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- Plutonium Mobility in the Environment

Overview

Chemical, physical and biological processes control the movement of any contaminant
within the environment. Chemical processes include the movement of soluble forms of
plutonium from the soil through plant roots or into biological tissues (such as the lungs or
gut). Physical processes can include wind-and water erosion, as well mechanical
movement, such as might occur when a vehicle drives across a contaminated roadway
and resuspends soil particles. Finally, biological transport encompasses activity such as
burrowing or grazing which can result in the redistribution of contaminated materials.

This paper briefly examines the factors that contribute to the movement of plutonium
through the environment. It represents a brief overview of material that has been covered
in depth in many other publications. Plutonium has been extensively studied for half a
century. This paper attempts to present only those aspects of plutomum wh1ch are
considered relevant to its environmental and biological. behavior. -

Plutonium the Elenlent _

Plutonium is element number 94 in the periodic table of the elements. It is considered
part of the actinium series. Plutonium is not routinely found in nature, except under
extremely rare circumstances. Instead, essentially all of the plutonium present on earth
today can be attributed to human activities. It has several isotopes; all are radioactive.
The most common ones are >*Pu, 2*Pu, 2°Pu, 2*'Pu, and, ***Pu. The chemistry of
plutonium is complex in that it has several valence states (Pu (III VII); these can
simultaneously exist in the same system

Sources arld Forms of Plutoninm

Plutonium is produced in reactors through neutron capture reactions. When it is initially
created it is surrounded by uranium fuel. Only after dissolution of the fuel and chemical
extraction can the plutonium be purified and separated from other constituents. During
the separation processes the plutonium may assume several chemical forms, including

organic complexes, nitrates, oxides, or even pure metal. Once plutonium is separated and

purified it may be used in several ways - as fuel for nuclear reactors, as thermo-electric -
generators for space craft for research, or for nuclear weapons.

Plutonium that is found in the environment has come f_rdm‘ several sources. The major

~ source is from the detonation of atmospheric nuclear weapons - a practice that has largely

been discontinued since the late 60s. Most of this plutonium released from nuclear
weapons was presumed to have been as a high-fired oxide, due to the extreme
temperatures present at the time of weapons detonation. There have also been localized
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discharges to soil, water, and air from routine and accidental discharges at fuel processing
and weapons manufacturing plants. Non-nuclear accidents resulting in the destruction of
nuclear weapons, such as those which occurred in Palomares, Spain and Johnston Atoll,
have also contributed to the presence of environmental plutonium. A small amount of
plutonium (principally 2 8Pu) has also been introduced into the atmosphere by the re-
entry of satellites powered by plutonium-based electric generators. Table 1 lists the
major sources and forms of plutonium in the environment. .

Source _ Form
‘Nuclear weapons testing Oxide ' .
" Pu production, fuel fabrication, processing and Oxides, metal, nitrates, organic
extraction complexes
Non-nuclear destructlon of weapons and Oxides, metal

satellites

Environmental Plutonium

The chemical form, or species, of plutonium found in the environment varies according
to the source and the time since release (see Table 1). Its potential movement through
the ecosystem depends on its initial solubility in surface waters, interstitial waters of soils
and sediments, and in the biological fluids of the exposed organisms. The solubility is a
function of the chemical and physical properties of the compound as well as the system
~ into which it is deposited. '

For example, fallout plutonium consists, in part, of oxides formed at high temperatures in
the process of weapons detonation. A substantial portlon of the fallout Pu (approximately

66%), however, was created through the activation of *U to produce 2°U with its
subsequent chain decay through 2 §Np to 2°Pu, Although this form of plutonium is also
in oxide form, it appears to be more soluble than that created through hlgh temperature
effects on the ongmal weapons material.

Once dissolved; plutonium is subject to the chemical reactions governing dissolved salts.
Acidic forms entering the environment, on dilution, can be rapidly hydrolyzed and
subsequently precipitated onto particle surfaces. Regardless of the form of plutonium
initially deposited to soils, sediments, or water, it is largely converted to Pu(IV). This

- oxidation state is generally insoluble, and sorption of plutonium to soils and sediments

- results in its relative immobility in these media (Watters et. al, 1980). '

Observations on the environmental behavior of plutonium show that the concentration in
soils and sediments are typically greater than in water or other environmental media by
- orders of magnitude. Its tendency to form insoluble compounds typically results in



removal from aqueous systems (Katz et. al, 1986). More than 99% of the inventory in
most terrestrial ecosystems is found in the soil, particularly in the soil surface.

Because it exists in a strongly-adsorbed state on surface soils, the primary route of
transport in the environment is through the processes governing the distribution and
movement of soil (Whicker and Schultz, 1982; Watters et al., 1980): The principal-
transport mechanisms for movement of soil are wind and water erosion.. Wind has been
identified as a major source of movement in agricultural ecosystems as well (Little et al,
1980; Little and Whicker, 1977; Pinder et al; 1990). As the surface soil mixes with
deeper layers, wind erosion becomes less important as a distributive mechanism.
However, other processes, such as uptake by plant roots, earth-worm activity, and even
frost heaving, may increase in significance as the contamination moves into the root zone
(Higley, 1999, Loch, 1982).

Plutonium Chemistry in Soils and Aqueous Systems

Plutonium exhibits multiple oxidation states, ranging from +3 to +7, four which can
coexist in acidic aqueous systems. Plutonium has a high ionic charge, which means that
it tends to undergo hydrolysis, leading to the formation of polymers in systems with
pH>2. The chemistry of Pu in the soil system is dictated by pH, organic matter content,
and mineralogy. For example, Nishita and Hamilton (1980) demonstrated that the
solubility of Pu(IV) was dictated by the carbonated concentration in solution. In systems
that contain no carbonate, the pH had to be raised to 8-10 to cause a corresponding

" increase in extractable plutonium. This was attributed to dissolution of alkali-soluble
portions of organic matter. In general under acidic (pH<3) or alkaline (pH>7) conditions
- and with a high percentage of organic matter, plutonium becomes more mobile in a
kaolinitic soils. With little organic content, raising the pH above 6 resulted in only the
extraction of small amounts of material. In general, the association of plutonium in the

- soil is largely with the Fe-Mn oxides (~70-80%), a lesser amount (<10%) with the
organic fraction of soil. The remainder (~20%) is in mineral lattice (Muller, 1978).

Plutonium in the Soil/Plant System

The downward movement in soil of plutonium is a relatively slow process (Bunzel et al.,
1992; Muller, 1978). Several mechanisms have been proposed to account for this
movement, including the chelation by naturally occurring soil organic constituents
(Bondietti et al., 1976; Francis 1973), and by earthworms (Litaor, 19xx), and by extreme
events (Higley, 1999). In long term field studies plutonium concentrations in soils
remained relatively constant with depth over periods of several years. It is also known
that plutonium is more mobile in coarser textured soils and less so in peats and mucks

_ (Federov et al., 1986).- : '



Plutonium Uptake by Plants

* Several studies have been conducted on measuring the degree of Plutomum uptake by
plants. Most of the work has focused on agriculturally significant crops. These studies
examined uptake through surface deposition as well as root uptake. Pimpl and
Schuttlelkopf (1981) conducted a literature review that detailed the magnitude of
reported values of the concentration ratio (also called a transfer factor). This factor
measures the rat10 of activity in the plant to that in the surrounding soils. Values ranged
from 10” to 10>, and depended on the soil type, the cation exchange capacity, and the

soil pH.

Another factor that was found to determine the magnitude of the concentration ratio was
whether the original source was from atmospheric deposition onto plant surfaces or from
root uptake. In one study of winter wheat (Triticum aestivum), it was reported that 70 -
percent of the contamination of grain was due directly to redeposition of contaminated

. dust during harvesting (McLeod et al., 1980). In a later study the same author determined *

that varying cropping rotations and hmmg the same contaminated soil resulted in
decreased assimilation of plutonium by all crops. '

Plutonium Uptake by Animals

Plutonium is not a biologically essential element, nor does it serve as an analogue for any -
other essential element. Consequently, its uptake into animals (and plants as well) is
considered largely opportunistic. Analyses of animals exposed to plutonium
contaminated soils and vegetation have shown that the bulk of the plutonium resides in
those tissues or organs directly exposed; e.g., pelts or skin, lungs, and gastrointestinal *
tracts (Bradley et al, 1977; Little, 1976). The absorption of plutonium into the gut of an
animal requires that it be present in a soluble form.

Pu in soils at the Rocky Flats Environmental Technology Site -

Comparisons have been made as to the mobility and bioavailability of plutonium at ‘
RFETS relative to other locales. For example, the plutonium at RFETS was found to be -
more insoluble than that from sites at the Oak Ridge Plant, located near Oak Ridge,
Tennessee, or Mound Laboratories, located near Miamisburg, Ohio, but similar to that
from the Nevada Test Site (NTS) near Las Vegas Nevada (Bondietti and Taumra, 1980).
The solubility differences were attributed to the original source of material - metallic
plutonium at the NTS and RFETS sites, and a soluble form at the Oak Ridge and Mound
locations. Their study highlighted the inherent problem of trying to compare the -
environmental behavior of plutonium across locations without knowing the chemical

~form of the source material. - '

Previous work on the distribution of Pu in the ecosystems of RFETS indicated >99% of
the contaminants were associated with soil particles (Little, 1976, Tamura, 1977; Langer,



1986). This behavior is consistent with the soil type of the RFETS which, althcugh
variable across the site, largely consists of Denver Kutch clay loams with
montmorillonitic clays o

Conclusion

The nature of the source of release of plutonium is important in dictating its initial
deposition and distribution. However, over time, environmental processes which include
physical, chemical and biologic activity can alter the composition and distribution.
Regardless of the origin, soils and sediments become the ultimate repository for the
majority of plutonium. Even though the soils and sediments represent a reservoir of
plutonium, chemical and biological processes cause only a small fraction of it to be
released as soluble species into the environment. While plutonium is incorporated into.
plant and animal tissues, the concentrations are typically orders of magnitude less than
found in the soils and sediments. Biomagnification of plutonium (concentration from one
trophic level to the next) does not occur, with very minor exceptions.
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