is independent of sources of exposure arising from other activities.

In the particular case of liquid radioactive waste disposal into coastal waters the
exposure of individuals depends on a very large number of factors. These may be grouped
into:

(a) the behaviour of the radionuclides in the marine environment;
(b) the behaviour of the individuals and their use of the environment, and
(c) the biological characteristics of the individuals.

It is clearly not possible to evaluate all these variables for all the people potentially at
risk from exposure. It is usually possible, however, to carry out a qualitative assessment
which will allow identification of one or more sub-groups of the population whose broadly
similar characteristics would combine to cause them to experience the highest radiation
exposure. The exposure of these sub-groups, identified as CRITICAL GROUPS, can then be
used as an indication of the probable upper limit of the doses likely to be experienced from
the proposed practice. Where the practice is expected to continue for a number of years, the
potential annual exposure may also increase with time (depending on the environmental
behaviour of the radionuclides and their half-lives) and it is the maximum dose which must
be compared with the relevant dose limit.

The great complexity involved in assessing the collective effective dose over a whole
population (factors (a)-(c) above) means that generalisations, simplifications and
approximations are inevitable. This is particularly true when individuals in a large population
(millions of persons) may each receive very low doses. These uncertainties must be
acknowledged when the data are used for the purpose of justification and optimization.
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It is important to note that earlier assessments of disposal practices cannot be judged
against current recommendations, in part because past experience has been the basis of
current and continuing development.

16.3.2. Practical application in the United Kingdom

In the UK, the general philosophy and objectives of the system of regulation are set
out in the Radioactive Substances Act (1993).

AUTHORISATION
No disposal of radioactive waste may be made without a formal authorization, issued
by a government department (the Department of the Environment [with the
endorsement of the Ministry of Agriculture, Fisheries and Food]), which requires
consideration of:

- the ICRP criteria, i.e.:

JUSTIFICATION in terms of the total practice including the benefits of the
processes generating the waste;
OPTIMIZATION with recognition of the requirement that exposures be as
low as reasonably achievable through the application of BEST
PRACTICABLE MEANS for waste reduction; and
the application of the relevant DOSE LIMITS.

- in the case of disposals to the environment that might have transboundary
implications, the opinion of the Commission of the European Union (ARTICLE
37).

For disposals to the aquatic environment, the terms of the authorization set out:

- the controls to be applied to reduce the quantities of radionuclides to be
discharged: this amounts to an identification of "best practicable means";

- numerical limits on the quantities of different radionuclides that may be
discharged; and

a requirement for specified monitoring of both the effluent and the receiving
environment to demonstrate compliance with the numerical discharge limits and
the relevant dose limits respectively.

Conformity with the terms of the authorization is overseen by:

independent INSPECTION of the management of all aspects of the nuclear site,
but with particular reference to the waste management function;

- check analyses of effluent samples; and

- independent ENVIRONMENTAL MONITORING AND ASSESSMENT of the
consequent exposure of both the critical group(s), for compliance with the
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prescribed dose limits, and the population (collective dose), for confirmation that
optimization of radiation protection has been achieved.

All of these activities are supported by a continuing programme of RESEARCH to
ensure that authorizations of radioactive waste disposal are based upon the best possible
scientific understanding of the behaviour of radionuclides in the environment both in the
short-term and, for the long-lived isotopes, the long term.

In the UK there is a number of sites on the coast that are authorized to discharge low-
level, liquid radioactive wastes into the sea. These include:

the Sellafield nuclear fuel reprocessing plant;
- the nuclear fuel fabrication plant at Springfields;
- the power stations operated by Nuclear Electric pic and Scottish Nuclear Ltd;

bases for nuclear powered submarines; and
the sites operated by Amersham International for the production of
radiopharmaceuticals, radioisotope sources, radiochemicals for research etc.
[Figure 5].

Of these sites, the Sellafield fuel reprocessing plant is the most significant in terms of
the period of operation (1952-1996) and the range and quantities of radionuclides discharged.
It provides, therefore, a very informative case study of the application of the radiological
control system and this will be discussed in detail; results for other sites are included in the
annual monitoring report [10-11].

16.3.3. Pre-operational assessment

To provide the basis for setting an authorization and carrying out the process of
optimization of radiation protection, it is necessary to develop a model of the pathways
connecting the radionuclides in the discharge with the time, place and extent of human
exposure. The concept is outlined schematically in Fig 6. The site operator and the regulatory
authorities are aware of the mixture of radionuclides that are likely to be present in the waste
effluent and the consequences of a unit discharge ( lTBqd ' l ) are assessed for each
radionuclide to give an estimate of the dose rates to the critical group and the population.
Provided that the dose rate to the critical group from the proposed discharge is less than the
appropriate dose limit, these data give the basis for optimization, that is, the minimization of
the aggregated costs of protection (effluent treatment) and the detriment arising from the
incremental radiation exposure. It should be noted that treatment of the effluent to reduce
radionuclide concentrations in the environment may result in higher exposures to the
workforce in the plant and these latter exposures must also be included in the optimization
process.

The characteristics of the effluent - its acidity or alkalinity (pH), ionic strength, the
content of non-radioactive elements (e.g. iron), the presence of organic solvents and the
chemical speciation of the radionuclides - are all relevant factors influencing the initial
behaviour of the radionuclides when they are mixed with coastal seawater. In addition, the
nature of the receiving environment in the immediate vicinity of the discharge point - the
salinity, the tidal strength and suspended sediment load - also markedly influences the initial
behaviour of the nuclides. Information on these factors allows the estimation of the steady -
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state water concentration in the local environment. This, together with data on the uptake of
the nuclides by sediment (particularly the very fine material less than 62.5 um in diameter)
expressed as:

DISTRIBUTION COEFFICIENT

ir — nuclide concentration, Bqkg"1 dry sediment
X D - :

nuclide concentration, Bq 1 of seawater

and their accumulation by marine organisms expressed as:
CONCENTRATION FACTOR

_ nuclide concentration, Bq kg fresh tissue
(~t" — j

nuclide concentration, Bq 1 of seawater

allows the estimation of the equilibrium concentrations in the different environmental
compartments.Care must be taken to ensure that any factors likely to result in higher
concentrations far from the discharge point, e.g. strong currents, the presence of fine mud in a
distant estuary, a distant population of a particular marine species having a large CF for a
specific radionuclide etc, are included in the assessment.

The next step is to determine the pathways by which contaminated material in, or
from, the marine environment can result in human exposure. For a given individual, this can
take either, or both, of two forms:

external exposure from contaminated water (swimming), sediments (working or
walking on beaches), fishing gear etc; and

internal exposure following the consumption of seafoods, inhalation of seaspray or
fine beach dust etc.

This is essentially a matter of determining the use that is made of the contaminated
environment, that is, the working, leisure and eating habits of the potentially exposed
population, from which it is possible to identify the critical group(s). The actual radiation
exposures are estimated from the time spent on the contaminated foreshore or handling
fishing gear, and the combination of the intake (kg a~l) of contaminated seafood (Bq kg~* of
the nuclide) and the dose per unit intake (Sv Bq~l) for the radionuclide, as provided by ICRP.

The estimation of the population dose allows the optimization process to be
completed and, hence, limits to be placed on the quantities of each nuclide authorized for
discharge.

16.3.4. Purpose of monitoring

The practice of monitoring, in the context of radioactive waste disposals to the
environment, has a number of objectives:

- analysis of the effluents can provide a check on compliance with the discharge limits
for specific radionuclides set in the authorization;
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- determination of the concentrations of radionuclides in foodstuffs (wild or
cultivated) and the external dose rates in contaminated areas provide a basis for
estimating the radiation exposure of the general public;
- it provides an independent check on the results obtained by the operator in fulfilment
of the requirements of the authorization; and
- provides surveillance for the detection of accidental releases or unusual behaviour of
radionuclides in the environment.

Any practice which is likely to result in effective doses to the general public greater than
luSv a'l requires the development of an appropriate programme of monitoring and
assessment.

16.4. Discharges to sea from Sellafield: a case study

16.4.1. Radionuclide inputs to the sea.

Radioactive wastes have been discharged into the northeast Irish Sea, under
authorization, since 1952. Figs 7 to 13 provide data on the annual discharges and decay-
corrected environmental inventories of specific radionuclides.

For a short-lived radionuclide like Ru-106 (Ti/2 = 1 year), the cumulative
environmental inventory is rarely twice the quantity discharged in the previous year except
when discharges show a rapid decline (e.g. 1985 onwards) [Fig 7]. This means that if, for any
reason, the effective dose rate from Ru-106 (or any other short-lived nuclide) in the marine
environment exceeds the appropriate limit, controls applied at source to limit the input
rapidly reduce the consequent exposure.

There are two radionuclides of caesium present in the effluent and discharges peaked
in the mid-1970's when corrosion of the magnox cans containing the fuel elements in the fuel
storage ponds became a problem. Initially, the discharges were reduced by recirculating the
pond water through an inorganic ion exchange medium (zeolite) and, more recently, by the
commissioning of the site ion exchange plant (SIXEP) to treat the effluent. The cumulative
environmental inventory of the shorter-lived Cs-134 (Ti/2 = 2.06 years) has rapidly declined,
but that of the long-lived Cs-137 (Ti/2 = 30 years) remains substantial although falling [Fig 8].
Because the environmental behaviour of the two nuclides is identical, their changing activity
ratio in marine samples provides a useful marker to investigate time-dependent processes [the
activity ratios in the annual input and the cumulative environmental inventory (decay
corrected) are given in Fig 9]. This property has been particularly useful in oceanographic
studies of water movement and mixing [12]

Four isotopes of plutonium are present in the effluent from Sellafield: Pu-238 (TM =
87.7 years), Pu-239 (Ti/2 = 24,100 years), Pu-240 (Ti/2 = 6,550 years) and Pu-241 (Ti/2 =14.4
years). The first three isotopes are a-emitters, and the last is a p-emitter and is significant as
the parent of the longer-lived a-emitter Am-241. Discharge data are provided for Pu-238 and
Pu-239/240 in Figs 10 and 11. The data for Pu-239 and Pu-240 are combined because the two
nuclides cannot be determined separately by radiochemical techniques (they emit a-particles
of almost identical energy). The inputs of plutonium have now been reduced to the extent that
the cumulative environmental inventory of Pu-238 is declining (through decay) while that of
Pu-239/240 is increasing only very slowly (at <0.2% per year). The Pu-239+240/Pu-238

Text cont. on p. 358.
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FIG. 8. Sellqfteld discharges to the NE Irish Sea: Annual inputs and cumulative decay-
corrected environmental inventories of Cs-134 and Cs-137.
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FIG. 10. Sellafield discharges to the NE Irish Sea: Annual input and cumulative decay-
corrected environmental inventory of Pu-239+240.
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F/G. 11. Sellafield discharges to the NE Irish Sea: Annual input and cumulative decay-
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FIG. 12. Sellafield discharges to the NE Irish Sea: Pu-239+240/Pu-238 isotopic activity
ratios for the annual input and the cumulative decay-corrected environmental
inventories.
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FIG. 14. Procedure for assessing the radiation exposure from internal sources arising from
the consumption of contaminated seafood.
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FIG. 15. Procedure for assessing the radiation exposure from external sources.
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FIG. 16. Estimated individual radiation exposures of three local communities (including the
critical group of fishermen) consuming seafood contaminated with radionuclides
from the Sellafield discharges; the radionuclides giving the major part of the dose
are indicated.
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major radionuclides in the seafoods.
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F/G. 18. Estimates of the collective doses to the populations of the UK and the rest of
Europe from the Sellafield discharges.

activity ratio in the discharge has varied over time [Fig 12] depending on the degree of "burn-
up" in the fuel being processed. Again, this ratio has proved to be a useful marker of both the
plutonium of Sellafield origin and the behaviour of plutonium in the marine environment
particularly, due to its particle-reactive nature, in seabed sediments [13].

Fig 13 provides data for Am-241 for which the peak discharges occurred in the early
1970s. The cumulative environmental inventory from the direct input in the effluent is
essentially at equilibrium but there is another source - the production from the decay of the
environmental inventory of Pu-241 - which must also be taken into account. This latter
source is generating a substantial increase in the cumulative environmental inventory of Am-
241 which, at present discharge rates, will come to an approximate equilibrium value for the
environmental inventory in about 40 years.

16.4.2. Assessments of human radiation exposure from the Sellafield discharges.

The critical pathways leading to human radiation exposure from the radionuclides
released into the sea from Sellafield have changed over time. This has been a consequence of
both the variation in the relative proportions of the radionuclides present in the effluent and
changes in human exploitation of the environment. Initially, the principal exposure pathway
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arose from the accumulation of Ru-106 by the red seaweed, Porphyra umbilicalis, on the
Cumbrian foreshore. The seaweed was harvested and transported to south Wales (the
Swansea area) where it was processed into "laverbread". The consumption of this foodstuff
led to increased radiation exposure of the gastro-intestinal tract from P-radiation. The
harvesting of Porphyra along the Cumbrian coast declined in the early 1970s and the build-
up of contaminated sediment in the Esk estuary led to external exposure of fishermen to y-
radiation (Ru-106, Ce-144 and Zr-95/Nb-95) becoming the critical pathway. The increasing
discharges of the Cs radionuclides in the mid-1970s resulted in relatively high concentrations
being accumulated by the fish and shellfish harvested from Cumbrian coastal waters. The
local fishing community again constituted the critical group. From 1980 onwards, the decline
in the Cs discharges and the continuing increase in the environmental inventories of the cc-
emitting actinide elements - largely retained in the coastal seabed sediments of the northeast
Irish Sea - led to a further change in the critical exposure pathway. The local fishing
community remains the critical group, but the consumption of shellfish, mainly winkles
{Littorina littorea), contaminated with Pu-238, Pu-239/240 and Am-241 constitutes the
principal source of exposure [9-11]. Notwithstanding these changes in the critical pathways
for radiation exposure, the main potential pathways have been monitored continuously [9-11].
The procedures for assessing both internal and external radiation exposure are given in Figs
14 and 15.

The dose coefficients (Sv Bq"1 intake) include a factor, fp which accounts for the
absorption of an element across the gut wall into the systemic circulation. These have
changed over time as new information has become available, but this inevitably changes the
estimates of committed effective dose for a given intake of radionuclide. The ICRP-
recommended values of f, are generic, and situation-specific values should be used if they are
available. For the northeast Irish Sea, investigations of the local critical group and
experiments in which normal, healthy volunteers consumed a single meal of winkles
harvested from the Cumbrian foreshore and were subsequently monitored for radionuclide
excretion, have provided such site-specific f: values for the actinide elements for use in dose
assessments.

The individual radiation exposures in three coastal communities (including the critical
group of local fishermen) consuming local seafood contaminated with radionuclides from the
Sellafield discharge are given in Fig 16 for 1992. Fig 17 shows how the consumption rates
and individual exposure rates have changed over time in the local fishing community.

The collective committed effective dose is estimated on an annual basis to provide an
indication of the total detriment potentially attributable to the discharges. Over the past
decade, the collective dose to the UK population has fallen by a factor of 10; for the
remainder of the European population the decline has been less (a factor of 4), mainly due to
the time lag in the movement of the effect of the falling Cs discharges through the waters of
the European continental shelf [Fig 18]. For 1992 the estimated collective committed
effective doses to both the UK population and the population in the rest of Europe had fallen
by a further factor of 2 [10].

The individual and collective exposures due to the Sellafield discharges can be given
both context and perspective in a number of ways. Fig 19 indicates the number of interactions
or radionuclide decays occurring in the human body, per hour, for the sources of radiation
making up the natural background; also given are the resulting annual effective dose rates
(average and range). Table III shows the contribution to the natural background committed
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TABLE HI HUMAN EXPOSURE FROM Po-210 AND Ra-226 IN FISH AND
CRUSTACEANS

Po-210 Ra-226

Concentration
Bqkg"1

Consumption Rate
kg a1

Annual intake
Bq

Dose Rate: mSv a'1

Fish
1.2

82

100

0.044

Crustaceans
3.3

17

56

0.028

Fish
0.11

82

0.003

TOTAL = 0.075 mSv a1

TABLE IV. MAXIMUM EXPOSURES OF THE UK POPULATION FROM
NUCLEAR POWER

Stage in the Nuclear
Fuel Cycle

Fuel Fabrication

Reactor Operation

Fuel Reprocessing

Living in West
Cornwall

Pathways

Atmospheric
Aquatic

Atmospheric
Aquatic

Atmospheric
Aquatic

Atmospheric
(Rn-222)

Maximum Exposure
mSv a"1

0.005
0.050

0.100
0.300

0.200
0.390

2-40

TABLE V. EFFECTIVE RADIATION DOSE TO ADULTS IN THE UK FROM
VARIOUS SOURCES

Source Dose Rate, mSv a'1

Natural Background 1-100 (Average ~2)

Atmospheric Fallout 0.01

Air Travel 0.006

Luminous Watches 0.001

Diagnostic Medicine 0.25

Nuclear Power 0.0015

Coal Burning 0.005
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AIR BREATHED
30,000 ATOMS OF
Rn, Po, Bi, Pb
(ot,|3,Y)

1.38 mSva"1

SKY-COSMIC RAYS
100,000 NEUTRONS
400,000 SECONDARY
MUONS, ELECTRONS AND
Y-RAYS

0.36 mSva'

DIET
1.5 X 107 ATOMS OF 40K

(P.7)
7000 ATOMS OF U

(a)
0.22 mSva'

SOIL AND BUILDING
MATERIALS

2 X 1 0 8 Y - R A Y S

fo~41 m mSva' I

TOTAL DOSE RATE - 2.37 mSva1

TYPICAL RANGE 1.5 - 6.0 mSva1

FIG. 19. Estimates of the annual effective dose rates from background radiation sources;
the number of interactions per hour for the external cosmic radiation and
terrestrial y-rays, and the number of decays per hour of radionuclides taken into
the body with food and inhaled air are also given.

effective dose rate from Po-210 and Ra-226 in fish and crustaceans. The consumption rates
are those for commercial fishermen at Fleetwood and the resulting dose rate is of the same
order as that from the Sellafield radionuclides. Different stages of the nuclear fuel cycle (fuel
fabrication, reactor operation and fuel reprocessing) give different maximum radiation
exposures for different discharge routes (to atmosphere and to sea), but these are less than the
range of radiation doses arising from exposure to radon in the home in Cornwall [Table IV].
Table V places the average radiation exposure of an individual in the UK population from
nuclear power in the context of the radiation exposures from a number of other technological
and natural sources. It is of interest to note that the radiation exposure from natural
radionuclides discharged to the atmosphere from coal burning (both domestic and power
generation) exceeds that from nuclear power operations. The estimated collective effective
doses to the UK population from a number of sources of exposure are given in Table VI; of
the sources listed, only luminous watches give a lower collective dose than nuclear power.
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FIG. 20. Effective doses and potential radiation effects in man.

Additional comparisons are provided in Fig 20 together with an indication of the dose
thresholds for stochastic (increased cancer incidence detectable in very careful
epidemiological studies) and deterministic effects.

Estimates of collective doses are frequently used, together with a risk factor (usually the
fatality probability coefficient), to estimate the number of health effects (usually fatal
cancers) to be expected in an exposed population. The ICRP have emphasized that caution
should be exercised to ensure that this approach is strictly applicable to the doses and dose
rates experienced by the exposed population and that the fatality probability coefficient is
appropriate to the demographic structure of that population. In practice, this means ensuring
that a linear relationship between dose and response is a reasonable and acceptable
assumption down to low dose rates and doses, for all age groups and both sexes. The concept
of collective dose is more usefully employed as one component of the process of optimisation
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TABLE VI. COLLECTIVE DOSES IN THE UK: manSv

Natural Background

Atmospheric Fallout

Air Travel

Luminous Watches

Diagnostic Medicine

Nuclear Power
Fuel Fabrication
Reactor Operation
Fuel Reprocessing

Coal burning

0.2 )
4.1 )

77 )

105000

580

300

56

13700

81.3

240

TABLE VII. "DETRIMENT' IN EUROPE FROM THE CHERNOBYL
ACCIDENT.

Country

Belgium
Denmark
France
West Germany
Greece
Italy
Holland
Spain
UK

Total: "W Europe

Natural Background

1st year

480
650

3000
14000
5200

17000
720
45

2100

44000

500000 manSv

Estimated Collective Dose
manSv

Total

940
1100
5600

30000
8500

27000
1200

57
3000

78000

a1

of radiological protection. Table VII shows the collective doses estimated for the populations
of a number of European countries for the first year after the accident at Chernobyl, and over
all time, and indicates the collective dose from the natural background for perspective.

The risk from radiation exposure is placed in the context of other everyday risks in
Table VIII and the risks from specific sources of radiation exposure are compared with those
from other, non-radioactive, contaminants in seafood in Table EX. It may be concluded that,
apart from the essentially unavoidable risk from the natural radiation background, risks from
radiation exposure, when the ICRP approach to radiological protection is applied, are not
excessive.
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TABLE Vffl. RISKS TO INDIVIDUALS

Cause Risk of Death

Accidents:
On the Road 1 in 9500 a'1

At Home 1 in 26000 a"1

At Work 1 in 43500 a"1

"Natural Causes" at age 40 1 in 850 a"1

Smoking 10 Cigarettes/Day 1 in 200 a'1

Radiation Exposure 1 mSv a"1 1 in 20000 a"1

(Cancer only) (ICRP 60, para. 83)

TABLE IX. ESTIMATES OF CANCER INCIDENCE IN THE EEC FROM A
VARIETY OF CONTAMINANTS IN SEAFOODS

Source Fatalities /Year

Natural Radionuclides 170

Total PCBs 180

Dieldrin 150

Radwaste to Sea 17

Chernobyl Fallout 7

HCB 6

Chlordane 5

Weapons Fallout 5

Total DDT 3

Past Sea Dumping 0.005

16.5. Ocean dumping of packaged, low-level waste

The practice of dumping packaged, low-level radioactive wastes into the deep ocean
has attracted much political and scientific attention in recent years. The practice has been
regulated through the mechanism of the London Dumping Convention which came into force
in 1972 (it has recently been renamed the London Convention 1972), with relevant scientific
advice being provided by the International Atomic Energy Agency. The dumping of high
level waste, e.g. irradiated nuclear fuel, is expressly forbidden and the IAEA have provided a
formal definition of waste which is unsuitable for disposal in the deep ocean [Table X]. The
Nuclear Energy Agency of the Organisation for Economic Co-operation and Development
(NEA-OECD) have provided a practical mechanism by which a dumping operation at an
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TABLE X. DEFINITION OF WASTE UNSUITABLE FOR DUMPING

The dumping of high level waste is forbidden: (e.g. irradiated nuclear fuel)

A formal definition of the activity content of other wastes unsuitable for dumping is provided
by the IAEA:

a-activity : > 5 x 10"5 TBq kg"1

p/y activity with T./2 > V2 year:

p/y activity with Ti/2 > Vi year

> 2 x 1(T2 TBq kg1

+ tritium: > 3TBq kg"1

The concentrations must be averaged over a gross mass not exceeding 103 tonnes.

identified site can be assessed and regulated. The IAEA has developed generic oceanographic
and radiological models to determine the definition of radioactive wastes which are
unsuitable for dumping. The NEA/OECD, however, has developed site-specific models to
assess the potential consequences of dumping at a defined location (site) in the deep ocean
with due recognition of the advice, constraints and recommendations provided by the IAEA.

Text cont. on p. 373.
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FIG. 21. Schematic diagram of the plume of contaminated seawater developing from the
release of radionuclides from packaged radioactive wastes dumped in the deep
ocean.
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TABLE XL MODELLING FRAMEWORK USED IN THE RADIOLOGICAL
ASSESSMENT

Parts of system
included in model

Model Major processes included in
model

Canister and lining.

Waste form

Bottom sediments.

Benthic boundary
layer (water and
particulates).

Open ocean (water
and suspended
particulates)

Exposure pathways
sea foods, beaches,
atmosphere, salt,
water.
Marine organisms

Waste Package

U
Rates of release of
radionuclides into the
ocean, as a function of
time

Ocean dispersion

IL
Radionuclide
concentration in water
and sediments, as a
function of time

Dose to Man and
Organisms

Canister corrosion
Degradation of package
linings and caps.
Release of radionuclides from
waste forms

Diffusion and advection.

Interactions between
radionuclides and suspended
particulates and bottom
sediments.

Reconcentration of
radionuclides in marine
organisms, beach sediments,
and aerosols.
Radionuclide intake and
metabolism by man and
organisms
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FIG. 22. Seawaterflow fields at the surface and at 4000m in the Atlantic Ocean.
Reproduced with permission from: Review of the continued suitability of the
dumping site for radioactive waste in the North-East Atlantic, OECD/NEA,
Paris, 1985.

Bottom waters of
European Basin

-1000 m

Interface

Bioturbated
layer

Diffusive
layer

Sediment
sink

FIG. 23. The nested box structure around the dump site used to model the initial dispersion
of radionuclides released from the wastes. Reproduced with permission from:
Review of the continued suitability of the dumping site for radioactive waste in the
North-East Atlantic, OECD/NEA, Paris, 1985.
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FIG. 24. The box structure used to model the wider dispersion of waste radionuclides in the
world ocean. Reproduced with permission from: Review of the continued suitability
of the dumping site for radioactive waste in the North-East Atlantic, OECD/NEA,
Paris, 1985.
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FIG. 26. Approved waste package designs used as a basis for modelling the release of
radionuclides to seawater.
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FIG. 27. Estimated quantities of radionuclides included in the waste packages dumped in
the NE Atlantic Ocean, 1949-1982. Reproduced with permission from: Review of
the continued suitability of the dumping site for radioactive waste in the North-
East Atlantic, OECD/NEA, Paris, 1985.
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FIG. 28. Estimated total mass of the packages, and the quantities of a-emitting and fi/y-
emitting (excluding tritium) radionuclides dumped into the NE Atlantic Ocean each
year. Adapted from: Review of the continued suitability of the dumping site for
radioactive waste in the North-East Atlantic, OECD/NEA, Paris, 1985.
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FIG. 29. Estimated annual inputs and decay-corrected cumulative environmental inventory
of tritium in the NE Atlantic Ocean from packaged waste dumping. Adapted from:
Review of the continued suitability of the dumping site for radioactive waste in the
North-East Atlantic, OECD/NEA, Paris, 1985.

An outline of the modelling framework employed in the NEA/OECD site assessment is given
in Table XI [14]. It includes components modelling the releases of various radionuclides
from different waste matrices into the water; the dispersion of the radionuclides from the
release point by diffusion and advection with the inclusion of losses to deep sea sediments by
direct absorption and through scavenging from the water column by sedimenting particles;
and, finally, the reconcentration of radionuclides into marine organisms or onto beach
sediments as proximal sources (the former through ingestion) of radiation exposure. Further
details are given in Figs 21-24. Since dumping commenced in 1949, a number of sites have
been used in the northeast Atlantic Ocean until the last dumping operation in 1982 [Fig 25].
A number of means of conditioning waste for dumping have been approved [Fig 26]; these
have primarily been based on the use of a 50 gallon (approximately 220 litres) metal oil drum
as the outer container, but in some instances, monolithic reinforced concrete boxes have been
employed for some classes of waste. The quantities of individual radionuclides dumped into
the northeast Atlantic Ocean during the period 1949-82 have been estimated [Figs 27-29], and
the data used as the input to the oceanographic and radiological models to assess the potential
human exposure. Due to the time necessary for diffusion and advection to transport
radionuclides from the site at a depth of greater than 4000m to the biologically-productive
surface coastal waters, the peak effective dose would be to an hypothetical population in the
Antarctic consuming molluscs contaminated with Pu-239/240 some 200 years into the future.
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The aggregate dose, over all nuclides and pathways (using the highest likely consumption and
occupancy rates) amounts to 0.02m Sv a"1 at the peak; this may be compared with an average
of about 2mSv a' from the natural background. The major radionuclide contributing to the
collective dose is C-14, and from past dumping this amounts to an aggregate total of 3.8 x 104

man Sv distributed through a world population of approximately 1010 persons over a period of
some 104 years. It is interesting to note that, apart from deep geological disposal, the
collective dose from C-14 is relatively independent of the means of disposal.
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