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LE COMPORTEMENT ECOLOGIQUE DU RADIUM

par

Marsha I. Sheppard

RESUME

Le radium-226 et son produit de filiation, the radon-222, un
gaz inerte, sont des membres importants de la famille des produits de
désintégration de l'uranium en ce qui concerne l'exposition de l'homme.
Le radon est diffusé dans l'atmosphère à partir de la roche, du sol et
de l'eau et ses produits de filiation polonium-218 et poloniutn-214 peu-
vent rester dans les poumons.

Les émissions des centrales à combustibles fossiles, les en-
grais, le gaz naturel, les matériaux de construction et le minerai de
l'uranium contiennent du radium et du radon. Il faut connaître leur
comportement physique, chimique et biologique pour évaluer l'impact ré-
sultant de l'emploi intentionnel ou accidentel par l'homme du radium et
de ses produits de filiation.

Ce rapport examine la littérature concernant les niveaux na-
turels de radium rencontrés dans la roche, le sol et les végétaux. Les
renseignements sur le radium sont intégrés à partir de plusieurs disci-
plines. In considère les propriétés radiologiques et la chimie du ra-
dium, et les interactions du radium et du sol, de même que le coefficient
de distribution dans le sol et le mode de transmission dans le sol du
radium. Il présente les coefficients de transmission dans les plantes
du radium et les méthodes d'analyse et de mesure. Le rapport se termine
par une liste des sujets nécessitant des recherches plus approfondies.
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ABSTRACT

Radium-226 and its daughter, radon-222, an inert gas, are
important members of the uranium decay series as far as human exposure
is concerned. Radon diffuses from rocks, soil and water into the
atmosphere, and its daughter products polonium-218 and polonlum-214 can
be retained in the lungs.

Radium and radon are contained in emissions from fossil fuel
plants, fertilizers, natural gas, building materials and uranium ore.
To assess the impact of man's use, intentional or not, of radium and its
daughters, we must know their physical, chemical•and biological behaviour.

This report examines the literature pertinent to the natural
levels of radium found in rock, soil, water and plants. Information
concerning radium is integrated from several disciplines. The radio-
logical properties and chemistry of radium, and radium-soil interactions
are discussed as well as the soil distribution coefficient and the mode
of soil transport of radium. Plant transfer coefficients for radium and
methods of analysis and measurement are given. A list of topics requiring
further research concludes the report.
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1. INTRODUCTION

Naturally occurring radioactive materials are predominantly

members of the uranium and thorium decay series. Radium-226 and its
222

daughter ' Rn, an inert gas, are important members in these series as

far as human exposure is concerned. Radon-222 provides a transport
218 214 214

mechanism for the "short-lived" radon daughters - Po, Pb, Bi
214

and Po (RaA, B, C and C ) . which are particulates. Radon diffuses

from rocks, soil cad water into the atmosphere. The daughter products

Po anci Po can be retained in the lungs and are considered to be
222 (1)

the principal sources of radiation arising from the inhalation of Rn .

Radium is emitted from fossil fuel plants and occurs in fer-

tilizers. Radium and radon are present in water, the latter occurring

also in natural gas. In areas with a high level of natural background

radiation, radon diffusing out of rock, soil and water can cause high

radon levels to build up in the air inside buildings. Consequently,

these buildings require well designed ventilating systems. Concrete

often creates a hazard since the release of radon from mineral grains

continues after the manufacture of the building material. The ultimate

disposal of irradiated nuclear fuel also increases interest in the be-

haviour of radium in the environment.

To assess the impact of radium and its daughter products on

the environment we must know their physical, chemical and biological

behaviour in the environment. This report examines the literature

pertaining to radium and radon in soil - water - plant systems.
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2. RADIOLOGICAL PROPERTIES OF RADIUM

Radium, along with uranium and thorium, is a naturally occur-

ring radioactive element found in the earth's crust. All of the iso-

topes of radium are radioactive; those most commonly found in nature

are Ra, Ra and Ra. The radium isotopes are members of the

uranium (Figure 1) and thorium (Figure 2) decay schemes. Radium-226 is
230

produced when an atom of Th(lo) (a member of the uranium series)

disintegrates, yielding an alpha particle. Radium-228, referred to as
232

mesothoriuiii (MsTh..), is produced when an atom of Th (the parent of

the thorium series) disintegrates, yielding an alpha particle. Radi-
• 228

um-224 (ThX) is produced from Th. These isotopes decay by alpha

emission although some of the members of the chains are beta-emitters.

The half-lives of 2 2 6Ra,

3.64 days, respectively.

The half-lives of 2 2 6Ra, 2 2 8Ra and 2 2 4Ra are 1620 years, 6.7 years and

226
When an atom of Ra disintegrates it yields an alpha parti-

222
cle and an atom of Rn. The migration mechanisms of this gas are

222
discussed in Section 4.1.3. The fraction of Rn that escapes is known

as the radon emanating power. Radon-222 then decays by alpha emission
21 ft

to form a particulate, Po (RaA), which then decays by alpha and beta

emission to form 2 1 4Pb (RaB) and 2 1 8At (Figure 1 ) .

3. RADIUM CHEMISTRY

Radium is an alkaline earth element with chemical properties

similar to those of barium. It has only one oxidation state (+2) in so-
(2)

lution, is highly basic and is not easily complexed . Radium hydro-

xide, Ra(OH)2, is the most soluble of the alkaline earth hydroxides. It
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is more soluble than the actinium and thorium hydroxides, and can be
(2)separated from these elements by precipitating them with ammonia .

Radium forms a water-soluble bicarbonate and a chloride. It

co-precipitates with Ba as a chromate or a sulphate . Consequently,

it is found in lovar concentrations in nature than is uranium. Radium

sulphate, RaSO,, exhibits the same radiocolloid behaviour as BaSO, and,

as a result, the radium is concentrated 150-fold over that normally in
(4) (4)

equilibrium with uranium . Schubert and Conn stated that polar

molecules definitely favour, and are possibly essential in, the forma-

tion of radiocolloids in gaseous mixtures containing radon.

4. RADIUM IN NATURE

The average radium content of rocks in North America and

Europe varies from 1 x 10~ Ug/g for sedimentary shales and clays to
—8 (5}

1 x 10~ ug/g for ultrabasic rocksv . The average radon content varies

from 6.9 x 10 Ug/g to 6.5 x 10 Ug/g for the same types of rocks .

Table 1 gives a breakdown of the contents of both radium and radon in

each of the major rock types. The content of radium (and of uranium and

thorium) is higher in granites and other acid rocks than in basic

rocks . Keefer and Dauer reported that the oolitic limestone

formation of Miami, Florida contains 5 x 10 ug Ra/g, and the south

Florida sands formed from the weathering of this limestone contain

7 x 10~7 to 7.6 x 10~6 ug Ra/g.

Many salts of radium are soluble in water , therefore surface

waters may be enriched in both radium and radon. Radium concentrations

of various Russian mineral springs are 1 x 10 to 748 x 10 Ug/g •

The radium concentration in tabling material (the residue of uranium

extraction) is usually higher than in uranium ore. Typical radium
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concentration in tailings at U.S. mills is about 1 x 10~ ug/g •

However, the radium content is highly dependent on the particle size of

the tailing materiel since approximately 30% of the tailings contains

70-80% of the radiunr7 . The finer tailing material, often referred to

as slime, can have several nanograms of radium per gram of dry weight.

As rocks weather to form soils, a more porous system evolves

allowing any radon gas to diffuse easily from the soil air to the at-

mosphere. The diffusion of radon gas from soil is dependent on the sea-

son, and the structure and texture of the soil . Thus frozen soils,

soils covered with sod or turf, and clays allow minimal diffusion and,

hence, have high radon contents. Soils high in uranium and thorium con-

tain the most radon , the c(

with depth below the surface.

tain the most radon , the concentrations of which generally increase

Osburn indicated that the radium concentration varies from
fi — 7 —ft

10 to 1C ug/g in soils, is about 10 ug/g in fresh plants, and

about 10 Ug/g in animals. Thus each link in the food chain reduces

the concentration by an order of magnitude. Kunasheva noted that plants

growing on acid soils tend to accumulate more radium than plants growing

on basic soils, and dicotyledonous plants contain more radium than mono-

cotyledonous plants .

The radium concentration in river water is usually between

10 to 10 Hg/g; that of ocean water is slightly higher at 2 x 10~

to 1.9 x 10~ ug/g . Koczy explained that radium is supplied to the

ocean from the sea floor where it has been formed, through the decay of
230 (3)

Th present in the sediment . Table 2, taken from Megumi and Mamu-
/q\ 226 238

ro , gives Ra/ U activity ratios for various natural materials
and these show that there is more radium than uranium in solids due to

0 0 f\

the solubility differences of the two elements. The fact that the Ra

concentration increases with particle size below 100 urn indicates

surface adsorption may be an important mechanism in radium retardation.
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4.1 RADIUM IN SOILS

Most of the Ra is strongly fixed and its acid soluble form

predominates among the mobile fractions . According to Taskayev et

al. , high calcium concentrations reduce radium migration from the

soil to the plant. They also found a reliable, direct, positive corre-

lation between Ra and barium in soil profiles and no such correlation

for radium and calcium or barium and calcium.

Vinogradov confirmed earlier reports that sandy soils usu-

ally have less radium than clayey soils, and that the subsoil usually

has the highest concentration' of radium. Further, soils formed from

carbonate rocks usually contain more radium than calcium, due to the

leaching of CaCO- and the retention of radium in the BaSO, lattice. The
2+

migration of radium in soils appears to depend on the Ba ion concen-

tration. Radium is fixed in the precipitated BaSO, , as confirmed by
(4)

Schubert and Conn .

("j\ 226

Gera gave typical concentrations of Ra in soil, exclud-

ing high background areas, and the values ranged from 0.08 x 10 Wg/g

dry soil in the United Kingdom to 3.8 x 1 0 ~ yg/g dry soil In Czechos-

lovakia. Measurements in various Russian soils have shown that the

radium was concentrated in the upper 10-40 cm . In mountain podzolic

soils, the high radium concentrations are correlated with the humus con-

tent, and the higher the content of organic substances and adsorbed

bases in a soil horizon, the higher the radium content . Hansen and
(12)

Huntington also found an increased concentration of radium in the
uppermost horizons, but speculated that it might be the result of ura-

226

nium retention and subsequent accumulation of Ra by radioactive de-

cay, or by enrichment of the radium in plants via recycling to the or-

ganic matter on the soil surface. This indicates that vegetation pro-

bably has a significant influence on the distribution of radium in the

soil profile.
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(13)
Titaeva reported that uranium is bound to the humic and

fulvic acids which are soluble in alkali, whereas radium is associated

with the insoluble residue. Under oxidizing conditions, these elements

appear to be retained by ion exchange, but in the presence of high con-

centrations of calcium in the water, the radium in peat and in the in-
(13)

soluble residue becomes nearly unexchangeable

4.1.1 Radium - Soil Interactions

In soil, the amount of exchangeable radium is inversely pro-
2+ 2+

portional to the amount of alkaline-earth elements (Ca and Mg ) pre-

sent in mobile forms ' . Work carried out by Rusanova indicated

that the soil horizons enriched in organic matter accumulate radium from

the groundwater. Only a very small proportion of the radium in the soil

passes into salt or hydrochloric acid extracts. He also indicated that

the most rapid desorption of radium took place at pH 3, and that as the

pH increased desorption decreased, with a slight increase at pH 8. As

pointed out earlier by Verkovskaja et al. , and confirmed by Rusanova,

soils with a higher content of adsorbed bases have a more pronounced

ability to fix minute amounts of radium and other radioactive fission

products.

The change in radium concentration throughout the soil profile
(14)is almost 10 times as great as for calcium . The amounts of radium

leached from both uranium mill waste solids (derived from either acid or

alkaline leach extraction processes) and river sediments are a function

of the liquid to solid ratio and duration of leaching . Leaching

experiments indicated that the ladium in samples leached with 0.01 mol/L

BaCl9 co-precipitated immediately with the barium to form barium and ra-
(15)dium sulphate, due to the high sulphate content of most natural waters

Because of its position in the mineral lattice, radium is
(13)

leached from crystalline rocks more readily than uranium . Therefore
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water circulating in an ore body may contain more radium than is in

equilibrium with uranium and, consequently, sediments containing organic

matter may become enriched in radium. Titaeva ' reported a radium:

uranium ratio of 10 in a stratum of peat buried in a sedimentary uranium

deposit.

Megumi has reported that about one-half of the radium in

soil is adsorbed as exchangeable ions on the surface of soil particles.

About one half of the radon-generating power of a soil comes from clay

minerals . Delwiche ̂  }, from a series of leaching experiments, con-

cluded that radon generated by soils is mostly due to ionic radium

absorbed by cation exchange, and to soil temperature, and that trapped

radon is released from clay following dehydration and separation of the

clay plates.

4.1.2 Soil Distribution Coefficient

Considerable effort has been devoted to generating sorption

data for soil; unfortunately little of it is pertinent to radium.

Kirchmann et al. reported a distribution coefficient for peat of

1500 - 3000 mL/g, and one for sand of 150 to 300 mL/g. The distribution

coefficients found in the literature for radium in soil are generally

between 100 and 500 mL/g(19)

ranging from 25 to 250 mL/g.

4.1.3 Transport of Radium in Soil

between 100 and 500 mL/g . Johnston and Gillham ^ reported values

(21)
Havlik et al. ' listed water temperature, rate of flow, size

of radioactive particles and kind of medium as the most important fac-

tors in the liberation of radium from rocks and water. There ii no doubt

that salts of radium, such as sulphate, are transported in water and

move attached to submicron-sized clay particles, or as radiocolloids.

mol Ra adsorbed/g soil
mol Ra in solution/ml, solution
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222
The migration of the decay products of radium, Rn and its

daughter products, is more important than the migration of the parent
219 220

isotope. Due to the. short half-lives of Rn and Rn, the extent of
(22)

their migration is extremely limited. A revierr by Tanner , summa-

rized by Osburn , stated that radon isotopes migrate in four steps:

1. recoil of the newly formed ion from its precursor, a radium

isotope, followed by

2. diffusion of the neutral atom through the interior of a min-

eral grain,

3. movement through permeable rock and soil, and

4. release into the atmosphere.

Once radon has escaped from the interior of a mineral grain,

its migration in the ground is influenced by th& decay rate of the nu-

clide, the porosity of the soil, the type of fluid which fills the pores

and various climatic factors . The diffusion constant of radon varies

in different fluids, and if the fluid has more than one phase, the dis-

tributi

pendent

tribution of the radon isotope among the phases will be temperature de-
(8)

Whether the medium is soil or rock, saturated or unsaturated,

fractured or unfractured, radon migration occurs by two mechanisms:

diffusion and transport. In unsaturated porous media, diffusion or

movement of radon with respect to the fluid in the pore spaces is the

predominant mechanism. In saturated media, transport of the isotope

along with the fluid is the predominant mechanism. If substantial mi-

gration is to occur the transport mechanism must predominate.

Temperature is an important factor in systems which undergo

considerable temperature fluctuation. For each 10°C rise in temperature
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C22}
the diffusion coefficient may double „ In areas where the soil is

frozen for a substantial portion of the year, near-surface migration of

radon is possible only through diffusion and the diffusion coefficient

is considerably smaller due to the decreased pore space in the frozen

medium. Soil or rock temperature affects the temperature of the water

in the media and thus the solubility of radon in water (a steep inverse
C22)

function of temperature ).

Soil moisture is another important factor governing the migra-

tion of radon. Heavy rainfall can displace radon in the surface pores

of the soil, increasing the atmospheric radon content. Soil moisture

also changes the primary mode of migration in the top few centimetres of

soil from diffusion to transport. Atmospheric conditions (temperature

gradients, wind velocity gradients, radon concentration gradients) in

the boundary layer just above the soil surface can influence the escape

of radonC22).

(23)

Burch et al. related precipitation, soil moisture and ra-

don activity and noted that an inch of rain reduced the gamma dose rate

nearly eight percent and a second inch caused a further reduction of

approximately five percent. The initial recovery rate of the gamma

activity as the soil dried was given as one percent per day. However,

the authors pointed out that if the rain is heavily contaminated with

radon-enriched dust particles, the deposition of the decay products,
214 214

Fb and Bi, produces a distinct rise in the ground gamma radiation
and enhances foliar uptake.

Surface coverings, such as snow and vegetative material and

even lichens covering rocks, may greatly reduce the escape of radon once

it has migrated to the periphery of the porous media. Foliar deposition
214 214

and uptake, mainly Pb and Bi, will be discussed in a subsequent

report.
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4.2 RADIUM IN PLANTS

Natural radionuclides enter the aboveground parts of plants by
(24)

various means . Uranium, thorium and radium are assimilated primar-
220 222 210

ily by the roots, Rn is taken from the air, and Rn and Fo may
(24} (24)

be assimilated by both routes . Moreover, work by Titaeva et al.
suggests that, since there is no radioactive equilibrium between Ra

222
and Rn in plant material, the aboveground parts of plants assimilate

222
gaseous Rn from the air and also from their roots.

There appears to be considerable controversy as to which ele-
(14)

ment best mimics or behaves similar to radium in plants. Rusanova

concluded that since radium is the analogue of strontium in group IIB of

the periodic table, we can expect some similarity between the behaviour

of micro-quantities of strontium and radium. He suggested that since a

large concentration of available calcium In the soil prevents strontium

from concentrating in plants, it would also reduce radium uptake by

plants. The high calcium concentration causes radium to be more perma-

nently sorbed to the soil, thus reducing the mobile radium concentration

and decreasing the amount available for plant uptake.

Although radium absorption by plants is decreased by the
(IS)

addition of calcium to the nutrient solution, Kirchmann et al. found

no relationship between the two ions. They did note that any reduction

in radium uptake was strongly dependent on the pH of the solution, which

is influenced by the calcium concentration.

(25)
Gunn and Mistry showed that complexing agents increased

the translocation of radium in plants and noted that ethylenediaminete-

traacetic acid (EDTA) and citrate affected the mobility and transfer of

radium in plants, but not of calcium and strontium. There appeared to

be sufficient evidence to show that the movement of radium throughout

plants, unlike that of strontium, is not primarily determined by the



- 11 -

concentration of calcium. Their investigation indicated that plant

variations and external calcium concentrations (as indicated by Kirch-

mann et al.) definitely alter radium uptake. This marked contrast be-

tween the behaviour of radium and the two lighter alkaline earth ele-
o

ments is not surprising in view of their ionic radii (Ra = 1.43 A,

Sr = 1.13 A, Ca = 0.99 A)^ . On the basis of ionic radius, barium
o

(1.35 A) should resemble radium more closely than either strontium or
calcium . Taskayev et al. , in accordance with Gunn and Mistry,

226
concluded that the behaviour of Ra in the soil-plant system is more

similar to that of barium than calcium. Further research with radium,

especially in the presence of calcium compounds of low mobility, may

help clarify this point.

Verkovskaja et al. provided one of the more complete re-

views of radium uptake by plants and the following information is de-

rived mainly from their review. Plants extract soluble forms of radium

from the soil as they do most minerals and discharge them to the upper

soil horizons by litter fall. The three primordial radionuclides can be

ranked in a diminishing order of their uptake by plants: Ra > U > Th.

The greatest radium concentration is found in bark, the next greatest in

branches and wood, followed by leaves or coniferous needles. Kovalev-

skiy confirmed this order and reported a radium ranking of branches

> leaves (needles) > cones. The radium concentration in roots and leaves

is higher than in stems and generative organs. Radium distribution in

plants shows a distinctly expressed acropetal gradient of concentration,

similar to that of uranium. This has been shown to be pronounced in the

sequentially ordered leaves of the sunflower and indicates the low mo-

bility of radium in plants and the low capacity of radium for reutili-

zation. Thus radium remains deposited in the very leaf into which it
(27)

was brought by water flow. Smith confirmed that redistribution of

the alkaline earths via the phloem during seed development is very lim-

ited.
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Verkovskaja et al. stated that the rate of radium accumu-

lation by different plant species depends on:

1. the extent of water submergence (aquatic plants),

2. the morphological structure and

3. the biochemical properties of the cell sap, especially the

calcium content.

Verkovskaja et al. also stated that the radium content in plants in

the fall is several hundred times greater than in the spring. This is

completely opposite to the seasonal behaviour of uranium in plants.

226

The accumulation of Ra in roots, over comparable time pe-

riods, is two to three times lower than that of the other nuclides of
0 *? f\

the uranium series, and the most significant difference between Ra
and the other nuclides is in the extent of their upward transport, which

( 28)
for radium is 50-200 times greater . The amount of radium translo-

cated to shoots is comparable to that of strontium . Thus when com-

paring radium, thorium, lead and polonium, Ra is likely to make the

largest contribution to aerial tissue radioactivity where root absorp-
(29)

tion is the principal entry route of the nuclide. Mayneord et al.

confirmed this through analyses of plants growing in high natural back-

ground areas.

D'Souza and Mistry pointed out that results of radium up-

take by plants from solution culture is of questionable use in a soil-

plant system since numerous organic ligands capable of complexing cations

are known to occur in soil. Bhujbal et al. confirmed that radium

forms complexes with the numerous organic ligands in the soil similar to

the Ra-EDTA complex formed in nutrient solution experiments. Also, the

rate at which calcium diffuses across the soil/plant interface can exert

a marked effect on its uptake from the soil. This effect is likely to
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be most pronounced with radium because of its greater affinity for ex-
(31)

change sites on the solid phase . Thus the high values of radium up-

take found in solution culture seem unlikely to occur in soil since the

ratio of radium to calcium available for uptake from soil (a limited

supply of calcium) at any given time is unlikely to exceed the mean

ratio in the solution phase of the soil.

The difference in radium concentration between the roots and

the aboveground mass is more marked in plants which have more ramified

root systems (cabbage, broad beans, barley) because these systems promote

an increase in radium adsorbed on the root surface in proportion to its
(32)

contents within the roots . The tubers of radish, which are almost

completely beneath the ground yet are stem-like in nature, contain no
(32) (32)

more radium than the leaves of these plants . Popova et al.

noted that spinach has a higher radium concentration in the vegetative

mass than in the roots. Table 3 shows the distribution of radium taken

up from the soil, between the roots and the aboveground mass of the

plant.

Most of the radium in the aboveground parts of a plant is in a

mobile, available form . Popova and Kyrchanova , using ion-ex-

change resins, found that Ra was transported primarily in ionic form,

in the acid exudate. Also, observation of Ra in cell sap confirmed

that the radium concentration is lowered in the rapidly growing above-

ground mass. Partial retention of Ra on an anion resin column indi-

cated radium could be mechanically trapped because colloidal sap is not

a true solution' . Most of the sap radium (90%) was found to be dif-

fusible (unbound) and the remainder was suspected to have been bound to

some protein carrier . High alpha activities (20 nCi/kg) found in

the endosperm of Brazil nuts could be due to the preferential retention

of radium in some stem tissues during the process of u»ward transfer to
(8)leaves and a subsequent release at the time of fruit development .

* 1 Ci = 37 GBq
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Despite the small amount of mobile radium in soils, its con-

centration in plant ash may reach 10~ % . Taskayev et al. has

pointed out that radium is less strongly fixed in plant tissues and lit-

terfall than it is in the soil. Compared with live plants, the mobility

of radium may increase in the litterfall because of the decomposition of

organic matter, the partial dissolution of carbonates and oxalates, and

the transformation of carbonates . However, a decrease in the mobil-

ity of radium results if it is incorporated into relatively insoluble

mineral compounds including calcium humates . This suggests that

litterfall is a source of mobile radium for the root zone. Mistry and
(35)Bhujbal stated that virtually no information exists on the influence

of organic matter on the uptake of radium by plants and work they carried

out showed that additions of compost to soil reduced radium uptake by

maize plants.

Values of radium intake by humans from ingesting radium-en-

riched food and the radium content in vegetables and flour, etc., from a

high background area were reported by Garner

4.2.1 Plant Transfer Coefficients for Radium

A general discussion of transfer coefficients can be found in

a previous report . The linearity assumption (see Zach ) for the
(39)

transfer coefficient is mentioned by Mordberg et al. . The relation-

ship determined by these authors for corn grain (y) grown on soil (x)

containing radium was

y = 0.98 + 0.27 x

Although the concentrations used in the experiment were not reported,

the authors indicated that there was only a small spread of radium con-

centrations in the soils. The data listed by Kirchmann et al. indi-

cate that for radium uptake by ryegrass, the linearity assumption does
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not present problems. Unfortunately, this linearity assumption cannot

be rigorously assessed from the literature reviewed.

Taskayev et il. and Verkovskaja et al. have suggested
n r\ £•

tliat since Ra is one of the most actively migrating nuclides, it gen-

erally has a transfer coefficient greater than one. In trees (Betula,

Abies) and in low bush shrubs of the genus Vacciniwn (blueberry, bil-

berry), the transfer coefficients vary from 1 to 7 . Sorbus auou-

pcacia L. (European mountain ash) appeared to accumulate the greatest

amount of radium and its transfer coefficient was approximately 20-25

Gruzdev and Rubtsov also reported that Sovbus auaupari-a L. is highly
—4

selective of radium, accumulating up to 10 pg Ra/g, and has a signif-

icant (up to 100) transfer coefficient.
/I Q\

Table 4, from Kirchmann et al. , illustrates transfer coef-

ficients for the specific parts of some vegetabJ .6, barlev, clover and

ryegrass. Note the very low values for potato tubers ana barley ears

and the highest values for the foliage of beets, potatoes, carrots and

pea pods. Plants growing in nutrient solution, especially the roots of
peas, beans and ryegrass, give much higher transfer coefficients. Mis-

OS)
try and Bhujbal , working with barley, peas, corn and tomatoes, came

to a similar conclusion. These differences in plant uptake are due to

the lack of competition for radium between the roots and the soil sur-

faces. Consequently in a natural system, radium is much less available

for plant uptake. The plant transfer coefficient used in the food chain
-4

model by Ng was 8.3 x 10 , resulting from a soil concentration of

3.0 x 10" ug Ra/g and a plant concentration of 2.5 x 10~ tig Ra/g .

The average plant transfer coefficient for all of the organs of all of

the plants given in Table 4 is 0.68. It appears that the transfer coef-

ficient first used by Ng is three orders of magnitude smaller than the

average and two orders of magnitude smaller than the lowest transfer co-

efficient reported by Kirchmann et al. . A more recent value used by

* Ra content in plant Cug/g ash)
Ra content in soil or growing medium (ug/g ash)
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Ng et al. was 1.4 x 10~ , which is much leas conservative according
(ig (39)

to the work of Kirchmann et al. . Mordberg et al. listed trans-
_3

fer coefficients of radium from soil to grain for wheat (.1.0 x 10 ) ,

maize (0.07 x 10~ 3), buckwheat (1.3 x 10~ 3), peas (0.3 x 10" 3), millet

(0.4 x 10~ ) and sunflower (0.3 x 10~ ). These values are more similar

to those of Ng et al. than to those of Kirchmann et al. .

(18*1
Table 5, taken from Kirchmann et al. , illustrates the

range of transfer coefficients for several plants and also gives ob-

served ratios (O.R.) for Ra in plants growing in contaminated soil.

These observed ratios are very similar to those reported by De Bortoli

and Gaglione' ~' for herbage (2.0 x 10~ ), potatoes (1.8 x 10~ ) , vege-
-2 -1

tables and fruit (1.2 x 10 ) and flour (1.3 x 10 ). Transfer coeffi-
-4 -4 (43)

cients of 1.1 x 10 to 6.9 x 10 reported by Ananyan and Avetisyan

for hay and lucerne are more in line with those used by Ng as described

by Gera . It is important to be aware that the plant-soil transfer

coefficients for radium are very dependent on soil type (low for clay

soils and soils with high organic matter), calcium status of the soil,

moisture conditions and temperature. It is very difficult to justify

the use of plant-solution transfer coefficients for radium.

4.3 RADIUM IN SOIL ORGANISMS

The only data found in the literature for radium in soil-

fauna ai

background areas

dwelling fauna are for a vole (Microtus oeoonomus) dwelling in high
.ttl)

5. METHODS OF ANALYSIS AND MEASUREMENT

Trace quantities of radium can be separated from barium and

the other alkaline earth elements by ion exchangev '. Also, any tech-

* ug Ra/g Ca sample
9 o A

Ug Ra/g Ca medium
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nique suitable for the dissolution of barium samples will generally be

applicable to radium. Since all radium isotopes decay to either radon

or actinium isotopes, all of which are radioactive, they can be counted

by alpha scintillation . When radium is present, radon (t^ = 3.8 d)

will collect and can be transferred to a pulse-type ionization chamber,

and once the radon comes to equilibrium with its daughters, the sample
(2) 218 214

can be alpha counted , The daughters, Po (RaA) and Po (RaC),
are alpha emitters and contribute to the total count.

De Bortoli and Gaglione and Kirchmann et al. reported

gamma spectroscopy techniques for measuring the radium content of sam-

ples. Kirchmann et al. chose to seal the sample bottle and allow the

radon to come to equilibrium with its daughter Bi (̂  20 days), which

exhibits a gamma peak of 610 KeV.

(44)Johns et al. have described a sequential method for the

determination of Ra and Ra in water, soil, air and biological tis-

sue. The method allows for co-precipitation with BaSO, carrier; then

the precipitate is dissolved and transferred to an emanation tube where
222

Rn is allowed to grow in. Radon-222 is then counted after 97% equi-

librium (£ 30 days) is reached. Radium-228 (t$s = 6.1 a) is a beta

emitter and decays to Ac (t% = 6.13 h); the actinium is allowed to

grow in (3 days) and is extracted and beta counted. The expected pre-
0 O A "\

cision for Ra is 30% for samples containing 1 x 10 ug Ra/g.

6. FURTHER RESEARCH

To understand the mechanisms of radium and radon migration and

redistribution in the soil-water-plant environment thoroughly, more work

is necessary. The areas requiring further research in particular, based

on the information presented in this report, are:
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1. Radium-radon interactions with organic matter,

2. The mechanisms of radium sorption in soil and the barium-ra-

dium, calcium-radium interactions in soil sorption and plant

uptake to clarify existing literature data.

3. The effect of radium on plants: chemical toxicity versus ra-

diological injury.

4. The determination of a radium level in the soil above which

plants will not take up radium or radon.

5. Radium redistribution by soil organisms and content in soil

organisms.

6. Radium plant transfer coefficients require much more work due

to the variation in the reported values. The most important

consideration here is to distinguish between the transfer of

radium and radon to the plants from the soil through both the

root and foliar mechanisms.
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TABLE 1

RADIUM AND RADON CONTENTS Qig/g) IN THE MAJOR ROCK TYPES*

Rock Type

Ultrabasic

Basic

Intermediate

Acid

Sedimentary

Radium

1 x 10~8

2.7 x 10~7

6 x 10~7

1.2 x 10~6

1 x 10"6

Radon

6.5 x 10~14

1.7 x 10"12

3.9 x 10~12

7.6 x 10"12

6.9 x 10"12

* from reference 5

TABLE 2

226Ra/238U ACTIVITY RATIOS*

IN SOIL, SEDIMENT AND WATER

Material

Soil (42-60 mesh)

Soil (< 1 ym)

River water

Sea water

Marine sediment

A.R.

2.1

2.6

0.3

0.1

7

* from reference 9
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TABLE 3

DISTRIBUTION OF RADIUM TAKEN UP FROM THE SOIL

BETWEEN THE ROOTS AND ABOVEGROUND MASS OF PLANTS*

Species of plant

Broad beans

Cabbage

Barley

Sunflower

Marrow squash

Lettuce

Spinach

Radium content
pg Ra/g dry matter

in aboveground
mass

1,50

1.50

1.18

1.71

10.90

5.70

1.77

in roots

39.0

29.0

18.6

17.2

45.0

19.0

1.27

Radium in above-
ground mass as a
percentage of
radium content
of roots

3.8

5.2

6.3

9.9

24.2

30.0

139.4

* from reference 31
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TABLE 4

TRANSFER COEFFICIENTS FOR 226Ra IN PLANTS CULTIVATED

IN HOMOGENEOUSLY CONTAMINATED SUBSTRATA*

Species

Ryegrass

Purple Clover

Barley

Cabbage

Carrot

Bee;

Potato

Pea

Bean

Organ

Root
Foliage: 1st cross section

2nd cross section
Root
Foliage: 1st cross section

2nd cross section
Root
Chaff
Ear
Root
Stem
Leaf
Root
Foliage
Root
Foliage
Root
Foliage
Tuber
Root
Foliage
Pod
Root
Foliage
Pod

Transfer Coefficients

Plant
in Soil

0.63
0.71
0.53
0.54
0.48
0.32
0.32
0.83
0.07
0.39
0.31
0.75
0.29
1.02
0.21
1.38
0.57
1.07
0.024
1.8
0.60
3.1
—
0.36

< 0.1

Nutrient
Solution

2190
67
67
—
68
—
35

0.31
0.16
—
—
—
—
—
—
—
—
—
—
2750
30
88
710
22

2.3

* from reference 18
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TABLE 5

226_
TRANSFER COEFFICIENTS AND OBSERVED RATIO (O.R.) FOR Ra IN PLANTS

CULTIVATED IN SUPERFICIALLY CONTAMINATED TEST FIELDS (1961)*

Species

Ryegrass

Purple Clover

Barley

Cabbage (Brassica.
oleraaea var.
aaephala)
Carrot

Beet

Potato

Organ

Root
Foliage
Root
Foliage
Root
Chaff
Ear
Root
Stem
Leaf
Root
Foliage
Root
Foliage.
Root
Foliage
Tuber

Transfer Coefficients

Mean

0.58
0.08
-
0.27
0.63
0.05
0.015
0.28
0.57
0.40
0.09
0.09
0.045
0.09
0.55
0.25
0.016

Min.

0.34
0.02
-
0.08
0.39
0.01
0.005
0.14
0.02
0.03
0.07
0.08
0.04
0.03
0.25
0..08
0.011

Max.

1.01

0.19
-

0.44
0.88
0.15
0.03
0.55
0.99
1.00
0.10
0.10
0.05
0.16
0.85
0.57
0.038

O.R.
(Ra/Ca} orsan
(Ra/Ca) soil

_

0.051
-

0.046

0.028
-

0.015
0.06
0.03
0.12
-
-
-
-
-

* from reference 18
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